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Abstract: An integrated structural health monitoring system was proposed for the rapid assessment
of damage on large structures such as high-rise buildings, industrial chimneys, long-span bridges,
and similar facilities. The system used ground-based high-resolution IR (infrared) laser vibrometers
to measure the dynamic response of structures. To utilize these devices as automated scanners in
a fast and efficient way, a new targeting and control mechanism was developed. Different aspects
of the proposed system, such as targeting precision and scanning efficiency, were discussed by
presenting the results of laboratory experiments and outdoor vibration tests. In addition to the
enhancements made in the measurement system, a new methodology was introduced to analyze
the recorded vibration response. A novel data processing approach, based on a comparison of
the mode shapes calculated on the healthy reference and damaged structures, made it possible to
determine the location of the flaw. If available, a finite element model of the analyzed structure also
enables the degree of the damage to be calculated very accurately. The reliability of the identification
algorithm was demonstrated by conducting extensive numerical simulations and vibration tests on
scale building models.

Keywords: damage diagnosis; system identification; vibration response; structural health monitoring;

remote measurement systems

1. Introduction

Determining the health condition of structures after natural disasters such as severe
earthquakes or hurricanes is essential to ensure safe and effective serviceability [1]. De-
pending on the type and degree of the observed damage, the structure may be used without
interruption, temporarily closed or evacuated, retrofitted, and/or demolished. Structural
components are checked in detail by visual examination or by using more sophisticated
equipment such as ultrasound and X-ray devices to detect possible problems and risks [2].
However, these operations are very challenging and time-consuming for large structures.
Moreover, there will be points that are inaccessible for quick inspection.

With the rapid progress being made in sensor technologies and analysis methods,
vibration-based damage detection techniques are increasingly used for structural health
monitoring applications [3]. These techniques require the response of the structure to
be measured continuously or regularly. Some dynamic properties (natural periods [4],
damping ratios [5], mode shapes [6], or wave transmission patterns [7,8]) are designated
and tracked as possible damage indicators. Unexpected variations encountered in these
parameters can be attributed to damage. Depending on the type of the selected indicator,
the damage characteristics (e.g., place and degree) can be determined [9].

Vibration response is commonly measured by accelerometers [10,11], displacement
sensors [12,13], inclinometers [14], or strain gauges [15,16] mounted on the structure. Since
these sensors require cables to be installed for power supply and signal transfer, they
can only be used efficiently at easily accessible locations. However, there may always be
points on the structure where instrumentation is very difficult and costly. If the required
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sensors cannot be installed at these critical points, the resulting low spatial resolution
unavoidably increases the uncertainty in the measurements and limits the reliability of the
data obtained [17]. Unfortunately, it is not possible to establish an intensive sensor network
and acquire high-resolution (spatial) measurements on large structures such as high-rise
buildings, industrial chimneys, or large span bridges.

Non-contact optical measurement technologies, in which measurements are obtained
using visible light (photogrammetry, videogrammetry) [18,19] or laser (Doppler interferom-
etry) [20-22], provide new opportunities for measuring the dynamic response of large struc-
tures from remote distances of up to 500 m. In laser Doppler velocimetry/interferometry,
a laser beam emitted from a source (also called the laser head) is constantly directed to
the object being measured. The beam reflecting from the surface of the target is received
by the same device. If the object is moving, this generates a difference in the wavelength
and phase of the emitted and received laser beams. By using the Doppler principle, the
velocity or displacement of the tracked object can be computed with very high precision,
even from long distances of up to 500 m. In laser interferometry, velocity and displacement
response are calculated directly and the corresponding acceleration is acquired by the
post-processing of the recorded data.

Likewise, photogrammetry (also known as videogrammetry) is a well-established
and widely used measurement method where the 3D coordinates or deformations of an
object can be determined by using 2D pictures taken from different angles and locations.
Even though each photographic image only provides 2D information, 3D coordinates
and deformations of the structure can be extracted very accurately by the synchronized
processing of these images. Velocity and acceleration can be derived manually by analyzing
the calculated coordinate information. These methods have recently been used to monitor
very challenging structures such as wind turbines or bridges [23,24]. Detailed reviews
related to using these promising techniques for health monitoring applications are found
in references [25,26].

Since these techniques utilize light to measure the vibrations of a structure, the re-
flectivity of the surface is the critical parameter that directly affects the accuracy of the
data acquired. For long-range measurements especially, the surface of the test object must
be treated either by using retro-reflective stickers or by dyeing the surface with special
reflective paint, which is approximately 1000 times more reflective than the background
material. Although the measurements taken by optical methods are quite promising, their
applicability is limited due to the surface treatment requirement.

Ozbek and Rixen [24] successfully utilized a long-range laser Doppler vibrometer to
take vibration measurements on a 2.5 MW wind turbine with a rotor diameter and tower
height of 80 m. The preliminary tests show that since the blade material has relatively low
reflectivity, the intensity of the laser reflecting from the target was not sufficient to acquire
accurate measurements. As a surface treatment, the above-mentioned retro-reflective
markers (thin, round-shaped stickers with a diameter of 400 mm) were placed on the
tower and the blades. It took two licensed turbine climbers (maintenance staff) 6 h to
place 55 markers on the structure (11 markers on each blade and 22 markers on the tower).
Although the acquired vibration measurements were very accurate, the applicability of the
laser Doppler vibrometers for condition monitoring is limited due to the practical problems
experienced while placing these stickers on the structure.

This problem is expected to be overcome by the recent developments in IR (infrared)
laser vibrometers. Indeed, unlike conventional laser systems using a visible laser beam,
IR sensors take very precise measurements and do not require the target to undergo any
surface enhancements. Even though this progress alone is quite significant and promising,
there are still drawbacks that need to be solved before these systems can be used to
efficiently monitor large structures. Unfortunately, current IR laser systems cannot be
operated in scanning mode. Conventional vibrometers utilizing visible laser direct the
laser beam to the desired spot using the mirrors and lenses that are located inside the laser
head. An integrated computer controls the movement of the mirrors and enables all of the
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selected target points to be scanned automatically. The size of these mirrors is proportional
to the diameter of the laser beam. Since IR lasers have a wider beam diameter compared to
visible lasers, they cannot be guided by reflecting or refracting the light beam using the
above-mentioned optic controllers.

In order to solve these drawbacks and similar practical limitations, this study aims
to develop a new automated IR laser scanner to be used for the rapid assessment of large
buildings and infrastructure. The proposed system is expected to be easily applied to
existing structures without needing any extensive and costly preparations or installations.
Along with the great efficiency and convenience in use, this system provides a very high
spatial resolution that is very difficult to attain by using conventional sensor technologies,
such as accelerometers and strain gauges.

In addition to the enhancements made in the measurement system, this study also
aimed to introduce a new and efficient data analysis method used to determine the location
and the extent of possible damage on structures. The identification algorithm developed is
easily applied to any finite element models and allows comprehensive damage scenarios
involving concurrent damage at multiple locations to be simulated.

Different aspects of the proposed health monitoring system are discussed in the fol-
lowing sections. First, the main features of the measurement method, such as accuracy and
scanning efficiency, are described by presenting the results of laboratory experiments and
outdoor vibration tests. Then the proposed analysis algorithm is introduced. The accuracy,
reliability, and applicability of the developed method are demonstrated by conducting
extensive numerical simulations and vibration tests on scale building models.

Within the context of this study, a new guidance mechanism was proposed to overcome
the abovementioned control and targeting problems. As shown in Figure 1, the laser head
(source) was fixed on a platform that rotates around two axes simultaneously, and is
targeted to the desired spot by simply moving the platform rather than by directing the
beam with mirrors and lenses.

Laser Head

Figure 1. The platform targeting the laser head [27].

Similarly, Figure 2 shows the main components utilized in the measurement setup. A
built-in camera system allows the user to observe the test structure through a computer
screen. Complicated grid-like profiles can be defined by simply selecting the corner points
of the area to be scanned. The spatial resolution can be improved by dividing these forms
into the preferred number of sections. The coordinates of all of these points are calculated
by a software program that also controls the motion and rotation of the platform. More
comprehensive information that is relevant to the operation of the control mechanism,
camera calibration, and the corresponding precision is found in recent work by the authors
that specifically focuses on the design of the laser scanner [27].

The obtained vibration data were analyzed to investigate whether the dynamic param-
eters of the structure can be extracted accurately. It should be noted that an accelerometer
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was used as a reference during the tests. The vibration response that was acquired by the
fixed reference sensor was necessary to scale and colligate the data recorded by the moving
sensor (laser spot) at different times.

~Motorized &
) Platform
y

Figure 2. Main components of the measurement system.

Below, Figure 3 shows a comparison of the vibration data acquired by accelerome-
ters and by means of a laser Doppler vibrometer (LDV). The controller of the vibrometer
measured the velocity and displacement response. The LDV velocity output was con-
verted into acceleration manually before analyzing these data with those recorded by the
reference accelerometers. In the figure, the black and red graphs show the acceleration
data obtained by the reference accelerometers. Similarly, the blue graph represents the
acceleration calculated by taking the time derivative of velocity measurement recorded by
the vibrometer. As demonstrated, the acceleration data obtained by the different methods
are in good coherence. The three graphs show the synchronized decaying free vibration
response acquired after an impulse-like excitation was applied to the model.
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Figure 3. Comparison of the vibration data recorded by accelerometers and LDV.
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2. Validation of Efficiency in Scanning Complex Geometries

Following the initial measurements performed in the laboratory, outdoor feasibility
tests were conducted to verify the targeting precision. These experiments mainly investi-
gated whether complex geometries are scanned in a fast and effective manner. As shown in
Figure 4, the effectiveness of the scanning mode was tested on wind turbine models, which
have very challenging and complicated geometries. As a validation test, the laser scanner
was programmed to scan the blades of the three turbines successively and then to return to
the initial point.

Figure 4. Outdoor tests performed to validate the scanning efficiency [27].

Depending on the prescribed spatial resolution, all of the turbine measurements were
completed in 10-15 min. Within this period, nine different measurement paths located in a
virtual rectangular area 7 m wide and approximately 2.5 m high, were scanned successively.
Once the test was completed, it was observed that the laser spot was very close to the initial
target. The difference between the initial and final points was 3—4 mm. The ratio of this
deviation to the width of the field of view (4/7000) can be considered to be a dimensionless
value representing the accumulated targeting error.

Assuming that the same accuracy is attained while scanning large structures, the
accumulated targeting error made for a 100 m high building is expected to be £6 cm. It
should be noted that the reported deviation is not the absolute error made when aiming
at the desired spot directly. Instead, this value represents the cumulative error observed
when the laser scans multiple points on a path that is 100 m in length and returns to the
initial point.

3. The Damage Detection Algorithm

The dynamic analysis methodology developed in this study was based on the well-
established mode shape curvature method. This technique compared the mode shapes
extracted from the damaged and healthy structures. Since they were used as a reference, it
was assumed that the modal parameters of the healthy structure are available beforehand.
These parameters are calculated through either some vibration measurements on the
structure or the analyses performed on an FE model. This paper does not intend to review
the mathematical formulation of the method but instead demonstrates examples of its
use in structural health monitoring applications. More comprehensive information that is
relevant to the theoretical background of the mode shape curvature method can be obtained
through reference articles [28,29].
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Within the framework of this project, a new approach that is easily applied to finite
element models was introduced. If used only for damage localization, then the method does
not involve the use of a finite element model. Depending on the spatial resolution of the
measurements, the location of the flaw can be determined precisely by simply comparing
the experimentally obtained mode shapes. However, if present, a finite element model
makes it possible to understand what the encountered mode shape changes mean and to
calculate the level of the damage very accurately.

Since almost all contemporary engineering structures are designed using FE mod-
els, it is presumed that these models are available and can be used for structural health
monitoring applications whenever needed. FE model-based flaw identification strategies
allow comprehensive damage scenarios to be simulated on the structures with irregular
geometries and complicated response characteristics [30,31]. Since these techniques utilize
previously constructed models, they stand out as time and cost-efficient alternatives for
condition-based health monitoring applications.

Current damage detection algorithms are usually based on the continuous tracking
of dynamic response parameters. Changes in the natural vibration frequencies and mode
shapes are among the most widely used damage indicators [32]. In theory, even a single
sensor is sufficient to trace the frequencies and to diagnose whether the structure is dam-
aged or not [33]. However, the location of the damage can only be detected by tracing
mode shapes, which requires taking measurements at different points.

The effect of a possible flaw on the mode shape is discussed by presenting the results
of damage simulations conducted on the multi-degree-of-freedom (MDOF) structure dis-
played in Figure 5. For simplicity, lumped mass assumption was used to create an idealized
model of a multi-story building with a complicated mass and stiffness distribution. In the
figure, ] represents the joint number. Similarly, M; and k; represent the mass and stiffness
of the ith story, respectively.

MID'JIO >
MQ'J9 k:O
MSIJB k8
M7IJ7 k7
MG'JG k6
=) ™, )
Ma i @
A
M;, J; K,
My, )y

Jo
Figure 5. MODF system used in the formulation.

Below, Figure 6 displays how the mode shape changes depending on the position of
the flaw. In the figure, the x- and y-axes show the modal displacement and the number
of joints, respectively. The blue and red colors represent the 1st vibration modes of the
healthy and damaged structures. The symbol ¢ ; ; , represents the displacement of the ith
joint computed for the 1st mode. The letters /r and d symbolize the healthy and damaged
conditions in sequence. Structural damage is represented as a reduction in the stiffness of
the selected component (also demonstrated by the red portions on the vertical axis). For the
particular case analyzed here, it was assumed that there was damage at the column of the
6th story only, and all of the other columns were considered intact. An extreme state where
the damaged element loses 90% of its initial strength was simulated in the formulation.
Such a high damage level may not be reasonable in practice and has only been selected to
show the differences between the healthy and damaged structures clearly.
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Figure 6. Modal shapes extracted from (a) the healthy and (b) flawed structures.

As shown in the figure, the inter-story drift calculated for the damaged column is
remarkably higher than the displacement of the other stories. In this work, a novel method
is proposed to quantify the changes seen in the modal drifts. For this purpose, as shown in
Equation (1), a different graph is drawn by selecting data series with coordinates (x;; v;),
where the x; and y; values are the modal amplitudes of the ith joint computed for the healthy
reference and flawed structure, respectively. In the following steps, this new representation
is referred to as mode shape angle diagram.

(xi; vi) = (i Pina) 1

Once the mode shapes of the healthy structure were extracted, they were stored in
a database and used as a reference in the following steps of the analyses. The mode
shape calculated from the initial measurement was used as a reference to analyze those
obtained from the damaged structure. If the structure was already damaged when the initial
(reference) measurement was taken, the analyses show how the flaw has changed relative
to the initial damage state. However, if a validated FE model exists, the modes extracted
from the model can be used directly as a reference. In this case, all of the measurements
(including the initial one) can be compared to the modes of the FE model, making it possible
to extract the damage characteristics of the initial measurement as well.

Following the calculation of the reference modes, consecutive damage simulations
were conducted by generating structural flaws on some selected elements. The damage was
characterized by a decrease in the stiffness of these particular components. The stiffness
of a load-resisting element was formulated by Equation (2). In the equation, the letters
E, I, L, and k denote the elasticity modulus of the material, the moment of inertia of the
cross-section, the length of the member, and the corresponding stiffness value, respectively.
In this study, the modulus of elasticity, denoted by E, was used as the control variable to
represent the damage to the system.

ko< — )

The flowchart followed in the analyses is shown in Figure 7. It should be noted
that the proposed methodology was based on two different analysis loops, namely, the
member/story-based and system/structure-based loops, which are shown by the red
and blue colored arrows, respectively. The steps displayed in the figure are explained in
more detail in the following sections. A repetitive damage simulation was performed by
gradually decreasing the elasticity modulus. The damage level was characterized by a %
loss in the stiffness and is formulated by Equation (3) as follows:

®)

% DamageLevel = | 1 — —
g ( Stlffness healthy member

Stif fness
ff damaged memher) % 100
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Figure 7. The methodology followed in the damage simulations.

At each step of the simulation, eigenvalue analysis was conducted, and the corre-
sponding modal parameters were extracted. The mode shape computed for the damaged
structure was then used to draw a mode shape angle diagram, as described by Equation (1).
Below, Figure 8a displays the angle diagrams produced for the healthy reference (in blue)
and for the damaged structure (in red). The healthy reference can also be examined as a
damaged building with 0% damage. When Equation (1) is applied to the reference, ¢; 1  is
equal to ¢; 1 4 for all the stories. The corresponding diagram is simply the graph of y = x,
and forms an angle of 45° with the x-axis. Therefore, the slope is constant and equal to 1
for all of the members along the blue graph.
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Figure 8. The mode shape variation analysis with respect to damage location. (a) damage effect on
mode shape angle (b) angle notation used in the analyses (c) increase in the angle depending on the
damage (d) reference damage curve.

On the other hand, the red diagram obtained for the damage scenario, where the 6th
story loses 90% of its initial stiffness, shows that the slopes of the line segments change
abruptly at the lower and upper joints of the damaged component, namely at joint 5 and
6. However, it can be seen that the slopes of the segments do not change at the joints of
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the healthy stories. For instance, the slope of the first five segments representing stories
1-5 is the same. Similarly, there is no variation in the slopes of segments 7-10. This article
introduces a new approach for interpreting this observed pattern.

The notation utilized in this study is displayed in Figure 8b, which consists of 11 joints
(Jo represents the foundation) and 10 segments (stories). Once the mode shape angle
diagrams were obtained, the angle between each line segment and the horizontal axis was
computed individually. The angle between the ith segment and the horizontal axis was
called as Angle; and was calculated using Equation (4).

Angle ; = atan(4’i+w1—‘f’w1> “
¢i+1,1,h - (Pi,l,h

Similarly, the difference between the angles of the successive stories i and i + 1 is
referred to as the Relative Angle; and is represented by the symbol RA; and calculated by
using Equation (5):

RA ; = Angle ;11 — Angle; (5)
As mentioned before, if the (i + l)th member is healthy, the angle between segments i
and i 4 1, RA; is equal to zero. However, in case of a possible flaw, this difference increases
significantly depending on the extent of the damage. Figure 8c shows how mode shape angle
diagrams and the relative angles change with regard to the damage level or % stiffness loss. It
should be noted that Figure 8c shows the variation in the diagrams for several scenarios
where the 6th floor experiences stiffness losses ranging between 0% and 90%. During these
successive analyses, relative angles were calculated for each damage level separately and
then used to calculate the reference damage curve shown in Figure 8d. In the figure, the x and
y axes display the % loss in the story stiffness and the resultant relative angle in sequence.

Damage levels resulting in a stiffness loss of 90% may not be reasonable in practice.
These extreme cases were analyzed to show more clearly how the variation in the mode
shape (and the relative angle) depends on the damage level. Possible structural flaws
are expected to be detected much earlier, before they reach such critical levels and cause
irreversible structural problems.

The proposed method does not involve utilizing a finite element model to appoint
the location of the flaw. Mode shapes can also be calculated by performing dynamic tests
on healthy and damaged structures. Comparing these experimentally obtained mode
shapes are sufficient for diagnosing possible damage and for accurately determining its
location. However, an FE model is needed to comprehend what the encountered mode
shape variation means and to estimate the degree of the flaw. Since all modern engineering
structures are designed using FE models, it is presumed that these models already exist
and can be used for damage identification purposes whenever required.

4. Damage Simulations and Analyses on a 15-Story Residential Building

The mathematical accuracy of the proposed technique and the consistency of the
damage estimations (e.g., location and extent) were initially verified on an FE model. This
approach eliminated possible sources of error and uncertainty that could be attributed to
the measurements. It also enabled the critical analysis variables to be controlled accurately.

The efficiency of the utilized identification method was validated using the finite
element model of the 15-story residential building shown in Figure 9 below. The model
was prepared using the SAP2000 program. The structure had four bays in both the x and
y directions. The length, width, and height of the building were 20 m, 16 m, and 45 m,
respectively. The structural plan consisted of six different column cross-sections, and each
was represented by a different color in the figure. For simplicity, a fixed-base foundation
assumption was used. In addition, separate rigid diaphragms were defined for each story.
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Figure 9. The FE model of the multi-story residential building used in the analyses.

To determine the mode shape used as a reference for the later steps in the simulations,
an eigenvalue analysis was first conducted on the healthy structure. The major vibration
modes and the corresponding natural periods are summarized in Table 1.

Table 1. Vibration modes and natural periods.

Mode Number and Direction Natural Vibration Period (s)
1st mode in X Direction 1.68
1st mode in Y Direction 1.53
1st Torsion 1.44
2nd mode in X Direction 0.55
2nd mode in Y Direction 0.50
2nd Torsion 0.48

Some of the extracted vibration modes (the 1st and 2nd modes in the X direction and
the 1st torsion mode) are also shown in Figure 10. It should be noted that in the figure, the
scale factors of the modal displacements were intentionally increased to make it easier to
visualize how the building deforms in these modes. The first mode in the X direction was
used as the reference state in the analyses.

One of the main objectives of the analyses described in this section was to check
whether the proposed algorithm was able to identify concurrent damage on several stories.
Therefore, in order to simulate complex damage scenarios, four different stories (2, 5, 9,
and 13) were damaged concomitantly.

For the initial steps of the analyses, simple damage cases with damage on only a single
story (e.g., at 2nd story) were considered. At this preliminary stage, the 14 remaining
stories were presumed to be intact. The stiffnesses of the columns on the damaged story
were gradually decreased with a step increment of 1%. Next, eigenvalue analysis was
performed; the corresponding mode shapes were calculated and processed as described
in Figure 7. Once all of the damage levels from 0% to 80% were simulated successively,
the damage reference curve was drawn for this particular story and stored in a database to
be used for further simulations. The above-mentioned analysis was repeated for all of
the stories separately until the damage response characteristics of the structure had been
completely determined. The damage curves obtained for four different stories (2, 5,9, and
13) are shown in Figure 11 below.
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Figure 10. Vibration modes and periods of the analyzed system (a) the 1st bending mode in X
direction (b) the 2nd bending mode in X direction (c) 1st torsion mode.
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Figure 11. Reference damage curves obtained for several stories.

It should be noted that these curves were obtained by considering the damage incurred
to a single story at a specific time. For example, in Figure 11, relative angle 1 represents the
health condition of the 2nd story. Similarly, relative angles 4, 8, and 12 are damage indicators
for the 5th, 9th, and 13th stories, respectively.

In order to utilize these damage curves as a reference for more complicated scenar-
ios involving concurrent damage on several floors, it should first be confirmed whether
the damage indicators were affected by the damage on other stories. This verification is
achieved by monitoring how the damage indicator of a particular story changes if other sto-
ries are also damaged concomitantly. The results of these simulations are presented below
in Figure 12. The figure clearly proves that the relative angle computed for a particular story
is not sensitive to the damage in different parts of the structure. For instance, Figure 12a
shows the variation in relative angle 1 for different damage cases. It shows that the angle
obtained for a case where only the 2nd story is damaged is exactly the same as the angle
determined for a case where there were flaws on two (e.g., 2nd and 5th) or even on all
four different stories (2nd, 5th, 9th, and 13th) at the same time. The results of the analyses
definitely disclose that relative angle 1 is sensitive to the current state of the 2nd floor only.
The same tendency is also seen for the damage indicators of other floors. It should be noted
that there can be some very slight deviations between the relative angles that have been
computed for the single-flaw and multiple-flaw scenarios for very high damage levels (e.g.,
70-80% stiffness losses). However, as mentioned previously, such extreme damage cases
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were modeled to see the limits of the identification algorithm, and they are not realistic in
practical applications.

Variation of Rel. Angle 1 in Multiple-damage Simulations Variation of Rel Angle 4 in Multiple-damage Simulations
20 20
——Rel. Ang 1 (Damaged Story 2) ol Arz 4 (0 s s
—Rel. t
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Figure 12. Relative angles calculated during concurrent damage on different floors (a) rel. ang.1, (b) rel.
ang.4, (c) rel. ang.§, (d) rel. ang.12.

The verification of the fact that a damage indicator was only sensitive to the current
state of a particular story made it possible to superimpose the effects of flaws observed
in different parts of the structure simultaneously. In this way, the instantaneous health
condition of each floor was analyzed individually by decomposing a single mode shape
extracted from a scenario representing concurrent damage at several points.

In order to show the efficiency of the proposed technique when analyzing intricate
damage patterns, a case where four different stories (2, 5, 9, and 13) were damaged concomi-
tantly was analyzed. The stiffnesses of these floors decreased by 25-40% when the elasticity
moduli were adjusted to prescribed values. The mode shape of this structure was calculated
by eigenvalue analysis and compared with the mode of the healthy reference, as described
previously. Table 2 below shows the comparison of the prescribed and calculated damage
levels. The table shows that the estimations are very close to the pre-determined damage
levels. The degree of the damage was estimated very accurately, showing a maximum error
rate of 3.4%. The values in Table 2 are also shown in Figure 13.

Table 2. Prescribed and calculated damage levels.

Pre-Scribed

Damaged Damage Calculated Calculated

Stiffness o Error

Story Loss % Index Angle (Deg) Damage %
2 15 RA; 1.46 15.41 2.7%
5 25 RA4 2.23 25.15 0.6%
9 40 RAg 4.20 41.34 3.4%
13 20 RA 143 20.58 2.9%
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Simulated vs. Calculated Damage
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Figure 13. Comparison of prescribed and calculated damage levels.

5. Damage Detection Tests Performed in the Laboratory

Analyses conducted on the numerical models are essential to eliminate possible
sources of uncertainty due to measurement errors. Once the theoretical limits of the
identification algorithm are known, the experimental results can be interpreted more
clearly. Following the simulations performed on the FE model, dynamic tests were also
carried out on the scale model shown in Figure 14 to understand the difficulties that
are encountered during practical applications. As seen in the figure, a representative FE
model was also constructed for the abovementioned damage simulations. The wooden
test structure had six stories and a total height of 1800 mm. The columns had rectangular
cross sections with dimensions of 40 x 10 mm. A 20 mm thick wooden plate that was
300 x 400 mm in size was used to represent the slab connecting the columns. The modulus
of elasticity value of the wood was calculated as 630 MPa by performing bending tests on
the columns. Metal blocks weighing 10 kg were fixed at each story. The model was firmly
connected to a wooden base plate. As displayed in Figure 2, 200 kg weights were placed on
this plate to provide stability.

Figure 14. Building models tested in the lab and the corresponding FE model.

Although one fixed reference sensor was sufficient to scale the laser measurements,
16 accelerometers were placed on the structure for validation tests, as shown in Figure 14.
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The PCB-393B04 model vibration sensors used for these tests were sensitive to low-
frequency oscillations and had a bandwidth of 0.06 Hz to 450 Hz [34]. The mode shapes
calculated using 16 accelerometers were utilized to check whether the modal parameters
extracted from accelerometers and laser measurements were consistent or not. During the
tests, laser measurements were taken every 50 mm. Since the vertical distance between
accelerometers (story height) was 300 mm, it was concluded that the laser measurements
provided a spatial resolution that was six times higher compared to the accelerometers.
The modal parameters calculated through these dynamic tests and analyses are presented
in Table 3. Some of dominant vibration modes are also shown in Figure 15. The analyses
performed in this work is based on the 1st mode in Y direction.

Table 3. Dynamic properties calculated for the test model.

. . Period (s) Period (s) Damping Ratio (%)
Vibration Mode SAP2000 Experimental Exl;)egmental
1st Mode in Y Direction 0.746 0.746 2.95
1st Mode in X Direction 0.302 0.299 2.52
2nd Mode in Y Direction 0.214 0.213 1.93
1st Torsion 0.168 0.168 2.37
3rd Mode in Y Direction 0.103 0.110 2.09
2nd Mode in X Direction 0.060 0.076 1.64
4th Mode in Y Direction 0.061 0.069 1.73

1t Mode in Y Dir. 1%t Mode in X Dir. 2"d Mode in Y Dir.  Torsion

Figure 15. Vibration modes extracted for the model.

As shown in Table 3, the eigenfrequencies obtained from the experimental analyses
and the SAP2000 model are very close. The utilized FE program allows the user to scale
the bending and torsional properties of the members separately. In this way, the FE
model is calibrated very easily using the experimental data without having the exact
stiffness properties of the column—plate connection. Since the analyzed model is perfectly
symmetrical with respect to both axes, the dominant modes are mostly uniaxial and
uncoupled. Therefore, the stiffness scaling coefficients are easily obtained by trial and error
for each direction independently. Torsion mode is the only coupled mode, but the torsional
rigidity is directly controlled by a separate scaling coefficient until the experimental and
numerical periods are the same. However, vibration modes are generally expected to be
coupled for complex buildings with irregular geometries. If the dominant modes have
components in the x and y directions simultaneously, advanced optimization tools are
required to calibrate the model before starting the damage simulations.

Model validation and optimization techniques are beyond the scope of this study.
However, since almost all contemporary engineering structures are designed using FE
models, it is presumed that validated FE models are already present and can be used for
structural health monitoring applications whenever needed.
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Once the mode shapes representing the healthy reference were obtained, all of the
columns on the 2nd and 4th stories of the model were damaged by cutting them with
a saw. Initially, the columns had 40 x 10 mm rectangular cross-sectional areas. Using
an adjustable saw, the short sides of the 2nd and 4th story columns were cut at depths
of 1 mm and 2 mm on both sides, respectively. The damaged columns were expected to
have cross-sections of 38 x 10 and 36 x 10. The most significant problem at this stage
was quantifying the damage incurred on the columns. The % of residual stiffness of the
damaged component was calculated by taking the ratio of the moment of inertia values of
the damaged and healthy structures as shown in Equation (6).

I
% Residual Stiffness = (damage‘i> x 100 (6)
healthy

In Equation (6), I represents the moment of inertia of the element. For a rectangular
cross-section with a width of b and height of /1, I can be calculated as follows:

I= 11—2bh3 (7)

By substituting Equation (7) in Equation (6), a new formulation showing the change in
the % residual stiffness with respect to the depth of cut can be written as

3
% Residual Stiffness = (hlh d) x 100 8)
1

Using Equation (8), the stiffness losses at the 2nd and 4th stories were calculated as
14.3% and 27.1%, respectively. The above-mentioned dynamic analyses were conducted,
and the mode shape of the damaged structure was calculated. Then, the damage parameters
(location and extent) were estimated by performing simulations on the FE model shown in
Figure 14 by following the procedure in Figure 7. The calculated and estimated damage
levels are summarized in Table 4. It can be seen in the table that the damage level was
predicted with a maximum error of 19.4%. This error is greater than the maximum value
reported in Table 2 (3.4%). This difference is attributed to the difficulties in quantifying
the degree of the flaw rather than the efficiency of the method. It can be concluded that
damaging a component physically is not a fully controllable process and that cutting the
columns with a saw always damages the elements more than intended. Wood, the material
that the building model is made of, is not a homogenous material. The wood knots or
micro-cracks may cause the columns to have different mechanical properties. On the other
hand, even an error of 19-20% can be considered to be satisfactory. This accuracy is high
enough to diagnose possible structural damage and to take measures at early stages.

Table 4. Results of the damage analyses.

Column Seement Calculated Damage Estimated Damage Estimation
& Stiffness Loss (%) Stiffness Loss (%) Error

10 (the 2nd story) 14.26 16.09 12.8%

20 (the 4th story) 27.1 32.37 19.4%

The dynamic tests performed on the model also enabled the location of the flaw to
be determined accurately. As mentioned previously, the spatial resolution of the laser
measurements was 50 mm, resulting in 36 segments in total. As mentioned previously, the
columns were damaged at two different locations, namely at segments 10 and 20, which
were on the 2nd and 4th stories, respectively. On each story, all four columns were damaged
at the same locations. The results of the analysis performed to find the location and extent
of the flaws are shown in Figure 16 below. In the figure, the x axis represents the segment
number. Similarly, the y axis displays the damage in % of stiffness loss.
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Calculated vs. Estimated Damage (for the 6 Story Scaled Model)
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Figure 16. Location of the damaged column segments.

6. Applicability of the Proposed System for Testing Large Structures

The system developed in this work used an IR laser beam to measure the dynamic
response of the structures. If the tests are conducted in the daytime, it is unavoidable that
the system will be exposed to sunlight, which is a major source of IR light. Hence, it is
essential to validate whether the sun and other similar light sources affect the accuracy
of the measurements. The vibrometer described in this work generated a laser beam
with a specific wavelength (1500 nm). The beam reflecting from the target is received
and analyzed by the same device. An integrated band-pass filter only allows light beams
with a wavelength of 1500 nm to reach the receiver. In this way, noisy signals from
the surrounding environment are eliminated. Conventional IR vibrometers are mostly
guaranteed (by the manufacturers [35]) to provide very accurate measurements in almost
any weather conditions, except for in some extreme cases such as rain or heavy fog.

The health monitoring system proposed in this study can take measurements from
any location and orientation. The IR light emitted from the source does not need to be
perpendicular to the target surface. Independent from the angle between the beam and
the surface, Doppler vibrometers always measure the vibration in the direction of the laser
beam. However, the angle of incidence should be known to decompose the measured
vibration into the corresponding axes.

Below, Figure 17 shows the calculation of the coordinates and the reflection angles for
several measurement points. In the figure, the laser vibrometer is assumed to be placed at
the center of the coordinate system. If possible, taking the measurements from the same
location on the ground facilitates the comparison of the data acquired at different times. The
initial orientation of the laser vibrometer corresponds to the z-axis. In Figure 17, Points A
and B show the initial and final measurement points on the structure, which are represented

by the position vectors 71 and 72, respectively. The vertical angles between these position
vectors and the horizontal plane are represented by ; and f,. Similarly, the symbols &1
and ay denote the angle between the z-axis and the projection of the position vectors on
the ground plane. The step counters of the two motors used to rotate the platform around
the x and y axes acted as a digital protractor. They measured the horizontal and vertical
angles (« and B) for every test point with an accuracy of 0.0140, and these values were
stored in the memory for further calculations. If required, a separate device, such as a
theodolite or total station, can be used for this purpose as well. The guidance mechanism

of the system also includes a laser range finder that is measured to find the distance (’71 ‘

and ‘72 ’) between the laser vibrometer and the measurement points A and B.
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Ty B(xy, Y2, 2,)
Axy, ¥1, 21)

Figure 17. Calculation of the reflection angles [27].

Using the distance and the angles « and j, the 3D coordinates of the initial and final
points can be calculated. The overall displacement vector drawn between these points is
formulated as shown via Equations (9) and (11).

AT =7y— 74 ©)
- - - 2
Ar =(xp—x1)i +Wy2—y1)j +(z2—21)k (10)
5 - - —
AT =Ax i +Ayj+Azk (11)

The unit vector 1, showing the direction of the displacement vector is obtained by
Equation (12).

S AT AT
Ur = =7 = (12)
a7 anP+ (A + (a2

If the total path between A and B is divided into N segments, the 3D coordinates of
the initial and final points of the kth segment are calculated by Equations (13) and (14),
respectively. The indices i and f used in these equations represent the initial and final
points of the kth segment.

‘A?
N

—

= = 7 = - 7
Xe—il +Yk—i] +2k—ik = (xlz +y1j +zlk> + Uy

(k1) (13)

— —>> N ’AT ‘k 1)

i e 7 = .
Xkl +Yegj 2k = (xlz +y1j +z1k )+ u, N

Knowing the coordinates of all of the measurement spots, the angles « and 8 can be
calculated for all intermediate points and then used to decompose the recorded vibration
response into the corresponding axes.

While performing dynamic tests on large structures, temperature variations and other
similar environmental factors may affect the obtained modal parameters, even if there
is no damage [36,37]. This may cause some false alarms and difficulties in interpreting
the obtained results. Specifically, the response characteristics of steel structures change
significantly depending on the ambient temperature. In this work, the validation tests
were performed in the lab, and environmental factors were kept unchanged during the
measurements. Moreover, the test model was made of wood and had relatively low
sensitivity to temperature variations. Therefore, the possible effects of external factors
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were expected to be negligible. However, for future studies conducted on existing large
structures, the possible effects of environmental factors on dynamic response characteristics
should definitely be considered.

Two alternatives may provide useful information for analyzing the acquired data
and for interpreting the obtained results. First, environmental conditions and ambient
temperature can be recorded in detail during the measurement campaign. Such an approach
makes it possible to create a database that clearly shows how the modal parameters change
depending on uncontrollable external factors. However, such an approach requires the
long-term monitoring of the structure through a time period that includes daily, seasonal,
and yearly fluctuations.

As an alternative approach, some advanced optimization techniques can be utilized to
test the stability of the calculated dynamic properties and the reliability of the estimations.
For example, swarm intelligence optimization is a newly emerging method widely applied
in structural health monitoring to validate the effectiveness of analyses [38,39]. Although
the current work does not include such an assessment, for possible long-term tests and
analyses performed on large structures, evaluating the reliability of the damage estimations
determined by these optimization techniques is at the center of our future research plans.

7. Conclusions

Within the scope of this work, an innovative structural health monitoring system was
proposed for the rapid assessment of the current health/damage condition of high-rise
buildings, large-sized chimneys, bridges, and similar facilities. Different aspects of the
system, such as the measurement system and utilized data processing approach, were
discussed throughout the article.

Ground-based high-resolution IR infrared laser vibrometer(s) were used to measure
the dynamic response of structures. A new targeting and control mechanism was developed
to utilize these devices as automated scanners in a fast and efficient way. A different
methodology was followed to overcome difficulties in guiding IR laser systems.

The laser source was fixed on a platform that can rotate about two axes simultaneously,
and it was targeted towards the desired spot by moving the platform rather than by
directing the beam using mirrors and lenses. The proposed solution enabled high-resolution
IR scanners to be designed. Since IR lasers reflect off most surfaces with a very high intensity,
very accurate measurements are taken from the structure without needing to enhance its
surface. Therefore, the proposed system can be applied to existing structures efficiently
and with a very high accuracy and spatial resolution. Feasibility tests show that the new
scanner can be programmed to test structures with intricate geometries within very short
durations of 10-15 min. The cumulative measurement error is in the range of 0.06% of the
dimensions of the scanned area.

Within the framework of this project, a new and modified approach that can easily be
applied to finite element models is introduced. When only used for damage localization,
the method does not involve the use of a finite element model. Depending on the spatial
resolution of the measurements, the location of the flaw is determined precisely by compar-
ing the experimentally obtained mode shapes. However, if present, a finite element model
makes it possible to compute the extent of the flaw very accurately.

Numerical simulations performed on the FE model of a 15-story building show that
the stiffness losses due to damage can be identified very precisely. The maximum error rate
was in the range of 3-4%. The proposed methodology made it possible to superimpose the
effects of flaws that were observed in different parts of the structure simultaneously. The
instantaneous health condition of each floor was analyzed individually by decomposing a
single mode shape. In this way, highly complex damage scenarios representing concurrent
damage at several points of the structure can be analyzed, and damage characteristics
extracted with very high mathematical and spatial accuracy.

The health monitoring system developed in this work can be applied to existing
structures very efficiently. A single system can be used for the regular survey and control of
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several buildings successively. Compared to conventional sensor technologies, the obtained
spatial resolution is much higher. High-resolution measurements made it possible to detect
the location of the flaws rapidly and allows the required precautions to be taken.
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Abbreviations

The following abbreviations are used in this manuscript:

LDV laser Doppler vibrometer

IR infrared

FE finite element

MDOF  multi-degree-of-freedom
RA relative angle
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