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Abstract

Combination of carbon fiber reinforced polymer (CFRP) tendon and reinforced
concrete encased steel composite (RCESC) beam can improve the workability and
the energy dissipation capacity of members. In this paper, three RCESC beams
reinforced with steel bars or CFRP bars were designed and fabricated to study the
bond-slip behavior between I-shaped steel and CFRP reinforced concrete and the
damage states between bond-slip interfaces of the beams. The lead zirconate
titanate (PZT) patch as stress wave actuator, the smart aggregates (SAs) were
installed in concrete as the sensors to collect the stress wave signal. A method based
on piezoelectric active sensing was developed to monitor the bond-slip damage of
CFRP-RCESC beam. The changes of responding signals were characterized in time-
and frequency- domains. The characteristic information of bond-slip damage was
further quantified by wavelet packet energy. Results show the bond-slip resistance of
the CFRP-RCESC beams can be improved by increasing reinforcement ratio and
elastic modulus of the main bars. The bond-slip damage process of the specimens
can be effectively monitored by the active sensing method.

Keywords: Bond-slip damage, CFRP-RCESC beam, Lead zirconate titanate (PZT),
Smart aggregates (SAs), Wavelet packet energy, Active sensing method

1 Introduction
The reinforced concrete encased steel composite (RCESC) beam has been widely

used in long-span bridges (T. Jiang et al. 2017; Y. Chen et al. 2017), super high-

rise buildings (C. C. Weng et al. 2002), and aseismic structures (A. Jiang et al.

2013; C. C. Chen et al. 2018), due to its low height and dead weight, satisfactory

ultimate bearing capacity and fireproof performance. However, the corrosion of

steel bars in reinforced concrete structures leads to serious structural safety prob-

lems. Carbon fiber reinforced polymer (CFRP) reinforcement is considered to a

promising method to overcome safety problems (Martinelli et al. 2014). CFRP

reinforcement has the advantages of high strength, low mass and elastic modulus,

low-cost and excellent corrosion resistance (Ge et al. 2019). The combination of

CFRP bars and RCESC is an effective method to improve the ductility and
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durability of this component (Zheng et al. 2018a). The CFRP reinforced concrete

encased steel composite (CFRP-RCESC) beam has achieved a significant enhance-

ment in ultimate bearing capacity and energy dissipation capacity (Li et al. 2011;

D. Yao et al. 2014).

Numerous researches have shown that the combination of CFRP and RCESC can ef-

fectively improve the workability and energy dissipation capacity of these components.

However, the bond-slip damage is easy to occur between steel flange and concrete be-

cause of the defects of construction quality, temperature change and the overweight

and overload during service life (Y. Chen et al. 2017; C. C. Chen et al. 2018). The ex-

perimental and theoretical analysis results show that the bond-slip damage can greatly

weaken the ultimate bearing capacity of concrete encased steel composite beams (Bri-

sotto et al. 2012; L. Z. Dai et al. 2021; L. Chen et al. 2015). The bond-slip behavior and

damage monitoring in civil engineering have attracted much attention from researchers

and engineers. A study by Kim et al. (2013) pointed out that adding fiber material

changed the bonding behavior of concrete structure, leading to a significant increase in

bond strength. Majdi et al. (2014) proposed a novel drawing test method and discussed

the bond-slip behavior of galvanized cold-formed steel in ordinary strength concrete of

ordinary weight. Zhang et al. (2020) studied the bond behavior between Engineering

Cementitious Composites (ECC) and Glass Fiber Reinforced Polymer (GFRP) bar com-

posite structure, that the Poisson’s effect can be reflected in the reduction of the bond

strength of ECC and GFRP.

The structural health monitoring methods used for bond-slip damage mainly

include acoustic emission technology (A.A. Abouhussien et al. 2017), ultrasonic

method (M. Rucka. 2018), method based on optical fiber sensor and active infra-

red thermography (S.C.M. Ho. 2015; S. Hiasa. 2016; J.B. Renshaw et al. 2015),

etc. However, most of the above methods cannot monitor the whole process of

bond-slip and quantify the damage extent. Piezoelectric ceramic sensors based on

the lead zirconate titanate (PZT) have been extensively studied and applied in

bond-slip damage monitoring of civil structures (F. Qin et al. 2015; P. Yao et al.

2016; T. Jiang et al. 2018a, 2018b). Additionally, since the embedded PZT

transducer, known as smart aggregate (SA), was proposed for more accurate

damage detection, the piezoceramic-based active sensing method have shown

great reliability in monitoring the bond-slip of steel-concrete composite components

(Kong et al. 2016; K. Xu et al. 2018; L. Huo et al. 2018). Jiang et al. (2017) proposed an

active sensing method to quantitatively identify bond-slip damage between FRP bars and

concrete specimens. P. Giri et al. (2019) proposed a feature extraction method based on

piezoelectric transducers to predict the clearance and peeling state.

The results of literature review show that the overall flexural behavior of CFRP-RCES

C beams is well studied, while the internal bond-slip behavior and damage states are

less studied. In this study, a stress wave based active sensing approach is proposed to

real-time monitor the occurrence and the whole process of bond-slip damage of CFRP-

RCESC beams. Three concrete encased steel composite specimens were prepared in

the test study. The lead zirconate titanate (PZT) patch as stress wave actuator and the

smart aggregates (SAs) as the sensors were installed in the specimens. The monitoring

signals were analyzed in time domain, frequency domain, and wavelet packet energy.
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The bond-slip sensor was used to monitor the bond-slip behavior between I-shaped

steel and carbon fiber reinforced polymer-reinforced concrete.

2 Experimental material and program
2.1 Experimental specimen introduction

Three specimens were made to monitor the bond-slip damage characteristics of CFRP-

RCESC beams in this study, five pairs of PZT and SA were embedded in different parts

of each specimen, the specimen details are shown in Fig. 1.

There were three test specimens, which were Test Specimen A (TSA), Test

Specimen B (TSB) and Test Specimen C (TSC). The PZT patches were mounted

on the top or bottom surfaces of I-shaped steel, and the smart aggregates (SAs) as

the sensors were installed in concrete about 20mm from the PZT patches, their

typical cross section is shown in Fig. 2. The main bars of the TSA are the three

steel bars with a diameter of 16mm. The main bars of the TSB are two CFRP bars

with a diameter of 10mm. The main bars of the TSC are four CFRP bars with a

diameter of 5mm.

In the test, each specimen has longitudinally distributed reinforcement with

diameter of 12mm in the compression zone. The steel stirrup with diameter of

8mm is arranged along the length of the specimen at different spacings and the

thickness of concrete cover of steel stirrups is 24mm. The I-shaped steel beam

embedded in the center of specimen is a hot-rolled 12.6-I beam, which has a typ-

ical cross-section that the depth is 126mm, the flange breadth is 74mm, the

thicknesses of web and flange are 5mm and 8.4mm respectively. The elastic

modulus and yield strength of I-shaped steel material are 206GPa and 235MPa,

respectively.

In this study, the type of the PZT transducer was PZT-5H, which was used as the ac-

tuator and sensor with diameter of 7.4mm and thickness of 1.3mm. The SAs were

made of two marble pieces protecting a PZT patch with a wired lead, whose dimen-

sions were 25mm×25mm×25mm. The concrete encased steel composite beam was

made of ordinary Portland cement of grade 42.5, the mix proportions of concrete were

given in Table 1. The elastic modulus of CFRP bars is 147GPa, and its ultimate tensile

strength is 2550MPa. Besides, the elastic modulus and ultimate tensile strength of

HRB400 steel bars and stirrups are 200GPa and 330MPa, respectively (Jiang et al. 2017;

Wang et al. 2019).

In this study, TSA and TSB have the same flexural capacity, but the elastic

modulus of the main reinforcement is different. TSB and TSC have the same

Fig. 1 The specimen details (unit: mm)
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elastic modulus and contact area between CFRP bars and concrete, but the ar-

rangement of bars is different. Therefore, this experimental study will achieve the

following research objectives: (1) Monitoring the effect of elastic modulus of main

reinforcement in steel bar or CFRP bar reinforced concrete encased steel composite

beam for bond-slip damage, such as TSA and TSB. (2) Monitoring the effect of

the distribution characteristics of main reinforcement in CFRP- RCESC beam for

bond-slip damage, such as TSB and TSC.

2.2 Experimental equipment and procedures

The test setup is shown in Fig. 3. The bond-slip between two ends of I-shaped steel

and concrete was monitored by two bond-slip sensors. Five dial indicators were embed-

ded at various key locations in the specimens to measure the deflections of test speci-

mens. One data acquisition board NI-USB 6363 was used to monitor damage signals

by connecting to one laptop computer with supporting software.

Fig. 2 Typical cross-sections of the specimens (unit: mm). a: The left end or right quarter span cross-section
of TSA, b: The right end, mid-span or left quarter span cross-section of TSA, c: The left end or right quarter
span cross-section of TSB, d: The right end, mid-span or left quarter span cross-section of TSB, e: The left
end or right quarter span cross-section of TSC, f: The right end, mid-span or left quarter span cross-section
of TSC

Table 1 Mix proportions of concrete

Cement (kg/m3) Water (kg/m3) Sand (kg/m3) Stone (kg/m3) Water reducing agent (kg/m3)

325 180 769 941 12.5
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The bond-slip sensor was installed on the end of the test specimens, which can

obtain the relative bond-slip between I-shaped steel and concrete, as shown in

Fig. 4.

The loading process was divided into two stages of preload and load tests. Before

loading test, the gap between the loading device and the beam specimen should be

eliminated to ensure that the loading device and the test equipment were in promising

condition. In the loading test, the load of the screw jack was measured by the force sen-

sor, and the load was read by the force strain gauge. The static load increased at a rate

of 20kN per stage till the damage of the test specimen occurred. The bond-slip sensors

continuously recorded the relative bond-slip between the upper flange of I-shaped steel

and the concrete at a period of 5s. After the force of each loading stage came to be

stable, the performance parameters of the test specimen were tested, such as the test

specimen crack, the vertical displacements, the stress wave signals.

Fig. 3 Test setup

Fig. 4 Bond-slip sensor setup

Jiang et al. Advances in Bridge Engineering            (2021) 2:25 Page 5 of 17



The stress wave signals were collected by data acquisition system NI-USB 6363, and

it also can actuate the PZT transducer with a swept sine wave signal. The sweeping si-

nusoidal signal ranges from 100Hz to 150kHz, and the sweeping sinusoidal signal has

an amplitude of 10V and a period of 1s. Figure 5 displays the time and frequency do-

mains of excitation signal.

2.3 Experiment monitoring technology

The principle of piezoceramic-based active sensing method was illustrated in Fig. 6. Be-

fore loading, the bond-slip damage does not occur, the received wave of SA sensor is a

relatively strong signal, as shown in Fig. 6a, which indicates that the specimen is nonde-

structive. With the increase of the load, the specimen begins to suffer bond-slip damage

gradually, as shown in Fig. 6b.

The amplitude of received signal decreases because the interface damage blocks the

propagation of incident wave. When the load increases further, the interface damage

become worse, and the signal of SA gradually decreases until the damage of concrete

encased steel composite beam occurs.

In wavelet packet analysis, n-level wavelet packet decomposition is carried out for

sensor signal X, and 2n signal subsets with different frequency bands are obtained. The

subset Xj of the signal can be expressed as

Xj ¼ ½Xj;1; Xj;2; : : : ; Xj;m� ð1Þ

Where m is the number of sampling data of decomposed signal subset and j stands

for the frequency band (j = 1, …, 2n). Additionally, the total energy of decomposed sig-

nal Ei,j can be computed as:

Ei;j ¼ jjXjjj2 ¼ X2
j;1 þ X2

j;2 þ…þ X2
j;m ð2Þ

Ei ¼ Ei;1; Ei;2; Ei;2n
� � ð3Þ

In this study, the original signal energy (E0) was collected in the health status of spe-

cimen. Then, as the applied force gradually increased, the bond-slip damage at the

steel-concrete interface occurred and increased accordingly. Meanwhile, the signal en-

ergy Ei received by the SA sensor continuously decreased. Finally, when the wavelet

packet energy collected by SA sensor was close to zero, the steel-concrete interface was

considered under the complete damage condition.

Fig. 5 Excitation signal. a: Time domain signal, b: Frequency domain signal
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3 Experiment results and discussion
3.1 Failure mode

The damaged form of the specimen is shown in Fig. 7. According to the failure mode

of the specimen, when the steel bar yields or the CFRP bar breaks, the concrete in the

compression zone of the specimen is not crushed. However, the cracking of specimens

shows that all the three specimens present a similar crack behavior at low loading level.

When the load reaches about 15% of the peak load, the initial crack appears first, with

the load increases, the number of cracks increases in the specimen. Finally, these flex-

ural cracks expand to approximately 3/5 depth of TSA, but 4/5 depth for TSB and

TSC.

Fig. 6 Principle of piezoceramic-based active sensing method. a: Initial state before bond-slip damage, b:
Bond-slip damage state

Fig. 7 Failure form of specimens. a: TSA, b: TSB, c: TSC
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The shear cracks of TSA are much smaller than TSB; The shear cracks from the sup-

port to the loading point of TSB do not form until the failure of CFRP bar occurs.

However, all the cracks in TSC are flexural cracks at the beginning of loading. When

the CFRP bar fails, the tips of most flexural cracks no longer extend upward with the

increase of load while the shear cracks appear and extend to the loading position of

steel spreader beam.

Comparison the failure figures of TSA with three 16 mm-diameter steel bars and

TSB with two 10 mm-diameter CFRP bars, it can be seen that with the same flexural

bearing capacity, the crack length of TSB is generally greater than that of TSA, this is

mainly due to the larger elastic modulus of reinforcement in TSA, as shown in Fig. 7a

and b.

When the TSB and TSC are applied with the same load at low loading stage, cracks

along the height of TSC are longer than those of TSB, as shown in Fig. 7b and c. This

indicates that the development of cracks can be delayed and the service performance

can be improved by increasing the reinforcement ratio of concrete encased steel com-

posite beams.

3.2 Stiffness characteristics

The vertical displacements at beam mid-span section and loading points (left or right

1/4 span section) were monitored by three dial indicators, and stiffness characteristics

of specimen could be reflected by the vertical displacement of mid-span section and left

or right 1/4 span section under all level loads. The total applied load-vertical

Fig. 8 Load-vertical displacement curves of specimens. a: Load-vertical displacement curves of mid span, b:
Load-vertical displacement curves of left quarter span, c: Load-vertical displacement curves of right
quarter span
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displacement curves of mid-span, left and right quarter spans of three specimens were

shown in Fig. 8a, b and c.

When the total applied load reaches 40kN, the slope of the load-vertical displacement

curve of TSA changes. However, the curves of TSB and TSC have obvious changes at

the applied load of 20kN. This reveals that the cracking load of TSA with three 16mm-

diameter steel bars is greater than that of TSB with two 10mm-diameter FRP bars. In

addition, when two specimens are applied with the same load, the vertical displace-

ments of mid-span and two quarter spans of TSA are smaller than those of TSB. This

is mainly because TSA and TSB have different elastic moduli, and the elastic modulus

of steel bars is large than that of CFRP bars. As a result, the flexural stiffness of con-

crete steel-encased composite beam is larger than that of CFRP-reinforced concrete

steel-encased composite beam.

For TSB and TSC, their load-vertical displacement curves are similar in elastic stage.

After cracks appear in both beams, the vertical displacements of mid-span and two

quarter spans of TSC are larger than those of TSB under the same load level; The verti-

cal displacement difference between spans of TSB and TSC becomes larger as the load

increases. This indicates that the flexural stiffness of cracked TSC decreases faster than

that of TSB. Compared with TSC, TSB has the same contact area between CFRP bars

and concrete, but larger reinforcement ratio. This is mainly because the flexural behav-

ior of uncracked beams is determined by the total moment of inertia of concrete sec-

tion. After cracking, the flexural stiffness of specimens mainly depends on the ratio of

reinforcement. Therefore, the CFRP-reinforced concrete steel-encased composite

beams with higher reinforcement ratio have greater flexural stiffness and smaller deflec-

tion under the same load level.

3.3 Bond-slip characteristics

The bond-slip of two beam ends was quantified by the relative displacement between

the end of I-shaped steel beam and encased concrete. Different from the traditional

method, two bond-slip monitoring sensors were used to monitor the slippage at both

Fig. 9 Load- slip curves at the ends of specimens
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ends of specimen in real time. The load-slip curves of ends of three specimens were ob-

tained from the test results, as shown in Fig. 9.

From the comparison of load-slip curves of TSA and TSB, it can be found that the

bond-slip damage at the ends of TSA starts to be around 240kN while the obvious

bond-slip damage occurs around 200kN for TSB. The main reason is that the elastic

modulus of steel bars in TSA larger than of the CFRP bars in TSB, which makes the

flexural stiffness of TSA larger than that of TSB with the same flexural capacity. From

the Fig. 9, it can be seen that the slip of left end of TSA only is 0.005 mm when the

specimen fails, while the slip at the right end is about 0.087mm. The is mainly due to

the large flexural stiffness of TSA, which results in small slip on the left and right ends,

and less than 0.1mm. In addition, the loading device is slightly unbalanced when the

TSA loads, and there is a difference in the amount of slip between the left and right

ends.

By comparing the curves of TSB and TSC, it can be found that the bond-slip

damage of TSC occurs earlier than that TSB. During the experimental loading

process, the bond-slip damage of the TSC begins to occur at the loading level of

120kN and causes a sharp increase at the loading level of 150kN. However, the

most obvious bond-slip damage of TSB occurs at the applied load of 200kN, and

the largest slip of TSB is smaller than that of TSC. Therefore, in the case of the

same contact area between the main bar and concrete, the resistance capacity to

bond-slip and the service performance of new composite beam can be improved by

increasing the reinforcement ratio.

3.4 Bond-slip damage monitoring

3.4.1 Time domain analysis

The response signals of the sensors of each specimen were collected and analyzed in

the time domain. To describe the bond-slip damage process of concrete encased steel

composite specimen, five sensors named SA1 ~ SA5 were installed in the specimen. In

the follow analysis, six typical work conditions of TSA were selected as the analysis ob-

ject: (a) 0kN; (b) 40kN; (c) 80kN; (d) 120kN; (e) 160kN; (f) 200kN. The time domain

signals of sensor SA1and SA2 in TSA are shown in Figs. 10 and 11. Figure 12a-c give

the time signal peak of sensors SA1 ~ SA5 of TSA, TSB and TSC.

It can be seen from Figs. 10, 11 and 12 that the amplitude of signal in time domain

decreases with the increase of load. However, the difference of time domain signals at

Fig. 10 Time domain signals of sensor SA1 of TSA
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different loading cases, especially after bond-slip damage occurs, is not significant.

There is a shape decrease at the early stage of the SA3 in TSB in Fig. 12(b). This is

mainly due to the difference in the manufacturing process of PZT and SA, which en-

ables SA3 to receive stronger signals compared to other sensors. So the downward

trend of SA signal amplitude is more obvious. In addition, the peak signal of SA4 in-

creases when the value of the applied load between 120 kN and 160 kN in Fig. 12(c).

This may be caused by noise errors in the monitoring environment, its influence is neg-

ligible, especially for the subsequent frequency domain analysis and wavelet packet en-

ergy analysis.

Fig. 11 Time domain signals of sensor SA2 of TSA

Fig. 12 Load-peak of time signal of sensors in specimens. a: TSA, b: TSB, c: TSC
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3.4.2 Frequency domain analysis

Based on the time domain analysis, the frequency domain signals collected by SA

sensors was analyzed, and the bond-slip damage was reflected by the change of

power spectra density (PSD) energy of response signal. The frequency domain sig-

nals received by sensors SA1 and SA2 of TSA were shown in Figs. 13 and 14,

respectively.

The frequency domain signal of TSA shows that the sensitive frequency of

stress wave to bond-slip is between 50 kHz to 80 kHz, that is, the maximum fre-

quency domain amplitude of each sensor appears in this frequency range. It can

be seen from the amplitude of the frequency domain signal that the signal ampli-

tude of the specimen decreases with the gradual increase of the loading load.

The load-peak PSD curves of sensors SA1 to SA5 in TSA, TSB and TSC were

shown in Fig. 15a, b and c, respectively. By comparing the amplitude of signals

in frequency domain, it can be observed that the signal amplitudes of three speci-

mens decrease with the gradual increase of applied load. Moreover, the signal

amplitude attenuation of TSB is faster than that of TSA, mainly reason the elastic

modulus of steel bar of TSA is greater than TSB. Therefore, TSA has larger flex-

ural stiffness and better bond-slip resistance than TSB with the same flexural

capacity.

Comparing the signal amplitudes of SA1 and SA3 in TSB and TSC with the

total applied load of 40kN, it can be clearly found that the frequency domain

Fig. 13 Frequency domain signals of sensor SA1 of TSA

Fig. 14 Frequency domain signals of sensor SA2 of TSA
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signal amplitudes of SA1 and SA3 in TSB decrease faster than those of TSC at

the low loading level, as shown in Fig. 15b and c. However, there is no signifi-

cant difference in the frequency signals of SA2 and SA4 of TSB and TSC. The

mainly reason is that when the contact area between the main bars and concrete

is identical, the distributed arrangement of CFRP bars in TSC can delay the

bond-slip process and improve the bond-slip resistance of the concrete steel-

encased composite beams.

3.4.3 Wavelet packet energy analysis

In order to explore a more sensitive method to bond-slip damage of the specimens, on

the basis of the previous time-and frequency-domain analysis, the wavelet packet en-

ergy is proposed. The wavelet packet energy analysis of TSA and TSB sensor is taken

as an example to illustrate its recognition effect of bond-slip damage process.

The wavelet packet energy of sensors in TSA were show in Fig. 16. For two sensors

located at the upper and lower flanges of ends of TSA, when the load reaches 20kN,

the energy of SA1 and SA5 decreases by 45.9% and 84.7%, as show in Fig. 16a, and e.

The results show that the bond-slip damage of lower flange at the end of TSA is more

severe than that of upper flange at the low load level, which is consistent with the slip

value at two ends of beam measured by the bond-slip sensors.

The wavelet packet energy of SA2 and SA4 were analyzed, as show in Fig. 16b and d.

It can be found that when the applied load reaches 20kN, the wavelet packet energy of

SA2 is reduced by 86.4%, while the wavelet packet energy of SA4 is reduced by only

Fig. 15 Load-peak PSD curves of sensors in specimens. a: TSA, b: TSB, c: TSC
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16.6%. In addition, the wavelet packet energy of SA2 attenuates faster than that of SA3,

this is mainly due to the stress concentration caused by the applied load near the 1/4

span I-shaped steel beam, where the bond-slip damage develops rapidly than that of

lower flange of mid span.

The wavelet packet energy of sensors in TSB and TSA were compared, as shown in

Fig. 17. It shows wavelet packet energy of most sensors in TSB decreases by about 90%

when the applied load reaches 20kN, while it decreases by 80% at 40kN in TSA. It im-

plies that the flexural stiffness of TSA can be improved by applying the main bars with

Fig. 16 Wavelet packet energy analysis of sensors of TSA. a: The sensor SA1 of TSA, b: The sensor SA2 of
TSA, c: The sensor SA3 of TSA, d: The sensor SA4 of TSA, e: The sensor SA5 of TSA

Fig. 17 Wavelet packet energy analysis of sensors of TSB. a: The sensor SA1 of TSB, b: The sensor SA2 of
TSB, c: The sensor SA3 of TSB, d: The sensor SA4 of TSB, e: The sensor SA5 of TSB
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larger elastic modulus, and its bond-slip resistance is better than that of TSB with the

same flexural capacity.

As can be seen from the figures, with the increase of load, the wavelet packet

energy of the specimen decreases continuously. When the load reaches a certain

level, the wavelet packet energy is completely attenuated and can even be ig-

nored. The main reason is that the relative displacement happens between the I-

shaped steel beam and encased concrete after the bond-slip damage occurs,

which blocks the propagating stress wave from the I-shaped steel flange to the

encased concrete.

4 Conclusions
Three RCESC beams reinforced with steel bars or CFRP bars were designed and fabri-

cated. A piezoelectric-based active sensing method was studied the bond-slip behaviors

between the I-shaped steel and CFRP reinforced concrete and the damage states of the

beams. The main findings are summarized as follows:

(1) The CFRP bars in specimens can delay the bond-slip process and improve the

bond-slip resistance of the concrete steel-encased composite beams, when the con-

tact area between the main bars and concrete is identical.

(2) Based on the experimental results, it can be found that the flexural stiffness can be

improved by applying the main bars with larger elastic modulus, and better bond-

slip resistance can be obtained based on the same flexural capacity.

(3) The specimens with higher reinforcement ratio have greater flexural stiffness and

smaller deflection under the same load level. Therefore, the bond-slip behavior of

the composite beam can be improved by increasing reinforcement ratio.

(4) The bond-slip damage process could be monitored by the proposed method. When

the bond-slip damage occurs, the amplitude of the signal in time-and frequency-

domain and wavelet packet energy decrease obviously.

(5) Compared with time-and frequency-domain analyses, the wavelet packet energy

analysis can reflect the slip damage process of interface more intuitively. Mean-

while, it can identify and evaluate the bond-slip damage of the interface of the

specimens.
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