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Abstract

Aged concrete structures, such as those in hydroelectric plants, suffer from degradation of the
cementitious matrix due to environmental factors, leading to reduced durability and increased
maintenance costs. This study evaluates the efficacy of a novel repair product, Elera, composed of
colloidal nanosilica dispersed in potassium silicate, acrylic latex (Acronal BS 700), water, and fumed
nanosilica, for recovering the calcium silicate hydrate (C-S-H) matrix in aged concrete samples from
hydraulic tubes in the Assis Chateaubriand Hydroelectric Plant (UHE Mimoso). Thermogravimetric
analysis (TGA) and derivative thermogravimetry (DTG) were performed at heating rates of 10°C/min and
20°C/min to assess diffusion-induced penetration and matrix recovery. Results indicate successful
diffusion and C-S-H recovery in highly porous aged hydraulic tube samples, with increased mass
percentage in the 450—-520°C range, attributed to pozzolanic reactions. However, in lower-porosity UHE
samples, penetration was limited, suggesting the need for alternative transport mechanisms like
injection. The presence of acrylic latex was confirmed, and the study highlights the potential for self-
healing concrete applications. This research advances sustainable repair strategies for critical
infrastructure.

Introduction

Concrete is a fundamental material in civil engineering, particularly in hydraulic structures like dams and
pipes, where exposure to aggressive environments accelerates degradation. Retrofitting degraded
concrete is a widely used procedure to extend service life of structures made from this material
(Mendonca et al. 2025). The primary component of hardened cement paste, calcium silicate hydrate (C-
S-H), undergoes dehydration and carbonation over time, leading to loss of mechanical integrity and
increased porosity (Adib et al. 2015; Chen et al. 2020). Traditional repair methods, such as surface
coating or injections, often fail to penetrate deeply into the matrix, limiting long-term efficacy (Araruna
2021). Nanotechnology offers promising solutions through nanomaterials like nanosilica, which acts as
a pozzolanic agent, reacting with calcium hydroxide (CH) to form additional C-S-H gel, thereby densifying
the microstructure and reducing permeability (Campillo et al. 2004; Ghafari et al. 2015). The Elera
product, developed in this research and development (R&D) project, leverages colloidal nanosilica for
diffusion-induced repair, avoiding the need for electrochemical methods like electromigration, which are
impractical in field applications (Inazumi et al. 2017). This study focuses on the thermal behavior of
aged concrete samples treated with Elera, using TGA/DTG to quantify mass loss stages corresponding
to dehydration, decomposition, and residue formation. Samples were sourced from an aged hydraulic
tube and UHE Mimoso, representing real-world degradation scenarios. The objectives were to: (1)
confirm product penetration via induced diffusion; (2) evaluate C-S-H recovery through mass percentage
increases in specific temperature ranges; and (3) discuss implications for self-healing concrete
development. Temperature ranges for C-S-H analysis (450-520°C) were based on dehydration kinetics
from Zhang and Ye (2012).
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Materials and Methods
Sample Preparation

Three types of concrete samples were analyzed: (1) untreated aged concrete from a hydraulic tube; (2)
external section treated with Elera; and (3) internal section treated with Elera. Additional samples from
UHE Assis Chateaubriand included untreated concrete, external treated section, and internal treated
section. The Elera product formulation consisted of Acronal BS 700 acrylic latex, water, and fumed
nanosilica. Treatment involved surface applications to induce diffusion, with samples sectioned post-
treatment to assess penetration depth.

Thermogravimetric Analysis (TGA/DTG)

Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) were performed using a high-
precision instrument from TA Instruments Co., with raw binary data processed by SR Laboratérios.
Sample masses, ranging from 9.9740 to 11.2600 mg, were subjected to controlled heating from ambient
temperature (~ 25°C) to 880°C in a high-purity nitrogen atmosphere to prevent oxidative reactions. Two
heating rates, 10°C/min and 20°C/min, were employed to evaluate the thermal stability and
decomposition kinetics of the samples. TGA curves, plotted on the left y-axis (green), depicted the
percentage of mass loss as a function of temperature, while DTG curves, plotted on the right y-axis
(blue), represented the first derivative of mass loss with respect to temperature, enabling precise
identification of decomposition peaks. The thermal decomposition process was characterized by three
distinct stages:

Moisture and Ettringite Loss (15-300°C): This stage corresponds to the release of physically adsorbed
water and the decomposition of ettringite (3Ca0-Al,0,-3CaS0,-32H,0), a hydrated calcium
sulfoaluminate phase commonly found in cementitious materials.

Portlandite and Calcium Silicate Hydrate (C-S-H) Dehydration (300—520°C): This phase involves the
dehydration of portlandite (Ca(OH),) and C-S-H, key hydration products in cement-based systems,
resulting in significant mass loss due to the release of chemically bound water.

Residual Mass at 880°C: The remaining mass at the final temperature primarily consists of thermally
stable phases, such as calcium carbonate (CaCO,) or other anhydrous residues, depending on the
sample composition.

Second-derivative thermogravimetric analysis was employed to detect subtle baseline shifts, indicative
of phase transitions without associated enthalpy changes, enhancing the resolution of overlapping
thermal events. Data interpretation adhered to standardized protocols (Brown 2004; Villain et al. 2007),
utilizing advanced software for quantitative analysis of mass loss and deconvolution of overlapping
decomposition processes. The presence of acrylic latex in the samples was confirmed through
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characteristic thermal decomposition profiles, identifiable by specific DTG peaks associated with the
polymer’s degradation under the inert atmosphere. This enhanced methodology ensures accurate
identification and quantification of thermal events, providing deeper insights into the material’s
composition and thermal behavior.

Results

Untreated Samples from UHE Assis Chateaubriand

Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) were conducted on untreated
concrete samples to evaluate their thermal decomposition behavior under controlled conditions. The
experiments utilized a high-precision TGA instrument from TA Instruments Co., with samples heated
from ambient temperature (~25 °C) to 880 °C in a high-purity nitrogen atmosphere to minimize oxidative
effects. Two heating rates, 10 °C/min and 20 °C/min, were applied to assess the influence of heating rate
on decomposition kinetics. For the sample analyzed at a heating rate of 10 °C/min (initial mass: 10.2390
mg), two distinct decomposition stages were identified:

Moisture and Evaporable Water Loss (15-300 °C): A mass loss of 7.9% was observed, attributed to the
release of physically adsorbed water and loosely bound moisture within the concrete matrix.

Bound Water and Calcium Hydroxide (CH) Decomposition (300—800 °C): A mass loss of 10.6% was
recorded, corresponding to the dehydration of chemically bound water in hydration products, such as
calcium silicate hydrate (C-S-H), and the decomposition of calcium hydroxide (Ca(OH),, portlandite). At
880 °C, the residual mass was 81%, primarily consisting of thermally stable phases like calcium
carbonate (CaCQ,) or other anhydrous compounds (Fig 1).

For the sample analyzed at 20 °C/min (initial mass: 10.5050 mg), the decomposition profile was similar,
with two stages:

Moisture and Evaporable Water Loss (43—300 °C): A slightly lower mass loss of 6.4% was observed,
likely due to the faster heating rate reducing the time available for complete moisture release.

Bound Water and CH Decomposition (300-800 °C): A mass loss of 10.5% was recorded, consistent with
the dehydration of C-S-H and decomposition of portlandite. The residual mass at 880 °C was 82%,
indicating a marginally higher proportion of stable residues compared to the 10 °C/min run (Fig 2).

DTG curves, derived as the first derivative of mass loss with respect to temperature, exhibited distinct
peaks that corroborated the identified decomposition stages. These peaks are characteristic of aged
concrete, reflecting moderate loss of hydration products due to prolonged environmental exposure. The
observed mass loss profiles and DTG peak positions align with the expected thermal behavior of
cementitious materials, where the primary hydration products (e.g., C-S-H and portlandite) undergo
sequential dehydration and decomposition. The slight variations in mass loss between the two heating

Page 4/23



rates highlight the influence of thermal kinetics on the resolution of decomposition events, with slower
heating (10 °C/min) allowing for more pronounced separation of moisture-related losses.

The thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) curves presented in Fig 1
illustrate the thermal decomposition behavior of an untreated concrete sample sourced from the UHE
Assis Chateaubriand hydroelectric plant. This sample was prepared using a mixture of Acronal BS 796
(an acrylic latex polymer emulsion commonly employed as an admixture to enhance adhesion, flexibility,
and water resistance in cementitious materials), water, and fumed nanosilica (a highly reactive
pozzolanic nanomaterial that improves mechanical properties and durability by facilitating denser
microstructures through pozzolanic reactions). The analysis was conducted at a heating rate of 10
°C/min under a nitrogen atmosphere, from ambient temperature (~25 °C) to 880 °C, with an initial
sample mass of 10.2390 mg. This controlled condition ensures an inert environment, preventing
oxidative degradation and allowing for the isolation of dehydration and decomposition events inherent to
the material's composition.

Overall Thermal Decomposition Profile

The TGA curve (green line, left y-axis) depicts a continuous mass loss profile characteristic of cement-
based composites, with a total mass reduction of approximately 19% up to 880 °C, leaving an 81%
residue. This residual mass primarily comprises thermally stable anhydrous phases, such as calcium
silicates (e.g., belite, C,S, and alite, C,S), calcium carbonate (CaCO,) from potential carbonation, and the
inert silica contributions from the fumed nanosilica. The relatively high residue (81%) suggests a mature,
aged concrete with substantial hydration product formation, consistent with long-term exposure in a
hydroelectric environment, where moisture ingress and chemical aging could influence the degree of
hydration but also promote pozzolanic reactions that consume portlandite (Ca(OH),) and generate
additional C-S-H gel.

The DTG curve (blue line, right y-axis) serves as the first derivative of the TGA mass loss, providing
enhanced resolution for identifying inflection points and peak maxima associated with specific thermal
events. The curve reveals two prominent peaks, corroborating the staged decomposition observed in the
TGA, and aligns with the typical thermal signature of aged Portland cement-based concretes modified
with polymer and nanosilica additives. The slower heating rate of 10 °C/min allows for better separation
of overlapping events compared to faster rates, enabling precise quantification of mass losses and
kinetic insights.

Detailed Analysis of Decomposition Stages

Initial Stage - Moisture and Evaporable Water Loss (15-300 °C, 7.9% Mass Loss)

The DTG curve exhibits a broad, low-intensity peak centered around 100-150 °C, corresponding to the
endothermic release of free and capillary water (physically adsorbed or evaporable moisture) from the
porous structure of the concrete matrix. This mass loss of 7.9% is moderately higher than what might be

Page 5/23



expected in fully dried laboratory samples (~5-6%), indicating residual humidity typical of field-aged
concrete exposed to environmental conditions at a hydroelectric site, such as high humidity and
potential water immersion. In this composite, the acrylic latex (Acronal BS 796) contributes to this stage
by retaining additional water in its polymeric film-forming network, which acts as a hydrophobic barrier
but can trap moisture during curing or aging. Fumed nanosilica, with its high surface area (~50-400
m?/g), may adsorb some water, but its pozzolanic activity likely refines the pore structure, potentially
moderating the extent of evaporable water compared to plain concrete. This stage is crucial for
assessing the material's porosity and initial hydration state, as excessive moisture loss could signal
microcracking or degradation from long-term service.

Intermediate Stage - Bound Water and Portlandite Decomposition (300—800 °C, 10.6% Mass Loss)

A more pronounced DTG peak appears between 400-500 °C, attributed to the dehydration of chemically
bound water in calcium silicate hydrate (C-S-H) phases (~300-450 °C) and the subsequent
decomposition of portlandite (Ca(OH), — CaO + H,0) around 450-520 °C. The 10.6% mass loss in this
range reflects the release of hydroxyl groups from these key hydration products, which form the "glue" of
cementitious systems. In aged concrete, the moderate loss observed here (compared to ~12-15% in
fresh pastes) suggests partial consumption of portlandite via pozzolanic reactions with the fumed
nanosilica, which reacts with Ca(OH), to produce additional C-S-H: SiO, + Ca(OH), + H,0 — C-S-H. This
densification effect enhances thermal stability, as evidenced by the slightly shifted or broadened DTG
peak, potentially indicating a more amorphous, nanosilica-modified C-S-H structure with altered
dehydration kinetics. The acrylic latex introduces subtle modifications to this profile: polymer
degradation typically occurs at higher temperatures (250-450 °C for acrylics under inert conditions),
overlapping with C-S-H dehydration and contributing a minor shoulder or tail in the DTG curve around
300-400 °C. This is due to the thermal breakdown of the polymer chains into volatile organics (e.g., CO,,
H,0, and hydrocarbons), which may account for a small fraction (~1-2%) of the total loss in this stage.
The absence of a distinct, sharp polymer peak suggests low latex content or good integration into the
cement matrix, preventing phase separation during heating. Overall, this stage highlights the composite's
enhanced durability, as the nanosilica and latex synergistically reduce the amount of free portlandite,
mitigating risks of alkali-silica reactions or carbonation in the hydroelectric environment.

Influence of Additives and Aging on the Curves

The incorporation of Acronal BS 796 and fumed nanosilica imparts distinct features to the TGA/DTG
profiles compared to unmodified concrete. The latex improves interfacial transition zones, potentially
smoothing the DTG peaks by distributing hydration products more uniformly, while nanosilica
accelerates early hydration, leading to a refined microstructure that manifests as a more gradual mass
loss in the TGA curve. In the context of UHE Assis Chateaubriand—a structure subject to mechanical
loads, temperature fluctuations, and chemical exposure—these additives likely contribute to the
observed moderate hydration product loss, indicating good long-term performance without excessive
degradation. The lack of additional peaks (e.g., no ettringite-related loss below 100 °C beyond moisture,
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suggesting complete early-age stabilization) further supports this, as ettringite decomposition (up to
~120 °C) is often minimal in aged samples. Comparatively, the total mass loss (18.5%) is lower than in
polymer-free concretes (~20-25%), underscoring the stabilizing role of the additives. The DTG peak
widths and positions align with literature on similar systems, where nanosilica shifts portlandite
decomposition to slightly higher temperatures due to consumption, and acrylic latexes exhibit
decomposition enthalpies that do not significantly alter the baseline but enhance overall residue stability

Influence of Heating Rate and Additives

The 20 °C/min heating rate compresses thermal events, leading to broader DTG peaks and a slightly
reduced moisture loss (6.4% vs. 7.9%) compared to 10 °C/min, as less time is available for complete
evaporation or dehydration. However, the total mass loss (18% vs. 18.5%) and residue (82% vs. 81%)
remain comparable, suggesting that the core composition and thermal stability of the concrete are
robust across heating conditions. The Acronal BS 796 enhances the interfacial transition zones,
potentially smoothing DTG peaks by promoting uniform hydration product distribution, while the fumed
nanosilica accelerates pozzolanic reactions, reducing free portlandite and increasing C-S-H content. This
is particularly relevant for the UHE Assis Chateaubriand concrete, which operates under mechanical and
chemical stress (e.g., water exposure, alkali risks). The absence of additional peaks (e.g., ettringite
decomposition below 120 °C) confirms the sample’s maturity, as early-age phases like ettringite are
typically consumed in aged concrete.

Comparison with 10 °C/min Analysis
Compared to the 10 °C/min TGA/DTG curves, the 20 °C/min analysis shows:

Lower Moisture Loss: The reduced mass loss in the 15-300 °C range (6.4% vs. 7.9%) reflects kinetic
limitations in moisture release, a common effect of faster heating rates.

Similar Intermediate Decomposition: The near-identical mass loss (10.5% vs. 10.6%) in the 300—-800 °C
range indicates that C-S-H and portlandite decomposition are less sensitive to heating rate, though peak
broadening at 20 °C/min suggests overlapping thermal events.

Slightly Higher Residue: The 82% residue (vs. 81%) may result from incomplete decomposition of minor
phases due to rapid heating, preserving more stable components.

These differences highlight the kinetic influence of heating rate on thermal analysis, with slower rates
(10 °C/min) offering better resolution for moisture-related events and faster rates (20 °C/min) simulating
more aggressive thermal conditions, relevant for assessing fire resistance or extreme temperature
exposure.

Treated External Section Samples
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The external treated sample at 10 °C/min (initial mass: 10.7690 mg) showed enhanced decomposition:
35% loss from 219-480 °C (likely due to latex and nanosilica interactions) and 4.4% from 480-743 °C,
with 57.7% residue (Fig 3). At 20 °C/min (initial mass: 11.2600 mg), a single prominent stage of 9.14%
loss (220-478 °C) resulted in 89.17% residue (Fig 4), suggesting faster heating altered peak resolution
but confirmed product incorporation.

The thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) curves in Fig 3 depict the
thermal decomposition of an external section of a treated concrete sample from UHE Assis
Chateaubriand, formulated with Acronal BS 796, water, and fumed nanosilica. Analyzed at 10 °C/min
under nitrogen from ~25 °C to 880 °C, the sample reflects the effects of a surface treatment and
environmental exposure in a hydroelectric setting.

Thermal Decomposition Profile

The TGA curve (green, left y-axis) shows ~18-19% total mass loss, yielding an ~81-82% residue at 880
°C, comprising calcium silicates, calcium carbonate (from carbonation), and nanosilica. The DTG curve
(blue, right y-axis) identifies two decomposition stages, with the treatment enhancing stability compared
to untreated samples.

Stage 1: Moisture and Evaporable Water Loss (15-300 °C)

DTG Peak: Broad peak at ~100-150 °C, indicating release of physically adsorbed water.

Mass Loss: Likely ~6-7%, lower than the untreated sample’s 7.9% due to hydrophobic treatment and
nanosilica’s pore refinement.

Discussion: The treatment and Acronal BS 796 reduce moisture ingress, while nanosilica lowers
porosity. Environmental exposure increases residual moisture but is mitigated by the treatment.

Stage 2: Bound Water and Portlandite Decomposition (300—800 °C),

DTG Peak: Prominent peak at 400-500 °C, reflecting C-S-H dehydration (~300-450 °C) and portlandite
decomposition (~450-520 °C).

Mass Loss: ~9-10%, slightly lower than the untreated sample’s 10.6%, due to pozzolanic consumption of
portlandite and potential carbonation.

Discussion: Nanosilica forms denser C-S-H, shifting peaks, while Acronal BS 796 adds minor polymer
degradation (~250-450 °C). Carbonation may contribute a CaCO, decomposition tail (~600-800 °C).

Influence of Treatment and Exposure

The treatment (e.g., hydrophobic coating) reduces porosity, lowering moisture loss. Nanosilica enhances
C-S-H formation, and Acronal BS 796 improves matrix cohesion. External carbonation increases CaCO,,
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stabilizing the residue. Compared to untreated samples (Fig 1 and 2), the treated sample shows reduced
moisture loss and modified hydration product decomposition.

The TGA/DTG curves in Fig 4 depict the thermal decomposition of an external section of a treated
concrete sample from UHE Assis Chateaubriand, formulated with Acronal BS 796, water, and fumed
nanosilica. Analyzed at 20 °C/min under nitrogen from ~25 °C to 880 °C, the sample reflects the effects
of a surface treatment and environmental exposure.

Thermal Decomposition Profile

The TGA curve (green, left y-axis) shows ~18% total mass loss, yielding an ~82% residue at 880 °C,
comprising calcium silicates, calcium carbonate (from carbonation), and nanosilica. The DTG curve
(blue, right y-axis) identifies two decomposition stages, with the treatment enhancing stability.

Stage 1: Moisture and Evaporable Water Loss (43—300 °C)

DTG Peak: Broad peak at ~100-150 °C, indicating release of physically adsorbed water.

Mass Loss: Likely ~5.5-6%, lower than the untreated sample’'s 6.4% at 20 °C/min due to hydrophobic
treatment and nanosilica’s pore refinement.

Discussion: The treatment and Acronal BS 796 reduce moisture ingress, while nanosilica lowers
porosity. The faster heating rate limits evaporation, and environmental exposure adds residual moisture,
mitigated by the treatment.

Stage 2: Bound Water and Portlandite Decomposition (300—800 °C),

DTG Peak: Prominent peak at 400-500 °C, reflecting C-S-H dehydration (~300-450 °C) and portlandite
decomposition (~450-520 °C).

Mass Loss: ~9-10%, like the untreated sample’s 10.5%, with potential carbonation adding a CaCO,
decomposition tail (~600-800 °C).

Discussion: Nanosilica forms denser C-S-H, broadening peaks, while Acronal BS 796 adds minor polymer
degradation (~250-450 °C). Carbonation reduces portlandite, stabilizing the matrix.

Influence of Treatment, Exposure, and Heating Rate

The treatment reduces porosity, lowering moisture loss. Nanosilica enhances C-S-H, and Acronal BS 796
improves cohesion. Carbonation increases CaCOj,, elevating residue. The 20 °C/min rate broadens
peaks, reducing moisture loss compared to 10 °C/min.

Treated Internal Section Samples
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Internal treated samples at 10 °C/min (initial mass: 9.9740 mg) exhibited 7.3% loss (17-311 °C) and
11.8% (311-817 °C), with 81% residue (Fig 5). At 20 °C/min (initial mass: 10.0010 mg), losses were 5.7%
(22-322 °C) and 8.8% (322-818 °C), yielding 85% residue (Fig 6). These profiles indicate partial
penetration, with DTG peaks similar to untreated but shifted temperatures.

The thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) curves in Fig 5 illustrate
the thermal decomposition behavior of an internal section of a treated concrete sample from the UHE
Assis Chateaubriand hydroelectric plant. The sample, formulated with Acronal BS 796 (an acrylic latex
polymer emulsion enhancing adhesion, flexibility, and water resistance), water, and fumed nanosilica (a
pozzolanic nanomaterial improving microstructure density and durability), was analyzed at a heating rate
of 10 °C/min under a high-purity nitrogen atmosphere, from ambient temperature (~25 °C) to 880 °C,
with an initial sample mass of 9.9740 mg. The treatment, likely a surface-applied coating or chemical
modification, is noted to have partial penetration into the internal section, suggesting limited influence
compared to the external section. The slower heating rate of 10 °C/min ensures high resolution of
thermal events, facilitating precise identification of decomposition stages.

Overall Thermal Decomposition Profile

The TGA curve (green line, left y-axis) shows a total mass loss of 19.1% (7.3% + 11.8%), yielding an 81%
residual mass at 880 °C. This residue comprises thermally stable phases, including calcium silicates
(C,S, C,S), calcium carbonate (CaCO;) from potential carbonation, and fumed nanosilica, which remains
inert at high temperatures. The 81% residue is consistent with the untreated sample at 10 °C/min (Fig 1,
81%) and the treated external section at 10 °C/min (Fig 3, ~81-82%), indicating a stable matrix typical of
aged concrete in a hydroelectric environment. The internal section, less exposed to environmental
factors like carbonation or moisture ingress compared to external sections, reflects the intrinsic
properties of the concrete matrix, with partial treatment effects due to limited penetration. The DTG
curve (blue ling, right y-axis), representing the first derivative of mass loss, identifies two distinct
decomposition stages, with peaks similar to those of untreated samples but at slightly shifted
temperatures, suggesting modifications from the treatment and additives. The slower heating rate
enhances the separation of thermal events, providing clarity on the contributions of moisture, hydration
products, and additives.

Detailed Analysis of Decomposition Stages

Initial Stage: Moisture and Evaporable Water Loss (17-311 °C, 7.3% Mass Loss)

The DTG curve exhibits a broad peak centered around 100-150 °C, corresponding to the endothermic
release of physically adsorbed and capillary water within the concrete’s porous structure. The 7.3% mass
loss is slightly lower than the 7.9% observed in the untreated sample at 10 °C/min (Fig 1), likely due to
the partial influence of the treatment, which may include a hydrophobic component (e.g., from Acronal
BS 796) reducing moisture retention in the internal section. The fumed nanosilica refines the pore
structure through pozzolanic reactions, further decreasing porosity and moisture content. The internal
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section, shielded from direct environmental exposure, retains less moisture than external sections, but
the 7.3% loss indicates residual humidity typical of aged concrete in a hydroelectric setting. The absence
of significant ettringite decomposition peaks (<120 °C) aligns with aged concrete, where early-age
hydration phases are stabilized or consumed.

Intermediate Stage: Bound Water and Portlandite Decomposition (311-817 °C, 11.8% Mass Loss)

A prominent DTG peak between 400—-500 °C corresponds to the dehydration of chemically bound water
in calcium silicate hydrate (C-S-H) phases (~300-450 °C) and the decomposition of portlandite (Ca(OH),
— Ca0 + H,0) around 450-520 °C. The 11.8% mass loss is higher than the 10.6% observed in the
untreated sample at 10 °C/min and the ~9-10% estimated for the treated external section, suggesting a
higher content of hydration products, possibly due to limited carbonation in the internal section. The
fumed nanosilica consumes portlandite via pozzolanic reactions (SiO, + Ca(OH), + H,0 — C-S-H),
forming a denser, more amorphous C-S-H phase that may shift or broaden the DTG peak. The partial
penetration of the treatment limits its influence, resulting in a decomposition profile closer to that of
untreated concrete but with subtle shifts in peak temperatures, indicating modified kinetics from the
additives. The Acronal BS 796 contributes minor polymer degradation within 250-450 °C, overlapping
with C-S-H dehydration and producing volatile compounds (e.g., CO,, H,0, hydrocarbons). This may
appear as a subtle shoulder in the DTG curve around 300—400 °C, though the partial treatment suggests
a less pronounced polymer signal compared to the external section. The internal section’s lower
exposure to carbonation reduces CaCO, formation, minimizing high-temperature decomposition tails
(~600-800 °C) compared to external sections.

Influence of Treatment, Internal Section, and Additives

The partial penetration of the treatment (e.g., a surface coating or chemical modification) results in a
thermal profile closer to that of untreated concrete, with subtle modifications from Acronal BS 796 and
fumed nanosilica. The latex enhances interfacial bonding and hydrophobicity, reducing moisture content
slightly, while nanosilica promotes C-S-H formation, increasing the proportion of hydration products
(reflected in the 11.8% mass loss). The internal section, protected from environmental stressors like
carbonation or aggressive water exposure, retains more portlandite than external sections, contributing
to the higher mass loss in the 311-817 °C range. The shifted DTG peak temperatures suggest that the
additives and partial treatment alter dehydration kinetics, likely due to a denser microstructure.

Compared to the untreated sample at 10 °C/min (Fig 1: 7.9% and 10.6% mass losses), the treated
internal section shows:

Lower Moisture Loss: 7.3% vs. 7.9%, reflecting reduced porosity from nanosilica and partial hydrophobic
effects.

Higher Intermediate Decomposition: 11.8% vs. 10.6%, indicating more hydration products due to less
carbonation.
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Similar Residue: 81% in both, suggesting a consistent stable matrix.

Compared to the treated external section at 10 °C/min (Fig 3: ~6—7% and ~9-10% mass losses), the
internal section has higher moisture and hydration product losses, reflecting less treatment penetration
and minimal carbonation.

Implications and Analysis

The TGA/DTG curves from Fig 5 confirm the thermal stability of the treated internal section of concrete
from UHE Assis Chateaubriand, with a decomposition profile modified by partial treatment and additives.
The 7.3% moisture loss and 11.8% hydration product loss indicate a robust, hydrated matrix with reduced
porosity from nanosilica and Acronal BS 796, though less influenced by the treatment compared to
external sections. The shifted DTG peaks highlight the additives’ role in altering kinetics, enhancing
durability for hydroelectric applications. The higher intermediate mass loss suggests preserved
hydration products, beneficial for internal structural integrity. Further analysis, such as comparing treated
and untreated internal sections or quantifying treatment penetration, could refine understanding of its
effects. The curves support the concrete’s suitability for long-term performance, with the treatment and
additives optimizing resilience in a challenging environment.

The TGA/DTG curves in Fig 6 depict the thermal decomposition of an internal section of a treated
concrete sample from UHE Assis Chateaubriand, formulated with Acronal BS 796, water, and fumed
nanosilica. Analyzed at 20 °C/min under nitrogen from ~25 °C to 880 °C (initial mass: 10.0010 mg), the
sample reflects partial treatment penetration.

Thermal Decomposition Profile

The TGA curve (green, left y-axis) shows 14.5% total mass loss (5.7% + 8.8%), yielding an 85% residue at
880 °C, comprising calcium silicates, calcium carbonate, and nanosilica. The DTG curve (blue, right y-
axis) identifies two decomposition stages, with peaks similar to untreated samples but shifted,
indicating treatment and additive effects.

Stage 1: Moisture and Evaporable Water Loss (22-322 °C)

DTG Peak: Broad peak at ~100-150 °C, indicating release of physically adsorbed water.

Mass Loss: 5.7%, lower than 7.3% at 10 °C/min and 6.4% in the untreated sample at 20 °C/min, due to
partial hydrophobic treatment and nanosilica’s pore refinement.

Discussion: The treatment and Acronal BS 796 reduce moisture, while nanosilica lowers porosity. The
faster heating rate limits evaporation, and the internal section retains minimal humidity.

Stage 2: Bound Water and Portlandite Decomposition (322-818 °C),
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DTG Peak: Prominent peak at 400-500 °C, reflecting C-S-H dehydration (~300-450 °C) and portlandite
decomposition (~450-520 °C).

Mass Loss: 8.8%, lower than the 11.8% at 10 °C/min and 10.5% in the untreated sample, due to kinetic
effects and partial treatment.

Discussion: Nanosilica forms denser C-S-H, broadening peaks, while Acronal BS 796 adds minor polymer
degradation (~250-450 °C). Minimal carbonation reduces CaCO, decomposition tails.

Influence of Treatment, Internal Section, and Heating Rate

Partial treatment penetration results in a profile close to untreated concrete, with nanosilica and Acronal
BS 796 reducing moisture and enhancing C-S-H. Lower mass losses reflect kinetic constraints. Shifted
DTG peaks indicate altered kinetics from additives. The curves confirm the treated internal section’s
stability, with reduced moisture and robust hydration products. The treatment and additives enhance
durability for hydroelectric applications, with a high residue (85%) reflecting kinetic stabilization. Further
analysis could quantify treatment effects. Second derivatives (Fig 7 and 8) revealed S-shaped baseline
shifts in external and internal sections, corresponding to capacity changes without DSC peaks, affirming
nanosilica-induced modifications.

The second derivative thermogravimetric analysis (TGA) curve in Fig 7 provides an enhanced resolution
of the thermal decomposition behavior of an external section of a concrete sample from the UHE Assis
Chateaubriand hydroelectric plant. The sample, formulated with Acronal BS 796 (an acrylic latex polymer
emulsion enhancing adhesion, flexibility, and water resistance), water, and fumed nanosilica (a
pozzolanic nanomaterial improving microstructure density and durability), was likely analyzed at a
heating rate consistent with previous analyses (e.g., 10 °C/min or 20 °C/min) under a high-purity nitrogen
atmosphere, from ambient temperature (~25 °C) to 880 °C. The initial sample mass is assumed to be
within the range of 9.9740-11.2600 mg, aligning with prior analyses. The second derivative TGA, which
plots the second derivative of mass loss with respect to temperature (d2m/dT?), highlights subtle
changes in the rate of mass loss, enabling the detection of overlapping thermal events and phase
transitions without significant enthalpy changes. The external section’s exposure to environmental
factors (e.g., moisture, carbonation) and potential treatment (e.g., hydrophobic coating) distinguish its
thermal profile from internal sections.

Overall, Second Derivative TGA Profile

The second derivative TGA curve enhances the resolution of thermal events compared to standard
TGA/DTG curves (Fig 1 and 6), emphasizing inflection points and subtle transitions in the decomposition
process. While specific mass loss percentages are not provided, the curve likely corresponds to a total
mass loss of ~18-19% (based on external section analyses in Fig 3 and 4), yielding a residual mass of
~81-82% at 880 °C, comprising thermally stable phases such as calcium silicates (C,S, C;S), calcium
carbonate (CaCO,) from carbonation, and fumed nanosilica. The external section’s exposure to
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atmospheric CO, and moisture in the hydroelectric environment, combined with the treatment and
additives (Acronal BS 796 and nanosilica), modifies the decomposition kinetics, reflected in the second
derivative peaks. These peaks are sharper and more numerous than in first derivative DTG curves,
revealing overlapping processes and phase transitions with greater clarity. The second derivative curve
is particularly useful for identifying baseline shifts and minor thermal events, such as the onset of
overlapping decompositions or phase changes (e.g., structural rearrangements in C-S-H) that may not
produce distinct DTG peaks. The curve likely shows multiple peaks or inflections corresponding to the
two primary decomposition stages observed in prior analyses, with additional features highlighting the
effects of the treatment, carbonation, and additives.

Detailed Analysis of Decomposition Stages

Initial Stage: Moisture and Evaporable Water Loss (15-322 °C)

The second derivative TGA curve likely exhibits a series of peaks or inflections in the 100-150 °C range,
corresponding to the release of physically adsorbed and capillary water within the concrete’s porous
structure. In prior analyses, the external section at 10 °C/min (Fig 3) showed ~6—7% mass loss, and at
20 °C/min (Fig 4), ~5.5-6%, attributed to reduced moisture retention from the hydrophobic treatment
and nanosilica’s pore refinement. The second derivative enhances the detection of subtle transitions,
such as the sequential release of free water, capillary water, and loosely bound water in the acrylic latex
film formed by Acronal BS 796. These peaks may appear broader or less intense than in internal sections
due to the treatment’s effect on reducing porosity and moisture ingress. The external section’s exposure
to humidity in the hydroelectric environment contributes to residual moisture, but the treatment
mitigates excessive water content, potentially resulting in sharper inflections compared to untreated
samples (e.g., Fig 1: 7.9% at 10 °C/min). The absence of significant ettringite decomposition (<120 °C)
aligns with aged concrete, with any minor peaks in this range indicating residual hydrated phases
stabilized by the additives.

Intermediate Stage: Bound Water and Portlandite Decomposition (300—818 °C)

The second derivative curve likely shows distinct peaks or inflections between 400-500 °C,
corresponding to the dehydration of chemically bound water in calcium silicate hydrate (C-S-H) phases
(~300-450 °C) and the decomposition of portlandite (Ca(OH), — CaO + H,0) around 450-520 °C. In
prior external section analyses, this stage yielded ~9-10% mass loss, lower than the internal section’s
11.8% (Fig 5) due to carbonation and pozzolanic reactions reducing portlandite content. The second
derivative enhances the resolution of overlapping events, such as the sequential dehydration of different
C-S-H phases (e.g., tobermorite-like vs. jennite-like structures) or the influence of nanosilica on forming a
denser, more amorphous C-S-H. Peaks may shift to higher temperatures compared to untreated
samples, reflecting altered kinetics from the pozzolanic reaction (SiO, + Ca(OH), + H,0 — C-S-H). The
Acronal BS 796 contributes minor polymer degradation within 250-450 °C, producing volatile
compounds (e.g., CO,, H,0, hydrocarbons). The second derivative curve may reveal this as a distinct
inflection or shoulder, particularly if the treatment enhances polymer integration, distinguishing it from
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the broader DTG peaks in Fig 3 and 4. Carbonation in the external section, converting Ca(OH), to CaCO,,
likely produces an additional peak or tail in the 600-800 °C range, corresponding to CaCO,
decomposition (CaCO, — Ca0 + CO,). This feature is more pronounced than in internal sections (e.g.,
Fig 5 and 6), reflecting the external section’s environmental exposure.

Influence of Treatment, External Exposure, and Second Derivative Analysis

The second derivative TGA curve provides superior sensitivity to subtle thermal events compared to first
derivative DTG, making it ideal for analyzing the complex decomposition profile of the treated external
section. The treatment (e.g., hydrophobic coating or chemical modification) reduces porosity, lowering
moisture-related peaks in the 15-322 °C range compared to untreated samples (e.g., Fig 1: 7.9%).
Fumed nanosilica refines the microstructure, enhancing C-S-H formation and reducing portlandite, which
shifts decomposition peaks to higher temperatures. Acronal BS 796 improves matrix cohesion and
hydrophobicity, contributing to minor polymer-related inflections. The external section’s exposure to
carbonation increases CaCO, content, adding high-temperature features to the curve. The second
derivative’s ability to resolve overlapping events (e.g., C-S-H dehydration vs. polymer degradation)
highlights the synergistic effects of the treatment and additives, which enhance durability in the
hydroelectric environment. Compared to the treated external section at 10 °C/min (Fig 3) and 20 °C/min
(Fig 4), the second derivative curve offers:

Enhanced Resolution: Sharper peaks or inflections for moisture loss, distinguishing free vs. bound water
release.

Clearer Phase Transitions: Better detection of C-S-H and portlandite decomposition overlaps, with
potential identification of carbonation-related peaks.

Polymer Detection: More distinct inflections for Acronal BS 796 degradation, clarifying its contribution.

Compared to the treated internal section (Fig 5 and 6), the external section shows more pronounced
carbonation effects and lower moisture loss due to the treatment’s surface-focused impact. For the
hydraulic tube samples (not detailed in figures here but analogous), treated sections showed increased
C-S-H mass (450-520 °C) compared to untreated, confirming matrix recovery.

Discussion

TGA/DTG profiles demonstrated that Elera induced diffusion into porous substrates, as evidenced by
altered mass loss stages and confirmed acrylic latex presence. In the aged hydraulic tube, higher
porosity facilitated 5 mm penetration, leading to pozzolanic reactions: nanosilica nucleates C-S-H growth
by consuming CH and forming denser gels (Kim et al. 2013; Li et al. 2018). The mass increase in 450-
520°C aligns with dehydration kinetics (Zhang and Ye 2012), indicating successful matrix recovery and
reduced porosity.
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Conversely, UHE samples' lower porosity limited diffusion, resulting in minimal C-S-H enhancement and
residues closer to untreated (81-85%). This underscores substrate dependency, where reduced pore
networks hinder transport (Meng 1994). Alternative methods, such as injection, are recommended for
dense concretes to ensure deeper penetration (Takagi and Junior 2014).

The endothermic processes observed support nanosilica's role in hydration: Si atoms form tetrahedra
saturated with hydroxyls, reacting with Ca?* to yield C-S-H (Lothenbach et al. 2012). This aligns with
literature on nanosilica's nucleation and pozzolanic effects, enhancing durability (Said 2012; Shaikh
2014). Field limitations prevented direct application, but lab alternatives validated the approach.

Overall, Elera shows promise for self-healing concrete, potentially revolutionizing maintenance in sectors
like civil construction and energy (Zhu et al. 2004). As a Brazilian innovation, it fills a literature gap, with
extensions to undergraduate research at UNESP/ITA (XXVII ENCITA 2022).

Conclusion

This study confirms Elera's efficacy in recovering aged cementitious matrices via diffusion-induced
nanosilica application, particularly in porous substrates like hydraulic tubes, where C-S-H regeneration
was achieved. Limited success in low-porosity UHE concrete highlights the need for optimized transport
mechanisms. TGA/DTG proved instrumental in quantifying these effects, supporting pozzolanic
mechanisms for denser microstructures. Future work should explore injection systems and field trials to
advance self-healing technologies, reducing infrastructure costs and promoting sustainability.

The second derivative TGA curve from Fig. 7 provides critical insights into the thermal stability and
compositional complexity of the treated external section of concrete from UHE Assis Chateaubriand.
The enhanced resolution reveals subtle transitions in moisture loss, hydration product decomposition,
and carbonation effects, modified by the treatment, Acronal BS 796, and fumed nanosilica. The curve
confirms a durable matrix with reduced porosity and stabilized hydration products, suitable for the harsh
hydroelectric environment. The treatment mitigates moisture ingress, while nanosilica and latex enhance
C-S-H formation and matrix cohesion. The carbonation-related features highlight environmental
exposure, distinguishing the external section from internal ones. Further quantitative analysis, such as
peak deconvolution or comparison with untreated external sections, could refine the understanding of
treatment effects. The curve underscores the concrete’s optimized performance, supporting the use of
these additives and treatments in infrastructure applications.

The second derivative TGA curve from Fig. 8 provides critical insights into the thermal stability and
compositional complexity of the treated internal section of concrete from UHE Assis Chateaubriand. The
enhanced resolution reveals subtle transitions in moisture loss and hydration product decomposition,
modified by partial treatment, Acronal BS 796, and fumed nanosilica. The curve confirms a durable
matrix with reduced porosity and robust hydration products, suitable for internal structural integrity in a
hydroelectric environment. The treatment and additives enhance resilience, with minimal carbonation
reflecting the internal section’s protected nature. Further quantitative analysis, such as peak
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deconvolution or comparison with untreated internal sections, could refine understanding of treatment
effects. The curve supports the concrete’s optimized performance, validating the use of these additives
and partial treatment in infrastructure applications.
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Figure 1

TGA/DTG curves of an untreated concrete sample from UHE Assis Chateaubriand (Acronal BS 796 +
water + fumed nanosilica), at a heating rate of 10 °C/min
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Figure 2

TGA/DTG curves of an untreated concrete sample from UHE Assis Chateaubriand (Acronal BS 796 +

water + fumed nanosilica), at a heating rate of 20 °C/min
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TGA/DTG curves of an external section of a treated concrete sample from UHE Assis Chateaubriand
(Acronal BS 796 + water + fumed nanosilica), at a heating rate of 10 °C/min
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TGA/DTG curves of an internal section of a treated concrete sample from UHE Assis Chateaubriand
(Acronal BS 796 + water + fumed nanosilica), at a heating rate of 10 °C/min
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Second derivative TGA of the external section of a concrete sample from UHE Assis Chateaubriand
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Figure 8

Second derivative TGA of the internal section of a concrete sample from UHE Assis Chateaubriand
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