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Abstract: In a modern metropolis, metro rail systems have become a dominant mode for mass
transportation. The structural health of a metro tunnel is closely related to public safety. Many
vibration-based techniques for detecting and locating structural damage have been developed in the
past several decades. However, most damage detection techniques and validation tests are focused on
bridge and building structures; very few studies have been reported on tunnel structures. Among these
techniques, transmissibility function and cross correlation analysis are two well-known diagnostic
approaches. The former operates in frequency domain and the latter in time domain. Both approaches
can be applied to detect and locate damage through acceleration data obtained from sensor arrays.
Furthermore, the two approaches can directly utilize structural response data without requiring
excitation measurement, which offers advantages in field testing on a large structure. In this research,
a numerical finite element model of a metro tunnel is built and different types of structural defects are
introduced at multiple locations of the tunnel. Transmissibility function and cross correlation analysis
are applied to perform structural damage detection and localization, based on simulated structural
vibration data. Numerical results demonstrate that the introduced defects can be successfully identified
and located. The sensitivity and feasibility of the two approaches have been verified when sufficient
distribution of measurement locations is available. Damage detection results of the two different
approaches are compared and discussed.

Keywords: Structural health monitoring; damage detection; metro tunnel; transmissibility function;
cross correlation.
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1. Introduction

In modern international metropolis such as New York City, Shanghai, or Tokyo, urban population has
reached tens of millions. As a result, ground transportation has become increasingly insufficient for
satisfying public commuting demands, while the metro system has become preferred by many for
daily commuting. The health of metro tunnel structures is of significant importance to public safety.
However, due to harsh operational and environmental conditions, metro tunnel structures may
gradually deteriorate and require timely maintenance over the service life [1].

In the past decades, structural health monitoring systems have been widely adopted to monitor the
behavior of structures and evaluate the safety and durability of structures. Structural health monitoring
system has been progressively regarded as an effective way to reduce risks for underground structures
[2]. Many damage identification techniques for detecting and locating existing damage have been
developed recently, and many algorithms aim to identify damage using changes in structural vibration
[3,4]. The main presumption of using vibration data is that the existence of damage changes structural
stiffness, and thus changes structural modal properties that can be extracted from vibration test [5].
Following recent rapid developments in metro tunnel engineering, vibration-based structural health
monitoring approach for tunnel-soil coupled system was researched. A Timoshenko beam-Transfer
Matrix Method is developed to determine the relationship between the tunnel Young’s modulus and
the coupled resonance frequency [6]. A structural health assessment method based on torsional wave
speed was proposed to determine the tunnel structure’s global stiffness, and evaluate the tunnel’s
structural service status further [7]. Damage identification algorithms based on vibration data can
provide information regarding the overall health condition of the structure, and vibration test is
relatively low-cost to implement in the field.

Vibration-based damage identification techniques can be categorized into two groups: model-based
approaches and non-model-based approaches [4]. Model-based approaches assume that structural
response can be accurately simulated with numerical models such as FEM (finite element model). If
the numerical model fails to accurately reflect the response of structure in the field, the performance in
damage detection suffers. Alternatively, non-model-based approaches may avoid such difficulties and
demonstrate advantages in large-scale structures. The reason lies in the challenge of acquiring an
accurate finite element model for large-scale structures, even when field measurement data is available
for updating and calibrating the model. Among various non-model approaches, transmissibility
function and cross correlation analysis are both capable of structural damage detection and localization.
Both approaches can directly utilize structural response data (without excitation measurement), which
offers advantages in large structure testing.

Both theoretical development and field application using transmissibility function for damage
detection and localization have been investigated by researchers. The transmissibility relationship
between frequency response functions was considered by Liu and Ewins [8], where transmissibility



function was defined as the ratio of frequency response functions for a chain-like
multi-degree-of-freedom system. A more generalized transmissibility concept was proposed by [9] as
a powerful tool for modal analysis. Translational and curvature transmissibility functions were adopted
to detect and locate damage on a cantilever beam by [10]. The research demonstrated that more
accurate damage detection could be achieved when high frequency range of the transfer function is
used. In addition, transmissibility function were analytically derived by [11] for detecting and locating
damage in linear and nonlinear structures. Two damage detection cases, a representative three-story
building structure and a rotorcraft fuselage, were later applied with transmissibility function analysis
by [12] , where reliable damage detection was obtained in spite of certain environmental fluctuations
and non-linearity in boundary condition. The work by [13] demonstrated that transmissibility function
analysis was able to detect a single bolt loosening with reduced tightening torque. Furthermore, the
influence of operational and environmental variability on the damage indicator were analyzed by [14] .
The results showed that the accuracy and reliability of transmissibility function analysis could be
improved by identifying specific frequency ranges that are more sensitive to damage and immune to
sources of variability. More recently, Yi and Zhu [15,16] developed a mobile sensing system which is
capable of maneuvering on the surface of ferromagnetic materials. Transmissibility function analysis
was embedded in mobile sensing nodes; using data collected by mobile sensing nodes, on-board
computation was successfully conducted to detect damage on a steel frame.

On the other hand, cross correlation analysis has also been studied by many researchers in the last few
decades. [17] proposed that cross correlation functions between two response signals under ambient
excitation have the same waveform as impulse response functions. The resonance frequencies and
modal damping of the structure were estimated from cross correlation functions. The Hilbert-Huang
transform of cross correlation functions was studied by [18]. The stiffness and damping coefficients of
Phase-l 1ASC-ASCE benchmark building were identified; damage locations and severities can be
identified by comparing stiffness prior to and after damage. Furthermore, a damage indicator was
proposed by [19]. The indicator was defined by comparing the peak amplitude of the cross correlation
function of the damaged structure versus that of the undamaged structure. Laboratory experiments on a
steel portal frame were conducted to validate the damage detection approach. A prerecorded catalog of
Green’s function templates and a cross-correlation method was recently proposed by Heckman; brittle
fracture of welded beam-column connections in steel moment-resisting frames (MRFs) was detected
by using proposed method [20].

In most applications, transmissibility function and cross correlation analysis were applied to data
acquired on beams, plates, frames and multistory building models. Little research has been reported on
the application on underground structures. This paper describes the application of these two
approaches on diagnosing damage in an underground metro tunnel. In this study, a numerical model of
a metro tunnel structure is established with consideration of soil constraints. Different types of
structural defects are introduced at multiple locations of the tunnel. Transmissibility function and cross
correlation analysis are applied to perform structural damage detection and localization.



2. Transmissibility function and cross correlation algorithms

Damage detection algorithms based on transmissibility function and cross correlation analysis are
briefly reviewed in Sections 2.1 and 2.2, respectively.

2.1. Transmissibility function algorithm

The forced vibration of a viscously damped n-degree-of-freedom (DOF) system is governed by:
M(t) + CX(t) + Kx(t) = (t) (1)

where x(t) is the nx1 displacement vector, and f(t) is the nx1 external force vector, and M, C, K are
respectively the mass, damping, and stiffness matrices. If external force is only applied to the k-th

DOF, vector f(t) has only one non-zero entry, i.e. f(t)={0,,0,,..., f (t),...,0,}" .

X(0) = H(0)F(0) 2)
where H(®) is the nxn frequency response function (FRF) matrix. Assuming external force is only
applied to the k-th DOF, the Fourier transform of the external force vector f(t)is determined as
F(w)={0,,0,,...,F (®),...,0,}" (3)

The acceleration vector in frequency domain can be computed from Eq. (2) as

A(@) =-0"H(w)F(w) (4)
The transmissibility function T, () between output DOFs i and j is defined as the ratio between two
frequency spectra, A(w)and A (w). Let h' (@)be the i-th row of H(w), h,"(e)be the j-th row of

H(w) , the transmissibility function T, (w) can be calculated as

_A(0) _-o’h"(0)F(0) _h(0)" F(w)
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Substituting F(e) in Eq. (3) into Eq. (5), T,(w) is further simplified as

_ Hik ()

T (w) = H, () (6)

where H,(0) and H,(w)are entries of the FRF/receptance matrix. Although Eq. (6) helps to

demonstrate that the transmissibility function T,(w) is an inherent structural property determined by



the receptance matrix, it should be noted that practical calculation of the transmissibility function
doesn’t require the two receptance entries. Instead, the calculation can be based upon the basic

definition of the transmissibility function T, (w), as shown by the first equal sign of Eqg. (5). In other

words, practical calculation of T,(») only involves the two response spectra A () and A, (w) , without

requiring the measurement of the excitation force or the calculation of receptance entries.
Transmissibility damage indicator (TDI) between DOFs i and j is defined as
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where @, and o,are the lower and upper bounds of the interested frequency span, superscript U

represents the undamaged structure, and superscript D represents the damaged structure. Accordingly,

T, represents the transmissibility function of the undamaged structure, and T, represents the

transmissibility function of the damaged structure. The transmissibility damage indicator TDI is
defined in logarithmic scale to emphasize the effect of overall waveform difference, while suppressing
the effect of occasional sharp peaks in the transmissibility functions that may occur in practice.

2.2 Cross correlation algorithm
Considering the forced response of the aforementioned n-DOF system, the deterministic cross
correlation function between the acceleration response at the i-th and j-th DOFs is given by:

R;(7)= lim 2 0T5<’i(t)s<'j (t+7)dt (8)

TooT
Where ris the time lag, %(t) and X;(t) represent the acceleration response at DOFs i and j,

respectively. The time-discretized version of the cross-correlation function is defined as:
1 N&E .
R, (K) = Nk 2 % (n+k)X; (n), k>0 ©)
R; (—K), k<0
where N denotes the length of the measurement data. The deterministic cross correlation function can
be normalized by:

R (k)zRﬁ—(k) (10)
ij
JR(O)|R,0)
Under impact excitation, cross correlation functions are determined by the impulse responses that
correspond to inherent dynamic properties of the structure. Therefore, damage can be identified by
comparing the cross correlation functions of the undamaged structure and damaged structure. In this



work, integral of normalized deterministic cross correlation functions are used for comparison, which
is denoted as the cross-correlation damage indicator CDl;;:

o ~
2IRI-IRs
CDI, = A ———— (11)
S
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where superscripts U and D represent the undamaged structure and the damaged structure, respectively;
R}’ represents the normalized cross correlation function of undamaged structure; and R represents the

normalized cross correlation function of damaged structure.

3. Numerical simulation of a metro tunnel structure

To validate the feasibility and sensitivity of proposed damage detection approaches, a metro tunnel
structure with soil constraints is constructed in ANSYS. Structural vibration response data is obtained
before and after introducing different types of damage to the tunnel model. This section describes the
numerical model, as well as the excitation and measurement schemes for collecting response data.

3.1 Numerical model

Fig. 1(a) shows the finite element model of a metro tunnel structure in ANSY'S software. The tunnel
structure is discretized using SHELL181 element. Listed in Table 1, the concrete material properties
adopted in this model are the average values from material testing for the Shanghai metro tunnel. To
eliminate the effect of boundary condition, longitudinal dimension of the tunnel is set to 168m, and the
element length is 1.2m. Modal damping of 3% is assigned to each vibration mode. Section dimensions
are also consistent with the Shanghai metro tunnel, where the outer diameter is 6.2m, inner diameter is

LINK10

COMBIN14

SHELL181

(@) (b)

Fig. 1. (a) Finite element model of the tunnel structure with soil constraints; (b) Section and ground constraint modeling



5.5m, and tunnel wall thickness is 0.35m. The entire cross section circumference is divided into 16
elements (as shown in Fig. 1(b)).

Average soil properties around the Shanghai metro tunnel are shown in Table 1. Soil constraints
around the tunnel structure are simulated with full-circle ground spring hypothesis. Soil does not
permit the development of tensile stress. Therefore, as shown in Fig. 1 (b), sixteen compression-only
LINK10 elements are adopted to model the ground reactions in radial direction, and sixteen uniaxial
tension-compression COMBIN14 elements are adopted in tangential direction. Coefficients of these
two element types are calculated according to elastic theory [21,22], corresponding elastic modulus of
LINK10 element and COMBIN14 element are listed in Table 1.

Table 1: Material properties

Material Elastic modulus (MPa) Poisson’s ratio Density (kg/m?) Spring constant (N/m)
Concrete 3.45x10* 0.2 2,551 -
Soil 5.0 0.3 1,836 -
LINK10 5.06x10? - - -
COMBIN14 - - - 3.0x10°

3.2. Excitation and measurement procedure in metro tunnel model

As shown in Fig. 2, a total of thirteen excitation and measurement points at tunnel bottom are allocated
along the longitudinal direction, with a spacing of 12m (i.e. ten tunnel element lengths). For obtaining
vibration data, a simulated impact excitation is sequentially applied to each point. An ideal impulse is
applied as excitation input. The excitation magnitude is set as 30 KN, based on potential modal
hammers available in the market. Since the vibration signal attenuates with increased distance from the
excitation, radial acceleration data at only two locations adjacent to the excitation are collected. In
detail, when excitation is applied at location i+1 (1 <i < 12) respectively, corresponding acceleration
data is collected at location pairs i and (i+1). Considering the limitation of hardware performance in
future field tests, the sampling frequency is set to 2,500 Hz, and the duration for each acceleration
measurement is five seconds. After each impact excitation, the vibration decays within about 0.1
second. For example, Fig. 3 shows truncated acceleration time history at locations 4 and 5 when an
impact excitation is applied at location 5. It should be noted that such a local excitation and
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Fig. 2. Simulated impact excitation and corresponding two acceleration measurement locations



measurement scheme is convenient to execute in practical field testing.
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Fig. 3. Truncated acceleration time history when an impact excitation is located at location 5: (a) Acceleration time history
at location 4; (b) Acceleration time history at location 5

4. Damage detection results through transmissibility function and cross correlation analysis

This section investigates the feasibility and sensitivity for damage detection, using both
transmissibility function and cross correlation analysis. Different types of damage and severities are
studied. Using acceleration data, damage identification procedures described in Section 2 are applied
to calculate the transmissibility-function damage indicator (TDI) and cross-correlation damage

indicator (CDI). In transmissibility function analysis, it is well known that the frequency range «,~

o, shown in Eq. (7) has notable effect on the accuracy of damage identification [4,10,14]. In reality,

damage typically is a local phenomenon, such as cracks or corrosion. Since higher frequency modes
tend to capture local response, transmissibility functions at higher frequency range usually provide
more accurate damage identification results. In this study, to cover high frequency range, the upper
bound is set to 1000Hz, slightly lower than the Nyquist frequency, and a broad frequency range of 200
~ 1,000Hz is used in the TDI calculation. Using the tunnel model introduced in Section 3, artificial
damage is introduced by reduction in elastic modulus and tunnel wall thickness.

4.1. Elastic modulus reduction

This section studies the damage detection performance of transmissibility function and
cross-correlation algorithm under elastic modulus reduction. Reduction of elastic modulus to the
16-element 2.4m-long ring segment between locations 4 and 5 is first studied. Different degrees of
reduction are introduced, including 3%, 5%, 7%, 9%, 11%, 13%. In each damage scenario, the impact



load is sequentially applied at locations 2, 3, ..., and 13. Correspondingly, acceleration records are
respectively collected at location pairs 1-2, 2-3, ..., and 12-13.

4.1.1. Transmissibility function

For all different degrees of elastic modulus reduction scenarios, the magnitude of transmissibility
functions between location pairs 1-2, 4-5, and 12-13 are illustrated in Fig. 4. To clearly demonstrate
the differences among multiple damage scenarios, the plots are zoomed in to a smaller frequency
range. Compare with location pairs 1-2 and 12-13, damage-caused change can be observed in
transmissibility function at pair 4-5. In addition, for transmissibility function at pair 4-5, it is obvious
that more severe damage causes more change.
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Fig. 4. Transmissibility functions of different elastic modulus reduction scenarios for location pairs (a) 1-2, (b) 4-5, and (c)

12-13

Damage indicators TDI are plotted in Fig. 5 for each damage scenario. The maximum TDI occurs
exactly at the damage location, even for only 3% elastic modulus reduction. Furthermore, as damage
severity increases from 3% to 13%, the value of largest damage indicator increases from 0.0611 to
0.2354. Overall, TDI demonstrates both feasibility and accuracy in not only identifying but also
locating reduction in elastic modulus.
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Fig. 5. Transmissibility damage indicators (TDI) under different elastic modulus reduction scenarios

4.1.2. Cross correlation analysis

For all different degrees of elastic modulus reduction scenarios, damage detection is performed and the
magnitude of cross correlation functions between location pairs 1-2, 4-5, and 12-13 are illustrated in
Fig. 6. For clarity, the plots are zoomed in to a smaller time span. Compare with location pairs 1-2 and
12-13, damage-caused change can be observed in cross correlation function at pair 4-5. In addition, for
cross correlation functions at pair 4-5, it is obvious that more severe damage causes more change.
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Fig. 6. Cross correlation functions of different elastic modulus reduction scenarios for location pairs (a) 1-2, (b) 4-5, and (c)

12-13

Damage indicator results CDI are presented in Fig. 7 for each damage scenario. It can be seen that the
damage between locations 4 and 5 is successfully identified in all damage scenarios. For all the
damage reduction ratios, the largest damage indicator is clearly at location pair 4-5 and agrees with the
correct damage location. Furthermore, as damage severity increases from 3% to 13%, the value of
largest damage indicator increases from 0.1276 to 0.4421. Overall, CDI demonstrates both feasibility
and accuracy in not only identifying but also locating reduction in elastic modulus.

10
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Fig. 7. Cross correlation damage indicators (CDI) under different elastic modulus reductions scenarios

4.2. Wall thickness reduction

This section studies the damage detection performance of transmissibility function and
cross-correlation algorithm under wall thickness reduction. Wall thickness reduction of the 16-element
2.4m-long ring segment between locations 4 and 5 is first studied. Different degrees of wall thickness
reduction are simulated, including 3%, 5%, 7%, 9%, 11%, 13%. The local excitation and measurement
schemes remain the same as in Section 4.1.

4.2.1. Transmissibility function

For all different degrees of wall thickness reduction scenarios, the magnitude of transmissibility
functions between location pairs 1-2, 4-5, and 12-13 are illustrated in Fig. 8. For clarity, the plots are
again zoomed in to a smaller frequency range. Compare with location pairs 1-2 and 12-13,
damage-caused change can be observed in transmissibility function at pair 4-5. In addition, for
transmissibility function at pair 4-5, it is obvious that more severe damage causes more change.
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Fig. 8. Transmissibility functions of different wall thickness reduction scenarios for location pairs (a) 1-2, (b) 4-5, and (c)
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Damage indicators TDI are plotted in Fig. 9 for each damage scenario. The maximum TDI occurs
exactly at the damage location, even for only 3% wall thickness reduction. Furthermore, as damage
severity increases from 3% to 13%, the value of largest damage indicator increases from 0.0789 to
0.2020. Overall, TDI demonstrates both feasibility and accuracy in not only identifying but also
locating reduction in wall thickness.
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Fig. 9. Transmissibility damage indicators (TDI) under wall thickness reduction scenarios

4.2.2. Cross correlation analysis

The magnitude of cross correlation functions between location pairs 1-2, 4-5, and 12-13 are illustrated
in Fig. 10, zoomed in to a smaller time span. Compare with location pairs 1-2 and 12-13,
damage-caused change can be observed in cross correlation function at pair 4-5. In addition, for cross
correlation functions at pair 4-5, it is obvious that more severe damage causes more change.
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Fig. 10. Cross correlation functions of different wall thickness reduction scenarios for location pairs (a) 1-2, (b) 4-5, and (c)
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The damage indicators presented in Fig. 11 demonstrate using cross correlation analysis, the damage
between locations 4 and 5 can also be identified for all cases. The maximum CDI occurs exactly at the
damage location, even for only 3% elastic modulus reduction. Furthermore, as damage severity
increases from 3% to 13%, the value of largest damage indicator increases from 0.1661 to 0.4161.
Overall, CDI demonstrates both feasibility and accuracy in not only identifying but also locating
reduction in wall thickness.
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Fig. 11. Cross correlation damage indicators (CDI) under different wall thickness reduction scenarios

4.3. Two damage locations with same damage type

In this subsection, two damage locations with same damage types are studied. The first damage
location occurs at the 16-element 2.4m-long ring segment between locations 4 and 5, and the second
damage location occurs at the 2.4m-long ring segment between locations 8 and 9, elastic modulus
reduction of 7% is applied to both damage locations, as shown in Fig. 2.

4.3.1. Transmissibility function

The local excitation and measurement schemes remain the same as in Section 4.1. Comparison of
transmissibility functions between location pairs 1-2, 4-5, 7-8, and 12-13 for two-damage model is
presented in Fig. 12. It is observed that transmissibility functions close to the damage locations
demonstrate larger difference between undamaged and damaged structures. Among all four location
pairs, larger change occurs at pair 4-5 and pair 8-9.

13
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Fig. 12. Comparison of transmissibility functions of two damage locations with same damage type: (a) 1-2, (b) 4-5, (c) 8-9,
and (d) 12-13

Damage indicators TDI for all twelve location pairs are shown in Fig. 13. As expected, the larger TDI

values occur exactly at the damage location, both two damage locations can be accurately identified by

the transmissibility-function based damage indictor.
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Fig. 13. Transmissibility damage indicators (TDI) under two damage locations with same damage type
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4.3.2.  Cross correlation analysis

Using same excitation and measurement scheme for data collection, comparison of cross correlation
function between location pairs 1-2, 4-5, 7-8, and 12-13 for two-damage model is presented in Fig. 14.
Among all four location pairs, larger change occurs at pair 4-5 and pair 8-9.
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Fig. 14. Comparison of cross correlations of two damage locations with same damage type: (a) 1-2, (b) 4-5, (c) 8-9, and (d)

12-13

Cross correlation damage indicators (CDI) are shown in Fig. 15. The results demonstrate that both
damage locations (the first between locations 4 and 5; the second between locations 8 and 9) can be
identified successfully.

4.4. Two damage locations with different damage types

This subsection studies the scenario when two different types of damage occur (Fig. 2). At the first
damage between locations 4 and 5, elastic modulus reduction of 7% is again applied to two adjacent
ring segments of 16 tunnel wall elements. At the second damage between locations 8 and 9, wall
thickness reduction of 7% is applied to two adjacent ring segments. The local excitation and
measurement schemes remain the same as in Section 4.1.
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Fig. 15. Cross correlation damage indicators (CDI) under two damage locations with same damage type
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Fig. 16. Transmissibility damage indicators (TDI) under two damage locations with different damage types

4.4.1. Transmissibility function

Similar as previously, transmissibility function damage indicators TDI for twelve pairs of measurement
locations are shown in Fig. 16. It is observed that although damage types are different, both damage
locations can be identified by the damage indictor. In addition, the indicator value at wall thickness
reduction is larger than the value at elastic modulus reduction. Both elastic modulus reduction and wall
thickness reduction are essentially reducing structural stiffness. However, elastic modulus reduction
changes structural stiffness linearly, yet wall thickness reduction changes structural geometry and affects
structural stiffness exponentially. Therefore, wall thickness change generates larger effect on structural
dynamic properties than stiffness change.
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4.4.2. Cross correlation analysis

Cross-correlation damage indicators (CDI) are calculated for this scenario and plotted in Fig. 17. It is
shown that damage indicators close to the actual damage locations are obviously larger than other
locations. Both damage locations can be identified, while the damage indicator value for wall thickness
reduction is larger than the value for elastic modulus reduction. As elucidated before, wall thickness
change is not only affect the stiffness, but also decrease the structural geometry and mass. The wall
thickness change gives larger influence to structural properties than elastic modulus change.
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Fig. 17. Cross correlation damage indicators (CDI) of two damage locations with different damage types

4.5. Damage detection results under different noise levels

This section studies the damage detection performance of transmissibility function and
cross-correlation algorithm under various noise levels. Wall thickness reduction of 7% is applied to the
16-element 2.4m-long ring segment between locations 4 and 5. Different levels of Gaussian noise is
introduced to the original acceleration data; then the damage detection procedure is carried out as
before. Three different noise-to-signal levels (0.1%, 1%, and 3%) are studied, i.e. corresponding
signal-to-noise ratios (SNR) are 30dB, 20dB, 15dB. The local excitation and measurement schemes
remain the same as in Section 4.1.

45.1. Transmissibility function

Fig. 18 presents the transmissibility functions under different noise levels (no noise, 0.1%, 1%, and 3%
noise). Slight fluctuations appear on transmissibility function curves when noise is introduced. The
fluctuation amplitude grows with the increase of noise level, which makes it difficult to visually
distinguish change caused by structural damage.
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Fig. 18. Comparison of transmissibility functions under different noise levels: (a) no noise; (b) 0.1% noise; (c) 1% noise; (d)
3% noise.

Transmissibility function damage indicators TDI under different noise levels are shown in Fig. 19.
Damage locations can still be accurately identified by the transmissibility-function based damage
indictor for all noise levels. However, it can be observed that the difference of TDI values between a
damage location and an undamaged location decreases as noise level increases.

45.2. Cross correlation analysis

Fig. 20 presents the entire time span of cross correlation functions under different noise levels.
Differences appear at both ends of the cross correlation curve when Gaussian noise is introduced. The
difference increases with an increasing noise level. According to Eqg. (9), cross correlation values
around time zero are calculated by averaging the products of more data points, thus, the influence of
Gaussian noise is significantly reduced. Meanwhile, at two ends of the time axis, cross correlation
values are calculated by averaging the products of fewer data points, where the influence of Gaussian
noise cannot be neglected.
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Fig. 20. Comparison of cross correlation functions under different noise levels (entire time span): (a) no noise; (b) 0.1%

noise; (c) 1% noise; (d) 3% noise.
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The cross correlation curves are magnified around time zero and presented in Fig. 21. It can be
confirmed that values around time zero are almost not affected by noise. The values remain almost
constant for all noise levels.
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Fig. 21. Comparison of cross correlation functions under different noise levels (zoom-in): (a) no noise; (b) 0.1% noise; (c)
1% noise; (d) 3% noise.

Cross correlation damage indicators CDI under different noise levels are calculated by using time span
-0.03s ~ +0.03s and presented in Fig. 22. Damage locations can be accurately identified by the
cross-correlation based indictor, for all noise levels. Cross correlation algorithm demonstrates better
robustness against sensor noise.

5. Discussion

With the proposed measurement and excitation scheme, results of Section 4 shown that both
transmissibility function and cross correlation algorithms can be used for detecting different types of
damage. Both algorithms give reliable damage identification results when either elastic modulus
reduction or wall thickness reduction occurs.
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Fig. 22. Cross correlation damage indicators (CDI) under different noise levels

As the ratio between two entries of structural transfer function matrix, transmissibility functions directly
reflect inherent dynamic structural properties. It is found that once an appropriate frequency range is
selected, stable damage detection results can be acquired through transmissibility function analysis.
Meanwhile, cross correlation algorithm offers of the convenience of directly processing time domain
signal, without the requirement of appropriately selecting frequency range. This property makes the
cross correlation algorithm easy to implementation. On the other hand, it should be realized that cross
correlation analysis is usually not as sensitive to damage types as transmissibility function. The previous
results with multiple damage scenarios demonstrate that when two similar damage types are
simultaneously introduced into the tunnel model, the transmissibility function algorithm can give the
same TDI values, but different CDI values may be acquired by the cross correlation algorithm. Also,
when two different damage types are introduced, the difference in the two TDI values was shown to be
larger than the difference in the two CDI values. In other words, transmissibility function algorithm is
more sensitive to damage types than cross correlation analysis, and has the ability of distinguishing
different damage types. On the other hand, the simulations with sensor noise shows cross correlation
algorithm demonstrates better robustness against sensor noise. Nevertheless, the practical experimental
environment can be much more complex, and the damage detection performance is to be verified in
future field tests.

6. Conclusions

This paper investigates the application of two damage detection and localization approaches, i.e.
transmissibility function and cross correlation analysis, in metro tunnel engineering. A finite element
tunnel model for one segment of Shanghai metro rail system is constructed with soil constraints. The
feasibility and sensitivity of proposed approaches have been validated for different damage scenarios.
Furthermore, the proposed experimental strategies represent localized schemes for excitation and
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measurement, where only a few vibration measurements very close to the impact excitation are needed.
This local excitation and measurement schemes provides great convenience in field implementation.
Nevertheless, this study also discovers that each approach has its own limitation. Because both
algorithms have advantages and disadvantages, and they can be adopted in combination to cross check
the damage identification results.

Experimental validation of the damage detection algorithms can be conducted in the future.
Transmissibility function and cross correlation algorithm under random excitation input could be
investigated, which can make these methodologies more useful for practical applications. Furthermore,
wireless sensor network (WSN) technology provides a promising approach to monitor metro tunnel
structures. Wireless sensor networks have advantages in cost, size, flexibility, and distributed
intelligence, when compared with traditional cabled monitoring. Both transmissibility function and
cross correlation algorithms are simple and easy to implement on a wireless sensing unit. The onboard
computing and storage capacity of wireless sensing units make them attractive in detecting and
localizing damage in a decentralized fashion.
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