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A self-aware posttensioned prestressing intelligent reinforcement system with force and sensors is proposed by combining the
advantages of posttensioned prestressing reinforcement technology and intelligent structure. A static test study is then conducted
with brick masonry members (wall pieces) as reinforcement objects. The experimental results demonstrate that the intelligent
strand can be deployed using the same process, tensioning apparatus, and anchoring equipment as ordinary strand. Furthermore,
the mechanical performance indexes with and without intelligent strands are very close, and the differences in percentages of
cracking load, cracking displacement, yielding load, yielding displacement, ultimate load, and ultimate displacement are 20%, 9%,

9%, 10%, 2%, and 26%.

1. Introduction

Continuous advancements in engineering technology necessitate
regular updates to building structure design and construction
methods [1, 2]. The advent of innovative technologies, such as
posttensioned prestressing technology [3, 4] and intelligent
structures [5], has resulted in unprecedented improvements to
building project design, construction, and maintenance. Not
only have these technologies altered conventional notions of
building and structural engineering, but they have also elevated
the safety, stability, and durability of buildings and structures to
new levels.

Posttensioned prestressing reinforcement technology is
widely used for the retrofit of reinforced concrete and brick
and mortar structures due to its advantages of short rein-
forcement time, low cost, and improved seismic performance
[6-8]. Liu et al. [9] discussed the design calculation method
for posttensioned prestressed reinforced concrete flexural
members. They proposed the common arrangement of pre-
stressing tendons and analyzed the nodal practice. Further-
more, they analyzed the construction method of prestressed
reinforced frame beams using an engineering example. Ban
et al. [10] introduced a novel approach for posttensioned

prestressed reinforced brick masonry incorporating struc-
tural columns. The study combined experimental tests and
finite-element simulations to demonstrate the effectiveness
of the proposed method. Hua and Liu [11] presented a new
technique for posttensioned prestressing seismic strengthen-
ing, focusing on a seismic strengthening project involving a
multistory brick and mortar house in Beijing. They con-
ducted an experimental study on eight test walls subjected
to repeated horizontal low circumferential loads to assess the
shear bearing capacity and enhance the damage pattern.
Based on the aforementioned findings, the application of
posttensioned prestressing reinforcement technology for
strengthening and retrofitting is considered justifiable and
has significant potential. However, structures reinforced using
posttensioning prestressing require regular manual inspec-
tion and maintenance to ensure the integrity of the anchorage
system. Moreover, these structures have limited flexibility,
making it challenging to implement any changes or modifica-
tions once the strengthening process is completed. In con-
trast, intelligent structure technology is an approach that
integrates sensors, controllers, and actuators into the struc-
ture to enable self-adaptation, self-monitoring, and self-
healing [12-16]. Moreover, it can help designers monitor
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FIGURE 1: Schematic diagram of intelligent steel strand structure.

and control the application process of posttensioned prestres-
sing techniques to ensure optimal results.

Based on the development and performance analysis of
intelligent steel strands, this article proposes a self-aware
posttensioning prestressing intelligent reinforcement system
that incorporates both force and sensors. The study uses
brick masonry elements (wall pieces) as the objects of rein-
forcement, and conducts experimental research on the self-
aware posttensioned prestressing intelligent reinforcement of
brick wall pieces to obtain the prestress evolution law of the
reinforced structural members throughout their service life
through the use of intelligent steel strands. This verifies the
feasibility and superiority of the monitoring method.

2. Intelligent Steel Strand Search

2.1. Structure and Principle. To meet the demand for pre-
stress loss monitoring of prestressing tendons, the intelligent
strand structure must possess the following characteristics:
(1) easy deployment; (2) high durability; (3) good long-term
reliability; and (4) replaceability with ordinary steel strands.
Our designed fiber-optic intelligent strand components include
a reinforcing fiber intelligent composite tendon, copper sheet,
and steel strand outer wire, which exhibit the specific structure
depicted in Figure 1.

To monitor the prestress loss, we designed and manufac-
tured the reinforced fiber-optic (FRP-BOTDA/R (FBQG))
smart sensing tendon. This intelligent sensing tendon replaces
the middle wire of the ordinary strand (as shown in Figure 1).
The stranded end provides anchoring and torsion effects,
which naturally grip and wrap the smart sensing tendon,
ensuring that the six outer wires of the smart sensing tendon
and the common strand deform together.

2.2. Performance Analysis

2.2.1. Mechanical Performance. The intelligent steel strand is
a reinforced fiber intelligent sensing tendon that replaces the
core wire of an ordinary steel strand. There are inevitably
differences in mechanical properties between the two, and in
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FIGURE 2: Photographs of the test setup.

order to quantify these differences, comparative tests were
performed on the mechanical properties of the two strands.

The specimen length of this test is 700 mm. Since the
surface of the steel strand is threaded, there is a risk of
slippage between the steel strand and the tensile testing
machine jaws during the tensile test, which could prevent
the steel strand from reaching its tensile limit and being
damaged. To prevent this, YM15 single-hole round anchor
anchorage was used to grip the steel strands and anchor them
into the jaws of the experimental machine for tensioning.
Tensile testing was conducted using a LYE-600A testing
machine with a loading speed of 3 mm/min, and the load
value was recorded by the integrated pressure transducer.
Strain testing was conducted using YYU-10010 strain gauges
with a sampling frequency of 2Hz during loading. Three
specimens were tested, including two intelligent strands
and one ordinary strand. The tension test setup for steel
strands is shown in Figure 2.

2.2.2. Results and Analysis. Select specimens that meet the
damage criterion requirements (as shown in Figure 3),
record force transducer and extensometer readings on the
tensile testing machine at all levels of loading, and create
principal structure relationship diagrams and mechanical
property indices for each strand, as shown in Figure 4 and
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FIGURE 4: Stress—strain relationship curve.
TaBLE 1: Summary of mechanical property indexes of the three specimens.
Number Specify nonproportional Specified total Maximum Elasticity Maximum force total Tensile
extension force (kN) extension force (kN) force (kN)  modulus (GPa) elongation (%) strength (MPa)
1 215.2 211.3 232.3 171.0 2.7 1,660
214.0 208.9 235.0 168.6 3.0 1,680
3 238.5 234.9 265.0 193.6 7.2 1,890

Table 1, respectively. Numbers 1 and 2 are intelligent steel
strand and Number 3 is ordinary steel strand.

Based on the comparison of the mechanical property
parameters of the intelligent and ordinary strands in Table 1,
it is evident that the tensile strength of the two intelligent
strands is essentially similar, surpassing 1,660 MPa, which
represents approximately 88% of the tensile strength of the
ordinary strand. The maximum tensile force exceeds 230 kN,
and the GFRP tendons break when the strain variation
exceeds 27,000 ue.

2.2.3. Fiber Grating Sensing Performance. To verify the sens-
ing characteristics of the fiber grating sensor in the intelligent
steel strand, a calibration test was performed. A 3-meter long
fiber grating intelligent strand was used as the test object, and
a 300-kN jack and counterforce frame served as the testing
equipment. The fiber grating wavelength demodulation was

Counterforce frame
Pressure sensor

Smart steel strand

FiGURE 5: Photo of intelligent steel strand calibration device.

conducted with the MOI Si720 fiber grating demodulator,
while a resistance-strain pressure sensor was installed between
the jack and counterforce frame, as shown in Figure 5. The test
was conducted in four levels of load: 50, 100, 150, and 200 kN,
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FIGURE 6: Results of the intelligent strand calibration test. (a) Calibration result for maximum load of 50kN. (b) Calibration result for
maximum load of 100 kN. (c¢) Calibration result for maximum load of 150 kN. (d) Calibration result for maximum load of 200 kN.

and each level was loaded in increments of 10kN and then
unloaded to a force-free state in the same steps. Five cycles
were repeated for each stage.

2.2.4. Results and Analysis. Figure 6 illustrates the results of
the calibration test, which show that the fiber grating sensor
embedded in the intelligent strand possesses a wide measure-
ment range (up to 7,000 ue), high linearity (linear correlation
coefficient of 99.99%), and excellent repeatability. The

sensitivity of the intelligent strand at test loads of 50, 100,
150, and 200 kN was measured to be 50.54, 51.37, 51.79, and
52.78 pm/kN, respectively. The strain sensitivity coefficient
of the intelligent strand remained constant throughout the
tensile force up to 200kN, which indicates that the outer
layer of the intelligent strand steel wire and the intelligent
sensing tendon work in concert. These results demonstrate
the feasibility and accuracy of the test from the perspective of
the working mechanism.
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FIGURE 7: Schematic diagram of self-aware posttensioning prestressing intelligent reinforcement system.

3. Self-Aware Posttensioned Prestressing
Intelligent Reinforcement Structure

Although the ultimate bearing capacity of the intelligent
strand is about 90% of the ordinary strand, it is still accept-
able since the tensioning control force during construction is
approximately 70%-75% of the ultimate bearing capacity,
while the effective stress retention of the strand is around
50%—-60% after removing the transient loss. A slight decrease
in mechanical properties does not affect the posttensioned
prestressed structure. Moreover, considering the worse stress
performance of existing structures, the effective stress selec-
tion for posttensioned prestressed reinforcement technology
is smaller than that of the new structure. Therefore, it is
possible to use intelligent strand in situ instead of ordinary
steel strand for the structure. Consequently, we propose a
self-aware posttensioning prestressing intelligent reinforce-
ment structure based on fiber-optic sensing technology using
intelligent steel strand, as illustrated in Figure 7.

4. Self-Aware Intelligent Wall Panels:
Experimental Study

4.1. Overview of the Experiment. Specifically, static experi-
ments were conducted on posttensioned prestressed brick
masonry wall pieces. The research included five wall pieces
without structural columns or windows and five wall pieces
without structural columns but with windows, where two
strands of each wall were replaced with new intelligent steel
strands. The proposed static test is used as the experimental
loading method, and the ultimate damage of the reinforced
wall is the experimental termination form. The main materi-
als of the test specimens were selected based on their popu-
larity, as follows: (1) red bricks of size 240 X 115X 53 mm,
with a MU10 grade; (2) mixed mortar of M5 grade; (3) fine
stone concrete of C20 grade for the ring beam and pressure

top beam; (4) higher grade concrete than the ring beam and
pressure top beam for the bottom beam due to the larger load
it receives; (5) HPB235 grade for the longitudinal reinforce-
ment in the beam and hoop reinforcement; (6) 1,860 grade
15.2 mm diameter seven-wire steel strand for the prestressing
reinforcement; (7) Q345 structural steel for the steel mem-
bers in the specimen; (8) the intelligent steel strand is encap-
sulated with a fiber-optic grating intelligent sensing tendon
in glass fiber; and (9) a 0.02 mm brass copper foil is used to
protect the sensing tendon.

Figure 8 illustrates the schematic diagram of the experi-
mental loading device. After constructing and curing the test
wall for 28 days in accordance with the relevant specifica-
tions, the wall is mounted on the testing platform using a
crane and then anchored to the ground beam with anchor
bolts. A vertical load equivalent to a simulated live load of
220 kN is applied to the wall using an electrohydraulic servo
hydraulic jack, while a horizontal reciprocating load equiva-
lent to a simulated earthquake is applied using a 100 tonne
electrohydraulic servo jack installed on the counterforce wall.

4.2. Experimental Results and Analysis

4.2.1. Analysis of Mechanical Performance. Typically, the
intelligent strand and their role in reinforced structures,
they can theoretically serve as intelligent members. To ver-
ifensor may introduce structural defects to the system, but
this issue can be resolved using the sensor as both a sensing
element and a mechanical component. Considering the
structural features of intelligent strandsy this notion, intelli-
gent strand reinforced wall pieces were laid alongside non-
intelligent strand reinforced wall pieces under similar
conditions, and their mechanical properties were compared.
Here, we only analyze the mechanical properties of the wall
pieces without window openings. Figures 9 and 10 display
photos of the damage and crack distribution in the unrein-
forced wall piece, the deployed intelligent stranded wall
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Ficure 10: Photos of the crack distribution. (a) Unreinforced wall piece. (b) Wall piece with intelligent strand. (c) Wall piece without

intelligent strand.

piece, and the unmounted intelligent stranded wall piece,
respectively. In Figure 11, the hysteresis curves of the unre-
inforced wall pieces, the fabricated intelligent stranded wall
pieces, and the unfabricated intelligent stranded wall pieces
are presented.

Figure 11 illustrates that the ultimate bearing capacity,
ultimate load, and energy dissipation capacity of the wall
with and without intelligent strand are higher than the unre-
inforced wall. Further examination of the reinforced walls

with and without intelligent strands shows that the ultimate
bearing capacity and ultimate displacement values of the two
walls are similar. Table 2 considers each of the three walls’
main performance indicators. From the table, it can be seen
that the mechanical performance indexes with and without
the intelligent strand are very similar, and the percent differ-
ences of cracking load, cracking displacement, yield load,
yield displacement, ultimate load, and ultimate displacement
are 20%, 9%, 9%, 10%, 2%, and 26%, respectively. The above
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Ficure 11: Comparison of hysteresis curves with and without self-aware steel stranded wall pieces. (a) Unreinforced wall piece. (b) Wall piece

with intelligent strand. (c) Wall piece without intelligent strand.

TasLE 2: Key mechanical property indices of the three types of walls.

Reinforced walls

Nonintelligent steel strand With intelligent steel strand Difference Percentage (%)

Number Unreinforced wall

Cracking load (kN) 75 100
Cracking displacement (mm) 0.6 0.98
Yield load (kN) 152 280
Yield displacement (mm) 2.8 5
Ultimate load (kN) 195 444
Ultimate displacement (mm) 6.85 14.8

120 20 20
0.89 —0.09 9
255 =25 9
4.5 —0.5 10
451 7 2
18.6 3.8 26

indicators, except for cracking load and ultimate displace-
ment, are all very close to each other. Considering that the
experimental process adopts force control and manual meth-
ods are used to identify cracks and determine the cracking

load, the accuracy of the cracking load value is compromised
due to suboptimal lighting conditions in the laboratory.
Moreover, small cracks in the brick masonry wall are easily
overlooked. Therefore, the determination of the cracking



25

20

Force (kN)

}-

-5 T T T T T T T T T T T T T T T T T 1
-2,000 0 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000
Test point

—— Pressure sensor

—— FBG sensor

(a)

Advances in Civil Engineering

80
60
~ 40
)
13
2
£
20
0 -
-20 T T T T T T T T T T 1
0 5,000 10,000 15,000 20,000 25,000
Test point
—— Pressure sensor
—— FBG sensor
(b)

FiGURE 12: Comparison of self-aware steel strands and traditional test methods for the entire static experiment process. (a) Windowless wall.

(b) Wall with window cavity.

load value is not highly precise. Additionally, the brick
masonry wall itself exhibits significant discreteness. Hence,
these comparative mechanical performance indicators can
demonstrate the minimal impact of deploying smart steel
strands on the mechanical properties of the reinforced wall.

4.2.2. Analysis of Sensing Performance. To verify the test
results of the intelligent strand, a penetration-type
resistance-strain pressure sensor was installed between the
anchor head and anchor pad of the intelligent strand. The
dynamic acquisition of the whole experiment was carried out
using the same sampling frequency as the fiber grating sensor
inside the intelligent strand. Figure 12 shows the experimen-
tal results of posttensioned prestressing reinforced wall
pieces with and without window cavit.

As shown in Figure 12, the fiber grating sensor’s test
results within the intelligent strand match well with those
of the penetration type mechanics sensor. Examining the
numerical changes reveals that the maximum error between
the intelligent steel strand and the mechanical sensor test
results is less than 10% for both the wall without a window
cavity and the wall with a window cavity. This demonstrates
the accuracy and feasibility of using the intelligent steel
strand to monitor the change in prestress force value of the
posttensioned prestressed reinforced brick wall.

5. Conclusions

(1) The intelligent strand can use the same laying process,
tensioning apparatus, and anchoring equipment as
ordinary strands, making construction simple and con-
venient. The fiber-optic sensor within the intelligent
strand can accurately monitor the stress evolution of
the posttensioned prestressing tendons in existing

reinforced structural members at all stages, allowing
for the effective prestress value to be obtained.

(2) The percent difference between the walls with intel-
ligent strands and those with ordinary strands were
20% for cracking load, 9% for cracking displacement,
9% for yield load, 10% for yield displacement, 2% for
ultimate load, and 26% for ultimate displacement.
Notably, the walls equipped with intelligent strands
had higher cracking load and ultimate displacement
values than those with ordinary strands.

(3) The maximum error of the test results obtained from
both the fiber grating sensor and the pressure sensor
inside the intelligent strand is less than 10%, thus veri-
fying the superiority and effectiveness of the monitor-
ing performance of the intelligent reinforced structure.
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