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Abstract: Debonding in concrete-filled steel tubes (CFSTs) is a common defect that often
occurs during the construction phase of CFST structures, significantly reducing their
load-bearing capacity. Current methods for detecting debonding in CFSTs using infrared
thermography primarily rely on heat excitation. However, applying this method during
the exothermic hydration phase presents considerable challenges. This paper proposes the
innovative use of spray cooling as an excitation method during the exothermic hydration
phase, providing quantitative insights into the heat conduction dynamics on steel plates
for infrared debonding detection in CFSTs. The effects of atomization level, excitation
distance, excitation duration, and water temperature in the tank on infrared debonding
detection performance were examined. The timing of the maximum temperature difference
under cooling excitation was analyzed, and the heat conduction characteristics on the
surface of the steel plate during the cooling process were explored. A highly efficient and
stable cooling excitation method, suitable for practical engineering detection, is proposed,
providing a foundation for quantitative infrared debonding detection in CFSTs. This
method does not require additional energy sources, features a simple excitation process,
and results in a five-times increase in temperature difference in the debonded region after
excitation.

Keywords: concrete-filled steel tube (CFST); infrared debonding detection; exothermic
hydration phase; spray-cooling excitation

1. Introduction

CFSTs, which are hybrid structures consisting of high-strength steel encasing concrete,
have found extensive applications in buildings and bridge engineering due to their ex-
ceptional mechanical performance and structural efficiency [1-4]. These structures offer
significant benefits, including a high load-bearing capacity, ease of construction, and su-
perior seismic performance. However, debonding between the steel tube and concrete in
CFSTs is a common issue that undermines the synergy of the composite material, thereby
diminishing its mechanical properties [5-11]. Yang et al. [9] reported that the mechanical
performance of CFSTs decreases when the extent of debonding exceeds 0.0757%. When
debonding occurs, the load-bearing capacity of CFST components can decrease by 10-32.1%,
and the modulus can decline by 30-53% [5-8]. Furthermore, Lu et al. [10] observed that
debonding can alter a bridge’s natural frequency, affecting its dynamic performance. Thus,
debonding in CFSTs is a critical concern for the safety and longevity of these structures.
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During the construction phase, debonding in CFSTs may result in large voids due to
factors such as air bubble migration and concrete bleeding [12]. Han et al. [8] observed that
air may not be expelled efficiently during the concrete filling process, leading to residual
bubbles and subsequent void formation. Additionally, Chen et al. [13] identified concrete
bleeding as a key factor in void development in CFSTs during arch bridge construction.
While methods such as vibration and hammering can mitigate void formation during
construction, they become ineffective once the concrete solidifies. Post-solidification repairs
typically involve invasive procedures such as drilling and grouting [12]. Therefore, the
timely and accurate detection of debonding in CFSTs during construction is crucial to
prevent the need for such damaging repair methods and ensure structural integrity.

Infrared thermography stands as a nondestructive detection technique useful in iden-
tifying debonding in CFSTs. This method analyzes discrepancies in the temperature field
across the CFST surface [14-16]. Its advantages over traditional methods, such as ultra-
sound [17], impact echo techniques [18] and acoustic emission [19], include noncontact
operation and heightened efficiency. Due to the high detection efficiency, fast detection
speed, and long detection distance of infrared defect detection technology, many researchers
have recently conducted studies on infrared thermal imaging-based debonding detection in
CFSTs [20,21]. A crucial step in enhancing the visibility of defects in infrared thermography
is the application of manual active excitation during testing [22-27]. Predominantly, these
excitation methods involve various heating techniques, including microwave heating [22],
laser heating [23,24], and pulse heating [26,28,29]. These techniques have been extensively
researched, focusing on aspects such as excitation distance, uniformity, and duration, as
well as post-excitation visualization in the domain of defect detection in metal materials
using infrared thermography. Deane et al. [25] employed a 250 W lamp as a thermal
source, analyzing the resulting infrared images using techniques such as pulsed phase
thermography transforms, the principal component technique, and cold image subtraction.
Addressing the challenge of uneven illumination in infrared thermal wave nondestructive
testing, Li et al. [26] developed an optimized optical model, ensuring uniform irradiance
distribution on curved surfaces. Further advancing the field, Xu et al. [24] introduced a
novel method that utilizes an optical excitation line laser as a heat source in infrared thermal
imaging. This technique, specifically designed for debonding detection in fiber-reinforced
polymer-reinforced concrete structures, overcomes the limitations inherent in traditional
infrared methods, such as short heating distance, low thermal sensitivity, and high power
requirements.

Most research on CFSTs has historically focused on testing during the operational
phase, where exothermic hydration is not a factor [30,31]. Currently, research on con-
ducting semi-real-time infrared tests during the hydration heat phase of CFSTs remains
insufficient. During this phase, the hydration of concrete within the steel tube releases
significant heat, which may compromise the reliability of traditional thermal excitation
methods [30,31]. Li et al. [31] explored using infrared thermography to detect grouting
defects in external prestressed tendon ducts during exothermic hydration. Their research,
involving semi-real-time infrared tests conducted within 48 h after grouting, demonstrated
the method’s feasibility. Furthermore, Yang et al. [32] examined the effectiveness of infrared
thermography in detecting CFST debonding under varying temperature conditions, simu-
lating the exothermic hydration process of concrete at different water temperatures. Their
findings indicated the successful identification of large defects, though smaller ones were
overlooked. Additionally, they validated the use of water to simulate concrete’s exothermic
hydration through ANSYS simulations. Despite these advancements, no studies have yet
incorporated external active excitation during the CFST hydration process. Cheng et al. [33]
demonstrated that, when CFST is in the construction stage, using the concrete’s hydration
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heat as an internal heat source can effectively enable infrared debonding detection. Factors
such as debonding size, hydration heat temperature rise rate, and ambient temperature
all influence detection efficiency. Cai et al. [34] found that during the heat absorption
and release phases of debonding in CFSTs, the infrared images of the debonding region
exhibit different characteristics. The infrared thermal contrast is linearly correlated with the
interfacial heat flux of the CFST. When CFST is in the hydration heat phase, the heat from
the CFST conducts outward. If heating excitation is applied at this time, the interfacial heat
flux of the CFST will approach zero, inhibiting outward heat conduction and ultimately
hindering infrared debonding detection.

Therefore, the active excitation of CFST in the hydration heat stage by cooling can
enhance the outward conduction of CFST heat, thus improving the infrared detection
capability. Cai et al. [35] proved the feasibility of using spray cooling as the excitation
source to actively stimulate CFST in the hydration heat stage through model tests, and
defined the relationship between the excitation strength and the temperature difference in
the debonding area through finite element simulation. However, this process involves the
spraying of mist or water to absorb and dissipate thermal energy, with the underlying heat
transfer mechanisms being notably complex [36-38]. Pais et al. [39] identified four primary
mechanisms in spray cooling: evaporation, forced convection, nucleation sites on heated
surfaces, and secondary nucleation sites on droplet surfaces. Yan et al. [40] emphasized
the superior cooling efficiency of spray cooling compared to other methods, with Pais
et al. [39] demonstrating that its highest heat flux density can reach 1200 W/cm?. However,
the cooling efficiency is influenced by factors such as the atomization level of the water
flow [41]. Omer and Ashgriz [41] conducted evaluations of various nozzle types, including
dual fluid, spiral, hydraulic, ultrasonic, rotary, and electrostatic, examining their distinct
atomization modes. In the context of infrared debonding detection in CFSTs, variables
such as spraying distance, atomization level, water temperature, and excitation duration
during spray cooling can impact both the cooling effect and the detection outcomes. The
influence of these spray-cooling parameters on infrared debonding detection during the
CFST’s exothermic hydration phase remains unclear. Currently, no standardized, efficient,
and convenient method for spray-cooling excitation exists. Furthermore, the quantified
detection of CFST debonding under cooling excitation cannot be achieved with existing
infrared techniques. Thus, a comprehensive exploration of the impact of spray-cooling pa-
rameters during the exothermic hydration phase is essential for developing a foundational
understanding and methodology for quantitative infrared debonding detection in CFSTs.
Accordingly, a stable, efficient, and convenient spray-cooling excitation method should be
formulated.

This study aims to determine the effects of various spray-cooling parameters (i.e.,
atomization level, spraying distance, water temperature, and excitation duration) on in-
frared debonding detection during the exothermic hydration of CFSTs through indoor
modeling experiments. Additionally, this study explores the mechanism of surface heat
transfer during cooling excitation. By integrating the principles of spray cooling with the
surface heat conduction mechanism of CFSTs, this research establishes a foundation for a
quantitative approach to infrared debonding detection and proposes a highly efficient and
stable spray-cooling method for engineering applications. This study involved 39 sets of
indoor model experiments to determine the surface temperature field distribution of CFSTs
under diverse cooling excitation parameters. The average temperature difference between
debonded and non-debonding regions on steel plate surfaces during excitation was used
as a metric to evaluate the effectiveness of infrared detection. Subsequently, this study
analyzed the variation in surface temperature difference on the steel plate throughout the
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cooling excitation process, aiming to elucidate the impact of various parameters on infrared
debonding detection in CFSTs.

2. Materials and Methods
2.1. Research Framework

For heating excitation, excitation duration and excitation distance are relevant pa-
rameters that need to be considered [22-27]. Similarly, for spray cooling, the temperature
of the spray water and the atomization level affect the heat transfer of the steel tube, so
these parameters also need to be taken into account. As shown in Figure 1, this study
selects different excitation parameters (atomization level, spraying distance, tank water
temperature, and excitation duration) to determine the cooling excitation conditions. Based
on these conditions, spray-cooling excitation experiments are conducted, and infrared ther-
mal imaging is employed to monitor the surface temperature of the steel plate, collecting
temperature difference data throughout the excitation process, particularly the average
temperature difference between debonded and non-debonded regions, which serves as a
metric to evaluate the effectiveness of infrared detection. Subsequently, parametric analysis
is performed to investigate the impact of excitation duration, spraying distance, and other
factors on heat transfer efficiency and debonding detection accuracy. Finally, based on the
analysis results, an optimal experimental method and strategy are proposed to optimize
the spray-cooling excitation process, enhancing detection efficiency and stability, thereby
providing theoretical support and technical guidance for the infrared debonding detection
of CFSTs in practical engineering applications.

Tank Water Excitation

Temperature Duration

[ [ | |
2

Distance Atomization

Experimental Conditions

v

Spray-Cooling Excitation

v

Infrared Thermal Imaging
and Data Collection

v

Parametric Analysis

v

Optimal Method

Figure 1. Research flowchart.

2.2. Spray-Cooling Excitation Method
2.2.1. Structure of the Spraying Device

This study utilizes an electric kettle equipped (Deli Electric Kettle, Deli Group Co., Ltd.,
Ningbo, China) with plain orifice nozzles to simulate the spray-cooling effect on the surface
temperature field of a CFST during its exothermic hydration process. The specifications
of the system are detailed in Table 1. Plain orifice nozzles, noted for their simplicity and
widespread use, are employed in this setup (refer to Figure 2 for the structure) [41]. The
temperature of the water in the tank is regulated by filling the tank with water at various
temperatures.
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Table 1. Specifications of spraying system.

Device Model Tank Volume Nozzle Type
DL581040 1000 mL Plain orifice

T,

i
iH

/ / water flow

() (b)

Test Region

Spraying Path

(c)

Figure 2. Spraying device details: (a) schematic layout of a plain orifice nozzle, (b) structure of the
spraying device, and (c) design diagram of spraying path.

Figure 2a illustrates the nozzle structure utilized for cooling excitation in this study.
The nozzle comprises an outer shell and an inner water pipe, which are screwed together
to form a cavity. Water from the tank is pressurized by a pump into the nozzle pipe, passes
through holes in the pipe, and is then sprayed out from apertures at the nozzle’s top. The
height of this cavity at the nozzle’s apex (d) can be altered by adjusting the nozzle shell’s
angle (¢), as depicted in Figure 2b. An increase in angle ¢ results in a corresponding
increase in height d of the cavity. According to Bernoulli’s equation and the continuity
equation [42], a decrease in d leads to an increase in the water’s flow velocity at the nozzle
outlet. Given that the outlet aperture is constant, changes in the internal cavity’s water
velocity affect the atomization degree of the water spray and the maximum spray distance.
The Sauter mean diameter (SMD) is typically used to quantitatively assess the degree of
liquid atomization [43,44]. Research indicates that as the liquid flow rate increases, the
SMD of the droplets decreases, enhancing the atomization degree [45-47]. The excitation
path, shown in Figure 2¢, involves uniformly spraying water from the bottom to the top of
the detection region at a constant speed, ensuring that the mist covers the entire test area
evenly.
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2.2.2. Control Parameters for Spray Excitation

As depicted in Figure 2, this study employs three different nozzle rotation angles
(p =0°, ¢ =30°, ¢ = 60°), corresponding to three distinct cavity heights: dmin, dmid, and
dmax (with dmax > dmid > dmin). The morphology of water spray at these three cavity
heights was captured using a camera (Sony ZVE-10, Sony Corporation, Japan, Tokyo), and
the maximum spray distance was measured using a measuring tape (Delixi Electric Co.,
Ltd., Wenzhou, China).

Figure 3 shows the water spray morphology for the three nozzle rotation angles. A
comparative analysis of Figure 3a—c reveals that the water forms a cone-shaped spray
pattern, with the liquid ejected from all three nozzles in droplet form. Notably, the degree
of atomization diminishes as the cavity height increases, a finding that aligns with previous
research [46,47]. The spray distance achieved by the three nozzles extends with increasing
cavity height, with the shortest distance observed for the ¢ = 0° (dmin) nozzle (95 cm).

(b)

(©

Figure 3. Water spray morphologies: (a) nozzle angle ¢ = 0° and cavity height dmin, (b) nozzle angle
@ = 30° and cavity height dmid, and (c) nozzle angle ¢ = 60° and cavity height dmax.

Table 2 outlines the relationship between nozzle rotation angles, cavity heights, and
atomization levels. The atomization degree progressively declines as cavity height increases.
In this study, three nozzle angles (¢ = 0°, 30°, and 60°) were selected to generate three
distinct cavity heights (dmin, dmid, and dmax), thereby defining three atomization levels:
high, medium, and low. Given that the spray distance of droplets at the high atomization
level is limited to 95 cm, the excitation distances used in subsequent tests in this study are
set to be less than or equal to 95 cm.
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Table 2. Nozzle rotation angles, cavity heights, and corresponding atomization levels.

Nozzle Rotation Angle ¢ Cavity Height Atomization Level
0° dmin High
30° dmid Medium
60° dmax Low

2.3. Experimental Study
2.3.1. Test Platform

As depicted in Figure 4a, this study designed a test platform to simulate the tem-
perature field on the outer surface of a CFST during its exothermic hydration stage. The
platform comprises a polyvinyl chloride (PVC) water tank (Hebei Feilong Plastic & Rubber
Products Co., Ltd., Hebei, China), coated steel plates (Q235 steel, produced by Chongging
Iron and Steel (Group) Co., Ltd., Chongging, China), a heating rod (SUSUN Co., Ltd., Zhe-
jlang, China), temperature sensors (TP-100, Shanghai Anyi instruments Co., Ltd., Shanghai,
China), prefabricated debonding samples (Kangtai Polymer Materials Co., Ltd., Zhuhai,
China), and propellers (SUNSUN Co., Ltd., Zhejiang, China). In practical engineering, in-
terface debonding occurs only at the contact between the concrete and the inner wall of the
steel pipe. Therefore, the experiment focuses solely on simulating the temperature change
at the concrete interface rather than the core area’s temperature [32]. This is achieved
through controlled-temperature hot water, a method validated by Yang et al. [32] for sim-
ulating concrete’s heat generation. In this study, the exothermic hydration of concrete is
similarly simulated using heated water. Given that CFSTs in practical engineering typically
have diameters ranging from 1.4 to 1.6 m with low surface curvature, the influence of
tube curvature on detection results is negligible at the close excitation distances used. For
experimental convenience, rectangular steel plates are used to simulate CFSTs.

PVC Water Tank S

Steel Plate| -

Heating ) g
Equipment Propeller

2+ % bz

Water

Debondin
500mm

Steel Plate

PVC N\
Water Tank |

(rrrrrrrrrrrrrrrrr
crrrrrrrrrrrrrrrrir
e

Heating
Equipment

Debonding

(d)

Figure 4. Test platform design and construction: (a) front view schematic, (b) side view schematic,
(c) exterior front view, and (d) interior side view.
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The PVC water tank, with internal dimensions of 700 mm x 700 mm x 700 mm
(Figure 4b), has openings of 500 mm x 500 mm on the front and rear sides. Two steel plates
(600 mm x 700 mm x 5 mm) are attached to the front and rear sides inside the tank to
simulate CFST exteriors. Infrared cameras are positioned for clear views of the steel plate
surfaces through these openings. The steel plates are coated with the same paint used on a
CFST arch bridge in China.

Styrofoam, having thermal conductivity and specific heat capacity similar to air, is
adhered to the steel plates inside the water tank to simulate debonding (Figure 4c). The
prefabricated debonding voids, measuring 120 mm x 120 mm x 10 mm, are centrally
located on the steel plates. To prevent water ingress into the voids, these areas are covered
with cling wrap and sealed with glass adhesive. Heated water is poured into the tank to
mimic concrete’s exothermic hydration process. A heating rod, suspended in the tank, and
temperature sensors, placed on the steel plates’ inner sides, facilitate real-time temperature
monitoring at the steel-water interfaces. The heating pump is activated to maintain the
water temperature at a constant 55.5 °C £ 0.3 °C, reflecting the peak interface temperature
during actual CFST exothermic hydration. Two propellers, mounted on the left and right
sides of the tank, ensure a uniform water temperature distribution.

2.3.2. Experimental Design and Procedure

The experimental setup, as illustrated in Figure 4a,b, includes infrared cameras posi-
tioned on both the front and rear sides of the water tank. These cameras are responsible
for detecting the surface temperatures of the two steel plates and capturing their tem-
perature field data. During the experiments, the ambient conditions were controlled to
maintain a stable room temperature of 29 °C with minimal airflow. Initially, water heated
to 55.5 °C was poured into the tank until the steel plates were fully submerged. This water
temperature was consistently maintained at 55.5 °C + 0.3 °C using a heating pump and
temperature sensors. After stabilizing the water temperature in the tank for 1 h, the cooling
excitation test commenced. To optimize the experiment’s duration, excitation was alter-
nately conducted on the two steel plates. The infrared cameras recorded the temperature
field data on the steel plate surfaces throughout the excitation process. The detection period
encompassed the entirety of the tests under each excitation condition and continued for
1200 s after excitation. Enclosures were set up around the test platform to prevent ambient
light from reflecting off the steel plate surfaces and interfering with the infrared camera
readings.

The experiment investigated the impact of various water temperatures in the tank,
excitation distances, excitation durations, and atomization levels on infrared debonding
detection, employing the excitation method detailed in Section 2. The test conditions,
as outlined in Figures 5 and 6, comprised two primary parts. The first part (Figure 6)
examined the effects of different water temperatures inside the tank, excitation distances,
and atomization levels on infrared detection, using a constant water volume of 500 mL for
excitation. This part included excitation distances of 45, 60, 80, and 95 cm, along with water
temperatures of 5.5, 10, and 28.5 °C (room temperature) and high and low atomization
levels. Test conditions were labeled in the sequence of atomization level, water temperature,
and excitation distance; for instance, H-5.5-45 indicates the high atomization level, a 5.5 °C
water temperature, and a 45 cm excitation distance.



Buildings 2025, 15, 465

9of21

Temperature Acquisition Instrument

Power Adapter

Spray Equipment
Debonding

=

Infrared Camera
Steel Plate

PVC Water Tank

=
Thermal Imaging Acquisition Eu‘ '

Equipment

Acquisition

(b)

Figure 5. Experimental design and setup: (a) schematic and (b) photograph.

High Low
Atomization Atomization
Tank Water Tank Water Tank Water Tank Water Tank Water Tank Water
Temperature = 5.5 Temperature = 10 Temperature = Temperature = 5.5 Temperature = 10 Temperature =
°C °C 28.5°C °C °C 28.5°C

Distance = 45 cm,
60 cm, 80 cm, 95
cm

Distance = 45 cm,
60 cm, 80 cm, 95
cm

Distance = 45 cm,
60 cm, 80 cm, 95
cm

Distance = 45cm,
60 cm, 80 cm, 95
cm

Distance = 45 cm,
60 cm, 80 cm, 95
cm

Distance = 45 cm,
60 cm, 80 cm, 95
cm

Figure 6. Set 1 of experimental conditions.

The second part of the experiment (Figure 7) focused on the effects of varying excita-
tion durations and atomization levels on infrared detection. This part utilized excitation
durations of 40, 80, 120, 200, and 350 s with high, medium, and low atomization levels
while maintaining a constant water temperature of 28.5 °C (room temperature) and an
excitation distance of 95 cm. Test conditions were labeled according to atomization level
and excitation duration; for example, H-40s denotes the high atomization level with a
40 s excitation duration. To avoid interference between consecutive sets of conditions, a
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1200 s interval was allotted following the completion of tests for each group. The water
temperature inside the tank was verified using a thermometer (alcohol thermometer, accu-
racy £0.1 °C, Shanghai Anyi Instruments Co., Ltd., Shanghai, China) before each cooling
excitation to ensure compliance with the experimental requirements.

High Median Low
Atomization Atomization Atomization
Tank Water Tank Water Tank Water
Temperature = Temperature = Temperature =
28.5°C 28.5°C 28.5°C
Distance = 95 cm Distance = 95 cm Distance = 95 cm
Excitation Excitation Excitation
Duration =40 s, Duration =40 s, Duration =40 s,
80s, 120's,200 s, 80s, 120's,200 s, 80s, 120's,200 s,
350s 350 s 350 s

Figure 7. Set 2 of experimental conditions.

2.3.3. Infrared Thermal Imaging and Data Collection

To evaluate the effectiveness of infrared thermography in detecting debonding in
CFSTs under cooling excitation, the steel plate area was monitored using long-wave thermal
imaging cameras. Figure 8 shows the two infrared cameras used in the experiment: the
FLIR A300 (Teledyne FLIR LLC, Goleta, CA, USA) and the MGS-F6 (Shanghai Magnity
Technologies Co., Ltd., Shanghai, China). The specifications of these cameras are detailed
in Table 3.

Flir A300 infrared camera i MGS-F6 infrared camera
(@) (b)
Figure 8. Infrared imaging setup: (a) FLIR A300; (b) MGS-Fé.

Table 3. Parameters of infrared thermal imaging cameras.

Camera Model FLIR A300 MGS-F6
Detector type Uncooled microbolometer =~ Uncooled microbolometer
NETD <0.05 °C <0.05°C
Accuracy +2°Cor £2% +0.7 °Cor 0.7%
Resolution 320 x 240 pixels 640 x 480 pixels

Spectral range 7.5-13 ym 8-14 um
Field of view 25° x 18.8° 25° x 19°
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Both cameras are noncooled, long-wave infrared models. The FLIR A300 features
a resolution of 320 x 240 pixels, a spectral range of 7.5-13 um, and a noise equivalent
temperature difference (NETD) below 0.05 °C (NETD is a metric used in infrared and
thermal imaging systems to measure the device’s sensitivity in detecting minor temperature
variations). The MGS-F6 camera offers a higher resolution of 640 x 480 pixels, a spectral
range of 8-14 um, and an NETD below 0.05 °C. Both infrared cameras were positioned at
the front and rear sides of the specimens. This setup ensured that the center of the infrared
image aligned with the center of the steel plate, and the plane of the steel plate was parallel
to the imaging plane of the camera. The image capture frequency for both cameras was set
at one frame per second.

2.3.4. Data Analysis and Evaluation Indices

The temperature difference between the debonded and non-debonding regions serves
as a critical index for evaluating the efficacy of infrared detection. Figure 9 illustrates
the extraction of temperature fields from both the debonding region (Tp) and the non-
debonding region (Tnon) in thermal images. The relevant symbol abbreviations used in this
study will be summarized in Appendix A.

G

Debonding

Non-Debonding
Region

(time)

Figure 9. Temperature field extraction from debonded and non-debonding regions.

This study does not include an analysis of data from heat flux sensors affixed to
the external surface of the steel plate (as shown in Figure 8). To mitigate the influence
of these sensors, the left side of the steel plate’s external surface was designated as the
debonding region. The adjacent left part of the steel plate surface was selected as the
non-debonding region. For a quantitative analysis of the impact of cooling excitation on
detection effectiveness under different conditions, the following equation was employed to
calculate the average temperature fields of both regions:

n
'21 Tpi
TDmean = =
" @
) Zl Tnoni
Tnonmean = = n

where Tp; and Ty represent the temperatures of pixel 7 in the debonded and non-
debonding regions, respectively. The variable n denotes the number of pixels in the selected
area of the thermal images. Tpmean and Thonmean indicate the average temperatures of the
debonded and non-debonding regions, respectively.

The average temperature difference between these regions, AT, is calculated using the
absolute value of their difference, as follows [34]:

AT = ITDmean - Tnonmean| 2)
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By extracting the temperature field data from each frame throughout the excitation
process, as depicted in Figure 9, the average temperature difference for the entire excitation
period can be obtained. An increase in the average temperature difference indicates
improved resolution between the debonded and non-debonding regions. The value of
AT under cooling excitation reflects the performance of infrared debonding detection.
Furthermore, the maximum value of AT during the excitation period, maxAT, is extracted
as follows:

maxAT = max(ATy, ATy, ATs...AT,) 3)

By analyzing the timing and magnitude of maxAT, the optimal detection moment for
a single condition and the degree of detection enhancement resulting from excitation can be
effectively characterized. The time at which maxAT occurs, denoted as taxaT, is defined
as the moment when the contrast between the debonding and non-debonding areas is at its
peak (the optimal detection moment). An analysis of t,xaT facilitates the determination of
the best detection time.

3. Results and Discussion
3.1. Evolution of the Average Temperature Difference During Spray-Cooling Excitation

The temporal changes in the average temperature difference under cooling excitation
reflect the overall trends observed in infrared detection. Figure 10 illustrates the evolution
of the average temperature difference (AT) under (a) different excitation distances with
fixed spray-cooling water volumes and (b) varying excitation durations. Due to space
limitations, the figure selectively presents representative conditions from the experiment.
However, the temperature difference exhibited similar patterns across other conditions.

200s-260s 135s-300s
T T T T

T T T T T T T T 7.0 T T T T T T T

—4&— L-3508

4.5 ——1-28.5-45] ]
4 5 L-28.5-60 6.0 5 L-2008| -
L-28.5-80 —o— L-160S
—~—1.28.5.95 —c—L-1208| -
—#&— -80S

T T T T T T T T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Time(s) Time(s)

@) (b)

Figure 10. Temporal evolution of average temperature difference under cooling excitation: (a) for
different excitation distances at constant water volume; (b) at various excitation durations.

In Figure 10a, the data demonstrate the relationship between excitation distance (45,
60, 80, and 95 cm) and the average temperature difference over time. For each condition
shown, the water temperature in the tank was maintained at 28.5 °C, the total water
volume of spray cooling was 500 mL, and the atomization level was selected as low. The
figure indicates that the maximum average temperature difference is reached at a specific
moment (approximately between 200 and 260 s), irrespective of the excitation distance.
As the excitation distance increases (from 45 cm to 95 cm), the peak value of the average
temperature difference progressively decreases. Approximately 750 s after the start of
excitation, the value of the maximum average temperature difference for each condition
reverts to the pre-cooling excitation level (around 0.75 °C).



Buildings 2025, 15, 465

13 of 21

Figure 10b presents results for conditions with a water temperature of 28.5 °C in the
tank, an excitation distance of 95 cm, and a low atomization level for excitation durations
ranging from 40 s to 350 s. These data show that the maximum average temperature
difference increases with longer excitation durations. The average temperature difference
for each condition returns to the pre-cooling excitation level approximately between 750 and
1000 s from the start of excitation. Given that experimental intervals of 1200 s (exceeding
900 s) were established between each group in this study, it can be concluded that the
different experimental conditions are independent and do not influence each other.

3.2. Maximum Average Temperature Difference Relative to Excitation Distance and Water
Temperature

Given that the average temperature under cooling excitation exhibits a rising and
then declining trend, a maximum average temperature difference (maxAT) value is present
for each operating condition. This maxAT value is indicative of the upper detection
limit of infrared technology under cooling excitation. Both the spray distance and the
water temperature within the tank significantly influence the maxAT value. Consequently,
Figure 11 plots the maxAT values for three different tank water temperatures (5, 10, and
28.5 °C) against the excitation distance.
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Figure 11. Maximum average temperature difference according to excitation distance at a (a) high
atomization level and (b) low atomization level.

Figure 11 shows the maxAT in relation to various spraying distances and atomization
levels (high and low), along with infrared images captured at the moment when maxAT
values are observed. A noticeable low-temperature region, resembling the debonding area,
is visible in the center of the infrared images, particularly for excitation distances of 45
and 95 cm. This feature aids in distinguishing the debonding. In the infrared image with
a 45 cm excitation distance, the debonding region is more distinctly discernible due to a
higher maxAT compared to other excitation distances.

As shown in Figure 11a,b, when the water temperature in the tank is constant, the
maxAT decreases with an increase in excitation distance. Examining the blue curves
(representing a water temperature of 28.5 °C) in Figure 11a,b, the decline in maxAT is more
pronounced at a high atomization level as the distance increases. Figure 11b demonstrates
that the influence of distance on maxAT is relatively minor when the spraying distance
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ranges between 80 and 95 cm. As shown in Table 4, the standard deviations of maxAT at
three different water temperatures are 0.06 and 0.17, respectively. At the high atomization
level (Figure 11a), smaller droplet volumes and decreased momentum may render the
droplets more susceptible to gravitational and air disturbances during flight. This leads
to fewer droplets reaching the steel plate surface as distance increases, thus diminishing
the excitation effect. In contrast, at the low atomization level (Figure 11b), the droplets are
larger and possess greater initial kinetic energy, resulting in a less pronounced decrease in
the number of droplets reaching the test surface with increasing distance. Furthermore, the
decline in maxAT with increasing excitation distance is less severe. The maxAT remains
relatively stable when the distance is between 80 and 95 cm. As shown in Table 5, the
standard deviations of maxAT at three different water temperatures are 0.12 and 0.13,
respectively.

Table 4. Maximum average temperature difference according to excitation distance at a high atomiza-

tion level.
Distance 5.5°C 10 °C 28.5°C Standard Deviation
45 cm 6.85 °C 6.34 °C 5.28 °C 0.65 °C
60 cm 6.07 °C 5.77 °C 493 °C 0.48 °C
80 cm 4.31°C 437 °C 423°C 0.06 °C
95 cm 3.46°C 3.87 °C 3.73°C 0.17 °C

Table 5. Maximum average temperature difference according to excitation distance at a low atomiza-

tion level.
Distance 5.5°C 10 °C 28.5°C Standard Deviation
45 cm 6.62 °C 5.13 °C 4.32°C 0.95
60 cm 5.29 °C 4.06 °C 3.63 °C 0.70
80 cm 3.44 °C 3.15°C 3.31°C 0.12
95 cm 3.24 °C 2.93°C 3.1°C 0.13

Figure 11a indicates that at distances below 80 cm (marked as the orange background)
and with a constant excitation distance, a lower water temperature in the tank leads to
an increased maximum average temperature difference. When the distance is 80 cm or
greater (denoted as the green background), the maxAT values for the three tested water
temperatures (5.5, 10, and 28.5 °C) exhibit minimal variation (standard deviation of maxAT
< 0.17), suggesting that the water temperature in the tank has a negligible effect on the
maxAT at these distances. A similar trend is observed in Figure 11b; for distances of
80 cm or more (green background), the maxAT values across the three water temperatures
are comparatively uniform (standard deviation of maxAT < 0.13), indicating a minimal
impact of water temperature on maxAT. This pattern can be attributed to the heat exchange
between the droplets and the air during their flight. As droplets travel, they gradually
warm up due to this exchange [44]. At shorter spraying distances (<80 cm), the flight
duration of the droplets is limited, providing insufficient time for them to absorb significant
ambient heat before reaching the steel plate. In such cases, the water temperature in the tank
considerably influences the maxAT. At longer distances (>80 cm), the droplets experience
more prolonged heating in the air, often reaching temperatures close to room temperature
(28.5 °C) by the time they contact the steel plate. Under these conditions, the initial water
temperature has almost no impact on the maxAT.

In summary, under cooling excitation, the maxAT between the debonded and non-
debonding regions is significantly enhanced, ranging from 3 °C to 7 °C. Particularly at
the low atomization level, when the spraying distance extends to 80-90 cm, the maxAT
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shows insensitivity to both the spraying distance and the water temperature in the tank.
During this phase, the maxAT (ranging from 3.1 °C to 3.4 °C) remains relatively stable.
This temperature differential is substantial enough to effectively distinguish debonding
areas.

3.3. Timing of the Maximum Average Temperature Difference Relative to the Excitation Duration

The timing of the maximum average temperature difference determines the optimal
detection moment, and conducting the detection at this moment helps improve accuracy.
Figure 12 and Table 6 illustrate the timing of the maximum average temperature difference
(tmaxaT) in relation to the excitation duration at various atomization levels. The duration of
spray-cooling excitation affects the total heat exchange between the steel plate and water,
consequently influencing the average temperature difference between the debonded and
non-debonding regions. The dashed line in Figure 12 indicates that the occurrence of the
maxAT aligns with the duration of the excitation. However, the timing of maxAT following
spray-cooling excitation does not exhibit a direct linear correlation with the excitation
duration. For excitation durations shorter than 120 s (marked as the green background
in Figure 11) and at a consistent atomization level, the correlation between the timing of
maxAT and the excitation duration appears relatively weak. The moments of occurrence
are clustered within a narrow range: from 135 s to 175 s at the low atomization level, from
95 s to 135 s at the medium level, and from 125 s to 165 s at the high atomization level.
Conversely, when the excitation duration exceeds 120 s (indicated by the blue background)
at the same atomization level, the timing of maxAT tends to increase proportionally with
the excitation duration. In this phase, the occurrence of maxAT for both low and medium
atomization levels closely approaches the conclusion of the excitation period.

Short-Term ' ' 'Long-Term ' ~ '
360 4. Excitation Excitation 7 4

80 1 ’ —#— Low Atomization i
10 P <z Median Atomization
s —A— High Atomization

T T T ——
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Figure 12. Temporal relation of average temperature difference to excitation duration.

Table 6. The timing of the maximum temperature difference under different excitation durations and
atomization levels.

DEJ:;:?(:::;) Low Atomization Atl(:/[nfle:tril on High Atomization
40 166 s 110 s 138 s
80 155s 98 s 145s
120 142 s 128 s 198 s
160 186 s 163 s 222 s
200 225 s 205 s 289 g
350 327's 359 s 327s

Figure 13 illustrates the liquid morphologies on the steel plate surface at different
excitation durations for the medium atomization level test group. In this study, the surface
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temperature of the steel plate in the specimen was maintained at 55.5 °C % 0.3 °C, a temper-
ature insufficient to induce boiling of the liquid droplets. The heat exchange between the
liquid droplets and the steel plate primarily occurs through surface evaporation and forced
convection resulting from the impact of heated surface droplets [31]. As shown in Figure 13,
at an excitation duration of 40 s, the water on the steel plate surface predominantly exists
as liquid droplets with limited mobility. With increasing excitation duration (from 40 s to
120 s), these droplets gradually coalesce and flow under the influence of gravity. Further
extension of the excitation time (from 120 s to 350 s) leads to a noticeable downward flow of
water on the steel plate surface. When the excitation duration is short (<120 s), the limited
time and water volume prevent the formation of a fast-flowing water stream on the steel
plate. Under these conditions, heat dissipation from the steel plate surface primarily occurs
through evaporation. After excitation ceases, evaporation continues to contribute to heat
transfer, further increasing the maximum average temperature difference. As the liquid
gradually evaporates, the efficiency of heat transfer by evaporation decreases, leading to
the peak in maxAT. Consequently, a weak correlation is observed between the excitation
duration and the timing of maxAT. However, for longer excitation durations (>120 s),
the continuous water flow on the steel plate surface effectively removes heat, primarily
through forced convection. Once the excitation stops, this dominant convection rapidly
diminishes, making it challenging to further expand the temperature difference between
the debonded and non-debonding regions. This results in the temperature peak being
reached sooner. Therefore, a more pronounced linear correlation is observed between the
excitation duration and the timing of the maximum temperature difference.

Figure 13. Liquid morphology on steel plate surface at medium atomization level over various
excitation durations.

In summary, different excitation durations lead to variations in the water morphology
on the steel plate, resulting in two distinct modes of heat exchange. This variation in
heat exchange mechanisms may explain why the timing of the appearance of the maxAT
following spray-cooling excitation does not exhibit a strict linear correlation with the
excitation duration.

3.4. Maximum Average Temperature Difference Relative to Excitation Duration

In practical detection, the larger the maxAT, the more favorable it is for detection.
Figure 14 and Table 7 present the maximum average temperature difference in relation to
the excitation duration under various working conditions. When the excitation duration is
short (<120 s, indicated as the green region), there is only a marginal difference in maxAT
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across the three atomization levels at the same excitation duration. This suggests a weak
correlation between maxAT and atomization level, implying that maxAT is predominantly
influenced by the excitation duration. Experimental results across the three atomization
levels indicate a consistent increase in maxAT corresponding to longer excitation durations.
In cases where the excitation duration is extended (>120 s, labeled as the blue region),
maxAT decreases with an increase in atomization level under the same excitation time.
At a constant atomization level, maxAT exhibits a gradual increase with longer excitation
durations, tending to stabilize around a nearly constant value. Under long excitation
durations (>120 s), heat exchange on the steel plate surface is primarily dominated by
forced convection. Due to the larger volume of liquid droplets at the low atomization level,
the heat transfer on the steel plate surface is more intense compared to the high atomization
level test group, leading to a more significant increase in maxAT for the low atomization
level group.
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Figure 14. Maximum average temperature difference by excitation duration.

Table 7. Maximum average temperature difference by excitation duration.

Excitation Median

Duration (s) Low Atomization Atomization High Atomization
40 3.6°C 3.82°C 3.24°C
80 437 °C 4.67 °C 42°C
120 6.22°C 52°C 4.42°C
160 6.27 °C 528°C 4.52°C
200 6.46 °C 5.28 °C 4.65°C
350 6.81 °C 6.3°C 4.46 °C

In summary, under consistent atomization levels and extended excitation durations,
there is minimal variation in maxAT relative to the excitation duration. Specifically, when
long durations (>120 s), low atomization levels, and extended distances (>80 c¢cm) are
selected for spray-cooling excitation, the variation in maxAT after excitation is minor (with
a standard deviation of 0.23 °C). Under these conditions, maxAT typically occurs close to
the end of the excitation period, and its value shows limited correlation with the selection
of various excitation parameters. Instead, the value of maxAT may be more related to
factors such as the debonding shape, CFST structure, material properties, and peak concrete
temperature. Additionally, the range of maxAT achieved under these conditions (between
6.22 and 6.81 °C), compared to the AT before cooling excitation (approximately 1 °C),
increases by about five times, which is sufficient to detect the presence of debonding in
typical scenarios. In practical detection, the detection personnel can use the above method
to actively excite the CFST test area, without needing to control the water temperature
during excitation. It is sufficient to let the water temperature approach ambient temperature.
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After excitation, infrared images can be immediately collected to identify the debonding.
Compared to traditional thermal excitation methods, such as microwave heating (900 W
equipment power) [22] and flashlamp heating (single bulb power of 250 W) [25] the cooling
excitation method proposed in this paper can be implemented while the object is in the
exothermic phase, without requiring additional energy sources for excitation, making it a
simpler and more suitable method for outdoor use.

4. Conclusions

The application of spray-cooling excitation significantly enhances the maximum av-
erage temperature difference between debonded and non-debonding regions, thereby
improving the efficacy of infrared thermography for detecting debonding in CFSTs. Specifi-
cally, under the conditions of a low atomization level and extended spraying distance, the
impact of both the spraying distance and the water temperature within the tank on the
maximum average temperature difference is minimal.

When the spraying duration is short, the primary mode of heat removal from the steel
plate surface is through surface evaporation. In such scenarios, the maximum average tem-
perature difference occurs within a specific range and tends to increase with the duration of
excitation. With prolonged excitation, the dominant mechanism for heat removal shifts to
forced convective flow. Consequently, the variation in the maximum average temperature
difference in response to the excitation duration becomes relatively minor.

We studied spray-cooling excitation with a long duration (>120 s), low atomization
level, and extended distance (>80 cm). In this context, spray-cooling excitation significantly
increases the maximum average temperature difference, and variations in the spray-cooling
parameters have only a minor effect on this temperature difference. Additionally, the
optimal moment for detection typically aligns with the end of the excitation period.

In practical testing, an excitation duration greater than 120 s, an excitation distance
greater than 80 cm, and an excitation water temperature set to ambient temperature with
a low atomization level can be selected. This method can increase the maximum average
temperature difference by about five times compared to before excitation, without the need
for additional manual control of the excitation water temperature, making it convenient for
application in actual engineering. The use of water as the excitation source avoids environ-
mental pollution and is cost-effective. Additionally, no extra energy supply equipment is
required, which helps reduce project costs and improve project efficiency.

5. Limitations and Future Work

However, it is important to note that this study is limited to laboratory experiments
and has not been applied in real-world engineering settings. The findings and methods
presented here may not fully account for the complexities and variables present in actual
engineering environments, and further validation in practical engineering projects is neces-
sary to assess the method’s performance and reliability under real-world conditions. Future
research should consider adopting the method of spray-cooling excitation to minimize
research variables, enabling a more focused and controlled investigation. This approach
is expected to facilitate a comprehensive examination of how additional factors—such
as CFST (concrete-filled steel tube) dimensions, debonding sizes, and the temperature of
exothermic hydration—affect the maximum average temperature difference. A deeper
understanding of these factors could lead to the more precise and quantitative detection
of debonding, providing valuable insights for both theoretical and practical applications.
Furthermore, exploring the development of highly mobile spray-cooling equipment would
allow for the more efficient utilization of excitation water, enabling precise targeting and
uniform cooling. This innovation would enhance detection efficiency by reducing water
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waste and energy consumption. Ultimately, the integration of such advanced equipment
into engineering practices promises not only more efficient, stable, and convenient detection
of debonding but also a more sustainable approach for large-scale industrial applications.
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Appendix A

TDmean: Average temperatures of the debonded regions;

Tnonmean: Average temperatures of the non-debonded regions;

AT: The average temperature difference between non-debonded regions and debonded
regions;

maxAT: The maximum value of AT during the excitation period;

tmaxar: The timing of the maximum average temperature difference.
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