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Abstract

Sandwich panels, widely used in factory and warehouse construction, are highly suscepti-
ble to fire due to their fragile surfaces and polyurethane-insulated cores. Such structures
facilitate rapid fire spread, significantly increasing the risk of extensive thermal damage.
Although conventional measures, such as surface pre-wetting, are commonly utilized, their
effectiveness is limited due to rapid evaporation. To address this issue, the current study
evaluates the effectiveness of compressed air foam (CAF) applied as a pre-application
treatment for delaying fire spread. Full-scale fire experiments were conducted to measure
temperature variations across sandwich panel surfaces treated under three different con-
ditions: untreated, water-treated, and CAF-treated. Experimental results indicated that
CAF effectively formed a stable insulating barrier, maintaining temperatures well below
critical thresholds, compared to untreated and water-treated panels. CAF application
demonstrated superior thermal protection, reducing internal temperatures by up to 78%
compared to untreated conditions and by 67.5% compared to water-treated conditions.
These findings underscore the practical importance of adopting CAF pre-application as a
proactive fire mitigation strategy, significantly enhancing fire safety standards in industrial
and storage facilities constructed with sandwich panels.

Keywords: compressed air foam; pre-application; radiant heat blocking; prevent fire spread;
sandwich panel

1. Introduction

Sandwich panels are widely used in factories and warehouse complexes due to their
simplicity and seamless construction. However, their urethane-insulated core and relatively
weak surface make them vulnerable to fire. Once the insulation reaches its melting point,
toxic gases are released, and air infiltration through panel joints accelerates combustion,
leading to rapid fire growth. The steel facings further transmit heat owing to their high
thermal conductivity of approximately 50 W/m-K [1,2], which accelerates heat transfer into
the core and promotes the thermal degradation of the insulation. At elevated temperatures,
the material weakens and deforms, hindering firefighting efforts and increasing casualty
risks [3].

Globally, the dangers of flammable substances have been acknowledged, and research
efforts are ongoing to implement safety measures. The National Fire Protection Association
(NFPA) published a research report on warehouse fires titled, ‘Structure Fires in Warehouse
Properties’ [4]. The report determines the number of fires that occur each year and the
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extent of the damage caused. The Confederation of National Fire Protection Organiza-
tions in Europe (CFPA EUROPE) presents guidelines for fire prevention and protection
measures based on the European Guidelines on Fire Safety in Warehouses [5]. The use of
combustible materials (such as urethane foam, aluminum composite materials, and plastic)
as exterior materials was prohibited in the United Kingdom in October 2018 following
the 2017 Grenfell Tower fire [6]. In industrial facilities and warehouse complexes, where
buildings are closely located and contain various flammable materials, the construction
of buildings using sandwich panels remains a prevalent practice. However, in the event
of a fire in such structures, it may rapidly reach its peak and spread to adjacent buildings.
Utilizing sandwich panels in the structural composition, in conjunction with a steel frame,
exacerbates the probability of collapse. Therefore, comprehensive measures and rapid
response protocols are required for areas with sandwich panel buildings.

In general, when a fire breaks out in a factory or warehouse complex constructed using
sandwich panels, the fire is extinguished using water. Water-based fire extinguishing is
the simplest and most commonly used method and is one of the most representative fire
extinguishing methods [7]. Water, an easily available, economical, and environmentally
friendly fire extinguishing agent [8], has high latent heat owing to its thermal properties,
enabling it to effectively absorb heat during a fire.

In contrast, factories and warehouse complexes with a high density of sandwich
structures are prone to rapid fire spread, making it necessary to extinguish the fire directly
at the site of the fire and prevent it from spreading to adjacent buildings. Kwon et al. [9]
demonstrated that the preliminary water supply of a building composed of lightweight steel
and sandwich panels can effectively delay the ignition time and reduce the temperature.
However, as the amount of water that can be used by fire engines is limited, it is necessary
to develop a more effective preliminary water supply to the surface of adjacent buildings
where fires have occurred.

Kim et al. [10] studied the thermal properties of extinguishing agents and reported that
foam extinguishing agents can effectively extinguish fires. Firefighting foam is a chemical
substance with improved permeability owing to its lower surface tension than water. It
better penetrates materials such as fibers and fabrics and has a larger surface area in contact
with the fuel, resulting in a higher heat absorption rate [11]. The foam adheres to the
surface of hot combustible materials and extinguishes the material via oxygen suffocation
and cooling. It interferes with the binding of oxygen and combustible vapors and prevents
the chemical chain reaction that causes the release of steam and the resultant combustion
of the material. The oxygen-blocking capability of the foam is a different extinguishing
mechanism used to extinguish fires. The foam breaks when exposed to an external heat
flow, and the liquid evaporates from the surface of the foam. This causes the microstructure
of the foam to adjust and the foaming solution to flow [12]. Foam exerts a side cooling
effect through moisture. Water diffuses heat through vaporization, whereas foam absorbs
the heat diffused through vaporization [13].

Recently, fire trucks equipped with compressed air foam systems (CAFSs) have been
increasingly dispatched to fire scenes. A CAFS combines a foam solution with compressed
air to produce millions of microscopic bubbles. Conventional foam systems use an air-
aspiration discharge device to draw in air and combine it with the foam solution to produce
foam [14]. A CAF is created by injecting compressed air bubbles into the foaming solution
in the mixing chamber, creating complete turbulence between the gas and the liquid,
unlike conventional foaming systems [15]. In particular, because many of the bubbles
in CAF are surrounded by a thin film, they absorb more heat than the same volume of
water [16]. The fire-extinguishing capability of CAF was evaluated in Class A fires and
compared with water. A comparison of the effectiveness of water and CAF in extinguishing
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Class A fires showed that CAF reduced the temperature 75-85% faster than water and
reduced combustion products 78% faster [17]. According to the results of a study on the
fire combustion characteristics of CAF and the effectiveness of each fire extinguishing
agent, CAF outperformed conventional foam fire extinguishing agents [18]. In addition,
a comparative study of the fire suppression performance of fire extinguishing agents in
compartment fires revealed that the fire extinguishing ability of CAF is superior to that of
pure water and traditional foam [19,20]. Madrzykowski [21] studied the thermal properties
of CAF by conducting ignition delay and mass retention tests. When the CAF was coated on
vertical plywood and radiant heat was applied to the specimen, the foam-coated plywood
had twice the ignition delay time of the water-coated plywood.

Previous studies have predominantly investigated the thermal blocking effects of water
or conventional firefighting foams under small-scale experimental conditions. However,
there is a noticeable lack of research analyzing the effectiveness of pre-applied compressed
air foam (CAF) on large-scale structural surfaces under realistic fire scenarios. In particular,
empirical evidence demonstrating CAF’s effectiveness in delaying fire spread to adjacent
buildings under full-scale conditions remains limited.

Therefore, this study aims to experimentally verify the effectiveness of pre-application
with water and CAF on the surfaces of full-scale sandwich panel structures in delaying heat
transfer and fire spread to neighboring buildings. By conducting full-scale fire experiments
under realistic conditions, this research addresses the limitations of prior small-scale studies
and proposes a more practical and proactive firefighting strategy applicable to actual fire
suppression scenarios.

2. Experimental Methods

2.1. Experimental Structure
2.1.1. Pre-Experiments Structure

A sandwich panel structure was constructed to scale down the building to establish
experimental conditions. The effectiveness of the agent was examined to determine rea-
sonable test conditions based on the scaled-down experiment before performing a real fire
experiment based on a structure composed of real sandwich panels.

The distance between the sandwich panel and the ignition source was 1.0 m, which
was determined in accordance with Article 242 of the Civil Act in Korea (construction
near the boundary line) [22]. The ignition source (sand burner) was positioned 1 m from
each panel to ensure that the sandwich panels, installed in a “1” shape to minimize wind
effects, were exposed to a constant radiant heat source, as shown in Figure 1a,b. K-type
thermocouples were positioned at varying heights (0.6, 1.0, and 1.4 m) along the central
axis of the sandwich panel, on the surface, and within the core to ascertain the temperature
as shown in Figure 1c.

2.1.2. Main Experiments Structure

The experimental design and procedures were established with reference to the SFPE
Handbook of Fire Protection Engineering (5th edition) and ISO 13784-1: Reaction-to-fire
tests for sandwich panel building systems [23]. These standards were used to define the
ignition heat flux, measurement locations, and evaluation criteria, thereby ensuring that
the test conditions were consistent with internationally recognized fire testing practices.

A full-scale fire experiment was conducted in a building with a composition similar to
that of an actual sandwich structure. The experiment was conducted in an outdoor setting.
A shield comprising panels and a gypsum board was constructed to mitigate the impact of
external environmental factors, such as wind, as illustrated in Figure 2. Water and CAFS
were applied using a fire truck equipped with CAFS from a nearby fire station.
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Figure 1. Structure and data analysis positions of preliminary experiments.
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Figure 2. Structures used in the main experiment.

The air-to-solution ratio for CAF was set to 1:14, and the foam was used in a dry
state to enhance surface adhesion when utilizing CAFS. This ratio was selected based on
previous research indicating that an air-to-solution ratio of approximately 1:13 provides
optimal performance in Class A fire scenarios [24]. Therefore, a comparable ratio of 1:14
was applied in this study to reflect effective operating conditions for CAF. Other expansion
ratios (e.g., 5 or 10) were not tested, and this limitation has been explicitly acknowledged
for future work.

A Class A foam concentrate was used to produce CAF, mixed with water and com-
pressed air through the CAFS. Typical properties of Class A foam solutions reported in
the literature include a surface tension of approximately 28-30 mN/m and a kinematic
viscosity of ~1.2 mm? /s, which are consistent with the values observed for the concentrate
used in this study [25,26].

The foam layer thickness was not strictly controlled during application, but visual
measurements indicated an average thickness of approximately 3-5 mm across the treated
surfaces. While this range was sufficient to maintain surface coverage during the ex-
periment, variations in layer thickness may influence fire-resistance performance. This
limitation has been noted, and future studies will systematically control and evaluate CAF
layer thickness.

The average application density of CAF on the sandwich panel surfaces was approxi-
mately 20 L/m?, which ensured full surface coverage during the pre-application. Some
foam drainage and minor loss occurred due to gravity; however, the coverage remained
sufficient to maintain a continuous insulating layer throughout the exposure period. In
contrast, the water pre-wetting condition required the same volumetric application but
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did not retain a stable layer on the vertical surfaces, as the water rapidly drained off. This
difference in retention highlights the superior surface adhesion and quality of the foam
layer compared to water application

The sandwich panel assembly used in the test reflected typical factory construction
practices, consisting of 0.5 mm thick galvanized steel facings and 100 mm thick expanded
polystyrene (EPS) insulation. This ensured that the test structure was representative of
actual building configurations commonly found in industrial settings.

In this study, the “connection” refers to the junctions between adjacent sandwich
panels rather than separate metallic connectors. These connection areas consisted of the
same galvanized steel facings (0.5 mm thick, thermal conductivity ~50 W/m-K) and EPS
insulation (melting point ~70 °C) as the rest of the panels, but the structural gaps made
them more vulnerable to flame penetration.

In a sandwich panel structure, fire spread throughout the structure is primarily fa-
cilitated by gaps in the connections between the panels created by the melting of interior
materials. The temperature of the sandwich panel center and that of the joint were ex-
amined. Thermocouples were installed at varying heights (0.6, 1.0, 1.4, and 1.8 m) on the
exterior surface of the structure and at depths within the panel to ascertain the temperature
changes occurring within the structure, as shown in Figure 3. K-type thermocouples were
utilized, with the precise installation location illustrated in Figure 4. A scaled-down model
of the Class-A combustion model was developed to create an ignition source.
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Figure 3. Information of exposed surface at structure used in the experiment.
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Figure 4. Thermocouple position with a sectional view of the structure used in the experiment.
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Referring to the American SFPE Handbook of Fire Protection Engineering [27], the
maximum radiant heat flux of the ignition source was set to the standard value of
12.5-25.0 kW/m?, which can affect the equipment (Table 1). To this end, the heat flux
was measured from ignition (0 s) to 200 s, and the average heat flux value for each height
over the entire section was confirmed to be approximately 6.35 kW /m?. However, the
value includes both the rising and falling sections, and when analyzing the maximum
radiant heat flux value by height, it was set to have an average maximum radiant heat flux
value of 15.2 kW /m?2, with a minimum of 12.1 kW /m? and a maximum of 17.1 kW /m?
(Figure 5).

Table 1. Equipment damage criteria based on radiant heat flux exposure time.

Heat Flux (kW/m?) Damaged Equipment

12.5 Minimum energy required to ignite wood by flame

Minimum energy required to ignite wood through

25.0 ;
prolonged exposure without flame
20 i T T i i T i T T 8 T T T T
06m 1.0m 0.6m 1.0m
14m 1.8m 14m——18m
160" Approximation —
£
< \E/ L |
= x
=
= [ A
3 IS A{
3 : )
(]
(5] L -
T &°
[
>
<
0 1 1 1 1 5 1 1 1 1
0 40 80 120 160 200 0.6 1.0 1.4 1.8
Time (s) Height (m)
(a) Heat flux over time (b) Average heat flux by height

Figure 5. Measurement results of heat flux.

2.2. Experimental Procedure
2.2.1. Pre-Experiments Procedure

Figure 6 illustrates the preliminary experiment procedure. First, the sandwich panel
was positioned in the shape of the symbol “I.” Before igniting the ignition source, the
surface of the sandwich panel can be described as comprising three crucial conditions
(Figure 7):

1.  Nothing pre-application at the surface: none.
2. Water pre-application at the surface: water.
3. Compressed air foam pre-application at surface: CAF.

The temperature change in the surface and core of the sandwich panel under each
condition was observed following the ignition of the ignition source. The test duration
was 800 s, and 600 s was allowed for the pre-applied water or agent to evaporate from
the surface.
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Figure 6. Preliminary experiment steps.
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(c) CAF: Foam adhered to surface,
stronger thermal barrier

Figure 7. Conditions of pre-experiments (Top view).

2.2.2. Main Experiments Procedure

Before source ignition, the surface of the sandwich panel structure was prepared
in accordance with one of the following three conditions: untreated, water-treated, and
compressed air foam-treated. As shown in Figure 8, the untreated surface was called
“None,” the water-treated surface was referred to as “Water,” and “CAF” indicated the
pre-application surface by compressed air foam. Subsequently, the ignition source was
ignited and the surface temperature was monitored. The experiment was conducted for
300 s, beginning with the ignition of the ignition source (0 s). In the event of a fire spreading
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to the sandwich panel, a forced extinguishment procedure was initiated to ensure safety.
The experiment was repeated twice under identical conditions, and the mean of the two
measurements was used to negate the impact of external factors on the results.
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(a) None (b) Water (c) CAF

Figure 8. Conditions of main experiments.

2.2.3. Limitations

Due to the high cost and logistical constraints of full-scale fire testing, the number
of experimental repetitions was limited to two. As a result, statistical analyses such as
standard deviations and hypothesis testing (e.g., t-tests or ANOVA) could not be conducted
with sufficient power. This limitation has been explicitly acknowledged in the present
study, and future studies should increase the number of replicates (e.g., n > 5) to strengthen
statistical validity and enable more robust quantitative conclusions.

Furthermore, although the observed variation between replicates was within 5 °C,
the limited number of samples prevented the use of statistical tests to confirm the signifi-
cance of the differences in heat blocking rates. Future studies should therefore include a
larger sample size and apply appropriate statistical analyses to ensure rigorous evaluation
of significance.

In addition, environmental factors such as wind speed, humidity, and extended
exposure durations were not varied in this study but are recognized as critical for real-
world application. Future work will systematically analyze the effects of environmental
conditions and different air-to-solution ratios of CAF to enhance external validity.

Furthermore, the stability of CAF under varying environmental conditions such as
wind, rainfall, and humidity was not systematically investigated in this study. Previous
research has indicated that environmental factors can significantly influence foam durability
and heat insulation performance [28]. Future full-scale studies should therefore examine
CAF stability under diverse weather conditions to ensure its practical applicability in real
fire scenarios.

In addition, only a single expansion ratio (1:14) was tested in this study. Although
this value was chosen based on previous research indicating that approximately 1:13 is
optimal for Class A fire conditions, it is recognized that actual fire suppression scenarios
often involve lower expansion ratios (e.g., 5-10). The absence of comparative experiments
across multiple expansion ratios (0, 5, 10, and 14) represents another limitation of this work,
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and future studies will systematically examine the influence of varying expansion ratios on
CAF performance.

3. Results

This study evaluated the influence of external fire on sandwich panels by compar-
ing temperature increases at the surface, core, and compartment under three conditions:
untreated (“None”), water pre-application (“Water”), and CAF pre-application (“CAF”).

3.1. Pre-Experiments Results

The preliminary results were analyzed by comparing the surface and core temperatures
as shown in Figure 9. First, the average temperatures of water and CAF applied to the
sandwich panel surface were examined for 600 s, the estimated time required for the agent
to evaporate. A maximum temperature difference of 23.4 °C was observed on the surface
for “Water” compared to the case of “None.” The “CAF” yielded a maximum temperature
difference of 24.5 °C compared to “None.” However, a maximum temperature difference of
6.8 °C was observed between “Water” and “CAFE.” Therefore, the pre-application of water
to the surface of the sandwich panel structure in the vicinity of the fire can enhance the
efficacy of thermal insulation within the structure by up to 33.9% without water and 38.1%
with water, as indicated in Table 2. For each condition, two replicates were conducted,
and the results showed consistent trends within a variation of approximately £5 °C. Due
to the small sample size (n = 2), statistical significance testing (e.g., t-tests or ANOVA)
could not be performed with sufficient power. Instead, the mean values are presented
together with the observed variation, which remained within a narrow range, thereby
supporting the reliability of the reported heat blocking rates. However, the insulation
material (Styrofoam) utilized for the internal insulation of sandwich panels had a melting
point of 70 °C. Consequently, the insulation material melted when the internal temperature
exceeded 70 °C owing to an external fire, facilitating the spread of the fire within the
structure [23]. The average core temperature was 8.1 °C lower in the “Water” condition
than that in “None.” However, the core temperature exceeded 70 °C, the inner material
melting point, except for the measurement obtained at a height of 1.4 m, as shown in
Figure 9. The surface application of the CAF resulted in a temperature reduction of up to
19.3 °C relative to the “None” condition and 14.7 °C relative to the “Water” application
case. However, in particular circumstances, the melting point of the internal materials
exceeded 70 °C despite a relatively modest temperature increase. The heat blocking
rate of the thermal barrier to the core reached 34.9% and 28.8% in “None” and “Water”
conditions, respectively, demonstrating the effectiveness of the thermal barrier to the core.
The impact of elevated temperatures was examined to determine the viability of evacuating
the occupants to minimize potential damage to the vicinity structures. The temperature
increase was delayed at all heights as follows: CAF > Water > None.

Table 2. Heat blocking rate in preliminary experiments.

Measurement Heat Blocking Rate (%)
Height (m) None/Water * None/CAF ** Water/CAF ***
0.6 31.8 225 (—)12.0
1.0 33.9 35.5 2.5
14 27.3 38.1 17.5

* Calculation method: [{(None temp.) — (Water temp.)} /None temp.] x 100 [%]. ** Calculation method: [{(None
temp.) — (CAF temp.)}/CAF temp.] x 100 [%]. *** Calculation method: [{(Water temp.) — (CAF temp.)}/CAF
temp.] x 100 [%].



Fire 2025, 8, 359

10 of 18

Ignition [Measurement height: 0.6 m]
120 T T T T T T
None
Water
100 | |Avg.Temp.: None>CAF>Water(= 420 s) f—— CAF |4
None>Water>CAF(> 420 s)
© Delay time: None<Water<CAF None = Water = CAF
:,’ 80 - g
=
2
o
a
£ 60 —
]
'_
40 | 1
™ g g
20 1 1 1 : 1 IE 1 1
0 100 200 300 400 50 600 700 800
Time (s)
(a) Measurement height: 0.6 m
Ignition [Measurement height: 1.0 m]
120 T T T T T T
None
) - Water
100 | |AvE.Temp.: None>Water=~CAF CAF H
Delay time: None<Water=CAF
§ None = Water = CAF
o 80+
=
2
o
2
£ 60 - B
@
'_
40 L N
20 L 1 I | I 1 :; 1 I | I 1 L 1 I
0 100 200 300 400 500 600 700 800
Time (s)
(b) Measurement height: 1.0 m
Ignition [Measurement height: 1.4 m]
20 g T g T u T g T g T g T T T T
None
Water
100 - | Avg.Temp.: None>Water>CAF —— CAF |
Delay time: None<Water<CAF
o None = Water ~ CAF
<
2
o
O
a
£
]
[
20 : 1 1 : 1 ; 1 1 1 1

0 100 200 300 400 500 600 700 800
Time (s)

(c) Measurement height: 1.4 m
Figure 9. Temperature results of preliminary experiments.

3.2. Main Experiments Results

The test was conducted in a shielded room with a Class A model ignited and observed
until spontaneous extinction. In the event of a direct flame contact with the sandwich panel,
the test was terminated by forced extinction. Figure 10 illustrates the detailed procedure.
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(Ignition)

(1 min later) (Finish(800 s))
(a) None

(Finish(800 s))

(pre-applicatio (1 min later) (Finish(800 s))
(c) CAF

Figure 10. Procedure of main experiments. “Finish” indicates the termination of measurement at
800 s for all conditions (as shown in Figure 9, graphs are truncated at 800 s).

3.2.1. Surface Temperature

The temperatures at the center of the panel and at points of connection directly im-
pacted by the fire over time were recorded to determine the effects of fire in an adjacent
structure on the panel. In both “None” and “Water” conditions, the fire spread to the exter-
nal surface, necessitating forced extinguishment. Subsequently, the maximum temperature
was recorded before forced extinguishment. In comparing the highest surface temperatures
across application conditions, significant temperature increases were revealed, demonstrat-
ing that the application of neither coating nor CAF caused any significant temperature
reduction. However, water was effective in limiting the temperature increase (Figure 11).

The time required to reach 70 °C was evaluated. At the panel center, as shown in
Table 3, the melting point was reached in 103, 102, and 113 s for untreated panels, those
treated with water, and those treated with CAF, respectively. For the connection areas, the
melting point was reached in 97, 101, and 109 s for untreated panels, those treated with
water, and those treated with CAFS, respectively. Upon reaching these temperatures, the
temperature subsequently increased under the “None” and “Water” conditions. However,
the rate of increase in temperature decreased with the application of CAF. This effect was
attributable to the formation of dry foam (with an air-to-foam ratio of 1:14). This effect
yielded a more pronounced surface adhesion than water and contained less moisture;
thus, it evaporates more slowly than water [29-31]. Despite the initial application of water
yielding a transient reduction in surface temperature owing to the cooling effects of evapo-
ration, temperatures subsequently increased after water evaporation. The temperatures
at the connection points were consistently higher than those at the panel center under all
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Table 3. Average temperature and time to melt for sandwich panel insulation at the surface.
Average and Maximum Temperature (°C) (Time to Reach Melting Temperature [s])
None Water CAF
Conditions
Avg. Max. Time Avg. Max. Time Avg. Max. Time
O O (s) “O) “O) (s) O O (s)
Center 92.7 204.1 103 80.3 153.6 102 69.4 101.2 113
Connection 166.6 457.7 97 108.4 236.6 101 75.0 100.5 109
Differential 739 253.6 6 28.1 83.1 1 5.7 0.7 4

Temperature differential between core and connection (higher value-lower value).

The efficacy of water and CAF as thermal barriers was examined by comparing un-
treated panels with those treated with water, focusing on the panel center and connection
areas. In scenarios where the conditions were either “None” or “Water,” and the fire had
spread to the surface, forced extinguishment was conducted. Moreover, the average tem-
peratures were calculated based on the readings obtained before this action. Consequently,
as shown in Table 4, the average temperature at the panel center was approximately 13.5%
lower with water treatment and 25.2% lower with CAF than with “None” conditions. The
application of CAF yielded temperatures 13.6% lower than those in the water treatment
group. At the connection points, the mean temperature reduction was approximately 35%
with water and 55% with CAFS compared to the “None” condition. The application of CAF
yielded a temperature reduction of 30.8% compared to water treatment.

Table 4. Heat blocking rate at the surface of the sandwich panel.

Heat Blocking Rate (%)

Measurement Points

None/Water * None/CAF ** Water/CAF ***
Center 13.5 25.2 13.6
Connection 35.0 55.0 30.8

* Calculation method: [{(None temp.) — (Water temp.)} /None temp.] x 100 [%]. ** Calculation method: [{(None
temp.) — (CAF temp.)}/CAF temp.] x 100 [%]. *** Calculation method: [{(Water temp.) — (CAF temp.)}/CAF
temp.] x 100 [%].
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3.2.2. Core Temperature

A comparison of the temperature changes at the center of the sandwich panel revealed
that the temperature increased in the following order: None, Water, and CAF (Figure 12).
The mean temperature was observed to be 49.5 °C and 79.3 °C lower in the “Water” and
“CAF” conditions, respectively, compared to that in the “None” condition. As shown in
Table 5, this indicates that the application of water or agents to the panel surface was
approximately 42.1% and 67.4% more effective, respectively, in terms of heat insulation of
the core. Similarly, the temperature increase at the sandwich panel connections followed the
same pattern as that at the center. The mean temperature differential between “Water” and
“CAF” conditions and the “None” condition was 48.4 °C and 117.5 °C, respectively. This
indicated that the surface treatment was approximately 32.1% and 78.0% more effective in
preventing heat penetration, respectively.
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Ignition A Ignition A
Fire suppression(190s) Fire suppression(190s)
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None r None E i
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Figure 12. Temperature of sandwich panel cores.

Table 5. Heat blocking rate at the core of the sandwich panel.

Heat Blocking Rate (%)

Measurement Points

None/Water * None/Foam ** Water/Foam ***
Center 42.1 67.4 43.7
Connection 32.1 78.0 67.5

* Calculation method: [{(None temp.) — (Water temp.)} /None temp.] x 100 [%]. ** Calculation method: [{(None
temp.) — (CAF temp.)}/CAF temp.] x 100 [%]. *** Calculation method: [{(Water temp.) — (CAF temp.)}/CAF
temp.] x 100 [%].

A thermocouple was positioned within the panel core to determine whether the 70 °C
insulation melting point was reached. In the absence of any treatment, the melting point
exceeded 183 and 167 s at the center and connection, respectively. However, under the water
treatment, it reached 197 and 149 s, respectively. Moreover, the maximum temperatures at
the center and connection did not reach the melting point of the insulation, indicating that
the dry foam effectively prevented heat transfer from the surface inward (Table 6). This
underscores the superiority of CAF over “None” and “Water” conditions.

The superior performance of CAF can also be attributed to its porous microstructure
and slower evaporation behavior, which provide lower effective thermal conductivity and
enhanced heat absorption through water evaporation. Previous studies have similarly
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reported that CAF exhibits slower evaporation rates and improved thermal insulation
compared to water-based suppression agents, supporting the present findings. Moreover,
the excellent performance of CAF can be explained quantitatively by both its porous
structure and the latent heat of water evaporation. Typical thermal conductivity values
for foams of comparable expansion ratios range between 0.03-0.05 W/m-K, which are
significantly lower than those of solid structural materials, thereby reducing conductive
heat transfer. In addition, the latent heat of water evaporation (~2257 k] /kg) contributes to
delaying the temperature rise within the panel core. Similar findings regarding the thermal
insulation effects of foams have been reported in recent studies [23].

Table 6. Comparison of temperature differentials and melting point times under different pre-
application conditions.

Average and Maximum Temperature (°C) (Time to Reach Melting Temperature [s])

. None Water CAF
Conditions
Avg. Max. Time Avg. Max. Time Avg. Max. Time
°0) O (s) O O (s) O O
Center 117.7 649.4 183.0 68.2 393.4 197.0 38.4 53.3 -
Connection 150.7 604.1 167.0 102.3 300.4 149.0 33.2 46.3 -
Differential 33.0 —45.3 —16.0 34.1 -93.0 —48.0 —5.2 -7.0 -

Temperature differential between core and connection (°C): (higher value-lower value). Note: For CAF, the 70 °C
melting point was not reached within the 800 s experiment duration; hence, the Time entry is left blank.

The temperature of the connection area was consistently higher than that at the center
under all conditions. The temperature disparity was 73.9 °C in the “None” condition,
28.1 °C with “Water,” and 5.7 °C with “CAE.” This reflects the sensitivity of the core to the
thermal conductivity of the material and the sensitivity of the surface to environmental
variations. The efficacy of “Water” or “CAF” at the center of the panel and connection was
evaluated compared to that in the “None” condition. Consequently, the mean temperatures
at the center of the panel were approximately 42.1% and 67.4% lower under “Water” and
“CAF” conditions, respectively, compared to that in the “None” condition. The application
of CAFS yielded temperatures 43.7% lower than those in the “Water” treatment. At the
panel connection, the average temperatures were approximately 32.1% and 78.0% lower
under “Water” and “CAF” conditions, respectively, compared to those in the “None”
condition. The temperature was 67.5% lower under CAF than under water treatment,
compared with the increased rate in the temperatures of the core and surface.

The heat transfer pattern within a sandwich panel structure was examined during an
external fire based on its surface-coating conditions. We compared the rate of temperature
increase in the core relative to that on the surface. The rate of increase in temperature was
determined using Equation (1) with reference to the maximum external temperature.

[{MAX.(Surface T. — Core T.)} + (Surface T.)] x 100 [%] (1)

Surface T.: Surface temperature [°C] and Core T.: Core Temperature [°C]

The experimental conditions were divided into three categories: None, Water, and
CAFS. Table 7 lists the comparative analysis results of the rate of temperature increase in
the core relative to the surface. Except for the panel connections, the rate of temperature
increase was in the following order: None > Water > CAF.

Under the “None” condition, the increased rate in the core temperature exceeded
that of the surface, with rates exceeding 100%. The mean rate of temperature increase
from the core relative to the surface was calculated. The application of water reduced
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heat transfer by 7.1% and the application of CAF by 48.8% compared to the untreated
panels. The substitution of water with CAF caused an additional reduction of 40.9% in the
temperature increase.

Table 7. Temperature increase rate of each condition.

Rate of Temperature Rise (%) *

Conditions None Water CAF
Center 110.0 75.4 57.1
Connection 103.0 121.7 58.3
Average 106.5 98.6 57.7

* Calculation method: [{(Maximum temp.) — (Initial temp.)}/Initial temp.] %100 [%].

3.2.3. Inner Temperature

The insulation layer of the sandwich panel melted in the absence of a coating by
measuring the temperatures of its outer surface, core, and inner surfaces. However, partial
melting occurred under water and fire-retardant coating conditions. These findings were
used to determine the temperature increase in the compartments.

Initially, the rate of increase in temperature was determined by measuring the change
in temperature from the initial temperature within the compartment to the maximum
temperature. Under uncoated and water conditions, the heat and smoke from the external
fire penetrated the compartment through gaps created by the melting of the insulation. As
shown in Table 8, the rates of increase in temperature demonstrated that the uncoated con-
dition exhibited the highest temperature increase rate at 47.2%, followed by water (10.7%)
and CAF (2.6%). Under “CAF” conditions, the temperature increased by approximately
0.5 °C compared to the initial temperature, demonstrating that the fire retardant effectively
blocked heat transfer into the interior (Figure 13).
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Figure 13. Temperature inside the compartment.
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Table 8. Temperature increase rate compared to the initial temperature.
Conditions Initial Maximum Temperature
Temperature (°C) Temperature (°C)  Increase Rate (%) *
None 18.6 274 47.2
Water 20.8 23.0 10.7
CAF 21.8 22.3 2.6

* Calculation method: [{(Initial temp.) — (Maximum temp.)}/Initial temp.] %100 [%].

4. Conclusions

This study evaluated the effectiveness of surface pre-application of water and CAF
in delaying the spread of fire to adjacent sandwich panel buildings. A full-scale fire
experiment was conducted to reflect realistic fire dynamics, overcoming the limitations of
previous small-scale studies.

This study evaluated the effectiveness of surface pre-application of water and com-
pressed air foam (CAF) in delaying fire spread in sandwich panel buildings through full-
scale experiments. CAF treatment significantly reduced surface and core temperature rise,
with core heat-blocking efficiency up to 78% higher than untreated panels and 67.5% higher
than water application. The maximum internal temperature under CAF remained below
the insulation melting point (53.3 °C), preventing material degradation, while CAF-treated
joints showed the lowest temperature differentials, highlighting its role in blocking flame
penetration through structural gaps. The superior performance of CAF was attributed to
its dry foam structure (air-to-solution ratio of 1:14), which adhered effectively to surfaces
and maintained a stable insulating layer with only minor loss due to gravity, unlike water
that rapidly drained and evaporated. These findings verify CAF as a proactive exposure
protection measure for industrial buildings constructed with sandwich panels.

While the study was limited by a small number of repetitions and did not assess long-
term or environmental factors such as wind, humidity, or prolonged exposure, the results
provide a strong empirical basis for considering CAF in both field operations and future
regulatory frameworks. Future work should systematically examine CAF’s long-term
adhesion under real environmental conditions, its scalability in large-scale applications,
and its cost-effectiveness compared to conventional water-based methods. Addressing
these factors will be critical for the practical adoption of CAF-based fire protection strategies
in national safety standards and industrial practice.
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Glossary

° CAF, compressed air foam

A fire suppression medium consisting of a foam solution mixed with compressed air to form
stable microbubbles. CAF adheres to surfaces, reduces heat transmission, and delays combustion
through cooling and oxygen separation effects.

° Pre-application

The advanced application of a fire suppression agent (e.g., water or CAF) onto a surface before
flame exposure, intended to delay temperature increase and prevent structural ignition.

) Class A fire

A type of fire involving ordinary combustible materials such as wood, paper, cloth, or plastics.
These fires are characterized by the formation of glowing embers and are typically extinguished
by cooling with water or foam-based agents. Class A fires are the most common in structural
environments and are often used in standard fire suppression performance testing.

° Heat blocking rate

A percentage metric indicating the reduction in heat transmission achieved by applying a
treatment, calculated by comparing temperatures between treated and untreated samples.

° Radiant heat flux

The rate at which thermal radiation energy is received per unit area, typically measured in
kilowatts per square meter (kW/ m?). It represents the intensity of fire exposure.

e  Connection (joint) area

The structural interface where sandwich panels are connected. These points are more vulnerable
to heat penetration due to material gaps or weaknesses.

. Melting point of insulation

The threshold temperature at which the panel’s core insulation (typically styrofoam) begins to
degrade or melt, leading to potential fire spread inside the structure.

e  Dry foam (CAF application)

A form of CAF with reduced water content and higher foam concentration, designed to improve
surface adhesion and prolong heat resistance.
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