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Abstract

Wind-induced roof-lifting accidents occur frequently in metal roofs, making the monitoring
of wind uplift resistance an important part of building health monitoring. This paper
proposes an integrated monitoring and reinforcement method for metal roofs using embed-
ded fiber Bragg grating (FBG) smart rebars, develops smart rebars with both sensing and
load-bearing functions, and conducts wind uplift tests in accordance with relevant stan-
dards. The experimental results show that: 1. The smart rebar can achieve high-frequency
real-time monitoring at 100 Hz, accurately capture the dynamic force characteristics of the
roof panel throughout the wind load application process, and precisely locate the damaged
area. 2. The smart rebar and the roof panel form an integrally stressed “rebar—panel”
system. Under wind load, they deform coordinately; the smart rebar uniformly trans-
fers the load from local high-stress areas to the entire roof system, optimizing the force
transmission path and avoiding premature damage caused by local stress exceeding the
limit. During the experiment, it effectively restricts the deformation of the decorative panel
and prevents secondary damage caused by “splashing”. 3. Based on the experimentally
measured strain data and the degree of roof damage, a graded-control index system is
established with a “first-level alarm threshold of 1800 e, second-level alarm threshold
of 2400 e, and third-level alarm threshold of 3000 pe”. Each level of alarm corresponds
to relevant disposal measures, realizing closed-loop management from data monitoring
to risk response. The smart rebar system serves both load-bearing and sensing functions,
fulfilling the practical engineering needs of monitoring and enhancing the roof, thereby
achieving the dual purposes of monitoring and reinforcement.

Keywords: metal roof; FBG; smart rebar; wind uplift monitoring; reinforcement

1. Introduction

Metal roofs are widely used in long-span spatial structures due to their advantages of
light weight, high strength, and good durability [1]. However, metal roofs have high flexibility
and low weight, making them susceptible to large negative wind pressure under strong
winds. Especially for long-span roofs, wind uplift failure is prone to occur. The scattered
components after failure pose threats to people, buildings, and even moving vehicles, necessi-
tating reinforcement measures. Internationally, Baskaran. A [2-4] conducted early research on
the wind resistance of lightweight roof systems and proposed several wind-resistant design
formulas and suggestions. David et al. [5] performed wind resistance tests on metal roofs
and found that the current codes for calculating the wind-bearing capacity of metal roofs are
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overly conservative when compared with test results. Mayooran et al. [6] proposed a small-
scale test method to replace full-scale tests by summarizing the connections between cold-
formed steel roofs and fasteners and conducting extensive experimental studies. Domestically,
Luo Yongfeng et al. [7] compared and analyzed reinforcement schemes for standing seam
metal roofs and found that adding wind-resistant clamps and U-shaped pressing strips can
improve the wind resistance of metal roofs. Xu Chunli et al. [8] applied locking clamps
to the T-code of metal roof panels in a large stadium to enhance the wind-bearing capac-
ity of the roof panels. Long Wenzhi, Ying Xiaojie, et al. [9,10] proposed methods such as
adding wind-resistant clamps, aluminum square tubes, and local purlins, and strengthen-
ing fixed supports to improve wind uplift resistance based on relevant engineering cases.
Shi Dongwan [11] provided a metal roof structure capable of improving wind uplift perfor-
mance by studying the structural composition, calculation theory, and failure mechanism of
metal-roof-panel systems.

Current research on the wind uplift resistance of roof panels focuses on structural
enhancement and the application of new materials. However, analysis of roof failures
reveals that most roofs are lifted before reaching the design wind load. This is due to
cumulative damage and performance degradation of structures and materials caused
by repeated actions of wind loads, environmental corrosion, and temperature during
service, leading to premature failure. Therefore, it is necessary to introduce the concept
of health monitoring on the basis of reinforcement to monitor internal force changes
during component service, identify vulnerable and control parts of the structure, better
evaluate the internal conditions of the system structure, and achieve early warning [12].
Internationally, structural health monitoring has been applied to long-span structures
such as bridges and railway stations at an early stage [13,14]. In China, many structural
monitoring systems have also been established for large-scale structures, such as the Humen
Bridge and Nanjing Yangtze River Bridge, where sensing equipment was installed during
the construction phase to prepare for the operation period. Currently developed sensing
elements include optical fibers, piezoelectric materials, shape memory alloys, and resistance
strain wires. Traditional FBG sensors are widely used due to their light weight, stable
performance, electromagnetic-interference resistance, corrosion resistance, and ease of
embedding into structures. However, optical fibers are relatively fragile, resulting in high
construction difficulty and system maintenance costs [15]. Piezoelectric sensors have a
fast response speed, simple structure, small size, ease of distributed deployments, good
long-term stability, and strong anti-electromagnetic interference properties. However, their
inherent material characteristics prevent direct measurement of static forces or continuous
low-frequency stresses, and they are greatly affected by the environment [16]. Shape
memory alloys can be applied to various deformations and easily integrated with other
materials, but their disadvantages include high price and difficulty in signal processing
when entering the inelastic stage [17].

The above research findings indicate that the existing studies on wind uplift resistance
of metal roofs tend to separately focus on improving the structural performance and
enhancing the monitoring accuracy of sensing technologies, resulting in a fragmented
research landscape. Traditional monitoring can only achieve passive early warning and
cannot improve structural performance. Although the application of simple reinforcement
measures can enhance structural performance, it is difficult to predict the development
of damage. As a result, the active prevention and control needs of long-span metal roofs
under complex service conditions are not adequately met. In view of this, this study
proposes a metal-roof monitoring method based on embedded optical fiber smart rebars
from the perspectives of operation, maintenance and reinforcement. Its core lies in breaking
through the limitation of the “single function” of traditional technologies and realizing the
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integration of “monitoring + reinforcement” functions: 1. The FBG sensors are integrally
encapsulated within GFRP rebars, which solves the pain points of traditional external
optical FBG sensors, such as easy damage and high maintenance costs, and the monitoring
elements also have a reinforcement function; 2. The embedded gratings can, in real time,
capture the structural stress response, warn of the structural damage location, and facilitate
early intervention and treatment, making up for the lack of dynamic feedback in traditional
reinforcement [18-20]. This technology fills the research gap in the “synergistic mechanism
of monitoring + reinforcement” in the field of wind uplift resistance of metal roofs, provides
a practical integrated technical scheme at the engineering application level, and offers a
new approach for the active prevention and control of wind uplift in long-span metal roofs.

2. Experimental Overview
2.1. Fabrication of Smart Rebars

In this experiment, the glass fibers produced by Beijing Saint-Gobain Vetrotex Glass
Fiber Co., Ltd. (Beijing, China) and the FBG sensor elements manufactured by Shenzhen
Accelink Technologies Co., Ltd. (Shenzhen, China) were adopted as the materials. The
embedded optical fiber smart rebars are prepared using a “high-temperature composite
molding process”: during the processing of GFRP rebars, FBG sensing elements and
glass fiber filaments are compounded with resin at high temperature and cured at high
temperature to form an integrated structure. Since optical fibers are slender and their
coating and protective layers are polymers, they have natural compatibility with GFRP
materials and do not change the basic properties of GFRP. The epoxy resin matrix can
isolate the impact of temperature fluctuations and humidity erosion on the optical fibers,
and the GFRP material can improve the overall mechanical properties. Both lay a material
foundation for the long-term stable operation of FBGs. The production process is shown in
Figure 1a, and the appearance of the finished product is shown in Figure 1b.
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(a)

Figure 1. Production process and finished product diagram of fiber Bragg grating smart rebars.
(a) Production process of smart rebars. (b) Finished product of smart rebars.

2.2. Mechanical and Sensing Properties of Smart Rebars

According to GB/T 30022-2013 “Glass Fiber Reinforced Polymer Bars” and GB/T
26743-2011 “Fiber Reinforced Polymer Bars for Structural Applications” issued by the
Standardization Administration of the People’s Republic of China [21,22], the standard
specimen length of the smart rebars is 680 mm with an anchorage length of 200 mm. The
standard tensile specimen is illustrated in Figure 2a. Tensile tests on the smart rebars
were conducted using epoxy iron sand anchorage, with the tensile rate controlled by a
displacement of 2 mm/min. The mechanical property testing device is shown in Figure 2b.

The mechanical property test results are presented in Table 1. The standard value of
the tensile strength of the smart rebars is >700 MPa; the elastic modulus is 47 GPa, and the
ultimate elongation is 2.4%, which are higher than those of ordinary GFRP rebars (tensile
strength: 500-650 MPa, elastic modulus: 40-45 GPa, ultimate elongation: 1.5-2.0% [23-25]).
This performance advantage enables the smart rebars to better adapt to the coordinated
deformation of metal roofs under wind loads, avoiding local damage caused by stiffness

https://doi.org/10.3390 /buildings16050949


https://doi.org/10.3390/buildings16050949

Buildings 2026, 16, 949

40f12

Steel Sleeve—epoxy Resin Anchor

200mm

mismatch or insufficient ductility, and fully meeting the wind resistance reinforcement
requirements of metal roofs.
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Figure 2. Tensile performance test of smart rebars. (a) Standard tensile specimen. (b) Mechanical-
property testing device.

Table 1. Properties of smart rebars.

Diameter/mm Tensile Strength/MPa Elastic Modulus/GPa Elongation/% Sensitivity Coefficient pm/pue  Transfer Efficiency/%

5.5

750

47 24 1.2 88.33

In accordance with the national standard JG/T 422-2013 “Fiber Bragg Grating Strain
Sensors for Civil Engineering” [26], fiber optic strain collection was carried out on the smart
rebars. The strain sensing range is 0~10,000 (¢, the strain sensing sensitivity coefficient is
1.2 pm/ pe, the strain transfer efficiency is 88.33%, the linearity is 0.999, and the repeatability
error is 0.05% (far lower than the specification requirement of <0.5%), indicating stable
and reliable sensing performance. Compared with traditional external FBG sensors (strain
transfer efficiency: 60-75% [27,28]), the smart rebars, through GFRP-integrated packag-
ing, significantly improve the strain transfer efficiency, effectively isolate environmental
interference, and ensure the accuracy of monitoring data.

2.3. Experimental Setup and Installation of Smart Rebars

The main experimental setup is a metal-roof wind resistance testing machine, consist-
ing of four parts: a test pressure box, a fan duct, a centrifugal fan, and control equipment.
The plane size of the box was 3.86 x 7.70 m?, divided into three independent units along
the height direction. The upper and lower boxes simulate the different wind conditions
through independent air sources. The middle specimen frame was the roof installation
area, with sealing strips set around to effectively seal the specimens and ensure wind load
application efficiency. The experimental setup is shown in Figure 3.

The research team fabricated a metal roof with dimensions of 3.76 m (width) x 7.5 m
(length). Since the long side of the roof is the primary load-bearing direction, 6 GFRP
sensing rebars were arranged along the length of the panel. Among these rebars,
3 are distributed optical fiber rebars, and the other 3 are FBG smart rebars (Smart Reba
r #1 with 3 equidistantly spaced measuring points; Smart Rebar #2 with 6 equidistantly
spaced measuring points; Smart Rebar #3 with 3 equidistantly spaced measuring points),
which are arranged alternately at intervals. The 6 GFRP sensing rebars are symmetrically
and uniformly placed on the decorative panels of the test specimen: 4 rebars are installed
in the weakly constrained central area of the roof, with a spacing of 0.5 m between adjacent
rebars; the 2 edge rebars are fixed at the midpoints of the decorative panels, 0.35 m away
from the roof ends. The smart rebars are mechanically anchored via the fixed nodes of
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the roof panel [29]. The nodes adopt an integrated “bolt + buckle” design, eliminating
the need for on-site welding and enabling single-person operation. Compared with the
traditional scheme of “first reinforcing (bonding GFRP rebars) then monitoring (arranging
sensors)”, this design significantly improves construction efficiency. After installation, pre-
tensioning is applied to the smart rebars by pressing down the nodes. In this experiment,
the pre-tension strain is controlled at approximately 500 pe. The straightening of the smart
rebars eliminates the inelastic deformation caused during installation, ensuring that they
preferentially participate in load-bearing when the roof shows a tendency of wind uplift,
thus enhancing the response sensitivity of the monitoring system. The FBG measuring
points are designed to be located between the fixed nodes and the downward-pressing
nodes to ensure that the rebars enter a pre-tensioned state after the nodes are pressed down.
In this experiment, the measuring points are arranged at the downward-pressing nodes,
with one point set every two decorative panels, so as to cover different positions of the
entire roof decorative panel. The installation layout is shown in Figure 4.
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Figure 4. Installation and layout diagram of smart rebars.

3. Experimental Results and Analysis

The test adopts the wind uplift resistance test method for metal roofs specified in
Chapter A.6 of the Guangdong Provincial Standard DB]/T 15-148-2018 “Technical Specifi-
cation for Metal Roofs in Strong Wind-Prone Areas” [30]. The design wind pressure was
W =8.01 Kpa, and the test was conducted continuously through dynamic wind pressure
detection and static wind pressure detection. The dynamic pressure-loading cycle includes
ascent and descent phases: the pressure ascent time shall not exceed 2 s, the descent time
shall not exceed 1 s, and a single fluctuation cycle shall not exceed 3 s. After the dynamic
wind pressure detection, if the specimen does not fail, static wind pressure detection shall
be carried out until it fails. Static wind pressure loading shall be carried out step by step,
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with each level maintained for 60 s until the specimen fails, as shown in Figure 5. Real-time
data collection is performed during cyclic loading. The monitoring data collection during
the test is mainly divided into three parts: (1) Initial strain measurement after installation;
(2) real-time high-frequency collection of embedded FBG smart rebars and static scanning
of distributed rebars during dynamic/static loading; (3) final data measurement after wind
uplift failure.

605

Wind Load at Failure
605

0.9w

Load /Pa
‘Wind load /Pa

0.55W

0.4W

Time /s

Time /s

(a) (b)

Figure 5. Schematic diagram of wind pressure loading. (a) Dynamic wind pressure loading diagram;
(b) Static wind pressure loading diagram.

3.1. Initial Strain Measurement

After all smart rebars were fixed, a full-roof initial evaluation scan was performed.
Three consecutive measurements were completed, and after confirming no data differences,
the third measurement data were taken as the initial value.

3.2. Dynamic Monitoring During Dynamic Loading Cycle Stage

During the dynamic loading stage of the test, a 100 Hz FBG demodulator was used
for continuous dynamic data collection of smart rebars, as shown in Figure 6. As can be
seen, the sensing rebars monitor 14 dynamic loading cycles per minute, with an average
duration of 4.28 s (During the conversion from wind suction to wind pressure, as well
as at the wave crests and wave troughs of the loading cycle, the equipment exhibits a
short period of flat delay, approximately 1.3 s), which is consistent with the preset loading
scheme. Within similar cycle periods (1 min), the test data of the smart rebar grating points
showed a good sinusoidal change, and the amplitude slightly changed in a short time, as
shown in Figure 6a—c. This result indicates that the smart rebars and the metal roof form a
good “rebar-panel” integrated force-bearing system through anchorage nodes, which can
jointly resist wind loads and avoid local independent deformation of the roof. At the same
time, the monitoring system can accurately capture the strain changes of each measuring
point on the roof, indicating that encapsulating FBG sensors in GFRP results in stable
sensing performance without interference. With the progress of the test, the strain vibration
amplitude at each position in the smart rebars gradually increased, and the maximum peak
value showed a gradual upward trend. Among the rebars, the change trends of Smart
Rebars 1# and 3# installed on the side were more obvious (Figure 6d). The continuous
arrangement of smart rebars will further improve the integrity of the roof panels, and the
two form a complete, continuous force-bearing “rebar—plate” system. Under wind loads,
they deform coordinately, and the smart rebars uniformly transfer the load in the local
high-stress areas to the entire roof system, thereby optimizing the force transfer path. This
redistribution prevents premature roof damage due to local stress exceeding allowable
limits and verifies the feasibility of the proposed reinforcement scheme.
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Figure 6. Dynamic monitoring during the dynamic loading cycle stage. (a) Dynamic cycle curve of

Smart Rebar 1#. (b) Dynamic cycle curve of Smart Rebar 2#. (c¢) Dynamic cycle curve of Smart Rebar
3#. (d) Amplitude of smart rebars.

3.3. Dynamic Monitoring During Wind Uplift Failure Stage

With the gradual increase in load, the curling of the roof panel and the clamp were

damaged. The self-tapping screws of the decorative panels in rows 3 and 4 in the monitoring

area loosened under wind pressure, the decorative panels showed a tendency to fly up,

and the decorative panels in the nearby area exhibited obvious protruding deformation.
The damaged area and details are shown in Figure 7.

: i e i B
| I |
33327 31
i i i
Distributed 1583pe | 1933pe | 2005 1
Smart Bar 213} 22 23 2-4 1 25 | 26
850us | 2098ue | 3250ue | 3572uc  2869ue | 117dpe
T ]
|| Grating Measuring Point
|5 e e /
+
1 | 1-2 [ 13 Heeslasasim
63.3pe 156ps 195ps

Wind Uplift Zone

Figure 7. Schematic diagram of the wind uplift damage area.

Grating
Smart Bar

From the real-time data monitored by the smart rebars (Figure 8), it can be seen that:

(1) When the decorative panel structure undergoes wind uplift failure, the FBG smart rebars

can acutely capture the data change at the moment of wind uplift, and the detailed data
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Continuous Data of Measuring Points on Smart Rebar

are shown in Table 2. (2) During the test, the strain of the monitored FBG sensors showed
an obvious sudden change of about 2000 pe, and the sudden change value gradually
decreased from the damaged area to the undamaged area (strain of measuring points in
the damaged area > 2000 pe, strain in the undamaged area < 500 pe). The smart rebars
connect discrete metal panels into a continuous load-bearing unit, optimizing the force
transfer path of the roof. When wind load acts on the roof panels, part of the load is
directly transmitted to the purlins through the panels, while the other part is transferred
to the smart rebars via the connection nodes between the panels and the smart rebars.
The smart rebars uniformly distribute the load in local high-stress areas to the entire roof
system, achieving uniform force transfer of “local load — smart rebars — overall system”.
This balances the stress distribution among all roof components and nodes, avoiding local
failure caused by single-point overload and thereby slowing down the spread of overall
roof failure. (3) At the moment of wind uplift failure, the smart rebars can effectively limit
the splashing of decorative panels. After the wind stops, the measured strain value at each
measuring point returns to a level similar to that before the wind began. This outcome
indicates that the GFRP material can effectively protect the FBG sensors from failure due to
cyclic loads, confirming the dual stability of the mechanical and sensing properties of the
smart rebars under extreme working conditions.

#1 at Wind Uplift Moment c Continuous Data of Measuring Points on Smart Rebar #3 at Wind Uplift Moment

‘ontinuous Data of Measuring Points on Smart Rebar #2 at Wind Uplift Moment

(b) (c)

Figure 8. Real-time monitoring data of fiber Bragg grating (FBG) smart rebars. (a) Failure stage
curve of Smart Rebar 1#. (b) Failure stage curve of Smart Rebar 2#. (c) Failure stage curve of
Smart Rebar 3#.
Table 2. Statistics of strain at each measuring point at the moment of wind uplift failure.
Smart Rebar No. Measuring Point No. Maximum Strain/pe Status of Measuring Point Location
1-1 63.3 No obvious damage
Smart Rebar 1# 1-2 156.7 No obvious damage
1-3 195 No obvious damage
2-1 859 No obvious damage
2-2 2869 Bulging
2-3 3572 Bulging
Smart Rebar 2# 2.4 3250 Flying
2-5 2098 Flying
2-6 1174 Bulging
3-1 2005 Flying
Smart Rebar 3# 3-2 1933 Bulging
3-3 1583 Bulging

By analyzing the data during the wind uplift failure stage and combining it with the
deformation of the roof panel on-site, a quantitative index and graded-control system for
FBG sensor monitoring were established: The Level 1 alarm value was 1800 pe. At this
time, attention should be paid to the alarm times and magnitude, and the monitoring of
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data change trends of this point and surrounding sensors should be strengthened. The
Level 2 alarm value was 2400 pe. The location of the alarm should be positioned, and data
from surrounding sensors should be introduced for analysis. When continuous high-level
early warning occurs, safety inspections of relevant measuring points should be carried
out to check whether the sensors are invalid, and key observations should be conducted
in strong wind weather. The Level 3 alarm value was 3000 pe. The alarm location should
be locked, and the inspection area should be expanded, focusing on checking the welding
quality of the roof panel and the connection quality of anchor bolts, and timely reinforce-
ment should be carried out for high-risk areas. This graded-control system realizes the
closed-loop management from “data monitoring” to “risk response”, providing a scientific
technical basis for the active wind resistance of metal roofs. In practical engineering, there
are significant differences in the dimensions, materials, support forms, smart rebar layout
density, load types, and service environments of metal roofs. For practical applications,
alarm thresholds need to be calibrated and optimized through targeted tests or numerical
simulations based on the specific structural parameters, operating conditions, and environ-
mental conditions of the project to ensure the accuracy and reliability of monitoring and
early warning.

3.4. Static Positioning Monitoring After Wind Uplift

After the wind pressure of the loading system was completely stopped, static data
collection was performed on the optical fiber smart rebars and FBG smart rebars, and the
curves are shown in Figure 9. In combination with the layout of the smart rebars, the range
of 10-18 m in the figure corresponds to the actual measurement area of the roof panel, and
further analysis of the data is conducted in the following sections.

Strain Diagram of Distributed Rebars and FBG Rebars After Damage

Distributed Rebar #1
Distributed Rebar #2
Distributed Rebar #3
- ®- FBG Rebar #2
—- %*- FBG Rebar #1
- 4- FBG Rebar #3

200

150

100 4

Strain/jie
o
(-1
1

o

~50

-100 4

-150 4

Position /m

Figure 9. Static scanning data diagram after wind cessation.

(1) The main damage area of the test decorative panel is the middle part of rows 3 and
4, which breaks away from the keel and is 1.34 m away from the edge of the test bench.
Combined with the data of Smart Rebar 2#, the maximum tensile strain occurred in the
range of 11~12 m (1~2 m from the edge), with a maximum tensile strain of 143 pe. This
strain distribution was completely consistent with the damage area, indicating that the
smart rebars can not only play a constraint role at the moment of failure but also achieve
accurate positioning of the damage area through static scanning, providing a clear basis for
subsequent maintenance.

(2) For each measuring point of Smart Rebar 2# (6.25 m, 5.05 m, 3.95 m, 2.85 m,
1.75m, and 0.65 m from the edge, respectively), the tensile stress at 0.65 m and 1.75 m was
relatively large and located in the damage area. Among the measuring points, the tensile
strain at 1.75 m was 137.5 pe, which was consistent with the stress state at a similar position
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of Smart Rebar 3#. The distributed arrangement of the above smart rebars can realize the
monitoring of the overall stress of the roof.

(3) Along the axial direction of the smart rebars, the lifted decorative panels exert
pressure on adjacent areas, inducing bending in the smart rebars, with areas experiencing
local bending showing local compression. This abnormal signal can be used as a “hidden
damage early warning index”. In practical engineering, combined with the change in this
signal, the loose connection between the roof and the keel can be identified in advance to
avoid explicit damage.

It should be added that the smart rebars are fabricated by high-temperature com-
pounding of FBGs, glass fiber filaments, and resin. The damage localization accuracy
obtained in this experiment is based on the standard installation process, constant tempera-
ture, and short-term test conditions in the laboratory. When the smart rebars are subjected
to long-term loads or harsh environments (such as high-temperature and high-humidity
environments), the resin matrix and internal fibers are prone to damage, thereby affecting
the monitoring accuracy and reinforcement effect of the smart rebars. The magnitude of
this impact requires further research in subsequent work.

4. Conclusions

An intelligent monitoring method for metal roofs based on embedded optical fiber
(grating) smart rebars was proposed in this work. The key link of this method is the develop-
ment of smart rebars that meet the needs of practical engineering monitoring while taking
into account reinforcement. These smart rebars integrate both sensing and load-bearing
functions, combining structural health and safety monitoring with the reinforcement of
metal roof panels to improve the overall wind resistance of the structure. Based on this, the
following conclusions can be drawn:

o The embedded FBG smart rebars possess stable and reliable high-frequency real-time
monitoring capabilities. During wind load application, at the moment of wind uplift
failure, and after failure, they can accurately capture the dynamic strain characteristics
of the measured areas, effectively reflecting the stress state and damage distribution of
the roof. This successfully addresses the issues of traditional external sensors being
prone to damage and lacking data accuracy.

e  Through node anchorage, the smart rebars form a “rebar—panel” cooperative force-
bearing system with the metal roof, improving the overall stiffness of the roof and
suppressing wind-induced deformation. The smart rebars connect discrete metal
panels into a continuous load-bearing integrated structure, uniformly transferring
loads from local high-stress areas to the entire roof system and optimizing the roof’s
force transfer path. This balances the stress distribution among all roof components
and nodes, avoiding local failure caused by single-point overload. The experimental
results show that the smart rebars effectively restrict the warping deformation of
decorative panels and prevent secondary disasters induced by roof panel splashing.

e Based on the experimentally measured strain data and the degree of roof damage, a
graded-control index system is established, including a first-level alarm threshold of
1800 pe, a second-level alarm threshold of 2400 pe, and a third-level alarm threshold
of 3000 pe. Each level of alarm corresponds to specific disposal measures, enabling a
closed-loop management system that links data monitoring to risk response.

e  Since no benchmark specimens without smart rebars were included in this experiment,
the improvement in wind resistance performance and stiffness range of metal roofs
composed of smart rebars cannot be quantified by direct experimental data. Conse-
quently, the enhancement effect can be only inferred from the observed experimental
phenomena and supported by relevant literature data. In addition, the experimental
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conclusions are drawn based on the laboratory standard process conducted under
constant temperature and humidity conditions and are based on short-term tests. The
influence of long-term loads and harsh environmental conditions on the accuracy and
durability of smart rebars has not yet been explored. In the follow-up research, the
influence of each factor on the monitoring accuracy and reinforcement effect of smart
rebars can be quantified by changing test variables such as roof dimensions, smart
rebar layout density, load types and temperature-humidity environments, so as to
establish a parameter calibration method applicable to different engineering scenarios.
Special tests on the stress behavior of smart rebars, roof panels and other related
components can be carried out to deeply explore their mechanical mechanisms under
wind uplift and improve the theoretical system of the “monitoring—reinforcement”
cooperative effect of smart rebars. Furthermore, combined with practical engineering
cases, the installation process and threshold calibration method of smart rebars can be
optimized, the long-term service performance monitoring of smart rebars can be car-
ried out, and finally, technical guidelines that can directly guide engineering practice
can be formed.
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