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ABSTRACT

During the long-term use of civil engineering structures, they are susceptible to
deformation and cracking due to factors such as external environment and loads, which
can affect the load-bearing capacity and durability of the structure and lay hidden
dangers for the safety of the structure. Therefore, it is of great significance to adopt
effective methods to monitor the health status of the structure throughout its service life,
in order to identify potential structural problems and take necessary measures. However,
most sensing technologies currently used for structural health monitoring typically
require continuous power supply and cables for signal transmission, which can cause
many problems in practical applications and make the installation and maintenance of
sensing systems difficult. Therefore, a more economical, convenient, and low-carbon
technology is needed to meet the needs of modern civil engineering monitoring and
maintenance.

The passive sensing technology based on patch antennas provides a new technical
means for civil engineering monitoring. The patch antenna sensing technology mainly
uses the antenna itself as a sensing unit to measure parameters such as structural
deformation and environmental variables, without the need for continuous power
supply. Instead, it achieves interrogation and information transmission through
electromagnetic coupling or backscattering. In addition, patch antennas also have the
advantages of low cost, simple structure, and embeddable, which can avoid many
problems faced by traditional sensors in practical use and are more suitable for
intelligent monitoring and maintenance in modern civil engineering. This article aims
to combine the passive advantage of patch antenna sensing technology with the form
of smart aggregates to form a smart aggregate that can be embedded inside concrete
and has dual functions of sensing and stress, achieving the sensing of multiple
parameters such as internal deformation of concrete. In order to achieve this goal, this
article mainly conducts the following research work:

(1) In order to achieve simultaneous sensing of multiple parameters by the patch
antenna, an off-center fed combined patch antenna sensor was developed for
simultaneous sensing of structural deformation and environmental temperature. This
sensor combines the off-center feeding method with a combined patch antenna to excite

resonance modes in both longitudinal and transverse direction of the patch antenna, and
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decouples the resonance frequencies in both directions for environmental temperature
and structural deformation sensing, respectively. The proposed sensor can achieve
simultaneous sensing of multiple parameters by a single sensor, avoiding additional
temperature sensors for compensation. In addition, the combined design of the sensor
also avoids problems such as incomplete deformation transfer ratio of the monolithic
patch antenna sensor. In the research, the relationship between the resonant frequencies
of antenna, the environmental temperature, and structural deformation was studied
through theoretical analysis and simulation, as well as optimization methods for oft-
center feeding distance and temperature self-compensation methods. The feasibility of
using the proposed sensor for simultaneous sensing of environmental temperature and
structural deformation was verified through a series of experiments. The design of this
multi-parameter sensing patch antenna sensor is the foundation for subsequent multi-
parameter sensing of intelligent aggregates.

(2) In order to expand the application range of patch antenna sensors and enable
them to be embedded inside materials such as concrete for monitoring, the effects of
the packaging material itself and external environmental changes on the
electromagnetic parameters of patch antenna sensors were investigated. There are two
packaging schemes, shielding material and non-shielding material. When using
shielding material to encapsulate the patch antenna sensor, it can avoid the influence of
external environmental dielectric constant changes. When using non-shielding material
to encapsulate the patch antenna sensor, it can achieve sensing of the external
environment. A series of simulations were conducted to study the two packaging
technologies of shielding material and non-shielding material, and corresponding
experiments were conducted. Carbon fiber, copper, acrylic, and polyethylene were used
as packaging materials to verify the feasibility of the two packaging technologies. The
study of packaging materials for patch antenna sensors and the study of two packaging
technology routes provide technical support for the application of patch antenna sensors
in embedded environments.

(3) In order to make the size of patch antenna sensors smaller and more suitable
for embedding inside the structure for sensing, the miniaturization and wireless
interrogation methods of patch antenna sensors were studied. In terms of
miniaturization of patch antennas, based on the principle of patch antenna sensors and
the calculation formula of resonant frequency, the miniaturization of patch antennas

was achieved by increasing the dielectric constant of the dielectric layer. A patch
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antenna sensor with smaller size and higher sensitivity was designed, and its
performance was verified through a series of simulations and experiments. In terms of
wireless interrogation for patch antenna sensors, a wireless interrogation method using
a broadband antenna facing the patch antenna and a wireless interrogation method using
a patch antenna connected to a broadband antenna as a load were studied. Simulations
and experiments have achieved good results, verifying the feasibility of wireless
interrogation for patch antenna sensors. The miniaturization and wireless interrogation
exploration of patch antenna sensors have improved the practicality of patch antenna
Sensors.

(4) In order to make the patch antenna sensing unit as a passive smart aggregate
with sensing function, carbon fiber board was selected as the packaging material to
protect the patch antenna sensing unit, and the suitable deformation transfer mechanism
was determined when embedding the patch antenna sensing unit inside the concrete.
Two types of passive smart aggregates based on patch antennas with different
sensitivities were designed and embedded into concrete. A series of experiments were
conducted to test the actual sensing performance of the smart aggregate embedded in
concrete, and the experimental results were discussed. The experimental results indicate
that the passive smart aggregate based on patch antennas can sensing the internal
deformation of concrete through the shift of resonant frequency, proving the feasibility
of the passive smart aggregate.

Finally, a brief discussion was conducted on the research work and challenges
faced by the multi-parameters sensing passive smart aggregate based on patch antenna,

and further research directions were prospected.

Key Words: Structural health monitoring, patch antenna, passive, smart aggregate,

multi-parameter sensing
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