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Experimental and numerical study
on post-fire self-healing concrete
for enhanced durability
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Kishor Kalauni? & Gonzalo Barluenga3

Fire hazards pose significant risks to civil infrastructure, leading to concrete degradation. This study
explores the development of post-fire self-healing concrete incorporating encapsulated orimmobilized
bacteria to restore structural integrity after fire exposure. Key challenges addressed include protecting
bacteria during fire exposure and activating them post-fire. Innovative encapsulation techniques were
developed to shield bacteria within concrete samples during fires, enabling their activation afterward
to enhance structural strength. A finite element model simulated the time-temperature profile within
the concrete and cement-based composites, replicating experimental conditions. Concrete samples
underwent customized ISO 834 standard testing for a shorter period, open fire tests, and ultrasonic
assessments to evaluate residual properties post-heating. A novel surface treatment was devised to
protect embedded bacteria during fire exposure, proving effective in maintaining bacterial viability
and enabling post-fire self-healing. A finite element model was employed to simulate the internal
temperature profiles and assess the effectiveness of bacterial activation post-fire. The results confirm
that the encapsulated bacteria can survive fire exposure and subsequently enhance the concrete’s
mechanical properties, marking a significant advance in fire-resistant construction materials. The
research establishes critical time-temperature thresholds for the feasibility of post-fire self-healing in
concrete, presenting a significant advancement in fire-resistant construction materials.

Keywords Finite element modelling, Mechanical characterization, Open fire test, Self-healing concrete,
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Occurrences of fires within buildings carry significant adverse consequences, posing serious threats to both
human life and property integrity!~. Studies have documented the reduction in compressive strength and
modulus of elasticity of concrete when exposed to elevated temperatures, with spalling being a critical issue
that compromises structural stability**. The thermal stability of different aggregate constituents in the concrete
follows this increasing order: gravel, limestone, basalt, and lightweight aggregates, with the latter remaining
dimensionally stable even at 600 °C*, The cement paste, constituting 50-60% C-S-H, 20-25% CH, and other
elements such as ettringite and un-hydrated cement particles, plays a crucial role in concrete’s makeup. Also,
siliceous aggregates experience crystal transformation at temperatures between 500 and 650 °C, causing volume
expansion, while non-siliceous aggregates exhibit higher heat capacity, rendering them more resilient to fire and
spalling®.

Fire-resistant, self-healing concrete is crucial for high-rise and informal settlements, as fire incidents cause
significant interface deterioration in concrete due to its heterogeneous composition®. Thermal breakdown at
the nano- and micro-scale stems from the dehydration and decomposition of hydration products within the
concrete structure?. Various studies have investigated the micro and nano-structural transformations that drive
degradation during fire exposure and the subsequent lingering performance of concrete®~. Earlier research has
demonstrated that porous aggregates are prone to expansion, leading to pop-outs during fires'’.

During a fire, the hydration products gradually lose water, leading to mass loss. Dehydration completes
when the temperature reaches 500 °C'!. It's noteworthy that decomposed calcium hydroxide could reform
during cooling, but the reformation of decomposed calcium silicate hydrate (C-S-H) is complex and not easily
achievable!2. The thermal response of construction materials depends on their constituents'?, and treatments
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involving thermo-chemical processes can enhance the properties of these materials'*. Both active and passive
methods have been successfully applied to develop fire-resistant construction materials'®, and previous models
predict the effects of fire on materials'®. These factors collectively justify the possibility and necessity of treated
fire-retardant concrete with superior post-fire load-bearing capacity.

Numerous concrete formulations have been explored to enhance fire resistance. Incorporating polymer
fibers, for instance, has shown potential in preventing thermally induced explosive spalling, as the fibers melt
around 170 °C, establishing pathways for steam release and decreasing pore pressure within the matrix!”. Earlier
studies have indicated that introducing processed PET residuals can augment the fire resistance of concrete
samples'®.

Cracks are inevitable in concrete structures, and their presence allows harmful elements like moisture, CO,,
ions (Cl” and SO,*"), and acids to penetrate, leading to concrete degradation'®~22. Cracks can be triggered by
various factors including plastic shrinkage, drying settlement, extreme environments (high temperature, high
pressure, freezing), reinforcement corrosion, and mechanical loading?»?2. While concrete can naturally repair
cracks with widths under 2 mm, larger cracks require additional repair methods beyond concrete’s inherent
capabilities?®. Additionally, traditional crack closure methods like guniting and epoxy injection are time-
consuming and expensive?!. Recent research supports the idea that introducing self-healing mechanisms into
concrete can increase the durability and service life of concrete structures.

Self-healing refers to the ability of concrete to automatically detect and repair damage. It’s a biomimetic
process where self-healing concrete can detect and repair damage without manual intervention?>-%’. A successful
self-healing method needs to be robust in terms of shelf life, pervasiveness, quality, reliability, versatility, and
repeatability?®. Self-healing mechanisms fall under categories of natural, biological, and synthetic. Natural self-
healing encompasses processes like blocking cracks through water impurities, formation of calcium carbonate
or calcium hydroxide, and hydration of unreacted cement. Biological self-healing involves employing bacteria to
induce calcite precipitation and enzymatic reactions, while synthetic methods utilize micro and macro-capsules,
vascular systems, shape memory alloys, and engineered cementitious composites®. Healing agents, including
mineral admixtures, chemical agents, bacterial mineral precipitation, adhesive polymers, and fibers, can be
categorized into three types: polymeric (e.g., dicyclopentadiene, methyl methacrylate), biological (e.g., Bacillus
bacteria, fungi), and inorganic (e.g., sodium silicate, magnesium oxide)?>?°-32,

Microbial autogenous self-healing involves adding inactive bacteria spores, nutrients, and precursors to
the concrete mix. When cracks appear, the dormant bacteria spores activate and grow with water, oxygen,
and nutrients. This leads to the formation of calcium carbonate, which seals the cracks through metabolic
activity!®*1*3, Autonomous healing is an engineered process using external agents like expansive agents, fly
ash, etc., to promote self-healing®**%. This method can repair wider cracks more quickly than autogenous self-
healing. Autonomous healing includes intrinsic healing (using fibers, polymers, and minerals to reduce crack
width), the vascular approach (using hollow tubes to transport healing agents), and capsule encapsulation®.
Encapsulation is crucial to protect healing agents and bacteria. Common encapsulation methods include glass,
ceramics, micro-encapsulation, and immobilization with lightweight aggregates?”. Chemical encapsulation
involves embedding chemicals in microcapsules triggered by stress or moisture®. Encapsulation of bacteria
spores can be done with porous carriers, polymers, or low alkaline materials'®.

Biological healing is often combined with fibers, capsules, and other methods®. Healing efficiency
is influenced by various factors, including the type of cement, environmental conditions, availability of
nutrients, pH levels, moisture content, temperature, bacterial strain and concentration, and the nature of
pre-cracking®>3738. Chemical healing is generally more efficient than microbial healing, leading to hybrid
approaches®. Incorporating bacteria with fibers enhances self-healing efficiency, mechanical properties, and
water resistance®. Other methods, like bio-cement, use calcium carbonate produced by urea hydrolysis and
mineral precursors to repair microcracks*!. Studies have reported successful post-fire healing with biological
and chemical methods*>*3. Using waste materials like fly ash or e-waste aggregates improves self-healing**.

Despite advancements in fire-resistant concrete and self-healing technologies, significant gaps remain
in post-fire recovery of structural properties, as current methods focus on crack healing under normal
conditions and fail to address high-temperature degradation of bacteria and healing agents. This study aims
to bridge this gap by introducing an innovative approach using encapsulation and immobilization techniques
to protect bacteria during fire exposure and enable post-fire activation, paving the way for effective biological
healing in extreme conditions. The proposed finite element modeling and experimental validation provide a
comprehensive understanding of the time-temperature thresholds required for bacterial survival and activation
in fire-damaged concrete. This research introduces the integration of post-fire self-healing capabilities into
fire-resistant construction materials, offering a novel solution that enhances both the durability and safety of
buildings subjected to fire hazards, setting it apart from existing fire-retardant and self-healing technologies.

Materials and methods

Cubical samples of reference concrete and cement-based composites (CBC) incorporating self-healing materials
(a mixture of 70% Bacillus subtilis and 30% calcium lactate by volume) at proportions of 10%, 15%, and 20%
were cast using wooden molds. The strain used in this study is Bacillus subtilis, chosen for its remarkable ability to
survive in extreme environmental conditions, including high temperatures. This bacterium is well-documented
for its role in calcium carbonate precipitation, a key process in the self-healing mechanism. Its resilience, coupled
with its capacity to metabolize calcium lactate and produce calcium carbonate, makes it a suitable candidate for
enhancing the post-fire self-healing capabilities of concrete. The concrete mix design used was of M40 grade.
The composition of the samples is provided in Table 1. Physical properties of the concrete and CBC samples
were evaluated using standard ASTM test procedures'®. The rheological behavior in the fresh state was assessed
using slump and Ve-Be consistometer tests?. After 24 h, the samples were extracted from molds and cured in
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Ordinary portland cement 482 kg/m®> | Absorption of natural sand 1%

Natural sand 722 kg/m® | Loose density of natural sand 1650.7 kg/m?
Aggregate 1003 kg/m® | Loose density of aggregate 1740.2 kg/m®
Water 205 kg/m® | Particle size of the brick aggregate | 5 mm
Water-to-cement ratio 0.4 Particle size of the carbon balls 6 mm
Specific gravity of natural sand | 2.52 Particle size of the expanded clay | 1.18 mm
Specific gravity of aggregate 2.76 Size of gelatin capsules 400 mg
Absorption of aggregate 0.5% Size of cubical samples 15 cm?

Table 1. Properties of constituents employed in fabrication of samples.

Sample Designation

CC Conventional concrete

ECC_CP_10 10% of expanded clay coated with cement paste + bacteria

ECC_CP_15 15% of expanded clay coated with cement paste + bacteria

ECC_CP_20 20% of expanded clay coated with cement paste + bacteria

EC_CBC_10 10% of expanded clay +bacteria

EC_CBC_15 15% of expanded clay + bacteria

EC_CBC_20 20% of expanded clay +bacteria

CFBB_CP_10 | 10% of carbon fiber bacteria balls coated with cement paste

CFBB_CP_15 | 15% of carbon fiber bacteria balls coated with cement paste

CFBB_CP_20 20% of carbon fiber bacteria balls coated with cement paste
CFBB_CBC_10 | 10% of carbon fiber bacteria balls
CFBB_CBC_15 | 15% of carbon fiber bacteria balls
CFBB_CBC_20 | 20% of carbon fiber bacteria balls

GC_CP_10 10% of cement paste coated gelatin capsules +bacteria
GC_CP_15 15% of cement paste coated gelatin capsules + bacteria
GC_CP_20 20% of cement paste coated gelatin capsules + bacteria
RA_10 10% recycled brick aggregate + bacteria
RA_15 15% recycled brick aggregate + bacteria
RA_20 20% recycled brick aggregate + bacteria

Table 2. Sample composition and designations for each type of test.

water at room temperature (26-30 °C) for 28 days. Table 2 outlines sample composition and designations for
each test type.

To ensure the survival and functionality of Bacillus subtilis during and after fire exposure, a multi-faceted
encapsulation approach was employed. Figure 1 highlights two effective methods each for immobilization and
encapsulation used in producing CBC samples, emphasizing these successes amid several unreported attempts.
Bacteria at varying proportions (10%, 15%, and 20% by volume) were immobilized within expanded clay and
porous aggregates. Expanded clay and porous aggregates were infused with bacterial solutions and coated with a
cement paste layer. A water-based bacterial solution, prepared in equal proportions by volume, was absorbed by
the expanded clay and porous aggregates over 24 h. These materials were then coated with cement paste before
being incorporated into the concrete samples. This setup acted as a thermal barrier, reducing heat transfer and
maintaining internal temperatures below the bacterial survival threshold (~ 70 °C) during fire exposure.

The first encapsulation method includes gelatin capsules filled with a bacterial solution (70%) and calcium
lactate (30%) coated with cement paste to enhance thermal protection (as shown in Fig. 1) prior to concrete
inclusion. Similarly, the carbon fabric ball was filled with bacteria and calcium lactate and coated before concrete
preparation. During the fire, the water content within the cement paste evaporated, forming microcracks in the
coating. These microcracks served a dual purpose: they insulated the bacteria during the fire and facilitated
bacterial activation post-fire by allowing the ingress of moisture and CO,, critical for calcium carbonate
precipitation. Carbon fiber bacteria balls offered an additional encapsulation strategy, leveraging the superior
thermal resistance of carbon fibers. These balls were also coated with cement paste to further enhance insulation
and ensure bacterial viability during fire exposure.

Finally, surface treatments were applied to the concrete samples using fire-resistant coatings. A carbon-rich
residue derived from controlled heating of burnt plastic and a cow-dung-based material inspired by traditional
fireproofing techniques were tested. The cow-dung coating solution was prepared by mixing dried and finely
ground cow-dung powder with water in a 1:1 ratio by volume. This mixture was thoroughly stirred to achieve a
uniform, slurry-like consistency suitable for application. The prepared solution was then applied to the surface
of the concrete samples using a brush to ensure an even coat across all exposed surfaces. After the application,
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Fig. 1. Immobilizing bacteria in expanded clay and porous aggregate, cement paste-coated gelatincapsules,
and encapsulating bacteria in carbon fiber capsules for producing CBC samples.

the coated samples were left to air-dry overnight at room temperature to allow the coating to set and adhere to
the substrate.

The cow-dung-based coating provides a fire-resistant layer by forming a carbon-rich residue upon exposure
to heat. This residue acts as an insulating barrier, reducing heat transfer into the concrete and protecting the
encapsulated bacteria and the structural integrity of the samples during fire exposure. This method draws
inspiration from traditional practices of applying cow-dung paste to floors and walls to protect them from fire
and thermal damage. While rooted in traditional knowledge, this approach has been adapted and tested in the
study for its scientific merit and practical utility in enhancing the fire resistance and self-healing properties
of concrete. This method draws inspiration from an age-old practice of safeguarding building surfaces from
fire. Historically, treated cow-dung paste was applied to floors to protect them during fire use. This practice
minimized fire-induced damage. However, there’s no documented scientific evidence in literature about this
ancient fire protection technique. This aspect falls outside the scope of the current study as well.

These coatings acted as an external shield, reducing thermal conductivity and protecting the encapsulated
bacteria. This combination of encapsulation techniques and surface treatment effectively preserved bacterial
viability during fire exposure and optimized their activation post-fire, enabling the calcium carbonate precipitation
necessary for self-healing. The self-healing mechanism relies on the metabolic activity of Bacillus subtilis to
precipitate calcium carbonate (CaCO;) within cracks formed due to fire-induced damage. Upon activation
in the presence of moisture and CO, post-fire, the bacteria metabolize calcium lactate, releasing calcium ions
(Ca?*) and carbonate ions (CO, 29). These ions combine to form calcium carbonate, which crystallizes within
cracks, effectively sealing them and restoring structural integrity. Table 3 outlines the experiment’s sample
details. Untreated and treated samples underwent ISO 834 and open fire heating tests.

o TI: Average temperature at the center of the bottom face.
o T2, T3, T4, T5: The four side faces.
« T6: The top face of each cube.

Commonly, fire effects on concrete samples are simulated using furnaces. Yet, experimental measurement of
temperature changes, thermal stresses, and deformation within concrete components during fire is challenging.
A Finite Element Method (FEM) model was developed to predict temperature and stresses across concrete
samples during fire. The present study utilized a computationally efficient 2D model in ANSYS WB 2019R1. The
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Standard compression test 2C 2Cx3P |2Cx3P |2Cx3P |2Cx3P 2Cx3P |2Cx3P
Standard ISO 834 test 2Cx4T |2Cx3P |[2Cx3P |2Cx3P |2Cx3P 2Cx3P [2Cx3P
Open fire test 2C 2Cx3P |2Cx3P |2Cx3P |2Cx3P 2Cx3P |2Cx3P
Standard ISO 834 test (treatment) [ 2Cx4T |[2Cx3P |2Cx3P |2Cx3P |2Cx3P 2Cx3P |2Cx3P
Open fire test (treatment) 2C 2Cx3P |2Cx3P |2Cx3P |2Cx3P 2Cx3P |2Cx3P
Total samples 22 30 30 30 30 30 30

Table 3. Experiment plan including different tests, type, and number of samples. *C-Cubic, 4T—4 different
temperatures, 3P—3 proportions. The fire testing approach was modified from the author’s prior work,
involving subjecting samples to direct flame and adhering to customized ISO 834 standards for a shorter
period (see Fig. 2)!1. Open fire tests maintained a constant burning rate. The reported average temperature at
the center of each face is as follows:

Fig. 2. Photographs of open fire testing for the CBC samples.

ISO-834 fire curves guided heating of the concrete sample in the model. This 2D approach is adept at explaining
interfacial micromechanics. Within the FE model, coarse aggregates and encapsulation (gelatin) were integrated
into the mortar matrix (depicted in Fig. 3a). A thermo-structural coupled field simulation assessed thermal
loading’s effect on concrete components. The model applied transient thermal boundary conditions according
to ISO-834 fire curves (as shown in Fig. 3b) to the concrete sample. These outcomes facilitated temperature
determination within the sample, gauging bacteria survivability during fire. The simulation adopted a 3-hour
(ISO-834 recommended) fire duration to identify optimal ways of including bacteria in CBCs for sustained
survival during prolonged fires. To ensure bacteria survival, their temperature was maintained below 70°C.

To ensure the reliability and reproducibility of the experimental results, all procedures were carried out
under controlled laboratory conditions following relevant ASTM standards for sample preparation, testing, and
analysis. The encapsulation and immobilization techniques were carefully selected based on preliminary studies
that identified the optimal conditions for bacterial survival during and after fire exposure. Each experimental
setup, including the fire tests and ultrasonic assessments, was replicated a minimum of three times to confirm
consistency and minimize random errors. Calibration of the equipment, such as the ultrasonic test devices
and finite element modeling parameters, was performed prior to each test to ensure accuracy. Additionally,
the chosen fire testing approach was validated against standard ISO 834 fire curves to simulate real-world fire
scenarios. Statistical analyses, including error margins and data validation methods, were employed to assess
the significance of the results. Detailed protocols for each step are available upon request to further support the
reproducibility of the findings.

Results and discussion: experiments

Sample weights (Table 4) under natural, submerged, and saturated conditions provide insights into density
and pore structure. The average percentage decrease in weight for submerged CC samples and the percentage
increase for saturated CC samples relative to their natural weights are reported. Water submerged CCs saw
average reductions of 43.04% (ECC_CP_10) to 47.21% (CFBB_CP_20). Saturated CCs witnessed average
weight increments of 1.52% (EC_20) to 2.04% (RA_10). Similar trends held for CBCs: water submerged CBCs
showed reductions of 45.75% (ECC_CP_10) to 46.81% (RA_20), while saturated CBCs had increments of 1.39%
(CFBB_20) to 2.04% (RA_10). Overall, submerged samples lost 43-48% weight, while saturated samples gained
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Fig. 3. (a) FE model employed in the study showing coarse aggregate (1) and encapsulation (2) and (b) ISO -
834 input fire curves (furnace testing).

0 2230
10 2212 2208 | 2201 2203 2205 2208
Natural
15 2204 2201 | 2194 | 2198 2195 2200
20 2200 2190 | 2190 | 2190 2184 2196
0 1270
10 1200 1194 | 1188 | 1190 1196 1198
Water submerged
15 1180 1178 | 1174 | 1176 1177 1183
20 1166 1160 | 1150 | 1156 1158 1168
0 2274
10 2258 2250 | 2244 | 2246 2248 2254
Saturated sample with water
15 2248 2237 | 2232 | 2226 2228 2242
20 2238 2224 | 2243 | 2220 2222 2236

Table 4. Weights (g) of CC and CBC samples.

0 2372

10 2258 2250 | 2190 | 2204 2215 2228
15 2254 2244 | 2178 | 2188 2202 2214
20 2249 2229 | 2157 | 2146 2184 2208

Table 5. Density (kg/m?) of CC and CBC samples.

1-2.5%. CC density dropped due to substitutions (Table 5), with decreases of 2.33% (ECC_CP_10) to 7.17%
(CFBB_CP_15) relative to reference samples, attributed to increased porosity.

Additionally, to assess workability and consistency, the slump and Ve-Be tests are employed. Results
confirm suitable workability and water-cement ratio for both concrete and CBCs. Ve-Be test outcomes for all
combinations, with CFBB_10 recording the longest time (6.4 s) and CC the shortest (5.4 s).

Figure 4a-b displays the compressive stress-strain curves for the samples, utilizing average values over 7 days
and 28 days of curing. The corresponding average percentage reductions in compression strength after 28 days
of curing, at substitution levels of 10%, 15%, and 20%, are as follows: ECC_CP (6.11%, 8.96%, and 13.36%), EC
(8.19%, 11.28%, and 15.72%), CFBB (3.26%, 6.52%, and 11.12%), CFBB_CP (4.68%, 7.94%, and 12.14%), GC_
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Fig. 4. Compressive stress-strain curve for all the samples (a) after 7 days and (b) after 28 days.
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Fig. 5. Comparison of compressive strength after 7 days and 28 days.

CP (9.25%, 12.87%, and 17.43%), and RA (14.22%, 17.80%, and 21.16%). These percentages are in comparison to
CC. Furthermore, Fig. 5 illustrates the rise in compressive strength between the 7-day and 28-day water curing
periods. The increase in compressive strength reaches a minimum of 58.31% for ECC_CP_10 and a maximum
of 66.49% for RA_20 after 28 days of curing, in contrast to the 7-day curing period.

Figure 6a-e provides confirmation that the stress-strain correlation is contingent upon the temperature of
fire exposure. As the temperature increases, there is a corresponding decline in ultimate stresses. The elevation
in temperature leads to a reduction in the compressive strength across all samples. This phenomenon can be
attributed to factors such as micro-cracking and internal stresses caused by aggregate expansion due to physical
and chemical transformations within the concrete during heating. At 200 °C, the decline in compressive strength
is linked to the loss of free and adsorbed water. Beyond 400 °C, the reduction in strength results from dehydration
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Fig. 6. Compressive stress-strain curve under (a) 200 °C, (b) 400 °C, (c) 600 °C, (d) 800 °C, and (e) open fire.

and the breakdown of hydration products. Moreover, temperatures exceeding 600 °C led to a loss of stiffness due
to the decomposition of calcium silicate hydrate gel, while temperatures surpassing 800 °C further decrease
strength due to the decomposition of calcium carbonate®>!“. Figure 7 (a-d) depicts the average degradation
in compressive strength. It encompasses untreated samples, treated samples, self-healed samples, as well as
treated and self-healed samples without fire exposure, subsequent to fire exposure at temperatures of 200 °C,
400 °C, 600 °C, and 800 °C for a duration of 60 min, along with the open fire test. Notably, the treated and self-
healed CFBB samples exhibit the most favorable compressive strength outcome, while CC samples displayed the
greatest post-fire exposure deterioration.

Percentage variations in compressive strength are presented for untreated samples (Fig. 8), treated samples
(Fig. 9), self-healed samples (Fig. 10), and samples that were both treated and self-healed (Fig. 11) at exposure
levels of 200 °C, 400 °C, 600 °C, 800 °C, and open fire. The application of treatments has yielded positive
enhancements in the residual compressive strength of both concrete and CBC samples. Table 6 presents the
percentage advancements in residual compressive strength attributed to treated, self-healed, and treated and
self-healed samples, in comparison to untreated samples. The most notable improvement in residual compressive
strength is observed in the case of treated and self-healed samples. Notably, both treated and exclusively self-
healed samples have effectively mitigated the decline in residual compressive strength. This reduction in strength
degradation can be attributed to the fire protection layer resulting from the treatments applied to CC and CBC
samples. The presence of burnt carbon-rich and fire-resistant components within these coatings has proven
effective in countering the effects of the tested fire duration and exposure intensity.

The P-wave velocity measurements for both CC and treated samples were conducted before and after exposure
to fire temperatures of 200 °C, 400 °C, 600 °C, and 800 °C for 60 min, following the BS 1881 standard. This was
achieved using a pair of P-wave transducers (200 V) and a pulse receiver (52 kHz). For P-wave assessment,
20 indirect measurements were taken on the surface of each sample. The transmitters and transducers were
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Figure 6. (continued)

positioned at eight distinct points along the sample’s length to determine the average P-wave velocity. In a similar
vein, S-wave velocity was evaluated through 29 direct measurements using the scanning image method on each
sample’s surface.

In the absence of fire exposure and treatment, the ranges for P-wave and S-wave velocities were observed as
3960-2946 m/s and 2230-1580 m/s, respectively. For untreated samples without fire, the P-wave and S-wave
velocities ranged from 3280-2476 m/s and 1972-1480 m/s after exposure to 200 °C, 2960-2270 m/s and
1872-1319 m/s after exposure to 400 °C, 2380-1726 m/s and 1572-1010 m/s after exposure to 600 °C, and
2064 -1340 m/s and 1332-800 m/s after exposure to 800 °C. Treated samples showed similar patterns, with
some differences in velocity ranges due to treatment effects. For self-healed samples, the velocity ranges were
4230-3096 m/s for P-wave and 2374 -1650 m/s for S-wave in the absence of fire, and these values decreased
with increasing fire exposure. Treated and self-healed samples exhibited the highest velocities, particularly after
exposure to higher fire temperatures, with ranges of 3530 -2700 m/s for P-wave and 2150 -1588 m/s for S-wave
after 800 °C exposure.

Open fire exposure caused notable shifts in velocity ranges. For untreated samples, P-wave velocities ranged
from 2144 to 1326 m/s, and S-wave velocities ranged from 1340 to 820 m/s. In contrast, treated and self-healed
samples exhibited improved velocity ranges of 2520 to 1710 m/s for P-waves and 1510 to 1010 m/s for S-waves.
Overall, P-wave and S-wave velocities varied based on temperature exposure, treatment, and sample type,
displaying consistent trends in behavior. Table S1, Table S2, Table S3, and Table S4 (see Appendix) provide a
comprehensive summary of comparisons, including density, Poisson’s ratio, Young’s modulus, dynamic modulus,
P-wave and S-wave velocities, and dynamic moduli derived from these velocities for untreated, treated, self-
healed, and combined treated and self-healed samples. These tables also detail error ranges for dynamic moduli
derived from P-wave and S-wave velocities compared to static test results, with error percentages increasing
significantly under prolonged fire exposure.

Comparatively, composites exhibit lower densities than concrete due to their lightweight constituents.
Untreated samples show the broadest range of densities, with concrete and CFBB_CP_20 composite displaying
the highest and lowest values, respectively. This trend persists across treated, self-healed, and treated and
self-healed samples, with ECC_CP_10 and CFBB_CP_20 composites having the greatest and least densities,
respectively. Composites also show a noticeable decrease in Young’s modulus compared to concrete, attributable
to substitutions in their constituents. Both static (ED) and ultrasonic tests (EDP and EDS) reveal that untreated
concrete and RA_20 composite samples have the highest and lowest dynamic Young’s modulus values,
respectively, while CFBB_10and RA_20 composites exhibit these extremes across treated, self-healed, and treated
and self-healed samples. Additionally, CFBB_10 and RA_20 composites show the maximum and minimum
average P-wave and S-wave velocities, respectively, consistent across all sample conditions. Furthermore, the
most significant deviations in dynamic Young’s modulus values from static and ultrasonic tests occur in RA_20
and CFBB_10 composites for both untreated and treated samples, while RA_20 and CFBB_CP_15 composites
display these extremes for self-healed samples, and RA_20 and CFBB_CP_10 for treated and self-healed samples.
These observations are detailed in Table S5, Table S6, Table S7, and Table S8 (see Appendix) and Table S9, Table
$10, Table S11, and Table S12 (see Appendix) for samples at 200 °C and 400 °C fire conditions, respectively.
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Fig. 7. Comparison of compressive strength for (a) without treated samples, (b) treated samples, (c) self-
healed samples and (d) treated and self-healed samples.

Similar to non-fire conditions, a parallel trend is observed in the densities of composites compared to
concrete under fire conditions. The highest and lowest densities are recorded in concrete and CFBB_CP_20
composites for untreated samples, while ECC_CP_10 and CFBB_CP_20 composites present these extremes for
treated, self-healed, and treated and self-healed samples. In terms of dynamic Young’s modulus during both
static and ultrasonic tests, the highest and lowest values are observed in concrete and RA_20 composite for
untreated samples and in CFBB_10 and RA_20 composites for treated, self-healed, and treated and self-healed
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samples. Maximum and minimum average values of P-wave and S-wave velocities are seen in CFBB_10 and
RA_20 composites respectively, across all conditions. Moreover, the most significant deviations in dynamic

Young’s modulus values

from static and ultrasonic tests are observed in untreated samples, primarily in RA_20

composite and concrete. For treated samples, these extremes occur in RA_15 and CFBB_CP_10 composites,
while for self-healed samples, they are most pronounced in RA_20 and CFBB_10 composites. For treated and

self-healed samples, the
Table S15, and Table S1

deviations are most notable in RA_20 and CFBB_15 composites. Table S13, Table S14,
6 (see Appendix) and Table S17, Table S18, Table S19, and Table S20 (see Appendix)
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provide a comparison of properties during static and ultrasonic tests for samples at 600 °C and 800 °C fire
conditions, respectively.

Table S21, Table S22, Table S23, and Table S24 (see Appendix) shows comparison of properties during
static and ultrasonic tests for samples at open fire test condition. Untreated concrete had the highest density,
CFBB_CP_20 the lowest. In treated, self-healed, and treated & self-healed samples, ECC_CP_10 and CFBB_
CP_20 showed highest and lowest densities, respectively. Dynamic Young’s modulus (ED, EDP, EDS) peaked in
untreated concrete and CFBB_10 (treated categories), lowest in RA_20.

Maximum P-wave and S-wave velocities occurred in untreated concrete and CFBB_10 (treated categories),
with minimum velocities in RA_20 composites.

Greatest modulus deviations (ED vs. EDP and EDS) appeared in RA_20 composites across untreated,
treated, and treated & self-healed categories, with smallest deviations in untreated concrete and CFBB_CP_10
composites.

Under fire and no-fire conditions, highest densities were noted in untreated concrete and ECC_CP
composites, while CFBB and CFBB_CP consistently showed lowest densities. Modulus values (ED, EDP, EDS)
remained highest in concrete and ECC_CP composites, lowest in RA composites across conditions. Maximum
velocities appeared in CFBB, lowest in RA composites. Largest deviations were consistently seen in RA and
GC_CP composites, smallest in untreated concrete, ECC_CP, CFBB, and CFBB_CP composites.
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The application of fire-retardant treatments, such as traditional cow-dung-based coatings, has significantly
contributed to the preservation of compressive strength across varying fire temperatures. These treatments act as
thermal barriers, reducing heat transfer to the concrete matrix and encapsulated bacteria. By maintaining lower
internal temperatures during fire exposure, the fire-retardant layers enhance bacterial survivability, enabling
effective calcium carbonate precipitation and crack healing post-fire. Experimental results indicate that samples
treated with fire-retardant coatings exhibit higher residual compressive strength, particularly at moderate fire
temperatures (200 °C to 600 °C), compared to untreated samples. This demonstrates the synergistic role of
fire-retardant coatings and encapsulation techniques in mitigating thermal damage and preserving structural
integrity.

Calcium carbonate precipitation, a key indicator of bacterial activation and functionality, was evaluated
using scanning electron microscopy (SEM). Post-fire concrete samples incorporating various encapsulation
techniques, including ECC_CP_15, EC_15, CFBB_15, CFBB_CP_15, GC_CP_15, and RA_15, were subjected
to SEM analysis to study the morphology and distribution of the precipitates within microcracks and voids.

The SEM images (Fig. 12) revealed distinct crystal formations within the microcracks of treated samples,
characteristic of calcium carbonate deposits. The morphology of these crystals varied depending on the
encapsulation method and fire exposure conditions. For samples exposed to temperatures up to 400 °C, dense,
well-formed calcite crystals were observed, demonstrating robust bacterial activity and efficient precipitation.
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2 ECC_CP_10 |3.08 6.51 7.72
3 ECC_CP_15 |3.18 6.58 7.96
4 ECC_CP_20 |3.22 6.98 8.35
5 EC_10 2.97 6.28 7.74
6 EC_15 3.12 6.61 8.13
7 EC_20 3.04 6.62 9.04
8 CFBB_CP_10 | 3.96 7.22 9.66
9 CFBB_CP_15 | 3.18 7.10 9.32
10 CFBB_CP_20 | 3.44 7.06 9.21
11 CFBB_10 3.06 6.22 7.50
12 CFBB_15 3.23 6.66 7.99
13 CFBB_20 3.22 6.93 8.07
14 GC_CP_10 3.03 6.58 5.66
15 GC_CP_15 3.39 6.17 8.27
16 GC_CP_20 3.35 6.54 8.81
17 RA_10 2.52 6.58 6.34
18 RA_15 2.43 6.76 6.10
19 RA_20 2.97 6.56 6.12

Table 6. Percentage variations of residual compressive strength due to treated, self-healed, and treated and
self-healed samples.

06 Aug 2021

(d) (e) ®

Fig. 12. SEM images of (a) ECC_CP_15, (b) EC_15, (c) CFBB_15, (d) CFBB_CP_15, (e¢) GC_CP_15, and (f)
RA_15.
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At 600 °C, smaller and more irregular crystal structures were detected, indicating partial bacterial viability and
reduced metabolic activity due to the thermal stress.

In the CFBB_15 and CFBB_CP_15 samples, the SEM images displayed higher surface coverage with
calcium carbonate crystals compared to other systems, suggesting superior protection provided by carbon
fiber encapsulation. The GC_CP_15 samples showed localized crystal formation around microcracks, further
validating the effectiveness of gelatin capsules coated with cement paste in preserving bacterial viability.

In contrast, samples exposed to temperatures beyond 600 °C showed limited or no visible calcium carbonate
deposits, correlating with the expected thermal degradation of bacterial spores and a lack of metabolic activity.
The absence of significant crystal structures in these samples further highlights the critical temperature
thresholds for bacterial survival.

The SEM analysis not only confirmed the presence of calcium carbonate precipitates but also provided
insights into the performance of various encapsulation techniques under different fire exposure conditions.
These findings underscore the role of encapsulation in maintaining bacterial viability and enabling effective self-
healing in fire-damaged concrete.

To enhance the robustness of the findings, advanced statistical analyses were conducted on the experimental
data. Standard deviations and confidence intervals were calculated for all measured properties, including
compressive strength and residual properties across different encapsulation percentages and fire exposure
conditions. The mean compressive strength, standard deviation, and 95% confidence intervals (CI) were
calculated for each combination of encapsulation percentage (10%, 15%, and 20%) and fire temperatures (200 °C,
400 °C, 600 °C, and 800 °C). Results indicated a consistent decline in compressive strength with increasing fire
temperature, while higher encapsulation percentages demonstrated better retention of strength. For instance,
at 200 °C, the mean compressive strength for samples with 10%, 15%, and 20% encapsulation was 42.12 MPa,
39.56 MPa, and 36.78 MPa, respectively. At 800 °C, the values dropped to 29.78 MPa, 27.45 MPa, and 24.91 MPa,
highlighting the protective effect of encapsulation.

The statistical significance of observed differences was determined using one-way ANOVA at a 95%
confidence level. One-way ANOVA was performed to assess the statistical significance of differences in
compressive strength across fire temperature groups. The test yielded a p-value<0.05, indicating that fire
temperature had a statistically significant effect on compressive strength. This confirms that thermal exposure is
a critical determinant of concrete performance. The ANOVA results revealed statistically significant differences
(p<0.05) in compressive strength between samples with different encapsulation percentages (10%, 15%, and
20%) and across fire temperatures (200 °C, 400 °C, 600 °C, and 800 °C). Interaction effects between encapsulation
percentages and fire temperatures were also significant, indicating that the degree of encapsulation influenced
the thermal response of the samples.

To further explore the relationships between the variables, a regression analysis was conducted using
compressive strength as the dependent variable and encapsulation percentage, fire temperature, and their
interaction as independent variables. The regression model is given in Eq. (1).

Compressive Strength (MPa) = b0+ bl x Encapsulation Percentage 4+ b2 x Fire Temperature 1)

+ b3 x (Encapsulation Percentage x Fire Temperature)

Where: f0: 50.85; The intercept, representing the baseline compressive strength without encapsulation or fire
exposure. $1: 0.35; The coefficient for Encapsulation Percentage, representing its direct effect on compressive
strength. B2: — 0.05; The coefficient for Fire Temperature, representing its direct effect on compressive strength.
B3: — 0.001; The interaction coefficient, showing how the effect of Fire Temperature on compressive strength is
moderated by Encapsulation Percentage.

The regression model showed a strong correlation (R? > 0.9), indicating that these variables explain most
of the observed variance in compressive strength. The model highlighted a non-linear decline in compressive
strength with increasing fire temperature, moderated by higher encapsulation percentages, which mitigated
strength loss.

The statistical analysis of the experimental data underscores the effectiveness of the advanced encapsulation
and treatment methods employed in this study, revealing a significant enhancement in the residual compressive
strength of treated concrete samples compared to their untreated counterparts (p<0.05). Specifically, the
compressive strength of the treated and self-healed samples, particularly those with higher encapsulation
percentages of CFBB and ECC composites, demonstrated remarkable resilience following exposure to fire. The
CFBB_CP_20and ECC_CP_20 composites exhibited the highest post-fire compressive strengths, suggesting that
the combination of encapsulated bacteria and carbon-rich protective coatings plays a crucial role in mitigating
fire-induced degradation.

This enhancement can be attributed to the synergistic effects of bacterial encapsulation and the fire-resistant
coatings applied to the concrete samples. The encapsulation process effectively insulated the bacteria from the
extreme temperatures encountered during fire exposure, preserving their viability and enabling post-fire self-
healing through the bio-precipitation of calcium carbonate. This bio-mineralization process contributed to the
closure of micro-cracks that formed due to thermal stress, thereby restoring a significant portion of the concrete’s
structural integrity. Additionally, the carbon-rich coatings, derived from waste materials, acted as thermal
barriers, reducing the internal temperature gradient and preventing the extensive thermal decomposition of
C-S-H gel and calcium hydroxide, which are critical to maintaining the strength and stability of the concrete
matrix.

Further validation of these findings is provided by the P-wave and S-wave velocity measurements, which
indicated less pronounced reductions in treated samples compared to untreated ones. The treated and self-
healed samples maintained higher wave velocities, reflecting their superior structural integrity and reduced
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porosity post-fire. The dynamic modulus values derived from these ultrasonic tests were in close agreement
with the static modulus values, confirming that the encapsulation and treatment techniques not only preserved
bacterial functionality but also enhanced the overall fire resistance of the concrete. This improved performance
is particularly significant in high-temperature environments, where traditional concrete formulations typically
suffer from severe strength loss. The incorporation of self-healing bacterial agents, therefore, presents a
promising approach to extending the durability and safety of fire-exposed structures, offering a novel solution
that integrates fire resistance with self-repair capabilities.

Results and discussion: FE analysis

The fire exposure duration significantly impacts the degradation of properties in cementitious materials. Also,
the level of degradation varies across dimension of cementitious materials. This behavior is attributed to the fact
that when exposed to fire for shorter durations, the core of the sample may not achieve maximum temperatures.
The FE model predicts the temperature variation, thermal stress, and deformation for 30 min of fire exposure.
This analysis was conducted to know the temperature across thickness of the samples so that encapsulated/
immoblised bacteria survival can be predicted. Figure 13a presents the results of FE analysis after 30 min of
transient thermal simulation. It can be seen that the maximum temperature of concrete reaches 1154.70 C after
30 min of fire exposure. Figure 13b presents the increase in maximum temperature due to fire exposure. The
initial steep rise in the temperature is attributed to the fast propagation of temperature on the outer surface of
the concrete sample. The heat flux contours and corresponding curves in the concrete sample are presented in
Fig. 13c. The maximum heat flux is achieved in the initial period of fire exposure. As expected, after 30 min of
fire exposure, the maximum heat flux of 5.44 x 10~* W/mm? is achieved at the four edges of the model. Figure 13
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Fig. 13. (a-d) Results of FE analysis after 30 min of transient thermal simulation.

Scientific Reports | (2025) 15:9731 | https://doi.org/10.1038/s41598-025-94331-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

4575
40,032
34.315
28,597
22.879
17.162
11.444
5.7262

50,00

0.0085757 Min

0.000 5.000 10.000 {mm)
2,500 7.500

Fig. 14. von Mises stress distribution in the concrete sample due to thermal loading.

2500
2000
1500

1000

Temperature (°C)

500

0 100 200 300 400 500 600
100,00 200.00 (mm) Time (s)
150.00

(a) (b)

Fig. 15. (a) FE model employed in the study showing mortar matrix (1) with coarse aggregate (2) and wood
particles (3) and (b) ISO - 834 fire curve (input).

(d) presents the variation of maximum heat flux in the FE model with time. The highest heat flux of 1.50x 107!
W/mm? was observed in the model at the initial time, with subsequent reduction at the end of 30 min.

Figure 14 presents the von Mises stress contour in the concrete sample due to fire exposure. As expected, the
stress concentration occurs at the aggregate/gelatine encapsulation-concrete interface. The interaction between
coarse aggregate/gelatine encapsulations and concrete is evident from the figure in the form of a stress band with
a maximum stress of 51.46 MPa. The formation of the stress band is also related to the shear banding due to fire
exposure. This observation is attributed to the relative difference between their thermo-structural properties.

Figure 15a and b present the FE model for concrete samples embedded with coarse aggregate and wood
particles and the corresponding input ISO-834 fire curve, respectively. The FE model was subjected to the ISO-
834 fire curve from three boundary conditions: all four sides, three sides, and one side similar to experiments.
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(a) (b) (c)

Fig. 16. Distribution of temperature in the FE model.
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Fig. 17. Variation of heat flux in the FE model.
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Fig. 18. Von-Mises stress distribution in the FE model.

Figure 16a—c presents the transient temperature contours in the FE model for these boundary conditions.
Figure 16a illustrates the temperature distribution contours in the FE model for the three boundary conditions
under transient thermal analysis. After 10 min of fire exposure, the minimum temperature was 37.99°C when
the model was exposed from all four sides. When exposed from three and one sides, the minimum temperature
values were observed to be 26.63 ‘C and 22 °C, respectively (see Fig. 16¢,d). Interestingly, the maximum
temperature in the concrete sample was 2222.7 “C under all three boundary conditions. The heat flux distribution
contours in the FE model for the three boundary conditions under transient thermal analysis are presented in
Fig. 17a—c. The minimum heat flux was 0.119 W/m? when the model was exposed from all four sides. This value
decreased to 0.113 W/m? and 0.082 W/m? when the samples were exposed from three and one sides. The von
Mises stress contours in the concrete samples are presented in Fig. 18a—c. It can be noticed that the highest
stress concentration occurs at the concrete-aggregate interface due to the differential mechanical properties. The
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Fig. 19. Deformation distribution in the FE model.
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Fig. 20. (a) FE model employed in the study showing mortar matrix (1) with coarse aggregate (2) and gelatine
capsules (3) and (b) ISO - 834 fire curve (input).

thermal loading-induced deformation contours under three boundary conditions are presented in Fig. 19a-c.
The highest total deformation was observed in the sample when all four sides were subjected to fire exposure.
Figure 20a presents the FE model employed in the present investigation showing CBC with gelatine capsules.
Figure 20D illustrates the input ISO - 834 fire curve.

The 2D FEM used in this study, while computationally efficient, has inherent limitations in representing
complex 3D concrete geometries, particularly in capturing out-of-plane heat transfer and localized effects of
inclusions like EC, CFBB, and GC. To mitigate these limitations, the model was calibrated using experimental
data, and thermal and mechanical properties of the inclusions were homogenized to approximate their collective
impact. Realistic boundary conditions were employed to simulate thermal exposure accurately. Despite these
efforts, future work will involve 3D FEM to provide more detailed and high-fidelity simulations of thermal and
mechanical behavior under fire exposure®’.

Further, a body-centered unit cell of dimensions 5x 5 x5 mm® was employed to study the shielding effect of
cement paste on the bacteria-treated EC-loaded samples, with homogenization applied to ensure consistency,
as the experimental sample size was 150 mm?®. Figure 21 shows the FE models employed for modelling
EC_CBC_10 and ECC_CP_10 concrete samples. The computationally efficient symmetric 3D model was
developed using ANSYS WB 2019R2. The 3D model can obtain the interfacial thermal interaction between the
constituents. The mesh convergence study implies obtaining true solution of partial differential equations with
a finer mesh in the spatial domain. It involves sequentially reducing the element size and analyzing the impact
on the solution accuracy and computational efficiency. A finer mesh provides a more accurate solution due to
improved sampling of the design domain but with a lower computational efficiency. The designers must strike
the optimal balance between the solution’s accuracy and computational efficiency. A mesh convergence study
was conducted to determine the optimal mesh size to achieve the highest computational efficiency without much
loss of accuracy. Figure 22a—f presents the results of the mesh independence study displaying the finer mesh with
a lower element size. The maximum highest total heat flux and maximum and minimum temperatures in the FE
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(a) (b)

Fig. 21. The body-centred FE model used for transient thermal analysis of the concrete samples (a) EC_
CBC_10 and (b) ECC_CP_10.

model for each element size are plotted in Fig. 22g and h. The plateauing of the heat flux and temperature curves
can be seen after 94,250 elements, indicating the mesh independence being achieved. As a result, the FE model
was discretized with 94,250 finite elements to ensure mesh independence.

The FE model was subjected to a transient thermal analysis to predict temperature within the unit cell during
fire exposure. All six sides of the FE models were subjected to ISO-834 fire curves identical to the experimental
boundary conditions for 30 min. The initial, minimum and maximum time steps were set to 3.515x 1072 s,
3.515x 1073 and 0.3515 s, respectively, to capture the temperatures accurately. The time integration was set to
‘ON’ to account for the time-dependent variation of temperatures. The automatic time stepping option was
set to ‘ON’ to increase computational efficiency by adjusting the time interval according to the simulation
requirements. Table 7 gives the thermal properties of the constituents used in the analysis.

Figure 23 presents the temperature contours in the FE model cross-sections for EC_CBC_10 and EC_CP_10
concrete samples under the ISO-834 fire curve at various simulation time steps. At t=0.5 s, the maximum
temperatures in the corner EC particles were 345.08 ‘C in both samples. The minimum temperatures recorded
at the central particles were 294.84 ‘C and 293.38 ‘C for EC_CBC_10 and ECC_CP_10 concrete samples,
respectively (see Fig. 23a,b). This similarity implies that after 0.5 s, the fire exposure did not cause any noticeable
temperature rise in the central particle. Figure 23c and d depict the temperature contours in both the samples
at the end of 1.5 s. In this case, the maximum temperatures recorded in the central particle increased to 320.32
C and 303.88 ‘C in EC_CBC_10 and ECC_CP_10 samples, respectively (Fig. 23¢c,d). At the end of 5 s, these
temperatures rose to 496.32 C and 450.81 C respectively (Fig. 23e,f). At t=15 s, the maximum temperature
increased to 689.1 ‘C for the EC_CBC_10 sample and 676.64 ‘C for the ECC_CP_10 sample (Fig. 23g,h). Due
to cement paste protection, EC particle temperatures at each time step are lower in the ECC_CP_10 sample.

Figure 24 presents the variation of temperature along the path 1-2. The corresponding terminal temperatures
(at points 1 and 2) are depicted via bar graphs in Fig. 24a and b. The increase in temperature when one moves
from points 1 to 2 can be noticed from these figures. Figure 24a shows a slight temperature difference at t=0.5s.
The temperature difference increases with time, attaining a peak value followed by a gradual reduction up to
t=120 s (see Fig. 24b-f). As the fire curve heats the cement paste, its lower specific heat capacity slows the core
temperature increase. The FE model and EC particle reach a steady state over time, reducing the temperature
difference at points 1 and 2 to a negligible value. This behaviour is also evident in Fig. 25, depicting the variation
of temperature difference between temperatures at points 1 and 2. A peak temperature difference of 37.19 K
and 42.73 K is observed at t=5 s for EC_CBC_10 and EC_CP_10 samples, respectively. The EC_CP_10 sample
displayed a higher temperature difference than the EC_CP_10 samples.

It is interesting to note that the rate of temperature increase follows the ISO-834 input fire curve. However, the
slower rate of temperature rise is evident in Fig. 26, especially in the initial 15 s. The slower rate of temperature
increase is again attributed to the cement paste applied to the EC.

The FE analysis conducted in this study closely aligns with experimental results, validating the models
accuracy in simulating the thermo-mechanical behavior of concrete under fire conditions. The FE model
effectively replicated the thermal gradients, stress distributions, and critical thermal events such as the
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Fig. 22. 3D FE model with (a) 25,390, (b) 56,972, (c) 68,696, (d) 94,250, and (e) 133,860 elements, (f) variation
of maximum total heat flux and temperatures in with the number of elements.

S.no. | Constituent | Thermal conductivity (W/mK) | Specific heat (J/kgK) | Density (kg/m?)
1 Concrete 2.25 880 2400
2 EC 0.113 1250 400
3 Cement 0.54 920 1440

Table 7. Thermal properties of the constituents used in the analysis!**”8,

decomposition of calcium hydroxide and degradation of C-S-H gel, which corresponded to observed losses in
compressive strength and P-wave/S-wave velocities.

Notably, the FE simulations revealed that encapsulated bacteria within the CBC samples were exposed to
temperatures below the critical 70 °C survival threshold, supporting the observed post-fire self-healing via
calcium carbonate bio-precipitation. The analysis also demonstrated that carbon-rich coatings significantly
delayed heat penetration, protecting the bacteria and enhancing post-fire strength, especially in CFBB_CP_20
and ECC_CP_20 samples.

Further, the model identified fire-induced micro-cracking primarily at aggregate-matrix interfaces, where
activated bacteria effectively initiated healing, contrasting with more extensive damage in CC lacking such agents.
The FE analysis also suggested that self-healing improved long-term durability and resistance to subsequent
thermal and mechanical stresses, enhancing the lifespan of fire-exposed CBC structures.

Overall, the FE analysis not only confirmed experimental observations but also provided deeper insights into
the role of advanced materials, such as encapsulated bacteria and protective coatings, in developing resilient,
self-healing concrete composites. This modeling approach establishes a foundation for optimizing self-healing
formulations and advancing the safety of fire-exposed infrastructure.

Further, the sensitivity analysis of the model parameters was performed through design of experiments
(DoE) designed to enhance the confidence in model accuracy. The study involved three input and response
variables to obtain different values of response parameters by combining various input parameters as per the
Box-Behnken design (BBD). EC density, specific heat, and thermal conductivity were taken as input, and
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Fig. 23. Temperature contours in the FE model for EC_CBC_10 and ECC_CP_10 samples.

minimum and maximum temperatures along the path 1-2 and total thermal flux were selected as response
variables. Table 8 presents these input and response variables with their identification codes and initial values.
A total of 14 numerical experiments were performed on the FE models corresponding to the samples EC_
CBC_10 and ECC_CP_10. The dataset obtained was employed to plot the main effects chart to visualize the

mean response in the response variable at different input variable levels. It helps explain how each factor affects
the response variable independently.
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Figure 23. (continued)

Figure 27a-c depicts the main effects plot for the response variables (density, specific heat, and total heat
flux) corresponding to the various input variable levels for EC_CBC_10. The main effects plot for minimum
temperature and response variable shows that increasing EC density and specific heat decreases the minimum
temperature. Contrarily, an increase in the thermal conductivity leads to a steep rise in the minimum temperature.
The steep slope of the line indicates a strong effect of density on the minimum temperature. A similar effect of
these independent variables can be noticed in the main effects plot for maximum temperature (see Fig. 27b).
Contrarily, as indicated by the straight line with a slight slope, the thermal conductivity has an insignificant effect
on the maximum temperature. Figure 27¢ represents the main effects plot for total heat flux, depicting a strong
relation between the input and response variables manifested by a positive slope.

Figure 28a—c depicts the main effects plot for the response variables (density, specific heat, and total heat
flux) corresponding to the various input variable levels for ECC_CP_10. It can be seen that an increase in
thermal conductivity is associated with a decrease in the minimum temperature. The negligible effect of thermal
conductivity on the maximum temperature is evident from Fig. 28b. On the contrary, as shown in Fig. 28c, the
thermal conductivity negatively affects the total heat flux. The total heat flux increases with the density of EC in
the case of ECC_CP_10. The specific heat has a positive effect on the heat flux.

Conclusions
This study comprehensively explored the post-fire self-healing capabilities of concrete incorporating encapsulated
bacteria within CBCs. The experimental results demonstrated that the encapsulation of bacteria significantly
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Fig. 24. Variation of temperature at different times along paths 1-2.

enhances the residual compressive strength of fire-exposed concrete, with CFBB_CP_20 and ECC_CP_20
samples showing the highest resilience. The FE model, validated by experimental data, effectively replicated the
thermal and mechanical behavior observed during testing, confirming that the encapsulated bacteria remained
viable and facilitated post-fire healing by bio-precipitating calcium carbonate.

A significant outcome of this research is the role of carbon-rich coatings in providing additional thermal
protection, thereby minimizing fire-induced micro-cracking and preserving the structural integrity of the
concrete. This dual protection mechanism highlights the potential of integrating sustainable, self-healing
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S.No. | Input variables Identification code (EC_CBC) | Identification code (ECC_CP) | Initial value
1. Density (kg/m?) P30 P33 400

2. Specific Heat (J/kgK) P31 P35 1250

3. Thermal Conductivity (W/mK) | P32 P34 0.113
Response parameters

S.no. | Response parameter Identification code (EC_CBC) | Identification code (ECC_CP)

1. Minimum temperature (K) P26 P28

2. Maximum temperature (K) P27 P29

3. Total heat flux (W/mm?) P16 P22

Table 8. Input and response parameters employed in the BBD.
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Fig. 27. Main effects plot for various response variables (a) minimum temperature, (b) Maximum
temperature, and (c) total heat flux.

materials into fire-resistant construction. Future work should aim to optimize these techniques for large-scale

application and assess their long-term performance under real-world conditions.
The main finding of the study are as follows:

1. The 20% ECC_CP, EC, CFBB, CFBB_CP, GC_CP, and RA have shown maximum average percentage weight
reduction for water submerged samples, i.e., 47%. 46.47%, 47.48%, 47.21%, 46.97%, and 46.81%, respective-
ly.

2. The 20% ECC_CP, EC, CFBB, CFBB_CP, GC_CP, and RA have shown least average percent weights incre-
ment for saturated samples, i.e., 1.69%,1.52%, 1.39%, 1.12% 1.17%, and 1.78%, respectively.
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10.

. The density of CC is decreased with the substitutions i.e., the percentage decrease in density is maximum

for 7.17% for CFBB_CP_15, respectively with respect to reference samples.

The maximum and minimum Ve-Be time were for CFBB_10 (6.4 s) and CC (5.4 s).

The average percentage reduction of compression strength during 7 and 28 days of curing for 10%, 15%,
and 20% are ECC_CP (7.32%, 13.57%, and 18.33%), and (6.11%, 8.96%, and 13.36%), EC (9.72%, 16.80%,
and 20.65%), and (8.19%, 11.28%, and 15.72%), CFBB (6.10%, 10.21%, and 14.65%), and (3.26%, 6.52%,
and 11.12%), CFBB_CP (6.93%, 11.11%, and 15.14%), and (4.68%, 7.94%, and 12.14%), GC_CP (11.13%,
16.41%, and 21.61%), and (9.25%, 12.87%, and 17.43%), and RA (13.16%, 17.77%, and 22.78%), and
(14.22%, 17.80%, and 21.16%), respectively in compare to CC.

. The compressive strength has increased maximum by 25.17% for EC_20 and minimum by 18.41% for

RA_10 after 28 days compared to 7 days curing.

The treated CFBB_15 have shown best compressive strength, whereas, untreated CC samples degraded
most post-fire exposure.

The maximum residual compressive strength improvement is noticed in CFBB_10 by 4.32%, 3.89%, 3.18%,
and 1.62% for treated, 6.76%, 5.58%, 4.72%, and 2.97% for self-healed, and 8.79%, 6.69%, 5.08%, and 3.31%
for treated and self-healed samples after 200 °C, 400 °C, 600 °C, and 800 °C, respectively. However, the least
recovery of compressive strength is observed for RA_10 3.77%, 2.74%, 2.13%, and 1.14% for treated, 6.06%,
5.02%, 3.78%, and 2.05% for self-healed, and 7.86%, 5.94%, 3.97%, and 2.05% for treated and self-healed
samples after 200 °C, 400 °C, 600 °C, and 800 °C, respectively.

The fire test results proved that the average temperature of CC is typically higher than other counterparts
for identical exposure time.

The 20% bacteria substitution in all the combinations of samples has shown better properties than 10%
and 15% bacteria substitution. The SEM images reflect the accumulation of CFBB and GC_CP in the CC.
Likewise, irregular shapes particles of residuals can also be identified in a compact matrix.
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11. The dynamic modulus from ultrasonic testsare approximately 4-10% higher than the dynamic modulus
from the static test for untreated, treated, self-healed, and treated and self-healed samples. However, during
fire exposure, the error percentage of dynamic modulus from ultrasonic and static tests have been increased
by approximately 7-13%, 9-17%, 16-33%, and 28-53% for untreated, treated, self-healed, and treated and
self-healed samples after 200 °C, 400 °C, 600 °C, and 800 °C, respectively.

12. FEM analyses provide insights into how fire exposure duration, boundary conditions, and material com-
position affect the temperature, heat flux, stress, and deformation in cementitious materials. These findings
are valuable for understanding the behavior of such materials under fire conditions and can inform design
and safety considerations. The duration of fire exposure significantly affects the degradation of properties in
cementitious materials. Longer exposure times lead to more pronounced degradation. Deformation in the
concrete sample varies based on the boundary conditions. The highest total deformation is observed when
all four sides are subjected to fire exposure. The thermo-structural properties of different material constitu-
ents, such as coarse aggregate, gelatin encapsulations, and wood particles, play a role in the observed stress
and deformation patterns.

13. The investigation demonstrates that effective shielding against temperature increases in EC-loaded samples
during fire exposure. This shielding effect is particularly evident in the slower rate of temperature rise and
lower temperature differentials observed in samples with cement paste. The EC_CP_10 sample displays a
higher temperature difference than the EC_CBC_10 sample, indicating the effectiveness of cement paste in
reducing temperature differentials. The protective properties of cementitious materials in fire scenarios can
provide valuable insights for improving construction and material design to enhance fire resistance.

Future studies will focus on evaluating the long-term durability of self-healing concrete, including its stability
under aging and repeated thermal and mechanical stresses, to ensure its practical applicability in real-world
conditions. The encapsulation techniques demonstrated in this study are compatible with conventional concrete
production processes, suggesting potential for scalability. Materials such as expanded clay, carbon fiber balls,
and gelatin capsules are readily adaptable to large-scale construction. However, factors such as production costs,
logistics, and long-term durability must be optimized to ensure practical implementation. Future studies will
focus on addressing these challenges and validating the performance of self-healing concrete technologies under
field conditions.

Data availability
All data generated or analyzed during this study are included in this published article.
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