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ABSTRACT 
 

This study presents a numerical investigation on the sensitivity of 
electromechanical impedance (EMI) responses to inner cracks of the concrete 
anchorage caused by overloading. To achieve the objective, the following approaches 
are implemented. Firstly, the Ottosen failure criterion is selected as a damage model for 
the simulation of the plasticity in concrete. Secondly, the inner crack formation in the 
prestressed concrete anchorage is analyzed via finite element (FE) models. Several 
overloading cases are numerically simulated to induce inside cracks in the FE model of 
the anchorage. Finally, EMI responses are acquired from the concrete anchorage 
before and after the inner crack formation. The change in the EMI response due to the 
formation of inner cracks is then quantified. 
 
1. INTRODUCTION 
 

Post-tensioning technique has been widely used in infrastructure construction due 
to its benefit such as faster installation, improved pure concrete properties, longer span, 
and effective construction cost. For cable stayed bridges, post-tensioned tendon 
anchorage systems play an important role in transferring the prestressing force into the 
main structure. However, during a long-service under environmental effects, repeatedly 
server loading, or natural disaster, damages may arise in the prestressed concrete 
anchorage and often cause potential risk on the whole structure (Mehrabi et al. 2010).  

Damage detection at the anchorage system has receive much attention from 
researchers (Kim et al. 2004, Ho et al. 2012, Kim et al. 2013, Min et al. 2016). The 
damages in the tendon anchorage includes prestress-loss in tendon, inner or outer 
cracks in the concrete, or corrosion in anchor head and bearing plate. Huynh and Kim 
(2014) developed a mountable PZT interface for prestress force monitoring in the 
tendon anchorage system. Abdullah et al. (2015) proposed a method to localize and 
identify damage wire breaks that is based on the strain variations. Min et al. (2016) 
proposed a methodology to estimate remaining tensile force by using EMI 
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characteristics. However, those researches have focused only on the prestress-loss 
detection in the prestressing tendon. The monitoring of inner cracks in the concrete 
anchorage is still remained so far. 

Impedance-based damage detection has been applied to various types of 
structures. Yang et al. (2008) implemented the impedance-based method for 
monitoring damage in concrete structure. Their experimental analysis proved that 
structural mechanical impedance is sensitive enough to the damage in concrete.  

This study presents a numerical investigation on the sensitivity of EMI responses 
to inner cracks of the concrete anchorage caused by overloading. To achieve the 
objective, the following approaches are implemented. Firstly, the Ottosen failure 
criterion is selected as a damage model for the simulation of the plasticity in concrete. 
Secondly, the inner crack formation in the prestressed concrete anchorage is analyzed 
via FE models. Several overloading cases are numerically simulated to induce inside 
cracks in the FE model of the anchorage. Finally, EMI responses are acquired from the 
concrete anchorage before and after the inner crack formation. The change in the EMI 
response due to the formation of inner cracks is then quantified. 

 
2. INNER CRACK FORMATION IN PRESTRESSED CONCRETE ANCHORAGE 
 

In this section, the identification of plasticity in reinforced concrete anchorage 
system due to overloading is investigated by using Ottosen failure criterion. Firstly, 
Ottosen plasticity model for concrete is visited. Secondly, FE modeling of target 
anchorage is described. Lastly, the crack formation scenario in anchorage system is 
analyzed for a few simulated overloading cases. 

 
2.1. Ottosen Plasticity Model for Concrete 
The Ottosen criterion with a four parameters is a well-known plasticity model for 

short-time loading of concrete (Ottosen 1977). The shear failure surface of Ottosen 
criterion is defined as: 
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where A, B, k1, and k2 are dimensionless parameters of concrete; f’c is the uniaxial 

compression strength of concrete; the parameter () is defined: 
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in which, k1 is called the size factor; k2 also called the shape factor is positive and 
bounded to 0 ≤ k2 ≤ 1; I1 is the first invariant of stress tensor, J2 is the second invariant 

of the deviatoric of stress tensor. The parameter cos(3) relates to the third invariant of 
the deviatoric stress tensor as presented in Eq (3): 
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The parameters A, B, k1 and k2 can be determined from laboratory testing data: 

an uniaxial tensile test, an uniaxial compression test, an equibiaxial compressive stress, 
and a failure stress state on the compressive meridian. The Ottosen criterion is 

equivalent to Drucker-Prager when A=0 and () = constant, or the Von Mises criterion 

when A=0, B=0, and () = constant. In this paper, the tensile strength (f’t) of concrete 
was selected equal 10% of compressive strength (f’c), and four parameters of Ottosen 
failure criterion for simulating damage in concrete (Ottosen 1977) is listed in Table 1: 
 

Table 1 Typical parameter values for Ottosen failure criterion  

' '/t cf f
 

A B k
1
 k

2
 

0.1 1.3 3.2 11.7 0.98 

 
2.2.  Finite Element Modelling of Target Anchorage 
The geometry of target anchorage system referred to a real anchorage design of 

Hwamyung Bridge (Busan, Korea), as follows: concrete block 900×900×300 mm, the 

bearing plate 400×400×75 mm, the anchor head  280 mm, and 135 mm in height, as 
shown in Fig. 1a. The target anchorage consists of 31 strands (the typical VLS product). 
The type of strands is 7-wire super (standard BS5896) with tensile strength of 1860 
MPa and specified breaking load of 186 kN per one strand. The boundary condition of 
the anchorage was simulated as spring elements with the stiffness of kx = ky = 0, and kz 

= 2.5×1015 N/m/m2), as shown in Fig. 1b. In the FE model, the anchor head, bearing 
plate, and concrete block were discrete in 3D solid elements. A number of meshing 
elements are 2304 elements of anchor head, 3205 elements of bearing plate, and 
17290 elements of concrete blocks.  

 
Table 2. Material properties of target anchorage 

Parameters 
Bearing plate and 

anchor head 
Pure 

concrete 
Steel bars 

Young’s modulus E (GPa) 200 32 200 

Poisson’s ratio,  0.3 0.2 0.3 

Mass density,  (kg/m3) 7850 2400 7850 

Damping loss factor,  0.01 0.01 0.01 

Compressive strength f’c, 
MPa 

460 40 460 

Tensil strength f’t, MPa  460 4.0 460 



The material properties used in the FE model are presented in Table 2. The 
compressive strength of concrete without steel bars is 40 MPa. For an anchorage 
system of cable stayed bridge, the ducts are not grouted, so the tendon is not bonded 
into concrete. Thus, the tendon was not considered in the FE modelling.  

 

 
Fig. 1 FE model of target anchorage, a) geometry, b) meshing 

 

To simplify the FE model, the steel bars including vertical and horizontal bars in 
the anchorage system is converted into equivalent elastic modulus of concrete. An 
equation based on force equilibrium in concrete and steel bars was presented in Eq. (4).  
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where s, c, eq are stress in steel bars, concrete, and reinforced concrete of 
anchorage system, respectively; Es, Ec, Eeq are Young’s modulus of steel bars, 
concrete and reinforced concrete. To consider all horizontal and vertical steel bars, the 
Young’s modulus of reinforced concrete was calculated based on volume of each 
material, as shown in Eq. (5).  
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The volume of steel bars is based on a real design of the anchorage. As shown in 

Table 3, the Young’s modulus considering contribution of steel bars is 35.65 GPa that 
increases about 10% modulus of pure concrete. 
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Table 3. Equivalent elastic modulus of target anchorage 

Parameters V (cm3) Parameters E (GPa) 

The area of steel bars 
(Vs) 

4,883 
Young’s modulus of 

steel bars (Es) 
200 

The area of concrete 
block without steel (Vc) 

218,324 
Young’s modulus of 
pure concrete (Ec) 

32 

The area of concrete 
block with steel (Vt) 

223,207 
Young’s modulus of 
reinforced concrete 

(Eeq) 
35.65 Eq. (5) 

 
Next, an equivalent equation to transfer compressive strength of bare concrete to 

reinforced concrete (AASHTO, 2007) is shown in Eq. (6). 
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where KI is the correction factor for the source of aggregate to be taken as 1,  is 
density of reinforced concrete. Substituting the value of each parameter, the equivalent 
compressive strength considering contribution of steel bars is 49.6 MPa.  

To localize plastic areas in concrete, the Ottosen damage model was used for 
reinforced concrete anchorage. The reinforced concrete of anchorage was simulated by 
equivalent Young’s modulus and equivalent compressive strength. The material models 
are defined as elastic-plastic for concrete, anchor head, and bearing plate. When 
prestress force increased due to overloading, concrete has incipient crack if the stress 
or strain is greater than the stress or strain from the Ottosen criterion.  

 
Table 4. Simulated cases in FE model of prestressed concrete anchorage 

Cases P (kN) Description of crack severity Tensile 
strength  

Intact 3100 Uncrack 0.538fy 

Crack 
level 1 

3660 
Incipient crack on the surface of bearing plate: 0.10% 

volume of simulated concrete anchorage was 
damaged. 

0.635fy 

Crack 
level 2 

4380 
Incipient cracks inside concrete and expanding 

surface crack: 0.43% volume of simulated concrete 
anchorage was damaged. 

0.760fy 

Crack 
level 3 

4770 
Propagating cracks: 1.52% volume of simulated 

concrete anchorage was damaged. 
0.827fy 

 



The prestress force was applied on the surface of anchor head with some 
damage scenarios due to over loading as presented in Table 4. In intact case, the 
prestress force in 31-strands was applied 3100 kN equivalent to 100 kN per one strand. 
The tensile stress of strands is about 54% of maximum tensile strength (fy= 1860 MPa). 
In crack level 1, when prestress force was increased to 3660 kN, that is equivalent to 
63.5% tensile strength of tendon. In this case, an incipient crack was accounted for 
0.10% of volume of concrete anchorage. When prestress force increased to 82.7% of 
limited strength of tendon, the crack is propagated up to 1.52% volume of concrete 
(crack level 3). 
 

2.3. Analysis of Inner Crack Formation due to Overloading 
In the intact case, the maximum Von Mises stress found at contact surface 

between bearing plate and anchor head is about 280 MPa, as shown Fig. 2. The 
plasticity in concrete is found if the effective strain is greater than zero. The effective 
plastic strain of material was calculated and plotted as in Fig. 3. In intact case, there is 
no plastic area found in anchorage system Fig. 3a.  

In the crack level 1, when prestress force was increased to 3660 kN 
corresponding to 63.5% of tensile strength in tendon, incipient cracks were found at 
four corners of the bearing plate, as show in Fig. 3b. The plastic area is about 0.10% 
volume of simulated concrete zone. Due to the small value of tensile strength of 
concrete and stress concentration at the corners, the surface cracks of concrete were 
found around the four corners of bearing plate.  

In the crack level 2, when prestress force was increased to 4380 kN, the cracks in 
the concrete surface was expanded and inner cracks were simultaneously formed, as 
shown in Fig. 3c. There are two types of inner cracks in the anchorage. The first one is 
crack due to over compressive strength of concrete found under bearing plate. The 
second one is tensile crack found on the contact surfaces between bearing plate and 
anchor head.  

In the crack level 3, when tensile strength in strands reached to 82.6% of ultimate 
strength, the cracks in the concrete surface were expanded both on the surface crack 
and inner crack, as shown in Fig. 3d. The plastic volume in crack level 3 is about 1.52% 
volume of simulated concrete anchorage. 

 
Fig. 2 Von Mises stress in anchorage system (MPa) for intact case 



  

  
Fig. 3 Plasticity distribution in concrete anchorage 

 
3. SENSITIVITY OF IMPEDANCE RESPONSES TO INNER CONCRETE CRACK  
 

In this section, the sensitivity of impedance responses to inner crack of 
prestressed concrete anchorage is analyzed. The sensitivity of impedance signature is 
demonstrated via the change of impedance signals before and after damage in host 
structure. To achieve this aim, firstly, theory of electromechanical impedance is visited. 
Secondly, the FE modelling of prestressed concrete anchorage with PZT sensor are 
established corresponding to three crack levels. Lastly, variation of impedance 
signature is quantified by RMSD and CCD indices, and then analyzed their sensitivity.  
 

3.1.  Theory of Electromechanical Impedance 
The impedance-based method is based on the coupling of mechanical and 

electrical characteristics (Liang et al. 1996). A piezoelectric patch can be utilized as 
sensor and actuator embedded on the surface of host structure. The electrical effects of 
piezoelectric are partly controlled by mechanical effects of host structure. In practice, 

the electric current I() is measured and utilized to calculate EMI (Liang et al. 1994):  
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a) Intact case b) Crack level 1 

Incipient crack 

c) Crack level 2 

Incipient inner crack 

d) Crack level 3 

Propagated crack 



where ˆ (1 )E E

xx xxY i Y   is the complex Young’s modulus of the PZT patch at zero electric 

field; ˆ (1 )T T

xx xxi    is the complex dielectric constant at zero stress; d3x is the 

piezoelectric coupling constant in x-direction at zero stress; and wa, la, and ta are the 

width, length, and thickness of the PZT patch, respectively. The parameters  and  are 
structural damping loss factor and dielectric loss factor of piezoelectric material, 

respectively. Eq. (7) shows that the EM impedance, Z(), is a combining function of the 

SM impedance of the piezoelectric patch, Za(), and that of the host structure, Zs(). 
The structural impedance of host structure is calculated as follows (Liang et al. 1994). 
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where c and m are the damping coefficient and the mass of the structure, respectively; 

n,  are the angular natural frequency of the structure and the excitation voltage, 
respectively. The structural mechanical impedance is a function of mass, damping, and 
stiffness of structural properties. With any change in structural parameters under 
environmental conditions or damage in structure, it can lead to change in the SM 
impedance. 

The sensitivity of EMI signature to the structural damage can be quantified by the 
root mean square deviation (RMSD) proposed by as in Eq. (9) 
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where  Re ( )iZ   and  Re *( )iZ   are the real components of the impedance 

signatures measured before and after damage of the ith frequency, respectively, and, n 
denotes the number of frequency points in the sweep band. 

Another statistical index can be also used to measure the sensitivity of impedance 
signature that is the correlation coefficient deviation (CCD). The CCD is calculated as 
follows (Zagrai and Giurgiutiu, 2001). 
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where Z  and *Z
  denote the standard deviation of impedance signatures intact case 

and damage case respectively; Z  and *Z represent the mean value of impedance 
signatures intact case and damage case respectively. 
 



3.2. Finite Element Modelling of Prestressed Concrete Anchorage with PZT 
sensor 
To analyze the sensitivity of EMI responses to inner cracks of prestressed 

concrete anchorage, FE models were established in Comsol Multiphysics with three 
crack formation scenario in the anchorage. Fig. 4 shows FE model of crack formation in 
anchorage for crack level 2. The damaged elements were modeled by reducing the 
Young’s modulus. In this study, Young’s modulus of damaged elements was set as one 
percent of undamaged one.  

The material properties of the anchorage system is listed in Table 2 and Table 3. 
PZT 5A selected for impedance signature simulation has 20×20×1 mm, detailed 
information about material properties of PZT 5A can be found at Efunda (2016). 
Dielectric loss factor of PZT 5A was set 0.015. 

 
Fig. 4 Crack formation in anchorage for crack level 2  

 
In FE modeling of impedance signatures, a PZT sensor was attached on the 

surface at the corner of bearing plate as shown in Fig. 5, and the boundary condition of 
the anchorage was also simulated by the same spring elements with the previous 
models. 

 
Fig. 5 FE modelling of prestressed tendon anchorage with PZT sensor 
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3.3. Sensitivity of Impedance Responses to Inner Cracks of Concrete Anchorage 
To simulate impedance signature, a harmonic voltage of 1V was applied on the 

top surface of PZT patch while the bottom surface was assigned the ground electrode. 
The impedance signatures were numerically analyzed in the range 100 kHz to 200 kHz, 
as shown in Fig. 6. The variation of impedance signatures due to overloading has 
different amplitude for each crack level.  
 

 
Fig. 6 Impedance signatures of PZT sensor at the corner on bearing plate 

 
Next, the statistical indices RMSD and CCD were used to quantify the variation of 

impedance signatures of sensor under three levels of crack. The damage indices were 
computed over the range 100 kHz to 200 kHz and shown in Fig. 7a and Fig. 7b. The 
damage indices go up when the crack severity in the anchorage is increased. Also, the 
CCD index is found more sensitive than the RMSD for the crack detection.  
 

  
a) RMSD index b) CCD index 

Fig. 7 The RMSD and CCD indices of impedance signatures 
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Fig. 8 The CCD index of impedance signatures for 20 kHz frequency range 

 
To identify a sensitive range of impedance signatures, the frequency range 100-

200 kHz was split into five narrow ranges of 20 kHz (see Fig. 6). The sensitivity of the 
20 kHz frequency ranges was examined under the crack formation in the anchorage, as 
shown in Fig. 8. The range 2 of 120-140 kHz shows the highest sensitivity while the 
range 5 of 180-200 kHz has the lowest one.  
 
4. CONCLUSION 
 

This study presented the numerical investigation on the sensitivity of EMI 
responses to inner cracks of the concrete anchorage caused by overloading. To 
achieve the objective, the following approaches were implemented. Firstly, the Ottosen 
failure criterion was selected as a damage model for the simulation of the plasticity in 
concrete. Secondly, the inner crack formation in the prestressed concrete anchorage 
was analyzed via FE models. Several overloading cases were numerically simulated to 
induce inside cracks in the FE model of the anchorage. Finally, EMI responses were 
acquired from the concrete anchorage before and after the inner crack formation. The 
change in the EMI response due to the formation of inner cracks was then quantified. 
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