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Abstract

Conventional non-intumescent fire-resistive coatings often require excessive thickness
and exhibit poor adhesion. To address these limitations, this study developed a novel
geopolymer-based aerogel composite (GBAC) coating. The effects of aerogel content, water-
to-binder (W/B) ratio, curing age, latex powder, basalt fibers, and an expansive agent on the
physical and mechanical properties of GBAC were systematically investigated. The results
have indicated that increasing the aerogel content and W /B ratio reduces the dry density,
thermal conductivity, and compressive strength. Both basalt fibers and expansive agent
significantly inhibit drying shrinkage while enhancing tensile and tensile bonding strength.
Although latex powder shows a negligible effect on shrinkage reduction, it effectively
improves tensile and bonding strength. The incorporation of 2.5% of latex powder, 1.0% of
basalt fibers, and 4.0% of expansive agent results in a remarkable reduction in shrinkage
strain by 85.23%, an increase in tensile strength by 90.93%, and an enhancement in tensile
bonding strength by 64.89%. GBAC coatings with thicknesses of 20 and 25 mm can extend
thermal insulating efficiency of steel plates by 84 and 108 min and make steel beams satisfy
the requirements of Classes II and I fire resistance, respectively.

Keywords: non-intumescent fire-resistive coating; aerogel; geopolymer; mechanical prop-
erty; thermal insulation performance

1. Introduction

Steel structures are widely employed in high-rise buildings and long-span construc-
tions due to their advantages of high strength, low self-weight, excellent seismic perfor-
mance, and high recyclability [1]. However, they suffer from poor fire resistance. Steel has a
relatively high thermal conductivity, causing its temperature to rise rapidly when exposed
to fire. Furthermore, the mechanical properties of steel deteriorate significantly at elevated
temperatures. For instance, the yield strength of steel at 800 °C is only about 10% of its
value at room temperature [2], which can easily lead to the overall collapse of a structure.
Therefore, it is essential to implement fire protection measures for steel structures.

Spray-applied fire-resistive coatings represent an effective protective measure. They
are suitable for various steel component geometries, easy to apply, and thus are the most
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commonly used method in practice [3]. Based on their mechanism, fire-retardant coatings
can be classified into intumescent and non-intumescent types. Intumescent coatings expand
and foam under high temperatures to form a protective insulating layer. However, their
fire protection capability is limited, making them typically suitable for steel components
requiring fire resistance below two hours [4]. For components demanding higher fire
resistance, non-intumescent coatings are necessary. These coatings consist of inorganic
cementitious materials and lightweight aggregates with excellent fire resistance. Their fire
protection primarily relies on the thermal insulation provided by the coating itself and the
heat absorption resulting from the evaporation and decomposition of its components [5].
A significant drawback of non-intumescent coatings is their high thickness, which often
leads to issues such as drying shrinkage, cracking, and localized delamination during
service. Therefore, it is imperative to develop a novel non-intumescent coating with
superior bonding performance and enhanced fire resistance. Utilizing aerogel, a material
with exceptionally low thermal conductivity as the insulating aggregate, combined with a
geopolymer binder known for its excellent adhesion and durability, presents a promising
solution to address the aforementioned challenges.

Geopolymers and other alkali-activated materials are a class of binders synthesized
by the reaction of an aluminosilicate precursor with an alkaline activator solution. Their
chemical composition and resulting microstructure are fundamentally governed by the
nature of the precursor, particularly its calcium content, which serves as the primary basis
for classification [6]. High-calcium alkali-activated materials use calcium-rich precursors
like blast furnace slag and exhibit excellent early strength and durability. The main binding
phase is an aluminium-substituted calcium silicate hydrate gel, which is described as
tobermorite-like, primarily featuring Q1 and Q2 silicon sites, but with a lower Ca/Si ratio
and significant Al substitution into the silicate chains [7,8]. In contrast to the high-calcium
alkali-activated materials, geopolymer is derived from low-calcium aluminosilicate sources
such as metakaolin or Class F fly ash. Its primary reaction product is an amorphous, three-
dimensional aluminosilicate gel. This gel is described as a disordered analogue of zeolitic
structures [9], consisting of a highly cross-linked network of SiO4 and AlO, tetrahedra
linked by shared oxygen atoms, corresponding to a Q* silicon environment [10]. The local
order in this gel and the avoidance of Al-O-Al bonds make crystalline zeolites common
secondary phases in these systems [11]. This structure is responsible for the characteristic
properties of geopolymers, such as good resistance to acids and high temperatures. Irfan
Khan et al. [12] conducted thermogravimetric and differential thermal analyses, revealing
the thermal stability of geopolymers. During heating, they primarily undergo dehydration,
with a residual mass as high as 88% at 800 °C. Fernandez-Jiménez et al. [13] compared the
flexural and compressive strength of fly ash-based geopolymer with those of ordinary Port-
land cement paste under high temperatures. The results showed that the flexural strength
of cement paste decreased substantially with increasing temperature, while its compres-
sive strength remained largely unchanged up to 600 °C before declining significantly. In
contrast, the flexural strength of the geopolymer slightly increased with temperature, and
its compressive strength remained stable up to 400 °C before exhibiting a notable increase.
Pan and Sanjayan [14] suggested that the strength enhancement in geopolymers observed
within the temperature range between 380 and 520 °C might be attributed to the overall
hardening of the geopolymeric gel or the increased surface forces between gel particles due
to water loss. The bonding strength between geopolymers and steel substrates is influenced
by factors such as the chemical composition of raw materials and the water-to-binder ratio.
Irfan Khan et al. [12] and Temuujin et al. [15] reported optimal bonding performance at
sodium-to-aluminum and silicon-to-aluminum molar ratios of approximately 1.0 and 3.3,
respectively. Yong et al. [16] proposed that when a geopolymer is applied to a steel surface,
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interaction occurs between aluminum from the geopolymer and iron from the steel, forming
Al-O-Fe bonds that enhance adhesion. Wu et al. [17] developed a non-intumescent fire-
resistive coating using rice husk ash, geopolymers, and pure acrylic emulsion. The thermal
conductivity of the coating was as low as 0.08 W/(m-K). After applying a 10-mm-thick
layer of the coating to the bottom, a reinforced concrete slab was subjected to a fire test
according to ISO 834 standard under a load ratio of 0.5 [18]. It reached a fire resistance of
204 min. While this coating exhibited favorable fire-retardant performance, its bonding
strength was less than 0.1 MPa, posing a risk of delamination during service.

Aerogel is a nanostructured material formed from a liquid precursor through sol-gel
processing followed by drying, and is recognized as the solid material with the lowest den-
sity [19]. Depending on the raw materials, aerogels can be classified into types such as silica
aerogel, carbon aerogel, and graphene aerogel. Silica aerogel is used most widely due to its
relatively low production cost and ease of manufacture. It is characterized by a high specific
surface area (500-1200 m?/g), high porosity (80%-99.8%), low density (0.003-0.5 g/cm?),
low thermal conductivity (0.005-0.1 W/(m-K)), and good high-temperature resistance [20].
These properties have led to its extensive application in thermal insulation coatings and
fire-retardant paints. Bergmann Becker et al. [21] investigated the partial replacement of
sand with silica aerogel in mortar, expanded polystyrene, and vermiculite. Their findings
confirmed the superior thermal insulation performance of aerogel compared to expanded
polystyrene and vermiculite. The incorporation of aerogel reduced the thermal conductivity
of the mortar by 60% and allowed the coating thickness to be decreased from 3.4 to 1.4 cm
while maintaining an equivalent insulation performance. Li et al. [22] studied the effect of
aerogel content on the properties of cement-based non-intumescent fire-retardant coatings.
It was observed that as the dosage of aerogel slurry increased from 1% to 4%, the fire
resistance of the coating gradually increased to 154 min. With further increases in aerogel
dosage, the coating showed negligible change in the fire-retardant performance, while the
bonding strength decreased sharply to 0.11 MPa. This phenomenon can be attributed to the
hydrophobicity of aerogel, which impairs the compatibility between the components of the
coating. Lyu et al. [23] developed a cement-based fire-retardant coating using cement as the
binder and a system comprising aerogel powder and closed pores for insulation. Their re-
sults indicated a positive correlation between the dry density of the coating and the aerogel
content. However, the fire protection performance initially increased and then decreased
with higher aerogel content. Further observation on the coating’s pore structure revealed
that when the coating density decreased to as low as 527 kg/m?, large interconnected
pores formed within the coating. The pronounced thermal radiation and convection effects
within these interconnected pores led to a reduction in the fire resistance. Thus, excessive
pursuit of low density degrades the coating’s microstructure and consequently impairs its
fire-retardant performance. Zhu et al. [24] formulated a fire-retardant coating primarily
composed of cement, mineral admixtures, and aerogel. This coating demonstrated excellent
bond performance at high temperatures, with a layer of 40 mm thick showing no spalling
after 2.5 h of exposure to a hydrocarbon heating.

In summary, geopolymers outperform conventional cement in terms of high-
temperature resistance and bonding performance, making them an ideal binder for fire-
retardant coatings. Aerogels possess excellent thermal insulation properties and serve as a
superior insulating aggregate. Combining these two materials holds promise for address-
ing the common issues of cracking and delamination in fire-retardant coatings. However,
research reports on such composites remain scarce. This study, therefore, aims to develop
anovel GBAC. The effects of the W/B ratio and aerogel content on the density, strength,
and thermal conductivity of GBAC were first investigated. Subsequently, latex powder,
basalt fibers, and an expansive agent were employed to enhance its tensile and bonding

https://doi.org/10.3390/coatings16010098


https://doi.org/10.3390/coatings16010098

Coatings 2026, 16, 98

4 of 25

properties. Finally, the thermal insulating efficiency of the optimized GBAC was evaluated
through thermal insulation tests and finite element simulations.

2. Materials and Specimens
2.1. Raw Materials

The precursors for the geopolymer binder were ground granulated blast furnace slag
and fly ash, with a fixed mass ratio of 6:4. Their chemical compositions are given in Table 1.
The alkaline activator was a liquid sodium silicate solution, prepared by dissolving sodium
hydroxide in water and adjusting the solution to a modulus of 1.4 and a concentration of
40%. The silica aerogel used had a bulk density of 110 kg/m3, a specific surface area ranging
from 500 to 650 m? /g, a porosity exceeding 90%, and an internal pore size distribution
between 20 and 100 nm. Thermogravimetric analysis results of the aerogel are shown in
Figure 1. An initial mass loss occurred from room temperature to 100 °C due to moisture
evaporation. Subsequently, a significant mass loss was observed at 325.3 °C, followed by a
gradual decline. The residual mass at 998.8 °C was 89.47%, demonstrating relatively low
mass loss at elevated temperatures. The basalt fibers had a length of 12 mm, a diameter of
17 um, and tensile strength of 1148 MPa. The main component of the redispersible latex
powder was vinyl acetate-ethylene copolymer. The expansive agent primarily consisted of
calcium oxide, calcium sulfate, and calcium sulfoaluminate.

Table 1. Chemical components of granulated blast-furnace slag and fly ash (wt%).

Si02 A1203 Fe203 CaO Kzo Ti02 MgO Na20 503

Granulated blast 5 5 ;¢ 5 - 3926 033 128 816 034 220
furnace slag
Fly ash 56.04 29.17 7.08 3.88 1.11 0.96 0.68 0.42 0.3
100% -

] \Mass reduction: 5.15% 0
95% i m \‘WWWW\« (]

| Mass reduction: 5.38%
90% -

Residual mass: 89.47%
85% - - -5%
: =
= A
80%
75%
TG - -10%
— DTG
70%
325.3C

65% T T T T T T T T T T

0 200 400 600 800 1000

Temperature ('C)

Figure 1. Thermogravimetric analysis on aerogel.

This study was conducted in two sequential stages to develop and optimize the
GBAC. First, the effects of the aerogel volume fraction and water-to-binder ratio on the
properties of GBAC were investigated. Preliminary experiments revealed that aerogel is
the critical factor governing the thermal insulation of GBAC. When the volume fraction of
aerogel ranged from 70% to 85%, the thermal conductivity of GBAC fell between 0.1 and
0.2 W/(m-K), which is comparable to that of commercial fire-resistive coatings. Although
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further increase in aerogel content can reduce the thermal conductivity, the geopolymer
slurry was insufficient to bind all aerogel particles, rendering GBAC difficult to cast and
resulting in extremely low strength after hardening. As illustrated in Table 1, aerogel
has a large specific surface area. With the aforementioned dosages of aerogel, GBAC
exhibited extremely poor workability. Given the current lack of suitable superplasticizers
for geopolymer, the workability of GBAC can only be improved by increasing water content
to facilitate casting. The water-to-binder ratio was thus set within the range of 0.5 to 0.7. The
corresponding mix proportions optimized by the preliminary experiments are presented
in Table 2. Specimens from these mixes were tested for dry density, thermal conductivity,
and compressive strength. The mix demonstrating the most favorable overall performance
was selected as the baseline mixture. Subsequently, the baseline mixture was modified by
incorporating latex powder, basalt fibers, and an expansive agent. The aim was to enhance
the tensile and bond properties and reduce the drying shrinkage of the composite. The
dosages of latex powder, basalt fibers, and expansive agent are detailed in Table 3. The
optimal mixture from this stage was selected as the final formulation for the subsequent
thermal insulation tests.

Table 2. Mix proportions for fundamental property tests.

Volume Dosage of = Mass Ratio of Aerogel

Group W/B Ratio ! Aerogel to Precursor
0.75AG-0.50 2 0.50 75% 0.205
0.75AG-0.55 0.55 75% 0.205
0.70AG-0.60 70% 0.160
0.75AG-0.60 0.60 75% 0.205
0.80AG-0.60 80% 0.275
0.80AG-0.70 80% 0.319
0.85AG-0.70 0.70 85% 0.384

! The binder includes the precursor and the solute of sodium silicate solution. 2 AG is the abbreviation of aerogel.

Table 3. Mix proportions for tensile, drying shrinkage and bonding tests.

Group Dosage of Latex Dosage of Basalt Dosage of
Powder ! Fibers Expansion Agent
0.70AG-0.60 0 0 0
2.5]JF-0-0 2 2.5% 0 0
5.0JF-0-0 5.0% 0 0
5.0JF-0.5XW-0 3 5.0% 0.5% 0
5.0JF-1.0XW-0 5.0% 1.0% 0
2.5JF-1.0XW-4.0PZ] 2.5% 1.0% 4%
2.5JF-1.0XW-6.0PZ] 2.5% 1.0% 6%

! The dosages of latex powder, basalt fibers, and expansive agent are expressed as a mass ratio relative to
the baseline mixture. 2%# JE, XW and PZJ are the abbreviations of latex powder, basalt fibers and expansion
agent, respectively.

2.2. Specimens

The GBAC was prepared using a planetary mixer. First, the solid precursor materials
were poured into the mixer and dry-mixed at a low speed for two minutes. The sodium
silicate solution was then added, followed by another minute of low-speed mixing to obtain
a homogeneous geopolymer paste. Subsequently, the silica aerogel was incorporated, and
the mixture was stirred at a high speed for five minutes to ensure thorough integration of
the aerogel into the paste, resulting in a workable GBAC slurry. The freshly mixed slurry
was then poured into molds. The molds were placed on a vibrating table for 30 s, after
which the surface was leveled with a trowel. To prevent moisture loss, the surfaces of the
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molds were covered with plastic film. The specimens were then transferred to a curing
chamber set at a constant temperature of 20 °C and a relative humidity of 95%. Demolding
was performed after 24 h, and the specimens were returned to the curing chamber until
they reached the specified testing ages.

Cubic specimens with dimensions of 50 mm x 50 mm x 50 mm were used for the
dry density, thermal conductivity, and compressive strength tests. Prismatic specimens
with dimensions of 25 mm x 25 mm x 280 mm were prepared for the drying shrinkage
tests. Tensile strength was determined using dog-bone-shaped specimens, as illustrated
in Figure 2. The specimens for the bonding test followed the Chinese standard GB 14907-
2018 [25]. The bonding interface between the GBAC and the steel substrate measured
40 mm x 40 mm, with a coating thickness of 15 mm (Figure 3a). After curing, the top
surface of the GBAC was roughened, and a steel connector was then attached using a
high-strength adhesive (Figure 3b). For the thermal insulation tests, four steel plates with
dimensions of 320 mm x 280 mm x 4 mm were prepared. Specimen B0 acted as the control
one, without coating applied. Specimens B15, B20, and B25 were coated with GBAC at
thicknesses of 15, 20, and 25 mm, respectively. Temperature was monitored using K-type
sheathed thermocouples. Their arrangement is shown in Figure 4. One thermocouple (T1)
was positioned 125 mm from the unexposed side of the steel plate outside the furnace to
verify the insulation effectiveness of the fire-resistant blankets placed on the sides and back
of the specimens. Five thermocouples (T2-T6) were fixed on the unexposed surface of the
specimens, with T4 at the center and the other four symmetrically distributed around it.
For coated specimens (B15, B20, B25), three thermocouples were placed on the fire-exposed
side: at the coating-steel interface (T7), at the mid-thickness of the coating (T8), and on
the exposed surface of the coating (T9). For the uncoated control specimen (B0), only
thermocouple T7 was placed on the fire-exposed steel surface. Thermocouple T10 was used
to measure the furnace temperature, positioned 100 mm from the exposed coating surface
(Figure 4). Thermocouples T7 and T8 were embedded within the coating during specimen
preparation. The remaining thermocouples were fixed in their respective positions using
bolts, external brackets, or ties.

(a) (b)

Figure 2. Mold and specimen for tensile test. (a) Mold (unit: mm); (b) Specimen.
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Figure 3. Specimen for bonding testing. (a) Specimen after curing; (b) Specimen bonded with
steel connector.

oo RS
Rock
1
™ — it;el plate woo
() &l |14
& [For 110 ol T3 o
T1 T & -
T5 Furnace T4 o
(To) TS T6, "
50 | 50
| i I Steel plate
C o125 *100
515 ‘
(a) (b)

Figure 4. Thermocouple layout diagram. (a) Side; (b) Back. (unit: mm).

3. Experimental Programs
3.1. Dry Density Test

The dry density test was conducted according to the literature [25]. For each mix
proportion, three specimens cured to the designated age were removed from the curing
chamber and dried in an electric oven at 60 °C for 48 h. The dimensions and mass of each
specimen were then measured using a vernier caliper and an electronic balance, respectively.
The dry density was calculated from these measurements.

3.2. Thermal Conductivity Test

Thermal conductivity was measured using a transient plane source thermal ana-
lyzer. The test was performed on the cubic specimens immediately after the dry density
measurement. The reported value for each mix is the mean of the results obtained from
three specimens.

3.3. Compressive Test

Compressive strength was determined following the Chinese standard JGJ] 70-2009 [26].
Specimens were cured to the specified age, removed from the curing chamber, and their
surfaces were wiped dry. Tests were performed using a universal testing machine with a
constant loading rate of 0.25 kN/s until failure of specimens.
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3.4. Drying Shrinkage Test

After demolding, the prismatic specimens were stored in an environmental chamber
maintained at a temperature of 20 °C and relative humidity of 50%. Their length was
measured periodically using a length comparator. The testing procedure adhered to the
Chinese standard JC/T 603-2004 [27].

3.5. Tensile Test

The tensile tests were carried out in accordance with the Chinese standard DL/T 5126-
2021 [28], employing a constant displacement rate of 5 mm/min. The cross-sectional area
of the fracture surface perpendicular to the loading direction was measured to calculate the
tensile strength after the tests.

3.6. Bonding Test

The bonding tests were performed following the literature [25]. The tensile bond
specimen was positioned between the upper and lower fixtures of the testing machine. The
steel connector on the top of the specimen was linked to the upper fixture, while the steel
plate at the bottom was secured in the lower fixture. The test commenced by applying a
tensile load perpendicular to the bonding interface at a constant rate of 1500 N /min until
specimen failure.

3.7. Pore Characteristics Test

Mercury intrusion porosimetry tests were performed to examine the pore character-
istics of GBAC specimens after 28 days’ curing. After small pieces were excised from the
interior of the specimens, they were immersed in anhydrous ethanol for 24 h, followed
by vacuum drying at 40 £ 2 °C for 48 h. Subsequent tests were conducted to acquire
parameters, including pore size distribution and porosity.

3.8. Thermal Insulation Test

Thermal insulation tests were conducted using an electric furnace to apply one-sided
heating to the specimens B0, B15, B20, and B25. During the tests, the specimens were
vertically fixed at the furnace opening, ensuring the GBAC coating facing to heat source.
Gaps between the specimens and the furnace wall, as well as the unexposed side of the
specimens, were filled and covered with rock wool blankets to achieve a one-sided fire
exposure. The test setup is shown in Figure 5. The heating protocol involved raising
the furnace temperature at a rate of 8 °C/min until it reached 1000 °C, after which the
temperature was maintained constant. Specimen B0 was held at this temperature for one
hour, while all coated specimens (B15, B20, B25) were held for two hours. According to
the relevant standard [25], the thermal insulating efficiency of the specimen is defined as
the time elapsed until the average temperature on its unexposed surface reaches 500 °C. In
this test, the average temperature of unexposed surface was calculated from the readings
of thermocouples T2 to T6. The time corresponding to this average temperature reaching
500 °C was recorded. Following this, the furnace was shut down to stop heating. After the
furnace had cooled naturally to room temperature, the supporting frame and rock wool
were removed to retrieve the specimen. Temperature data from all thermocouples were
recorded by a data acquisition system at intervals of three seconds throughout the test.
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Figure 5. Apparatus for thermal insulation test.

3.9. Finite Element Simulation for Fire Resistance of Steel Beams

It is assumed that the temperature field across the cross-section of steel beam remains
uniform along its longitudinal axis. The thermo-mechanical response was analyzed via a
sequential coupling approach. Temperature field analysis was first performed, followed by
the import of temperature data into the mechanical analysis. Initially, a 2D cross-sectional
model of the steel beam was established. According to GB 14907-2018 [25], the cross-section
of steel beam referred to the HN 400 x 200 hot-rolled H-section steel. GBAC coatings of 15,
20, and 25 mm were applied, respectively. Thermal properties of the steel were adopted in
accordance with European Standard EN 1993-1-2 [29], while those of GBAC coating were
derived from experimental values. Except for the upper surface, the remaining surfaces of
the steel beams set their thermal boundary conditions according to the ISO 834 standard
temperature curve to calculate the temperature field of the cross-section under standard fire
exposure [18]. Subsequently, a 3D model of the steel beam was developed, featuring a span
of 4.0 m and simply supported end conditions. A load ratio of 0.6 was employed. Four
concentrated loads of 65 kN with intervals of 0.8 m were applied along the beam span. The
masses of both the steel beam and GBAC coating were considered. Finally, the temperature
field data were imported to compute the mid-span deflection of the beam under combined
thermal and mechanical loading.

4. Results and Discussion
4.1. Dry Density

As shown in Figure 6, the 7-day and 28-day dry densities of GBAC decreased with
an increase in aerogel content. At a constant W/B ratio of 0.60, when the aerogel content
increased from 70% to 75%, the reductions in the 7-day and 28-day dry densities were 11.97%
and 8.30%, respectively. A further increase in aerogel content to 80% led to reductions of
7.40% and 9.05% in the 7-day and 28-day dry densities, respectively. A similar trend was
observed at a W/B ratio of 0.70. This phenomenon can be attributed to the significantly
lower density of the silica aerogel (110 kg/m?) compared to that of the pure geopolymer
paste (approximately 1950 kg/m?). Consequently, a higher aerogel content directly results
in a lower overall dry density of the GBAC.
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Figure 6. Effect of aerogel content on dry density of GBAC. (a) W/B ratio of 0.60; (b) W/B ratio
of 0.70.

As illustrated in Figure 7, both the 7-day and 28-day dry densities of the GBAC
decreased with an increase in the W/B ratio. For instance, at a fixed aerogel content of 75%,
increasing the W/B ratio from 0.50 to 0.55 and subsequently to 0.60 led to a gradual decrease
in the 7-day dry density from 732 kg/m? to 662 kg/m?, and in the 28-day dry density from
681 kg/ mS to 630 kg/ m3. A similar influence of the W/B ratio on dry density was observed
at an aerogel content of 80%. These results confirm that the W/B ratio significantly affects
the dry density of GBAC. This reduction is primarily due to the relatively high water
demand of the geopolymer system used in this study. Excess water, not consumed in the
geopolymeric reaction, either remains as free water in the paste or infiltrates the pores of the
aerogel. The water eventually evaporates during drying, leaving behind additional voids.
Consequently, a higher W /B ratio results in greater porosity and, thus, a lower dry density.

900 900
C7d C7d
04 [ J28d 800 [ J28d
= 706
700 4 681 700
642 662
~ 3 630 2 om0 613 73
E 600 1 £ 6007 3
E‘) ) 516 5%7
= 500+ < 500
z z
5 400 § 400+
>
& 300 & 300+
200 1 200 -
100 100
0 0
0.50 0.55 0.60 0.60 0.70
WiB ratio W/B ratio
(a) (b)
Figure 7. Effect of W/B ratio on dry density of GBAC. (a) Aerogel content of 75%; (b) Aerogel content
of 80%.

Regarding the effect of curing age, a comparison between the 7-day and 28-day dry
densities revealed that, with the exception of the 0.80AG-0.70 mix, the 28-day dry density
was lower than the 7-day value for all other formulations. However, the reduction was
within 10%. Slightly greater reductions were observed for mixes with lower aerogel content
and W/B ratios, whereas mixes with higher aerogel content or higher W /B ratios exhibited
smaller decreases. This trend contrasts with that observed in conventional inorganic
mortars. In ordinary mortars, ongoing hydration of the cementitious materials over time
leads to a denser microstructure, reduced porosity, and consequently, an increased density.
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For the GBAC, however, a slow alkali-silica reaction occurs between the alkaline activator
and the silica aerogel, producing sodium silicate and water. A longer curing age results in
the generation of more water. The subsequent evaporation of this additional water during
the drying process prior to testing is the primary reason for the observed decrease in the
dry density of GBAC with age.

4.2. Thermal Conductivity

The thermal conductivity of GBAC exhibited a trend similar to that of its dry density
with varying aerogel content. As shown in Figure 8, a higher aerogel content resulted in
lower thermal conductivity. For instance, at a constant W /B ratio of 0.60, increasing the
aerogel content from 70% to 80% led to a decrease in the 28-day thermal conductivity from
0.169 W/(m-K) to 0.148 W/(m-K). A similar declining trend was observed when the aerogel
content was increased from 80% to 85% at a W/B ratio of 0.70. This can be attributed to
the extremely high porosity of the aerogel [30]. It introduces a significant volume of closed
pores into GBAC, which greatly enhances its thermal insulation capability. In addition, the
pore size within the aerogel is typically smaller than the mean free path of gas molecules,
effectively suppressing gaseous thermal convection [21,30]. The thermal conductivity of
silica aerogel is very low, ranging from approximately 0.005 to 0.1 W/(m-K) [20], which
is substantially lower than that of geopolymer paste. Therefore, a higher volume fraction
of aerogel naturally leads to a lower overall thermal conductivity of the composite. Fur-
thermore, the interfacial thermal resistance present at the interfacial transition zone (ITZ)
between the aerogel particles and the geopolymer matrix contributes to a further reduction
in thermal conductivity [31]. This effect becomes more pronounced with higher aerogel
content due to the increased total area of the ITZ. However, it is noteworthy that when the
aerogel content exceeded 70%, the marginal benefit of further increasing the aerogel content
on reducing thermal conductivity became less significant, indicating a plateauing effect.

7d 7d

0204 0.19 28d | _ 0.20 4 T |28d
< 0.169 0.163 X
g T £
S o154 [ 0148 0.147 0148 | = 015+
Z Z
B 2
2 =
51 51 0.099
Z 0.10+ 5 0.10 0.096 T
3 g 010 0 T 0080 0090
) o L
o (5]
Té =
5 0.05 E—’ 0.05
= B

0.00 0.00

70% 75% 80% 0% 85%

Aerogel content Aerogel content

(a) (b)

Figure 8. Effect of aerogel content on thermal conductivity of GBAC. (a) W/B ratio of 0.60; (b) W/B
ratio of 0.70.

Figure 9 illustrates the thermal conductivity of GBAC at different W/B ratios. A higher
W/B ratio resulted in a lower thermal conductivity, a trend largely consistent with the
variation observed in dry density. This correlation can be explained by the fact that water
evaporation during drying leaves behind pores within the GBAC. A higher W/B ratio thus
leads to increased porosity, which in turn lowers the thermal conductivity. While increasing
the W/B ratio can effectively reduce the thermal conductivity at a constant aerogel content,
the adjustable range for the W/B ratio is practically limited. An excessively low W /B ratio
renders the GBAC mixture unworkable, preventing proper application. Conversely, an
excessively high W /B ratio can cause the lightweight aerogel particles to segregate and float
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within the geopolymer paste, leading to inhomogeneity in the coating and a detrimental
effect on its mechanical and bonding strength. Therefore, in practical applications, the
W /B ratio must be carefully selected in accordance with the aerogel content to balance
workability, homogeneity, and final performance.
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Figure 9. Effect of W/B ratio on thermal conductivity of GBAC. (a) Aerogel content of 75%;
(b) Aerogel content of 80%.

A comparison of the 7-day and 28-day thermal conductivity further reveals an effect of
curing age. For mixes with low aerogel content and low W /B ratio, the thermal conductivity
decreased noticeably with increased curing age. In contrast, for mixes with high aerogel
content and high W/B ratio, the thermal conductivity showed little change over time. This
phenomenon may be linked to the aforementioned alkali-silica reaction. In formulations
with low aerogel content and low W/B ratio, the thermal conductivity is predominantly
influenced by the denser geopolymer matrix. As curing progresses, the extended reaction
between the alkaline activator and the silica aerogel generates additional water. The
subsequent evaporation of this water during the drying phase increases the overall porosity,
thereby reducing the thermal conductivity. For mixes with high aerogel content and high
W/B ratio, the proportion of alkaline solution is relatively lower, resulting in a much
weaker alkali-silica reaction. Consequently, the thermal conductivity of these GBAC mixes
remains largely unchanged with increased curing age.

4.3. Compressive Strength

Figure 10 illustrates the variation in compressive strength of GBAC with respect to
aerogel content. The compressive strength decreased with increasing aerogel content. At a
W/B ratio of 0.60, the GBAC with aerogel content of 70% achieved a 28-day compressive
strength of 3.01 MPa, which was 2.23 times higher than that of the mix with aerogel content
of 80%, indicating a significant difference. The compressive strength of GBAC is governed
by the properties of the geopolymer matrix, the aerogel particles, and the ITZ between
them. The geopolymer paste with a W/B ratio of 0.60 exhibited a 28-day compressive
strength of 43.87 MPa, far exceeding that of any GBAC mix. This comparison confirms that
both the aerogel and the ITZ represent the primary weak links determining the strength
of the composite. The inherent high porosity and low intrinsic strength of the aerogel
contribute significantly to this weakness. A higher aerogel content thus makes the GBAC
more susceptible to failure under load. Furthermore, the hydrophobic nature of the aerogel
hinders effective bonding with the geopolymer matrix. This poor interfacial adhesion
is evidenced by Gao et al. [32], who observed a gap of approximately ten micrometers
between aerogel particles and the geopolymer matrix using scanning electron microscopy,
indicating a weak and vulnerable ITZ. Consequently, a higher aerogel content increases
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the total area of this weak ITZ, making the GBAC easier to crush. At a W/B ratio of 0.70,
the compressive strength of the GBAC with 85% aerogel content was slightly lower than
that with 80% aerogel. This may be attributed to a diminishing marginal effect, where the
detrimental impact on strength from adding more weak aerogel particles outweighs any
potential benefits once a very high volume fraction is reached.
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Figure 10. Effect of aerogel content on compressive strength of GBAC. (a) W/B ratio of 0.60; (b) W/B
ratio of 0.70.

Figure 11 shows the variation in compressive strength under different W/B ratios.
A clear trend was observed where a higher W/B ratio led to lower compressive strength.
The maximum 28-day compressive strength of 2.88 MPa was achieved at the lowest W/B
ratio of 0.50. As the W/B ratio increased to 0.60, the compressive strength decreased
progressively, with a substantial reduction of 51.04%. This significant decline is primarily
attributed to the role of excess water. Unconsumed water remains as free water within the
fresh mixture. Upon drying, the evaporation of the free water leaves behind a network of
pores. Consequently, a higher W/B ratio results in greater porosity, which directly weakens
the load-bearing capacity and leads to lower compressive strength. Notably, even with
a high W/B ratio of 0.70 and a high aerogel content of 80%, the GBAC still achieved a
28-day compressive strength of 0.40 MPa. This value surpasses the minimum requirement
of 0.3 MPa specified in relevant standards, demonstrating its fundamental mechanical
suitability for practical applications.
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Figure 11. Effect of W/B ratio on compressive strength of GBAC. (a) Aerogel content of 75%;
(b) Aerogel content of 80%.
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For mixes with low aerogel content and low W/B ratio, the 28-day compressive
strength was higher than the 7-day strength, with the enhancement being more pronounced
at lower W/B ratios. This strength gain over time is attributed to the ongoing hydration
and geopolymeric reactions within the binder phase. A lower proportion of aerogel and a
lower W/B ratio correspond to a higher effective content of reactive geopolymer precursors,
thereby offering greater potential for late-age strength development. Conversely, for the
two specific mixes indicated in Figure 10b, the 28-day strength was lower than the 7-day
value. This anomalous decrease is likely due to the excessively high aerogel content in
these mixes, where the prolonged alkali-silica reaction between the aerogel and the alkaline
solution may have progressively weakened the microstructure.

Considering the overall performance metrics, the mix 0.70AG-0.60 was selected as the
baseline mixture for all subsequent modification experiments. This selection was based
on its optimal balance of properties, specifically its highest specific strength among all
tested mixes, coupled with the lowest aerogel usage and associated material cost. This
baseline mixture achieved a 28-day dry density of 687 kg/m3, a thermal conductivity of
0.17 W/(m-K), and a compressive strength of 3.01 MPa.

4.4. Drying Shrinkage

The drying shrinkage of GBAC modified with latex powder, basalt fibers, and an
expansive agent is shown in Figure 12. The majority of shrinkage occurred within the first
three days and stabilized after seven days. The baseline mixture 0.70AG-0.60 exhibited
substantial shrinkage, reaching 20.9 x 1073 by 28 days. Furthermore, uneven shrinkage
was observed due to the floating of aerogel particles during curing. The primary driver of
the shrinkage is water loss from the geopolymer matrix. While the aerogel particles act as a
skeleton, their relatively low stiffness provides limited restraint against the shrinkage of
the paste. Incorporating latex powder improved the dispersion homogeneity of aerogel
in the geopolymer slurry, reducing its tendency to float. However, latex powder did not
effectively mitigate shrinkage at a low dosage of 2.5%. In fact, a slight increase was noted.
A noticeable reduction in shrinkage was achieved only when the latex powder dosage
was increased to 5.0%. The addition of basalt fibers to the mixture containing 5% latex
powder significantly inhibited drying shrinkage. With fiber dosages of 0.5% and 1.0%,
the 28-day shrinkage strain decreased from 18.6 x 1072 to 7.6 x 1073 and 4.5 x 1073,
respectively, representing reductions of 59.11% and 76.03%. This effective restraint is
attributed to the strong bond between the basalt fibers and the geopolymer matrix, which
restricts the relative sliding and deformation of the paste [33]. This finding aligns with the
work of Xu et al. [34], who reported an 18.5% reduction in the 56-day drying shrinkage
of geopolymer mortar upon incorporating 0.4% basalt fibers. The incorporation of an
expansive agent into the mixture containing 1.0% of fibers and 2.5% of latex powder further
reduced the shrinkage to 3.1 x 10~3. The primary components of the expansive agent,
such as calcium oxide, gypsum, and calcium sulfoaluminate, react to form ettringite and
portlandite upon hydration. As noted by Jia et al. [35], the formation of these expansive
products compensates for the drying shrinkage of the geopolymer. Additionally, ettringite
and portlandite possess a higher elastic modulus than the primary C-A-S-H gel, providing
a more rigid skeletal structure that better resists contraction. A dosage of 4% expansive
agent effectively reduced shrinkage. Further increases provided no additional benefit and
adversely affected the workability of the mixture.
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Figure 12. Drying shrinkage strain of GBAC.

4.5. Tensile Strength

The three groups of specimens without basalt fibers fractured into two separate pieces
upon reaching their peak tensile load. In contrast, specimens containing basalt fibers
developed only a central crack at the point of tensile strength, without complete separation.
Post-test examination of the fractured surface revealed numerous basalt fibers oriented
perpendicular to the fracture plane, indicating good fiber dispersion and effective crack-
bridging action within the composite. Figure 13 presents the tensile strength of GBAC with
varying dosages of latex powder. The tensile strength showed a slight increase with higher
latex powder content. However, even at a dosage of 5.0%, the improvement was limited to
only 9.91%. It was observed that some specimens exhibited noticeable voids at the fracture
surface. This is attributed to the increased viscosity and reduced workability imparted
by the latex powder, which hindered effective compaction during specimen preparation,
thereby limiting the potential enhancement in tensile strength.
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Figure 13. Effect of latex powder content on tensile strength of GBAC.

As shown in Figure 14, the incorporation of basalt fibers significantly enhanced the
tensile strength of GBAC. The tensile strength increased by 89.27% when the fiber content
reached 1.0%, compared to the fiber-free counterpart. This substantial improvement is
primarily attributed to the high tensile strength of the basalt fibers. When the GBAC
matrix reaches its cracking load, the fibers bridging the crack continue to carry tensile
stress until the fibers slip [36], thereby markedly improving the overall tensile performance
of the composite.
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Figure 14. Effect of fiber content on tensile strength of GBAC.

The addition of an expansive agent to the GBAC already containing latex powder and
basalt fibers led to a further increase in tensile strength (Figure 15). Expansive agent dosages
of 4% and 6% resulted in strength enhancements of 36.08% and 52.28%, respectively. The
expansive agent effectively reduces the drying shrinkage of the GBAC, thereby minimizing
the development of microcracks induced by contraction. In addition, the hydration prod-
ucts of the expansive agent promote a denser and stronger interfacial bond between the
basalt fibers and the geopolymer matrix. This enhanced interfacial condition allows for
more efficient stress transfer and enables the fibers to perform their crack-bridging action
more effectively, leading to the observed additional gain in tensile capacity.
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Figure 15. Effect of expansive agent content on tensile strength of GBAC.

4.6. Bonding Strength

In all specimens, failure occurred at the interface between the GBAC and the steel
substrate. For specimens without basalt fibers, complete separation from the substrate
was observed at the failure load, revealing a relatively smooth debonding surface. In
contrast, for specimens containing fibers, only a narrow debonding gap appeared at the
interface upon failure, without complete detachment of the specimen from the substrate.
As shown in Figure 16, the incorporation of latex powder was beneficial in enhancing
the bonding strength of GBAC. Compared to the control group, the bonding strength
increased by 31.30% and 36.82% with latex powder dosages of 2.5% and 5.0%, respectively.
The primary component of the latex powder used is a vinyl acetate-ethylene copolymer.
During curing and drying, this polymer can form a continuous polymeric film within the
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geopolymer matrix. The film intersperses among the geopolymeric hydration products
and encapsulates fine particles or aggregates [37]. This dual mechanism enhances the
overall integrity and cohesion of the GBAC, which in turn improves its adhesive bond to
the steel substrate.
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Figure 16. Effect of latex powder content on bonding strength of GBAC.

Figure 17 illustrates the effect of basalt fiber content on the bonding strength of
GBAC. The results indicate that the bonding strength increased gradually with initial fiber
addition, followed by a sharp rise to 0.398 MPa at higher fiber dosages. The enhancement
of bonding strength by basalt fibers can be attributed to their effectiveness in restraining
the drying shrinkage of GBAC, as detailed in Section 4.4. This restraint reduces the relative
displacement between the GBAC coating and the steel substrate upon drying, thereby
effectively suppressing the initiation and propagation of interfacial cracks.
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Figure 17. Effect of fiber content on bonding strength of GBAC.

As demonstrated in Figure 18, introducing an expansive agent into the GBAC already
modified with latex powder and basalt fibers resulted in a further improvement in bonding
strength. Without the expansive agent, the bonding strength was 0.315 MPa. The addition
of 4% and 6% expansive agent increased the bonding strength by 16.46% and 23.47%,
respectively. Similar to the mechanism of basalt fibers, the expansive agent enhances the
interfacial bond primarily by mitigating the drying shrinkage of GBAC, which in turn
suppresses the formation of interfacial microcracks induced by contraction.
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Figure 18. Effect of expansive agent content on bonding strength of GBAC.

In summary, the latex powder showed little effect on mitigating the drying shrinkage
of GBAC but contributed to the improvement of both tensile and bonding strength. In
contrast, both basalt fibers and the expansive agent significantly enhanced the shrinkage
resistance, tensile strength, and bonding strength of the composite. Among the optimized
mixtures, the formulation 2.5JF-1.0XW-6.0PZ] exhibited superior performance in terms of
volumetric stability, tensile properties, and bonding performance. However, its significantly
reduced workability posed challenges for practical application. Therefore, the formulation
2.5]F-1.0XW-4.0PZ] was selected as the final one for the subsequent thermal insulation tests.
A comparison was conducted on the coating performance of conducted on the optimized
GBAC, a commercial non-intumescent coating and requirements provided in Chinese code
GB 14907-2018 [25]. As given in Table 4, the optimized GBAC exhibits compressive strength
and bonding strength far superior to those of the commercial coating and requirements
provided in Chinese code. The thermal conductivity and dry density of GBAC, however,
need to be improved in future studies.

Table 4. Performance comparison among GBAC, commercial non-intumescent coating and require-
ments provided in Chinese code.

Performance GBAC CT-MK6 [38] GB 14907-2018 [25]
Thermal conductivity (W/(m:-K)) 0.17 0.12 -
Dry density (kg/m?) 687 571 <650
Compressive strength (MPa) 3.01 0.9 >0.5
Bonding strength (MPa) 0.37 0.14 >0.04

4.7. Pore Characteristics

As shown in Figure 19, with increasing aerogel volume dosages from 70% to 85%, the
porosity increased from 57.5% to 73.9%, and the average pore diameter rose from 18.78
to 143.88 nm. Because the aerogel adopted in this study has a porosity more than 90%,
the incorporation of aerogel leads to a significant increase in both porosity and average
pore diameter of GBAC. This finding also explains the phenomenon that increasing aerogel
dosages result in lower dry density and compressive strength of GBAC. Furthermore,
the W/B ratio plays an important role in the pore characteristics of GBAC. As the W/B
ratio increased from 0.50 to 0.70, the porosity rose by 23%, and the average pore diameter
enlarged fivefold. The GBAC has relatively high W/B ratio. Most of free water will
evaporate as the geopolymer hardens, leaving pores in the matrix. The higher the W/B
ratio is, the higher the porosity and the average pore diameter are.
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Figure 19. Pore characteristics of GBAC. (a) Porosity; (b) Average pore diameter.

4.8. Thermal Insulation

Following the thermal insulation tests, all GBAC coatings on the steel plates remained
intact without any localized spalling. The central region of each steel plate deflected towards
the furnace chamber, and cracks developed in the overlying GBAC coating. The crack
width reaches its maximum at the central thermocouple (Figure 20). This is because the
steel plate, when heated on one side, undergoes thermal expansion and deflection towards
the heat source. The GBAC coating, bonded to the plate, is forced to follow this deformation.
However, the deformability of the brittle GBAC is insufficient to accommodate the steel’s
deflection, leading to the observed cracking pattern.
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Figure 20. Specimen B25 after thermal insulation test. (a) Heating surface; (b) Side.

The temperature profiles at different locations are presented in Figure 21. As shown in
Figure 21a, the temperature on the fire-exposed surface of the GBAC-coated specimens was
slightly lower than that of the uncoated control. The difference became more pronounced
with greater GBAC thickness. This cooling effect is attributed to the evaporation of moisture
from the GBAC during heating, as the released water vapor absorbs significant latent heat,
thereby reducing the surface temperature.

Figure 21b compares the temperature at the mid-thickness of the GBAC coating for
specimens B15, B20, and B25. All curves exhibit a distinct “vapor plateau” period during
the initial heating stage, where the temperature rise is delayed by water evaporation. The
duration of this plateau lengthened with increased coating thickness. As heating progressed
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and moisture depletion reduced evaporative cooling, the thickness of the GBAC coating
became the dominant insulating factor. Consequently, a clear negative correlation was
observed between the coating thickness and the temperature. The time required for the
mid-thickness point to reach 500 °C was 76, 101, and 109 min for specimens B15, B20, and
B25, respectively. During the subsequent steady-state period at 1000 °C, the temperatures
at this location converged for all coated specimens. This convergence is likely due to
the propagation of cracks, which eventually exposed the embedded thermocouples more
directly to the furnace environment, diminishing the protective effect of the intact GBAC.
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Figure 21. Comparison of temperature among different specimens. (a) Heating surface; (b) Mid-thickness
of coating; (c) Coating-steel interface; (d) Average temperature on the unexposed steel surface.

As shown in Figure 21c, the temperature evolution at the coating-steel interface
followed a trend similar to that at the mid-thickness. However, being protected by the
full thickness of the coating, the specimens B15, B20, and B25 widened their temperature
differences. Specimen B15 exhibited a notably faster heating rate compared to specimens
B20 and B25, as its thinner coating was more susceptible to cracking. The temperatures
of specimens B20 and B25 were consistently lower than that of specimen B15 during the
steady-state phase, demonstrating the effect of the coating thickness.

Figure 21d presents the average temperature on the unexposed steel surface. GBAC
coating exhibited a profound impact. The uncoated control specimen B0 heated rapidly,
reaching 500 °C in just 57 min and stabilizing near the furnace temperature after 120 min.
In stark contrast, the GBAC-coated specimens experienced significant delays. Influenced by
the prolonged moisture evaporation, their back-side temperatures remained below 100 °C
for an extended period before rising at a rate comparable to BO. The critical time for the
average back-side temperature to reach 500 °C was 119, 136, and 150 min for specimens
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B15, B20, and B25, respectively. These times represent a substantial extension compared
to the control specimen, demonstrating that the GBAC effectively enhances the thermal
insulating efficiency of the steel substrate, with performance improving proportionally
with coating thickness. A comparison between Figure 21c,d reveals that the temperature
on the steel back-side consistently lagged behind that at the GBAC-steel interface. This is
because there is an interfacial thermal resistance between GBAC and the steel plate, which
hinders the heat transfer.

4.9. Simulation Results for Fire Resistance

Figure 22 depicts the temperature-time profiles at the centroid of the steel beam
cross-sections. For the uncoated steel beam, its temperature is closely aligned with the
ISO 834 standard fire curve [18]. In contrast, the application of GBAC coatings led to a
significant reduction in beam temperature, with a positive correlation observed between
coating thickness and temperature reduction efficiency. According to Chinese standard GB
51249-2017 [39], the critical temperature of the steel beam is 542 °C under a load ratio of 0.6.
The uncoated beam reached this critical temperature in merely eight minutes, whereas the
beams with 15, 20, and 25 mm of GBAC coatings achieved the critical temperature at 61,
83, and 109 min, respectively. These findings demonstrated that GBAC coatings effectively
mitigate the temperature rise of steel beams under exposure to fire. Coating thickness is a
key parameter governing the fire protection performance.
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Figure 22. Temperature-time relationships at the centroid of the steel beams.

Figure 23 presents the deflection-time curves of the steel beams. The deflection of the
uncoated steel beam increased rapidly at the initial stage, while those of the three steel
beams coated with GBAC increased slowly most of the time and then rapidly within a few
minutes at the later stage. The thicker the coatings, the longer the period of slow increase.
According to GB 14907-2018 [25], the fire resistances for these steel beams were the time
required for the mid-span deflection to reach 100 mm. The uncoated beam and the ones
coated with 15, 20 and 25 mm of GBAC reached their fire resistances in 12, 71, 95 and
122 min, respectively. This indicated that GBAC coatings with thicknesses of 20 and 25 mm
can make the steel beams meet the requirements of Classes II and I fire resistance [40].
All the beams reached their fire resistances shortly after the critical temperature. This is
because the steel rapidly loses its strength once it reaches the critical temperature, leading
to a severe reduction in the load-bearing capacities of the beams.
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Figure 23. Deflection-time relationships of steel beams.

5. Conclusions

To address the limitations of traditional non-intumescent fire-resistive coatings, such

as excessive thickness and poor adhesion, this study developed a novel coating utilizing

geopolymer as the binder and silica aerogel as the insulating aggregate. Thermal con-

ductivity, compressive strength, tensile strength, bonding strength, drying shrinkage, and

thermal insulation were tested to investigate the effects of raw material composition on the

mechanical and thermal properties of GBAC. An optimal formulation was subsequently

selected. Finite element analysis was conducted on the fire resistance of steel beams coated
with the optimized GBAC. The main conclusions are drawn as follows.

@

@)

®)

4)

Increasing the aerogel content and W /B ratio reduces the dry density, thermal con-
ductivity, and compressive strength of GBAC. The dry density generally decreases
with prolonged curing age. A baseline mixture with 70% aerogel and a W /B ratio of
0.6 can achieve a dry density of 687 kg/m?, a thermal conductivity of 0.17 W/(m-K),
and a compressive strength of 3.01 MPa.

Both basalt fibers and an expansive agent significantly enhance the bonding per-
formance of GBAC by effectively restraining its drying shrinkage. Although latex
powder shows negligible effect on shrinkage reduction, it improves both the tensile
and bonding strength. The incorporation of 2.5% latex powder, 1.0% basalt fibers,
and 4.0% expansive agent into the baseline mixture leads to a remarkable reduc-
tion in shrinkage strain by 85.23%, an increase in tensile strength by 90.93%, and an
enhancement in bonding strength by 64.89%.

The GBAC demonstrates excellent structural integrity and thermal insulation under
high temperatures. After exposure to 1000 °C, the coating remains intact without
spalling. Applied at thicknesses of 15, 20, and 25 mm, the GBAC coating extends the
thermal insulating efficiency of the steel plates by 66, 84, and 108 min, respectively.
Finite element simulation results show that under the ISO834 standard fire condition
and a load ratio of 0.6, the fire resistances reach 95 and 122 min on steel beams coated
with 20 and 25 mm of GBAC, which meet the requirements of Classes II and I fire
resistance, respectively.

As a preliminary exploration of GBAC coating, this study has not addressed the poor

workability of the coating nor included the durability or an assessment of the carbon
footprint. The flowability of fresh coatings may be enhanced by optimizing the particle
gradation of aerogel and adopting higher-power mixing equipment. And the long-term
performance and life cycle assessments on GBAC will be considered in future studies.
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