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ABSTRACT 

An active sensing diagnostic system using PZT for SHM of reinforced concrete 
structure has been currently under the investigation. The system consists of steel 
reinforcement bar (rebar) and PZTs bonded on the rebar surface. Test results show that 
the system can detect damages of the structure. To fundamentally understand the 
damage algorithm and therefore to establish a robust diagnostic mechanism, an 
accurate Finite Element Analysis (FEA) for the system has been performed. Reinforced 
concrete structure with a PZT bonded rebar is also simulated and analyzed with 
commercial FEA software. Simulation analysis is further made for concrete structure 
with different debonding damage sizes, and the results are validated with test ones. A 
series of signal optimization have been done through simulated parametric studies. 
Improvement of PZT installation has been discussed and the relationship between 
improvement and signal output has been established. By increasing both sizes of PZT 
actuators and sensors, the output signals increase linearly with PZT size and by several 
times. 
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1 INTRODUCTION 

The guided stress wave method uses time of arrival and amplitude change of signals to detect 
defects of a structure[1-3]. And the surface guided wave methods have been successfully applied for 
crack detection in concrete structures [4,5]. In fact, PZT elements are very suitable for integration 
into the concrete structures as an in-situ actuator/sensor because of the low cost and the properties 
mentioned above. Recently, an active sensing diagnostic system using PZT for SHM of concrete 
structures has been under investigation [6]. 

Experimental tests have been conducted on concrete beam component (20in. x4in. x4in.) with a 
steel reinforcement bar (φ0.75in.) in the middle of each component (Figure 1a). A 90 kHz five-peak 
burst ultrasonic wave with a peak value of 200V was applied to the actuators. This wave type has 
been frequently used in structural health evaluations [7-9] because of its sensitivity to the anomalies 
in the wave propagating medium. The amplitudes and time of arrival of the first wave peak from 
sensors were recorded and analyzed, and signal changes between the data of baseline and after the 
damage were evaluated (Figure 1b).  

Test results show that the crack /debonding damage in RC structures could be detected using 
such a PZT based active sensing diagnostic system. The amplitude of the sensor output increases as 
the extent of crack/debond increases[3]. And it is further found that signal’s amplitude is 
exponentially increased with the damage size.  
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a) Layout of the PZT rebar concrete beam                              b) Test wave and the principle of SHM 
Figure 1:PZT based active sensing SHM system for concrete beam 

 
Due to the complexity of concrete microstructure and PZT’s coupling effect of structural and 

electrical fields, numerical simulation turns to be a good approach for analyzing such an SHM 
system. A lot of work has been done using numerical simulation for PZT based SHM for different 
structures[10-12]. Most of the work did not simulate epoxy layer which bonded PZT to the 
structures, and some even didn’t simulate PZT due to software limitation. Our simulation used 2D 
axi-symmetrical modeling, which greatly simplifies the modeling complexity and saves the 
elements needed for 3D. This enabled us to simulate many details set in the tests, including the 
epoxy layer and voids around PZT.  

In this paper, simulation for reinforcement bar bonded with PZT was first carried out and 
validate with experimental testing results, and then the debonding detection for concrete beam was 
simulated and validated. Further these models were used to explore the possible signal improvement. 

2 NUMERICAL SIMULATION  

2.1 Meshing  
A partial mesh figure for the FE model of a steel reinforcement bar with PZT is shown in Figure 2. 
Using 2 dimensional (2D) axi-symmetric modeling, the mesh consisted of 3 layers in vertical for 
steel rebar, i.e., steel, silver-epoxy and PZT. And the void between steel bar and PZT was also 
simulated. Similarly, the concrete beam component with a PZT rebar (Figure 1a) was simulated 
with 2D axi-symmetric model type. Its mesh consisted of 4 layers, with concrete covered on the top 
of PZT rebar.  
 

  

 
 

Figure 2:Mesh design of a steel rebar with PZTs (partial) 
 

To get converge to the ideal results, at least 20 elements have to be used for each wavelength 
along the direction of wave propagation[3,13]. In our model, a finer mesh has been used, and 
different mesh sizes on and around the PZT were applied for performance purpose – which formed 
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an electric window effect (Figure 2) [7]. The maximum time step set was less than 1/10 of the 
central frequency.  

2.2 Property Configuration   
The configuration of material properties for the FE model includes those for steel rebar, silver 
epoxy, PZT and concrete. Because of the electrical-mechanical coupling effect of PZT, it has 
unique properties including the elastic stiffness tensor C, the piezoelectric strain constant tensor d, 
and the permittivity matrix ε. Notice that for 2D axi-symmetric modeling, the coordinate system 
defined in ANSYS is different from what in IEEE, which the properties of PZT product are based 
on. Therefore, coordinate transformation had to be performed before setting up the constants for 
these tenors and matrix [14]. Further, since the polarization direction in IEEE is in z direction, while 
in ANSYS it is in x direction for 2D axi-symmetric model, extra step of coordinate transformation 
was needed for tensor d.  

Rayleigh damping was selected in the simulation. The stiffness damping ratio β [15] was set as 
3.54 x 10-10. For steel rebar simulation, extra value had to be used to depress the numerical noise. 
The β was set as 1.0 x 10-8. The decrease of output’s amplitude due to the noise depression would 
be compensated back, and the lost value could be found by the relationship between the amplitude 
and the damping value through numerical simulation. 

3 RESULTS  

3.1 Validation 

3.1.1 Validation for PZT steel  rebar 
Validation of numerical model for PZT steel rebar has been performed by adding 200V 90KHz 5-
peak burst transient waves onto PZT actuators. The analysis used the transient dynamics type which 
could fully simulate the PZT electrical-mechanical coupling effect. The various material properties 
are illustrated in Table 1. The distance between sensors and actuators was 16in (406.4mm).  The 
properties for PZT material are based on PZT-850 of APC Corp. of USA. 
 

Table 1. Material Properties using in Simulation 
 

Property constant (unit) Value 

PZT Coefficient d33(m/V) -175x10-12 

PZT Coefficient d13(m/V) 400x10-12 

PZT Relative Dielectric Constant ε11/ε0 1700 

PZT Relative Dielectric Constant ε33/ε0 1470 

Stiffness Constant for PZT Material C11 (N/m2) 12.6x1010 

Stiffness Constant for PZT Material C33 (N/m2) 11.7x1010 

Stiffness Constant for PZT Material C44 (N/m2) 2.3x1010 

Stiffness Constant for PZT Material C12 (N/m2) 7.95x1010 

Stiffness Constant for PZT Material C13 (N/m2) 8.41x1010 

Young's Modulus for Steel Es(N/m2) 20.6x1010 

Material Density for Steel ρs (kg/m3) 7900 
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Poisson Ratio for Steel νs  0.3 

Damping Ratio for steel  ζs 0.003 

Young's Modulus for Silver Epoxy Ee (N/m2) 0.875x1010 

Material Density for Silver Epoxy ρe (kg/m3) 2800 

Poisson Ratio for Silver Epoxy νe  0.3 

 
The simulated result was compared with the test result in Figure 3, and it shows a very good 

match between these two. This validates that the FEA model for a steel rebar with PZT was quite 
precise. Further parameter studies for signal improvement could be performed based on the model. 
Moreover, from the time of arrival of signals, it shows that the wave speed was about 4461m/s, 
implies that it was longitudinal p-wave who dominated the propagation of waves in the rebar case 
here. 
 

 
 

Figure 3:Sensor output from simulation and test for PZT steel rebar 

3.1.2 Validation for Concrete Beam Component 
Validation of numerical model for concrete beam component with PZT steel rebar has been 
performed. 2D axi-symmetric model type has been used for the component. Since concrete material 
is highly inhomogeneous, wave energy dissipates greatly during wave propagation. To simplify the 
model, concrete was simulated as homogeneous material, but a high damping ratio with 100 dB has 
been applied. The debonding sizes of 1 inch, 2 inch, 4 inch, and 8 inch have been simulated 
respectively. Besides of the material properties mentioned in Table 1, the concrete properties were 
set as follows: the density ρc=2400kg/m3, Young’s modulus Ec=2.8×1010N/m2, and Poisson ratio 
υc=0.2. Because of the large damping effect of concrete, numerical noise was not appeared, and the 
damping ratio for steel bar did not need to be adjusted, i.e., damping ratio used was 3.54 ×10-10. 

Numerical results for different debonding sizes are shown in Figure 4. By comparisons, the 
corresponding test results are shown in the same charts. It could be seen that these two sets of 
results match well, which validates the numerical model. The speed of wave propagation on the 
rebar was around 3500 m/s. And the dispersion of waves could be observed from all of the charts. 
Dispersion was attributed to concrete surrounding the bar, which served as an elastic foundation to 
the bar. As the debonding size increased, the interference of waves from the concrete to the bar 
surface became less important, resulting in more energy propagating into the bar, which 
corresponded to larger signal amplitude and less wave dispersion in the results. 
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Figure 4:Sensor output from simulation and test for beam with debonding damage 

3.2 System Optimization 
From above validations, it could be noticed that the output from PZT sensors were very small, 
comparing to the input of 200V. How to improve the strength of the signals becomes critical for this 
PZT based active sensing diagnostic system. Optimization has been performed in two parts, i.e., 
improvement of PZT installation and the PZT size, based on the above numerical analysis. 

3.2.1 Optimization of PZT installation 
By analyzing the forces in the simulated models, we’ve found that the waves arriving to PZT were 
carried out by shear stresses acting on the bottom of PZT surface, i.e., shear stresses were 
transferred from rebar to epoxy layer then to the PZT. Based on that, one improvement suggested 
was to fill in the voids between PZT and rebar with solid materials. By filling voids with silver 
epoxy, the output signals from sensors increased almost 6 times (Figure 5). Further by analyzing the 
forces acting on the PZT, it was found that both normal stresses on the side of PZT thickness and 
shear stresses at the PZT bottom had significant values, which proved that both type of forces 
contributed to the conversion of sensor output voltages. 
 

 
 

Figure 5:Sensor o0utput of optimization of void width filled with silver epoxy 
 

Further parametric study for the void width filled with silver epoxy has been performed. Notice 
that the void width in above optimization (Figure 5) was set as 0.2mm, and corresponding output 
was about 0.56V. Parametric study shows that the relationship between width and the amplitude of 

EWSHM 2014 - Nantes, France

729



 
 

 
 

output could be mapped with a decrease exponential curve (Figure 6), i.e., the output increased 
exponentially as the width decreased. And the signal increase was about 1.5 times from width of 
0.6mm to 0.2mm.  
 

Void width (filled by Silver epoxy )

              
Figure 6:Parametric study of void width filled with silver epoxy 

3.2.2 Optimization of PZT sizes 
Parametric studies for PZT sizes have been done for signal optimization purpose. By keeping PZT’s 
thickness the same, the width of PZT for both actuators and sensors have been changed, and 
different combinations of changes have been simulated. During optimization, the voids between 
PZT and rebar on actuators and sensors were not filled (Figure 7a).  

It could be observed from Figure 7b that the changes of sensor-size-only would lead to increase 
of the output, but the effect was limited. It would be saturated to a limit as the sensor size increased 
to a certain value. However, the change of actuator-size-only would lead to the linear increase of 
sensor output. And changes of both actuator and sensor sizes would lead to faster linear increase of 
sensor output. Figure 7b provides the details of the output changes with PZT sizes. The output 
increased almost 3 times by doubling the size of actuator, and it further increased almost 5 times by 
doubling both actuator and sensor sizes. 
 

Change of PZT width

rebar sensoractuatorvoid 2D-Axisymetric Model 

 
 

a) Layout of  PZT size optimization          b)Sensor output changes with different PZT sizes 
Figure 7:Signal optimization with PZT sizes 

4 CONCLUSIONS 

Numerical simulation with detailed 2D axi-symmetric modeling for a PZT active sensing system for 
damage detection of concrete structure has been demonstrated here. Validations show that 
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numerical results match well with test results. System optimization has been done by changing both 
PZT installation and PZT size. It suggests that such optimization could improve system output with 
magnitudes. Future work will be concentrated on performing experimental tests by applying the 
optimization onto the specimens. And detection for other damage types such as crack will be 
investigated through the simulation. Numerical simulation using 3D model for the active sensing 
system and the concrete structure is under investigation.  
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