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1. Introduction 
 

The damage detection in structural systems using the 

impedance-based technique has received significant 

attention in recent years. To detect structural changes, the 

impedance-based method utilizes the electromechanical 

impedance (EMI) signals sensed by piezoceramic patches 

attached to the host structure. Various experimental and 

numerical works conducted on many types of civil 

infrastructures have demonstrated the potential of the 

method in the area of structural health monitoring (SHM) 

(Ayres et al. 1998, Soh et al. 2000, Park et al. 2003, Kim et 

al. 2010, Yang et al. 2008, Ho et al. 2012, Hu et al. 2014, 

Ho et al. 2014, Kim et al. 2014, Wang et al. 2016, Nguyen 

et al. 2017, Zahedi and Huang 2017, Ryu et al. 2017). By 

utilizing the promising properties of the piezoelectric 

materials (e.g., PZT), the impedance-based technique offers 

unique advantages. First, the technique can be easily 

applied to complex structures since it is non-model based. 

Second, the technique uses piezoelectric sensors which are 

commercially available at a low cost, typically less than $10. 

Third, the technique using the high-frequency responses is 

very sensitive to minor incipient damage and less sensitive 

to operational vibrations of a monitored structure. Finally, 

the technique is very suitable for autonomous and real-time 

SHM implementations since requirements for data  
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processing are minimal (Soh et al. 2012, Huynh et al. 2017). 

Despite the above-mentioned potentials, challenges still 

exist against the field application of the technique. A critical 

one is the effect of ambient temperature changes on the 

EMI responses that could cause false damage identification 

during the long-term monitoring. In the real ambient 

condition, the temperature change results in the variation of 

dynamic responses since it affects to material properties and 

boundary conditions (Park et al. 1999, Kim et al. 2003, 

Sohn 2007, Sim et al. 2014, Huynh et al. 2015a). The 

temperature change also affects the properties of the 

piezoelectric sensor. Both the dielectric constant and the 

coupling constant of the sensor vary proportionally with the 

temperature. Also, Young’s modulus and dimensions of the 

piezoelectric sensor are dependent on the temperature 

(Woon and Mitchell 1996, Hooker 1998). According to 

Liang et al. (1994), the EMI response is a function of the 

dynamic properties of the host structure and the 

piezoelectric properties of the sensor. Therefore, it is 

evident that the temperature change would result in the 

change in the EMI response. 

In recent years, the impedance-based technique has been 

applied for detecting the prestress-loss occurrence in the 

prestressed anchorage (Nguyen and Kim 2012, Huynh et al. 

2015b, Min et al. 2016, Huynh and Kim 2017a). Several 

researchers have studied the effect of temperature on the 

EMI response measured from the tendon-anchorage of 

prestressed concrete girder (PSC) (Kim et al. 2010, Park et 

al. 2015). Due to the non-uniform thermal behaviors among 

the structural components of the PSC girder (e.g., concrete 

girder, steel tendon, and anchorage), the temperature change 

not only causes a relatively slight variation in the 

prestressing force (Kim et al. 2013, Huynh and Kim 2017b) 
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but also modifies stress fields of the anchorage zone, 

resulting in significant shifts in the EMI signals. In real 

ambient conditions, the temperature effect could cause false 

detection of prestress-loss if it is not sufficiently 

compensated. 

Many research attempts have been conducted to develop 

temperature-effect compensation algorithms tailored to the 

impedance-based technique. By taking advantage that the 

temperature-induced variation in the EMI signal is 

dominated by horizontal shifts of impedance peaks, Koo et 

al. (2009) proposed a maximum cross-correlation (CC) 

index to avoid the false damage detection from the 

temperature effect. The method is simple to perform but the 

frequency band used in the compensation process should be 

sufficiently narrow and carefully selected (Fabricio et al. 

2014). Sepehry et al. (2011) used the artificial neural 

network (ANN)-based algorithm to minimize false alarms 

caused by temperature change and varying load. The 

method requires a large number of training dataset obtained 

from a wide range of environmental and operational 

conditions. Thus, the false damage detection can be 

occurred when untrained patterns are used for the 

temperature compensation (Huynh and Kim 2018). 

Principal component analysis (PCA) has been regarded 

as a simple and nonparametric statistical technique which is 

used to emerge the variation and bring out the strong 

patterns in a high-dimensional data. Recently, the PCA has 

been applied in several impedance-based SHM problems 

since the PCA-based method requires simple computation 

process so that it is suitable for long-term and real-time 

impedance-based SHM. To reduce the amount of data 

analysis and avoid unwanted noises, Park et al. (2008) used 

the PCA to extract only essential information of the raw 

EMI responses. However, the method by Park et al. (2008) 

was experimentally evaluated for impedance monitoring of 

a bolted connection under the unwanted noises that were 

not caused by temperature variations. Koo et al. (2008) 

proposed a simple PCA-based strategy to filter only 

meaningful frequency shifts caused by damage as the 

temperature-free damage indicator for the impedance-based 

technique. In many cases, however, the frequency shift is 

not an effective damage-sensitive indicator because the 

structural damage also causes variation in the EMI 

magnitude. To better quantify the damage severity, Min et 

al. (2015) modified Koo’s strategy by using the damage 

indices instead of the frequency shift. Lim et al. (2011) 

proposed the data normalization technique based on kernel 

PCA to eliminate the temperature effects. However, the 

accuracy of the method by Lim et al. (2011) is quite 

dependent on an appropriate design of damage-sensitive 

features and the amount of collected impedance data. 

In this study, a simple PCA-based temperature filtering 

algorithm is proposed for the EMI-based tendon force 

monitoring of prestressed tendon anchorages. First, the EMI 

monitoring via a piezoelectric interface device is designed 

for prestress-loss detection in a tendon anchorage system. 

Next, the PCA-based temperature filtering algorithm is 

developed tailored for the EMI monitoring of the 

prestressed tendon anchorage. To establish the PCA-based 

filter model, the proposed algorithm utilizes damage-

sensitive features obtained from sub-ranges of the EMI data. 

Finally, the proposed PCA-based algorithm is 

experimentally evaluated for the prestress-loss detection in 

a 6.4 m PSC girder under the temperature-varying condition. 

To evaluate the performance and effectiveness of the 

proposed algorithm, the prestress-loss detection results 

before and after using the PCA-based temperature filtering 

are discussed with respect to two different EMI features. 

 

 

2. PZT Interface-based tendon force monitoring 
method 
 

2.1 EMI monitoring via PZT interface 
 
In EMI monitoring practices, sensitive frequency bands 

are often unknown and usually identified by try-and-error 

(Park et al. 2003). In many cases, the measured frequency 

bands can be higher than 100 kHz to sensitively capture 

incipient damage in structures (Chaudhry et al. 1995, Soh et 

al. 2000, Park et al. 2003, Kim et al. 2010). This causes the 

difficulty for the implementation of low-cost EMI sensing 

devices which allow frequency ranges below 100 kHz 

(Nguyen and Kim 2012, Ho et al. 2012, Hong et al. 2012, 

Park et al. 2015). To overcome this limitation, Huynh and 

Kim (2014) proposed a PZT interface method that can 

acquire EMI responses sensitive to structural properties at 

predetermined frequency bands less than 100 kHz. The 

method uses an interfacial structure equipped with a 

piezoelectric sensor to indirectly acquire the impedance 

data from a target structure. The geometry and material 

properties of the interface structure should be appropriately 

designed so that the resonant responses occur below 100 

kHz (Huynh and Kim 2017a). 

As schematized in Fig. 1, the PZT interface-based 

method is adopted to monitor EMI responses of a 

prestressed tendon anchorage with predetermined sensitive 

frequency bands less than 100 kHz. The interface device is 

an aluminium beam which has a flexible section in the 

middle and two bonded sections. As shown in Fig. 1, the 

PZT interface is surface-mounted on the bearing plate of 

prestressed tendon anchorage. The flexible section, where 

the PZT sensor is installed, is intentionally designed to 

make the PZT patch freely vibrate below 100 kHz when 

being mounted on the host structure. The main advantage of 

this PZT interface prototype lies in its portability which 

allows it being easily mounted on and detached from the 

host structure’s surface. 

To obtain the EMI signatures, an impedance analyzer is 

used to simultaneously excite the PZT sensor on the 

interface by a harmonic voltage V(), see Fig. 1. The output 

harmonic current I() is then measured and the ratio 

between V() and I() is defined as the EMI Z(), in which 

the structural mechanical impedance (SMI) of the PZT 

sensor Za() and the host structure Zs() (i.e., interface-

anchorage system) are coupled together (Liang et al. 1994), 

as follows 
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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 the 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.  

 
 
2.2 Prestress-loss monitoring using PZT interface’s 

EMI responses 
 
Fig. 2 illustrates the PZT interface-anchorage interacting 

system when the PZT sensor on the interface is excited by a 

harmonic voltage. According to the contact mechanism, the 

prestressing effect of the tendon force can be represented by 

spring (i.e., 𝑘1
𝑐 , 𝑘2

𝑐) and dashpot (i.e., 𝑐1
𝑐, 𝑐2

𝑐) at the contact 

interfaces between the bearing plate and the prestressed 

structure and between the anchor block with the bearing 

plate (Johnson 1985). The interface structure is simplified 

by spring, dashpot, and mass (i.e., k
i
, c

i
, m

i
) at the PZT 

driving point.  

When the prestress force is changed, the stress field of 

the bearing plate and the contact parameters of the tendon 

anchorage are altered. These variations would modify the 

SMI Zs() of the interface-anchorage system and then lead 

to the change of the EMI response Z(), according to Eq. 

(1).  As the result, the variation of prestress forces can be 

detected via quantifying the variation in EMI responses 

which are measured via the PZT interface mounted on the 

tendon anchorage. Huynh and Kim (2017a) proposed an 

analytical impedance model of the PZT interface-anchorage 

system to theoretically demonstrate the feasibility of the 

PZT interface technique. 

The change of EMI responses can be quantified by 

common impedance features such as root-mean-square-

deviation (RMSD) or cross-correlation-deviation (CCD). 

The CCD index can be computed as follows (Zagrai and 

Giurgiutiu 2001) 

 

 

 

 

Fig. 2 PZT interface-anchorage interacting system 
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where E[.] is the expectation operation;  iZ  and 

 *

iZ  , signify the impedance at the i
th

 frequency before 

and after damage, respectively; Z  and *Z  indicate the 

mean values of  iZ  and  *

iZ  , respectively; 
Z  and 

*

Z  are the standard deviation values of  iZ  and 

 *

iZ  , respectively. Also, the RMSD index can be 

obtained by (Sun et al. 1995) 
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where N denotes the number of swept frequencies. It is 

noted that the RMSD index is sensitive to both the vertical 

shift (i.e., magnitude change) and the horizontal shift (i.e., 

frequency shift) of the EMI signatures while the CCD index 

is mainly sensitive to the horizontal shift. 
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Fig. 1 EMI monitoring via PZT interface for prestressed tendon anchorage 
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3. PCA-based temperature effect filtering algorithm 

 
3.1 PCA-based filter model 
 

The PCA technique linearly transforms the original 

dataset of variables into a substantially smaller one of 

uncorrelated variables, which can describe most of the 

information of the original dataset (Jlooiffe 1986). In this 

study, the linear PCA technique is applied to identify the 

principal components (PCs) of the damage indices which 

are computed using sub-frequency ranges of collected EMI 

signals. Since each resonant EMI peak has the distinct 

nature under the temperature change, there exist several 

EMI peaks which vary more significantly than others 

(Huynh and Kim 2016). By searching the governing trends 

of the temperature-induced variation in the damage-

sensitive features (i.e., RMSD and CCD) of the sub-

frequency ranges, the temperature effects could be filtered 

out via the processes of data compression and feature 

extraction.  

To develop the PCA model, it is important to arrange the 

computed damage indices (i.e., RMSD and CCD) in a 

matrix form [DI]mxn which contains the damage indices of n 

resonant frequency ranges and m EMI samples. When the 

matrix [DI] is obtained, the covariance matrix [C] can be 

constructed, as follows 

     
1

1

T
C DI DI

m


  

(4) 

where the covariance matrix [C]nxn is a square symmetric 

nn matrix that measures the degree of linear relationships 

within the matrix [DI]. The subspaces in the PCA are 

defined by decomposing the covariance matrix, as follows 

 

 

     
T

C A A 
 

(5) 

where [A] is the matrix whose columns are the eigenvectors, 

and [] is the diagonal matrix whose diagonal terms are the 

eigenvalues. The columns of [A] are sorted according to the 

eigenvalues by descending order. This process gives the 

PCs of the original dataset in order of significance. 

By selecting only r first PCs which describe most of the 

variability in the dataset, a reduced transformation matrix 

[AR] is obtained. Then, the original dataset [DI] can be 

geometrically transformed to the new matrix [Z] which 

describes the projection of [DI] over the orientations of the 

PCs, as follows 

    RZ DI A  (6) 

In case of using full PCs [A], the original data can be 

invertible as [DI] = [Z][A]
T
. In the case of using reduced 

PCs [AR], with the given [Z], the original data can be 

partially recovered by projecting the matrix [Z] back onto 

the original n-dimensional space, as follows 

        
T T

R R R RDI Z A DI A A   (7) 

If the r PCs are removed, the residual matrix of the 

damage indices, [DIE] can be obtained by subtracting the 

original data [DI] to the projected data [DIR], as follows 

             T

E R R RDI DI DI DI I A A     (8) 

Since only a few first PCs govern most of the variability 

in the damage indices, the residual matrix [DIE] in Eq. (8) 

contain the damage indices after compensating the 

 

Fig. 3 PCA-based filtering procedure for EMI-based damage detection 
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temperature effects. In Eq. (8), the term ([I]- [AE] [AE]
T
) is 

referred as the PCA-based filter model. It should be noted 

the proposed model reduces the impedance feature space 

while the kernel PCA model by Lim et al. (2011) increases 

the dimensionality of original feature data. 

To account for n resonant peaks, a final damage index 

(Final DIi) for the i
th

 impedance measurement is formed by 

averaging the damage indices of n sub-ranges as 

1

1
Final 

n

i Eij

j

DI DI
n 

 
 

(9) 

To classify abnormal events, an alarming threshold 

known as upper control limit (UCL) is established using the 

final damage index under the intact state (Hong et al. 2012), 

as follows 

UCL 3    (10) 

where  and  are respectively the mean and the standard 

deviation of the final damage index under the intact state. 

Note that the UCL determined by three standard deviations 

of the mean has a confidence level of 99.7%.  

As compared to previous studies adopted the PCA 

algorithm (Park et al. 2008, Lim et al. 2011), the proposed 

method eliminates temperature effects with a different 

manner, via establishing a PCA-based filter model. Also, 

the proposed method has a simple computational procedure. 

To construct a PCA-based filter model, the well-known 

damage-sensitive feature (RMSD or CCD) is extracted from 

different sub-frequency ranges of impedance signals. 

Meanwhile, in the method by Lim et al. (2011), various 

damage-sensitive features should be carefully designed. 

 

3.2 PCA-based filtering algorithm for EMI-based 
damage detection 

 

The PCA-based temperature filter algorithm for the 

EMI-based damage detection is schematized in Fig. 3. It 

consists of two parts: (1) PCA-based filter model of 

temperature effect and (2) damage detection using PCA-

based filter model.  

In the first part, the PCA-based filter model is 

constructed in the three steps. Firstly, the EMI samples are 

measured at various temperatures under the intact state of 

the host structure. Secondly, the EMI signals are segmented 

into sub-ranges and the damage index of the sub-ranges is 

computed using Eqs. (2) and (3). Then, the damage index 

matrix is constructed. Finally, the PCs of the damage index 

matrix are identified using Eq. (5) and the first PCs are 

removed. Then, the PCA-based model for filtering the 

temperature effect is established using Eq. (8).  

In the second part, the damage detection process using 

the PCA-based filter model is performed in three steps. 

Firstly, the EMI samples are measured at the unknown 

states of the host structure. Secondly, the damage index 

matrix is computed for the unknown states using Eqs. (2) 

and (3). Then, the PCA-based filter model is applied to 

remove the temperature effect from the damage index of the 

unknown states using Eq. (8). Finally, the final damage 

index is computed using Eq. (9). For the decision-making, 

the threshold UCL is calculated using Eq. (10). If the final 

damage index is over the UCL, the damage occurrence is 

alerted; otherwise, there is no damage occurrence. 

 

 

4. Experimental evaluation on PSC girder 
 
4.1 EMI measurement under temperature variation 

and tendon-force change 
 
4.1.1 Test-setup of PSC girder 
Laboratory experiments were performed on a post-

tensioned PSC girder. As schematized in Fig. 4(a), the PSC 

girder of 6.4 m long was simply supported by two steel bars 

with two overhangs of 0.2 m long. The concrete has a 28-

day compressive strength of 23.6 MPa and the mass density 

of approximately 2400 kg/m
3
. A 7-wire mono-strand 15.2 

mm was used for the tendon of the PSC girder. The 

prestress forces were applied to the tendon via a stressing 

jack installed at one anchorage. A load cell was installed at 

the same anchorage to measure the applied forces from the 

stressing jack. The cross-section of the girder is detailed in 

Fig. 4(b). At the anchorage zone shown in Fig. 4(c), an 

aluminium PZT interface was attached to the bearing plate, 

near the anchor block. The aluminium interface was 

designed with the length of 100 mm (flexible beam section 

was 30 mm and two outer contacting bodies were 35 mm 

each), the width of 33 mm, the flexible section’s thickness 

of 4 mm, and the contacting section’s thickness of 5 mm. A 

PZT-5A patch sized 20x20x0.51 mm
3
 was installed in the 

middle of the interface device. It’s worth noting that the 

specification of the PZT interface was selected based on its 

natural frequencies to predefine sensitive frequency ranges 

of EMI responses below 100 kHz, which is the allowable 

frequency range of wireless impedance sensing technology 

(Mascarenas et al. 2007, Park et al. 2010, and Park et al. 

2015).  

Fig. 5 shows test-setup of the PSC girder in the 

laboratory. For the installation, two mounted sections of the 

PZT interface was bonded to the bearing plate using surface 

insensitive instant adhesive Loctite 401. For recording the 

temperature, a K-type thermocouple wire was set up on the 

top surface of the PSC girder, as zoomed in Fig. 5. Low-

power excitation, 1V harmonic voltage, was used to excite 

the PZT interface to acquire the EMI signal. To ensure an 

accurate quantification of the temperature effect, the EMI 

response was measured by a wired high-performance 

HIOKI 3532 analyser. The frequency range considered in 

this study was 10-50 kHz. This is because the frequency 

range higher than 50 kHz contained weak impedance 

signals (Huynh and Kim 2017a). Kyowa EDX-100A data 

logger was used to acquire temperature from the 

thermocouple wire. The sampling rate of 1 Hz was set for 

the temperature measurement during the tests. 

 

4.1.2 Simulation of temperature-varying condition and 
tendon-force change 

The EMI monitoring at the tendon-anchorage was 

performed in the laboratory (Pukyong National University,  
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Korea) for two continuous test scenarios: temperature-

varying tests and prestress-loss tests. For the temperature-

varying tests, to analyze the temperature effect, the 

temperature was changed between 6.72~22.33
o
C while the 

tendon force was set as 138.3 kN (PS1) at the temperature 

22.33
o
C. The room temperature was firstly heated up to 

22.33
o
C by using four heaters located at the four edges of 

the room. After reaching the temperature 22.33
o
C, the 

heaters were turned off to let the room temperature change 

gradually between 6.72~22.33 
o
C according to the ambient 

temperature to minimize the error caused by the non-

uniform temperature distribution. It is shown from Fig. 6 

that the room temperature gradually changed between 

daytime and nighttime during about 5 days monitoring. The 

impedance analyzer was set for periodical auto-monitoring 

every 10 min with the scanning frequency range of 10-50  

 

 

 

 

kHz in which EMI responses were measured for 901 points  

(50 Hz frequency interval). Total 669 tests (Tests 1-669) 

were conducted on the PSC girder under the varying 

temperature condition. 

For the prestress-loss tests, it is supposed that the 

prestress-loss occurred at a particular temperature. Thus, the 

tendon force was reduced to 128.5 kN (PS2), 117.7 kN 

(PS3), 108.9 kN (PS4), and 99.1 kN (PS5) at temperatures 

near 19
o
C. The EMI responses of the PZT interface were 

measured for analyzing the prestress force effect and 

detecting the prestress-loss. Five sets of EMI signatures 

were sampled for each prestress-force level. Totally, 25 tests 

(Tests 670-694) were acquired from the PZT interface under 

the near-constant temperature. 

 

  

 
(a) PSC girder 

  
(b) Cross-section A-A (mm) (c) Anchorage zone 

Fig. 4 Schematic of PSC girder 

 

Fig. 5 Test-setup of PSC girder in laboratory 
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4.1.3 EMI responses vs temperature and tendon 
force 

As shown in Fig. 7, total 669 EMI samples were  

obtained for the temperature variation 6.72-22.33
o
C. The 

tendon force was the intact condition (i.e., PS1) and the 

signals were measured in 10-50 kHz from the PZT 

interface. From the figure, several resonant peaks were 

observed in the frequency range and those peaks reflect the 

considerable contribution of the EMI to the overall EMI 

response. It is shown that the temperature change modified 

the EMI signatures. The frequency and magnitude of EMI 

peaks varied significantly with the temperature. 

The variation of the resonant EMI peaks was analyzed 

and plotted in temperature-frequency diagrams, as shown in 

Fig. 8. For most resonant peaks, the resonant frequencies 

went up as the temperature was increased, as observed in 

Figs. 8(a)-8(d) and 8(f). Only the resonant peak in 37-41 

kHz experienced a slight frequency decrement, as shown in 

Fig. 8(e). It is shown that the bandwidth of some EMI peaks 

was also changed with the temperature, implying the 

variation in the modal damping of the PZT interface-

anchorage system.  

As shown in Fig. 9, the EMI signatures were obtained 

for the healthy state PS1 and four prestress-loss cases PS2-

PS5. The temperature was kept about 19
o
C and the signals 

were also measured in 10-50 kHz from the PZT interface. 

As depicted in Fig. 9, the frequencies and magnitudes of the 

EMI peaks were changed with the prestressing force.  

 

 

 

 

As plotted in Fig. 10, the prestress force-frequency 

responses were analyzed to observe the change in peak 

frequencies induced by the variation of prestressing force. 

When the prestress force was reduced from 138.3 kN (PS1) 

to 99.1 kN (PS5), the frequency of EMI peaks went down, 

revealing the decrement in the modal stiffness of the PZT 

interface-tendon anchorage system. The bandwidth of some 

EMI peaks was also changed with the prestressing force, 

indicating the variation in the modal damping of the PZT 

interface-anchorage system. 

 

4.2 Temperature-filtered tendon force monitoring 
 
4.2.1 Tendon force monitoring using PCA-based 

algorithm and CCD index 
Once the EMI signals were measured from the PZT 

interface, the frequency range of 10-50 kHz was first 

divided into 7 narrow sub-ranges with the same frequency 

interval of 5 kHz. As indicated in Fig. 11, they are Range 1 

of 11-16 kHz, Range 2 of 16-21 kHz, Range 3 of 21-26 

kHz, Range 4 of 26-31 kHz, Range 5 of 31-36 kHz, Range 

6 of 36-41 kHz and Range 7 of 41-46 kHz. The frequency 

interval was determined so that each sub-range contains one 

significant resonant EMI peak. By using the EMI signal of 

Test 114 at 12.63
o
C (near the mean of the temperature 

variation) as the reference, the damage indices (i.e., RMSD 

and CCD) were computed for these 7 sub-ranges.  

 

 

Fig. 6 Temperature variation and prestress-loss simulated in the laboratory 

 

Fig. 7 EMI signals of 10-50 kHz under temperatures 6.72-22.33
o
C and PS1 
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In reality, the ambient temperature often follows a normal 

distribution and varies around a mean value. The reference 

temperature near the mean value could enhance the 

accuracy of temperature filtering. 

The matrix [CCD]669x7 that contains the CCD values of 

the 7 ranges for Tests 1-669 (under temperature variation 

6.72-22.33
o
C and PS1) was constructed. The PCs of the 

CCD matrix were computed and the original CCD data was 

transformed into the new coordinate system which shows 

the best view of the data’s variation. As plotted in Fig. 12(a), 

the new space consists of 7 dimensions: PC1 - PC7. The 

PCA transformation ensures that the axis PC1 has the most 

variation, the axis PC2 is the second-most, and the axis PC7  

 

 

 

 

 

is the least. As shown in Fig. 12(b), the variance of the PCs 

revealed that the PC1 and PC2 contributed the largest to the 

temperature-induced variation in the CCD data. Therefore, 

the PCA-based filter model was established by removing 

the PC1 and PC2. 

For tendon force monitoring in the PSC girder, the 

matrix [CCD]25x7 that contains the CCD values of the 7 

ranges for Tests 670-694 (under prestress-loss PS1-PS5 and 

temperature near 19
o
C) was established. Fig. 13(a) shows 

the original CCD index of the 7 ranges (before the PCA) for 

all 694 EMI samples (Tests 1-694) under the temperature 

variation and prestress-loss events. And, Fig. 13(b) shows 

the average CCD index of the 7 ranges for all samples.  

 
(a) 10-15 kHz              (b) 19-25 kHz                (c) 26-30 kHz 

 
(d) 31-35 kHz             (e) 37-41 kHz                  (f) 42-46 kHz 

Fig. 8 Variation of resonant EMI peaks with temperature 

 

Fig. 9 EMI signal of 10-50 kHz under PS1-PS5 and temperature near 19
o
C 
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(a) 10-15 kHz                (b) 19-25 kHz                (c) 26-30 kHz 

 
(d) 31-35 kHz                 (e) 37-41 kHz                (f) 42-46 kHz 

Fig. 10 Variation of resonant EMI peaks with prestressing force 

 

Fig. 11 Seven sub-ranges of EMI used to construct PCA model 

 
(a) Seven PCs                      (b) Variances of seven PCs 

Fig. 12 Principal components of CCD index and their variances 
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(a) Original CCD index 

 
(b) Average CCD index 

Fig. 13 CCD index of 7 frequency ranges before filtering temperature effect 

 

Fig. 14 CCD index of 7 frequency ranges after PCA-based temperature filtering 

 

Fig. 15 Tendon force monitoring in PSC girder after PCA-based temperature filtering for CCD index 
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The damage indices were plotted in a row of test orders. As 

illustrated in these figures, it is hard to make a decision for 

the prestress-loss diagnosis by using the original/average 

CCD index since the CCD values for the intact and 

prestress-loss tests were comparable.  

Fig. 14 illustrates the CCD index of the 7 ranges after 

the PCA-based filtering of the temperature effect. By 

comparing Fig. 14 with Fig. 13, it can be seen that the CCD 

magnitude of Ranges 1-7 for the intact state was 

significantly reduced after filtering the temperature effect.  

 

 

 

 

The final CCD index was computed to consider the 

contribution of all resonant EMI peaks, as shown in Fig. 15. 

For decision-making on the prestress-loss occurrence in the 

PSC girder, the UCL threshold was computed using the 

final CCD index under the intact state (Tests 1-669). The 

UCL value of 1.61% revealed that the temperature effect 

was well-filtered by the PCA-based algorithm. As observed 

from Fig. 15, the final CCD index was below the threshold 

before the prestress-loss occurrence (Tests 1-674) but above 

the threshold when the tendon force was reduced (Tests  

 
    (a) Seven PCs                         (b) Variances of seven PCs 

Fig. 16 Principal components of RMSD index under temperature variation 

 
(a) Original RMSD index 

 
(b) Average RMSD index 

Fig. 17 RMSD index of 7 frequency ranges before filtering temperature effect 
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675-694). The final CCD index was increased when the 

damage severity went up. Conclusively, the tendon force 

change in the PSC girder was successfully detected after 

filtering the temperature effect out of the CCD index.  

 
4.2.2 Tendon force monitoring using PCA-based 

algorithm and RMSD index 
The tendon force monitoring using RMSD index was 

also conducted. The matrix [RMSD]669x7 that contains the 

RMSD values of the 7 ranges for Tests 1-669 (under 

temperature variation 6.72-22.33
o
C and PS1) was 

constructed. The PCs of the RMSD matrix were computed. 

As plotted in Fig. 16(a), the PC1 and PC2 of the RMSD 

index exhibited the most variations while the PC7 

experienced the least. The variance of the PCs also 

demonstrated the significant contribution of the PC1 and 

PC2 to the temperature-induced changes in the RMSD 

index, see Fig. 16(b). Therefore, the PC1 and PC2 were 

removed when establishing the PCA-based filter model. 

For prestress-loss detection, the RMSD values of the 7 

ranges for Tests 670-694 (under prestress-loss PS1-PS5 and 

tempera ture near  19
o
C) was computed and the 

corresponding matrix [RMSD]25x7 was constructed. For all 

694 EMI samples (Tests 1-694) under the temperature 

variation and prestress-loss events, the original RMSD 

index (before the PCA) of the 7 frequency ranges was  

 

 

 

 

plotted in Fig. 17(a). The average RMSD index of the 7 

ranges for all samples were computed accordingly, as 

plotted in Fig. 17(b). As observed in these figures, the 

variations of the original/average RMSD index caused by 

temperature variation (i.e., 6.72-22.33
o
C) were comparable 

with those caused by the prestress-loss events (i.e., PS1-

PS5) and it is difficult to distinguish the prestress-loss 

occurrence in the PSC girder.  

After the PCA-based filtering of the temperature effect, 

the RMSD index of the 7 ranges was plotted in Fig. 18. By 

comparing with Fig. 17(a), Fig. 18 showed that the RMSD 

magnitude for the intact state was significantly reduced 

after filtering the temperature effect. To consider the 

contribution of all resonant EMI peaks, the final RMSD 

index was calculated, as depicted in Fig. 19. By using the 

final RMSD index under the intact state (Tests 1-669), the 

UCL threshold was obtained as 1.20 %. The ignorable UCL 

value revealed that the temperature effect was sufficiently 

filtered by the proposed PCA-based algorithm. It can be 

seen from Fig. 19 that the prestress-loss events in the PSC 

girder were clearly distinguished. Before the prestress-loss 

occurrence (Tests 1-674), the final RMSD index was below 

the threshold but it was sharply above the threshold when 

the prestress-loss occurred in the PSC girder (Tests 675-

694). It is also observed that the final RMSD index was 

increased along with the prestress-loss severity.  

 

Fig. 18 RMSD index of 7 frequency ranges after PCA-based temperature filtering 

 

Fig. 19 Tendon force monitoring in PSC girder after PCA-based temperature filtering for RMSD index 
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Conclusively, the prestress force variation in the test 

structure was successfully alarmed after filtering the 

temperature effect out of the RMSD index. 

For the damage quantification, the major difference 

between the CCD and the RMSD indices is that the RMSD 

index quantifies both the horizontal and vertical shifts in the 

signal while the CCD index is mainly dependent on the 

horizontal shift in the EMI signal. As observed from Figs. 

7-10, the effects of temperature variation and tendon-force 

change caused both horizontal and vertical shifts in the EMI 

signatures. This means that the temperature effect could be 

more sufficiently filtered when employing the RMSD index 

to feed the PCA-based algorithm than the CCD index. By 

comparing Fig. 19 with Fig. 15, it is found that the RMSD 

index after the PCA was better in the indication of small 

prestress-loss levels (i.e., PS2-PS3) than the CCD index. 

 

 

5. Conclusions 

 

In this study, a simple PCA-based temperature filter 

model was proposed for the PZT interface-based EMI 

monitoring in PSC girders under temperature-varying 

condition. Firstly, the PZT interface-based tendon force 

monitoring method was presented for the prestressed tendon 

anchorage. Next, the PCA-based temperature filtering 

algorithm was outlined tailored to the EMI monitoring of 

the prestressed tendon anchorage. The proposed algorithm 

utilized the well-known damage-sensitive feature obtained 

from sub-ranges of the EMI data to establish the PCA-based 

filter model. Finally, the PCA-based algorithm was 

successfully evaluated for distinguishing the prestress-loss 

events in a real 6.4 m PSC girder under the temperature 

variation. The prestress-loss detection results before and 

after using the PCA-based temperature filtering were 

discussed with respect to the different EMI features. 

As compared with the previous studies, the uniqueness 

of this paper lies in: (1) This study proposed a PCA-based 

temperature filtering algorithm tailored for the PZT 

interface-based prestress-loss monitoring in tendon-

anchorage systems; (2) The proposed method eliminated 

temperature effects with a different manner, via establishing 

a PCA-based filter model; (3) The proposed method has a 

simple computational procedure. To construct a PCA-based 

filter model, well-known EMI features are extracted from 

different sub-frequency ranges of impedance data; (4) This 

study examined two different common EMI features 

(RMSD and CCD indices) for the PCA-based temperature 

filtering problem and showed that to more sufficiently filter 

the temperature effects the RMSD index should be used to 

feed the PCA model. 

As a future work, a larger temperature range and more 

realistic temperature tests (i.e., ambient temperature 

variation) should be examined to sufficiently investigate the 

relationship between the EMI response and the temperature. 
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