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1. Introduction 

 
Complex concrete-filled steel tubes (CFSTs) have been 

extensively used as vertical or axial load-carrying 
components in high-rise buildings and long-span bridges 
(Feng et al. 2017). CFSTs have advanced mechanical 
performance due to the beneficial interaction between 
concrete core and steel tube (Gwon et al. 2020). However, 
owing to the unavoidable shrinkage and uneven temperature 
distribution of bulk concrete core during the process of 
curing and hardening, interface debond defects between 
concrete core and steel tube may occur (Li et al. 2016). The 
interface debond defect eventually reduces the confinement 
effect of steel tube on concrete core and results in a 
weakened load-carrying capacity, stiffness and ductility of 
CFST members (Liao et al. 2019, Liu et al. 2020). 
Therefore, it has been a common concern to develop 

 

∗Corresponding author, Ph.D., Professor, 
E-mail: binxu@hqu.edu.cn 

a Ph.D. Candidate, E-mail: Jiangwang@hqu.edu.cn 
 

 
reliable interface debond defect detection technology for 
CFSTs (Yan et al. 2018, Chen et al. 2021). 

Due to the electromagnetic shielding (EMS) function of 
steel tubes, the complexity of inner structure and possible 
irregular cross-section of CFSTs in practice, it is very hard 
to detect the interface debond defects with most of 
traditional non-destructive testing (NDT) methods (Beena et 
al. 2017, Song et al. 2019). Aiming at the interface debond 
detection for CFSTs, Xu et al. firstly proposed a stress wave 
measurement based approach using embedded 
piezoelectric-lead-zirconate-titanate (PZT) sensors and 
experimentally validated the feasibility of the proposed 
approach for rectangular CFST (RCFST) specimens with 
artificially mimicked interface debond defects (Xu et al. 
2013a, b). Besides, in order to investigate the mechanism of 
the active interface debond defect detection method for 
CFST members with PZT-based technology, as the pioneer 
researchers, Xu et al. have conducted comprehensive 
numerical simulations on the stress wave fields and the 
response of PZT sensors within or on the outer surface of 
rectangular and circular CFSTs under different excitation 
signals with finite element method (FEM), where the 
coupling effect between steel tube and concrete core and the 
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Abstract.  Concrete core in concrete-filled steel tubes (CFSTs) is heterogeneous at mesoscale and the heterogeneity affects 
stress wave propagation within CFSTs. Coupling homogenization finite element models (CHFEMs) corresponding to traditional 
coupling mesoscale finite element models (CMFEMs) of rectangular CFSTs (RCFSTs) with randomly distributed elliptical and 
polygonal aggregates are established. The influences of concrete core heterogeneity and an interface debond defect on stress 
wave field and the responses of piezoelectric-lead-zirconate-titanate (PZT) sensors at different measurement distances are 
distinguished using homogenization finite element models (HFEMs) and the CHFEMs, respectively. A comparative test on 
thirty RCFST cross sections with and without an interface debond defect is performed to quantitatively evaluate the effect of 
concrete core heterogeneity on the responses of PZT sensors at different measurement distances and to distinguish it with that of 
the designed interface debond defect. Both mesoscale homogenization numerical simulation and test results show that the 
heterogeneity and mesoscale randomness of concrete core locally affect the response of PZT sensors that are close to the PZT 
actuator mounted on the surface of the steel tube of the CFSTs at certain levels. The influence of the interface debond defect on 
the stress wave fields within the cross sections of RCFSTs and the response of PZT sensors with measurement distances over 
160 mm is dominant. The findings further illustrate the rationality of the interface debond defect detection method using stress 
wave measurement of PZT sensors with a suitable measurement distance for RCFSTs even concrete core in RCFSTs in practice 
is a heterogenous material with randomly distributed aggregates of different shapes at mesoscale. 
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direct and inverse piezoelectric effects of PZT sensors and 
actuators are considered (Xu et al. 2017a, b, c). Xu et al. 
and Luan et al. proposed spectral element method (SEM) 
using absorbing layers to investigate the mechanism for 
interface debonding detection for CFST cross sections (Xu 
et al. 2020, Luan et al. 2021). Xu et al. experimentally 
investigated the feasibility of active interface debonding 
detection for RCFST with surface wave measurement (Xu 
et al. 2019). The stress wave measurement based defect 
detection approach was employed to detect grout defects for 
grouted splice sleeve connectors (Xu et al. 2021). 
Considering the coupling effect between PZT patches and 
CFST members, an electro-mechanical impedance (EMI) 
based interface debonding detection approach was proposed 
and employed to detect and localize the debonding in CFST 
specimens (Liu et al. 2024a, b). However, in most of the 
current structural analysis and stress wave propagation 
simulation studies, the concrete core is generally regarded 
as a homogeneous material at macroscale and the 
randomness and heterogeneity of concrete core in CFSTs at 
mesoscale are not considered (Mei et al. 2023, Abbas et al. 
2023). When concrete is assumed as a homogeneous 
material, the simulation analysis on the macroscale 
mechanical behavior of concrete materials and structures 
cannot exactly reflect the influence of the heterogeneity and 
randomness of concrete on the overall mechanical behavior 
and local failure procedure (Dong et al. 2021, Wang et al. 
2022c, Cai and Deng 2023). 

In fact, concrete core in CFSTs is a typical composite 
material including multi-phase media such as mortar matrix, 
aggregates and the interface transition zone (ITZ) between 
mortar and aggregates matrix, etc. (Chen et al. 2018, Geng 
et al. 2022). It is critical to study the mechanical mechanism 
of concrete as a classic heterogeneous composite material at 
macroscale, mesoscale and microscale scales (Fu et al. 
2019, Hu et al. 2022). Mesoscale modeling methods for 
concrete are crucial for effectively forecasting the 
mechanical properties of plain concrete, reinforced concrete 
(RC), steel-concrete composite structures such as CFST 
structures at mesoscale (Shen et al. 2019, Gu et al. 2019, 
Elias and Cusatis 2022, Jin et al. 2023). 

Therefore, further investigation on the feasibility of the 
stress wave measurement-based interface debond defect 
detection approach for CFST members is desired, where the 
concrete core is considered as a typical heterogeneous 
composite material with randomly distributed aggregates 
with different shapes at mesoscale. In order to address the 
concern about the influence of mesoscale structure of 
concrete core on the stress wave propagation and the 
response of the PZT sensors within CFSTs, with the help of 
mesoscale concrete modelling approach, Xu et al. (2018) 
firstly established mesoscale RCFST models considering 
the random distribution of circular aggregates in concrete 
core and carried out multi-physics and mesoscale 
simulation on the stress wave fields and the responses of 
embedded PZT sensors in RCFST members without and 
with interface debond defects. By comparing the influence 
of the heterogeneity and randomness of mesoscale concrete 
and the interface debond defect on stress wave 
measurements of a PZT sensor at a constant measurement 

distance, the dominance of the influence of interface 
debond defect is illustrated. The limitation of the above 
study is that only circular aggregates are considered in the 
multi-physics and mesoscale simulation analysis. 

Besides, considering the convenience of measuring 
surface wave along the steel tube of RCFST members, Chen 
et al. (2019) proposed a multichannel analysis of surface 
waves (MASW) method for detecting the interface debond 
defect in RCFST members and carried out mesoscale stress 
wave propagation to illustrate its mechanism. Wang et al. 
(2022a) established a coupling multi-physics CFST 
substructure model composed of circular aggregates and 
mortars with absorbing boundaries to explore the influence 
of the mesoscale concrete core on PZT sensors response. 
One of the disadvantages of the above mesoscale numerical 
models is their low computational efficiency and high 
computation resource needs coming with fine finite 
elements and short integration time steps required for 
computation accuracy and convergence requirements. Thus, 
further efforts are required to develop computational 
efficiency approaches for mesoscale simulation on stress 
wave fields and PZT sensor responses to investigate the 
influence of the heterogeneity of concrete core in the form 
of randomly distributed aggregates of different shapes and 
distinguish it with that of interface debond defect. 

In recent years, to enhance the mesoscale numerical 
simulation efficiency for concrete materials and structures, 
a homogenization approach using representative volume 
elements (RVEs) based on composite materials theory has 
been proposed (Jin 2014, Rezakhani et al. 2017, Baxter et 
al. 2020, Abbès et al. 2020, Arkadiusz et al. 2021). The 
accuracy and computational efficiency of the proposed 
mesoscale homogenization approach with RVEs of different 
dimensions are verified and the influence of the 
heterogeneity and randomness of mesoscale concrete on the 
macroscale mechanical properties of concrete materials and 
structures are investigated. Based on the work by Xu et al. 
(2018), Wang et al. (2022b) proposed a mesoscale 
homogenization method using RAEs for two-dimensional 
(2D) RCFSTs with randomly distributed elliptical, 
polygonal and circular aggregates to numerically explore 
the influence of the mesoscale concrete core and interface 
debond defects on the stress wave field and the response of 
an embedded PZT sensor with a constant measurement 
distance of 80 mm in RCFSTs. In the study by Wang et al. 
(2022b), the effect of the dimension of RAEs on stress 
wave fields and PZT sensor measurement simulation results 
was not investigated and the difference of the influence of 
mesoscale heterogeneity of concrete core on PZT sensor 
measurements at different measurement distances was not 
numerically or experimentally addressed. Therefore, in 
order to address these two issues, Wang et al. (2023) 
numerically studied the stress wave fields for RCFST 
members using RAEs with different dimensions and then 
investigated the difference in PZT sensor responses at 
different measurement distances using mesoscale 
homogenization approach. In the study by Wang et al. 
(2023), only circular aggregates were considered in the 
mesoscale homogernization models, and no experimental 
verification on the influence of concrete core heterogeneity 
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and randomness on PZT sensor measurements at different 
measurement distances was performed. Further numerical 
and experimental investigations on the difference in the 
influence of the heterogeneity and randomness of concrete 
core in the form of different aggregate shapes on PZT 
sensors at different measurement distances are desired. 

In this paper, different from the previous studies (Wang 
et al. 2022b, 2023), mesoscale simulation on stress wave 
fields and PZT sensors at different measurement distances 
of RCFST cross-sections with randomly distributed 
elliptical and polygonal aggregates is carried out to further 
distinguish the influence of the heterogeneity and 
randomness of concrete core in the form of the randomly 
distributed aggregates with different shapes with them of 
interface debond defects on the stress wave fields and the 
response of PZT sensors at different measurement distance 
for RCFSTs. Homogenization finite element models 
(HFEMs) corresponding to the mesoscale finite element 
models (MFEMs) of RCFSTs with randomly distributed 
elliptical and polygonal aggregates are established, 
respectively, to simulate the stress wave fields of the 
models. Coupling homogenization finite element models 
(CHFEMs) corresponding to the coupling mesoscale finite 
element models (CMFEMs) for RCFSTs with randomly 
distributed aggregates with different shapes are employed to 
simulate the responses of PZT sensors at different 
measurement distances. Moreover, the amplitude and the 
wavelet packet energy of PZT sensor measurements at 
different measurement distances under either sinusoidal or 
modulated excitation signals in CHFEMs with and without 
an interface debond defect are compared. The difference 
between the effect of the heterogeneity of concrete core in 
the form of randomly distributed elliptical and polygonal 
aggregates on different PZT sensor responses and that of the 
interface debond defect is also illustrated. Finally, 
experimental validation on thirty plane RCFST cross 
section specimens with different PZT sensor measurement 
distances under both sinusoidal and modulated excitation 
signals are carried out. Both numerical simulation and 
experimental studies show that the heterogeneity of 
concrete core in the form of the randomly distributed 
aggregates with different shapes in different RCFSTs 
induces limited variation in the response of PZT sensors 
close to the PZT actuator and has no obvious influence on 
the response of the PZT sensor far from the PZT actuator. 
Instead, the interface debond defect results in obvious 
variation in each PZT sensor measurement, compared with 
the heterogeneity of concrete core and the diversity of 
randomly distributed aggregate shape. The experimental 
validation is consistent with those from the numerical studies. 

 
 

Table 1 Material parameters 

Material Young’s modulus 
(GPa) 

Poisson’s 
ratio 

Density 
(kg/m3) 

Aggregates 55.5 0.16 2700 
Mortar 26 0.22 2100 
Steel 207 0.28 7800 
PZT 74 0.36 7600 

 

Both the mesoscale and multi-physics simulation results 
and the experimental measurements testify the rationality of 
the interface debond detection approach for RCFSTs using 
stress wave measurements from PZT sensors at suitable 
measurement distances where the concrete core is a 
heterogeneous and random material in practice. 

 
 

2. Modelling approach for CHFEMs with randomly 
distributed aggregates with different shapes 
 
Concrete heterogeneity is mainly caused by various 

factors such as aggregate shape, distribution, and uneven 
pore structure. In this study, the concrete heterogeneity is 
represented by the randomly distributed aggregates with 
different shapes but the possible pores are not considered. 
To investigate the influence of the heterogeneity of concrete 
core and the diversity of the randomly distributed aggregate 
shapes on the stress wave fields and the response of PZT 
sensors at different measurement distances, a total of nine 
mesoscale RCFST models with randomly distributed 
circular, elliptical and polygonal aggregates are firstly 
established using the random aggregate method (RAM) (Xu 
et al. 2018, Wang et al. 2022b). In the previous study by 
Wang et al. (2022b), the effect of the concrete heterogeneity 
in the form of randomly distributed circular aggregates on 
an embedded PZT sensor at a measurement distance of 80 
mm only is numerically investigated. In each RCFST 
specimen in this study, five PZT sensors with different 
measurement distances of 80 mm, 160 mm, 240 mm, 320 
mm and 410 mm, are considered, respectively. The 
aggregate content in each RCFST specimen is identical and 
takes the value of 50%. 

The size and quantity of randomly distributed circular, 
elliptical and polygonal aggregates in each CHFEM are 
specified using the Fuller gradation curve (Wang et al. 
2022b). In this study, the characteristic diameters of the 
aggregates are set to 60 mm, 30 mm and 15 mm, which are 
employed to represent the typical dimension of bigstones 
(40–80 mm), middlestones (20–40 mm) and small stones 
(5–20 mm), respectively, in practice. 

The dimensions of each RCFST and the material 
parameters of the mortar, aggregates, steel tube and PZT are 

 
 

(a) Elliptical aggregate models 
 

(b) Polygonal aggregate models 

Fig. 1 Mesoscale RCFSTs considering randomly distributed 
aggregate with different shapes 
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(a) Elliptical aggregate 
 

(b) Polygonal aggregate 

Fig. 2 CHFEMs corresponding to the mesoscale RCFSTs 
shown in Fig. 1 

 
 

listed in Table 1 (Wang et al. 2022b) Since the CHFEMS 
with circular aggregates have been discussed in previous 
study (Wang et al. 2023), six CHFEMs corresponding to the 
six CMFEMs with randomly distributed elliptical and 
polygonal aggregates are investigated in this paper. The 
mesoscale models and the corresponding finite element 
meshes of the six established CMFEMs named CMFEM 
E1-E3 and P1-P3 are shown in Fig. 1 and the corresponding 
CHFEMs are named CHFEMs E1-E3 and P1-P3 for 
simplicity. 

The dimension of the finite elements for the six 
CMFEMs as shown in Fig. 1 should not exceed one-fifth of 
the wavelength of stress wave in the medium to avoid 
computation divergence (Xu et al. 2017a, b). Since concrete 
cores are heterogeneous at mesoscale, the meshing of each 
CMFEM has refinement regions as shown in Fig. 1. The 
numerical simulation on stress wave fields and the response 
of PZT sensors is computationally inefficient because of 
large number of elements and degree of freedoms (DOFs) 
in each mesoscale model. Therefore, to enhance 
computation efficiency for stress wave fields and the 
responses of PZT sensors of CMFEMs with either randomly 
distributed elliptical or polygonal aggregates, the 
corresponding CHFEMs are established and employed to 
explore the influence of interface debond defect, the 
heterogeneity of mesoscale concrete core and the shape 
diversity of randomly distributed aggregates on the stress 
wave fields and the responses of PZT sensors at different 
measurement distances under different excitation signals. 

Fig. 2 shows the established CHFEMs corresponding to 
the six mesoscale CMFEMs for RCFSTs exhibited in Fig. 1 
using the equivalent homogenization method (Jin 2014, 
Wang et al. 2022b), where the material properties of each 
RAE is homogenous. The material properties of each RAE 
are different because of various area fractions of mortar 

 
 

and aggregate in each RAE. Due to space limitations, the 
material properties of each RAE are not listed here. The 
dimension of each RAE used here is 25 mm by 25 mm 
based on the previous investigation results on the size effect 
of RAE on stress wave fields (Wang et al. 2023). As shown 
in Figs. 1 and 2, the number of finite elements of each 
CHFEM is far less than that of the corresponding CMFEM. 
Besides, the comparison of the element numbers, DOFs 
between the healthy CMFEMs and their corresponding 
CHFEMs is shown in Table 2, where the information of 
CMFEMs 1-3 with circular aggregate and the 
corresponding CHFEMs 1-3 is from the previous research 
of Wang et al. (2023). It is easy to understand that less 
simulation cost with CHFEMs is required when compared 
with that of the corresponding CMFEMs. 

To further distinguish the influence of the hetergenerity 
and randomness of mesoscale concrete core and an interface 
debond defect on both stress wave fields and the output 
signals measured by PZT sensors at different measurement 
distances, additional six CHFEMs with an interface debond 
defect and identical mesoscale concrete core to the above 
CHFEMs are investigated. The six CHFEMs with an 
interface debond defect are called CHFEMs E1D-E3D and 
P1D-P3D, respectively. The interface debond defect has a 
length of 50 mm along the steel tube and a thickness of 4 
mm. 

The setting of the mechanical boundary of the coupling 
models and the electrical boundary for PZT patches is 
identical to that described in the study by Chen et al. 
(2019). In the stress wave fields simulation, the coupling 
effect between the PZT actuator or sensor and the RCFST 
member is not considered and the homogenization finite 
element models (HFEMs) corresponding to each CHFEM 
are employed for similarity. The stress wave fields in all 
HFEMs are determined by directly applying an excitation 
force on the location of PZT actuator. When simulating the 
response of each PZT sensor under sinusoidal and 
modulated signals, the inverse and direct piezoelectric 
effects of both PZT actuator and sensor and the multi-
physics coupling effect between PZT patches and the 
RCFST are considered (Xu et al. 2017c, Chen et al. 2019). 
The control equations for stress wave propagation 
simulation of both CMFEMs and their corresponding 
CHFEMs have been described in literature and are shown 
as follows (Xu et al. 2018). 

 ൤ሾ𝑀ሿ ሾ0ሿሾ0ሿ ሾ0ሿ൨ ቊ{𝜇ሷ}൛𝑉ሷ ൟቋ + ൤ሾ𝐶ሿ ሾ0ሿሾ0ሿ ሾ0ሿ൨ ቊ{𝜇ሶ}൛𝑉ሶ ൟቋ+ ൤ ሾ𝐾ሿ ሾ𝐾௓ሿሾ𝐾௓ሿ் ሾ𝐾ௗሿ൨ ൜{𝜇}{𝑉}ൠ = ൜{𝐹}{𝑄}ൠ 
(1)

 
where ሾ𝑀ሿ represents the mass matrix, ሾ𝐾ሿ is the matrix 
of stiffness, ሾ𝐶ሿ denotes the damping matrix, {𝜇} stands 
 
 

Table 2 Comparison of calculating amount between CMFEMs and CHFEMs 
 CHFEMs CMFEM C1 CMFEM C2 CMFEM C3 CMFEM E1 CMFEM E2 CMFEM E3 CMFEM P1 CMFEM P2 CMFEM P3

Element 
number 25,561 68,788 68,706 68,413 73,018 73,716 76,346 75,650 74,318 74,151 

DOFs 102,866 271,286 275,462 274,288 273,730 290,386 278,386 280,506 306,506 285,706 
 

338



 
Effect of mesoscale randomness of various aggregates on stress wave propagation for debond detection of RCFSTs 

for the displacement vector of the RCFST member ሾ𝐾ௗሿ 
represents the matrix of dielectric and ሾ𝐾௓ሿ  is the 
electromechanical coupling matrix, {𝑄} and {𝑉} are the 
quantity of electric charge and the electric potential on 
electrode surface, respectively, and {𝐹} represents the load 
vector. 

The applied pulse force signal for stress wave fields 
simulation and the sinusoidal and modulated excitation 
signals for PZT sensor measurement simulation are 
identical to them in the previous study (Wang et al. 2022b). 
The modulated excitation signal for PZT sensor 
measurement simulation is listed below. 

 𝑉௧ = 𝑉଴ sin(2𝜋𝑓𝑡) sin ൬2𝜋𝑓𝑡10 ൰ଶ
 (2)

 
where 𝑉௧ is the input voltage signal and 𝑉଴ represents the 
amplitude of input signal whose value is 10 V. f stands for 
frequency 20 kHz of the input signal. t is the time instant 
and takes the value of 2e - 7s. 

 
 

3. Influence of mesoscale heterogeneity and 
randomness of concrete core with randomly 
distributed aggregates of different shapes and 
that of the interface debond on stress wave 
fields of HFEMs 
 
In this section, mesoscale numerical simulation on stress 

wave fields of the six healthy HFEMs and the six HFEMs 
with an interface debond defect under pulse force with a 
frequency of 100 kHz is carried out, as a numerical 
investigation into the influence of the heterogeneity and 

 
 

randomness of mesoscale concrete core with randomly 
distributed aggregates of different shapes on stress wave 
fields and the comparison with that of interface debond 
defect. 

 
3.1 Stress wave fields of HFEMs with randomly 

distributed elliptical aggregates 
 
The stress wave fields of the three HFEMs E1-E3 with 

randomly distributed elliptical aggregates at three different 
time instants are displayed in Fig. 3, along with that of three 
corresponding HFEMs E1D-E3D with an interface debond 
defect. Comparing the stress wave fields of the three 
healthy HFEMs with different concrete core mesoscale 
structures at each identical time instant, it can be found that 
the randomly distributed elliptical aggregates in RCFSTs 
have no obvious influence on the stress wave fields. 
Similarly, comparing the stress wave fields of the three 
HFEMs E1D-E3D with an identical debond defect 
considering different concrete core mesoscale structures at 
each identical time instant as exhibited in Fig. 3, the 
consistency of stress wave fields of the three HFEMs E1D-
E3D is also observed. Compared with the stress wave fields 
of the HFEMs without an interface debond defect with 
those of the HFEMs with an identical interface debond 
defect, it can be observed that the stress wave fields of the 
corresponding HFEMs with an identical interface debond 
defect show an obvious time delay and attenuation due to 
the existence of interface debond defect, indicating that it is 
the interface debond defect that affects the stress wave 
fields of RCFST members, instead of the randomly 
distributed elliptical aggregates in concrete core. 

 
 
 

 

Without debond With debond  
t = 2e – 5s t = 4e – 5s t = 6e – 5s t= 2e – 5s t = 4e – 5s t = 6e – 5s  

 

 

(a) HFEM E1 (b) HFEM E1D 
 

 
(c) HFEM E2 (d) HFEM E2D 

 

 

(e) HFEM E3 (f) HFEM E3D  

Fig. 3 Stress wave fields of HFEMs with and without an interface debond defect at different time instants
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3.2 Stress wave fields of HFEMs with randomly 

distributed polygonal aggregates 
 
The stress wave fields of the three HFEMs P1-P3 with 

randomly distributed polygonal aggregates and those 
HFEMs P1D-P3D with an identical interface debond defect 
are given in Fig. 4. The consistency of the stress wave fields 
of the three healthy HFEMs P1-P3 at each identical time 
instant can be found. Moreover, the consistency of the stress 
wave fields of the three HFEMs P1D-P3D with an identical 
interface debond defect also exists. Moreover, the influence 
of the interface debond defect on the stress wave fields in 
the form of travelling time delay and attenuation can be 
found clearly. 

From the stress wave field simulation results shown in 
Figs. 3-4, it is clear that the interface debond defect is the 
dominant factor affecting the stress wave fields of RCFST 
members instead of the heterogeneity and randomness of 
the mesoscale concrete core and the shape diversity of 
randomly distributed aggregates. 

To further distinguish the influence of the heterogeneity 
of the mesoscale concrete core and the shape diversity of 
randomly distributed aggregates on the responses of PZT 
sensors at different measured distances, the PZT sensor 
responses of the six healthy CHFEMs and the 
corresponding six CHFEMs with an identical interface 
debond defect under both sinusoidal and modulated 
excitation signals are investigated in the following section. 

 
 
 
 

 
 

4. Influence of mesoscale structure and interface 
debond on PZT sensor rsponses at different 
measurement distances 
 
This section simulates the PZT sensor responses at 

different measurements of the six healthy CHFEMs and the 
corresponding six CHFEMs with an identical interface 
debond defect under both sinusoidal and modulated 
excitation signals. The frequency of both the one-cycle 
sinusoidal signal and the five-cycle modulated signal is set 
to be 20 kHz. The amplitude of the two input signals is 10 
V. Besides, the measurement distances from the PZT 
actuator to a PZT sensor are chosen to be 80 mm, 160 mm, 
240 mm, 320 mm and 410 mm, respectively. For the 
measurement distance of 410 mm case, the PZT sensor is 
installed on the opposite side of the PZT actuator and on the 
outer surface of the steel tube of RCFST members. 

 
4.1 Response of PZT sensors at different 

measurement distances of CHFEMs with 
randomly distributed aggregates of different 
shapes under sinusoidal excitation 

 
Figs. 5-6 show the time-domain response of the PZT 

sensors at different measurement distances from the PZT 
actuator of the six healthy CHFEMs with randomly 
distributed elliptical and polygonal aggregates, respectively, 
under a sinusoidal excitation signal. 

From Figs. 5-6, the responses of the PZT sensors of 
each healthy CHFEM attenuate with the increase of the 
measurement distance. The response time delay of PZT 
sensors at different measurement distances can also be seen 
in Figs. 5-6. Moreover, the response of each PZT sensor at 

Without debond With debond  
t = 2e – 5s t = 4e – 5s t = 6e – 5s t= 2e – 5s t = 4e – 5s t = 6e – 5s  

 

 

(a) HFEM P1 (b) HFEM P1D 
 

 
(c) HFEM P2 (d) HFEM P2D 

 

 

(e) HFEM P3 (f) HFEM P3D  

Fig. 4 Stress wave fields of HFEMs with and without an interface debond defect at different time instants
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an identical measurement distance between different 
CHFEMs with randomly distributed elliptical or polygonal 
aggregates is very close to each other. 

 
 

 
 

 
 

 
 

Figs. 7-8 show the time-domain responses of PZT 
sensors at different distances of the CHFEMs with 
randomly distributed elliptical and polygonal aggregates 

 
(a) CHFEM E1 (b) CHFEM E2 (c) CHFEM E3

Fig. 5 Time domain responses of PZT sensors at different measurement distances of healthy CHFEMs with randomly 
distributed elliptical aggregates 

 
(a) CHFEM P1 (b) CHFEM P2 (c) CHFEM P3

Fig. 6 Time domain responses of PZT sensors at different measurement distances of healthy CHFEMs with randomly 
distributed polygonal aggregates 

 
(a) CHFEM E1D (b) CHFEM E2D (c) CHFEM E3D

Fig. 7 Time-domain responses of PZT sensors at different distances of CHFEMs with randomly distributed elliptical 
aggregates and considering an interface debond defect

 
(a) CHFEM P1D (b) CHFEM P2D (c) CHFEM P3D

Fig. 8 Time domain responses of PZT sensors at different distances of CHFEMs with randomly dist-ributed polygonal 
aggregates and considering an interface debond defect
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and an identical interface debond defect. The attenuation of 
stress wave and the response time delay of PZT sensors at 
different measurement distances can be found in all six 
CHFEMs with an identical interface debond defect. 

 
 

 
 

 
 

 
 
Comparing the results between the healthy CHFEMs shown 
in Figs. 5-6 and those with an identical interface debond 
defect shown in Figs. 7-8, it is clear that the interface 
debond defect is the dominant factor that affects the 

 
(a) CHFEM E1 (b) CHFEM E2 (c) CHFEM E3

Fig. 9 Time domain responses of PZT sensors at different measurement distances of CHFEMs with random distributed 
elliptical aggregates 

 
(a) CHFEM P1 (b) CHFEM P2 (c) CHFEM P3

Fig. 10 Time domain responses of CHFEMs with random distributed polygonal aggregates 

 
(a) CHFEM E1D (b) CHFEM E2D (c) CHFEM E3D

Fig. 11 Time domain responses of PZT sensors at different distances in CHFEMs with random distributed elliptical 
aggregates considering an interface debond defect

 
(a) CHFEM P1D (b) CHFEM P2D (c) CHFEM P3D

Fig. 12 Time domain responses of PZT sensors at different distances in CHFEMs with random distri-buted polygonal 
aggregates considering an interface debond defect
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responses of PZT sensors at different measurement 
distances from the PZT actuator mounted on the outer 
surface of CHFEMs greatly where the concrete core of the 
CHFEMs are composed of randomly distributed aggregates 
with different shapes. 

In the following section, the time-domain responses of 
PZT sensors at different measurement distances of the six 
healthy CHFEMs and the six CHFEMs with identical 
interface debond defect under modulated input signal are 
investigated. 

 
4.2 Responses of PZT sensors at different 

measurement distances of CHFEMs with 
randomly distributed aggregates of different 
shapes under modulated excitation 

 
The time-domain responses of PZT sensors at different 

measurement distances of the six healthy CHFEMs and the 
six CHFEMs with identical interface debond defect under 
modulated input signal are shown in Figs. 9-12. 

From Figs. 9-12, the stress wave attenuation and the 
response time delay between different PZT sensors of all six 
healthy CHFEMs with randomly distributed elliptical and 
polygonal aggregates can be observed. Similar findings on 
the PZT sensor responses at an identical measurement 
distance of the six CHFEMs without interface debond 
defect can be found. The similarity of the PZT sensor 
response at identical measurement distances of the six 
CHFEMs with an identical interface debond defect also 
exists. Comparing the response of sensors of the healthy 
CHFEMs with those of the CHFEMs with an interface 
debond defect, it is clear to see that the effect of debond 
defect on the response of each PZT sensor is always 
dominant. 

In the following section, a further quantitative 
comparison on the influence of different mesoscale concrete 
cores and interface debond defect on the responses of PZT 
sensors at different measurement distances of the above six 
CHFEMs under both sinusoidal and modulated excitation is 
made to illustrate the difference in the influence of the 
heterogeneity of concrete core on the response of PZT 
sensors at different measurement distances. 

 
 
 
 

5. Quantitative comparison on the influence of the 
heterogeneity and randomness of mesoscale 
concrete core on the response of PZT sensors 
at different measurement distances under 
different excitations 
 
Under sinusoidal excitation, the maximum amplitude of 

the response of PZT sensors at different measurement 
distances of the six CHFEMs E1-E3 and P1-P3 studied in 
this paper are compared with that of the corresponding 
RCFST members with an interface debond defect and the 
results are shown in Fig. 13. The simulation results of 
additional three CHFEMs C1-C3 with circular aggregates 
investigated in the previous study (Wang et al. 2023) are 
also compared. The nine corresponding CHFEMs with an 
interface debond defect are named CHFEMs C1D-C3D, 
E1D-E3D and P1D-P3D, respectively. 

From Fig. 13, the heterogeneity of mesoscale concrete 
core and the shape diversity of the randomly distributed 
aggregates lead to a relatively large difference in the 
responses of the PZT sensor with a measurement distance 
of 80 mm. This means that the measurement of PZT sensor 
near the actuator is obviously affected by the heterogeneity 
of mesoscale concrete core and the shape diversity of 
randomly distributed aggregates in CHFEMs. When the 
measurement distance from the PZT sensor to the PZT 
actuator is larger than 160 mm, the difference in the 
response of PZT sensors between different CHFEMs either 
with or without an interface debond defect becomes smaller. 
This indicates that the influence of the heterogeneity of the 
mesoscale concrete core and the shape diversity of 
randomly distributed aggregates on the measurement of the 
PZT sensors is negligible when the measurement distance is 
over a certain value. 

Fig. 14 compares the average value and variance of the 
maximum amplitude measured by PZT sensors for CHFEM 
C1-C3, E1-E3, P1-P3 without an interface debond defect 
and that of the corresponding CHFEMs C1D-C3D, E1D-
E3D and P1D-P3D with an interface debonding defect. 
From Figs. 13 and 14, the interface debond defect causes a 
significant decline in the maximum amplitude of the 
response of each PZT sensor of CHFEMs regardless of the 
distributions and shapes of the aggregates. From Fig. 14(b), 

 
 
 

 

(a) CHFEMs (b) CHFEMs with an interface debond defect

Fig. 13 Comparison of maximum amplitudes of sinusoidal output time domain signals measured by PZT sensors 
between CHFEMs with different distributions and shapes of aggregate
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it is found that the variance of the maximum amplitude 
measured by the PZT sensor close to the PZT actuator of 
the CHFEMs without an interface debond is the largest. 
Instead the variation of the maximum amplitudes measured 
by the PZT sensors at an identical measurement distance of 
the nine CHFEMs with an interface debond defect is much 
lower than that of the nine CHFEMs without an interface 
debond defect. This implies that, for RCFSTs with an 
interface debond defecct, the influence of the heterogeneity 
of mesoscale concrete core and the shape diversity of the 
randomly distributed aggregates on the measurement of 
PZT sensors is limited when compared with that of 
interface debond defect. 

To explore the attenuation of output signals collected by 
PZT sensors at different measurement distances in the nine 
CHFEMs and the corresponding CHFEMs with an identical 
interface debonding defect under modulated excitation, a 
more detailed analysis on the wavelet packet energy values 
of the responses of PZT sensors is performed and the results 
are shown in Fig. 15. 

When the measurement distance from the PZT actuator 
to the PZT sensor is 80 mm, difference between the wavelet 
packet energy values of the responses of the PZT sensors in 
the nine healthy CHFEMs can be observed as shown in Fig. 
15. The average and variance of the wavelet packet energy 
values of each sensor measurement at an identical 
measurement distance is displayed in Figs. 16(a) and (b). As 

 
 

 
 

shown in Fig. 16(a), due to the existence of the interface 
debond defect in RCFSTs, the wavelet packet energy of 
PZT sensors decreases obviously regardless of what the 
measurement distance is. As shown in Fig. 16(b), the 
influence of the random distribution of aggregates and 
aggregate shape in concrete core of CHFEMs on the 
wavelet packet energy values becomes limited with the 
increase of the measurement distance from the PZT 
actuator, which is consistent with the results of the 
CHFEMs with and without the identical interface debond 
under sinusoidal excitation described above. Moreover, the 
variance of the wavelet packet energy values of the 
measurements of the PZT sensors of the nine CHFEMs with 
an interface debond defect is much smaller than that of the 
nine CHFEMs without interface debond defect. The 
dominant influence of the interface debond defect on the 
response of each PZT sensor of CHFEMs is clear when 
compared with the random distribution of aggregates of 
different shapes. This finding is meaningful for interface 
debond defect detection for RCFSTs using stress wave 
measurement where concrete core in RCFSTs is a 
heterogeneous and random material. 

Comparing Figs. 14(b) and 16(b), it can be found that 
the decrease of the variation of the wavelet packet energy 
values is much more obvious when modulated excitation is 
employed. Numerical simulation results show that 
modulated excitation is preferred for interface debond 

(a) Average voltage amplitude (b) Variance 

Fig. 14 The comparison of average amplitude and variance of the responses of PZT sensors shown in Fig. 12 for the 
CHFEMs with and without an interface debond defect

(a) CHFEMs (b) CHFEMs with an interface debond defect

Fig. 15 Quantitative comparison on the wavelet packet energy of PZT sensor between CHFEMs with different 
aggregates distribution and shapes under modulated excitation
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detection in RCFSTs because the influence of the 
heterogeneity and randomness of the mesoscale structure of 
concrete core on local sensor measurements with a 
measurement distance of 240 mm is also limited as shown 
in Fig. 16(b). 

 
 

6. Experimental validation on the dominance of 
interface debond defect on PZT sensor 
response at different measurement distances 
 
6.1 RCFST specimens and testing setup 
 
To validate the findings from the multi-physics and 

mesoscale simulations in the previous sections, an 
experimental study on RCFST cross section specimens 
considering different measurement distances and an 
interface debonding defect is performed. Fig. 17 displays a 
total of thirty plane RCFST cross section specimens. The 
thirty specimens include fifteen healthy specimens and 
fifteen specimens with an identical interface debond defect 

 
 

 
 

in the middle bottom of each specimen. The debond has a 
length of 50 mm along the side and a depth of 4 mm. 
Different PZT sensor measurement distances of 80 mm, 160 
mm, 240 mm, 320 mm and 410 mm are considered, 
respectively. Therefore, for each PZT sensor measurement 
distance, three groups of healthy RCFST specimens and 
three groups of specimens with an identical interface 
debond defect were tested to distinguish the influence of 
randomness and heterogeneity of the mesoscale concrete 
core and the interface debond defect on the PZT sensor 
measurements. The dimension of each experimental 
specimen is identical to those of the previously mentioned 
numerical RCFST models. 

 
6.2 Test measurements and analysis 
 
The response of each PZT sensor of each specimen 

under both sinusoidal and modulated excitation signals are 
measured as shown in Fig. 18, analyzed and compared to 
elucidate the effect of interface debond defect on stress 
wave propagation and PZT sensor measurements in RCFST 

 
 

(a) Average wavelet packet energy (b) Variance 

Fig. 16 Comparison of average wavelet packet energy and variance of the responses of PZT sensors shown in Fig. 14 
for the CHFEMs with and without an interface debond defect

(a) Sample group 1 (b) Sample group 1D 
 

(c) Sample group 2 (d) Sample group 2D 
 

(e) Sample group 3 (f) Sample group 3D 

Fig. 17 Specimen group samples
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Fig. 18 Testing system for a plane RCFST specimen
 
 

members. 
 
6.2.1 Test measurements and analysis on PZT 

sensor measurements under sinusoidal 
excitation 

Figs. 19 and 20 show the time-domain measurements of 
the PZT sensors at different measurement distances of the 
RCFSTs in three sample groups with and without an 
identical interface debond defect under the sinusoidal 
excitation signal. The attenuation of stress waves and the 
response time delay of different PZT sensors can be found. 
Moreover, comparing the output time-domain signals 
displayed in Fig. 20 with those displayed in Fig. 19, it is 
clear to see that the debond defect causes a significant 
decrease in the measurement of each PZT sensor. 

The maximum amplitudes of the PZT sensor 
measurement of all RCFST specimens with and without the 
identical debond defect are compared in Fig. 21. From Fig. 

 
 

 
 

21, the difference in mesoscale concrete core of the three 
RCFST specimen groups results in a certain discrepancy in 
PZT sensor measurements located closely to the PZT 
actuator regardless of whether the interface debond exists or 
not. The average and the corresponding variance of the 
amplitudes of the PZT sensor measurements at an identical 
measurement distance are shown in Figs. 22(a) and (b), 
respectively. As shown in Figs. 21 and 22(a), the amplitude 
of the measurement of each PZT sensor at each identical 
measurement distance is smaller than that of healthy 
RCFST when the interface debond defect exists. Fig. 22(b) 
shows that the variation of the PZT sensor measurements of 
the RCFSTs with an interface debond defect is much 
smaller than that of the RCFSTs without a debond defect. 
Moreover, the variation of PZT sensor measurements 
decreases with the increase of the measurement distances, 
implying that the heterogeneity and randomness of the local 
mesoscale concrete core of RCFST specimen only affect the 
responses of PZT sensors locally. 

 
6.2.2 Test measurements and analysis on PZT 

sensor measurements under modulated 
excitation 

Similarly, the measurements of the PZT sensors of the 
thirty RCFST specimens under the modulated excitation 
signal are made and the results are summarized in Figs. 23 
and 24. The attenuation of stress wave and the time delay of 
different PZT sensor measurements with the increase of 
measurement distance can be observed clearly for RCFSTs 
either with or without an interface debond defect. 

The corresponding wavelet packet energy value of each 
PZT sensor measurement is displayed in Fig. 25. The 
average wavelet  packet  energy values  and the 
corresponding variance of PZT sensor measurements at 

 
 

 
 

 

 
(a) Sample group 1 (b) Sample group 2 (c) Sample group 3

Fig. 19 Time-history of PZT sensors of healthy specimens

 
(a) Sample group 1D (b) Sample group 2D (c) Sample group 3D

Fig. 20 Time-history of PZT sensors of specimens with an interface debond defect 
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an identical measurement distance are also shown in Figs. 
26(a) and (b). Fig. 25 shows that the inherent heterogeneity 
and randomness of the local mesoscale concrete core in 
each RCFST specimen group leads to a certain discrepancy 
in the wavelet packet energy values of the PZT sensor 
responses at a measurement distance of 80 mm. When the 
measured distance of the PZT sensor increases, the 
difference between the wavelet packet energy values of the 
measurement of PZT sensors in different RCFST specimens 
decreases gradually. 

 
 

 
 

 
 
From Figs. 25 and 26(a), wavelet packet energy values 

of PZT sensor measurements of RCFSTs with an interface 
debond defect are much smaller than those of the RCFSTs 
without an interface debond defect. From Fig. 26(b), the 
variance of the wavelet packet energy values of PZT 
sensors at a certain measurement distance of RCFSTs with 
an interface debond defect is much smaller than those of the 
RCFSTs without an interface debond defect. Results show 
that the effect of the mesoscale structure of concrete as a 
heterogeneous and random material on the PZT sensor 

(a) Healthy specimens (b) Debond specimens 

Fig. 21 Maximum voltage amplitudes collected by different PZT sensor for RCFST specimens with and without 
an interface debond defect 

(a) Average voltage amplitude (b) Variance 

Fig. 22 Comparison of average amplitude and variance of the responses of PZT sensors shown in Fig. 20 for the 
sample groups 1-3 with and without an interface debond defect

 
(a) Sample group 1 (b) Sample group 2 (c) Sample group 3

Fig. 23 Time-history of PZT sensor measurements of healthy specimen groups 
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measurement is very limited, especially for RCFSTs with an 
interface debond defect. 

The experimental results are consistent with those from 
the multi-physics and mesoscale simulation and validate the 
feasibility of the interface debond detection method using 
stress wave measurements from PZT sensors where the 
concrete core in RCFST members at mesoscale is a typical 
heterogeneous and random material. The interface debond 
defect is the dominant factor affecting the PZT sensor 

 
 

 
 

 
 

measurement and restrains the effect of the heterogeneity 
and randomness of the mesoscale structure of concrete core 
on PZT sensor measurement variation. 

Comparing Figs. 22(b) and 26(b), it can be found that 
the decrease in the variation of the wavelet packet energy 
values is much more obvious when modulated excitation is 
employed. Experimental results also show that modulated 
excitation is preferable for interface debond defect detection 
for RCFSTs since the influence of the heterogeneity and 

 
 

 
(a) Sample group 1D (b) Sample group 2D (c) Sample group 3D

Fig. 24 Time-history of PZT sensor measurements of specimen groups with an interface debond defect

(a) Healthy specimens (b) Debond specimens 

Fig. 25 Comparison between wavelet packet energy value of output signals measured by PZT sensor for healthy 
RCFST specimen groups and those with an interface debond defecT

(a) Average wavelet packet energy (b) Variance 

Fig. 26 Comparison of average wavelet packet energy values and variance of the responses of PZT sensors shown in 
Fig. 24 for the sample groups 1-3 with and without debond
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randomness of the mesoscale structure of concrete core on 
local sensor measurements with a measurement distance of 
240 mm can also be neglected when interface debond defect 
exists under a modulated excitation. 
 
 
7. Conclusions 

 
In this paper, multi-physics and multi-scale CHFEMs 

are established to distinguish the influence of the 
heterogeneity and randomness of mesoscale concrete core 
in RCFSTs with randomly distributed circular, elliptical and 
polygonal aggregates and that of the interface debond defect 
on both stress wave fields and the response of PZT sensors 
at different measurement distances apart from the actuator. 
To validate the findings from the numerical studies in this 
paper, experimental validation on thirty RCFST specimens 
including healthy specimens and those with an identical 
interface debond defect is carried out and the responses of 
PZT sensors at different measurement distances are 
analyzed in detail. The following conclusions can be made 
according to the numerical simulation and test results. 

 

• The stress wave fields of healthy CHFEMs with 
randomly distributed circular, elliptical and 
polygonal aggregates at identical time instants are 
close to each other. This finding also works for the 
CHFEMs with an identical interface debond defect, 
indicating that the influence of the mesoscale 
heterogeneity and randomness of concrete core on 
the stress wave fields is very limited. Instead, the 
debond defect has a significant effect on the stress 
wave fields of RCFSTs. 

• The time-domain output signals and its wavelet 
packet energy values of the response of PZT sensors 
at different measurement distances from the PZT 
actuator of CHFEMs with and without an interface 
debond defect under different excitation signals 
show that the heterogeneity and randomness of the 
mesoscale concrete core locally affect the responses 
of PZT sensors that are located close to the PZT 
actuators at a certain degree. For PZT sensors 
located at a relatively larger measurement distance, 
the influence of the heterogeneity and randomness of 
the mesoscale concrete core on PZT sensor 
measurements is negligible. However, the influence 
of the interface debond defect on all PZT sensor 
measurements with different distances is dominant. 

• Experimental results on thirty healthy RCFST 
specimens and specimens with an identical debond 
defect verify that the response measured by PZT 
sensors at different measurement distances under 
both sinusoidal and modulated excitation signals is 
influenced by the interface debond defect 
dominantly. The heterogeneity and randomness of 
mesoscale concrete core on the PZT sensor 
measurements are very limited, especially for the 
tested specimens with an interface debond defect. 

• Both numerical simulation and experimental results 
show that modulated excitation is preferred for 
interface debond defect detection for RCFSTs in 

practice because the decrease of the wavelet packet 
energy value variation is much more obvious when 
modulated excitation is employed. 

• The multi-physics and mesoscale numerical 
simulation and experimental study on stress wave 
fields and the responses of PZT sensors at different 
measurement distances for RCFST members with 
randomly distributed aggregates of different shapes 
illustrate that the interface debond defect is the major 
factor leading to variation in stress wave fields and 
the responses of PZT sensors even concrete core in 
RCFST members is a typical heterogeneous and 
random material. The findings from this study 
validate the rationality of the interface debond 
detection method for RCFST members using stress 
wave measurement from PZT sensors. 
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