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Preface

Structural Health Monitoring & Damage Detection represents one of ten volumes of technical papers presented at the 35th
IMAC, A Conference and Exposition on Structural Dynamics, organized by the Society for Experimental Mechanics, and
held in Garden Grove, California, January 30 to February 2, 2017. The full proceedings also include volumes on Nonlinear
Dynamics, Dynamics of Civil Structures, Model Validation and Uncertainty Quantification, Dynamics of Coupled Structures,
Sensors and Instrumentation, Special Topics in Structural Dynamics, Rotating Machinery, Hybrid Test Methods, Vibro-
Acoustics and Laser Vibrometry, Shock & Vibration, Aircraft/Aerospace and Energy Harvesting, and Topics in Modal
Analysis & Testing.

Each collection presents early findings from experimental and computational investigations on an important area within
structural dynamics. Structural health monitoring and damage are a couple of these areas.

The organizers would like to thank the authors, presenters, session organizers, and session chairs for their participation in
this track.

Lowell, MA, USA Christopher Niezrecki
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Chapter 1
Exploiting Spatial Sparsity in Vibration-Based Damage Detection

Chandler Smith and Eric M. Hernandez

Abstract One of the main limitations traditionally encountered in vibration-based structural health monitoring (SHM) is
detecting, localizing and quantifying localized damage using global response measurements. This paper presents an impulse
response sensitivity approach enhanced with a LASSO regularization in order to detect spatially sparse (localized) damage.
The analytical expression for impulse response sensitivity was derived using Vetter calculus. The proposed algorithm exploits
the fact that when damage is sparse, an l1-norm regularization is more suitable than the more common least squares (l2-norm)
minimization. The proposed methodology is successfully applied in the context of a simulated non-uniform shear cantilever
beam with noise-contaminated input–output measurements.

Keywords Sparsity • Impulse response • Lasso • Damage • Sensitivity

1.1 Introduction

Detecting damage in the form of stiffness reduction is an important problem in structural health monitoring (SHM). A variety
of methods have been proposed in the last three decades [1, 2]. The concept of spatial sparsity and how to best exploit in the
context of vibration-based damage detection has been recently proposed. Kaouk and Zimmerman [3] derived algorithms to
detect damage using a minimum rank perturbation criteria. Although low rank perturbation of the stiffness matrix does not
necessarily imply spatial sparsity, their work represents one of the first contributions in the use sparsity as a constraint.

More recently, Link and Zimmerman [4] used greedy pursuit methods to detect spatially sparse damage using frequency
response functions. However, more effective and efficient sparse recovery algorithms such as the Basis Pursuit are more
commonly used. One example of exploiting spatial sparsity in SHM with basis pursuit algorithms can be found in work by
Hernandez [5, 6] which utilizes eigenvalue sensitivity and l1 minimization to locate sparse damages. The algorithm has been
validated experimentally.

This paper extends the idea presented in [5, 6] into the time domain and uses impulse response sensitivity to locate
and quantify spatially sparse damage. The main hypothesis is that by using impulse response sensitivity we can effectively
and compactly combine the effect of damage in mode shapes, frequency and damping in a single metric. Using changes in
the impulse response as a damage sensitive feature has been used by other researchers [7, 8], however without imposing the
spatial sparsity constraint explicitly. Using Vetter calculus, an analytical expression for the sensitivity of the impulse response
is obtained and used to setup the inverse problem of detecting reductions in model parameters based on identified changes in
impulse response. The inverse problem is effectively solved using LASSO regularization, an efficient l1-based optimization
scheme.

The paper begins by presenting the systems of interest and the method of approach. This is followed by a brief section
on LASSO regularization and then a section on implementation and verification. The numerical implementation is carried
out using a shear-beam structure with 21 degrees of freedom. In all cases, limited spectral data and noise-contaminated
single input-single output (SISO) are considered. The paper ends with a section investigating the effects of model error and
conclusions.

C. Smith • E.M. Hernandez (�)
College of Engineering and Mathematical Sciences, University of Vermont, Burlington, VT 05405, USA
e-mail: csmith24@uvm.edu; eric.hernandez@uvm.edu

© The Society for Experimental Mechanics, Inc. 2017
C. Niezrecki (ed.), Structural Health Monitoring & Damage Detection, Volume 7, Conference Proceedings
of the Society for Experimental Mechanics Series, DOI 10.1007/978-3-319-54109-9_1
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2 C. Smith and E.M. Hernandez

1.2 Method of Approach

The sensitivity approach is a popular and practical framework for finite model updating in structural dynamics [9]. The
sensitivity matrix maps mass, stiffness and(or) damping parameters to associated changes in system response characteristics,
typically variations in eigenvectors and eigenvalues [9]. In this paper, we seek a relationship between small changes in the
impulse response to small changes in the parameters that define the stiffness matrix.

The impulse response of a linear system described by

h .t; �/ D
tZ

0

C .�/ eA.�/.t��/B .�/ ı .�/ d� D C .�/ eA.�/tB .�/C Dı.t/ (1.1)

where A, B, C, and D are the matrices that define the state-space model of the system. We seek to find

�h.t/ D S.t/�� (1.2)

where �� 2 Rp � 1 is a vector of changes in the p parameters that define the stiffness of the structure, S 2 Rmxp is the
impulse response sensitivity matrix, �h(t) 2 Rm � 1 is the corresponding change in the impulse response between damaged
and undamaged states, and m is the number of output multiplied times the number of time steps.

We restrict our attention to the case where the stiffness can be expressed as

K D
pX

iD1
Ei;Kfi .�/ (1.3)

where E is an elementary influence matrix and fi(�) is a differentiable function. By taking the first term of the Taylor series
expansion around the parameter of interest, the stiffness and damping matrices may be written as

K D
pX

iD1
Ei;K� (1.4)

where the sensitivity matrix is defined as the derivative of the impulse response with respect to a change in parameter � ,
written as

S .t; �/ D @h .t; �/

@�
D @

@�

�
C .�/ eA.�/tB .�/C Dı.t/

�
(1.5)

The matrices A, B, C, and D are written as (for acceleration measurements)

A D
�

0 I
� M�1K .�/ �M�1Cd .�/

�
; B D

�
0

M�1b2

�
; C D c2

��M�1K .�/ � M�1Cd .�/
�
; D D c2M�1b2 (1.6)

b 2 and c2 are respectively the input and output influence matrices, and M D MT 2 Rnxn, Cd D Cd
T 2 Rnxn, and

K D KT 2 Rnxn are the mass, damping and stiffness matrices. The derivative of the exponential mapping in Eq. (1.1) can
be found using results from Vetter [10] and Brewer [11]. Applying the chain rule from Vetter’s calculus the sensitivity is
written as

@h .t; �/

@�
D @C
@�

eAtB C �
Ip ˝ C

	 @eAt

@�
B C �

Ip ˝ �
CeAt

		 @B
@�

C @D
@�

(1.7)

Such that

@A
@�i

D
�

0 I
� M�1Ei;K �M�1Ei;Cd

�
;

@C
@�i

D c2
��M�1�i �M�1�i

�
;

@B
@�i

D 0;
@D
@�i

D 0 (1.8)
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where ˝ is the Kronecker product. In the case that C is a function of � , then Eq. (1.7) is reduced to

@h .t; �/

@�
D @C
@�

eAtB C �
Ip ˝ C

	 @eAt

@�
B (1.9)

Applying Brewer’s derivative of a matrix exponential we obtain

@eA.�/t

@�
D

2nX
k

2nX
l

�
I1 ˝ ˛k�

�
k

	 @A
@�

�
Ip ˝ ˛l�

�
l

	
fkl.t/; fkl.t/ D

(
te�kt if �k D �l
e�lt�e�kt

�l��k
if �k ¤ �l

(1.10)

where ˛ is the eigenvectors of A and � is the eigenvectors of AT which are normalized such that

��
k ˛k D 1 (1.11)

In order to be consistent with the spectral bandwidth of the identified impulse response used to compute�h the sensitivity
matrix is truncated at the maximum number of identified frequencies. Using the spectral representation of an exponential
mapping, the truncation at the specified eigenvalue�r, where r < n, is defined as

eAt D
2rX

kD1
˛k�

�
k e�kt (1.12)

where ˛ and � are normalized according to Eq. (1.11).

1.3 LASSO Regularization

In 1996, R. Tibshirani proposed a new method (LASSO regression) for estimating linear models which seeks to minimize
the following residual function

min
x 2 Rp

1

2
ky � Axk22 C � kxk1 (1.13)

with regularization parameter �� 0 [12]. LASSO typically recovers sparse solution due to the l1-norm constraint. For
experimental demonstrations we use the Matlab package, Lasso and Elastic-Net Regularized Generalized Linear Models
(glmnet), an efficient procedure for fitting the lasso regularization path for linear regression [13]. The algorithm uses cyclical
coordinate descent computed along a regularization path to optimize the objective function over each parameter with others
fixed, and cycles repeatedly until convergence [13].

The choice of the regularization parameter is subject to the user, where larger values of � tend to sparse solutions. To
exclude user bias to the known solution, we use the glmnet’s built in cross validation algorithm to select a value of �. The
cross validation uses tenfold. We constrain the maximum number of nonzero elements in x to about 20% the number of
degrees of the system of interest.

1.4 Simulations and Verification

The simulated experiment shall validate our methodology that seeking small localized damages with a sparsity prior will
yield more accurate and illustrative results than without (i.e. l2 regularization). The simulation is an ideal case because the
model used to generate the data is also the one used to implement the algorithm.

The simulated model is a 21 degree of freedom, non-uniform shear beam with degrees of freedom enumerated from
1 the first mass closest to the support, to 21 the free end. The spring stiffness are as follows: k1 D : : : D k7 D 1000,
k8 D : : : D k14 D 750, and k15 D : : : D k21 D 500, and the masses: m1 D : : : D m7 D 1, m8 D : : : D m14 D 0.75, and
m15 D : : : D m21 D 0.5. The structure is classically damped with a damping coefficient of 0.01. The fundamental frequency
is 0.436 Hz.
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Fig. 1.1 Estimated stiffness reduction for every element. In this case, only the stiffness of El. 6 was reduced by 1%. (a) The l1-based solution, and
(b) the l2-based solution

Stiffness is the only damage sensitive parameter and the sensitivity matrix is defined by Eq. (1.9). The change in impulse
response between the damaged and undamaged system contain only the specified lower frequencies, which are typically
the only ones that can be identified from structural vibrations. The input sensor is fixed at El. 21 and the output sensor
fixed at El. 3 for all subsequent experiments. Our objective is: (1) to show how the LASSO regularization compares to the
Tikhonov regularization in detecting changes in stiffness, (2) present the minimum number of frequencies required to detect
a reduction in stiffness at a specified location, and (3) show the effects of identification errors (noise) on the probability of
detection (POD).

In the first simulation, the stiffness of El. 6 is reduced by 1% and the lowest four frequencies are identified within the
impulse responses of the original system and the damaged system. No prior information about the quantity or magnitude of
damages are known except that the solution is sparse. As described above, the system is single input and single output, and
the sensitivity matrix is truncated according to the number of identified frequencies (Eqs. (1.10) and (1.12)). The LASSO
regularization (Eq. (1.13)) is used to estimate the reduction in stiffness and its location. The results are compared to the
solution of the Tikhonov regularization (Fig. 1.1).

It is immediately clear that the l1 constrained solution identifies the true damaged element, and estimates the magnitude
of the reduction in stiffness precisely. In stark contrast, no information is gained about the damaged element when the
regularization is subjected to the l2 constrained parameter nor is the solution sparse. The solution to the LASSO has only one
non-zero element and hence is sparse.

The performance of the l1 constrained regularization method in detecting a 1% stiffness reduction in any single element
taken separately is considered. Figure 1.2a presents the minimum number of frequencies required to identify this reduction
at any single element. The impulse response sensitivity method and frequency sensitivity method are compared. Frequencies
are selected sequentially from the lowest in increments of one until a proper detection is obtained. Figure 1.2b presents the
estimated stiffness reduction by the l1 regularization for the case where only four frequencies were identified. We compare
the sparse sensitivity method with frequency shifts from [5], to the sparse sensitivity method with impulse responses. Clearly,
the number of identifiable frequencies required to detect a single damage is far less in the impulse method.

We consider now the case with multiple damage locations and varying percent reduction in stiffness. In this case, the
impulse response and sensitivity matrix were truncated at the sixth frequency. Figure 1.3 presents the following scenarios:
(1) the stiffness of El. 6 reduced by 1% and El. 15 by 1%, (2) stiffness of El. 6 reduced by 1% and El. 15 by 3%, and (3) El. 6
reduced by 1% and El. 15 by 5%. In cases (1) and (2) damages were correctly located, and their reductions in stiffness
accurately estimated. In case (3) a false positive is obtained at El. 19 and the estimated magnitudes of the stiffness reduction
at the true damage locations shrink in value. This may be due to the greater reduction in stiffness which drives the error
between the linear approximation and the true nonlinearity of the sensitivity. We require small changes in stiffness so that
the changes in impulse response are contained within the linear span of the sensitivity matrix.
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Fig. 1.2 (a) Number of frequencies required in order to identify a single element damage. Frequencies selected sequentially from the lowest in
increments of one until a proper detection is obtained. (b) Estimated stiffness reduction for every element [5]
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Fig. 1.3 Estimated stiffness reduction for the following multiple damage cases: (a) 1% damage at El. 6 and El. 15, (b) 1% damage at El. 6 and
3% at El. 15, (c) and 1% damage at El. 6 and 5% damage at El. 15

1.5 Effects of Measurement Noise

The effects of measurement noise – on Eq. (1.2) are investigated. – is defined as the realization of an n-dimensional Gaussian
random vector with zero mean and standard deviation of each component –i proportional to the corresponding h(ti), where
n is length of the vector of time. In this scenario, the vector of noise is added to the measured output for both damaged and
undamaged states. The impulse responses are then identified from the simulated outputs given a white Gaussian input using
the Observer/Kalman Filter Identification (OKID). The number of identified frequencies in the spectral bandwidth of the
impulse response varied from 4 to 10. The location of the input was held at El. 21, and the output at El. 3. In each case,
1000 simulations were performed and a probability of detection (POD) was obtained. The criteria for detection were: (1) the
method correctly identifies the damaged element, and (2) it does not assign a value greater than 20 percent than that of the
element of greatest reduction to any other element. To reduce the effects of noise from the identified damping which is often
more sensitive to noise than other dynamic features, we consider only the identified impulse response between 2.500 and
27.500.

The POD is compared to those obtained from [5] for a single 10% stiffness reduction at El. 2, El. 6, El. 14, and El. 20.
Figure 1.4 presents the POD for each case as a function of the maximum coefficient of variation of the identified frequencies.
It is clear that the impulse response method results in much better POD values than the frequency sensitivity method for El.
2, 6, and 14. The behavior of the POD at El. 20 is yet to be explained.
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Fig. 1.4 Probability of detection (POD) as a function of the coefficient of variation of the selected frequencies for impulse response (IR) and
frequency sensitivity (FS) method [5]. (a) Corresponds to spring 2, (b) to spring 6, (c) to spring 14, and (d) to spring 20

1.6 Conclusion

This paper explores the use of the impulse response sensitivity for detecting spatially sparse damage. The paper shows that
it is possible to detect spatially sparse stiffness reductions in the presence of noise and limited spectral data by measuring
changes in impulse response with single input single output systems. In setting up the problem, the sensitivity of the impulse
response with respect to changes in damage sensitivity parameters was found using Vetter calculus. Finally, the proposed
method is compared to frequency sensitivity methods from [5], and the results clearly show the advantage of the proposed
method. Future work will explore the effects of optimized input/output locations, multi-input multi-output systems, varying
magnitudes of damage, and the robustness of the proposed algorithm to modeling errors.
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Chapter 2
Multi-Source Sensing and Analysis for Machine-Array Condition
Monitoring

Shannon M. Danforth, Jaden T. Martz, Alison H. Root, Eric B. Flynn, and Dustin Y. Harvey

Abstract Early detection of damage in machines can eliminate the expenses and safety hazards associated with failure.
Current methods use distributed systems to monitor individual machines, but the associated costs of instrumentation, data
acquisition hardware, and facility retrofits are high. A centralized, remote, multi-source monitoring system would increase
both the cost efficiency and ease of user operation. This study investigates how data from multiple sensing streams can best
be utilized for decision making processes and to what extent a remote, centralized instrumentation package can effectively
monitor multiple machines. An array of duct fans was used in this study to represent an arbitrary set of systems from
which data can be collected and fused. Data was acquired using multiple measurement types (vibrations, acoustics, current,
voltage, RF) using a centralized instrumentation system. The voltage and current were measured from the single supply
used to power the fan array. The remaining sensors, including an accelerometer, microphone, and antenna, were placed in a
single, central location among the array of fans. Data analysis focused on determining whether separate, nominally identical
machines could be uniquely identified and characterized from measurements. Spectral analysis and signature development
were used to characterize the state of each machine. These methods can be implemented in other applications involving the
fusion of data from several sources to obtain information about the identification, location, and characterization of one or
more dynamic systems.

Keywords Condition monitoring • Remote sensing • Data fusion • Machine learning • Machine array

2.1 Introduction

The development and implementation of condition monitoring has gained popularity in recent years due to society’s
increasing dependence on rotating machinery. As regularly replacing all aging mechanical systems would be costly,
condition monitoring techniques aim to ensure that these machines can safely remain in operation [1]. Condition monitoring
systems are designed to detect damage as early as possible by identifying altered characteristics in the machine’s dynamic
response [2].

Systems of rotating machinery are typically monitored using individual sensors (one or more per machine), but these
distributed health monitoring systems result in an increased cost of acquiring data, installing the devices, and repairing the
monitoring system. This study investigates the effectiveness of a centralized, remote, multi-source condition monitoring
system for an array of machines. The utilization of data from multiple sources aims to increase the accuracy of identification
and characterization.
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The study explores how well the remote, centralized system can identify and characterize a damaged machine among
the array. The techniques for multi-source data fusion, as well as identification and characterization of one damaged machine
among an array, could be generalized to other applications in order to increase the effectiveness of combining multi-source
data to make decisions.

2.2 Background

In comparison to a time-based maintenance approach, where the health of machines is planned and investigated periodically,
or a reaction-based approach, where machines remain in operation until failure occurs, condition-based monitoring provides
a safe, economical method of machine maintenance [3]. Most generally, condition monitoring refers to the implementation of
a damage detecting system for rotating machinery [1]. The process of condition monitoring involves several steps: collecting
dynamic response data at periodic times, extracting features from the data, and using statistical methods to determine if the
system is in a healthy or unhealthy state [2].

Approaches for monitoring the health of a dynamic system focus on either data-based or model-based techniques. Data-
based approaches aim to “learn” characteristics of healthy and unhealthy system states using measured data. A statistical
model of the system is developed to identify when damage has occurred. The model-based approach typically involves
finite element modeling, but also requires initial data from the system in order to improve accuracy [1]. Because it does
not necessitate a physical model and instead relies on pattern recognition algorithms, the data-based approach is favorable;
however, its otherwise purely empirical model can be strengthened by a knowledge of physical relationships.

Condition monitoring is a relatively mature area within the field of structural health monitoring [4]. Various methods of
monitoring have been developed that utilize the thermal, chemical, electrical, or mechanical properties of the system in order
to detect specific types of damage [5–9]. Vibration measurements have been used extensively in condition monitoring; the
acceleration data is used as input for techniques that track changes in the system dynamics using pattern recognition [9] or to
identify damage through knowledge of the physical relationships between the output signals from the stator, rotor, and shaft
bearings [10].

Currently, condition monitoring for multiple machines utilize distributed sensor networks, where one or more sensors are
applied to each individual machine in order to characterize its health [11]. However, in applications with a large array of
machines, dedicating a sensor to each entity is expensive. Associated costs include the sensors and the utilities necessary
to power the sensors, the storage and processing of multiple channels of data, and the cost of maintenance or retrofit to the
condition monitoring equipment [12].

When implementing a condition monitoring system, one must identify its objectives, develop a definition of damage,
identify the conditions in the operating environment, and acknowledge the limitations for data collection in these
surroundings. This operational evaluation stage helps determine the appropriate sensor network to use for the specific
condition monitoring application [1]. Many types of sensors can be used to measure quantities such as acceleration, strain,
force, or temperature.

Multi-source data fusion has become increasingly relevant in applications such as robotics, medicine, military threat
recognition, and battlefield surveillance. Data from multiple sources can improve a system’s accuracy in identifying and
characterizing any dynamic entity [13]. The method of acquiring, processing, and combining data from multiple sources
can provide a more accurate assessment of the system being monitored, and recent advances in sensing technology and data
processing have placed an emphasis on this practice [14]. The multi-source sensing system can provide the most amount of
information if the sensors measure different physical phenomena, but fusing the data from sources that are not commensurate
adds complexity to the processing flow. Additionally, if the information from a certain sensor is biased or inaccurate, the
resulting decision can be skewed [13].

The fusion of data can take place at a variety of levels. For any particular multi-source application, a central question is at
what point in the procedure the data should be combined in order to extract the maximum amount of accurate information.
If the sensors all measure the same physical quantities, the data may be fused at the raw level; however, non-commensurate
data must be fused later in the processing flow [13].

Machine learning is a common and effective way to combine data from multiple sources at the feature level. In condition
monitoring applications, features are extracted from each data stream, then concatenated and used in a pattern recognition
algorithm to identify changes in the system’s dynamic response [13]. A machine learning network can either be supervised
or unsupervised, depending if information is known about the system being monitored in multiple states or only one [1].

Data fusion can also take place at the decision level, where a decision is made using the data from each individual sensor
and then fused in order to make an overall inference about the state of the system. The decisions can be combined using
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voting methods, where “majority rules” techniques are used to make an overall assessment [15]. Probabilistic fusion is a
sophisticated method of decision-level fusion where the probability of an event occurrence is calculated from each sensor
output; these values are merged to create an overall decision of the system state [16].

The system developed in this study aims to monitor an array of nominally identical machines from a centralized location.
The added complexity of an array of fans in this monitoring system may render the independent processing of each sensor
domain ineffective. The authors of this paper believe the relationships between each sensor domain should be utilized in
order to provide more specific inferences for identifying and characterizing damage. The study investigates to what extent
this monitoring system will be able to identify damage in one machine among the array.

2.3 Experimental Setup and Procedures

The array of machines consisted of four Apollo Horticulture 4-in. 190 CFM inline duct fans connected to a power strip,
allowing the fans to run in parallel. Each had a variable speed controller. Several sensors were considered for measuring the
fans. These included an accelerometer, microphone, current and voltage probe, antenna, and a magnetic field sensor.

The accelerometer was the first sensor considered because of its wide use in condition monitoring techniques. Based on the
literature, accelerometer data should provide information for characterizing mechanical damage of a motor and indicating
shaft speed [9]. To perform the experiments, a PCB 352C22 was used with an operating range of 1 Hz–10 kHz and a
sensitivity of 10 mV/g. The sensor was sampled at 20 kS/s.

In an environment of rotating machinery, airborne acoustics are prevalent. As it was anticipated that damaged components
would show symptoms through subtle auditory variations, a microphone was included in the sensor collection. A PCB
130A24 was used with a frequency range of 20 Hz–16 kHz and a sensitivity of 10 mV/Pa. A sampling rate of 20 kS/s was
chosen based on the lack of substantial content beyond 10 kHz during initial data collection. This observation is supported
by the understanding that an increase in sound wave frequency greatly increases the attenuation of sound in air as well as
reduces the ability of the wave to diffract [17]. For the application of the study, the sound signal could likely be traveling
around obstacles for distances greater than what could be reasonably detected after the resulting attenuation.

The current probe was chosen to establish a basis for the electric signature, allowing the system to highlight differences
in the electrical response of the machine array and potential electrical damage. A current transformer was used at the wall
source for measurements, with a sensitivity of 1.3 V/A and sample rate of 200 kHz.

The voltage probe was used to complete the electric signature. It was not expected that the voltage measurement alone
would provide much information on the subtleties of the system, but could be useful when combined with data from other
sensors. The voltage was measured at the wall using a voltage divider with a sensitivity of 1/33 V/V and a sample rate of
200 kHz.

The antenna provided a way to supplement the electrical signature of the system through a non-contact channel.
Additionally, because electromagnetic radiation attenuates less with regards to distance or obstructions at low frequencies,
this sensor was expected to be more useful in a wider range of environments [18]. An L-400B LF antenna was used with
a frequency response of 10–500 kHz and a sensitivity of �3 dB at 250 kHz. The data was sampled at 200 kS/s due to the
sampling rate limit on the data acquisition unit.

An Ametes MFS was used to measure the magnetic field generated by the motor. Measurements were taken in three axes
at a sensitivity of 280 mV/mT over a field range of ˙7.3 mT and a sample rate of 200 kHz. After preliminary testing, it was
found that the sensor was not sensitive enough to measure magnetic field emanations from the fans beyond a few inches.
As the sensing system aimed to be remote, this relatively small range was not effective for the application of the study. The
sensor was discarded from the experimental procedure.

The sensors were fed into a National Instruments PXIe-1073 data acquisition unit capable of a 204.8 kHz maximum
sample rate. Figure 2.1 shows the sensor and fan array locations in the final setup.

The total collection process spanned a 2-month period with collections taken at various times during the work day. Data
was collected in 1-min intervals in order to provide adequate frequency resolution for spectral-based signatures. Five discrete
fan speeds were defined for data collection: low, medium-low, medium, medium-high, and high. The fans were labeled A–D
and clamped to the table at their base. No other devices were present on the table; however, other mechanical and electrical
signal sources were present in the laboratory and neighboring laboratories, including significant RF signals from the light
fixtures. The interference from the lights was removed by turning them off during collection.

Data was collected with each fan running separately at each speed to characterize the frequency content of the fans. These
individual tests were performed several times in order to validate the trends observed during the analysis stage. Data collected
from combinations of fans running at various speeds was used to test the condition monitoring model. Figure 2.2 shows an
example of the raw time response and the PSD for microphone data.
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Fig. 2.1 Components of experimental setup, including (a) fan array, (b) accelerometer, (c) microphone, (d) current probe, (e) voltage probe (f) RF
amplifier (g) RF antenna (positioned above setup)

Simulated damage was introduced into the system by either loosening screws on the motor frame or adding lumped mass
to individual fan blades. The fans were disassembled and reassembled many times to induce these damage conditions.

2.4 Analysis Approaches

In order to identify damage in the fan array, several methods for utilizing the data from each sensor stream were explored and
evaluated. Given a data set collected with any combination of fans in operation, the first goal of analysis focused on utilizing
the multi-source data to indicate which fans were running in a healthy state. Blind source separation, the initial attempt at data
analysis, used measured mixture signals to produce time signals from each source. Next, a linear least squares method was
used to generate a state vector indicating the number of operating fans. The same fingerprints were applied in a brute force
optimization method, aiming to identify the smallest error between a given data set and a collection of consistent fingerprints
from each machine. Lastly, three different detector methods used the statistics generated from data collection to characterize
the fan array. Of all the methods, the third detector method proved to be the most effective.
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Fig. 2.2 Raw time response and power spectral density estimate for microphone data

2.5 Blind Source Separation

An attempt at recovering the source signals from each fan in the array was made using Blind Source Separation (BSS). One
BSS technique applies Independent Component Analysis (ICA) to produce time signals from each independent source given
measured mixture signals [19]. However, this method is effective only when the number of sensors is equal to the number of
sources. In the case where the number of source signals outnumbers the number of sensors, alternative BSS methods such
as clustering approaches and Sparse Component Analysis (SCA) have been developed [20–24]. Typically, commensurate
sensor data are used; however, only one of each sensor type was present in this study. The sparse clustering approach was
implemented with non-commensurate data, and it was determined that BSS methods were not able to provide the desired
source signals.

2.6 Linear Least Squares

A linear least-squares approach investigated to what extent the root mean square (RMS) values of the time response from each
sensor would prove effective in distinguishing between the four fans in the experiment and identifying an individual fan’s
speed. For m sensors, The RMS of the time response was calculated and used as a signature for n distinct characteristics (for
example, specific fans or fan speeds). These values were averaged over several data sets and placed in an m � n signature
matrix A. Given new data, the RMS from each sensor’s time data was computed and placed in an m � 1 vector b. The
theoretical relationship between the two are related as follows:

Ax D b (2.1)

The system state vector x was then back-solved for using linear least squares.
Due to the nonlinear relationship between the different system states and the RMS values over the entire 1-min time

response, the linear least squares approach was not effective for this study. Figure 2.3 shows plots of RMS values versus
fan speed for a specific fan and sensor over several data collection instances. It is clear that as fan speed increases, the RMS
value does not necessarily increase; in some sensors, data does not follow a consistent trend at all. In Fig. 2.4, RMS trends
for specific sensors are shown for different numbers of fans running. The RMS values do not add linearly when multiple fans
are running at the same time, with the exception of current. The linear model failed to correctly identify specific fans at one
speed and specific fan speeds for one fan.
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Fig. 2.3 RMS values for Fan C’s five discrete shaft speeds for acceleration, sound pressure, current transformer, and radio frequency data. Each
color represents a distinct data collection

Fig. 2.4 RMS values for different numbers of fans running for acceleration, sound pressure, current transformer, and radio frequency data. The
error bars represent one standard deviation from the mean

2.7 Brute-Force Optimization

A brute-force optimization approach was also explored for determining the state of each individual fan in the array. Each
possible state of the system, represented as an n � 1 vector of binary values, was tested using a similar m � n signatures
matrix as in the previous method. The state that yielded the least error when compared to the data in question was determined
to be the correct state of the system. The first attempt aimed to identify the speed (high, medium, or low; n D 3) of a known
fan using the RMS value over the entire signal. The second attempt aimed to identify which fan was on (A, B, C, or D;
n D 4) given signatures from a known speed, again using the RMS value over the whole time domain. The third attempt used
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Fig. 2.5 Graphical representation of a signature matrix used to identify fans A–D at high speed

Table 2.1 Summary of brute force optimization results for a single fan
running

Speed Correct identification Incorrect speed Incorrect fan

High 16 0 0
Medium high 13 3 3
Medium 8 8 4
Medium low 12 4 8
Low 9 7 7
Total 58 22 22

The “Incorrect Speed” column indicates an instance where the correct
fan was identified as present, but was labeled with the wrong speed. The
“Incorrect Fan” column indicates an instance where the fan was wrongly
identified but the speed that was identified was correct

different signatures than the previous two. The power values of small bandwidths of individual fan PSDs were computed and
averaged over several data collection instances. These signatures were again used to identify an unknown fan running at a
known speed.

Some applications of the brute-force optimization approach were more successful than others. In general, fan identification
was much more difficult than speed identification. Most of the data from different fans running at the same speed was
very similar; therefore, decisions made between fans were frequently under informed. Figure 2.5 provides a graphical
representation of a signatures matrix for fans A–D at high speed when using RMS values constructed from the entire signal.
Aside from Fan D’s distinguishing RMS values in the acceleration and sound pressure categories, the fans are notably
similar for each sensor domain, highlighting the ineffectiveness of using the RMS over the entire time response to identify
an individual fan.

Implementing brute force with signatures constructed from the narrow-band power was accurate 76% of the time for a
single fan running. However, when multiple fans in the system were operating, the brute-force approach was never correct.

Brute force optimization for fan speed identification was more successful, albeit not enough to be reliable. Identifying a
fan in the high speed state was always correct. In general, identification accuracy decreased with fan speed apart from fans
running at medium speed: they were incorrectly identified most frequently. The observed trend was likely due to the RMS
values becoming more separable as fan speed increased. A summary of these results is shown in Table 2.1.
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2.8 Machine Learning Approaches

The total power over small frequency ranges was also used as features in a machine learning approach. Unique, distinct peaks
present in the PSD estimates, ranging across all sensor streams, were identified for each fan. Fourteen of these characteristic
peaks were consistently found in the spectral data, despite the fans being nominally identical. Figure 2.6 shows an example of
one such fingerprint for Fan C, present in the acceleration data from 650 to 660 Hz. Figure 2.7 shows a visual representation
of the location of these signatures in frequency space. The fingerprints are also summarized in Table 2.2. The large blue
band in Fan B ranging from 7000 to 10,000 Hz is the power computed over this entire range. This signature was added
after observing that Fan B was significantly louder than the other three fans, and thus had a larger power value at higher
frequencies. The power over these bands was calculated. The signatures were meant to create a fingerprint of a healthy fan,
which would be absent if the motor dies or became damaged. Over 150 sets of minute-long data streams were averaged to
find these signatures. The model’s effectiveness was assessed using leave-one-out cross-validation.

Three detectors were investigated to determine whether these RMS values indicated the presence of each fan in a particular
set of data. These detectors were implemented individually and judged as correctly characterizing the entire system when,
given a minute-long set of new data, they were able to correctly identify which fans were on and off among the array. Only
high speed fan data was used in the training and testing data. The algorithms’ effectiveness was assessed using leave-one-out
cross-validation.

The first detector used a manually set threshold value based on the typical power computation of each fingerprint. In Fig.
2.8, a histogram for a certain signature provides a visual representation of trends observed in the data; these narrowband
RMS value trends were used to determine the threshold.

This algorithm correctly characterized the entire system 86% of the time. Fans A, B, and C were correctly identified as
on or off 97% of the time. The presence of Fan D was correctly indicated just under 90% of the time.

The second detector used was a threshold set statistically at one half of one standard deviation below the mean value
for each signature. This method correctly characterized the entire fan array only 69% of the time. The presence of Fan C,
however, was correctly indicated 99% of the time.

The final algorithm first computed the RMS of the entire current signal in order to determine the number of fans present in
the measured data. Figure 2.9 shows the linear relationship between current RMS and the number of fans in operation. Once
the mean value of each fan’s signature was computed, the model computed the distance from this mean related to a particular
fan when it is running and added them together to form a “signature match value”. Based on the known number of fans in
operation, the largest signature match value(s) would be selected and the corresponding fans would be indicated as present.
The presence of a certain fan is more likely to yield a signature close to or above the mean value for that particular signature.
Thus, adding the distance each signature for a particular fan is from the mean value of each signature will yield a number
that is more positive when the fan is present. For example, if three fans were present in the measured data, the three fans

Fig. 2.6 Example fingerprint for Fan C in acceleration PSD
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Fig. 2.7 Visual representation of the frequencies at which fingerprints of each fan were found. The large blue band in the sound fingerprints is
due to Fan B being significantly louder at higher frequencies than the other fans

Table 2.2 Summary of fingerprint sensors and frequencies for each fan

Fan A Fan B Fan C Fan D
sensor Freq (Hz) sensor Freq (Hz) sensor Freq (Hz) sensor Freq (Hz)

Mic. 839–841 Accel. 995–1005 Accel. 650–660 Mic. 1679–1680
Mic. 1837–1844 Mic. 7000–10,000 Current 516–519 Mic. 482–492
Current 513–516 Mic. 595–605 Accel. 1725–1740
Mic. 513–516 Accel. 1790–1800

Fig. 2.8 Histogram used to set a threshold for a particular acceleration signature from Fan C

with the largest distances from the mean would be identified as running. This algorithm correctly characterized the entire
system 95% of the time. Every “error” was associated with Fan D being wrongly identified as Fan A or B. Mathematically,
the process is as follows:

N D 45 � I (2.2)

where N is the number of fans and I is the current measured in the system.

� D
PK

kD1 s

K
(2.3)
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Fig. 2.9 RMS of current signal for different numbers of fans in operation

where s is a fingerprint value, K is the number of values known for a particular fingerprint (for example, the Fan B microphone
fingerprint at 7–10 kHz may have 50 values measured from previous data collections), and � is the mean of the fingerprint
distribution.

	 D
sPK

kD1 .s � �/2

K
(2.4)

where 	 is the mean standard deviation for the distribution of the fingerprint values.

d D x � �
	

(2.5)

where x is the value measured for the fingerprint from the unknown system, and d is the distance of x from the mean,
measured in standard deviations.

Sj D
XM

mD1 dm (2.6)

where Sj is the sum of the distances of each of the fingerprints associated with a particular fan j, and M is the number of
fingerprints associated with that fan (for example, for Fan B, M D 3 since Fan B has three fingerprints).

After S is calculated for each fan, the N fans with the largest values of S are chosen as the fans present in the system.

2.9 Evaluation

Of the many methods investigated in this study, the detector that computed the largest distances from the mean was the most
successful for characterizing the entire system in terms of fan presence. The method of feature extraction used training data
collected when each fan was operating individually, but was able to correctly identify the presence of each fan 95% of the
time when multiple rans were running.
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Table 2.3 Effectiveness of model with sensor omission

Sensor removed One fan accuracy Two fan accuracy Three fan accuracy Four fan accuracy Overall accuracy

None 93% 100% 94% 100% 95%
Current 88% 100% 100% 100% 93%
Sound 78% 86% 71% 100% 82%
Accelerometer 95% 100% 94% 100% 96%

Fig. 2.10 PSD of Fan D’s acceleration data from collection dates of 7/13/16, 7/18/16, and 7/20/26

The study aimed to use data from multiple sources in order to strengthen the inferences made by the condition monitoring
system. In order to assess the effectiveness of the multi-source data, the third detector was applied while omitting, one at a
time, each sensor that contributed to the signatures. The results are summarized in Table 2.3.

Notable is the model’s increase in overall accuracy from 95 to 96% after the omission of the accelerometer data. This
result was surprising, as it was assumed that an increase in fingerprints for each fan would correspond to an increase in
accuracy. One possible explanation is that the signatures extracted from the acceleration PSD could have been inconsistent,
in which case they may have hindered the model’s ability to correctly characterize the system.

Even with sensors omitted, the model was always correct when all four fans were running. This accuracy results from the
use of the current RMS (shown in Fig. 2.9) to identify the number of fans running in the system. If four fans were running, the
model would select the fans with the four highest distances from the mean, which would be every fan in the array. Therefore,
the model did not utilize the healthy fingerprints to identify the presence of the fans in the array when all four were operating.
The model could be enhanced by identifying not only whether each fan was in operation, but also if the fan was in a healthy
or unhealthy state.

During data collection, an effort was made to keep the experimental setup as consistent as possible. However, several
sources of variability were still present in the data collection process. Any disturbance during data collection could be picked
up by the accelerometer or microphone. Although data was collected with the lights off, the antenna data fluctuated between
data runs based on the presence of other lights in surrounding rooms. The largest factor in fluctuation between data runs,
however, was the baseline of the system. This variability was prevalent in the data from Fan D, which was the fan that was
disassembled and reassembled the most often in order to induced artificial damage. Each time the fan was reassembled,
shifts in the dominant frequencies would occur. See Fig. 2.10 for an example of Fan D’s PSD over a small frequency range
between different dates of data collection.
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2.10 Further Research

The signatures used in the model only represented each fan in a healthy state, that is, under normal operating conditions.
However, evidence exists that the RF spectra may contain signatures for fans in unhealthy states. Damage was introduced
into the system by loosening screws on the motor plate and attaching a small mass to one of the fan blades. The RF PSD
for Fan D, shown in Fig. 2.11, indicates a shift in peak locations based on the presence of damage. Further data from the
unhealthy states is necessary in order to validate these damage signatures.

2.11 Conclusion

The condition monitoring system developed in this study utilized data from non-commensurate sensors, located remotely
from the source signals, to characterize the state of a machine array. The “characterization” performed by this study’s model
refers to identifying the presence or absence of each fan in the array when operating at high speed. The most effective model
investigated in this study was able to correctly characterize the array of fans 95% of the time, but its accuracy increased to
96% with the removal of the signatures from the acceleration data.

Several unique fingerprints were tested in a machine learning algorithm to identify the presence of each healthy fan in the
array. The fingerprint of a healthy fan would disappear as the system transitioned to an unhealthy state; therefore, an absent
fan signature provides a strong indication of damage. The training data used in the model was taken only while one fan was
running at a time, and the features extracted from individual fan data proved to be effective in characterizing the system when
more than one fan was running.

Data from multiple sources strengthened the model by providing more locations to identify each fan’s fingerprint. Overall,
the fans were difficult to distinguish from each other due to their nominally identical nature. Certain fans were easier to
identify because they produced more peaks in the power spectra than others. The accelerometer and microphone PSDs
supplied the most signatures for individual fans, while the RMS value over the entire current signal provided a consistently
accurate way of indicating how many fans in the array were running. Although the accelerometer signatures actually
weakened the model’s ability to characterize the system, it is likely that the development of more optimal features from
the acceleration data would increase the model’s accuracy.

The implementation of multi-source, remote, centralized condition monitoring systems for machines in an industrial
setting can reduce maintenance costs by identifying damage before failure occurs and providing ease of instrumentation,

Fig. 2.11 Dominant frequencies before and after implementation of damage (loose screw, mass added to blade) in the RF PSD for Fan D
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data acquisition, and retrofit. Future research should focus on collecting a greater amount of healthy system data to validate
the existing features. The identification of additional features in both the healthy and unhealthy states will strengthen the
model developed in this study. Signatures for each fan at medium and low speed could be identified as well, allowing
the system to characterize fan speed as well as the presence of damage.
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Chapter 3
Wavelet Transform-Based Damage Detection in Reinforced Concrete
Using an Air-Coupled Impact-Echo Method

Tyler Epp and Young-Jin Cha

Abstract A large amount of infrastructure in North America is in need of repair or replacement. The cost of these
improvements is a huge obstacle for governments and the issue will be exacerbated in the coming years as current
infrastructure, including bridges, get closer to the end of their design life (The Age of Public Infrastructure in Canada http://
www.statcan.gc.ca/pub/11-621-m/11-621-m2006035-eng.htm, 2009; 2013 Report Card for American Infrastructure http://
www.infrastructurereportcard.org/bridges/, 2013). The use of prescribed maintenance is no longer efficient or cost effective
enough to continue to be used as a means of upkeep for bridges. Indeed, new methods are being developed in order to gain a
deeper understanding of the state of bridges so that more precise maintenance can be carried out.

Keywords Energy impact factor • Wavelet transform • FFT • SHM • NDT • Reinforced concrete

A large amount of infrastructure in North America is in need of repair or replacement. The cost of these improvements is
a huge obstacle for governments and the issue will be exacerbated in the coming years as current infrastructure, including
bridges, get closer to the end of their design life [1, 2]. The use of prescribed maintenance is no longer efficient or cost
effective enough to continue to be used as a means of upkeep for bridges. Indeed, new methods are being developed in order
to gain a deeper understanding of the state of bridges so that more precise maintenance can be carried out.

Within the field of structural health monitoring (SHM), non-destructive testing (NDT) of bridges has expanded immensely
in the past decades to include applications such as vision-based damage detection [3–5], acoustic emission sensors [6–9],
fibre-optic sensors [10], ground penetrating radar (GPR) [11, 12], acoustic-lasers [12], and impact-echo methods [13–23].

Impact-echo methods using air-coupled sensors have shown the ability to detect delaminations and voids in large concrete
structures, including bridge decks [13–23]. The ability of the method to detect such damages generally relies on spectral
information about acoustic signals [14, 16, 20–23]. The structure is excited in a point-by-point manner in order to receive
signals using microphones. The signals can further be used to develop images of the internal condition of the structure by
applying post-processing techniques to determine spectral information about the structure. A limitation of the impact-echo
method using air coupled sensors is the time-consuming nature of the data acquisition. This work sets out to improve the
accuracy of the method over increased spacing of the impact site and sensors used for signal collection.

Impact-echo signals are generally processed for spectral information using the Fast Fourier Transform (FFT) [14, 16,
20–23]. The FFT, however, does not retain temporal information about the signal and instead sums up spectral components,
giving relative magnitudes of the frequencies contained within the signal. Wavelet transforms, on the other hand, are able
to retain temporal information while identifying spectral information about the signal. The scale the wavelet is used at
determines the frequencies the wavelet is most sensitive to. Several wavelets were used in this work at a large range of scales
in order to get an extensive look at spectral information across the time domain of the collected signals.

(a) FFT cutoff of 40 for MIC 1 and 2 [23]
(b) Mexican Hat wavelet transform cutoff of 0.5 MIC 1 and 2 [23]

The images in Fig. 3.1 were created using data points on a large concrete beam (4000 � 360 � 300) that contains in-situ
void and delamination damages. Cutoff values are defined for each the FFT and wavelet transform in order to determine
intact and damaged points in the specimen. The cutoff values used with the FFT are based on the magnitude of the spectral
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Fig. 3.1 Comparison of images created with FFT (top) and Mexican Hat wavelet (bottom) using two microphones spaced 200 mm from the impact
location
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Fig. 3.2 Performance of FFT compared to Mexican Hat wavelet transform for test carried out with MIC 1 and 2200 mm from the impact
location [23]

information. The cutoff values used with the wavelet transforms are developed using the energy impact factor developed
from comparison of the low frequency band and high frequency damage sensitive band.

Figure 3.2 shows that the wavelet transform performed better over the entirety of the specimen, as well as over the area
of well-identified large damages on the right side of the structure, measured in terms of the number of false damage sites
reported, true positives identified, and F1 score.

The two post-processing methods were compared for accuracy of in-situ damage detection on a large concrete beam. The
results show that wavelet transforms are more accurate compared to the results found using the FFT when the microphones
are moved away from the point of excitation on the structure. This work could have applications in array-based sensing that
would further improve the efficiency of the impact-echo method using air-coupled sensors.
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Chapter 4
Damage Detection Based on Strain Transmissibility for Beam Structure
by Using Distributed Fiber Optics

Liangliang Cheng, Giorgio Busca, Paolo Roberto, Marcello Vanali, and Alfredo Cigada

Abstract Structural damage identification is a coral and challenging research topic. Research mainly focuses on identifica-
tion and detection of linear damage in structures by using modal parameters such as change of natural frequency, frequency
response function, mode shape, etc. Transmissibility is conventionally defined as the spectra ratio of two measurement
points, which has been utilized for damage identification as a powerful damage indicator. In this paper, strain transmissibility,
defined as ratio of strain response spectra, is proposed as a new damage indicator. In order to achieve more precise sensing
information, distributed fiber optics has been applied to damage detection on a beam structure, which adds new capability
of sensing with its combination of high spatial density sensing and dynamic acquisition over a single optical fiber sensor.
A numerical simulation has been conducted to investigate the feasibility of strain transmissibility for damage detection which
has revealed a better performance compared to traditional transmissibility. The applicability of the proposed method has
been confirmed by applying distributed fiber optics on a clamped-clamped beam. Both simulation and experiment validate
the effectiveness of damage detection approach based on strain transmissibility by using distributed fiber optics.

Keywords Strain transmissibility • Distributed fiber optics • Optical frequency domain reflectometer • Dynamic
measurement • Damage detection

4.1 Introduction

Most of civil, mechanical and aerospace structures are vulnerable to damage due to human factors, natural disasters,
prolonged fatigue or corrosion. Therefore, in the last 20 years structural health monitoring has been extremely attractive
to supervise the health status of structures. Damage detection techniques are based on a wide variety of physical principles
[1], mainly focused on vibrations and modal parameters. A review work of damage detection methods based on modal
parameters was carried out by Doebling et al. [2–4].

Damage detection performed on modal parameters (natural frequency, mode shape and damping) has many advantages
compared to other methods mainly due to the fact that modal parameters merely depend on the characteristics of structures
themselves [5]. Since structural vibration characteristics depend on structural physical parameters, a change of the physical
parameters due to a damage, for instance a stiffness reduction, will inevitably cause a change of the structural dynamic
response.

Modal parameters identification during a continuous monitoring is usually performed by using only output measurement
data and operational modal analysis. However, this could be a troublesome point in some cases, because the a priori
hypothesis about independency of the modal parameters on the excitation level and the requirement of a flat spectrum of
the driving force is not always respected. Among the operational feature that can be estimated from the structure response,
transmissibility function drew the attention of many researchers, because it does not require any prior knowledge of the
exciting force and no modal identification is needed. Transmissibility is conventionally defined as the ratio of the spectra
of two different outputs of the system and it was proposed as damage feature firstly in [6]. The damage feature is usually
the difference among the transmissibility functions of the health structure and an unknown scenario. Maia et al. [7] carried
out a rather comprehensive analysis about transmissibility theory and they proposed the Detection and Relative Damage
Quantification Indicator (DRQ) as a reliable damage detection indicator [8].
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In the papers [9–11], the authors have worked on the extension of transmissibility concept to multiple degree freedom.
It is worth mentioning that Lang et al. proposed also to extend the transmissibility to nonlinear damage detection based
on NOFRF (non-linear output frequency response functions) in [12, 13]. DRQ is calculated through evaluating integral
difference over a fixed frequency band between intact transmissibility and damaged transmissibility. However, the outcomes
of damage identification are extremely influenced by the choice of this frequency band as described in [14–16]. Recently, this
issue was discussed by Patrick Guillaume’s papers [17, 18] who proved that the limit value of the transmissibility function to
the poles of the system converges to the ratio of the mode shapes of the two measurement points. They also pointed out that
by using only a small frequency band around the resonance frequencies of structures, the outcomes of damage identification
are more reliable and independent from the force location. A detailed review of transmissibility function can be found in [19].

The accuracy of damage localisation, based on the aforementioned transmissibility function, relies on the number of
sensors as well. When dynamic test is performed on large structures such as bridges, tunnels and buildings, conventional
sensors are extremely difficult to cover the entire target. Usually the number of sensors needed to do this it is too big
and then the idea is impracticable mainly for economic reasons. Fortunately, distributed fiber optics techniques have kept
developing rather maturely and they have been applied into various domains [20–22]. Distributed fiber optic sensors can
measure continuously strain and temperature along the structure layout and in some cases they can also be embedded into
concrete for checking the internal health status. Generally speaking, distributed fiber optic sensors can be classified into three
categories based on Rayleigh, Brillouin and Raman scattering techniques [20] which can be chosen according to specific
requirements.

This paper will report the developing of strain transmissibility function and its corresponding damage indicator by using
distributed fiber optic sensor. A short review of damage detection based on traditional transmissibility function algorithm is
described in Sect. 2. In Sect. 3, strain transmissibility has been proposed. Simulation and experiment have been discussed in
Sects. 4 and 5 respectively. The last section gives the conclusion of this paper. It will be shown that strain transmissibility
function is more sensitive to damage than traditional transmissibility functions based on acceleration and displacement
data. Simulations and experiments are carried out and have proved the feasibility of damage detection by using strain
transmissibility function.

4.2 Transmissibility Functions Algorithm

Transmissibility function is traditionally defined as the ratio of two different output spectra. As for a MDOF system, let Fk(s)
be driving force at DOF k, then the transmissibility function Tij(k)(s) can be calculated as

Tij.k/.s/ D Xik.s/

Xjk.s/
D Hik.s/Fk.s/

Hjk.s/Fk.s/
(4.1)

where Xik(s) and Xjk(s) are the system outputs at DOF i and DOF j respectively; Hik and Hjk are the frequency response
functions at DOF i and DOF j respectively.

Similarly, transmissibility functions can also be defined in the same way between the same pair DOF i and DOF j when
there is damage in the structure:

TD
ij.k/.s/ D XD

ik.s/

XD
jk.s/

D HD
ik.s/Fk.s/

HD
jk.s/Fk.s/

(4.2)

where superscript D stands for the damaged status of the structure.
Johnson [21] proposed the following damage indicator based on transmissibility function:
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ˇ̌
ˇ
X
!
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ij.k/ .!/ � TPij.k/ .!/

TPij.k/ .!/

!ˇ̌
ˇ̌
ˇ (4.3)

where TPij(k)(!) D jlog(Tij(k)(!))j.
Additionally, literature also proposes a damage indicator based on occurrences that seems to provide more reliable and

robust results according to the authors [18]. It can be briefly explained that an occurrence is counted for each frequency step
at the location where the difference between intact and damaged transmissibility is maximum. Hence, the result of occurrence
relies on the frequency band that you choose. The corresponding equation is

Oij.k/ .!/ D Count
�

max
!

ˇ̌
ˇTPD

ij.k/ .!/� TPij.k/ .!/
ˇ̌
ˇ
�

(4.4)
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From Eq. (4.3), it is shown that damage element could correspond to the maximum value of damage indicator integrated
over a range of frequency band. The paper also demonstrates that the integration of frequency band could be applied to a
small frequency band around the resonance frequencies of the structure under different loading conditions.

The limit value of the transmissibility function Eq. (4.1), when variable s (the generic pole) approaches the system’s poles,
depends only on the mode shapes [7]:

lim
s!�m

Tij.k/.s/ D 
im


jm
(4.5)

where 
 im and 
 jm are the scalar mode-shape values.
It is obvious to observe that the limit value of transmissibility function is independent from the location and nature of the

force. The variable k here defines the specific loading position. Therefore, the following equation is established:

lim
s!�m

Tij.k/.s/ D lim
s!�m

Tij.l/.s/ (4.6)

Damage indicator can be calculated by using the difference between intact and damage transmissibility under integrating
a small range around resonance frequencies independently from the forcing location [18].

4.3 Strain Transmissibility Function

Usually, traditional transmissibility function (TTF) is calculated by acquiring acceleration, velocity or displacement
measurement data. In this paper strain data are considered as base for a new transmissibility function, named Strain
Transmissibility Function (STF). The aim of this work is to prove that STF is more sensitive to damage compared to TTF,
based on the research achievement of TM Whalen, who has proved that higher order mode shape derivatives (e.g., modal
curvature, third derivatives, and fourth derivatives) show better performance in terms of damage than the mode shape for
beam-like structures [23].

The strain frequency response function between the loading point k and measurement point i can be written as:
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where ıir and ®kr are the rth order strain mode shape and displacement mode shape respectively while !r is the resonance
frequency. Variable k and i represent loading point and measurement output point respectively. Then the strain transmissibility
function (STF) between two strain frequency response functions becomes:
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(4.8)

when the variable ! approaches to the resonance frequencies !r, the limit value can be obtained according to STF definition
Eq. (4.8).
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It is known that FRFs can be decomposed into SDOF in modal space. When ! approaches to resonance frequencies !r ,
the corresponding mode will dominate the whole FRF. Similar to Eq. (4.5), Eq. (4.9) demonstrates the limit value of STF in
system poles is strain mode shape ratio.

Besides, it is known that the relationship between strain and bending moment according to beam’s elastic theory:

" D M

EI
� hmax (4.10)

where M is the section moment, EI is bending stiffness, hmax is the distance from the measurement point to the neutral axis.
However, bending curvature has the following relationship:

C D 1

�
D M

EI
D d2y

dx2
(4.11)

where C is the curvature, �is the radius of curvature, y is the displacement normal to the neutral beam axis.
Therefore, the relationship between strain and displacement can be shown as:

" D d2y

dx2
� hmax (4.12)

The dynamic displacement of beam structure at any position x and at any time t can be redefined as the product of space
function and time function by applying separation variable method:

y .x; t/ D
NX
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i.x/
i.t/ (4.13)

where 
 and 
 are mode shape and modal coordinate respectively.
Therefore, substitute Eq. (4.13) into (4.12), strain can be rewritten as:
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where ı is strain mode shape.
According to Eq. (4.12), strain is equal to the product between the second derivative of displacement and a constant which

is the distance from the measurement point to neutral axis. By combing this final statement with the conclusion proposed
by TM Whalen, that second mode shape derivatives are better damage indicator compared to the mode shape in terms of
beam-like structures [23], it is possible to declare that strain mode shape is more sensitive than displacement mode shape to
damage. Therefore, the assumption that STF in correspondence of system’s poles is more sensitive to damage than traditional
TTF can be established.

4.4 Simulation Validation

In order to validate the effectiveness of the proposed assumption, harmonic response analysis has been performed on a
simulated beam structure. Both displacement FRFs and strain FRFs have been extracted and used to calculate TTF and STF.

4.4.1 Simulation Model

A clamped- clamped steel beam structure has been simulated by means of the commercial software ANSYS©. The
dimensions are 1.5 m � 0.04 m � 0.015 m. The beam is meshed with 25 beam elements and 26 nodes. Damage is simulated
by adding a point mass (0.23 kg, approximately 3% of the total mass, black block shown in Fig. 4.1) on element 19, which
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Fig. 4.1 The whole beam frame of FEM model and beam cross section
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Fig. 4.2 10th measurement point STFs of intact beam for two different loading points

could be considered as linear damage that only changes the element mass between node 19 and node 20. Dynamic analysis
is conducted for both intact and damaged beam, displacement responses and strain responses of all nodes have been acquired
for both beams under two different scenarios. F1 and F2 are two impulse input forces on different node positions (node 3 and
node 21 respectively) based on the fact that the intersections of two transmissibility functions on one specific measurement
point under different loading situation corresponds to the natural frequencies of the system [18]. If there is damage, the
intersections of those transmissibility functions are not coincidence with system’s natural frequencies anymore and the
damage indexes should reveal this fact.

4.4.2 Simulation Results

F1 and F2 have been imposed on the intact beam as shown in Fig. 4.1. According to Eq. (4.6), it is well known that the
intersection of strain transmissibility functions under two different loading positions should be in accordance with systems’
poles. Figure 4.2 shows the STFs acquired from 10th beam node of the intact beam under the loadings F1(3th beam node)
and F2 (21th beam node) respectively.

In order to locate damage properly, TTFs and STFs are estimated on pairs of consecutive measurement points to calculate
both intact and damaged beam structures. Applying Eqs. (4.1), (4.2), and (4.3), damage features could be obtained for TTFs
and STFs. In this case, a small frequency band around the first resonance frequency of the intact beam (35 Hz) is selected
to calculate the damage indicators by computing the difference between intact and damaged beam structure. The frequency
band is fixed between 34–36 Hz around the first mode. Figures 4.3 and 4.4 show the damage indicator DI by using TTFs and
STFs respectively.

The red bars point out the damage location, apparently both damage indicators are able to figure out the correct damage
location 19th element. One more interesting thing needs to be noticed, damage indicator calculated by STFs seems more
explicit compared to the one from TTFs. Basically, the maximum damage feature could correspond to the true damage
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Fig. 4.4 Damage feature by using STFs

location which localizes at 19th element shown in Fig. 4.3, however, the difference between 18th and 19th beam element is
quite small in terms of damage indicator, which might make the result ambiguous. In contrast, damage indicator by using
STFs in Fig. 4.4 shows a very clear result since there is only one high value at the19th beam element obviously.

The simulated data were also processed by the damage feature based on occurrences to test its performance. Figures
4.5 and 4.6 show the results from occurrences and analogous conclusions to the previous case can be drawn. Both
the measurements (displacement and strain) indicate precisely the damage location. Moreover, occurrences in Fig. 4.6
demonstrates that STFs are more sensitive than TTFs in terms of damage detection since only one damaged bar is shown.

Apparently, occurrence is able to locate damage in a more robust and effective way, though damage indicator by using
difference between intact and damaged TFs is able to work properly. Besides, no matter which the damage feature is used, it
has shown that STFs have better performance on damage identification with respect to TTFs.
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4.5 Experiment Validation

Since damage localisation depends on the number of sensing points, distributed fiber optics sensor has been applied for
strain measurement because it is capable to provide numerous sensing points. Therefore, LUNA ODiSI-B optical distributed
sensor interrogator has been adopted; which uses optical frequency domain reflectometry technique to measure strain along
one single fiber.
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Fig. 4.7 Model ODiSI-B

Fig. 4.8 Interface of DAQ system

4.5.1 Brief Introduction of ODiSI-B

Optical distributed sensor interrogator (Model ODiSI-B in Fig. 4.7) provides a paramount industrial solution for applications
in many fields with outstanding spatial resolution. LUNA’s ODiSI B is capable to cover more than 10 m of dynamic
measurement range with a high density of measurement points. ODiSI B can simultaneously demodulate thousands sensing
points over a single optical fiber at a frequency of 100 Hz. 10 m maximum sensing distance and spatial resolution of
2.56 mm make ODiSI B an extremely important tool as for strain and temperature sensing applications. Figure 4.8 shows the
operational interface of data acquisition software for ODiSI-B.
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4.5.2 Experimental Setup

A clamped-clamped steel beam has been utilized with dimension 1.5 m � 0.04 m � 0.015 m. In order to attach the fiber
optics firmly, the steel beam surfaces were polished and then a specific glue was used to attach the fiber optics as shown in
Fig. 4.9.

Figure 4.10 shows the whole frame of beam structure. Magnets are attached to the surface of the beam in order to increase
the weight of beam itself, which is able to simulate linear damage situation due to the change of dynamic characteristic
(Fig. 4.11). The weight of the magnets is about 0.23 kg over 7.1 kg of the beam.

Fig. 4.9 Beam attached with
fiber optic

Fig. 4.10 Beam experiment
setup



36 L. Cheng et al.

Fig. 4.11 Magnets added into
beam
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Fig. 4.12 Autospectrum from 100 fiber optic sensors for intact beam

4.5.3 Experimental Result

The fiber optic we chose is 2 m long and covers the full length of the beam, with sampling frequency 100 Hz and sensing
space 2.56 mm. Two damage scenarios are performed by placing the magnetics at two different locations (285 mm left and
1170 mm left respectively). A small range 38–42 Hz around the first resonant frequency is chosen to estimate the damage
features. Since sampling frequency is 100 Hz, the maximum frequency component can be observed at 50 Hz. Within the
frequency range of 0–50 Hz, only the first strain mode is correctly acquired. Along this 2 m single fiber optic, 100 strain
sensors with nearly 15 mm spacing are chosen. Figure 4.12 shows the autospectrum of the 100 strain sensing measurement
points for intact beam.

The first scenario is adding magnetics on the left side of the beam.
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Fig. 4.13 Damage indicator of scenario 1

Fig. 4.14 Occurrence of scenario 1

In Fig. 4.13, red bar revealed the damage location at 19th beam element based on the damage index from Eq. (4.3) which
is in accordance with the true location of additional magnets at 285 mm. Seemingly to simulations, the damage indicator in
19th element is prominent in comparison with others, which is easy to be recognized as damage component.

Occurrence damage feature has been taken into consideration as well and the identification result is shown in Fig. 4.14.
Apparently, occurrence shows a clear recognition of the damage element in contrast with damage indicator of Fig. 4.13. Only
one nonzero value can be seen at the 19th beam element where the magnets are placed.

Scenario two is made by adding magnetics on the right side of the beam.
In scenario 2, red bar indicates the location of additional magnets which appears at 78th beam element in Fig. 4.15.

The damage identification result is in correspondence of the true location where the magnets are placed. Figure 4.16 shows
the result of occurrence that points out correctly the damage location. Even though there are two small non-zero values at
element 19th and element 67th but they can be neglected compared to element 78th.
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Fig. 4.15 Damage indicator of scenario 2

Fig. 4.16 Occurrence of scenario 2

Asterisks marked in Figs. 4.13 and 4.15 indicate the area where the damage feature is unreliable. This is due to the fact
that those sensing points along the fiber are inside the area of strain nodes for the 1st strain mode which is basically equal to
the curvature of the 1st mode shape of a clamped-clamped beam.

Transmissibility coherence function has been calculated in order to discard the unreliable damage indicators. It can be
defined as follows:
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.f / is always between 0 and 1 which reflects the extent

of linearity between two consecutive nodes.
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Fig. 4.17 Strain transmissibility coherence function

Figure 4.17 shows the result of coherence function among the points used to estimate the transmissibility function. In
this figure, 25 beam elements (sensors) have been selected evenly from the entire 100 sensors and corresponding strain
transmissibility coherence functions have been calculated. The first resonance frequency is located in the area between two
dash lines. In order to discard the unreliable ones, threshold for coherence function is set as 0.9. If the coherence values are
closer to 1 means the corresponding STFs are reliable. Since we are interested in the area around resonance frequency, it
is easy to observe that there are two coherence functions under the threshold 0.9, actually lower than 0.1. Hence, these two
corresponding damage indicators should be discarded. This gives an explanation for the results of Figs. 4.13 and 4.15 where
the sensors placed near or at strain mode nodes are flagged as unreliable data.

4.6 Conclusion

In this paper, strain transmissibility function is applied to damage identification simulated by adding mass to a beam structure
into one point. Based on the fact that the limit value of STFs into system poles is equal to the ratio of strain mode, which are
more sensitive to damage than displacement modes, these damage features based on STF reveal to have good sensitivity to
damage. Both simulation and experiment illustrate the feasibility and effectiveness of using STFs to damage identification.
Concerning about the future work needed to be finished, more damage scenarios should be introduced into the structure that
not only adding mass but cracks which can be regarded as nonlinear damage. More complicated structures should be testified
by using STFs as well.
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Chapter 5
Modal Parameters Estimation of an Offshore Wind Turbine Using
Measured Acceleration Signals from the Drive Train

M. El-Kafafy, L. Colanero, N. Gioia, C. Devriendt, P. Guillaume, and J. Helsen

Abstract Offshore Wind Turbine (OWT) is complex structure that consists of different parts (e.g. foundation, tower,
drivetrain, blades, : : : ). The last decade there is a continuous trend towards larger machines with the goal of cost reduction.
Modal behavior is an important design aspect. For tackling NVH issues and validating complex simulation models it is of
high interest to continuously track the vibration levels and the evolution of the modal parameters (resonance frequencies,
damping ratios, mode shapes) of the fundamental modes of the turbine. Wind turbines are multi-physical machines with
significant interaction between their subcomponents. This paper will exploit this and present the possibility of identifying
and tracking consistently the structural vibration modes of the drivetrain of the instrumented offshore wind turbine by using
signals (e.g. acceleration responses) measured on the drivetrain system. The experimental data has been obtained during a
measurement campaign on an offshore wind turbine in the Belgian North Sea where the OWT was in standstill condition.
The drivetrain, more specifically the gearbox, is instrumented with a dedicated measurement set-up consisting of 17 sensor
channels with the aim to continuously track the vibration modes. The consistency of modal estimates made at consequent
10-min intervals is validated, and the dominant drivetrain modal behavior is identified.

Keywords Modal parameters • Offshore wind turbine • Drivetrain • Tower modes • Mode tracking

5.1 Introduction

There is a trend to increase the power produced by each individual turbine in order to reduce the cost of wind energy
by the so-called upscaling trend. Bigger wind turbines have the advantage that they can harvest wind at higher altitudes,
resulting in bigger wind speeds and allow the turbine to be equipped with bigger blades. Moreover, it is assumed that by
decreasing the number of machines per Mega-watt the operations and maintenance costs of the wind park will decrease.
Bigger wind turbines and corresponding blades impose higher loads on the wind turbine components, amongst others on
the drive train. Moreover, these loads cannot be assumed to be quasi-static as in most industrial applications. Wind turbine
loading includes aerodynamic loads at variable wind speeds, gravitational loads and corresponding bending moments, inertial
loads due to acceleration, centrifugal and gyroscopic effects, operational loads such as generator torque and loads induced
by certain control actions like blade pitching, starting up, emergency braking or yawing [1–4]. These dynamic loads are
significantly influencing the fatigue life of the wind turbine structural components. In addition to the tower and blades
also the drivetrain has several structural components for which the design is fatigue driven, such as for example the torque
arms of the gearbox. In addition to turbine reliability also noise and vibration (N&V) behavior is becoming increasingly
important for onshore turbines [5]. Since aerodynamic noise is decreasing by means of improved blade designs, the problem
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is shifting towards drivetrain tonalities. Accurate insights in the dynamic behavior are necessary to avoid these tonalities.
This is because bigger turbines imply that the resonance frequencies of the drivetrain are decreasing towards the excitations
coming from the wind turbine rotor and gears of the gearbox [4]. Therefore, the flexibility of the structural components of
the drivetrain is becoming increasingly of influence on the dynamic design of the drivetrain [6]. Accurate knowledge about
the resonance behavior of the drivetrain is as such essential for improved design both for fatigue and reliability as for noise.
If resonances are coinciding with harmonic excitation frequencies, there is potential for increased fatigue life consumption
and tonal excitation. Operational modal analysis (OMA) has proven its’ use in aerospace and automotive and is increasingly
used nowadays in the wind energy domain. There are different frequency ranges of interest for the wind turbine. The lower
frequency range contains the more global modes of the wind turbine, such as the blade modes, tower modes and general
drivetrain modes. For the drivetrain, the higher frequency ranges contain more localized modes of the gearbox and generator.

This paper discusses a preliminary study for characterizing the challenges for the use of OMA for characterizing the
dynamic behavior of the wind turbine drivetrain and by extension the other main components of the turbine. In this study,
we investigate both frequency ranges and show the potential for OMA techniques to characterize the eigenfrequencies value,
damping and mode shape for these resonances. We want to take the initial step towards the full dynamic characterization
of the wind turbine by means of accelerometers mounted on the drivetrain. Since there is the chance with OMA techniques
that harmonics can be misinterpreted as resonances, we want to avoid these conditions. Therefore, the turbine is investigated
while it is not producing energy. In this case, harmonics do not dominate the frequency spectrum and modal estimation can
be done in a reliable way.

5.2 Data Acquisition

A long-term measurement campaign with duration of 6 months was performed on an offshore wind turbine. Instrumentation
was limited to the drivetrain. In total 17 accelerometer channels were acquired. 14 channels were originating from
accelerometers on the gearbox. This consisted of four tri-axial sensors and two uni-axial sensors. One tri-axial accelerometer
was placed on the generator. All accelerometers used were ICP accelerometers and a sensitivity of 100 mV/g. Three
accelerometers had a high sensitive frequency range between 2 and 5000 Hz, whereas the other sensors were tailored for
a range between 0.5 and 5080 Hz. It can therefore be stated that the measurement set-up was tailored towards the higher
frequency range identification. In addition to detailed accelerometer measurements, the speed of the wind turbine rotor is
measured by means of an encoder at the low speed shaft with 128 pulses per revolution. All data is sampled at 5120 Hz. In
total 160 min of data is used in the analysis done in this paper (16 datasets of 10 min each).

5.3 Operational Modal Analysis and Modal Parameters Tracking Approach

This paper investigates the turbine modal behavior while it is not producing energy. This specific operating condition
will have an impact on the modal behavior observed in the drivetrain, since the teeth can be out of contact during these
conditions; whereas this is necessarily the case for nominal power production [7]. Moreover, the damping properties of
the wind turbine will change according to the operating conditions [8]. This study will first focus on the low frequency
bandwidth to characterize the global wind turbine modes. These consist of the modes of the main turbine components such
as the blades and tower. As will be shown the turbine is a multi-physical system with high interaction between the different
subcomponents. Therefore, not only the drivetrain modes, but also the blade and tower resonance frequencies are present in
the acceleration signals measured on the wind turbine drivetrain. This study will not go into detail on the tracking of these
modes. They are used as a means to validate the validity of the measurements performed and to get confidence in the results
of the OMA techniques for the estimation of the modal parameters.

For the higher frequency modes, a manual tracking approach validates the consistency of the OMA technique. Modal
parameter estimations are performed for 16 consecutive time blocks of 10 min each. The eigenfrequencies and damping
values of five main resonances modes are tracked for the consecutive time blocks. Peak selection is performed manually. This
is done in order to show the repeatability of the analysis and to underpin the applicability of this technique for characterizing
drivetrain modal behavior.

For the modal parameter estimation, the polyreference least squares complex exponential (pLSCE) estimator [9–11] was
used to extract the modal parameters from the processed measured signals. The frequency-domain data, which is the input to
the pLSCE estimator, is generated using the Correlogram approach [12]. So, for each data block the auto and cross correlation
functions are calculated using some signals as references. Then, the spectrum for each data block is calculated by applying
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Fig. 5.1 Typical correlation function (left) and the corresponding spectrum (right) [the frequency axis is made hidden for confidentiality reason]

the FFT on the calculated auto and cross correlation functions. Figure 5.1 shows one typical correlation function and the
corresponding calculated spectrum. An exponential window was applied to the correlation function before calculating the
FFT to decease the leakage and noise effects. In the following, a brief description of the pLSCE estimator will be given, and
the tracking steps will be summarized.

For operational modal analysis (OMA) applications, the pLSCE starts with the power spectrum of the measured outputs.
The half power spectrum is defined as following in the form of a frequency-domain modal model assuming that the
unmeasured inputs are white noise in the frequency band of interest:
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where SC
yy 2 C

No�Nref a matrix contains the positive (half) auto and cross power spectrum with No number of measured outputs
and Nref number of signals taken as references, Nm is the number of the identified modes, !k is the circular frequency in r/s
at frequency line k, ‰ r 2 C

No�1 is the rth mode shape, Lr 2 C
Nref �1 is the rth operational reference factors vector, and �r is

the pole of the rth mode. The inverse Laplace transform of SC
yy .!k/ gives the time-domain equivalent modal model that can

be given as following:
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with zk
r D e��rkTs for the kth time sample (k D 0 , 1 , 2 , � � � , Ns � 1) and Ns is the number of time samples. Equation (5.2)

is the time-domain version of the modal model (5.1) in which the “impulse” response function is decomposed as a sum of
decaying sinusoids. The pLSCE estimator fits h.kTs/ by means of a matrix polynomial model in a linear least-squares sense.
Then, from the matrix coefficients of this polynomial the poles and the reference factors are calculated. In a second step,
with having the calculated poles and the operational reference factors the mode shapes can be calculated from Eq. (5.1) as an
explicit function of the poles, the operational reference factors, and the measured SC

yy .!k/ by solving a linear least-squares
problem.

The different steps that are done to manually track the modal parameters of the different modes in the frequency-band of
interest can be summarized as following:

1. Read and load the time-domain data (16 measured acceleration records of 10 min each)
2. Correlogram approach is applied to calculate the auto/cross power spectra matrix

a. Specific signals are selected to be taken as reference signals
b. The auto and cross correlation functions are calculated between the outputs signals and the selected reference signals
c. Exponential window applied to the correlation functions to decrease the noise and leakage effects
d. Fast Fourier Transform is applied to the correlation function to calculate the spectra matrix

3. The pLSCE estimator is applied to the spectra matrix with wide range of model orders
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4. The stabilization diagram is constructed
5. The different physical modes are manually selected from the stabilization diagram
6. Damping is corrected to remove the exponential window effects
7. Tracking frequencies, damping values and mode shapes

This tracking approach will be applied to 16 datasets of 10 min collected during the measurements campaign on the
drivetrain of the instrumented offshore wind turbine while the wind turbine was in stand still condition. It should be
mentioned here that for the modes selection from the stabilization diagrams over the different datasets, efforts have been
made to select as much as possible the same mode at the same model order.

5.4 Results and Discussions

As it was mentioned in the introduction and Sect. 5.3, the main objective of this measurement campaign was to do dynamic
characterization of the drivetrain of the instrumented OWT. Since a detailed knowledge about the specifics of the drivetrain
itself is not available, it is suggested to first validate the quality of the measurements and the reliability of the tracking
approach (i.e. data preprocessing, modal parameter estimation step, etc). To do so, a short-term tracking of the modal
parameters of the modes of the turbine’s tower and blades will be done over the different 16 datasets measured from the
drivetrain, and the results from this analysis will be compared to the ones obtained using signals acquired from sensors
mounted on the tower of the same turbine. These modes are detected in the low frequency range. After validating the
measurements quality and the reliability of the modes tracking approach, analysis in a bit higher frequency band will be
done with the aim to track some physical vibration modes of the drivetrain itself. In the analysis of both the high and low
frequency-bands, the frequency values will not be shown for confidentiality reason.

5.4.1 Low Frequency-Band Analysis

According to the results obtained using signals acquired from some accelerometers mounted on the tower of the instrumented
turbine, It can be concluded that the physical vibration modes of the tower and the foundation system of the instrumented
OWT are dominantly present in the low frequency band and they are labeled as following:

• First for-aft bending tower mode (FA1)
• First side-side bending tower mode (SS1)
• Mode with a second for-aft bending mode tower component (FA2)
• Mode with a second side-side bending mode tower and nacelle component (SS2N)
• Mode with a second for-aft bending mode tower and nacelle component (FA2N)

In addition to the tower modes, some other modes related to the blades and the drivetrain can be also detected in this
low frequency band. Those modes are the first drivetrain torsional mode (DTT1), the first blade asymmetric flapwise pitch
(B1AFP) mode, the 1st blade asymmetric flapwise yaw (B1AFY) mode, the 1st blade collective flap (B1CF) mode, and the
1st blade asymmetric edgewise yaw (B1AEY) mode.

The tracking approach explained in Sect. 5.3 is applied to the 16 datasets of 10 min each acquired from the accelerometers
mounted on the drivetrain of the instrumented OWT. Figure 5.2 shows an example for the stabilization diagram constructed
by the pLSCE estimator in the low frequency-band. The shown stabilization diagram indicates that there are several modes
located in that band. The dominant peak corresponds to the first for-aft (FA1) and first side-side (SS1) bending modes of the
tower, which are characterized by a lot of motion at the nacelle level according to the visualization of their mode shapes.
The most dominant modes of the tower, blades, and drivetrain are estimated and tracked over the 16 datasets measured from
the drivetrain sensors. The standard deviation values of the estimated resonance frequencies values of the tower and blades
modes are presented in Tables 5.1 and 5.2. From Table 5.1, one can see that the most dominant tower modes are successfully
detected except the third mode, i.e. FA2. Based on the mode shapes results of the tower modes estimated using sensors
mounted on the tower itself, it was noted that the FA2 mode is mostly dominated by tower motion and not a motion at the
nacelle level. This can explain why this mode is not well-detected using signals measured from the drivetrain system. It can
be seen from Table 5.1 that the frequency of the third mode (i.e. SS2N) is estimated with a higher uncertainty in comparison
with the other tower modes. This can be explained by the fact that it was noted from the tower mode shapes that the motion at
the nacelle level is less for the SS2N mode in comparison with the FA1, SS1, and FA2N modes. In general, the low standard
deviation values shown in Tables 5.1 and 5.2 confirms that the tower and the blades modes are successfully and consistently
estimated over the different 16 datasets.
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Fig. 5.2 Low frequency band analysis: typical stabilization diagram constructed by the pLSCE estimator

Table 5.1 Results of the
short-term tracking of the low
frequency-band modes (Tower
modes)

Mode Std freq. Hz

FA1 0.007
SS1 0.003
SS2N 0.022
FA2N 0.006

Table 5.2 Results of the
short-term tracking of the low
frequency-band modes (Blade
and drivetrain modes)

Mode Std freq. Hz

B1AEY 0.021
B1AFP 0.031
B1AFY 0.015
B1CF 0.005
DTT1 0.028

A comparison between the tower modes frequencies estimated using the drivetrain signals and the signals measured on
the tower of the same turbine is shown in Fig. 5.3. From this figure it can be seen that the mean values agree very well
and the confidence bounds are overlapping. The higher standard deviation on the SS1 and FA2N modes estimated using
tower signals is really due to the fact that these estimates are calculated based on 2016 datasets representing a monitoring
period of 2 weeks. Therefore, this higher standard deviation is mainly driven by the environmental variations rather than
the quality of the estimation itself. It is also noted that the frequency values obtained for the blades modes agree very well
with the ones estimated when processing the signals measured from sensors mounted on the tower. In Fig. 5.4, the mode
shapes of the drivetrain system at the FA1 and SS1 resonance frequencies are shown. From these mode shapes, one can see
that the movement of the drivetrain system resembles the tower movement where it goes in the for-aft direction (x-dir.) at
the tower FA1 frequency and in the side-side direction (Y-dir.) at the tower SS1 frequency. Therefore, the consistency of the
obtained results the ones obtained from signals measured directly on the tower of the same turbine confirms the correctness
of the measurements, especially considering that the sensors that have been used on the drivetrain are aimed towards higher
frequency region for dynamic analysis of the drivetrain.
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Fig. 5.3 Low frequency-band analysis: Comparison between the estimated resonance frequencies values of the tower global modes using the
drivetrain signals and tower signals

Fig. 5.4 The drivetrain mode shapes corresponded to the tower FA1 frequency (left) and at the tower SS1 frequency (right) (Y: Side-Side direction
X: For-Aft direction Grey dots: undeformed model)

5.4.2 High Frequency-Band Analysis

Using the 16 datasets of the acceleration signals measured from the drivetrain system and by means of the tracking approach
presented in Sect. 5.3 the first results of the short-term tracking of some modes of the drivetrain will be presented in this
section. The analysis frequency band will be extended a bit in comparison to Sect. 5.4.1 to include some higher frequency
modes, which are thought to be mainly the drivetrain modes. Figure 5.5 shows one stabilization diagram constructed by
the pLSCE estimator in the frequency band of interest. The blue arrows in the stabilization diagram refer to the five modes
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Fig. 5.5 Higher frequency-band analysis: stabilization chart constructed by the pLSCE estimator [the frequency axis is made hidden for
confidentiality reason]

that will be tracked over the 16 datasets. These modes are selected after doing some preliminary analysis like, checking
the correlation of the mode shapes between the different modes in the band (i.e. MAC criterion), checking the rate of the
existence of the mode in all the 16 datasets, and the coincidence of the mode to a peak in the spectrum. The result of the
short-term tracking in terms of the resonance frequencies and damping ratios of the five modes is shown in Fig. 5.6. This
figure illustrates one box and whisker plot per frequency and damping value of each tracked mode. The results in this figure
show that for all the modes the resonance frequency values show high level of consistency over the different data blocks. In
terms of damping value, the second, third, fourth, and fifth modes show low scatter in comparison to the first mode. This level
of the consistency of the results over the different 16 processed datasets shows the repeatability of the analysis and underpins
the applicability of the measurements and the modal estimation approach for the characterizing drivetrain model behavior.

5.5 Conclusions

The modal behavior of an OWT is investigated while the OWT was in stand still condition. The investigation is done by
performing a short-term manual tracking of the modal parameters of the different components of the turbine, e.g. tower,
blades, and drivetrain system. The signals used to estimate the modal parameters are 17 acceleration signals acquired from
tri-axial and uni-axial accelerometers mounted on the drivetrain system (i.e. gearbox and generator) of the turbine. In the
low frequency-band analysis, the consistency of the obtained results with the ones obtained when using signals measured
from sensors mounted on the turbine’s tower confirms the validity of the measurements performed and give confidence in
the OMA technique used for the estimation of the modal parameters. The analysis done in the high frequency-band is an
initial step towards the full dynamic characterization of the modal behavior of the drivetrain system. The results there show
the repeatability of the analysis and confirm the applicability of the used technique for characterizing the drivetrain modal
behavior considering stand still condition. Further investigations for the modal behavior of the drivetrain will be continued,
and an automatic tracking approach could be done.
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Fig. 5.6 Boxplots of the frequencies (left) and damping values (right) of the five dominant modes in the high-frequency band. On each box, the
central mark is the median, the edges of the box are the 25th and 75th percentiles, the whiskers extend to the most extreme values that were not
considered as outliers and the outliers are plotted individually using the ‘C’ symbol
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Chapter 6
Structural Damage Detection in Real Time: Implementation of 1D
Convolutional Neural Networks for SHM Applications

Onur Avci, Osama Abdeljaber, Serkan Kiranyaz, and Daniel Inman

Abstract Most of the classical structural damage detection systems involve two processes, feature extraction and feature
classification. Usually, the feature extraction process requires large computational effort which prevent the application of
the classical methods in real-time structural health monitoring applications. Furthermore, in many cases, the hand-crafted
features extracted by the classical methods fail to accurately characterize the acquired signal, resulting in poor classification
performance. In an attempt to overcome these issues, this paper presents a novel, fast and accurate structural damage detection
and localization system utilizing one dimensional convolutional neural networks (CNNs) arguably for the first time in SHM
applications. The proposed method is capable of extracting optimal damage-sensitive features automatically from the raw
acceleration signals, allowing it to be used for real-time damage detection. This paper presents the preliminary experiments
conducted to verify the proposed CNN-based approach.

Keywords Real-time structural damage detection • Damage identification • Structural health monitoring • Convolutional
neural networks • Infrastructure health

6.1 Introduction

Regular inspection of large infrastructure is a time and resource consuming process. Therefore, several structural damage
detection systems have been developed in an attempt to automatically identify and localize the damage. Previous studies
suggest that nonparametric global damage detection methods are ideal for monitoring of large civil structures [1, 2]. These
methods utilize statistical techniques to analyze the measured vibration response in order to evaluate the condition of the
monitored structure [3].

Recently, researchers started to explore machine learning approaches to develop new nonparametric global methods for
damage detection. Generally, the currently available machine learning based damage detection approaches involve two tasks,
feature extraction and classification. The first task requires extracting hand-crafted features that capture the most distinctive
information in the measured acceleration signals which can be correlated to the structural damage. The second task involves
training a certain classifier that is used to classify the extracted features and identify the structural damage. Several features
and classifiers have been implemented in structural damage detection systems. Examples of the feature extraction techniques
used for machine learning based damage detection include principal component analysis [4], autoregressive modeling [5],
simple statistical analysis [6], and wavelet transform [7]. Also, artificial neural networks [4] and support vector machine [8]
are some examples of the classifiers used for feature classification.

It is obvious that the performance of machine learning based damage detection methods relies on the hand-crafted features
as well as the selected classifier. Consequently, one should be careful when choosing the extracted features to ensure that
they characterize the most important information in the analyzed signals. Additionally, based on the extracted features, a
suitable classifier should be trained to classify these features correctly. Therefore, researchers usually follow a trial-and-error
approach in an attempt to obtain the best features/classifier combination. However, there is no guarantee that a particular
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Fig. 6.1 Qatar University grandstand simulator

combination which appeared to be appropriate for a certain structure would be a suitable choice for other structures. Certainly,
extracting sub-optimal features or using unsuitable classifier will adversely affect the performance of the damage detection
system. Another issue is that the feature extraction/classification approach requires large computational effort, which prevents
the use of machine learning based methods for real-time SHM.

The study presented in this paper attempts to resolve the problems associated with the classical machine learning based
methods by using 1D convolutional neural networks (CNNs). One of the most attractive attributes of CNNs is that they merge
feature extraction and classification tasks into a compact learning body. Therefore, CNNs are capable of learning the optimal
features and classifier parameters based on the raw data only. Recent studies have shown that CNNs outperform conventional
machine learning methods in many problems such as object recognition in images [9], classification of electrocardiogram
(ECG) signals [10], and fault detection in power engines [11].

Researchers at Qatar University (QU) are currently conducting extensive experimental and analytical studies on SHM
of stadiums. Therefore, a large grandstand simulator with a footprint dimension of 4.2 � 4.2 m is being constructed at QU
to serve as a test bed [12]. So far, only the main steel frame of the grandstand simulator has been constructed as shown in
Fig. 6.1. This steel frame has several beam-to-girder connections which can be loosened to simulate structural damage
(stiffness loss at the joints). The research team employs the structure to test different damage detection algorithms before
finalizing the construction. This paper reports the preliminary experimental results on the QU grandstand simulator to validate
the proposed CNN-based damage detection algorithm.

The rest of this paper is organized as follows. Section 6.2 briefly explains 2D and 1D CNNs. Section 6.3 introduces the
proposed damage detection algorithm. Section 6.4 details the preliminary experiments conducted to verify the CNN-based
algorithm. Finally, the experimental results are discussed in Sect. 6.5, while the conclusions are provided in Sect. 6.6.

6.2 1D and 2D CNNs

CNNs are feedforward neural network with a neuron pattern inspired by the structure of human visual cortex. Standard CNNs
(i.e. 2D CNNs) are typically used for classifying two-dimensional inputs such as videos and images, while 1D CNNs are
used to analyze 1D signals. A standard 2D CNN with an input layer of size 28 � 28 is shown in Fig. 6.2. This CNN contains
alternating convolution and sub-sampling layers followed by a number of multi-layer perceptron (MLP) layers. The MLP
layers process the outputs of the convolution layers to generate an output vector that represents the classification of the input
signal. The architecture of a 2D CNN depends on the sizes of the convolution layers and the sizes of the MLP layers of the
kernel size and the sub-sampling factor, which were set in Fig. 6.2 as 5 and 2, respectively. Unlike traditional filters that have
predefined parameters, the parameters of the 2D filter kernels in CNNs are automatically optimized by back propagation.

1D CNNs are similar to their 2D counterparts but with some structural differences [10]. Obviously, the main difference is
that the 1D CNNs deals with 1D arrays rather than 2D matrices, which means that 2D matrix operations in 2D CNNs should
be replaced by their 1D equivalents. Also, similar to the 2D CNNs, the training of 1D CNNs is carried out through back
propagation. The reader is referred to [10] for more details on the forward and back propagation operations in 1D CNNs.
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Fig. 6.2 A standard 2D CNN [10]

6.3 The Proposed CNN-Based Algorithm

As shown in Fig. 6.1, the steel frame of QU grandstand simulator has 25 filler beams connected to six horizontal beams.
Structural damage can be simulated by loosening the bolts at beam-to-girder connections. In this preliminary study, only
the five connections marked in Fig. 6.1 were considered. As explained in Sect. 6.4, an accelerometer is placed at each one
of these five joints. Also, a modal shaker is used to apply random excitation to the structure. The proposed CNN-based
algorithm is supposed to analyze the five acceleration signals in order to identify the damage and locate the damaged joint
(if any).

The main idea of the proposed algorithm is to train a single 1D CNN classifier for each joint. This classifier is supposed
to process the acceleration signal measured at its corresponding joint and determine whether this joint is damaged or not. To
train the five CNNs corresponding to the five joints, it is required to obtain a data set that contains undamaged and damaged
acceleration signals collected at each joint. To generate this data set, it is required to conduct a total of 5 C 1 D 6 experiments.
In the first experiment E D 1, the five acceleration signals are measured under random excitations while the five joints are
undamaged. The signals measured in this experiment are denoted as UE D 1 , J D 1 , UE D 1 , J D 2 , : : : , UE D 1 , J D 5, where J is the
joint number, E is the experiment number, and U indicates that the signal was measured while the joint is undamaged. In each
experiment k C 1 (1 � k � 5), the kth joint is damaged by loosening its bolts, and the five acceleration signals are measured
under random excitation. The resulting signals are denoted as UE D k C 1 , J D 1 , : : : , DE D k C 1 , J D k , : : : , UE D k C 1 , J D 5,
where the notation D indicates that the signal was measured while the corresponding joint is damaged.

After conducting the experiments, the undamaged and damaged signals measured at each joint i are grouped together to
create the vectors required for training the CNNs:

Undamagedi D ŒUED1;JDi � � � UEDi;JDi UEDiC2;JDi � � � UED6;JDi� (6.1)

Damagedi D ŒDEDiC1;JDi� (6.2)

Next, the vectors are divided to a large number of frames having ns samples. The resulting frames at each joint i can be
represented as:

UFi D �
UFi;1 UFi;2 � � � UFi;nuf

�
(6.3)

DFi D �
DFi;1 DFi;2 � � � DFi;ndf

�
(6.4)

where UFi and DFi contain the undamaged and damaged frames corresponding to the joint i, respectively, and nuf and ndf are
the number of undamaged and damaged frames, respectively. Given the total number of samples in each acceleration signal
nT , nuf and ndf can be computed as

nuf D n � nT

ns
(6.5)
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ndf D nT

ns
(6.6)

After that, the frames stored in vectors UFi and DFi are normalized between �1 to 1 resulting in the vectors UFFi and
DFFi. Finally, based on the data in UFFi and DFFi, a 1D CNN classifier CNNi is trained using back-propagation algorithm.

Once the five CNNs are trained, they can be easily used to evaluate the condition of the five joints. The following procedure
explain how to use each CNN to obtain an index that represents the probability of damage at joint i directly from the raw
acceleration measurements:

1. Apply damage at one of the five joints (or keep them undamaged).
2. Apply a random shaker input.
3. Measure the acceleration signal at each joint.
4. Divide each acceleration signal to a number of frames each containing a total of ns samples.
5. Normalize the frames between �1 to 1.
6. Feed the normalized frames measured at each joint to the corresponding CNN (CNNi ).
7. Compute the probability of damage (PoDi) at the ith joint as below:

PoDi D Di

Ti
(6.7)

where Ti is the total number of frames processed by CNNi, and Di is the number of frames which are classified as damaged.
It is expected that the PoD computed at a damaged joint will be significantly high (close to 1.0), while the PoD obtained at
an undamaged joint will be very low (close to 0.0).

6.4 Experimental Demonstration

In this section, the preliminary experimental work carried out to verify the proposed CNN-based algorithm is explained. As
mentioned earlier, the objective here is to monitor five joints along a single girder in QU grandstand simulator. Therefore, five
PCB model 393B04 accelerometers were attached to the girder at the locations of the five joints using 080A121 magnetic
mounting plates. The random excitation was supplied by a TMS 2100E11 modal shaker. DT9857E-16 data acquisition
module was used to generate the shaker’s output and collect the acceleration signals.

As explained in Sect. 6.3, six experiments were conducted to collect the training data. In each experiment, the structure
was subjected to 0–512 Hz random excitation and the five acceleration signals were measured at a sampling frequency
of 1024 Hz. Each experiment was conducted for 256 s, which means that each acceleration signal contains nT D 262144
samples. The number of samples in each frame ns was taken as 128. A Matlab code was written and used to create the
vectors UFi and DFi required for training the five CNNs as explained in Sect. 6.3. Also, the training of 1D CNNs through
forward and back propagation was implemented in CCC using MS Visual Studio 2013 in 64-bit.

The structure of five CNNs was selected by trial-and-error. Each CNN has two convolution layers and two MLP layers.
The number of neurons in the first and second convolution layers was set as 64 and 32, respectively, while the number of
neurons in each MLP layer was set to 10. The kernel size K, and the sub-sampling factor ss for all CNNs are set to 41 and 2,
respectively.

Once the training is complete, the performance of the five CNNs was tested against six structural cases according to
the seven steps presented in Sect. 6.3. In Case 1, the five joints are kept undamaged, while the remaining cases involved
damaging one of the joints. For each case, the response of the monitored girder under random excitation was collected,
divided to frames, normalized, and then fed to the five CNNs to compute the PoD value at each joint. The resulting PoD
distributions are presented in Fig. 6.3.
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Fig. 6.3 PoD distributions computed for the six cases by the proposed algorithm

6.5 Discussions

The results of the preliminary experimental study demonstrate the efficiency of the proposed CNN-based algorithm. Looking
at the PoD distributions presented in Fig. 6.3, it is clear that the PoD values computed at the undamaged joints are significantly
higher than those assigned to the damaged joints. This clearly shows that the proposed algorithm was able to identify and
localize very slight structural damage directly from the raw acceleration signals.

6.6 Conclusions

This paper presented a fast and accurate algorithm utilizing 1D CNNs for real-time damage detection and localization.
A preliminary experimental study was conducted to verify the proposed CNN-based approach on the steel frame of QU
grandstand simulator. The experimental results showed that the proposed algorithm is very promising as an alternative to the
conventional machine learning based damage detection methods.

Acknowledgements The authors are grateful to SOLB26 WLL company of Qatar for providing the steel framing and installing it at the Qatar
University Structures Laboratory.
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Chapter 7
Monitoring the Health of a Cantilever Beam Using Nonlinear
Modal Tracking

Timothy A. Doughty, Alexandra K. Blaser, and Jacob R. Johnston

Abstract Cantilever beams can often be used as representative models for more complex systems and can accurately display
the expected behavior of these systems under different loads. The health of a cantilever beam after being subjected to
harmonic excitation at its second resonance frequency is determined using a nondestructive health monitoring technique.
Nonlinear Modal Tracking assumes a second order differential equation that factors in mass, stiffness, and damping of the
beam with a cubic nonlinearity parameter. Research so far has confirmed that a drastic shift in this nonlinear term is a result
of crack initiation and an indicator of the beam’s transition from healthy to unhealthy. Application of this Nonlinear Modal
Tracking can be beneficial in monitoring the health of structures in order to predict catastrophic failure. The purpose of this
study was to investigate several new techniques and conditions to verify the robustness of the model.

This experimental study included three newly considered beam geometries and then induced cracks using stress
concentrations. Additionally, multiple frequency excitation was considered, and noise was added to the excitation frequency.
This method of study is vital to future implementation of Nonlinear Modal Tracking in more complex systems. The technique
successfully predicted the onset of beam failure during 5 of 6 beam experiments.

Keywords Nonlinear • Vibration • Health monitoring • Cantilever • Real-time

Nomenclature

� Excitation Frequency
/ Nonlinear parameter
A Vertical displacement
c Damping
D� Bending stiffness
F Input force
L Length of total beam
m Mass
NDE Nondestructive evaluation technique
NMT Nonlinear modal tracking
s Horizontal displacement
t Time

7.1 Introduction

In complex systems it is often very difficult to determine the current health and therefore the likelihood of detrimental
failure. When a system is continuously in contact with oscillating loads, the system tends to fail through fatigue and crack
propagation. The lifespan of some systems can be longer than several decades and it is extremely challenging to determine
the current health and the remaining active life of these systems. Doing routine checks on the health of active systems can
take quite a long time, cost a great deal, and cause delays in the activities and uses associated with these systems.
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Table 7.1 Summary of previous using NDE and NMT research methods

Paper Date Type of test
Beam geometries and
modifications Frequency range

Loutridis [9] 2005 Instantaneous frequency
(linear)

Unmodified 1st resonant frequency

Doughty [7] 2010 Nonlinear modal tracking Unmodified 2nd resonant frequency
Doughty [13] 2016 Nonlinear modal tracking Heat treated, weighted beams,

asymmetric
2nd resonant frequency

This study 2016 Nonlinear modal tracking Unmodified, tapered, parallel,
induced stress concentrations

1st and 2nd resonantFrequency, noisy input
Frequency, near-resonant frequencies

These constraints create a widespread need for a method of determining the health of these systems that also allows them
to continue normal operations [1]. Research in the last few decades has yielded Nondestructive Evaluation Techniques (NDE)
that provide useful information about the system without causing damage to that system [2–4]. This type of method may
give significant warning to an expected failure when it recognizes crack initiation in a system. This technique could make
routine checks on large systems obsolete as long as the health monitoring technique responds to the instigation of cracks or
changes and alerts when maintenance is required. A robust method to recognize the growth of potentially catastrophic cracks
and thereby predict and prevent failure would be very valuable. Millions of dollars could be saved in avoiding system health
checks and lives could be saved by preventing failure.

This research is part of a progressive effort using the NDE technique known as Nonlinear Modal Tracking (NMT). This
method has been proven successful at predicting the onset of failure for several test conditions [5–7]. The NMT method
investigates the estimation of a nonlinear parameter in the equation of motion for a vibrating cantilever beam as a means
to detect crack formation. This study expands the prior testing conditions to verify that the NMT method can predict the
transition from healthy to unhealthy in a variety of systems. This work confirms that the NMT method can consistently
detect changes in nonlinearity and report them prior to failure.

7.2 Background

Many of the current NDE methods detect crack initiation by tracking shifts in a system’s natural frequency and using
approximations based on linear parameters in the governing equations [8–12]. While these methods are popular and easier
to implement, they often fail to recognize healthy nonlinear behavior that may be present in the system and then incorrectly
diagnose the health of the system [7]. The NMT method can accurately assess the changes in a system’s nonlinear behavior,
and in turn, indicate the onset of failure. A summary of the NMT systems explored in prior work is shown in Table 7.1. For
the purpose of this study, a cubic stiffness parameter was assumed to be used in the model. The cubic stiffness nonlinearity
simplifies the model by absorbing the other system nonlinearities and will not misdiagnose the health of the system with
small changes in the dynamics of the system [14].

In previous studies, the NMT method has been able to accurately predict the onset of failure without deriving a physically
accurate model or the parameters associated with that model [13]. Other studies have shown that the model is successful
when using minimal amounts of data, using a generic pre-collected data set, collecting data using strain gages instead of
accelerometers, and testing various system geometries [5, 15]. Despite major changes in the system, the NMT model’s
resiliency points to its robustness and viability of real-world application.

7.3 Theoretical Model Development

For the purposes of this study, a cantilever beam is mounted horizontally and excited vertically at and near its second resonant
frequency. This configuration is shown in Fig. 7.1.

In this theoretical model, several parameters are defined in the equations below. Mass is given by m, damping by c, bending
stiffness by D� , amplitude of vertical displacement by A, excitation frequency by˝ , time by t, horizontal displacement along
the beam by s, and length of the total beam by L. The model for the transverse displacement of a cantilever beam with
nonlinear bending stiffness is shown below [16]:
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Fig. 7.1 Theoretical configuration for excited cantilever beam in second mode shape
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Let 
(s) be the shape of the orthonormalized mode when the excitation is modal and the displacement spatially dependent
given by:
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Considering the second mode, [17] defines the following:
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(s), then the nonlinear partial differential equation reduces to:
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The system’s parameters can be estimated by collecting the input force, F(t), and the measured response, a(t), and the
equation becomes a simple mass spring damping model. The nonlinear parameter / then becomes the only unknown and is
plotted with respect to time.

7.4 System Identification

The linear parameters of a mass spring damping model must be initialized to better estimate the nonlinear term. After the
resonant frequency of a healthy cantilever beam is determined, response data is collected at six frequencies around resonance.
The data collected assumes no nonlinearity due to the low response of excitation to the system, and the three linear terms m,
k, and c, can be solved using a least-square regression.

Although it is expected that some of these parameters will fluctuate as time progresses during testing, these terms may
lack physical meaning. For the purpose of this method, these values are required to solve for the nonlinear term.

Accelerometers are attached to the system to measure stimulus and response acceleration data, which is integrated to form
a matrix of velocity and position vectors. These vectors are related to the forcing function through displacement, velocity,
and acceleration by:

h
Ra.t/ Pa.t/ a.t/ a.t/3

i
Œm c k /�T D F.t/; (7.10)

Solving the equation for nonlinear term / gives:

/D fF.t/ � mRa.t/ � cPa.t/ � ka.t/g � ˚a3�T
: (7.11)

The nonlinear term is plotted with respect to time in MatLab using the above equation. Significant change in / indicates
the system’s transition from healthy to unhealthy due to crack propagation, and therefore gives warning that predicts
catastrophic failure.

7.5 Experimental Procedure

In this experiment, a 6061 Aluminum beam with dimensions 12.7 � 1.57 � 500 mm is clamped into a Vibration Exciter Type
4809 from B&K Instruments. The shaker receives a signal from a sinusoidal function generated from LabVIEW, which is
then amplified using a B&K Power Amplifier Type 2706. Accelerometers are placed on the clamp (X) and 4.5 cm from the
clamp on the beam (Y). The typical setup is shown in Fig. 7.2.

Fig. 7.2 System configuration
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Fig. 7.3 Response of ratio of accelerometer data at a range of frequencies

X is read as the stimulus sinusoidal data and Y is read as the response sinusoidal data. During the Sweep, LabVIEW
collects the acceleration data and plots the amplitude of the ratio of Y to X to determine resonant frequency. At the resonant
frequency, the ratio of the Y to X is greatest in amplitude. Figure 7.3 shows a typical frequency vs response ratio from 28 Hz
to 32 Hz.

The method of Steady State data collection has been proven to identify the linear parameters of the system [18]. At
frequencies of ˙0.75, ˙1.25 and ˙2.0 Hz from the resonant frequency, acceleration data is collected by the accelerometers.
This data is then input into MatLab and the linear terms are estimated using a least-squared method.

The beam is then set to vibrate at its second resonant frequency until it is broken. During this process, the acceleration
data is collected from both accelerometers. Introduced in this study was the capability to plot the nonlinear term in near
real-time. Immediately after the acceleration data is obtained, it is imported into MatLab for processing. Using Eq. (7.11),
the nonlinear term is solved. The graph produced by MatLab updates the nonlinear term every two seconds creating a plot.

In order to determine the adaptability of the model to several real world applications, this method was tested on
differing conditions. Varying beam geometry, addition of stress concentrations, excitation at multiple frequencies, and the
implementation of noise to the stimulus were all considered during this investigation.

By implementing real-time analysis, monitoring the nonlinear parameter / and noting significant changes can yield
immediate results that indicate crack formation. This significant change has often occurred long before catastrophic failure.
It is much more practical to use real-time analysis to determine the remaining health of the system.

7.6 Results

In order to check the robustness of the model, several different conditions were applied to the beams. Most systems are much
more complicated than a single cantilever beam configuration, so there is a desire to test more intricate systems. Two beams
were connected in parallel 26 mm apart by a link made of the same material through the process of welding. The link was
placed 4.5 cm from the clamp and the accelerometer was placed directly on the link segment. The results of this test are
shown in Fig. 7.4.

For the second beam geometry, the beam was tapered asymmetrically. At the clamp, the beam was left at a width of
12.7 mm and the end width was 2 mm with only one side being machined. As seen in Fig. 7.5, the significant change in alpha
is apparent at minute 400 with a break around minute 480.

To create a stress concentration in the beam, a hole with a diameter of 6 mm was drilled at 38 mm from the clamp. Since
the diameter of the hole is half the original width of the beam, the nominal stress is theoretically twice that of a regular beam
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Fig. 7.4 Parallel beam configuration alpha plot

Fig. 7.5 Alpha plot for asymmetric tapered beam

at the same point. The force has remained the same but the cross-sectional area has decreased by half, meaning the stress
must be doubled. The plot of Alpha is shown below in Fig. 7.6 with a significant increase around minute 275, just before the
break.

In order to excite the beam at multiple frequencies, several sinusoidal inputs were added. Once the Sweep test confirmed
values for the second resonance frequency, sine waves were added at frequencies of ˙0.5 Hz from resonance. This resulted
in a beat or pulse that can be represented by the Fig. 7.7 below.

For these multi-frequency beams Fig. 7.8 alpha plot shows a beam with a resonant frequency of 32.07 Hz added to near-
resonance frequencies 32.57 Hz and 31.57 Hz, both at an amplitude of 0.15. The significant change in alpha occurs around
minute 275 with an abrupt spike from its downward trend. Figure 7.9 alpha plot shows a beam with a resonant frequency
of 31.27 Hz added to near-resonant frequencies of 31.77 Hz and 30.77 Hz. This plot shows a significant change in alpha at
around 1200 minutes with a break occurring at 1300 minutes.

Another test that was conducted during this study was a combination of the first and second mode resonances. A sweep
test was conducted to identify both the first and second resonant frequencies. Once both were obtained, the first resonant
frequency with a small amplitude was added to the second resonant frequency. This resulted in a visual of both first and
second mode oscillations. These two modes can be seen in Fig. 7.10. A plot of the alpha value is shown in Fig. 7.11.
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Fig. 7.6 Alpha plot for stress concentration beam

Fig. 7.7 Sinusoidal beat with resonance frequency 10 Hz

This plot displays a significant increase in alpha at minute 1400, when the crack growth initiated. The beam breaks at the
peak of this increase at minute 1600 and alpha remains at a constant, confirming the beam has broken. While the value of
alpha does gradually change and fluctuate, this can be attributed to irregularities in the beam or subtle shifts in beam stiffness.
The large changes, however, are a direct result of crack formation and therefore crucial to note.

One last test that was conducted was the addition of noise to the input signal. This was to mimic the real world conditions
which will not provide noise-free excitations to the system. The biggest struggle was determining how to simulate a noisy
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Fig. 7.8 Near-resonant frequency excitation alpha plot at 32.07 Hz

Fig. 7.9 Near-resonant frequency excitation alpha plot at 31.27 Hz

signal and input it to the shaker. In the end, a sinusoid with a random and varying amplitude was added to the resonant
frequency to simulate noise. As shown in the alpha plot for this test in Fig. 7.12 below, a significant change in alpha can be
seen in several places. The most notable change occurs at minute 3000, with the break occurring at roughly 4200 minutes.
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Fig. 7.10 Diagram of first and
second mode shapes
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Fig. 7.11 Alpha plot of beam set to first and second mode

7.7 Discussion

For the parallel beam configuration, the alpha plot showed early indication of failure, roughly 500 minutes into the break
stage. At 1900 minutes graph showed catastrophic failure. The use of NMT proved successful by indicating imminent failure
at approximately 26% of total life of the beam. Although static is apparent in the plot, the constant nature of alpha during
this period shows that the beam had been broken.

Through the use of real-time analysis, physical changes were noted in the amplitude of the beam’s response at the same
time that significant changes in alpha were found around minute 500 of testing. The ability to monitor the plot of the nonlinear
term despite being unable to physically inspect the system while it is in use makes determining system health much more
manageable and much less expensive.

The alpha plot for the tapered beam in Fig. 7.5 shows a clear transition from healthy to unhealthy, and from unhealthy to
catastrophic failure. This is proof that the Nonlinear Modal Tracking method of health monitoring gives a distinct indication
of break prior to failure even when the beam geometry has been altered in this fashion. The indication of unhealthy behavior
occurs at roughly 83% of the beam’s total lifespan, giving sufficient warning of the system’s break.

Stress concentrations can often be found in many real world systems and therefore are crucial to be tested in this study.
As seen in Fig. 7.6, the alpha plot remained relatively constant throughout the break stage until the last ten minutes of the
beam’s life. The indication of unhealthy behavior occurred 97% into the beam’s life. Ideally, this significant change should
occur well before the failure of the system so as to offer time to take action concerning the system’s health.

Systems in use are often not excited at a single frequency. These systems undergo pulses or beats as a direct result of
multiple frequencies whose values are similar. This can result in a vastly different response from the system. As seen in
Fig. 7.8, this resulted in a very noisy plot of the alpha value, but ultimately responded positively to the NMT method with a
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Fig. 7.12 Alpha plot for beam with noise addition

significant change in the trend of alpha 68% into its total life. In Fig. 7.9, the irregularity in the jump in alpha around minute
600 is a direct result of an error in the data collecting hardware. The significant change of alpha at 1200 minutes, however,
does indicate a transition from healthy to unhealthy at roughly 92% of the total life of the beam.

All physical objects have infinite resonant frequencies and some of them may become excited at the same time. In order
to test this likely phenomenon, the first and second resonant frequencies were added and input to the system. Figure 7.11
shows a significant change in alpha at minute 1400 and the beam breaks at 1600 minutes. The indication of the transition
occurs at 87% of the total life of the beam.

Previous studies have looked into the use of NMT with noise added to the data post collection. In this study, noise added
was added to the input signal in order to determine the effects that noise has on the system during testing. As seen in Fig.
7.12, this resulted in unpredictable changes in alpha. Each significant change in alpha over the course of the test is a result
of some nonlinear change in the system, the greatest of which occurring around the minute 3000. This shows indication
of transitioning from healthy to unhealthy at 70% of the life of the beam. This shows that without perfect conditions of
frequency excitation, the NMT method is still valid in determining failure.

7.8 Conclusion

This study introduced the NMT method in order to predict failure in an oscillating cantilever beam. In order to do this, the
nonlinear parameter alpha was plotted over the time of this oscillation and several new testing conditions were implemented.
This was in hope of determining if the transition from healthy to unhealthy could be recognized prior to the break.

This study concludes that the use of NMT is effective in determining the health in systems with varying geometries,
multiple frequency excitation, and input noise through the use of a nondestructive technique. While this method was also
accurate in determining the health of a beam subject to stress concentrations, the crack indication on the alpha plot appeared
significantly late in the life of the beam. It is recommended that further study be completed in order to verify the robustness
of this model in determining beam health under this condition.

The use of real-time analysis and alpha tracking further enhanced the ability to analyze the health of the system. For most
of the conditions tested during this study, the plots gave significant warning of failure once crack initiation began. Systems
would benefit from being monitored continuously in the real world; this real world application would be irrelevant if the
nonlinear parameter could not be monitored in real-time.
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The NMT method has shown real prospect for future use in monitoring the health of more complicated systems. With
further study, this method could be viable in determining the health of systems such as bridges and airplanes. Implementing
this method could very much reduce unnecessary maintenance costs or give warning that a system needs to be shut down
before failure. Future research should investigate possible reasons for the smaller changes in alpha that occur due to
fluctuation of the linear nature of the system.
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Chapter 8
Using Modal Parameters for Structural Health Monitoring

Shawn Richardson, Jason Tyler, Brian Schwarz, Patrick McHargue, and Mark Richardson

Abstract In two recent papers, we introduced the idea of numerically comparing currently acquired operating data with
archived data to identify faults in rotating machinery (Ganeriwala et al.: Using operating deflection shapes to detect unbalance
in rotating equipment. In: IMAC XXVII. Orlando, FL (2009); Richardson et al.: Using operating data to locate and quantify
unbalance in rotating machinery. In: IMAC XXXIV, January 25–28, 2016). We introduced a new metric for comparing two
operating deflection shapes called the Shape Difference Indicator (SDI). In another previous paper (Richardson et al.: A
new measure of shape difference. In: IMAC XXXII, February 3–6, 2014), we used SDI to measure the difference in modal
frequencies from before and after a stiffness change was made to a mechanical structure.

In this paper we provide more details of how experimental modal frequency and damping parameters can be used together
with the SDI metric as a means of detecting and quantifying changes in the physical properties of a structure.

Also, we have implemented SDI together with a search method for ranking the differences between currently acquired
modal parameters and archived modal parameters. We call this new method Fault Correlation Tools (FaCTs™). FaCTs™ can
be used in multiple applications, including structural health monitoring, production qualification testing, and recertification
of machinery in field maintenance applications.

Keywords Fourier spectrum • Auto power spectrum • Cross power spectrum • Frequency response function • Experi-
mental mode shape • Operational mode shape • Modal assurance criterion • Shape difference indicator

8.1 Introduction

It is well known that any change in a physical property of a mechanical structure (e.g. its mass, stiffness, or damping)
has a direct effect on its resonant vibration. If the stiffness of a structure is increased, its resonant frequencies will increase.
Likewise, if its stiffness is decreased, its resonant frequencies will decrease. Alternatively, if the mass of a structure increases,
its resonant frequencies will decrease [1, 2]. If the mass decreases, its resonant frequencies will increase. If the damping
forces applied to a structure are increased, the damping of its resonances will increase [3].

Each resonance is mathematically characterized by its three modal parameters (natural frequency, modal damping, and
mode shape).

Modal parameters can be extracted from acquired vibration data using a wide variety of sensors and instrumentation,
under a wide variety of operating conditions.

In this paper we show how experimental modal frequency and damping can be used together with the SDI metric as a
means of detecting and quantifying changes in structural stiffness. SDI is similar to the Modal Assurance Criterion (MAC),
which provides a numerical comparison between two mode shapes [4, 5]. Like MAC, SDI is a correlation coefficient with
values that range between 0 and 1. A value of 1 indicates no difference between two shapes. A value less than 1 indicates
that two shapes are different.

The SDI metric has been implemented together with a search algorithm to correlate currently acquired modal parameters
with parameters stored in an archival data base. We call this new search method Fault Correlation Tools (FaCTs™). The
result of each database search is a display of the Top Ten FaCTs™ bars (highest SDI values) between the current modal
parameters and modal parameters stored in the database.
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Fig. 8.1 Jim beam test structure

FaCTs™ can be used in several ways.

1. To indicate slowly occurring changes in the modal properties of a machine or structure from monitored data
2. To identify specific mechanical faults which have been associated with certain modal parameters archived in a database
3. In qualification testing were the experimental modal parameters of each test article are used to determine its pass-fail

condition

In this paper, we will revisit the use of FaCTs™ to identify the torque used to tighten one of the cap screws of the Jim
Beam structure shown in Fig. 8.1 [3]. It will be shown that FaCTs™ can uniquely identify the amount of torque applied to
the cap screw from among five different test results.

The Jim Beam was impacted with the instrumented hammer shown in Fig. 8.1. Three FRFs were calculated between
the acquired impact force and the tri-axial accelerometer response signals. The locations of the impact force and the
accelerometer are not critical. However, if their locations are chosen closer to the anti-node (large mode shape amplitude) of
a mode, any physical change will potentially have more influence on that mode.

After impacting the structure, the resulting FRFs were curve fit to extract the frequency and damping of six modes. The
number of modes used is also not critical, but higher frequency modes will typically be more sensitive to physical changes.

When multiple modal frequencies are used, they are stored as a “shape”. In this use, the term “shape” simply means that
two or more modal frequencies are stored and treated mathematically like a vector. MAC correlates two mode shapes [4, 5].
SDI was developed for the same purpose; to correlate two shape vectors of data.

It will be shown that FaCTs™ can identify each of the five different test cases by comparing the modal frequencies
acquired from each impact test with archived frequencies associated with a specific amount of torque applied to the cap
screw.

Before discussing the test results, the Modal Assurance Criterion (MAC) and the Shape Difference Indicator (SDI) will
be reviewed to point out their differences. It will then be shown that by increasing its sensitivity, SDI can be used as a reliable
metric for uniquely identifying modal frequencies associated with specific joint stiffnesses.
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8.2 Review of Modal Assurance Criterion (MAC)

You might be wondering, if MAC is used for numerically correlating two shapes, why introduce another correlation method?
SDI was developed to overcome two limitations of MAC, namely,

1. MAC only indicates the co-linearity of two shapes
MAC D 1 if two shapes lie on the same straight line

2. MAC cannot measure the difference between two numbers MAC D 1 if two shapes only have one component

MAC is defined with the formula,

MAC D



fAgh fBg




2

fAgh fAg fBgh fBg (8.1)

fAg D shape A (complex m-vector)
fBg D shape B (complex m-vector)

m D number of matching DOFs between the shapes
h–denotes the transposed conjugate vector
Figure 8.2 depicts two possible cases for MAC values. If two shapes lie on the same straight line, then MAC D 1. If two

shapes do not lie on the same straight line, then MAC < 1.
MAC cannot answer the question, “If two shapes lie on the same straight line, are they different from one another?” To

answer that question, a measure of the difference between two shapes was developed [3].

Fig. 8.2 MAC cases
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Fig. 8.3 SDI cases

8.3 Review of Shape Difference Indicator (SDI)

The shape difference indicator is defined with the formula,

SDI D
 
1 � kfAg � fBgk2

fAgh fAg C fBgh fBg

!2
(8.2)

or

SDI D
0
@ 2 real

�
fAgh fBg

�

fAgh fAg C fBgh fBg

1
A
2

(8.3)

real D real part of the shape product
SDI values also range between 0 and 1. If two shapes have identical shape components, SDI D 1. If two shapes have

different shape components, SDI < 1. Several examples illustrate typical SDI values.

• If fAg D fBg, SDI D 1
• If fAg D f0g or fBg D f0g, SDI D 0
• If fAg D 2fBg, SDI D 0.64
• If fAg D 10fBg, SDI D 0.04

8.4 Identifying Cap Screw Torque

SDI can be used to detect differences between two shapes, no matter what type of data they contain. To illustrate this,
different amounts of torque where applied to one of the Allen screws that attach the top plate to the back plate of the Jim
Beam, shown in Fig. 8.4.

Six different torque values were applied to the Allen screw on the Jim Beam;
Case 1: 10 in-lbs.
Case 2: 15 in-lbs.
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Fig. 8.4 Torque applied to Allen screw

Fig. 8.5 Modal frequency shapes

Case 3: 20 in-lbs.
Case 4: 25 in-lbs.
Case 5: 30 in-lbs.
Case 6: 35 in-lbs.
The Jim Beam was impact tested after each of the 6 torques was applied to the Allen screw. For each case, three FRFs

were calculated (between the force and the three acceleration responses), and the FRFs were curve fit to extract the modal
frequency and damping of six modes.

The frequency and damping of six modes of the Jim Beam were stored as shape components in two shape tables. The
“modal frequency shapes” are listed in Fig. 8.5, and the “modal damping shapes” are listed in Fig. 8.6.

The expected result regarding modal frequency is in evidence by examining each row of modal frequencies in Fig. 8.5.
As the screw torque was increased (from Shape 1 to Shape 6) the modal frequencies of all six modes increased compared to
the previous case.

A (perhaps unexpected) result occurred with the modal damping values, however. By examining each row of modal
damping values in Fig. 8.6, the damping of the structure was not significantly affected by changes in the torque applied to
the Allen screw. The modal damping values in each row did not change significantly from one shape to the next one.
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Fig. 8.6 Modal damping shapes

Fig. 8.7 SDI values of modal frequency shapes

8.5 SDI and MAC with Modal Frequency Shapes

The bar chart in Fig. 8.7 is the SDI values for all pairs of modal frequency shapes in Fig. 8.5. Each diagonal bar is the SDI
value for a case with itself, which has the expected value of 1. Each off-diagonal bar is the SDI value for a pair of dissimilar
stiffness cases.

OFF-DIAGONAL PROPERTY: If an off-diagonal bar is less than 0.9 in a chart of bars between different pairs of
shapes, the SDI (or MAC) metric can be used to uniquely distinguish between the two cases associated with the shapes.

The desired off-diagonal property is not exhibited in the SDI bar chart in Fig. 8.7, nor in the MAC bar chart in Fig. 8.8.
Both bar charts show that neither SDI nor MAC could be used as a metric for distinguishing between the modal frequencies
for the five stiffness cases.
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Fig. 8.8 MAC values of modal frequency shapes

Fig. 8.9 SDI curves for fug and fvg

However, a unique characteristic of the SDI metric can be exploited to increase its sensitivity. With increased sensitivity,
SDI can be used to distinguish the difference between all pairs of frequency shapes in Fig. 8.5.

8.6 Increased SDI Sensitivity

Figure 8.9 is a plot of three SDI curves for different values of two shapes fug and fvg. In general, fug and fvg are vectors, but
in this case each vector only has a real component. Three curves are plotted for the shape fvg D 1, 10, 100.

These SDI curves have two unique properties,

1. When fug D 0, SDI D 0
2. The SDI curve flattens out for large values of fvg, and sharpens up for small values of fvg
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Another way of interpreting the curves in Fig. 8.9 is that SDI is more sensitive to shape differences when the shape values
are smaller.

All of the frequency shape values in Fig. 8.5 are above 100, so the SDI values in Fig. 8.7 when calculated using a very flat
SDI surface. For shapes with multiple components (m > 1), SDI is a surface instead of a line like that in Fig. 8.9. Hence the
SDI bars in Fig. 8.7 are not a very sensitive measure of the shape differences.

However, the curves in Fig. 8.9 show that the sensitivity of SDI can be increased if the vectors fug and fvg are replaced
with the following new vectors, which are both closer to the origin of the SDI surface.

fvg D fsmall numberg where (small number > 0)
fug D fvg C (fug – fvg)
Replacing fug and fvg with fug and fvg, where fvg contains small numbers, moves the peak in the SDI surface closer to

the origin where it makes faster transitions between 0 and 1. This makes the SDI calculation more sensitive to the difference
between fug and fvg.

8.7 Modal Frequency Shapes with Increased Sensitivity

Figures 8.10, 8.11, and 8.12 contain SDI bar charts of the modal frequency shapes for the six stiffness cases, but with
increased sensitivities using small numbers D 0.5, 0.125, and 0.01.

Clearly, increasing the sensitivity of SDI turned it into a useful metric for uniquely identifying all six torque cases. An
off-diagonal SDI value less than 0.90 makes it useful for distinguishing one stiffness case from another.

Fig. 8.10 SDI for frequency shapes (Sensitivity D 0.5)
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Fig. 8.11 SDI for frequency shapes (Sensitivity D 0.125)

Fig. 8.12 SDI for Frequency Shapes (Sensitivity D 0.01)
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8.8 Modal Damping Shapes with Increased Sensitivity

Figures 8.13 and 8.14 contain SDI bar charts of the modal damping shapes for the five stiffness cases. No sensitivity was
used in Fig. 8.13, and a sensitivity of 0.01 was used in Fig. 8.14.

Even with a high sensitivity, some of the SDI bars in Fig. 8.14 have values higher than 0.9. This means that those pairs of
stiffness cases are not distinguishable from one another.

Fig. 8.13 SDI for damping shapes (no Sensitivity)

Fig. 8.14 SDI for damping shapes (Sensitivity D 0.01)
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Fig. 8.15 FaCTs™ identifying 25 in-lbs of torque

8.9 Fault Correlation Tools (FaCTs™)

Using SDI as a search criterion for correlating a currently acquired shape with shapes archived in a database has been trade
marked as FaCTs™, an acronym for Fault Correlation Tools. If each of the archived shapes has been associated beforehand
with a known mechanical fault or condition (cap screw torque in this case), SDI can be used to identify the specific fault.
Using the FaCTs™ search method, the FaCTs™ bars with highest SDI values between the current shape and archived shapes
are displayed in a bar chart. Each bar is labeled with the fault or condition that correlated highest with the current shape.

In Fig. 8.15, the highest FaCTs™ bar identified the current shape as being associated with the Case 4 of cap screw torque.
FaCTs™ can be used in a number of ways for post-processing data in an online machine health monitoring or structural

health monitoring system. As part of an on-line monitoring system, FaCTs™ can be used to graphically indicate any change
in a machine operating condition, or to identify a specific structural change such as the torque changes illustrated in this
paper.

FaCTs™ can also be used as a pass-fail indicator in a qualification testing system. Vibration parameters, or any other
types of engineering parameters acquired from a test article can be numerically compared with archived parameters as a
means of passing or failing the test article. FaCTs™ has been implemented in the Vibrant Technology ME’scope software.

8.10 Conclusion

The example used in this paper illustrated a well known fact, namely that resonant vibration is very sensitive to changes in
the physical properties of a structure. When a physical change in a structure occurs, that change can be detected by measuring
changes in the modal parameters of the structure. Furthermore, modal parameters can be used to identify a specific physical
change by correlating them with archived parameters stored a shapes.

Stiffness changes were introduced into the Jim Beam by applying different amounts of torque to one of the cap screws
used to attach the top plate to the back plate. The amounts of torque applied were different by a very small amount, only 5
in-lbs.

The Jim Beam was impact tested after each of the five different torques was applied to the Allen screw. Then the resulting
FRFs were curve fit to extract the modal parameters of six modes. These parameters were assembled into two tables of shape
vectors, one for the modal frequencies and the other for modal damping.

Two different measures of shape correlation, MAC and SDI, were applied to the modal parameters in the two shape tables.
Both measures indicate the likeness of a pair of shapes. Each is a correlation coefficient for a pair of shapes, with values
between 0 and 1. A value of 1 means that the two shapes are the same, and a value less than 1 means that they are different.
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MAC only measures the co-linearity of two shapes however, and did not indicate any difference between pairs of modal
frequency shapes for the six stiffness cases.

SDI measures the true difference between two shapes, but it also did not initially indicate any difference between pairs of
modal frequency shapes for the six stiffness cases.

However, a unique property of SDI was used to increase its sensitivity, namely that when the values of the shapes are
closer to the origin, SDI transitions more rapidly between 1 and 0 when the two shapes are different.

Thus, by using two modified shapes, one with values close to 0, and the other containing those values plus the difference
between the two original shapes, the sensitivity of SDI was increased. With increased sensitivity, SDI could be used to clearly
identify all six torque cases based on differences between their modal frequency shapes.

SDI was also applied to the modal damping shapes, but even with increased sensitivity, most but not all of the torque cases
could be distinguished.
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Chapter 9
Current Challenges with BIGDATA Analytics in Structural
Health Monitoring

Nur Sila Gulgec, Golnaz S. Shahidi, Thomas J. Matarazzo, and Shamim N. Pakzad

Abstract In SHM, fixed sensor networks with long-term monitoring capabilities, dense sensor arrays, or high sampling
rates are perceived to produce BIGDATA. As the temporal and spatial resolution of monitoring data is improved by advances
in sensing technology and with the adaptation of new data collection techniques, it is expected that efficient BIGDATA
analysis strategies will become highly desirable. In addition to the massive quantity of data collected from these applications,
the data’s prospective heterogeneity poses a processing challenge. As capable sensing devices become more abundant and
economical, it may be beneficial to integrate data collected by traditional means with emerging data types obtained by
smartphones or image-based sensing systems. Previous studies have investigated the relationship between sensor network
size and the corresponding information extracted by typical SHM methods. The scalability and computational sensitivity
of these SHM processes in consideration of large SHM datasets have also been quantified. This paper intends to detail the
current challenges posed by analyzing BIGDATA for SHM. This includes both the characteristics of BIGDATA sets produced
by SHM and the expected processing challenges associated with these datasets. Novel approaches developed to overcome
these challenges are reviewed and the continually evolving nature of BIGDATA is discussed.

Keywords Structural health monitoring • BIGDATA • Signal processing • System identification • Damage detection

9.1 Introduction

There has been a notable increase in public awareness of the U.S.’s aging infrastructure problem. In 2013, the American
Society of Civil Engineers (ASCE) declared one in nine of the nation’s bridges to be structurally deficient, impacting roughly
210 million daily bridge trips in the nation’s 102 largest metropolitan areas [1]. Independently, the U.S. Department of
Transportation has come to similar conclusions, estimating “between $123.7 billion and $145 billion per year to maintain
and improve the condition of roads and bridges alone” [2]. The ASCE report outlined several solution strategies that directly
call for an increase in infrastructure data and implicitly request for Structural Health Monitoring (SHM) methods, e.g. by
prioritizing the “the repair of structurally deficient urban bridges” based on risk models.

With over 600,000 US bridges in deteriorating condition, the prioritization of their repairs suggests a need to collect large
quantities of data, which contain condition information, over an extended period of time. In this context, the widespread
structural deterioration in the US can be addressed by considering BIGDATA. BIGDATA has its first widely accepted
definition traced to Laney [3] where it is characterized with the “3 V’s: Volume, Velocity, and Variety. The evolution of
data storage capacity and processing techniques since this definition (as well as BIGDATA applications in other fields)
has led to new BIGDATA descriptions [4]. For example, in addition to the original 3 V’s, data complexity [5] and the
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developing relationship among networks and digital devices [6] are mentioned in more recent definitions of BIGDATA.
Thus, the BIGDATA problem is defined by more than just the sizes of the anticipated data sets.

Finally, US bridge vibration data is primarily collected for research purposes, which can only provide support to a
fraction of the structures in need of repair. In this digital age, over 200 million Americans own a smartphone [7] which is
constantly connected to the internet, often embedded with a camera, GPS, and/or accelerometer (among other sensors), and
has advanced computing capabilities. It would worthwhile to motivate the SHM community to consider this technological
boom as an opportunity to extract infrastructure condition at an unprecedented rate. Ultimately, the challenges of compiling
and analyzing mass smartphone data for SHM purposes are consistent with those of BIGDATA.

In this paper, the BIGDATA challenges associated with the general field of SHM are outlined and recent progressions are
highlighted. The remainder of this paper is organized as follows: Section 9.2 defines BIGDATA characteristics and considers
SHM implementations; Section 9.3 discusses the scalability of processing BIGDATA for typical SHM problems; Section 9.4
reviews developing SHM methods, designed with BIGDATA in mind; finally, Section 9.5 presents the conclusions.

9.2 Bigdata Characteristics

9.2.1 Variety

Data variety—structured, unstructured, and semi-structured—produced by different sources presents a challenge for
BIGDATA analytics. Structured data is relatively easy to store and query in a relational database due to its known schema,
whereas semi-structured and unstructured data require further data mining in order to organize and analyze [8].

According to a survey conducted by Intel, 84% of 200 IT companies currently analyze unstructured data and list the top
five data sources as documents, business transactions, e-mail, imaging data and sensor or service data [9]. SHM has primarily
focused on direct instrumentation of a structure with sensors, which provides data that is relevant to the analysis. Typical
selections include but are not limited to accelerometers, strain gauges, inclinometers, thermometers and wind pressure
sensors, creating semi-structured data. In addition to the resulting data matrix entries, metadata about sensors (e.g. type,
sensitivities, locations, orientations) are necessary in monitoring applications [10].

Furthermore, new image-based sensing systems have recently been used for infrastructure monitoring. Image-based and
video-based SHM infer information about changes in structural behavior from pictures and digital videos. As an example of
a more computer-based vein of image-based SHM, utilization of Digital Image Correlation (DIC) can determine the shifts
and/or rotations of elements of a reference image in an image taken under different loading conditions [11]. The unstructured
format of such sensing systems obstructs the extraction of SHM information from data.

9.2.2 Volume

The volume of a dataset is an important characteristic for defining BIGDATA. Based on the Intel IT Center survey, large data
analytics companies generate a median of 300 terabytes (TB) of data [9]. These volumes can also be produced in SHM from
dense sensor networks that collect data during the lifetime of infrastructure. Such data is typically stored over many years to
construct a baseline in many SHM procedures.

Present SHM technology measures structural response through wired and wireless contact sensors, as well as the full-
field imaging techniques. Wired and wireless dense fixed sensor arrays generally produce a multivariate time series, whose
size depends on the number of sensors and samples. To exemplify the storage requirements for such data sets, consider
the Tsing Ma, Kap Shui Mun and Ting Kau Bridges in Hong Kong, where approximately 800 sensors (i.e. accelerometers,
displacement transducers, strain gauges, level and temperature sensors, weight-in-motion sensors) are monitoring 24 hours
per day and are producing 140 megabytes (MB) per hour [12].

In some studies, vibration sensor data are supplemented by other digital devices to help build a more complete structural
assessment. For example, the sensor network installed on the Holland Bridge produces 4 GB of data daily from 145 sensors
and also incorporates weather station data and a live traffic video feed [13].

Besides contact sensors, full-field imaging generates large datasets. As an example, typical camera frame rates range
between 25 and 60 frames per second (fps) and can be increased to up to 240 fps in high-speed cameras [14]. This number
increases to 500 fps for full-field data in dynamic applications [15]. Considering the size of each photo to be 2 MB as per
Wu et al. [6], monitoring of even a single structure can easily produce terabytes of data per week.
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9.2.3 Velocity

One of the main challenges in BIGDATA management is for data transmission, storage, and processing to keep up with the
high velocity of data generation. Processing these datasets can be difficult with increasing velocity (i.e., batch to real-time
processing). Current IT managers conduct their data analytics by using both batch and real-time processing equally [9].

In this context, SHM data is not an exception. While continually improving sensing technology enables structural data
collection with high resolution in time and space, the SHM objective has not been served unless such high-resolution datasets
are processed and decisions regarding structural health are inferred in a timely manner. This is a major challenge for rapid
decision making after extreme events such as natural and man-made disasters in structures equipped with real-time SHM.

9.2.4 Complexity

Dataset complexity and the evolving relationships among measurements represent another challenge for SHM. Data source
uncertainty and dataset variability as a result of long-term health monitoring result in difficulties for managing SHM
applications.

Dataset complexity is mostly affected by the inevitable uncertainty in data sources. This uncertainty includes data quality
problems such as noise and missing observations [16], as well as data being sourced from uncontrolled environments. The
introduction of uncertainty into a dataset leads to a need for additional processing steps not needed for “clean” data that
affect the complexity and scalability of SHM algorithms.

Noise is present in SHM datasets for a variety of reasons depending on the type of sensing equipment used.
Accelerometers, for example, tend to have increased noise with increased capacitance and reduced size [17]. Images include
noise associated with the quality of the cameras used to capture them. All electronic sensors include added noise associated
with the resistivity of their components. Alternatively, environmental conditions relating to fog and air quality can affect the
information that may be gained from images of a structure.

Missing observations in datasets also affect the uncertainty of structural integrity decisions inferred from these datasets.
Most SHM analysis algorithms for system identification and damage detection do not formally accept missing observations
(an exception includes the work presented in [18, 19]. This confines the processing of a dataset with missing observations, to
either discard the set completely, or estimate the missing observations with a probabilistic framework, generating additional
uncertainty in the entire dataset via these estimates. Furthermore, the type of probabilistic analysis required affects the
processing time. For example, a multivariate analysis of structural response data at several degrees of freedom may take
significantly more processing resources than if multiple responses were condensed into a single, damage-sensitive feature.
Missing data may result from instances as sensor malfunctions and lost communication, but is also inherent in some
monitoring schemes [20].

Furthermore, inconsistencies can create challenges in collecting numerous sets of data over time. In the case of SHM data,
variability in datasets has always been an issue for long-term monitoring systems, where structures and infrastructure systems
are periodically monitored and the data is processed for anomaly detection and damage localization. In such scenarios, a long-
term established baseline of the monitoring data is required to be used as a reference for decision-making. Such a baseline
library is required to reflect the inherent variability in structural behavior in different environmental conditions. Several
factors contribute to the variability, such as reliability of wireless sensor networks, durability of data acquisition systems and
wires, power consumption problems (especially in the case of wireless sensor networks), and missing data packets.

9.3 Bigdata Processing

The characteristics of a data processing algorithm must also be considered in an evaluation of the overall analysis. In this
section, the means for the processing demands of SHM algorithms are estimated. Data loading and cleansing steps that are
common precursors to SHM applications require computational resources that are susceptible to the dataset characteristics
introduced in the previous section. The algorithms associated with each SHM application also evolve in unique ways.

Given equivalent computational resources, measurement of the CPU time for a function to execute with changing dataset
size can be used to assess that function’s scalability. Alternatively, if individual functions or algorithms are investigated with
varying computational resources, operation counts are required.
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The demands of preprocessing functions such as fast Fourier transform (FFT), loading, detrending, and downsampling in
MATLAB were explored in [21]. Widespread preprocessing steps such as FFT and loading showed nonlinear increases in
CPU time as dataset sizes increased linearly.

These scalability issues become more prominent when considering entire SHM algorithms, which are comprised of
several different subfunctions, which often have their own scalability concerns, e.g., LU factorization or singular value
decomposition. The high computational efforts needed to produce stabilization diagrams in certain system identification
methods have motivated the introduction of new techniques with reduced operations, e.g., ERA-NExT-AVG [22] or STRIDE
[19]. Furthermore, [21] demonstrated that numerous, widely-used system identification and damage detection algorithms
were not scalable in CPU time with linear dataset dimension increases.

9.4 Promises

Several promising approaches have emerged in order to deal with BIGDATA management and processing. The first novel
strategy is using parallel and distributed computing for time and cost efficient data analytics. Hadoop is one of the widely used
open-source software developed for distributed storage and processing of massive data [23]. Hadoop achieves distributed data
analytics with MapReduce paradigm which is a framework inspired by artificial intelligence expert John McCarthy in 1956
and proposed as “MapReduce” by Dean & Ghemawat [24]. In simple words, the framework takes a single large workload and
divides it into smaller sub-workloads for processing of huge datasets in parallel. Although this functional style programming
model has been implemented in many real-world applications, it is fairly new to the SHM research community. There are
several studies proposing MapReduce model for damage modeling, monitoring, data analytics and uncertainty quantification
in concrete structures, [25] structural damage detection and localization of the building structures [26], multi-scale structural
bridge health monitoring system [27], and multi-processor system-on-chip (MPSoC) damage detection [28].

It is also possible to reduce the data quantity before processing, or even collecting it. An emerging technology, called
Compressive Sensing (CS) [29, 30], was introduced to the research community and has potential to reduce the volume of
data transmitted, stored and processed at the time of sampling. This framework has recently been applied to SHM datasets
(e.g. [31–35]). Initial findings show that CS is a promising approach that improves the storage requirements, as well as
transmission and computation time in SHM applications.

Recently studies have preset newer methods in managing the information involved in structural monitoring applications.
Linden et al. presented a cyber-infrastructure system that provides remote access for sensor data acquisition systems,
data analysis modules, and human operators [36]. Khazaeli et al. have developed a near-real time data driven structural
health monitoring framework to detect damage in structures using the data-driven models along with machine learning
algorithms on cloud services [37]. Jeong et al. employed cloud computing services in implementation of a cloud-based cyber
infrastructure platform to effectively manage the bridge monitoring data using NoSQL database systems to handle time-series
data as well the unstructured bridge information model data [38].

In consideration of this, Matarazzo & Pakzad described a new data class called dynamic sensor networks (DSN), which
encompasses mobile sensing data and BIGDATA, for which a truncated physical model (TPM) was presented [19]. Mobile
sensing itself is a relatively new SHM scheme that has similarities with BIGDATA. Consider, for example, the work presented
by Horner et al. where system identification is performed on a simply supported steel beam [39]. Six mobile sensors scanned
approximately 8000 distinct locations on the beam and were stored as a DSN data set. In the usual state-space model
representation of the equation of motion of a multi-degree of freedom dynamic system, state variable DOFs coincide with
structural sensing nodes—this paradigm cannot be applied to mobile sensing or BIGDATA problems, which consider a very
large number of points in space, e.g., 8000. The TPM decouples the size of the dynamic system model from the size of the
spatial sensing grid, creating an effective way of processing spatially dense datasets.

By classifying the mobile sensing data as DSN data, the TPM and STRIDE method are applicable and three vertical
modes were identified [39]. In particular, mode shapes contained over 20 points which is significant spatial information from
six sensors. If an equivalent spatial resolution were desired from a fixed sensor network, over 20 individual sensors would
be required, which is more expensive and laborious. The ability to store dense spatial information in an efficient number of
observations through mobile sensing is thus clear.

Moreover, the identification framework used for mobile sensor data is directly applicable to BIGDATA, since they both
belong to the DSN data class. These tools enable a compressed sensing approach to system identification with BIGDATA
[40], which helps reducing computational costs without compromising spatial information.
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The strategies presented here by no means represent an exhaustive list of promising BIGDATA management and
processing solutions. It is also expected that the continually-evolving nature of BIGDATA problems will reveal even more
intelligent solution strategies.

9.5 Conclusion

In the context of typical SHM procedures, BIGDATA may result from special applications, such as long-term monitoring,
dense sensor arrays, or high sampling rates. As resolution of monitoring data in time and space is improved through
advancement in sensing technology, it is expected that the prevalence of BIGDATA will increase. This paper presents an
overview of the anticipated BIGDATA challenges in SHM applications. The challenges associated with the characteristics
of applying BIGDATA sets in SHM are investigated in detail. The expected BIGDATA processing demands associated with
these datasets are also discussed for typical SHM algorithms. Additionally, novel and promising approaches are briefly
introduced.

Despite the challenges that it presents, BIGDATA also represents a wealth of opportunity. Peter Norvig, Google’s director
of research, summarizes the idea behind their success as: “We don’t have better algorithms. We just have more data.” [41].
The value behind this idea can be explained as the ability of turning BIGDATA to worth [42] where this worth has some
impact on society.

In SHM applications, the ability to collect more data can enable more accurate decision-making about the health of
structures. More monitoring locations can yield more accurate mode shapes and more definite damage localizations. In
addition to decision-making, the time a dataset is collected may hold particular importance. As an example, in the case of
catastrophic events like an earthquake or hurricane, it is difficult to classify a structure as damaged or undamaged in real
time. However, with the new opportunities that BIGDATA brings, this may become achievable. To summarize, BIGDATA
can represent a challenging task when all obstacles are considered. However, utilizing its power can provide societal benefits,
which can contribute to the improvement of America’s aging infrastructure.
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Chapter 10
Detection of Cracks in Beams Using Treed Gaussian Processes

M. Civera, C. Surace, and K. Worden

Abstract For some years, there has been interest in locating cracks in beams by detecting singularities in mode shape
curvatures. Most of the work in the past has depended on the estimation of spatial derivatives (smoothed or otherwise) of the
experimentally measured mode shape. This problem is made difficult by the fact that numerical differentiation is notorious
for amplifying measurement noise, coupled with that fact that very precise estimates of mode shapes are difficult to obtain.
One recent approach, introduced by one of the authors, circumvented the noise issue via a method which did not need
numerical differentiation. Briefly, the method applied a Gaussian process regression to the data, using a covariance function
that could switch between spatial regions; the switch point—which indicated the crack position—could be determined by
a maximum likelihood algorithm. The object of the current paper is to present an alternative approach which uses Treed
Gaussian Processes (TGPs). The idea is that separate Gaussian Processes, with standard covariance functions, can be fitted
over different spatial regions of the beam, with any switching points learned as part of a decision tree structure. The paper
also revisits the idea of using differentiated mode shapes, on the premise that the Gaussian process can ‘see through’ the
noise created and perceive the underlying structure.

Keywords Structural health monitoring (SHM) • Crack detection • Treed Gaussian processes (TGPs)

10.1 Introduction

Since the very inception of the subject of Structural Health Monitoring (SHM) [1], practitioners have looked towards
structural dynamics in order to provide damage-sensitive features for data-based diagnostics. Within the context of dynamics,
one naturally directs attention towards modal quantities for the required features. The obvious candidates for data-based
SHM are the natural frequencies, as it is well-known that they suffer changes as a result of induced damage [2]. The main
problem with adopting natural frequencies for SHM is that they are arguably just as sensitive to benign variations in the
environmental and operational conditions of the structure as they are to damage [1, Chap. 12], and this can lead to false
alarms. As an alternative to frequencies, the mode shapes were proposed, having proved less sensitive to environmental
variations. A great deal of the work on mode shapes as features was restricted to beam-like structures and based on the fact
that a crack introduces a discontinuity into the mode shape. Unfortunately, the discontinuity was in the second derivative of
the mode shape (which represents the local curvature of the beam) and was therefore a subtle effect. The discontinuity could,
in principle, be brought to light by twice-differentiating the estimated mode shape; however, this also proved to have issues
because of the amplification of noise caused by the process of discrete differentiation. Various attempts at mitigating the
effects of differentiation/noise were considered; however, it is not the intention of this paper to survey these attempts. Instead,
the focus of this paper is on one specific approach to detecting cracks from measured mode shapes, which attempted to
eliminate differentiation from the process of analysis [3]. The approach was based on Gaussian process (GP) regression [4].

In GP regression, a covariance kernel is defined (see later) which characterises the smoothness of the structure being
modelled. In the normal usage of GPs, the approach assumes that the structure of interest is uniformly smooth and therefore
that a single covariance kernel applies everywhere. If one attempts to model a beam-like structure using a Gaussian process,
the assumption of uniform smoothness is only valid for an undamaged beam; if a crack is present, it induces short length-scale
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structure (a discontinuity) which is not present in the undamaged portions of the beam. The idea behind [3] was to allow
a spatial switch point in the GP covariance which allowed different characteristics in the vicinity of a point and on either
side of the point. Once such a covariance function was created, one could determine the position of the crack by maximising
the likelihood of the mode shape data by varying the position of the switch point. That this approach could be successful
was demonstrated in [3] and supported by comparison with other methods of crack detection from mode shapes in [5]. The
approach was also shown to work in the case of multiple cracks (as long as they were reasonably well separated). Arguably,
the only real weakness of the approach was that it did not determine the number of cracks present, except via a count of the
number of local maxima in the likelihood function.

The current paper proposes a method based on GPs which could, in principle, retain the strengths of the previous approach,
but also determine the number of cracks in a principled manner. The idea will be to use a Treed Gaussian Process (TGP)
[6]. In the TGP approach, one does not place switches in the covariance kernel, but divides up the feature space into regions
covered by separate GPs with simple covariance functions. In principle, the approach could lead to a measure of the evidence
for the number of cracks and estimate their locations; however, the analysis is not taken so far in the current paper, which
only seeks to establish if the TGP can estimate crack positions via placement of TGP branch points. A feature of the paper
will be to reconsider whether it is advantageous to differentiate the mode shape data; the argument being that the TGP can,
in principle, distinguish between the different regions of beam curvature even though these are masked by noise.

The layout of the paper is as follows: Sect. 10.2 will present the background to the basic Gaussian process and briefly
describe how they were used in the previous crack detection methodology. Section 10.3 will present a short description of
Treed Gaussian processes and Sect. 10.4 will describe the data in the current study and present the results of analysis using
TGPs. The paper ends with some discussion and conclusions.

10.2 The Previous Approach

10.2.1 Gaussian Processes

Gaussian process (GP) regression has recently become a popular technique in machine learning, although its roots go back
many years [4]. In essence, Gaussian processes are a Gaussian distribution over functions; unlike most forms of regression
model that return a crisp value f .x/ for any given x, a GP returns a Gaussian probability distribution. Among the advantages
of the GP for regression purposes are its principled statistical (Bayesian) foundations and the fact that it automatically returns
a confidence interval for predictions. GPs adhere to the Bayesian paradigm in the sense that a number of prior assumptions
are made about the function being modelled, and then training data (samples of the features) are used to update and evaluate
a posterior distribution over functions. Because the implementation of the GP algorithm (unlike its derivation) is fairly
straightforward to state, it will be given here in a little detail.

For any set of n input points fx1; : : : ; xng, each of dimension d, the prior beliefs about the corresponding outputs can be
represented by a multivariate normal distribution, the mean of which is a least-squares regression fit through the training
data,

EŒf .x/jˇ� D m.x/ D h.x/Tˇ (10.1)

where h.x/T is a specified (vector) regression function of x, and ˇ is the corresponding vector of coefficients. For simplicity,
h.x/T can be chosen to be .1; xT/, representing a linear regression, or simply set to zero. The covariance between output
points is given as,

covŒf .x/; f .x0/j	2f ; 	2n ;L� D k.x; x0/ (10.2)

where 	2f is a scaling factor (sometimes called the height parameter), 	2n represents noise variance and L is a diagonal matrix
of (inverse) length-scales, representing the roughness of the output with respect to the individual input parameters. These
constants are the hyperparameters of the problem. One covariance function commonly adopted, is the squared-exponential
(SE) function of the form,

k.x; x0/ D 	2f expŒ�.x � x0/TL.x � x0/�C 	2n ı (10.3)
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where ı D 1 if x D x
0

and is zero otherwise. This expression shows where the hyperparameters occur in the covariance. If the
matrix L is restricted to the form ıij=l2, only a single length-scale hyperparameter is needed and the covariance is isotropic,
one obtains,

k.x; x
0

/ D 	2f exp

�
� 1

2l2
jjx � x

0 jj2
�

C 	2n ı (10.4)

These equations complete the prior specification of the problem; the posterior distribution is then found by conditioning
the prior distribution on the training data y (the vector of output points corresponding to the input training set).

One of the defining properties of the GP is that the density of a finite number of outputs from the process is multivariate
normal. Together with the known marginalisation properties of the Gaussian density, it is therefore possible to consider the
value of this function only at a number of sampled points of interest: training points and predictions. Allowing f to denote
the function values at the training points X (where the training vectors have been assembled into a matrix), and f � to denote
the predicted function value at a new point x�, one has,

 
f
f �

!
� N

�
0;

�
K.X;X/ K.X; x�/
K.x�;X/ K.x�; x�/

��
(10.5)

where a zero-mean prior has been used for simplicity (see [4] for a discussion), and K.X;X/ is a matrix whose i; jth element is
equal to k.xi; xj/. Similarly, K.X; x�/ is a column vector whose ith element is equal to k.xi; x

�/, and K.x�;X/ is the transpose
of the same.

In order to relate the observed target data y to the function values f , a simple Gaussian noise model can be assumed,

y � N .f ; 	2n I/ (10.6)

where I is the identity matrix. Since one is not interested in the variable f , it can be marginalised (integrated out) from
Eq. (10.5) [4], as the relevant integral,

p.y/ D
Z

p.yjf /p.f /df (10.7)

is over a multivariate Gaussian and is therefore analytically tractable. The result is the joint distribution for the training and
testing target values,

 
y
y�

!
� N

�
0;

�
K.X;X/C 	2n I K.X; x�/

K.x�;X/ K.x�; x�/C 	2n

��
(10.8)

In order to make use of the above, it is necessary to re-arrange the joint distribution p.y; y�/ into a conditional distribution
p.y�jy/. Using standard results for the conditional properties of a Gaussian reveals [4],

y� � N .m�.x�/; k�.x�; x�// (10.9)

where,

m�.x�/ D k.x�;X/ŒK.X;X/C 	2n I��1y (10.10)

is the posterior mean of the GP and,

k�.x�; x0/ D k.x�; x0/ � K.x�;X/ŒK.X;X/C 	2n I��1K.X; x0/ (10.11)

is the posterior variance.
Thus the GP model provides a posterior distribution for the unknown quantity y�. The mean from Eq. (10.9) can then be

used as a ‘best estimate’ for a regression problem, and the variance can also be used to define confidence intervals.
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There does remain the question of determining any hyperparameters in an optimal manner; in general this can be
accomplished by using an evidence framework [4]. Denoting the complete set of these parameters as � , they can be found
by maximising a function,

f .�/ D �1
2

yT ŒK.X;X/C 	2n I�y � 1

2
log jK.X;X/C 	2n Ij (10.12)

which is the log marginal likelihood and is equal to the log of the evidence, up to some constant. Since the number of
hyperparameters is usually small, the optimisation can be carried out simply by gradient descent.

10.2.2 Previous Method: Crack Detection

As described in the last subsection, spatial correlations in the regression model are expressed via the length-scale
hyperparameter l in the covariance function (10.4). In the form specified, there is a single length-scale for all the feature space.
As discussed in the introduction, this covariance is unsuitable to model a cracked beam, as the crack induces short-length
behaviour distinct from the longer length scales required over the remaining (undamaged, smooth) beam. One approach to
adapting the GP model to the situation is to specify a covariance function which can switch its behaviour in different regions
of the beam, and this was the approach adopted in [3]. Suppose the crack is at a position x D a on the beam, then a covariance
function appropriate to the situation can be defined as follows,

k.xi; xk/ D

8̂
<
:̂

k1.xi; xj/ C k2.xi; xj/ xi < a; xj < a

k1.xi; xj/ C k2.xi; xj/ xi > a; xj > a

k1.xi; xj/ otherwise

(10.13)

(noting that the input variable x is now univariate), and this was the approach followed in [3] where k1 was taken as a
polynomial kernel,

k1.xi; xj/ D 	2f .1C xixj/
N C 	2n ıij (10.14)

and k2 was an SE kernel as defined in Eq. (10.4). In both cases 	2f and 	2n are hyperparameters associated with the signal and
noise variances, and N is a hyperparameter controlling the polynomial order.

All of the ingredients for crack detection using the GP regression are now in place; one simply regards the crack position
parameter as an unknown, which is varied in order to maximise the likelihood of the data as specified in Eq. (10.12). It is
clear that this approach works by fitting directly to the mode shape data and does not need any estimates of the first or second
derivatives of the mode shapes. Results from the previous method will not be presented here, the reader can consult [3] for
details. The alternative to this approach which is the subject of this paper, will be introduced in the next section.

10.3 Treed Gaussian Processes

10.3.1 Regression Trees

The idea of a regression tree is fairly simple to state (much of the theory and practice of such trees can be attributed
to the work of Breiman and colleagues, and a good reference is [7]). The idea is to partition the independent variable
space into regions over which the response behaviour is smooth, and to fit low-order regression models over each region.
If the partitioning is carried out by hand, the resulting problem is still amenable to linear least-squares methods. The
idea, however, of a regression tree in general, is that the partitions are determined from the data as part of the modelling
problem; this renders the estimation problem highly nonlinear and alternatives to least-squares are needed. Breiman and
co-workers established a greedy algorithm for fitting the trees that gave good (but suboptimal) solutions. If an effective
partition of the data is found, linear regression models over each distinct region can give excellent results; however, in



10 Detection of Cracks in Beams Using Treed Gaussian Processes 89

principle, any algorithm can be used once the data have been partitioned into sensible regions. Once the concept of
Classification and Regression Trees (CART) was established, arguably the next major advance was the development of a
Bayesian framework for the algorithm [8, 9]. The new algorithm was based on rigorous concepts of probability theory
and proved an effective departure from the greedy algorithm. In Bayesian CART, a prior probability distribution was
proposed over all possible tree structures as well as all possible coefficients; this was then refined by using the data to
determine which tree was supported by the greatest evidence. The original formulation is too complicated to describe here
without taking this paper a long way from its illustrative objectives. In the original Chipman formulation, all the regression
models within the tree were linear; this restriction was later removed by Gramacy, who replaced the linear models by more
powerful GP models and produced the TGP [6]; Gramacy’s work also extended the Bayesian formulation of the problem
significantly.

Although Gramacy’s TGP algorithm is too complex to explain here, it is possible to summarise an extended variant of
the GP algorithm as developed by O’ Hagan and colleagues [10] using additional ideas from Bayesian probability. The
Bayesian formulation makes the incorporation into a Bayesian regression tree formulation more direct. The main innovation
in terms of the GP algorithm is to integrate out (or marginalise over) the hyperparameters 	2f and ˇ, thus removing them from
the optimisation problem. The calculation is technically straightforward but very time consuming, a detailed walkthrough
can be found in [11]. The integrals involved are usually all Gaussian, and although the expressions are almost always very
complicated, the results can be given in closed form. (For simplicity, the closed-form expressions for the case 	2n D 0 are
given below, although all the results presented later were obtained without this restriction.)

The result is a Students t-process, conditional on L and the training data,

Œf .x/jy;L� � tn�q.m
�.x/; O	2f k�.x; x// (10.15)

where,

m�.x/ D h.x/T Ǒ C k.x/TK�1.y � H Ǒ/ (10.16)

k�.x; x0/ D k.x; x0/ � k.x/TK�1k.x0/C

.h.x/ � k.x/K�1H/.HTK�1H/.h.x0/ � k.x0/K�1H/T (10.17)

k.x/T D .k.x; x1/; : : : ; k.x; xn// (10.18)

HT D .h.x1/; : : : ; h.xn// (10.19)

K D

0
BBBB@

1 k.x1; x2/ : : : k.x1; xn/

k.x2; x1/ 1
:::

:::
: : :

k.xn; x1/ : : : 1

1
CCCCA (10.20)

Ǒ D .HTK�1H/THTK�1y (10.21)

O	2f D yT.K�1 � K�1H.HTK�1H/HTK�1/y
n � d � 3

(10.22)

y D .f .x1/; : : : ; f .xn//
T (10.23)



90 M. Civera et al.

Determination of this model is basically an exercise in machine learning and therefore its quality is critically dependent on
the number and distribution of training data points in the input space, and the values of the hyperparameters. The expressions
for Ǒ and O	2f shown above are the result of marginalisation; however, it can be shown that they actually coincide with least-
squares estimates. The diagonal matrix of roughness parameters L cannot generally be integrated out analytically and it is
usually evaluated using maximum likelihood estimation or Markov Chain Monte Carlo (MCMC); this calculation typically
represents the most computationally intensive part of the process.

This almost completes the basic description of the models used here—Treed Gaussian Processes (TGPs). Although the
actual implementation is too complex to explain here in any detail, the basic ingredients have been covered.1 The TGP
partitions the variable space in much the same way as a Bayesian CART and then fits GP regressors over each independent
region. The software used for modelling in this work is the TGP package written by Gramacy in the language R [12].

10.4 The Current Data and Results

10.4.1 Current Data

To analyse the performance of the TGP approach, a case study was performed considering a cracked cantilevered beam with
the following mechanical and geometrical characteristics: Young’s Modulus 2.06 1011 N/m2, density 7850 kg/m3, length
1 m and square cross-section with side 0.02 m. Mode shapes have been calculated numerically using the finite element
model. Undamaged sections of the beam were modelled by Euler-type finite elements with two nodes and two degrees-of-
freedom (transverse displacement and rotation) at each node. For the section with the crack, the finite element proposed
in reference [13] has been employed. It is assumed that the crack is open and does not propagate with time and that the
damage affects just the stiffness matrix of the element containing the crack, calculated using principles of linear elastic
fracture mechanics, and not the element mass matrix. In the first case, the following damage scenario was examined: a single
crack with depth of 0.004 m, located at a distance of 0.30 m from the fixed end of the beam. The analysis was conducted
considering initially 100 points spaced regularly along the beam and then 60, with different levels of noise: SNRD100,

SNRD80, SNRD60, where SNR D 20 log10
�

Asignal

Anoise

�
. Secondly, the case of two cracks was considered again with a same

depth of 0.004 m and located 0.30 and 0.60 m from the clamped end. The number of measurement points was set to 100 for
the two-crack case.

10.4.2 Results

To keep the discussion brief, the results presented here will only be for a subset of the modes simulated: the first, sixth and
eleventh. As the TGP algorithm implementation used here [12] is a Markov Chain Monte Carlo (MCMC) algorithm, it is
required to set the number of samples. For all cases presented here a ‘burn-in’ period of 2000 samples was allowed (in order
for the chains to become stationary) followed by 5000 samples in order to establish statistics. For each run of the algorithm,
the Maximum A Posteriori (MAP) tree was recorded at the end, and any switching points were noted.

The first exercise considered the 100-point mode shape functions without added noise; this was in order to consider the
most idealised situation first. In order to avoid confusing the algorithm with edge effects from the differentiations, 5% of the
points were removed from the edges of each data set. A total of 1000 TGPs each were fitted to the mode shape itself and the
first and second derivatives. In each case, the number of MAP trees with a single branch point was extracted, and the set of
resulting branch points was averaged in order to give an estimate of the crack position. In general, the TGP was able to fit an
excellent regression model.

The results of the first exercise are reported in Table 10.1. The results are interesting; where single branch trees are
obtained, the branch point provides a good estimate of the crack position. The largest error (for the mode shape) is 28 mm.
The best results are for the first derivatives, and this might be explained as follows. The discontinuity in the mode shape

1In the full implementation of the TGP code [12], all the hyperparameters are dealt with in a principled manner, including the roughness parameters.
In fact the hyperparameters are represented by prior densities, which have their own hyper-hyperparameters. The result of this extra generality is
that a much more complex algorithm is needed than the basic Bayesian approach outlined earlier in this section.
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Table 10.1 Crack position
estimates (mean branch point) for
TGP model fits to the mode shape
and its first and second
derivatives

Fraction of Mean branch

Function Mode 1-branch trees point (m)


.x/ 1 0:044 0:272

6 0:078 0:273

11 0:023 0:273


0.x/ 1 0:685 0:288

6 0:153 0:289

11 0:038 0:283


00.x/ 1 0a –

6 0:630 0:288

11 0:038 0:283

afor the second derivative of the 1st mode shape, only
two-branch trees were produced
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TGP 100 points, 2nd derivatives kriging no edges z mean

Fig. 10.1 First mode shape curvature 
00.x/ (circles) and TGP model fit (line). The vertical lines indicate the positions of the two branch points
in the tree

produced by the crack in the second spatial derivative has a subtle effect. The TGP is able to find a good model in most
cases with a single Gaussian process across the whole beam and thus does not branch; this is reflected in the fact that no
more than 78 branched TGPs were fitted from the 1000 runs of the algorithm on the mode shapes. In the case of the second
derivative of the mode shape 
00.x/, an interesting effect occurs. The way by which the crack was modelled produced a
compact region around the crack position distinct from the background curvature, and in general, this would require three
distinct GPs, and thus a two-branch model. This situation is illustrated in Fig. 10.1; in such a case, the two branches might
be expected to bracket the crack position. Another effect on the estimated position is from the proximity of any nodes of the
mode shape close to the crack. In the extreme case that the crack is actually at a node, it will clearly not be detectable in the
mode concerned.
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Fig. 10.2 TGP estimates of crack position for mode 6 first derivative- noiseless 100-points data: (a) point estimates, (b) estimated density function

Table 10.2 Crack position
estimates (mean branch point) for
TGP model fits to the mode shape

.x/ with different levels of
additive noise

Fraction of Mean branch

SNR Mode 1-branch trees point (m)

1 1 0:018 0:269

6 0:009 0:267

11 0 –

100 1 0:008 0:275

6 0:009 0:269

11 0 –

80 1 0 –

6 0:011 0:271

11 0 –

Figure 10.2 shows some of the results in a more informative format. The crack positions estimated from single-branch
TGPs are shown in Part (a) of the figure; these have then been used in order to construct a kernel density estimate [14] for
the probability density of the crack position in Part (b). The density estimate allows a visualisation of the spread of estimates
obtained.

The next exercise considered the slightly more realistic situation of 60-point mode shapes with additive noise. Table 10.2
shows the results obtained for 1000 runs of the TGP algorithm on the mode shapes 
.x/.

The results show that it is quite difficult to discern the position of the crack from the raw mode shape. Although the
position estimates are not bad when the TGP branches, the number of branches is very small. This is because the subtle
problem of locating the crack in the raw mode shape data is made worse by the presence of the noise. For any SNR values
lower than 80, the TGP failed to branch at all. Figure 10.3 shows details of the results obtained for the first mode at the SNR
of 100, in terms of the density estimated from the TGP runs. The structure in the density is almost certainly an artefact of the
very small number of samples.

The next set of results are for the same exercise, but on the first derivative of the mode shape 
0.x/; they are reported in
Table 10.3.
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Fig. 10.3 TGP estimates of crack position for mode 1: (a) point estimates, (b) estimated density function

Table 10.3 Crack position
estimates (mean branch point) for
TGP model fits to the first
derivative of the mode shape

0.x/ with different levels of
additive noise

Fraction of Mean branch

SNR Mode 1-branch trees point (m)

1 1 0:302 0:296

6 0 –

11 0:015 0:287

100 1 0:115 0:304

6 0:029 0:294

11 0 –

80 1 0 –

6 0:031 0:290

11 0 –

60 1 0:303 0:474

6 0:012 0:316

11 0 –

As observed earlier, the results for the first derivative 
0.x/, show an improvement on those for the raw mode shape. The
estimates of the crack position are more accurate at the same levels of noise; the worst estimate is only in error by 13 mm.
Furthermore, the TGP is able to produce some single-branched trees for data with an SNR of 60; although the results for
mode 1 are quite badly in error in that case. Specific results for the mode 1, SNR 100 case are shown in Fig. 10.4; in this case
115 of the 1000 TGP runs had a single branch. The figure shows what appears to be a small local minimum in the converged
results and this induces a mildly bimodal density function; despite this, the averaged value of the branch point gives the most
accurate estimate of the crack location i.e. at 30.4 cm.

The final set of results for a single crack are those for twice-differentiated data 
00.x/, and are presented in Table 10.4.
Apart from two cases for mode 1, where rather biased results are obtained, the estimates of the crack position are fairly good
regardless of the noise level; in fact, the best estimate is obtained for mode 6 at SNR 60, namely 30.3 cm. Figure 10.5 shows
specific results for the most accurate run. This figure makes an interesting point; the mode of the density is biased away from
30 cm, it is the local minimum around 50 cm which is allowing the accurate mean prediction.
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Fig. 10.4 TGP estimates of crack position for mode 1, first derivative, SNR 100: (a) point estimates, (b) estimated density function

Table 10.4 Crack position
estimates (mean branch point) for
TGP model fits to the second
derivative of the mode shape

00.x/ with different levels of
additive noise

Fraction of Mean branch

SNR Mode 1-branch trees point (cm)

1 1 0 –

6 0:002 0:316

11 0:060 0:322

100 1 0 –

6 0:339 0:314

11 0:064 0:312

80 1 0:315 0:619

6 0:402 0:313

11 0 –

60 1 0:227 0:684

6 0:191 0:303

11 0 –

The final set of results is for a group of simulations with two cracks, one at 30 cm and one at 60 cm. Only results for the
first mode, obtained from 100-points input data, without any additive noise, will be presented for now. In the case of the
raw mode shape, none of the TGP runs arrived at a MAP tree with two branches. For the first derivative of the mode shape,
461 out of 1000 TGP runs arrived at MAP trees with two or more branches; the results are summarised in Fig. 10.6. The
results for the second derivative are given in Fig. 10.7; the TGP algorithm arrived at a MAP tree with two branches in 990
out of 1000 cases. In both cases, for the first and second derivatives, the results are biased: the position of the 30 cm crack
is underestimated; the position of the 60 cm crack is overestimated. The fact that this is indeed a bias is very clear from
Fig. 10.7; there is very little variance in the positions of the branch points.
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Fig. 10.5 TGP estimates of crack position for mode 6, second derivative, at SNR 60: (a) point estimates, (b) estimated density function
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Fig. 10.6 TGP estimates of crack positions for two crack case: mode 1, first derivative, noiseless: (a) point estimates, (b) estimated density
function



96 M. Civera et al.

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

0 200 400 600 800 1000

cycle

P
re

di
ct

ed
 c

ra
ck

 lo
ca

tio
ns

0.2 0.3 0.4 0.5 0.6 0.7

0.
0

0.
5

1.
0

1.
5

N = 923 Bandwidth = 0.04822

D
en

si
ty

(a) (b)

PDF

Fig. 10.7 TGP estimates of crack positions for two crack case: mode 1, second derivative, noiseless: (a) point estimates, (b) estimated density
function

10.5 Conclusions

The current paper is very much a preliminary study. The constraints imposed by time limitations forbade a much more
systematic study; however, this situation will be corrected in the future. The paper is presented in the spirit that the results
obtained do indicate that the underlying ideas have some merit. Using a Treed Gaussian process to indicate the positions of
cracks on a beam by the placement of its branch points in a regression model of the mode shape (or its derivatives) appears
to work quite well. The main criticism of the current work must be that the approach has only proved feasible in situations
where the mode shape estimate is available with low noise at a comparably high number of measurement points. This means
that the approach is only applicable if the mode shape estimate is obtained from appropriate technology e.g. laser vibrometry.
Allowing for this caveat, the approach appears too work quite well; a sample of sets of results across mode shapes and noise
levels is presented here, and the results are quite consistent. It must be said that the results are not yet as good as those from
the previously-applied GP approach, where a single GP with split covariance function was applied. This is a little surprising
as the likelihood of the data from the TGP model should be the same as that from the single GP with split covariance. The
issue is that the TGP is a much more complicated algorithm with more hyperparameters which must be set; it is not yet clear
if the results presented here are optimal for the approach. The original motivation for adopting the TGP was that it would
not need an a priori specification of the number of cracks; however, this is not strictly a weakness of the original single
GP approach, as that could indicate the presence of multiple cracks via local minima in the likelihood function. The main
advantage of the TGP approach is that it can potentially find the true minimum of the likelihood in the multiple crack case;
whether it achieves its potential will depend on whether future fine-tuning of the algorithm will allow it.
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