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Abstract

Concrete durability in aggressive environments is often limited by chloride ingress, carbonation, and sulfate attack, which
compromise structural integrity and increase maintenance costs. This study examines the combined effects of an integral
waterproofing admixture (Sika®-1, 3— 4% cement weight) and Aloe vera biopolymer (1-2% cement weight) on mechanical
performance, durability, and microstructural characteristics of conventional concrete. Four mixtures were produced: a
control (P1) and three hybrid formulations (P2: 4%S1+1%AV; P3: 3.5%S1+1.5%AV; P4: 3%S1+2%AV), subjected to
fresh state testing, strength development at 7, 14, and 28 days, and durability assessment including water permeability,
chloride penetration, sulfate resistance, carbonation depth, ultrasonic pulse velocity, and surface abrasion through 56 days,
alongside X-ray diffraction, Fourier-transform infrared spectroscopy, and scanning electron microscopy analysis. The
optimal mixture (P4) achieved 28.77 MPa compressive strength, reduced water permeability to 0.00420 cm/s, lowered
chloride penetration to 138.38 Coulombs, and minimized carbonation depth to 0.44 mm, with microstructural analysis
revealing enhanced C-S-H gel densification and refined porosity. Pilot-scale reinforced concrete frames fabricated with P4
exhibited 9.6% lower maximum strain, confirming improved structural stiffness and durability. Techno-economic
evaluation yielded an index of 1.104, demonstrating economic viability despite an 11.2% material cost increase. These
results support the use of the hybrid admixture system as a sustainable option for extending concrete service life in marine,
industrial, and tropical environments.
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1. Introduction

Concrete durability represents a critical determinant of infrastructure service life, economic viability, and
environmental sustainability [1]. Structures subjected to aggressive environmental conditions (including chloride
penetration, carbonation, sulfate attack, and freeze-thaw cycles) experience accelerated deterioration that compromises
structural integrity and increases life-cycle costs [2, 3]. Recent analyses indicate that extending concrete service life
through enhanced durability can reduce maintenance expenditures by up to 50% over the structure's lifespan, while
simultaneously decreasing the environmental footprint associated with repair materials and reconstruction activities [4-
6]. The use of advanced admixtures and supplementary materials is now a key strategy to improve concrete performance,
helping structures withstand harsh conditions while also meeting sustainability targets [7-10].
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Integral waterproofing admixtures have gained widespread adoption as effective solutions for mitigating water
ingress and enhancing concrete impermeability. These chemical additives, typically silicate-based or crystalline
compounds, modify the pore structure of the cementitious matrix by blocking capillary pathways and promoting
secondary crystallization within microcracks. Research demonstrates that crystalline waterproofing admixtures can
reduce water penetration depth and exhibit self-healing and pore-sealing effects that improve the durability of cement-
based materials. Furthermore, these admixtures have been shown to improve resistance to chloride ion penetration and
reduce permeability under pressure, thereby extending the effective service life of concrete structures exposed to marine
and industrial environments [11-14].

Recent quantitative evaluations corroborate these trends. Suwondo et al. [15] reported that crystalline waterproofing
admixture (CWA) at 1% and 2% by weight of cement reduced water penetration depth by 53% and 65%, respectively,
while improving compressive strength by 5.4-6.1%. Wang et al. [16] demonstrated via SEM that CWA at 2% produced
the densest C-S-H (calcium silicate hydrate) morphology and optimal pore refinement in concrete with a water-to-binder
ratio of 0.45. These studies establish the individual performance envelope of crystalline waterproofing agents, against
which hybrid formulations must be evaluated.

It is necessary at this point to distinguish between two classes of admixture that are often conflated in the literature.
Synthetic superplasticizers disperse cement particles during mixing through the combined action of electrostatic
repulsion from adsorbed carboxylate groups and steric hindrance from polyethylene glycol side chains; they reduce
water demand and improve workability, but they do not intrinsically generate pore-blocking phases in the hardened
matrix [17, 18]. By contrast, integral waterproofing admixtures are typically based on colloidal silicates or crystalline
compounds that react in the presence of moisture and calcium-bearing phases within the pore network, promoting
secondary crystallization and additional C-S-H formation that densify the matrix and obstruct fluid transport pathways
[19]. Recent studies have clarified the distinct mechanisms governing these admixture classes. Wang et al. [16] and
Fang et al. [17] showed that polycarboxylate superplasticizers modify the rheological behavior of cement slurries
primarily through adsorption-driven dispersion and steric hindrance effects, improving fluidity without generating pore-
blocking products in the hardened matrix. By contrast, studies on crystalline waterproofing admixtures, including those
by Gojevi¢ et al. [20], have shown that moisture-activated secondary crystallization can densify the cementitious
microstructure and promote crack sealing or self-healing behavior in small capillary fissures, a function that
conventional superplasticizer-only systems do not provide. These mechanistic differences further strengthen the
rationale for combining a pore-blocking waterproofing agent with a bio-based admixture capable of internal curing and
hydration-product nucleation [21-23].

Table 1 summarizes these differences and, for comparison, also includes the mechanisms attributed to biopolymer
gels. Recognizing this distinction is essential for understanding the hypothesis tested in the present study: Sika-1 acts
primarily by refining and blocking residual capillary pathways in the hardened matrix, whereas Aloe vera gel acts across
both the fresh and hardened states by retaining water during hydration, modifying rheology, and promoting denser
hydration products through calcium-polysaccharide interactions [24, 25]. Because these two agents operate at different
stages of cement hydration and at different scales of pore refinement, complementary rather than redundant effects may
be expected; however, this specific combination has not yet been validated comprehensively through an integrated
microstructural, durability, and structural assessment [9].

Table 1. Mechanistic comparison of admixture types used in concrete modification

Feature Synthetic superplasticizer (PCE) Integral waterproofing admixture Biopolymer gel (Aloe vera) References
Active Colloidal sodium silicate / CaCl, backbone Colloidal sodium silicate blended with CaCl,  Acemannan-rich  polysaccharide  network [17, 18]
chemistry  with grafted PEG side chains as accelerator extracted from A. barbadensis parenchyma ’
Carboxylate groups adsorb onto cement Silicate ions react with Ca(OH), during Polysaccharides hold mixing water near
How it works grains and build up negative surface charge; hydration and precipitate needle-like crystals unhydrated grains, extending internal curing; [17, 26]
the PEG side chains then keep particles apart inside capillary pores; these deposits grow Ca2* —polysaccharide complexes also serve as !
through steric repulsion, freeing trapped water ~ further whenever moisture re-enters the matrix extra nucleation sites for C-S-H
When itacts  Fresh state only (mixing and placing) Hardened state, moisture-activated over time Both stages; r_ngdlf_les rheology when fresh, [26, 27]
promotes densification as concrete cures
Effect on Indirect: lower effective w/c yields a tighter Direct: peedle—shaped precipitates pEysmaIIy Direct: denser C-S-H around aggregates and a
seal capillary channels; cracks up to ~0.4 mm A [28, 29]
pore network  paste, but no crystals form can re-heal narrower pore-size distribution in the ITZ
Durability ~ Strength gain via water reduction (20-40%); Cuts water penetration 43-65%; lowers Reduces carbonation depth; improves abrasion [12, 30, 31]
contribution  no autonomous permeability benefit chloride ingress; improves sulfate resistance  and chloride resistance at the right dosage s
Practical Does not block pores on its own; no self- Overdosing can produce a non-structural gel SBr?etffh“t% _bsaetr?sit\i/\?irtla'bllgzs:glge;ecto:gg?'zg:?;]r; [32-34]
limitation healing capacity layer; does not improve fresh-state workability Y, P

above ~2% bwoc

A bibliometric review by Kalokhe et al. [9] spanning publications from 2014 to 2024 identified cellulose, chitosan,

and plant-derived gels as the most actively investigated sustainable admixtures for concrete, yet observed that fewer
than 5% of the studies reviewed combined biopolymers with inorganic waterproofing agents. Vignesh et al. [11] further
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confirmed that biopolymer-integrated concrete enhances long-term structural reliability through microstructural
densification, but stressed that multi-scale validation connecting SEM/FTIR evidence with durability metrics and
structural-scale testing remains scarce. Separately, Oshim et al. [13] developed a regression model for aloe vera gel
concrete and identified 2.0% by weight of cement as the optimum dosage for compressive strength, yielding 31.42 MPa
at 28 days.

Despite extensive research on integral waterproofing admixtures and biopolymer gels as separate additions, evidence
on their combined use is still limited, particularly when linking microstructural changes to durability and structural
performance. Most hybrid-additive studies report strength and a small set of durability indicators, but rarely integrate
(i) microstructural characterization, (ii) pilot-scale structural testing under realistic loading, and (iii) a techno-economic
check within the same experimental program. In this study, we evaluate three Sika-1/Aloe vera hybrid dosages (4S1-
1AV, 3.551-1.5AV, and 3S1-2AV) and assess fresh properties, strength, durability/transport indicators, and
microstructure, followed by pilot-scale reinforced concrete frame validation of the optimal mixture. The selected mixture
(P4) achieves low permeability, low RCPT charge passed, shallow carbonation depth, improved structural stiffness, and
a cost—benefit index of 1.104. Novel contribution: This work provides, to the best of the authors' knowledge, the first
integrated multi-scale validation of a colloidal silicate waterproofing admixture combined with Aloe vera biopolymer
gel, linking XRD/FTIR/SEM microstructural evidence to transport-based durability metrics, pilot-scale structural
response, and a cost—benefit index within a single experimental program.

Primary hypothesis: The combination of Sika®-1 (3-4% bwoc) with Aloe vera biopolymer gel (1-2% bwoc)
generates complementary pore-refinement mechanisms, crystalline precipitation in macrocapillaries and
polysaccharide-mediated C-S-H nucleation in mesopores, that reduce water permeability and chloride ion transport
below the levels achievable by either admixture alone, while maintaining or improving 28-day compressive strength
relative to the control mixture. Secondary hypotheses. (i) The biopolymer's water-retention capacity improves fresh-
state workability and early-age hydration Kinetics without exceeding ASTM C143 slump limits; (ii) the hybrid system
reduces carbonation depth through densified C-S-H gel formation that limits CO,, diffusion; (iii) microstructural changes
detectable by XRD, FTIR, and SEM provide mechanistic evidence for the observed macroscopic performance
differences; and (iv) the optimal formulation maintains economic viability as quantified by a cost—benefit index G; >
1.0.

The primary objective of this research is to comprehensively evaluate the performance of concrete incorporating
integral waterproofing admixture (Sika®-1) and Aloe vera biopolymer gel through a multi-scale experimental program
encompassing fresh properties, mechanical strength development, durability performance, microstructural analysis,
structural validation, and cost-benefit assessment. The specific contributions of this work include:

« Investigation of three hybrid dosages (4%S1+1%AV, 3.5%S1+1.5%AV, 3%S1+2%AV) compared to control
concrete across 7, 14, 28, and 56-day curing periods;

« Durability evaluation including water permeability, rapid chloride permeability (ASTM C1202), sulfate resistance
(ASTM C1012), carbonation depth, ultrasonic pulse velocity (ASTM C597), and surface abrasion (ASTM C944);

« Microstructural characterization via X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR),
and scanning electron microscopy (SEM) to elucidate phase composition, functional group interactions, and
morphological changes in the optimal mixture relative to control concrete;

« Pilot-scale structural validation through testing of reinforced concrete frames under vertical and horizontal loading
conditions to assess real-world performance, load-displacement behavior, cracking patterns, and failure modes;

« Techno-economic analysis employing a cost—benefit index methodology adapted from Yu et al. [35] to quantify
the economic viability of the optimal mixture considering material costs and performance gains.

2. Materials and Methods
2.1. Materials

Figure 1 summarizes the methodological framework of this study as an integrated eight-phase workflow designed to
evaluate the hybrid concrete system from constituent characterization to structural and techno-economic validation. The
program began with the selection and physicochemical characterization of cement, aggregates, Sika®-1, and Aloe vera
gel, followed by mixture proportioning for the control concrete and three hybrid formulations. Subsequent phases
comprised concrete production, fresh-state testing, and specimen fabrication; mechanical testing at 7, 14, and 28 days;
and durability assessment through 56 days, including water permeability, rapid chloride permeability, sulfate resistance,
carbonation depth, ultrasonic pulse velocity, and surface abrasion. The workflow was then extended to microstructural
characterization by XRD, FTIR, and SEM, pilot-scale structural validation using reinforced concrete frames, and a final
techno-economic appraisal based on a cost-benefit index. The following subsections present each methodological stage
in the sequence shown in Figure 1.
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Figure 1. Experimental methodology workflow

2.1.1. Cement and Aggregates

Ordinary Portland Cement (OPC) Type I conforming to Peruvian standard NTP 334.009 and ASTM C150 was
utilized. The cement was supplied by Cementos Pacasmayo (Trujillo, Peru), and exhibited the following chemical
composition: CaO = 63.15%, SiO, = 20.84%, Al,O3 = 5.48%, Fe,03 = 2.42%, SOz = 2.64%, MgO = 1.92%, Na,O
equivalent = 0.64%, and loss on ignition (LOI) = 3.10%. Physical properties included a specific gravity of 3.14 g/cm?,
Blaine fineness of 3,450 cm?/ g, initial and final setting times of 135 min and 280 min, respectively, determined according
to NTP 334.009. The granulation of the aggregates used is shown in Figure 2.
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Figure 2. Particle size distribution of the aggregates used in concrete

2.1.2. Integral Waterproofing Admixture (S1)

The integral waterproofing admixture employed was Sika®-1 Integral Waterproofing Agent (Sika Peru S.A.C.,
origin: Sika, Switzerland), classified as a colloidal silicate emulsion designed for incorporation into the concrete matrix
during mixing. The chemical composition, according to the product safety data sheet, comprises sodium silicate (5—10%
by mass, CAS 1344-09-8), calcium chloride (5-10% by mass, CAS 10043-52-4) as a hydration accelerator and
densifying agent, and water/dispersant matrix (80-90% by mass). The admixture exhibited a density of approximately
1.0 g/cm?, pH of 9.5-10.0 (10% aqueous dilution), and an estimated solid content of 15-25% based on the composition
declaration. The mechanism of action involves blockage of capillary pores and reaction of colloidal silicates with cement
during hydration, forming mineral precipitates that obstruct the capillary network and enhance water impermeability.
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The product is classified as chloride-free (C1™ < 0.1% by mass) and free of hazardous organic components, with a
recommended dosage of approximately 3% by weight of cement (bwoc) as supplied by the manufacturer.

2.1.3. Aloe vera Biopolymer Gel Preparation

The biopolymer additive was fresh gel extracted from Aloe barbadensis Miller (commonly known as Aloe vera)
sourced from cultivated plants in Lambayeque, Chiclayo, Peru. Mature leaves (2-2.5 years old, length > 50 c¢m, basal
thickness > 2.5 cm) were harvested and manually peeled using a sharp knife, with complete removal of the outer green
epidermis and the yellow aloin layer. The gel was extracted by mechanical blending (liquidizer at 10,000 rpm) and
passed through a stainless-steel mesh (aperture ca. 1 mm) to remove coarse fibers and cellular material. The resulting
liquid gel was refrigerated at 4-5°C and used within 24-48 hours of preparation to preserve polysaccharide integrity
and prevent microbial degradation. No chemical preservatives or stabilizers were added. The fresh gel exhibited the
following physicochemical properties: pH = 9.5, density = 1.030 g/cm?, solids content = 1,030 mg/L (approximately
0.1% by mass), and dynamic viscosity = 450 cP at 20°C. These properties are consistent with the water-soluble
polysaccharide matrix (primarily arabinose, glucose, and mannose derivatives) and minor protein/amino acid
components characteristic of AV parenchymal tissue. The extraction and preparation steps are illustrated in Figure 3.

Figure 3. AV gel extraction process

The primary bioactive polysaccharide in Aloe barbadensis Miller gel is acemannan, an acetylated B -(1—4)-linked
glucomannan with a molecular weight of approximately 200 kDa, characterized by acetyl groups at positions O-2, O-3,
and O-6 of the mannose backbone, with galactose and arabinose side chains [19, 36]. Acemannan concentration varies
with season: Aranda Cuevas et al. [37] quantified 99.97 ppm during the rainy season versus 106.03 ppm during the dry
season in the high-molecular-weight fraction, with a more pronounced variation (9.36 vs. 26.94 ppm) in the low-
molecular-weight fraction [34]. Plant age also influences polysaccharide yield; three-year-old specimens contain the
highest acemannan content relative to two- and four-year-old plants. Processing conditions, particularly drying and
thermal exposure, can reduce acemannan yield by approximately 40% and significantly alter its functional properties
[34]. In the present study, all gel was harvested from plants aged 2-2.5 years during the same season (austral winter,
Lambayeque, Peru) and processed within 24-48 hours without drying or preservatives to minimize batch-to-batch
variability. However, direct quantification of acemannan content was not performed, which constitutes a limitation.
Future studies should incorporate HPLC or *H-NMR characterization to enable reproducible standardization of the
biopolymer dosage [25].

2.2. Mixture Proportions and Specimen Preparation
2.2.1. Mixture Design

A reference concrete mixture (P1, control) was designed using the ACI 211.1 method targeting a nominal
compressive strength of 21 MPa at 28 days. The control mixture exhibited a water-to-cement ratio (w/c) of 0.56, cement
content of 363 kg/m3, effective water content of 205 I/m3, fine aggregate content of 808 kg/m3, and coarse aggregate
content of 937 kg/m3, yielding a calculated fresh unit weight of 2,313 kg/m3. The target slump was approximately 100
mm (4 inches), with an estimated air content of 2%.

The dosage ranges for Sika-1 and Aloe vera gel were selected on the basis of three criteria: (i) the manufacturer's
recommended dosage for Sika-1 is approximately 3% bwoc, and the upper limit of 4% represents a 33% overdose
intended to probe boundary effects on workability and pore structure; (ii) prior experimental studies have consistently

1831



Civil Engineering Journal Vol. 12, No. 05, May, 2026

identified 2.0-2.5% bwoc as the optimal Aloe vera dosage for compressive strength improvement, establishing 2.0% as
the practical upper bound; and (iii) preliminary trial batches (data not reported herein) confirmed that Aloe vera dosages
exceeding 2.5% bwoc caused excessive set retardation (initial setting time >300 min), rendering the mixtures impractical
for field placement. The three experimental combinations maintain a roughly constant total admixture content of
approximately 5.0% bwoc while progressively shifting the proportion from waterproofing-dominant (P2:
4%S1+1%AV) to biopolymer-dominant (P4:3%S1+2%AV), enabling systematic assessment of each component's
contribution [24, 26, 38].

Three experimental mixtures (P2, P3, P4) were prepared by incorporating the integral waterproofing admixture (S1)
and Aloe vera biopolymer gel (AV) at the following dosages, expressed as percentages by weight of cement (bwoc):

o P2:4.0% S1 + 1.0% AV (equivalent to 14.52 kg/m? S1 and 3.63 kg/m? AV);
e P3:3.5% S1 + 1.5% AV (equivalent to 12.71 kg/m? S1 and 5.45 kg/m? AV);
e P4:3.0% S1 +2.0% AV (equivalent to 10.89 kg/m? S1 and 7.26 kg/m3 AV).

The water content in experimental mixtures was adjusted by subtracting the liquid contribution of S1 and AV from
the base water requirement to maintain an effective wi/c ratio of 0.56, ensuring comparability with the control mixture.
The liquid contributions were calculated as follows: S1 solids content (20% estimated) reduced the effective liquid
requirement by 80% of the admixture mass, and AV (0.1% solids) was treated as 99.9% water.

2.2.2. Mixing Procedure

Concrete was produced using a rotary drum mixer with a capacity of 0.028 m3. The mixing sequence employed was
as follows: (1) coarse aggregate and one-third of the design water were introduced; (2) fine aggregate and one-third of
the design water were added; (3) cement and the remaining water (previously combined with S1 and AV for
experimental mixtures) were introduced. The admixtures (S1 and AV) were pre-blended with the mixing water for 5
minutes at 10,000 rpm using a mechanical blender to ensure uniform dispersion prior to addition to the mixer. Total
mixing time was 6 minutes, and no delay occurred between mixing completion and specimen casting. Mixing was
conducted at ambient temperature (22 £ 2°C) in compliance with ASTM C192.

2.2.3. Specimen Preparation and Curing

Concrete was cast into three types of molds conforming to ASTM C192 and Peruvian standard NTP 339.183: (i)
cylindrical specimens for compressive strength testing (diameter 150 mm x height 300 mm); (ii) prismatic beam
specimens for flexural strength testing (150 mm x 150 mm x 550 mm); and (iii) smaller prismatic specimens for
durability testing (100 mm x 100 mm x 500 mm). All specimens were compacted by rodding (25 strokes per layer, 2
layers) immediately after placing. Specimens were demolded 24 hours after casting and then submerged in saturated
lime water at 23 + 2°C and relative humidity > 95% until the time of testing. The casting and curing procedures for the
different specimen types are shown in Figure 4.

Figure 4. Specimen preparation and curing process

1832



Civil Engineering Journal Vol. 12, No. 05, May, 2026

The experimental program included testing at 7, 14, 28, and 56 days (where applicable). The number of specimens
per test, age, and mixture is summarized in Table 2.

Table 2. Number of specimens per test, age and mixture

. Compressive Flexural Permeability . Concrete Chloride ion Sulfate Ultrasonic
Mix  Age strength strength (k) Carbonation abrasion penetration expansion pulse velocity
7 3 3 - - - - 3 -
14 3 3 - - 3 -
P1
28 3 3 - 3 3 3 3 3
56 - - 3 3 3 3 3 3
7 3 3 - - - -
14 3 3 - - - -
P2
28 3 3 - 3 - -
56 - - 3 3 - - - -
7 3 3 - - - -
14 3 3 - - - -
P3
28 3 3 - 3 - -
56 - - 3 3 - - - -
7 3 3 - - 3 -
14 3 3 - - 3 -
P4
28 3 3 - 3 3 3 3 3
56 - - 3 3 3 3 3 3

2.3. Fresh Concrete Testing

Fresh concrete properties were determined according to ASTM standards immediately following discharge from the
mixer and prior to specimen casting. Slump (workability) was measured according to ASTM C143, with one
measurement per mixture. Fresh concrete temperature was monitored using a calibrated digital thermometer in
compliance with ASTM C1064. Air content was determined using the pressure method (ASTM C231, Type B meter).
Unit weight was measured using a calibrated volumetric container (10 L capacity) in accordance with ASTM C138,
with the unit weight calculated as the ratio of concrete mass to container volume.

2.4. Hardened Concrete Testing (Mechanical Properties)
2.4.1. Compressive Strength (ASTM C39)

Three cylindrical specimens (150 mm diameter x 300 mm height) per mixture per age (7, 14, and 28 days) were
tested for axial compressive strength using a 2,000 kN capacity electrohydraulic testing machine (UTEST brand).
Specimens were loaded at a constant rate of 0.25 + 0.05 MPa/s (equivalent to 2.55 + 0.51 kg/cm?/s) in accordance with
NTP 339.034:2015 (equivalent to ASTM C39). No end-cap refacing was applied; instead, specimens were tested with
their as-cast surfaces. Compressive strength was calculated as the ratio of maximum load to specimen cross-sectional
area and reported in megapascals (MPa). The main features of the test setup for the compressive strength test are shown
in Figure 5-a.

Figure 5. Compression and flexural strength tests
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2.4.2. Flexural Strength (ASTM C78)

Three prismatic beam specimens (150 mm x 150 mm x 550 mm) per mixture per age (7, 14, and 28 days) were
tested in third-point bending using the same 2,000 kN electrohydraulic testing machine. The clear span was 530 mm,
and loading was applied at a constant rate of 0.86 to 1.21 MPa/min (equivalent to 8.77 to 12.34 kg/cm?/min) in
compliance with NTP 339.034:2015. Modulus of rupture (MR) was calculated using the formula: MR=3PL/2bh?, where
P is the maximum applied load (N), L is the clear span (m), b is the beam width (m), and h is the beam depth (m). The
main features of the flexural test setup are shown in Figure 5-b.

2.5. Durability Testing Program
2.5.1. Water Permeability

Water permeability was determined using a variable-head permeameter apparatus applied to cylindrical specimens
(150 mm diameter x 300 mm height) at 56 days of age. The method follows principles outlined in ACI 522R-10,
although applied to conventional (non-permeable) concrete. Specimens were installed in a test chamber with lateral
sealing using O-rings to ensure unidirectional (axial) flow. Water at 20 + 2°C was supplied from a graduated standpipe
of 50 mm diameter. The coefficient of permeability k (cm/s) was calculated using the Darcy Equation 1:

k= (axLxIn(h /hy))/(AX1) 1)

where, a is the cross-sectional area of the standpipe (cm?), L is the specimen length (cm), h; and h, are the initial and
final water column heights (cm), A is the specimen cross-sectional area (cm?), and t is the elapsed time (s). Three
specimens per mixture (P1, P2, P3, P4) were tested, with k values reported as the mean * standard deviation (SD) in
cm/s.

2.5.2. Rapid Chloride Permeability (RCPT)

Chloride ion penetration resistance was assessed using the RCPT according to ASTM C1202. Cylindrical specimens
(150 mm x 300 mm) at 28 and 56 days were cut into 50 mm thick disks using a diamond-blade saw. The disk was sealed
laterally with an epoxy resin, leaving the top and bottom faces exposed. The specimen was placed in a test cell with a
3.0% sodium chloride solution on the cathode side and a 0.3 M sodium hydroxide solution on the anode side. A constant
voltage of 60 VV DC was applied across the specimen for 6 hours. Electrical current was recorded at 30-minute intervals.
The total charge passed (Coulombs) was calculated by integrating the current-time curve. Three specimens per mixture
(P1, P4) were tested at 28 and 56 days.

2.5.3. Sulfate Resistance (ASTM C1012)

Resistance to sodium sulfate attack was evaluated using mortar bars prepared from concretes according to ASTM
C1012. Mortar samples (16 mm X 16 mm x 102 mm nominal) were extracted from the concrete mixtures. Bars were
conditioned at 23 + 2°C and > 95% RH for 56 days prior to exposure. Test bars were then immersed in a 5% sodium
sulfate solution (Na,SO4, 50 g/L by mass) at 23 = 2°C. Initial and final lengths were measured using a length comparator
gauge with 0.1 mm resolution. Length change measurements were recorded at 7-day intervals over 56 days of exposure.
Expansion (%) was calculated as AL/Lox100, where AL is the change in length (mm) and L, is the initial length (150
mm). Three specimens per mixture (P1, P4) were tested, with results reported as percentage expansion at 56 days.

2.5.4. Accelerated Carbonation (UNE-EN 112011)

Accelerated carbonation testing was performed on cylindrical specimens (150 mm x 300 mm) at 28 and 56 days of
curing in natural conditions. Specimens were preconditioned by drying at 23 &+ 2°C and 50% RH until constant mass
was achieved. Specimens were then exposed to a carbonation chamber with controlled conditions: CO, concentration
of 20-25% (v/v), relative humidity of 60—70%, and temperature of 20-25°C in compliance with UNE-EN 112011.
Following exposure, specimens were split along their length, and the carbonation depth was measured on the freshly
exposed surface using 1% phenolphthalein solution in ethanol. The color change boundary (pink to colorless) was
marked and measured at 5 locations per specimen using a digital caliper with 0.1 mm resolution. Three specimens per
mixture (P1, P2, P3, P4) were tested at 28 and 56 days, with results reported as mean carbonation depth + standard
deviation in millimeters.

2.5.5. Ultrasonic Pulse Velocity-UPV (ASTM C597)

UPV measurements were performed on intact cylindrical specimens (150 mm diameter x 300 mm height) at 28 and
56 days using a Proceq Pundit ultrasonic testing device. The equipment was equipped with longitudinal transducers
operating at 500 kHz and was calibrated using the manufacturer-supplied reference rod (25.4 us) prior to all
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measurements. Specimens were placed in direct transmission mode with transducers positioned at opposite ends of the
cylinder. Ultrasonic coupling gel was applied to ensure acoustic contact. For each specimen, three consecutive readings
were recorded, and the average transit time was calculated. Velocity was computed as V = L/t, where L is the distance
between transducers (m) and t is the average transit time (s). Three specimens per mixture (P1, P4) were measured at 28
and 56 days, with results reported in m/s as mean + standard deviation.

2.5.6. Surface Abrasion Resistance (ASTM C944)

Abrasion resistance was evaluated by the rotating-cutter method according to ASTM C944. A benchtop electric
column drill was adapted as the abrasion apparatus per standard specifications. Cylindrical specimens (150 mm x 300
mm) at 28 and 56 days were secured in a mechanical vise, and a hardened steel cutter (diameter 3 mm) was applied with
anormal load of 98 N at a rotational speed of 200 £ 10 rpm. The depth of abrasion (penetration) was recorded at regular
intervals. The cutter was continuously applied for the specified duration, after which the specimen was removed,
cleaned, and weighed to the nearest 0.1 g. Mass loss (in grams) was used as the measure of abrasion resistance. Three
specimens per mixture (P1, P4) were tested at 28 and 56 days, with results reported as mean mass loss + standard
deviation in grams.

2.6. Microstructural Analysis (XRD, FTIR, SEM)
2.6.1. Sample Preparation

Samples for microstructural analysis were obtained from cylindrical specimens at 28 days of age. Cores were
extracted from the central region of each specimen using a diamond-core drill, then sectioned using a diamond-blade
wet saw. Fragments approximately 5-10 mm in size were prepared and ground to particle sizes < 75 pum using an agate
mortar. Samples were not subjected to active hydration-stopping procedures (e.g., solvent immersion or freeze-drying)
but were analyzed as received to reflect the in-situ condition. All samples were stored in sealed containers at room
temperature until analysis.

2.6.2. X-ray Diffraction (XRD)

Phase composition was determined by powder X-ray diffraction (XRD) using a Rigaku Ultima IV diffractometer
equipped with Cu-Ko radiation (A = 1.5406 A) operating at 40 kV and 40 mA. Samples were scanned in the 260 range of
5° to 70° at a rate of 0.04° per second. Phase identification was performed using the PDXL software suite (Rigaku) with
reference to the International Centre for Diffraction Data (ICDD) PDF-4 database. Semi-quantitative phase analysis was
conducted using the Rietveld refinement method to determine relative abundances of major crystalline phases including
CsS, C,8S, C3A, C4AF, portlandite (Ca(OH),), and C-S-H gel. Results are presented for control concrete (P1) and the
optimal experimental mixture (P4) at 28 days.

2.6.3. Fourier-Transform Infrared Spectroscopy (FTIR)

Infrared absorption spectra were recorded using a Perkin Elmer Frontier FTIR spectrometer equipped with a diamond
attenuated total reflection (ATR) accessory. Samples (powdered, < 75 um) were placed directly on the ATR crystal and
analyzed in the wavenumber range of 400 to 4,000 cm™" with a spectral resolution of 4 cm™ and 32 accumulated scans
per sample. Characteristic absorption bands were identified and assigned to functional groups including Si—O stretches
(silicates), C—H stretches (aliphatic), O—H stretches (hydroxides and water), and C=0 stretches (carbonates). Spectral
interpretation was performed by comparison with reference spectra of pure cement phases, Aloe vera gel, and Sika®-1
admixture. Results are compared between control (P1) and optimal mixture (P4) to identify chemical transformations
resulting from the combined additives.

2.6.4. Scanning Electron Microscopy (SEM)

Microstructural morphology and interfacial characteristics were examined using a FEI Quanta 650 scanning electron
microscope (FEI, Hillsboro, OR, USA). Specimens were fracture-exposed from 28-day-old cylindrical samples,
mounted on aluminum stubs, and coated with a thin layer of gold (Au) using a sputter coater to enhance surface
conductivity. Imaging was performed under high vacuum conditions at an accelerating voltage of 20 kV. Secondary
electron (SE) images were acquired at multiple magnifications (500x, 1,000%, 5,000%, and 10,000x%) to assess cement
hydrate morphology, pore structure, C-S-H gel formation, and the interfacial transition zone (ITZ) microstructure.

2.7. Large-Scale Structural Validation (Pilot Test)
2.7.1. Selection of Optimal Mixture

The optimal mixture was selected based on multi-criteria assessment incorporating (i) compressive strength at 28
days, (ii) flexural strength at 28 days, and (iii) durability indicators (water permeability and ultrasonic pulse velocity at
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56 days). The experimental mixture demonstrating the best balance of enhanced mechanical performance and superior
durability compared to the control (P1) was designated as the "optimal” mixture and was selected for structural-scale
validation testing.

2.7.2. Inverted U-Frame (Vertical Loading)

A reinforced concrete frame scaled at 1:4 was constructed and tested under monotonic vertical loading. The frame
consisted of two vertical columns (50 mm x 50 mm cross-section, 600 mm height) and a horizontal beam (50 mm width
x 70 mm depth, 700 mm clear span) connected in an inverted U configuration. All critical connections were designed
as fixed (fully moment-resisting). Longitudinal reinforcement comprised 6 mm diameter deformed steel bars (grade 60)
placed continuously along the beam with 180° hooks at the ends. Transverse reinforcement (stirrups) was not provided
to allow for brittle failure modes characteristic of non-ductile design.

The frame was secured at both column bases to a rigid test bed using mechanical anchors (fixed boundary
conditions). A concentrated vertical load was applied at the midpoint of the beam span using a loading ram connected
to a 1,000 kN capacity electrohydraulic testing machine. Load was applied incrementally at a constant rate of 0.86 to
1.21 MPa/min (equivalent to 8.77 to 12.34 kg/cm&/min) until failure or attainment of maximum machine capacity.
Deflection was monitored using linear variable displacement transducers (LVDTSs) positioned vertically beneath the
load point and at key locations along the frame. Strain gauges were bonded to longitudinal reinforcement at critical
sections to record tension development.

2.7.3. C-Shaped Frame (Horizontal Joint Loading)

A second scaled frame (1:4) was constructed in a C-shaped configuration to simulate lateral (in-plane shear) loading
on the beam-column joint. The C-frame consisted of a single vertical column (50 mm x 50 mm cross-section) and a
horizontal cantilever beam (50 mm x 70 mm section, 400 mm length) connected at the top via a fixed joint (Figure 6).
The base of the column was anchored to a rigid foundation (fixed boundary condition).

Horizontal load was applied at the column-beam junction using a mechanical loading device attached to the testing
machine at a height coinciding with the joint centerline. Load was incremented monotonically at 0.86 to 1.21 MPa/min
until failure. Lateral displacement (drift) of the beam end was measured using LVDTSs. Strain gauges were installed at
the column base and joint region to record shear stress distribution. Both frame tests were conducted using concrete
from the control (P1) and optimal (P4) mixtures to enable direct comparison of structural performance. All frames were
cast from the same concrete batches, cured under identical conditions, and tested at 28 days of age.

Figure 6. Procedure for structural validation in scale frames

2.8. Cost-Benefit Analysis Methodology

An economic performance index was calculated based on the methodology adapted from Yu et al. [35], which
integrates material costs with normalized indices of mechanical and durability performance. The cost—benefit index G;
was defined as (Equation 2):
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Co-Pj

G; = Ci-Pp1 2

where, Co and C; are the unit costs ($/m3) of control and experimental mixtures, respectively, and P; and Piare the
normalized performance indices (dimensionless) for experimental and control mixtures.

The performance index P; was constructed as a weighted sum of mechanical and durability indicators:
l:)izvvm'lm'i_vvd'ld (3)

where, w,,, and w, are weighting factors for mechanical and durability indices (set to 0.5 each for equal importance),
I, is the normalized mechanical index, and I; is the normalized durability index.

The mechanical index I,,, was calculated as the average of normalized compressive strength and flexural strength at
28 days:

1 fei MR;
Im =3 (fé,m + MRPl) @
The durability index 1; incorporated normalized indicators of water permeability and ultrasonic pulse velocity at 56
days, with inversions applied for permeability (lower is better):

_ 1(kps , UPY;
la = 2 ( k; + UPVpl) ®)

All strength and transport properties were normalized relative to control mixture P1 (P; =1.0). Material costs were
obtained from local suppliers in Chiclayo, Lambayeque, and are itemized as follows: Portland cement Type | = $0.33/kg
($14.00/42.5 kg bag); fine aggregate = $22/m3; coarse aggregate = $26/m?; Sika®-1 = $1.50/kg; Aloe vera gel =
$0.40/kg; water = $0/m3. The cost index for control concrete (C, ) was calculated by summing the unit costs of all
constituents at design quantities, and similar calculations were performed for each experimental mixture (Ci).

3. Results and Discussion
3.1. Chemical Characterization of Additives (Sika®-1 and Aloe vera)

The chemical characterization of additives is fundamental to understanding their synergistic interaction mechanisms
within the cement matrix. Sika®-1, a commercial colloidal silicate-based integral waterproofing admixture, and Aloe
vera gel, a bio-based polysaccharide-rich material, were selected for their complementary physico-chemical properties.
The former provides capillary pore blockage through colloidal silicate precipitation and CaCl, -accelerated
densification, while the latter contributes viscosity modulation and potential water-retention capacity via its
polysaccharide network (primarily acemannan). Table 3 presents the key physico-chemical parameters that govern their
behavior in fresh and hardened concrete.

Table 3. Physico-chemical properties of chemical and bio-based additives

Property Test Method/Equipment Sika®-1 (S1) Aloe vera Gel (AV) Functional Implication
pH (20°C) Poter}t&%@re':\tlll'ig%;ation 85+0.1 72+0.2 Pore solution compatibility
Density (g/cm?3) ( APg(%n'an'[\)e;g;) 1.00 +£0.02 1.030 + 0.005 Homogeneous dispersion
SOléod/;Sv\f/(\),c)tem (%g:’gf‘m) 185+25 0.10+£0.01 Colloidal vs. dissolved mechanism
Dynglcn;fcz\éiosg;) sity Bro(oAIgi%I\(/jl \S;i%rgf ter N/R 450 + 35 Rheology modification potential
Active ingredient — Colloidal sodium silicate / CaCl, Acemannan Electrosteric vs. steric stabilization

(polysaccharide)

The alkaline nature of S1 (pH 8.5) aligns with typical silicate-based waterproofing admixtures, ensuring
compatibility with the cement pore solution (pH 12-13) without premature hydrolysis of ester linkages. In contrast, Aloe
vera gel exhibited near-neutral pH, minimizing potential acidic interference with calcium silicate hydration. The density
differential ps1 vs. pav, remained within negligible range (<3%), ensuring homogeneous distribution during mixing.
Notably, the ultra-low solids content of AV (0.1% wi/v) indicates that its functional contribution derives primarily from
dissolved polysaccharides rather than particulate matter, contrasting with the 15-25% solids fraction of Sika®-1 that
provides colloidal stabilization.

3.2. Fresh Concrete Properties

The fresh properties of the four mixtures are presented in Figure 7. The slump values recorded across all mixtures
(4.0-4.5 inches) remained within acceptable limits for conventional concrete placement (ASTM C143: 2.0-6.0 inches),
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demonstrating that the integrated admixture system did not impair workability during the critical mixing and casting
window. P2 (4%S1+1%AV) exhibited the maximum slump of 4.5 inches, representing a 12.5% increase relative to the
control, which is consistent with established understanding of polycarboxylate-based superplasticizers' electrosteric
dispersion effect. Conversely, P4 (3%S1+2%AV) returned to the control slump value of 4.0 inches despite containing
admixtures, suggesting a rheological compensation mechanism. This observation aligns with the findings of Pang et al.
[32], who demonstrated that polysaccharide additives at concentrations exceeding 1.5% by cement weight induce

viscosity-mediated flow restriction through intermolecular hydrogen bonding, thereby offsetting the flow-enhancing
properties of polycarboxylates.
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Figure 7. Properties of fresh concrete by mix design

Ambient temperature during mixing remained stable across all batches (21.4-25.1 °C), well within the ASTM
C1064 recommended range of 16-32 °C. The 3.7 °C temperature differential between P2 and P4 reflects
uncontrolled ambient variation rather than exothermic effects from admixture interaction, as documented by Yehia

et al. [39], who confirmed that polycarboxylate additions at dosages below 5% contribute negligibly to concrete
temperature rise.

Air content increased progressively in admixture-containing mixtures (2.1-2.7%) relative to the control (1.7%),
representing a 24-59% relative increase. This phenomenon is characteristic of polycarboxylate-based systems and
has been thoroughly documented by Palacios et al. [28], who attributed air entrainment to enhanced bubble
stabilization via electrostatic surface charge. Unit weight declined systematically with increasing admixture
incorporation, from 2335.3 kg/m?3 (P1) to 2301.1 kg/m?3 (P4), a 1.47% reduction consistent with increased air void
content. Mass-balance calculations indicate that admixture contribution accounts for 53% of the unit weight loss

(18.15 kg/m3), while increased air voids account for the remaining 47% (16.05 kg/m3), a partitioning confirmed by
ASTM C138 gravimetric relationships.

3.3. Mechanical Strength Development (Compression and Flexure)

Compressive strength development for the four mixtures is shown in Figure 8-a, while flexural strength at
corresponding ages is given in Figure 8-b. Compressive strength development followed the typical sigmoid curve of
Portland cement hydration, with accelerated gains between 7 and 28 days. At 7 days, P4 achieved 20.67 £ 0.32 MPa,
representing a 12.4% improvement over the control, suggestive of accelerated early-age hydration kinetics. This
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early-age enhancement is consistent with research by Chen et al. [3], who reported 10-15% strength gains at 7 days
when combining waterproofing admixtures with bio-based polysaccharides. The mechanism underlying this
acceleration likely involves: (i) reduced nucleation barrier for C-S-H gel formation due to calcium-polysaccharide
complexation, and (ii) enhanced ionic transport via viscosity reduction in the pore solution by dissolved biopolymers.
By 28 days, P4 attained 28.77 £ 0.10 MPa, representing an 8.9% improvement over the control's 26.40 + 0.65 MPa.
This more modest gain at 28 days compared to 7 days reflects the convergence of hydration rates at later ages, where
the control mixture's cement hydration fully matures. P2 similarly exceeded the control at 28.37 £ 0.41 MPa (7.5%
improvement), whereas P3 fell slightly below at 25.73 £ 0.06 MPa, suggesting an optimal balance of additive dosages
at P2 and P4 compositions.
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Figure 8. Mechanical properties of hardened concrete by mix design

Modulus of rupture (flexural strength) measurements at 28 days revealed that the control mixture (P1) maintained
the highest MR of 5.93 £+ 0.08 MPa, while P4 achieved 5.58 + 0.28 MPa, equivalent to 94.1% of the control (Figure 8-
c). This represents a 6% reduction in flexural performance relative to compressive strength gains, indicating that while
admixtures enhance matrix densification and compressive capacity, they may slightly compromise flexural toughness
and crack propagation resistance. This trade-off is consistent with observations by Zhang et al. [40], who documented
that polysaccharide-based admixtures improve stiffness-related properties but can marginally reduce the plastic
deformation capacity of the concrete microstructure. The comparative trend across all mixtures (P1 > P2 > P4 > P3)
suggests that excessive polysaccharide content (P3: 1.5%AV) may induce excessive pore refinement, creating a brittle
microstructure prone to sudden failure. P4, with a higher biopolymer dosage (2.0%AV) but lower waterproofing
admixture (3.0%S1), appears to balance these competing mechanisms more effectively than P3, although compressive
and flexural strength optima occur at slightly different dosage combinations.

The 8.9% increase in compressive strength in P4 is within the range reported for individual bio-additive systems
(6.1-10.2%), as per Table 4, confirming that the hybrid formulation achieves improvements in durability (Figures 9 and
10) without compromising mechanical performance. The substantially greater increase reported by Barco-Tocto et al.
[12] for combinations of nopal and aloe vera obtained a different and higher resistance result for a higher total dose of
additive, which prevents a direct comparison, but indicates the significant contribution of the additive on the strength of
the concrete. The distinguishing feature of the present study is that none of the references cited integrated microstructural
characterization (XRD, FTIR, SEM), pilot-scale structural validation and techno-economic analysis within a single
experimental program.
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Table 4. Comparison of compressive strength with previous studies on bio-admixture concrete

Study Admixture system Dosage (% bwoc)  f'c (MPa) A vs. control (%)
Present study — P4 Sika-1 + Aloe vera 3.0%S1 + 2.0%AV 28.77 +8.9
Oshim et al. [24] Aloe vera gel alone 2.0% AVG 31.42 +10.2
Suwondo et al. [15] Crystalline WA alone 2.0% CWA 43.50 +6.1
Barco-Tocto et al. [12] Nopal + Aloe vera 2%N + 0.5%AV 43.47 +80.7*
Ahmed et al. [10] Aloe vera gel alone 2.5% AVG ~23.0 +57% workability
Abdellatief et al. [41] Sika Viscocrete Variable 23.10 +31.0
* Design strength 245 kg/cm2; not directly comparable to the present f'c 21 MPa design.
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Figure 10. Durability properties regarding resistance to chemical attack, UPV and abrasion
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Inferential analysis confirmed that mixture composition exerted a statistically significant effect on both 28-day
mechanical responses (Table 5), although the magnitude of this effect was clearly stronger for compressive behavior
than for flexural behavior. The post hoc pattern indicates that the hybrid formulations produced a sharper discriminatory
response in compression, whereas flexural performance remained comparatively less sensitive to dosage variation and
showed only limited pairwise separation among mixtures. Taken together, these results suggest that the Sika-1/Aloe
vera system primarily modified matrix densification and load-bearing capacity under compression, while its influence
on bending-related behavior was more moderate.

Table 5. One-way ANOVA summary for 28-day compressive and flexural strength of mixtures P1-P4

. ANOVA 2 Significant Tukey
Response variable P1 P2 P3 P4 p-value q HSD contrasts

FFF
P1 vs. P2; P1 vs. P4;
P2 vs. P3; P3 vs. P4

Flexural strength (MPa) 5.93+0.08 5.40 £ 0.09 520+0.31 558 +0.28 6.08 0.018 0.7 P1vs P3

Compressive strength (MPa) 26.40+0.66 2837+040 25.73+0.06 28.77+0.12 42.97 0.000 0.94

3.4. Durability Performance
3.4.1. Transport Properties (Permeability, Chloride Penetration)

The permeability and RCPT results are plotted in Figure 9. Water permeability testing at 56 days demonstrated
marked improvements in transport resistance for all admixture-containing mixtures. P4 exhibited the lowest permeability
coefficient of 0.00420 + 0.00001 cm/s, representing a 9.7% reduction relative to the control's 0.00465 + 0.00003 cm/s.
The extremely low standard deviation in P4 (£0.00001 cm/s) across three replicate specimens indicates exceptional
consistency and reproducibility, suggesting that the additive combination produces a stable, uniform pore structure
resistant to experimental variability. This finding contrasts with the control mixture's higher variability (+0.00003 cm/s),
implying that admixture-stabilized microstructures exhibit more uniform permeability characteristics. The permeability
reduction mechanism combines two complementary effects: (i) crystalline mineral precipitation from the silicate-based
waterproofing agent, which physically blocks capillary pathways, and (ii) refined pore structure from biopolymer-
promoted C-S-H gel densification, which reduces pore size distribution and connectivity. These improvements have
direct implications for service life extension, as water ingress is the primary vector for deleterious ion transport and
corrosion initiation in reinforced concrete structures.

Rapid chloride permeability testing at 28 and 56 days confirmed strong resistance to chloride ion penetration in both
control and optimal mixtures. P4 demonstrated 13.7% lower charge passage at 28 days (138.38 + 14.00 C vs. 160.39 +
10.93 C) and 10.3% lower at 56 days (109.34 + 14.15 C vs. 121.93 + 11.02 C), both classified as having 'Very Low'
chloride permeability per ASTM C1202 (100-1,000 Coulombs). The reduction in charge passage over time (both
mixtures exhibiting ~10% reduction from 28 to 56 days) reflects continued hydration and microstructural densification.
The mechanism of chloride resistance improvement in P4 likely involves reduced pore connectivity and increased
chloride binding capacity at the C-S-H surface due to enhanced gel formation and reduced calcium hydroxide content
(a less durable phase). These findings have substantial practical implications for marine infrastructure and coastal
structures, where chloride ingress from salt spray or seawater exposure accelerates reinforcement corrosion; a 13.7%
reduction in ionic transport translates to extended time-to-corrosion initiation, potentially adding years to the structure's
useful life.

The 13.7% reduction in chloride permeability at 28 days recorded for P4 is consistent in direction, though more
moderate in magnitude, than the 53—-65% water penetration reductions reported by Suwondo et al. [15] for CWA alone
at 1-2% dosage. The comparatively modest improvement observed here reflects the lower Sika-1 content in P4 (3.0%
bwoc) and the partial substitution of inorganic waterproofing agent by biopolymer gel. A dual-mechanism framework
explains the synergistic transport improvement: the silicate-based admixture seals residual microcapillaries (diameter
>10 pm) through crystalline precipitation, while the Aloe vera polysaccharide network refines mesopores (1-10 pm) by
promoting additional C-S-H nucleation at the gel-pore interface. Neither admixture, applied alone at its respective
dosage, would be expected to modify both pore size ranges simultaneously [11].

3.4.2. Resistance to Chemical Attack and Abrasion

Contrary to expectations, P4 exhibited higher expansive strain upon 56-day exposure to 5% sodium sulfate solution
compared to the control: 0.0911% (P4) versus 0.0813% (P1), representing a 12.05% relative increase in expansion. This
unexpected result suggests that the admixture combination, despite improving resistance to water and chloride ingress,
may reduce overall sulfate resistance through phase composition modifications. The likely mechanism involves
suppression of ettringite formation (a characteristic sulfate expansion product) due to reduced available aluminum from
the C-S-H gel or precipitation of hydration products that consume precursor sulfate before expansion-promoting phases
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can form. This finding highlights an important durability trade-off: the optimal mixture P4 excels in chloride and
carbonation resistance (environments typical of tropical coastal and urban infrastructure) but shows reduced sulfate
tolerance (relevant to arid, industrial, or subsurface exposures). Practical application of this mixture should therefore
prioritize environments with limited sulfate exposure risk and high chloride or carbonation threat. Wang et al. reviewed
the competitive interaction between crystalline waterproofing materials and sulfate attack, demonstrating that both
processes consume available Ca2* from the cement pore solution, the waterproofing agent to precipitate pore-blocking
silicate crystals, and sulfate ions to form expansive ettringite (3CaO-Al, Oz -3CaSO, -32H, O) and gypsum. In P4, the
combined Caz* demand from silicate crystallization, biopolymer complexation, and sulfate reaction may have reduced
the calcium reservoir available for buffering ettringite growth, thereby allowing marginally greater sulfate-driven
expansion. Ettringite crystallization within pores of 10-50 nm diameter has been shown to generate internal stresses
exceeding 8 MPa, sufficient to initiate microcracking in otherwise dense matrices. This mechanistic interpretation
reconciles the apparently contradictory observation of improved chloride and carbonation resistance alongside reduced
sulfate tolerance, and reinforces the recommendation that P4 be deployed preferentially in chloride- or carbonation-
dominated exposure classes (XS, XC per EN 206) rather than sulfate-rich environments (XA) [19, 42, 43].

Accelerated carbonation testing at 56 days revealed that P4 achieved the lowest carbonation depth of 0.44 + 0.02
mm, compared to the control's 0.58 £ 0.03 mm, representing a 24.1% reduction. P2 showed substantially higher
carbonation (0.77 £ 0.03 mm), indicating that excessive waterproofing admixture dosage (4.0%S1) may paradoxically
compromise carbonation resistance, possibly through reduced portlandite (CH) content available for buffering CO, .
The inverse relationship between waterproofing admixture dosage and carbonation resistance suggests that the silicate-
based waterproofing mechanism, while effective for capillary blockage, does not necessarily protect against gaseous
CO, diffusion. The 24.1% reduction in carbonation depth in P4 carries significant durability implications, as
carbonation penetration is a primary driver of reinforcement corrosion in non-chloride-contaminated environments. The
carbonation rate relationship implies that a 24% reduction in carbonation depth at 56 days translates to approximately
44% extended time-to-neutralization of the concrete cover zone, substantially prolonging corrosion protection.

UPV measurements at 28 and 56 days revealed that both P1 and P4 exhibited "Excellent™ quality per ASTM C597
classification. P1 measured 4621 + 107 m/s at 28 days and 4764 + 10 m/s at 56 days, while P4 measured 4542 + 189
m/s at 28 days and 4924 + 815 m/s at 56 days. The notably higher velocity in P4 at 56 days (4924 m/s, 3.4% above P1)
suggests continued densification and reduced microcracking in the admixture-containing mixture, consistent with
improved hydration product formation. The elevated standard deviation in P4 at 56 days (815 m/s) likely reflects
localized variation in admixture distribution rather than systematic degradation, as the mean velocity remains in the
"Excellent” range. The combined trends for sulfate expansion, carbonation depth, UPV, and abrasion mass loss are
summarized in Figure 10.

3.4.3. Statistical Analysis of Results at 56 Days

Among the six durability indicators evaluated at 56 days (Table 6), mixture composition exerted a statistically
significant effect on water permeability (p < 0.001), carbonation depth (p < 0.001), and abrasion mass loss (p =
0.030<0.05), while differences in rapid chloride permeability, sulfate expansion, and ultrasonic pulse velocity did not
attain statistical significance at the o= 0.05 threshold. Carbonation depth yielded the largest effect size across the entire
dataset (n? = 0.977), with Tukey post hoc contrasts confirming statistically distinct separation among all four mixtures,
a result that reflects the opposing behavior of the biopolymer-dominant formulation (P4, lowest depth) and the Sika-1-
dominant formulation (P2, highest depth), suggesting that increased Aloe vera dosage promotes denser C—S—H that
impedes CO, diffusion more effectively, while excess waterproofing admixture at this dosage level does not confer
equivalent carbonation resistance. The non-significant outcomes for RCPT, sulfate expansion, and UPV should be
interpreted with caution given the reduced statistical power inherent in two-group designs.

Table 6. One-way ANOVA summary for 56-day durability properties across available mixture groups

Durability property PL(x+SD)  P2(x+SD) P3(X+SD)  P4(X+SD) F  pvalue np  O9nificant Tukey

HSD contrasts
» 465x10- 2+ 420x10- % 4.43x10" 2 4.20x10- ?% P1vs. P2; P1vs. P3;
Water permeability, k (cm/s) 5 g5,10- 5 656x10" 5 8.51x10° S 1o0x10-5 3747 <0001 098 5 o by pays pa

Carbonation depth (mm) 0.577 £0.025 0.773+0.031  0.680 +0.020 0.437+0.015 113.74 <0.001 0.98 All pairs significant

Rapid chloride permeability (C) 121.93 +11.02 - - 109.34 +14.15 1479 0.291 0.27 NS
Sulfate expansion (%) 0.0813 + 0.0059 - - 0.0911+0.0047 5.029 0.088 0.56 NS

Ultrasonic pulse velocity (m/s) 4764 + 10 - - 4958 + 199 2.847 0167 042 NS
Abrasion mass 10ss (g) 7.27+£0.40 - - 6.00 + 0.53 10.857 0.03 0.73 Significant pair.
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3.5. Microstructural Analysis (Control vs. Optimal Mixture)
3.5.1. X-ray Diffraction (XRD)

Representative XRD patterns for the control and P4 mixtures are presented in Figure 11. Phase composition analysis
via XRD at 28 days identified characteristic Portland cement hydration products in both P1 and P4 mixtures. P4 exhibited
increased calcite (CaCO3) content at 18.2% compared to P1's 14.6%, consistent with accelerated carbonation fronts
penetrating the surface during the first 28 days of exposure. Albite (feldspar) phase content decreased from 40.0% (P1)
to 28.9% (P4), suggesting partial reaction or surface dissolution of feldspathic aggregate during hydration, possibly
influenced by the altered pore solution pH and ionic composition induced by the biopolymer additive. A critical
limitation of XRD analysis for concrete specimens is that hydration products, particularly the C-S-H gel, which accounts
for ~60% of mature cement paste, exhibit predominantly amorphous structure and thus escape quantification by
conventional diffraction methods. The XRD results therefore reflect primarily aggregate mineralogy rather than cement
hydration phase distribution. Complementary FTIR analysis (Section 3.5.2) provides superior sensitivity to amorphous
C-S-H and functional group chemistry.
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Figure 11. X-ray diffraction patterns of hardened concrete: (a) control mixture and (b) optimal mixture (P4)
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3.5.2. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of P1 and P4 are compared in Figure 12. FTIR analysis identified characteristic absorption bands
in both P1 and P4, with subtle but significant differences reflecting distinct hydration product distributions. The Si-O
stretch at 997 cm™ ! (characteristic of C-S-H silicate networks) appeared more intense in P4 spectra relative to P1,
suggesting higher C-S-H polymerization density and more complete hydration of silicate phases. The C=0 stretch at
1417 cm™ * (carbonation product, calcite) showed comparable intensities between P1 and P4, consistent with similar
bulk carbonation depths measured by phenolphthalein testing. The O—H stretch region (3200-3600 cm™ 1) displayed
subtle baseline elevation in P4, indicating higher water content associated with C-S-H gel, a finding consistent with the
hypothesis that biopolymer additives promote more hygroscopic hydration product morphologies. The absence of
diagnostic bands for unreacted Aloe vera polysaccharides (characteristic C—H stretches around 2900 cm™ t would be
pronounced) suggests complete consumption of the biopolymer during hydration, likely through complexation with
calcium and silicate ions rather than simple physical adsorption.
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Figure 12. FTIR spectra of the samples: (a) reference material and (b) modified material

3.5.3. Scanning Electron Microscopy (SEM-EDS)

Typical SEM images of the cement paste and ITZ for P1 and P4 are displayed in Figure 13. Microstructural
examination by SEM revealed striking morphological differences between P1 and P4. The control mixture (P1)
displayed a relatively coarse pore network with well-defined capillary pores (5-50 um diameter) and visible unreacted
cement grains, characteristic of conventional concrete microstructure. The interfacial transition zone (ITZ) between
aggregate and paste was clearly demarcated with visible porosity and reduced mineral density.

In contrast, P4 exhibited a refined pore structure with smaller, more uniformly distributed pores (<5 um typical
diameter) and minimal visible porosity. The paste-aggregate interface showed substantially improved mineral contact
and reduced interfacial void space, consistent with enhanced ITZ densification. EDS elemental analysis revealed locally
elevated carbon content in specific zones of P4, confirming the presence of polysaccharide-derived organic compounds
within the microstructure, likely bound to hydration product surfaces through chemical complexation rather than
mechanical inclusion. The observed morphological improvements align quantitatively with the measured strength gains
(8.9% at 28 days) and permeability reductions (9.7% at 56 days), providing direct microstructural evidence supporting
the proposed synergistic mechanism: biopolymer promotion of denser C-S-H formation combined with crystalline
waterproofing agent blockage of residual capillary pathways.
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Figure 13. SEM images of the cement paste microstructure and the interfacial transition zone. (a, b) reference sample with
high capillary porosity and less dense C-S-H gel, and (c, d) modified sample with dense C-S-H gel, refined pores and better

adhered aggregates.

3.6. Structural Behavior of Scaled Frames

The load—displacement and strain responses for the U- frame and C- frame tests are plotted in Figure 14. The pilot-
scale structural testing program validated laboratory-measured strength and stiffness improvements through load-
displacement testing of reinforced concrete frames cast with P1 and P4 mixtures. Both frame configurations (inverted
U-frame with vertical loading and C-frame with horizontal joint loading) remained elastic up to approximately 60% of
design load, with measurable but recoverable deformations. At higher load levels (80-100% design capacity), nonlinear
softening behavior emerged, characteristic of reinforced concrete approaching serviceability limits. Strain gauge
measurements on longitudinal reinforcement showed that the P4 frame experienced 9.6% lower maximum strain (600.52
microstrain (ue) vs. 664.57 pe in P1 at final loading step) at identical load levels, confirming improved structural stiffness
and reduced deformability in concrete cast with the optimal admixture combination. This behavior is consistent with the
measured 8.9% higher compressive strength and supports the hypothesis that microstructural densification translates
directly to improved structural performance under realistic loading conditions.
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b) C-frame subjected to horizontal load at the joint
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Figure 14. Deformation curves for the standard (P1) and experimental (P4) samples: (a) inverted U-frame subjected to
vertical load and (b) C-frame subjected to horizontal load at the joint

3.7. Cost-Benefit Analysis

The main results of the cost—benefit analysis for P1 and P4 are listed in Table 7. The incremental material cost of P4
relative to P1 is 18.24/m3 (USD equivalent $0.60/3), representing an 11.2% premium. The cost is distributed across S1
(16.34/m3) and AV gel (2.90/m3), with remaining concrete constituents (cement, aggregates, water) held constant. The
normalized performance index (P;) was calculated as a weighted average of mechanical and durability indicators:
compressive strength (0.25 weight), flexural strength (0.25 weight), water permeability inverted (0.25 weight), and UPV
quality (0.25 weight). P4 achieved P; = 1.228 relative to control P1 (P; = 1.000), representing a 22.8% overall
performance improvement. The cost-benefit index was calculated as:

__ CoxPjpy _ 162.93x1.228

= =1.104 (6)

CiXPjp1 181.17%x1.000

i

With G; = 1.104 > 1.0, the economic analysis demonstrates that P4 delivers 22.8% performance improvement at a
cost of only 11.2% material premium, yielding a favorable cost-benefit ratio. Expressed alternatively, P4 provides
performance value at 0.149/performance unit compared to 0.195 for the control, representing a 23.6% cost efficiency
advantage.

While comprehensive life-cycle cost analysis lies outside the present study's scope, preliminary estimation based on
durability improvements suggests substantial long-term economic advantage. The observed reductions in:

o Water permeability (9.7%)

o Chloride penetration (13.7% at 28 days)

o Carbonation depth (24.1%)

collectively extend the time-to-corrosion initiation (T;) according to the Tuutti model (Equation 7):

T, = ()’ii) )

Dapp
where, T; is time to initiation, Xq is concrete cover thickness, K. is carbonation coefficient, and Dapp is apparent chloride
diffusion coefficient. For a typical marine structure with 50 mm cover and 50-year service life, a 24% reduction in

carbonation rate extends the safe service period by approximately 40%, translating to a conservatively estimated 20-
year extension in functional service life.

4. Conclusions

This investigation presents a comprehensive multi-scale evaluation of the synergistic effects of an integral
waterproofing admixture (Sika®-1) combined with Aloe vera biopolymer gel on concrete performance across fresh
properties, mechanical strength development, durability resistance, microstructural characteristics, pilot-scale structural
behavior, and techno-economic viability. The principal findings are summarized as follows:
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e Optimal Mixture Composition (P4: 3%S1+2%AV) yielded the most balanced performance improvement across
multiple performance metrics, with early-age strength acceleration (12.4% at 7 days, 8.9% at 28 days compressive
strength) and superior durability in chloride and carbonation resistance environments.

o Fresh Concrete Behavior remained within practical limits for all formulations (slump 4.0-4.5 inches, air content
1.7-2.7%), demonstrating that the hybrid admixture system does not compromise constructability or placement
characteristics. Rheological analysis revealed compensatory interaction between silicate-based pore blockage and
biopolymer viscosity modulation, resulting in rheological equilibrium at high admixture dosages.

o Transport Property Improvements were the most pronounced durability benefit, with P4 achieving 9.7% reduced
water permeability, 13.7% lower chloride penetration (RCPT at 28 days), and 24.1% reduced carbonation depth
at 56 days. These improvements align with extended time-to-corrosion initiation, potentially adding 15-25 years
to service life in chloride-rich or carbonation-prone environments.

¢ Durability Trade-off with Sulfate Exposure was identified: while chloride and carbonation resistance improved
substantially, sulfate expansion increased 12.05% in the optimal mixture. This finding underscores the importance
of environment-specific admixture selection and suggests that P4 formulation is optimally suited for marine and
urban infrastructure but less suitable for arid, industrial, or subsurface applications where sulfate attack dominates.

e Microstructural Validation via XRD, FTIR, and SEM-EDS confirmed that measurable strength and transport
property improvements correspond to genuine microstructural densification: refined pore structure (SEM
imaging), enhanced C-S-H polymerization (FTIR Si-O band intensification at 997 cm™ 1), and improved
interfacial transition zones (ITZ morphology). These findings provide mechanistic evidence linking microstructure
to macroscopic performance improvements.

o Structural-Scale Performance was validated through pilot reinforced concrete frame testing, which demonstrated
that laboratory-measured strength gains (8.9% at 28 days) translated to 9.6% reduction in maximum strain under
equivalent loading conditions. This finding provides confidence for engineering design applications and real-world
deployment.

e Economic viability was established through cost-benefit analysis (index G; = 1.104), indicating that P4 delivers
22.8% overall performance improvement at an 11.2% material cost premium. Life-cycle cost considerations
suggest cost recovery within 10-15 years of service in high-maintenance environments through durability-driven
reductions in repair frequency and extent.

4.1. Limitations and Recommendations for Future Research
This research, although exhaustive in scope, has some limitations that require recognition:

o Only four mixing ratios were evaluated. Other mix dosing combinations would detect potential synergistic peaks
outside the tested range.

e The unexpected increase in sulfate expansion (12.05% in P4) warrants a detailed investigation using post-
exposure ERX to identify phase transformations and suppression mechanisms of ettringite formation.

o Although microstructural evidence supports synergistic interaction, direct molecular-scale characterization of
polysaccharide—cement interactions would strengthen the mechanistic understanding.
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