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ABSTRACT

As an evaluation index, the natural frequency has the advantages of easy acquisition and quantitative evaluation.
In this paper, the natural frequency is used to evaluate the performance of external cable reinforced bridges.
Numerical examples show that compared with the natural frequencies of first-order modes, the natural frequen-
cies of higher-order modes are more sensitive and can reflect the damage situation and external cable reinforce-
ment effect of T-beam bridges. For damaged bridges, as the damage to the T-beam increases, the natural
frequency value of the bridge gradually decreases. When the degree of local damage to the beam reaches 60%,
the amplitude of natural frequency change exceeds 10% for the first time. The natural frequencies of the first-
order vibration mode and higher-order vibration mode can be selected as indexes for different degrees of the
damaged T-beam bridges. For damaged bridges reinforced with external cables, the traditional natural frequency
of the first-order vibration mode cannot be used as the index, which is insensitive to changes in prestress of the
external cable. Some natural frequencies of higher-order vibration modes can be selected as indexes, which can
reflect the reinforcement effect of externally prestressed damaged T-beam bridges, and its numerical value
increases with the increase of external prestressed cable force.
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Nomenclature
FRP Fiber-reinforced polymer
FE Finite element
ω Natural frequency of first-order vibration mode (unit: rad/s)
f Natural frequency of first-order vibration mode (unit: Hz)
E Elastic modulus
�m Mass per unit length
I Moments of inertia
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N Equivalent horizontal prestress
l0 Actual length of the external cable
θ Angle of the segmented line external cable

1 Introduction

With the damage of in-service bridges, many bridges have been reinforced to ensure structural safey
[1–3]. Some reinforcement schemes have been adopted, such as fiber polymer reinforcement [4], steel
plate reinforcement [5], beam section enlargement [6], shape memory alloy reinforced bars [7], etc. After
reinforcement, the performance of the damaged bridge can be improved and the service life is extended.

Due to weak lateral stiffness, some in-service T-beam bridges have developed diseases, such as beam
cracking and large vibration displacement. Hag-Elsafi et al. [8] reinforced a T-beam bridge with bonded
fiber-reinforced polymer (FRP) laminates and conducted instrument and load tests on the bridge to
evaluate the effectiveness of the FRP reinforcement system. Gao et al. [9] introduced a new active
reinforcement method for bridges-prestressed steel wire rope modified polyurethane cement, which can
effectively reduce the occurrence of cracks and improve the bending resistance. Aryan et al. [10] used
FRP composite materials to reinforce T-beams. The reinforcement technology increased the shear bearing
capacity of ordinary beams and high-strength beams by 37% and 20%, respectively, and improved the
ductility of the beams before failure. Chen [11] proposed a bonded steel plate reinforcement method and
finally conducted static load tests to evaluate the effectiveness of bridge reinforcement. Wu et al. [12]
used three external T-beams for reinforcement and conducted failure tests on the reinforced T-beams. The
cracking load of T-beams has been improved, and the development speed of cracks has been slowed
down. Huang et al. [13] proposed a method of widening and strengthening longitudinal and transverse
beams. After bridge reinforcement, the load distribution factor of the side beams decreased by 63.92%.
The load distribution factor at the fulcrum increased by 30% after reinforcement. Farouk et al. [14]
studied the bending beam reinforcement of an inverted T-shaped concrete bridge, and the bearing
capacity increased by 44.0%. Shi et al. [15] used steel wire rope as a reinforcement material for the
negative bending moment area of T-beams and evaluated the reinforcement effect by comparing the
flexural bearing capacity using the layered method. The above research indicated that in terms of
statistics, some common reinforcement schemes could effectively improve the bearing capacity of in-
service T-beam bridges.

The dynamic performance of bridges is equally important to the static performance, which is directly
related to the relative stiffness of the bridges. Some dynamic characteristic indexes are adopted to
evaluate the dynamic performance, such as natural frequency, modal curvature, damping ratio, etc. [16].
Compared with some common indexes, the natural frequency has the advantages of easy acquisition,
intuitive reflection of structural health status, quantitative evaluation, and real-time monitoring, which can
evaluate the performance of T-beam bridges [17,18]. Abedin et al. [19] demonstrated that the natural
frequency of bridges undergoes significant changes after fracture, and the degree of change can be
effectively detected through bridge frequency monitoring. Li et al. [20] applied this indicator to damage
identification of T-beam bridges, analyzed the changes in the first-order natural frequency. Wei et al. [21]
validated that using the natural frequency vector method can accurately identify the damage location, but
it requires a large amount of computation. Jiang et al. [22] used the natural frequency to evaluate the
prestressed carbon fiber plate reinforcement effect. When there is significant damage or overall
reinforcement to the in-service bridges, the natural frequency of the first-order vibration mode changes
significantly, which can effectively evaluate the dynamic performance. For locally reinforced bridges, the
further investigation is needed to determine the effectiveness of using only the natural frequency of the
first-order vibration mode.
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Compared with other reinforcement methods, the external prestressing reinforcement method, as one of
the commonly used methods for strengthening old bridges, has the advantages of easy construction, easy
detection, strong applicability, and improved shear resistance [23–26]. Due to these significant
advantages, the external prestressing reinforcement method is widely used in the reinforcement of
damaged bridges. With the increase of prestressing force, the natural frequencies of prestressed beams
have an increasing trend [27]. In this paper, the natural frequencies are used to evaluate the performance
of damaged T-beam bridges with external prestressing reinforcement. Compared with the traditional
natural frequency of the first-order vibration mode, the changes in some natural frequencies of higher-
order vibration modes are more significant for damaged T-beam bridges. The natural frequencies can be
selected as indexes for different degrees of the damaged T-beam bridges. Besides, the traditional natural
frequency of the first-order vibration mode cannot be used as the index of locally reinforced T-beam
bridges, which is insensitive to changes in the prestress of the external cable. Some natural frequencies of
higher-order vibration modes can be selected as indexes, which can reflect the reinforcement effect of
externally prestressed damaged T-beam bridges, and its numerical value increases with the increase of
external prestressed cable force. In Section 2, based on the natural vibration characteristics of external
prestressed cables with segmented lines, analyze the natural frequency of T-beams reinforced with
external prestressed cables under different prestress levels. In Section 3, the performance of damaged T-
beam bridges and externally reinforced T-beam bridges were analyzed using first-order and higher-order
natural frequencies, respectively. Section 4 summarizes the relationship between natural frequency and
damage and reinforcement performance of T-beam bridges based on engineering examples.

2 Analysis of the Natural Vibration Characteristics of T-Beams Reinforced with External Prestressed
Cables with Segmented Lines

2.1 The Natural Frequency of the External Prestressed Cable with a Segmented Line
The external prestressed cable is in a segmented line shape, with a calculated length of 30 m. The

external prestressed cable adopts finished bundle OVM GJ15-3 is made of 1860-grade steel stranded
wire. The cross-sectional area is 420 mm2. According to the product manual, the yielding strength of the
external prestressed cable is 1860 MPa and the braking force is 782 kN. The dimension is shown in
Fig. 1. ANSYS software is used for finite element (FE) analysis [28]. Using LINK8 elements in ANSYS
software to simulate external prestressed cables, the application of prestressing is achieved by changing
the numerical value of initial strain in the real constant. The FE model of the external prestressed cable is
shown in Fig. 2. The steel anchor blocks are installed at the two ends of the external cable, and the two
ends of the external cable are fixed. Four steering gears are installed at the segmented points of the
external cable, and the degrees of freedom in the Z-axis direction are constrained. The simulation method
of limiting its Z-direction displacement at the corner and forming the corner through height difference is
adopted. After convergence verification, the element size has reached the convergence effect at 0.2 m, so
the element length is taken as 0.2 m when dividing the grid. The elastic modulus E is taken as
1.95 × 1011 Pa and the unit mass is 4.7 kg/m.

Figure 1: Dimension of the external prestressed cable (unit: cm)
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By FE simulation, the first 5 natural frequencies of the external prestressed cable are obtained. The first
5 natural frequencies refer to the first 5 minimum non-zero natural frequencies of the prestressed cable during
the vibration process, as shown in Table 1. With the increase of external prestress, the natural frequencies
gradually increase.

2.2 The Natural Vibration Frequency of T-Beams Reinforced with External Prestressed Cables of a
Segmented Line Type
The external prestressed cables are arranged in a segmented line shape, with both ends fixed at the T-

beam bridge. The cross-section of the T-beam is shown in Fig. 3, and the layout diagram of the T-beam
with external prestressed cable is shown in Fig. 4. The elastic modulus of reinforced concrete material is
3.45 × 1010 Pa, with a density of 2500 kg/m3 for the T-beam. The external prestressed cable is the same
as the one in Section 2.1.

The boundary condition of a continuous T-beam in the transverse vibration plane is a fixed connection.
Rayleigh’s method is based on the conservation of energy, ignoring the influence of damping [29,30]. The
sum of strain energy and kinetic energy remains constant.

The dynamic displacement of the beam is

y x; tð Þ ¼ Y ðxÞ sinðxt þ aÞ (1)

The velocity of the beam is

_yðx; tÞ ¼ xY ðxÞ cosðxt þ aÞ (2)

where Y ðxÞ is the amplitude of the point on the beam, called the mode function, and x is the natural
frequency of first-order vibration mode for the beam.

The strain energy of free vibration response is [31]

U ¼ 1

2

Z l

0

EI
@2y

@x2

� �2

dx ¼ 1

2
sin2 ðxt þ aÞ

Z l

0

EI €Y ðxÞ� �2
dx (3)

where I is moments of inertia for the beam.

Table 1: Natural frequencies for different external prestresses (unit: Hz)

External prestress (kN) 1st mode 2nd mode 3rd mode 4th mode 5th mode

90 1.29 2.58 3.87 5.16 6.46

180 1.83 3.65 5.48 7.30 9.13

270 2.34 4.47 6.71 8.95 11.18

360 2.58 5.16 7.75 10.33 12.91

450 2.89 5.77 8.66 11.55 14.44

540 3.16 6.33 9.49 12.65 15.81

Figure 2: FE model of the external prestressed cable
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Figure 3: Cross section of the T-beam (unit: mm)

Figure 4: Layout diagram of external prestressed cables (unit: cm)
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The kinetic energy of the free vibration of a beam is [32]

T ¼ 1

2

Z l

0

�m _yðx; tÞ½ �2dx ¼ 1

2
x2cos2ðxt þ aÞ

Z l

0

�m Y ðxÞ½ �2dx (4)

According to the conservation of energy, it can be concluded that

x2 ¼

Rl
0
EI ½€Y ðxÞ�2dx

Rl
0
�m ½Y ðxÞ�2dx

(5)

where �m is the mass per unit length of the material.

Using the virtual work method for solving, the system can be decomposed into two statically
indeterminate structures, namely

Y ðxÞ ¼ Y1ðxÞ þ Y2ðxÞ ¼ x2l2 � x3l þ x4

24EI
(6)

By taking the derivative of Eq. (6) and substituting it into Eq. (5), the natural frequency of the first-order
vibration mode for the fixed end beam can be obtained as

f ¼ x
2p

¼ 3:572030

l2

ffiffiffiffiffi
EI

�m

r
(7)

where EI is the equivalent material stiffness.

For the simplified theoretical calculation of the natural frequency of prestressed equal-section T beams,
the prestressed beam can be regarded as an isotropic material. The equivalent stiffness method is used to
modify the calculated stiffness of the beam, and the projection method is used. The horizontal equivalent
stiffness can be expressed as

EI ¼ 1þ 1:75N

fc

� �
EcIc (8)

where N is the external axial compressive force [33], fc is the design value of concrete compressive strength,
EcIc is the material stiffness of the concrete beam.

The equivalent calculated span can be expressed as

l ¼ l0 cos h (9)

where l0 is the actual length of the external cable, and θ is the angle of the segmented line external cable.

The first-order natural frequency of the T-beam reinforced with external prestressed cables of the
segmented line type can be calculated using Eq. (7).

For T-beams reinforced with external prestressed cables, a prestressed force of 90 kN is applied to the
reinforcement, and the natural frequency is simulated and analyzed. On this basis, adjust the size of the
prestressing force, observe the influence of natural frequencies, and apply prestressing forces of 180, 360,
540 and 720 kN, respectively.

In ANSYS software, SOLID45 elements are used to simulate reinforced concrete T-beams, and
LINK8 elements are used to simulate external prestressed cables. The two ends of the T-beam are fixed.
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The FE simulation results are shown in Table 2. As shown in Table 2, with the increase of prestress, the
natural frequency of the first mode of vibration of a constant cross-section T-beam gradually increases.
The maximum relative error between the theoretical calculation results and the numerical simulation
results is 1.10%, which can prove the correctness of the FE method.

3 Performance Evaluation of Damaged T-Beam Bridges Strengthened with External Prestressing
based on Natural Frequency

3.1 The Natural Frequency of Damaged T-Beam Bridges
The natural frequency can be used as one of the indicators to evaluate the damage to bridges. When there

is a damaged area in the bridge, the decrease in local stiffness can cause local softening of the structure,
resulting in a decrease in the stiffness of the entire bridge and a decrease in its natural frequency, thereby
affecting the vibration characteristics. Therefore, by comparing the natural frequency changes before and
after damage, the health status of the bridge can be preliminarily evaluated.

The T-beam bridge of the Lianhuo Expressway is an example, which is shown in Fig. 5. The bridge is a
five-span continuous beam bridge. The bottom and both ends of the bridge are fixed constraints. The
structure diagram of the T-beam bridge is shown in Fig. 6. The bridge has a total of 5 spans, each of
which is 50 m, consisting of 5 T-beams with a length of 250 m. The elastic modulus of reinforced
concrete material is 3.45 × 1010 Pa. The density is 2500 kg/m3. The elastic modulus of external
prestressed cables is 1.95 × 1011 Pa. The density is 7921 kg∙m−3. Firstly, simulate a non-destructive T-
beam bridge without external prestressing cables.

The FE model of the Lianhuo Expressway bridge uses solid elements and the calculating amount is
large, which is not applied for modal analysis of engineering structures. To improve computing efficiency,

Table 2: The fundamental natural frequency of equal cross-section T-beams under different prestresses
(unit: Hz)

Prestress/kN 0 90 180 360 540 720

Theoretical value 2.08 2.09 2.11 2.12 2.14 2.17

FE simulation value 2.10 2.11 2.13 2.14 2.16 2.19

Relative error/% 1.10 1.00 0.96 0.92 0.86 1.02

Figure 5: Site pictures of the T-beam bridge of Lianhuo Expressway
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the FE model of the Lianhuo Expressway bridge uses a combination of solid elements and beam elements.
The T-beams use BEAM188 element. Firstly, to verify the effectiveness of beam elements, the FE models of
T-beams are established based on the SOLID45 element and BEAM188 element, respectively. The natural
frequencies of the first three-order vibration modes are shown in Table 3. The results show that the maximum
relative error is 2.3%. The calculation results of the BEAM188 element are approximately equal to those of
the SOLID45 element.

In ANSYS software, SOLID45 elements are adopted to simulate bridge piers, BEAM188 elements are
used to simulate beams, and LINK8 elements are used to simulate external prestressed cables. To ensure the
accuracy of the analysis results, the 5 m beam element is used to establish a T-beam bridge model, as shown
in Fig. 7. The total number of elements is 26,119. The element information of the FE model is shown in
Table 4.

Compared to non-destructive bridges, the local stiffness of damaged bridges will be reduced. When a
bridge is damaged or aged due to cracks, corrosion, fatigue damage, etc., such local damage can lead to a
decrease in the stiffness of the structure. Overall, the crack damage has an impact on reducing stiffness in

Figure 6: Structure diagram of the T-beam bridge

Table 3: The natural frequencies of T-beams with different elements (unit: Hz)

Vibration mode SOLID95 element BEAM188 element Relative error/%

1 1.83 1.80 1.7

2 4.11 4.08 0.7

3 4.82 4.71 2.3
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beams. Therefore, a simple simulation method is adopted and the damages within the concrete of the girders
are simulated by decreasing the values of the elastic modulus. Therefore, when constructing a damaged T-
beam bridge model, the elastic modulus at the beam support, one-third, and midspan should be reduced based
on the non-destructive T-beam bridge model. The elastic modulus gradually decreases from the initial value
E = 3.45 × 1010 Pa to 0.2 E, with each decrease of 0.2 E, to simulate damaged bridges with different damage
locations and degrees. Extract the first 21 natural frequencies of non-destructive T-beam bridges and
damaged T-beam bridges for comparative analysis, as shown in Fig. 8, and the relative errors are shown
in Tables 5–7.

Taking the damaged T-beam bridge at the midspan as an example, as shown in Table 7. As the damage to
the T-beam increases, the natural frequency value of the bridge gradually decreases. When the damage level
at the midspan of the T-beam reaches 60%, the amplitude of the natural frequency change exceeds 10% for
the first time. Taking the first natural frequency as an example, when the midspan damage of the T-beam
reaches 80%, the amplitude of the first natural frequency change is less than 11%, and at this time, the
high-order frequencies are all above 15%.

Compared with the damage at the midspan of the beam, there is a slight difference in the amplitude of
natural frequency variation when the beam is damaged at the support and 1/3 position of the beam, but the
overall pattern is consistent. For example, when the degree of damage at 1/3 of the beam reaches 60%,
the amplitude of natural frequency change exceeds 10% for the first time. When the degree of damage to
the beam at the support reaches 40%, the amplitude of the 21st natural frequency change exceeds 10%,
but only this first mode exceeds 10% and is within a higher order range. When the degree of damage to
the beam at the support reaches 60%, the amplitude of the natural frequency change mostly exceeds 10%.

The above conclusions indicate that using natural frequency as an indicator to evaluate the overall
performance of T-beam bridges has an intuitive and easily obtainable advantage. However, when the local
damage is less than 20%, the amplitude of natural frequency variation is less than 5%, indicating that the
natural frequency is not sensitive to relatively small damage.

Figure 7: FE model diagram of T-beam bridge

Table 4: Element information of FE model

Element type The number of elements

Solid45 element 19,619

BEAM188 element 250

LINK8 element 6250
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Figure 8: Changes in natural frequency of T-beam bridges with different damage locations

Table 5: Relative errors of the natural frequencies of undamaged bridges and damaged beams at supports

Vibration
mode

Beam at support 20%
damage

Beam at support 40%
damage

Beam at support 60%
damage

Beam at support 80%
damage

1 1.18% 2.83% 5.47% 10.48%

2 2.85% 5.90% 10.79% 20.96%

3 2.55% 6.05% 11.69% 22.49%
(Continued)
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Table 5 (continued)

Vibration
mode

Beam at support 20%
damage

Beam at support 40%
damage

Beam at support 60%
damage

Beam at support 80%
damage

4 1.06% 2.43% 5.98% 16.97%

5 2.84% 5.91% 9.42% 20.58%

6 2.60% 5.89% 11.85% 17.37%

7 2.77% 5.85% 9.54% 14.71%

8 2.47% 5.64% 10.01% 16.82%

9 3.08% 6.51% 11.13% 19.01%

10 2.97% 7.65% 13.97% 24.67%

11 3.36% 7.06% 13.22% 23.86%

12 2.83% 6.22% 12.30% 22.18%

13 2.76% 7.05% 12.17% 22.23%

14 1.30% 1.70% 7.32% 19.46%

15 0.04% 0.41% 5.42% 17.91%

16 0.02% 0.51% 5.10% 17.27%

17 0.01% 0.20% 4.70% 14.68%

18 4.68% 9.63% 12.99% 22.08%

19 4.34% 9.67% 13.54% 18.43%

20 5.13% 9.88% 13.20% 19.21%

21 5.12% 11.35% 15.18% 19.71%

Table 6: Relative errors of the natural frequencies of undamaged bridges and damaged bridges at 1/3 of the
beam position

Vibration
mode

20% damage at
position 1/3 of the
beam

40% damage at
position 1/3 of the
beam

60% damage at
position 1/3 of the
beam

80% damage at
position 1/3 of the
beam

1 0.96% 2.31% 4.55% 9.06%

2 3.14% 6.17% 10.58% 18.86%

3 1.87% 4.43% 8.78% 17.97%

4 2.77% 6.87% 13.64% 27.26%

5 3.15% 6.19% 10.60% 18.93%

6 2.28% 5.28% 10.09% 19.57%

7 2.25% 5.16% 9.96% 19.80%

8 2.24% 5.58% 11.19% 23.01%

9 2.16% 4.95% 9.32% 17.75%
(Continued)
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Table 6 (continued)

Vibration
mode

20% damage at
position 1/3 of the
beam

40% damage at
position 1/3 of the
beam

60% damage at
position 1/3 of the
beam

80% damage at
position 1/3 of the
beam

10 1.75% 4.07% 8.23% 18.44%

11 1.75% 4.37% 8.90% 18.66%

12 3.15% 6.21% 10.66% 19.03%

13 0.80% 3.22% 7.08% 14.84%

14 1.30% 1.71% 2.59% 5.66%

15 0.04% 0.11% 0.25% 5.00%

16 0.02% 0.06% 0.13% 1.16%

17 0.01% 0.04% 0.09% 1.24%

18 1.27% 3.15% 6.50% 10.04%

19 1.45% 3.28% 6.26% 11.65%

20 1.83% 3.76% 6.45% 11.03%

21 0.95% 2.30% 4.53% 12.48%

Table 7: Relative errors of the natural frequencies of undamaged bridges and damaged bridges at midspan

Vibration
mode

At the midspan of the
beam 20% damage

At the midspan of the
beam 40% damage

At the midspan of the
beam 60% damage

At the midspan of the
beam 80% damage

1 0.91% 2.19% 4.34% 8.71%

2 3.30% 6.77% 12.29% 23.51%

3 1.70% 4.03% 8.05% 16.76%

4 3.97% 9.51% 17.85% 32.17%

5 3.31% 6.83% 12.47% 24.00%

6 2.41% 5.81% 11.12% 20.22%

7 2.19% 4.93% 9.32% 20.58%

8 3.21% 7.63% 14.16% 23.15%

9 2.50% 5.84% 10.70% 18.56%

10 2.08% 5.92% 11.50% 22.70%

11 2.25% 4.72% 10.77% 21.09%

12 3.36% 6.44% 9.84% 18.22%

13 1.35% 4.57% 9.17% 16.46%

14 1.30% 1.71% 2.60% 9.21%

15 0.04% 0.11% 1.66% 7.38%

16 0.02% 0.06% 0.66% 7.63%
(Continued)
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3.2 The Natural Frequency of Damaged T-Beam Bridges with External Prestressing Reinforcement
The T-beam bridge of the Lianhuo Expressway is reinforced with external prestressing, as shown in

Fig. 9. The finished strands OVM are used for external prestressed cables GJ15-31860 grade steel
stranded wire. The elastic modulus is 1.95 × 1011 Pa and the density is 7921 kg/m3. The external
prestressed cables are arranged in a segmented line shape, with both ends fixed at the ends of the T-beam
bridge, and one external prestressed cable is arranged on each beam.

The T-beam bridge is assumed with 80% midspan damage. The application of prestressing is achieved
by setting the initial strain in the real constant, and the prestressing force increases from 90 to 540 kN, with
each increase of 90 kN. The natural vibration frequency of the bridge reinforced with external cables under
different prestress and midspan damage is shown in Fig. 10, and the relative error is shown in Table 8. When
the prestressing force is 450 and 540 kN, the maximum increase amplitude reaches 6.07% and 7.50%,
respectively. The results show that local reinforcement has a relatively great effect on the local stiffness,
which can change the modal parameter of the corresponding high-order vibration mode. The natural
frequency of the first-order vibration mode for the damaged T-beam bridge strengthened with external
prestressing reinforcement has little change. When the prestress is large, the natural frequency of the
high-order vibration mode can be used to evaluate the performance of damaged T-girder bridges with
external prestressing reinforcement. Secondly, the maximum amplification occurs in the fourth mode of
vibration, and when the mode reaches a certain order, the amplitude of the high-order natural frequency
value of the reinforced bridge decreases.

Figure 9: T-beam bridge of Lianhuo Expressway with external prestressing reinforcement

Table 7 (continued)

Vibration
mode

At the midspan of the
beam 20% damage

At the midspan of the
beam 40% damage

At the midspan of the
beam 60% damage

At the midspan of the
beam 80% damage

17 0.01% 0.04% 0.28% 5.75%

18 2.72% 6.37% 9.68% 14.22%

19 2.29% 5.35% 9.72% 12.56%

20 1.58% 3.66% 8.91% 13.05%

21 2.70% 6.33% 9.24% 15.37%
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Table 8: Relative errors of natural Frequency between damaged bridges and damaged reinforced bridges at
midspan

Vibration mode 90 kN 180 kN 270 kN 360 kN 450 kN 540 kN

1 0.93% 0.97% 1.01% 1.05% 1.42% 1.78%

2 2.92% 3.07% 3.21% 3.36% 4.52% 5.63%

3 2.13% 2.23% 2.34% 2.44% 3.27% 4.06%

4 4.16% 4.30% 4.45% 4.59% 6.07% 7.50%

5 3.00% 3.15% 3.30% 3.44% 4.64% 5.78%

6 2.43% 2.57% 2.71% 2.85% 3.71% 4.55%

7 2.96% 3.10% 3.24% 3.39% 4.43% 5.45%

8 2.47% 2.59% 2.72% 2.85% 3.77% 4.65%

9 2.17% 2.31% 2.45% 2.60% 3.33% 4.05%

10 3.17% 3.31% 3.46% 3.61% 4.88% 6.10%

11 2.39% 2.53% 2.68% 2.82% 3.66% 4.48%

12 2.28% 2.40% 2.51% 2.63% 3.50% 4.32%

13 1.99% 2.13% 2.28% 2.42% 3.09% 3.76%

14 2.15% 2.29% 2.43% 2.57% 3.33% 4.06%

15 1.01% 1.04% 1.07% 1.11% 1.40% 1.66%

16 3.31% 3.46% 3.61% 3.75% 4.98% 5.73%

17 1.90% 2.04% 2.19% 2.33% 3.17% 4.41%

18 2.06% 2.19% 2.33% 2.47% 3.19% 3.90%

19 0.11% 0.12% 0.12% 0.13% 0.17% 0.20%

20 0.18% 0.18% 0.19% 0.19% 0.21% 0.22%

21 0.29% 0.29% 0.30% 0.30% 0.31% 0.32%

Figure 10: Natural frequency of reinforced bridge with midspan damage under different prestressing forces
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4 Conclusions

The natural frequency is an important index of performance evaluation. In this paper, the natural
frequencies are used to evaluate the T-beam bridge with varying degrees of damage. Then the
performance of damaged T-beam bridges with external prestressing reinforcement is analyzed. Some
conclusions are as follows:

(1) As the damage to the T-beam increases, the natural frequency value of the bridge gradually
decreases. When the degree of local damage to the beam reaches 60%, the amplitude of the natural
frequency of first-order vibration mode change exceeds 10% for the first time. When the local damage of
the T-beam is within 20%, the amplitude of the natural frequency change is less than 5%, indicating that
the natural frequency is not sensitive to relatively small damage.

(2) Compared with the natural frequency of first-order vibration mode, the changes in some natural
frequencies of higher-order vibration modes are more significant. Namely, the changes in local stiffness
have a greater impact on the corresponding higher-order vibration modes. The natural frequencies of the
first-order vibration mode and higher-order vibration mode can be selected as indexes for different
degrees of the damaged T-beam bridges.

(3) The traditional natural frequency of the first-order vibration mode cannot be used as the index, which
is insensitive to changes in the prestress of the external cable. When the prestressing force is greater than
450 kN, the maximum increase amplitude of the natural frequency of higher-order vibration mode is
greater than 5%. Some natural frequencies of higher-order vibration modes can be selected as indexes,
which can reflect the reinforcement effect of externally prestressed damaged T-beam bridges, and its
numerical value increases with the increase of external prestressed cable force.

At present, only preliminary finite element analysis for the performance evaluation of damaged T-beam
bridges with external prestressing reinforcement based on natural frequencies is conducted. In further work,
the material parameters will be further adjusted based on on-site testing. Combining with fracture mechanics
theory and local fine mesh technology, a FE model of local cracks will be constructed based on the cracking
of the T-beam bridge on site. Then the effectiveness of the proposed method can be verified based on site
testing data. Besides, the geometric parameters of modal deformation will be introduced, which can
combine with natural frequencies to finely evaluate the performance.
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