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Abstract

Objective, accurate, and fast assessment of damage to buildings after an earthquake is
crucial for timely remediation of material losses and safety of occupants of buildings.
Currently, visual inspection of buildings for damage and manual identification of damage
severity are the primary evaluation methods. However, visual inspections have a number
of shortcomings. In different research studies, visual observations and inspector judgment
have been shown to differ amongst different inspectors in terms of thoroughness and
reliability of inspection, details included in inspection reports, and results of the damage

assessment.

Automatic damage assessment could help in evaluating damaged buildings by reducing
the dependency on subjective data collection and evaluation of the damage observations.
Laser scanning is a promising tool for field data collection for post-earthquake damage
assessment as laser scanners are able to produce accurate and dense 3D measurements of

the environment. Laser scan data can be processed to extract damage indicators.

Identifying the damage severity requires the damage indicators be related to the building
components in 3D space, as well as the structural configuration of the building, details of
the reinforcement, and actual material properties. A Building Information Model (BIM)
within which a structural system and damage are represented can serve as the underlying
information source for damage assessment and post-earthquake seismic performance
evaluation. However, further research is required for utilizing laser scan data and as-is

BIMs generated from laser scan data for storing and reasoning about damaged buildings.



In order to address the challenges and needs stated above, (1) the unique characteristics
of laser scan data, which can potentially limit the reliability of the scanner data for crack
identification under certain scenarios were investigated; (2) the information requirements
for representing and reasoning about damage conditions were formalized; (3) a
representation schema for damaged conditions was developed; and (4) reasoning
mechanisms were studied for identifying the damage modes and severities of components

using the identified damage parameters and structural properties.

The research methods involved experiments to identify the characteristics of laser
scanners for damage detection, investigation of damage assessment guidelines, and
investigation and analysis of Building Information Modeling standards. The results of the
investigation on damage assessment standards were used for identifying the information
requirements for the representation of damage and for developing the representation
schema. Validation studies include: (1) validation of the information requirements by an
analysis to quantify the sensitivity of damage assessment to the identified damage
parameters; (2) validation of generality of the representation schema to masonry

components; (3) validation of the reasoning mechanisms with a user study.

The contributions include: (1) characterization of two laser scanner for detecting
earthquake induced cracks; (2) identification of information requirements for visual
assessment of earthquake damage on reinforced concrete shear walls; (3) a schema for
representing the earthquake damage for supporting the visual assessment; and (4)

approach for identifying the damage mode and severity of reinforced concrete walls.
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Chapter 1 Introduction

1.1. Introduction

The earthquake regions around the world contain a large stock of reinforced concrete
(RC) buildings. For example, only in Los Angeles, CA, there is a stock of estimated
40,000 particularly vulnerable RC buildings, due to old design practices [59, 60]. The
total number of buildings, which will need to be assessed following a future earthquake is
much higher given that it would be necessary to assess not just vulnerable RC buildings,
but all RC buildings and other types of buildings that are impacted from the earthquake.
Historical evidence and research studies show that there is a pressing need to assess the
damage severities of RC buildings objectively, accurately, and rapidly, and quantify the

effects of the earthquake on the structural properties of the components [61, 62].

Current methods for damage assessment are manual and rely heavily on the structural
engineering expertise of the inspectors and their engineering judgment [63]. Inspectors
are expected to have a good level of understanding and experience in assessing the effects
of the ground motion on the seismic performance of components by observing the
indications of damage, performing structural computations, and synthesizing the

structural properties and construction details of a building [63].

Manual approaches for evaluating structures have been criticized for being error-prone,
slow, and subjective [5, 6, 26, 38]. Therefore, several researchers have been studying
ways to automate the damage assessment process [8, 9, 11, 27, 31-36, 38, 39, 46, 52, 64-

69]. Studies on computer vision techniques show promising advancements for capturing



and identifying damage indicators, such as cracking, spalling, and displacements, using
machine vision methods [12, 27, 28, 31, 32, 34-36, 38, 46, 57, 58, 66, 68, 70]. On the
other hand, automation of the actual damage assessment procedures using the captured
damage indicators is not a well-studied subject. The studies on automating the damage
assessment procedures include using augmented reality along with the residual story drift
as the damage metric, and using damage indicators (e.g., cracking, spalling) in a fragility
analysis to identify the aftershock vulnerability of buildings [39, 64]. However, none of
the previous studies address the automation of the engineering analyses for damage

assessment, based on the FEMA 306 guideline, which practicing engineers have to follow
[1].

This research mainly focuses on the engineering analysis of reinforced concrete
structures using the standards FEMA 306 manual for “Evaluation of Earthquake
Damaged Concrete and Masonry Wall Buildings: Basic Procedures”. This study focused
on FEMA 306 for three reasons. First, it is the standard document, which the engineers
have to follow when assessing the performance of damaged buildings in the US [1].
Second, the guideline builds on a thorough investigation of existing body of research and
presents a procedure that can used for a wide variety of damage modes and component
types [1]. Finally, it is being adopted by other countries, such as New Zealand, thus

reaching wider application [2].

According to FEMA 306, engineering analyses are performed on those earthquake
damaged buildings, which are tagged for further analysis after a rapid assessment [1].
The commonality amongst damage assessment standards of different countries, such as

United States and Japan, is that the pre-event performance of a given structure is



compared to the damaged performance of the same structure through engineering
analyses [1-3]. Thus, accurate quantification of the degrading effects (e.g., reduction in
the stiffness, strength, and displacement capacity) of the earthquake on the structural

components is critical in all established procedures.

The degrading effects of the earthquake motion on the components are quantified by first
determining the damage modes of the components. A damage mode is the type of failure
a component sustains under lateral loads. For example, the lateral strength of an RC wall
can be such that the flexural strength is reached before reaching all other possible failure
modes, such as shear or boundary compression, thus allowing the wall to fail under
ductile flexure. Previous research has found seven common damage modes for reinforced
concrete wall components (i.e., piers and spandrels), including ductile flexure, pre-
emptive shear, diagonal compression, boundary compression, sliding shear, and pier
rocking [1]. Reinforced concrete frames generally exhibit either flexure or shear type of
failure. Compared to RC frames, distinguishing between damage modes can be especially
challenging for wall components, considering that the damage modes can look alike at
low severities and calculations are required to determine the governing mode [1]. This
study develops an approach for streamlining the objective and accurate collection of
damage data and processing of building information and the damage data for the

engineering analysis of damaged reinforced concrete walls.

1.2. Problem Statement

The current practice of data collection and engineering analyses is a largely manual
process, which requires extensive engineering judgment and experience to correctly

identify the damage modes and severities of components [1-3]. On the other hand,



manual procedures for collecting and analyzing the data have been criticized for being

subjective, error-prone, and slow [4-6].

Laser scanners have several potential benefits for collecting data for damage assessment.
First, laser scanning technology has been shown to be effective for identifying damage
indicators, such as cracks, displacements, deflected shapes, spalling, crushing, and
reinforcement damage [7-9]. Second, once point cloud data is collected from multiple
view angles and locations inside and outside of a structure, the scans can be registered to
generate a 3D representation of a structure [10]. Such a holistic representation of the
actual conditions of a building presents opportunities for analyzing damage information
at system level from a damage assessment perspective. Third, point cloud data and
detected damage can be used to generate Building Information Models (BIM), which
represent the actual damaged conditions of buildings to support reasoning for damage
assessment [11, 12]. BIMs can be used to perform topological queries to extract required
damage and connectivity information for system level reasoning and they can support
information, such as reinforcement details for capacity calculations [13, 14]. Fourth, laser
scanners are light independent and long range [7]. Light independence is an advantage
especially when working in the interiors of damaged buildings, where there may be no
power after an earthquake to properly illuminate the scene. Long range makes it easier to

reach upper floors and distant objects.

Laser scanners also have limitations and unique challenges for imaging cracks [15]. The
phenomenon called mixed pixels results in incorrect measurements [16, 17]. Mixed
pixels occur due to the fact that the laser beams have a finite size (generally a couple of

millimeters) and captured coordinates of the points are functions of the returned signal



over the entire beam area [17]. Geometric discontinuities, such as when the laser beam
partially hits a wall edge and a portion of the beam hits on the wall and the remaining
portion of the beam hits a background surface, are prone to mixed pixels [17]. Depending
on the distances of the foreground surface (e.g., surface of a component) and the
background surface (e.g., inside of the crack), and the scanner technology, the returned
range can be erroneous [17]. Mixed pixels also occur when the imaged object is smaller
than the beam itself or when the beam partially falls on the object [15]. Additionally, the
actual resolutions achieved by laser scanners is also dependent not only on the sampling
interval, but also on overlapping of laser beams [18]. All these factors impact whether
cracks will be detectable with laser scanners. So far, these effects have not been fully

studied from crack detection perspective.

In order to support the engineering analysis of damaged structures, we need accurate
information about the existing conditions of the structures, including the configuration,
reinforcement details, expected material properties, and structural analysis models,
previous damages to structural components, and the current damaged conditions.
Building Information Models (BIM) can potentially support representing and reasoning
about the damaged conditions of the buildings and the building information, such as the
configuration, reinforcement details, and structural analysis models [11, 13, 19-22]. BIMs
can be used to support the engineering analyses for the damage assessment tasks, such as
those for strength analysis [13, 19]. However, current BIMs are not developed to
represent existing conditions of the buildings [11, 12, 23]. Therefore, in order to utilize

BIMs in damage assessment, representing the damage information needs to be researched.



Developing a representation for damage assessment requires identifying the information

items, which need to be represented.

On the other hand, the current BIMs can support the representation of structural
information including component sizes, reinforcement details, and material properties.
Since, they are developed for conveying design information to the construction stage, the
exact information requirements of the engineering analysis for damage assessment might
not be satisfied directly. When a model is used for a purpose other than the original intent
transformation may need to occur [24]. For example, in order to compute the strength of
components the locations of reinforcing bars in the sections need to be known. In order to
utilize the current BIMs for damage assessment, such transformation mechanisms should

be formalized.

Utilizing BIMs for determining the damage mode and severity for structural components
requires specific reasoning mechanisms for assessing the damage. Current damage
assessment methods are formulated to use nodal displacements or accelerations recorded
during the earthquake. However, it is possible that the damage will be quantified after the
earthquake and a computerized approach could use the damage indicators measured using
the laser scanner after the earthquake. Therefore, damage assessment approaches that can
process an information model, which contains the damage information and building

information should be researched.

1.3. Research Vision

The discussions in the previous sections indicate that it is necessary to: (1) Characterize
the performance of laser scanners to detect cracks, (2) Identify the information

requirements for representing and processing visual damage information, (3) Develop a



schema for representing earthquake damage and supporting the engineering analysis, (3)
Formalize and develop the product model transformation mechanisms to extract the
necessary information for the engineering analysis, and (4) Formalize a reasoning
mechanism for processing the developed schema to accurately identify the damage

modes and severities of building components.

It is envisioned that the automated damage assessment method for the engineering
analysis will have three main steps (Figure 1-1). The first step is the detection of the
damage from various input sources, such as laser scanned point clouds, photographs,
hand sketches of reports. The detection of the damage can be semi- or fully-automated.
Hand sketches or verbal descriptions can be interpreted manually. This thesis primarily
focused on laser scanned point clouds as the input source for their long range, light
independence, and being able to construct 3D representation of the building accurately
[7]. The outputs of the damage detection stage are the damage parameters, which are
required for updating the BIM and performing a visual assessment per the requirements

of FEMA 306.

The model updating stage takes an as-is BIM and the damage parameters and generates a
damage model by transforming the existing model and associating the damage
information with the model. It was assumed that the as-is BIM contains the accurate
reinforcement amounts, locations and details, material properties, and building

configuration.
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Figure 1-1 The envisioned process involves three steps. The first step detects damage from laser scan data and
optionally from other sources. The second step updates an as-is BIM with the damage information. The last step
performs the damage assessment tasks. The output of the overall process is the damage mode and severity of the
components.

In the damage assessment stage, two analyses are performed. A strength analysis, which
calculates the lateral forces to initiate the common damage modes, identifies the
governing damage mode. The visual assessment identifies the damage severity for the
governing damage mode. The verification involves checking whether the strength and
visual assessment agree on the governing mode. If the visual assessment has eliminated
the governing damage mode, then the potential sources of discrepancies should be
checked and corrected, if necessary. The outputs of the overall process are the damage

modes and the damage severities of the reinforced concrete walls.

1.4. Research Questions

In order to automate the engineering analysis tasks, it is necessary to understand the
characteristics of the laser scanners for damage detection, formalize the information
requirements of the engineering analysis, develop a representation schema for the damage
information, and develop reasoning mechanisms to perform the analysis tasks. In order to

address these, three research questions were posed:



1. How do the characteristics of 3D terrestrial laser scanners impact the detection of

cracks?

2. What representation enables performing the visual assessment tasks for detection

of damage modes and severities of reinforced concrete walls?

3. What reasoning mechanisms enable performing the engineering analysis of

earthquake damage assessment?

Below is a detailed description of these research questions.

Research Question 1: How do the characteristics of 3D terrestrial laser scanners

impact the detection of cracks?

This research question focuses on understanding the limitations of using laser scanners
for damage detection tasks. The previous studies on crack detection using laser scanners
are limited in the chosen crack parameters, the laser scanner parameters tested, or use
non-repeatable manual methods for analyzing the results. In order to fully understand the
characteristics of laser scanners for detecting earthquake induced cracks on reinforced
concrete components a thorough experimental study was designed and executed.
Artificial blocks were cast and scanned using two different laser scanners, which

represent the state of the technology.

An algorithm was implemented and parameters were tuned using a variety of scans to
obtain the least false positives and high detection rates. The scans were repeated at least
five times on the artificial blocks. The scans were analyzed to identify the smallest crack

widths, which can be identified at different ranges, resolution, incidence angles, and



crack alignments. Then, for a selected set of parameters the results were compared to the

results obtained from a real wall. Chapter 2 describes the research question in detail.

Research Question 2: What representation approach enables performing the visual

assessment tasks for detection of damage modes and severities of reinforced

concrete walls?

The second research question focuses on the development of a schema for supporting the
visual assessment for earthquake damage assessment. Two sub-questions were addressed.
1) What are the information requirements of the visual assessment? 2) What general

representation enables the representation of the damage parameters?

The first sub-question focuses on identifying the damage parameters, which need to be
represented. This task was performed primarily based on the FEMA 306 guideline. Based
on the findings of the first sub-question, a representation schema was developed. Chapter
3 describes the information requirements in detail. Chapter 4 describes the developed
representation schema and validates the schema for the coverage of the damage

parameter space based on a real case.

Research Question 3: What reasoning mechanisms enable performing the

engineering analysis of earthquake damage assessment?

This research question focuses on processing a damaged BIM for performing the visual
assessment as well as the strength analysis for determining the damage severities and
damage modes of structural components. As discussed in the previous section, the

damaged BIM is composed of an as-is BIM updated with the damage information.
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Two sub-questions were addressed. 1) What transformation mechanisms are required to
extract the necessary information from the damaged BIM to perform the strength
analysis? 2) What approach enables performing the visual and strength analyses on a

damaged BIM?

The research question was validated by comparing the precision and recall of the results
obtained from the automated method and the manual method. Chapter 5 describes the

details of the research activities related to this research question.

1.5. Research Method

The research method has three aspects. The first aspect requires understanding the laser
scanning technology from a feature detection perspective and developing the knowledge,
which is required for designing and executing experiments using laser scanners. The first
aspect is independent from the other two aspects. The second aspect involves capturing
the qualitative and quantitative knowledge about the damage assessment procedures. This
aspect requires processing the traditional structural engineering problem from an
information modeling and processing perspective. The third aspect involves applying the
knowledge on the damage assessment procedures for developing an approach for

representing and reasoning about the damaged structures.

The following tasks were performed:

* Investigate the imaging related background research for detecting thin features,
and specifically cracks: a wide range of studies was reviewed in order to
understand the imaging and image processing techniques. The literature ranged

from computer vision focused studies to civil engineering applications of imaging
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techniques and covered both 2D imaging and 3D imaging. Quantitative
techniques for modeling imaging device characteristics and experimental studies

for characterizing imaging devices were covered.

Investigate different countries’ damage assessment guidelines: various countries’
damage codes were studied to understand the commonalities between different
applications. The review not only covered the engineering analysis stage, but also
covered the rapid assessment procedures and important standards, which the main
damage assessment guidelines refer to, in order to develop an in depth

understanding of the domain.

Develop and execute experiments: a series of experiments were designed to
characterize the performance of laser scanners for detecting cracks. Two
hydrostone blocks were cast to be used in the experiments. In total, the
experiments resulted in hundreds of individual scans. The results were analyzed

and tabulated using a crack edge detection algorithm.

Study the FEMA 306 guideline in depth: the FEMA guideline for three aspects.
First, in order to conduct the laser scanner characterization experiments, the
guideline was studied for the important crack parameters and the ranges of
parameter values. Second, the guideline was studied to identify the information
items, which are required to develop a representation for visual damage
assessment. This step was performed using structured systems design techniques.
Finally, the guideline was studied for identifying the requirements of the strength

analysis. This aspect also required studying the related design and evaluation
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standards and various research reports to capture the requirements of the

equations and the thought process of the analyses.

Investigate the damage assessment automation studies: a wide range of studies
was studied, which aim at the automation of the rapid assessment and engineering
analysis. This task also ties to the first task of investigating the imaging related

literature for detecting damages.

Investigate BIM development approaches and product model transformation
methods: the literature was reviewed for developing representations as well as
integrating models. These studies helped develop the representation schema for
the damage information. In addition the studies on product model evolution and

transformation were reviewed.

Develop an approach for streamlining the damage assessment procedure and
implement a prototype: Based on the findings on damage assessment procedures,
information requirements identification, and information modeling practices, an
approach was developed, which puts together the visual assessment and strength
analysis procedures. A prototype was implemented, which consists of a damage
digitization script, damage information processing program, and a damage
assessment program. The damage digitization script was used to convert the hand
sketches of the damages in the validation case into the representation schema. The
damage information processing program was used to manually input some of the
damage parameters, which cannot be directly digitized. The damage assessment
program performs the damage assessment tasks on a given BIM by walking the

user through the steps of the damage assessment process.
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The following sections discuss the research questions and tasks in detail. Chapter 2
discusses the experimental study to characterize laser scanners for damage detection. The
identification of information requirements will be detailed in Chapter 3. Chapter 4
develops the schema for representing damage information. Chapter 5 builds on the
damage representation schema and develops the reasoning mechanisms to perform a
complete analysis including strength analysis and visual assessment using a Building
Information Model. Chapter 6 summarizes the conclusions and the contributions of this

research.
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Chapter 2 Experimental Characterization of Performance of

Laser Scanners for Post-Earthquake Crack Detection

2.1. Introduction

Earthquake damaged buildings must be inspected to determine the nature and severity of
the damage, to assess the safety of the structure, and to design strengthening measures.
Currently, accepted practices of damage assessment of reinforced concrete buildings rely
mainly on visual observation of damage and manual interpretation of reports and sketches
prepared by the inspectors in the field to identify the damage modes (also called the
failure modes) of components and damage severities [1]. Typically, buildings are
inspected by structural engineers and trained building inspectors, and building inspection

requires experience and extensive knowledge about structural behavior [1, 25, 26].

Visual inspection has been criticized for being subjective, error-prone, and slow [27, 28].
Important details can be missed, misinterpreted, or field measurements and calculations
can be incorrect [4, 5, 26]. Moreover, visual inspections and reports may not cover all the
details required by inspection guidelines. Finally, interpretation of the reports and overall

results of the inspection can vary greatly from inspector to inspector [5].

For these reasons, researchers have been studying automation methods using vision
sensors for detection and interpretation of various types of structural damage for better
coverage, higher detection rates and accuracy [7-9, 27-39]. Another motivation for
automating the damage detection is the unavailability of qualified engineers to be

employed after disasters [38]. Besides damage detection purposes, vision sensors can also
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help in supporting a growing interest in capturing and modeling the existing conditions of

facilities accurately to be used in future analysis [10, 23].

Damage often initiates as cracks in reinforced concrete buildings. Other damage
indicators appear as the damage progresses. Which of these indicators will occur and
their order depend on many factors, such as relative strengths of infill and frame, system
and reinforcement configuration, strengths of materials, and loading [1, 40]. All of the
damage modes contain cracks, however the other damage indicators do not occur in every
case [1]. Cracking is the main quantified damage indicator. Width of the cracks,
orientation of cracks, and whether a crack penetrates through the entire depth or is only a
surface crack are related properties of cracks for damage detection. For the other damage
indicators, inspectors mostly look for whether those indicators exist or not, such as
whether there is rebar damage or not. In summary, cracking has been identified as the
most important damage indicator; hence, identification of cracks is the main focus of this

chapter.

Laser scanners have several potential benefits for such detailed damage assessment tasks.
First, laser scanning technology has been shown to be effective for identifying damage
indicators, such as cracks, displacements, deflected shapes, spalling, crushing, and
reinforcement damage [7-9]. Second, after point cloud data is collected from multiple
view angles and locations inside and outside a structure, the scans can be registered to
generate a 3D representation of a structure [10]. Such a holistic representation of the
actual conditions of a building presents opportunities for analyzing damage information
at system level from a damage assessment perspective. Third, point cloud data and

detected damage can be used to generate Building Information Models (BIM), which
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represent the actual damaged conditions of buildings to support reasoning for damage
assessment [11, 12]. BIMs can be used to perform topological queries to extract required
damage and connectivity information for system level reasoning and they can support
information such as reinforcement details for capacity calculations [13, 14]. Fourth, laser
scanners are light independent and long range [7]. Light independence is an advantage
especially when working in the interiors of damaged buildings, where there may be no
power after an earthquake to properly illuminate the scene. Long range makes it easier to

reach upper floors and distant objects.

Laser scanners also have limitations and unique challenges for imaging cracks [15]. The
phenomenon called mixed pixels results in incorrect measurements [16, 17]. Mixed
pixels occur due to the fact that the laser beams have a finite size (generally a couple of
millimeters) and captured coordinates of the points are functions of the returned signal
over the entire beam area [17]. Geometric discontinuities, such as when the laser beam
partially hits a wall edge and a portion of the beam hits on the wall and the remaining
portion of the beam hits a background surface, are prone to mixed pixels [17]. Depending
on the distances of the foreground surface (e.g., surface of a component) and the
background surface (e.g., inside of the crack), and the scanner technology, the returned
range can be erroneous [17]. Mixed pixels also occur when the imaged object is smaller
than the beam itself [15]. Additionally, the actual resolutions achieved by laser scanners
is also dependent not only on the sampling interval but also on overlapping of laser
beams [18]. All these factors impact whether cracks will be detectable with laser scanners.
To the best knowledge of the authors, these effects have not been fully studied from crack

detection perspective.
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This chapter presents the results of an experimental study on the performance of laser
scanners for imaging cracks. The main goal of the experiments is to identify widths,
orientations, and depths of cracks that can be detected from point cloud data given the
scanning parameters. The scan data was also evaluated in terms of loss of continuity of
cracks. For these purposes, experiments on artificial cracks were performed to test the
interaction of the crack parameters and laser scanner parameters on crack detection. In
addition to the experiments on artificial blocks, an actual earthquake damaged wall was
scanned and results obtained from the real case were compared to the artificial blocks to

evaluate the applicability of obtained results in real cases.

2.2.  Research Background
2.2.1. Crack Properties

Ultimately, the overall objective for this study is to determine what damage severities it
would be possible to identify from point cloud data, given the configuration of the
scanner. In order to test the capability of the scanners, it is necessary to determine the
crack parameters that mark the boundaries between different damage severities and those
that help in defining different damage modes. For this purpose, FEMA’s “Evaluation of
earthquake damaged concrete and masonry wall buildings” documents (FEMA 306 and
FEMA 307) were studied, which present a comprehensive assessment of behavior of
reinforced concrete structures to identify the important crack parameters for damage
assessment [1, 25]. The investigation of damage modes defined in FEMA 306 revealed
that three properties of cracks are relevant to this study. These are: width of cracks,
orientation of cracks, and whether a crack is a surface crack or penetrates through the

entire component.

18



The type of cracks (e.g., shear or flexure) is manifested by the orientation of the cracks
with respect to the axis of the component, since concrete cracks in the direction of the
principal tension. For example, on a vertical column diagonal cracks indicate shear
cracking. Vertical cracks near the edge of a column may indicate lap-splice splitting. For
more complex damage modes, different types of cracks may appear together. For
example, some flexural cracking may be observed along with extensive shear cracking
for a pre-emptive shear failure, but the flexural cracks will generally be narrower than

shear cracks [1].

Once the damage mode is identified, damage severity is mainly related to the widths of
cracks. In different failure modes, the same crack width can correspond to different
damage severities. For example, a shear crack is generally corresponds to a more severe
damage level compared to a flexural crack with the same width [1]. Therefore, there is no
generic list of crack widths that can apply to all of the damage modes. In this study, we

generated a list of crack widths according to FEMA 306 [1].

For damage assessment, changes to the load bearing properties of components are
important. Therefore, it is important to know whether a crack is a surface crack (e.g.,
plaster crack) or penetrates through the core concrete to the other side of the component.

Cracks that penetrate into the concrete core are more critical.

2.2.2. Image-Based Crack Detection

Digital imaging has certain advantages as well as challenges and shortcomings as field
data collection and damage detection devices. Some of the advantages are that cameras

are cheap, light, and high resolutions can be achieved [34]. Imaging and damage
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detection using images can be investigated from hardware, operation, and algorithm

perspectives [41-46]

Spatial resolution, noise level, color and tone reproduction performances, optical
distortions, operational settings of the camera (e.g., aperture size and exposure), and
lighting conditions characterize the quality of images for damage detection [43]. Besides
internal factors, such as electronics of the camera, operation of the camera by the
inspector and external lighting conditions plays an important role on the quality of
images [43]. For example, signal-to-noise ratio (SNR) can be affected by the aperture
settings and lighting. The noise level affects whether damage will be detectable by
automated algorithms [43]. Suboptimal selection of aperture and exposure coupled with

bad lighting conditions can lead to poor damage detection rates [43].

Damage detection algorithms, on the other hand, aim at identifying as many cracks as
possible, while minimizing false positives with minimal loss of information (e.g.,
continuity of cracks) from a given image [44, 46]. Crack detection algorithms based on
edge detection techniques, wavelet analysis, frequency-domain analysis, segmentation
methods, percolation based methods and other computational techniques have been
proposed [45, 46]. Using a semi-automated method, crack width measurement accuracies
up-to 0.35 mm have been reported [47]. Challenges affecting the crack detection
algorithms have been reported as false detection due to surface stains or texture and
losing the continuity of cracks due to hardware limitations, operation of the device, and

algorithm limitations [44, 48, 49].

For detailed damage assessment of structures, detected damage should be mapped to

actual dimensions to reason about the properties of damage indicators, which is an
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additional processing step. An alternative approach to processing damage at component
level is detecting the components in the images and rectifying dimensions using known
component dimensions to locate the damage and compute damage properties [49]. Zhu et
al. developed an approach to aid in safety evaluation of buildings immediately after
disasters [49]. Detailed performance evaluation requires much more complex reasoning
than safety assessment, including reasoning about damage levels on connected
components. It is not clear how such approaches developed for component-based
assessment can be applied at the system level to evaluate assemblies of components

together.

Images can potentially be used in conjunction with laser scan data for damage assessment.
For example, images can complement laser-scan data for better visualization or in cases
where laser scanners may fail, but images may perform better. This can potentially be
realized by registering images with 3D point clouds [50]. While this is a promising
approach, the first towards that is to understand under what conditions laser scanners
perform better in crack detection and assessment — which is the focus of the research

described in this paper.

2.2.3. Laser Scanners for Crack Detection

Several studies have investigated the accuracy and resolution of laser scanners [18, 30, 51,
52]. Previous studies can be grouped into two groups: (1) experimental studies that scan a
target object using several scanners and compare the errors of the scanners, and (2)
theoretical studies that attempt to develop formal mathematical models to quantify the

performance of scanners.
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Detecting and measuring the dimensions of thin structures, such as cracks, have been
found to be especially challenging due to mixed pixels and high accuracy needs [15, 33,
34]. In a particularly related study, the crack widths measured manually show that crack
widths can be overestimated up to four times of the original crack width [33]. The
mentioned study highlights, the effects of angle of incidence of the laser beam and crack

orientation on the detection of cracks and the accuracy of the width measurements.

The laser scanner accuracy has been shown to degrade as a result of the interaction of the
scanner characteristics and environment. This is caused by the mixed response captured
by the scanner when a laser beam illuminates two surfaces with different ranges, or two
surfaces at the same range, but with different reflectivity [16]. As a result, range errors
occur. Such range errors can cause losses around the edges of objects making them seem
smaller [17]. For geometric discontinuities, the edge losses can be predicted using the
size of the actual beam footprint on the target object and the measurement method used
by the scanner [17]. The model assumes that the laser beam will hit two surfaces (i.e, a
background and a foreground). However, studies on mixed pixel behavior do not account
for cases within which only the mid portion of the laser beam illuminates the background
(e.g., interior of the crack), and there is centimeter or millimeter level geometric
discontinuity between the surfaces, which exists when scanning cracks. Studies on mixed
pixels point to two important crack parameters for crack detection: width and depth of
cracks. The width of crack determines the distribution of the laser beam hitting the
surface and the interior of the crack for a given range and angle of incidence. The depth

determines the amount of geometric discontinuity captured by the scanner.
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Application of Modulation Transfer Function (MTF) analysis to laser scanners is one of
the quantitative modeling approaches [18, 51]. MTFs of imaging systems can be obtained
either experimentally or theoretically by making certain assumptions about the behavior
of the system. Lichti and Jamtsho’s (2006) model for determining the angular resolution
of laser scanners using MTF approach considers laser beam size, sampling interval, and
quantization errors and shows the importance of these parameters in characterizing the
effective resolution of laser scanners [18]. Being sampled imaging devices, laser scanners
have anisotropic character, which means the alignment angle of the feature being scanned
(e.g., crack) with the sampling grid formed by the laser spots falling on the surface
determines whether the feature will be captured or not [41]. In terms of crack detection,

this translates to crack orientation.

It has been reported that range errors can be affected by the reflectivity of surfaces [16].
Although, building materials can come in a variety of colors, textures, and compositions,
we did not consider different materials in the experiments for two reasons. First, previous
research on range errors due to different materials did not identify significant range errors
[53]. Experiments on various material types, including common construction materials,
such as concrete and brick, found the range errors to be at the order of individual point
standard deviations [53]. The study concluded that the observed errors can be due to
accidental incidence angle instead of the effects of target object material [53]. The results
of the mentioned study point to the potential insignificance of the effects of surface
reflectivity on measurements when construction materials are scanned. Second, large

variety of surface colors can be observed in a building. To keep this research focused on
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most prominent parameters, studying the effects of different materials for crack detection

were left for future research.

In the light of the previous research, this chapter focuses on three important scanners
parameters: Sampling interval, angle of incidence, and range. Additionally, crack width,
depth, and orientation are other important parameters as discussed in Section 2.1. In order
to evaluate all of the affecting parameters of laser scanners and the interaction of the
crack properties with the laser scanner measurements, a new experimental setup was
designed. The details of the testbed and the algorithm used for measuring cracks are

introduced in the following section.

2.3. Testbed

A testbed was developed in order to objectively and consistently evaluate the capabilities
of laser scanners for detecting thin cracks. The testbed consists of two hydrostone blocks
onto which slots representing cracks were opened using a water jet. Two laser scanners
representative of the current laser scanner technologies were used. The first one is a
pulsed time-of-flight (PTOF) scanner [54]. The second one is an amplitude modulated
waveform (AMCW) scanner [55]. Two hydrostone blocks were prepared to represent
three important parameters of cracks, as discussed in Section 2.1: crack width, orientation,
and depth (Figure 2-1). The values of the crack parameters were determined based on
FEMA 306, since it presents an assessment of behavior modes of building components

under earthquake loads [1].

Based on prior work discussed in Section 2.2, we identified the important scanning
parameters as: sampling interval, range, and angle of incidence. Beam size was implicitly

considered, since beam size is a function of range. The values of the scanning parameters
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were identified according to prior work [16, 18, 41]. The values of crack and scanning

parameters and the experimental setup will be discussed in the following sub-sections.

Figure 2-1 The blocks have 10 cm (left block) and 5 cm (right block) depth and various crack sizes. The 5 cm block has
a moveable piece that allows adjustment of crack size. The blocks are shown in 45° orientations. Six targets were
placed on each block. These targets were used to establish a reference coordinate system to be used by the algorithm
for crack measurement.

2.3.1. Properties of Artificial Cracks on the Hydrostone Blocks

Hydrostone blocks were cut using a waterjet to open slots, which represent cracks. One
corner of each block was cut at 45° angle so that the cracks can be oriented diagonally.
Six laser scanner targets were placed on each block. The targets were used for
registration and setting local coordinate systems during edge detection. After opening the
slots using a waterjet, the actual crack sizes were measured with a digital caliper to

determine the ground truth.

The set crack widths were determined based on FEMA 306 [1] (Table 2-1). Due to the
limitations of the waterjet in adjusting the width of the slots, the actual crack widths came
up to be slightly different than the planned crack widths. For a typical concrete member,

the concrete cover is generally around 3-5 cm. Adding the thickness of the reinforcement,
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the depth to which a crack needs to penetrate to reach the concrete core becomes larger
than 5 cm. Therefore, 5 cm was selected as the limiting crack depth in this experiment. In
addition, 10 cm was used as a second crack depth, to identify the performance of laser
scanners for deeper cracks. Block 1 has a depth of 10 cm, whereas block 2 has a depth of

5 cm.

Table 2-1 Crack parameters used in the experiments are crack width, crack orientation, and crack depth.

Parameter Block 1 Block 2
Planned crack widths 0.8,1.6,3.2,4.8,6.4,9.5,25, 50 mm
Actual widths 3.50, 4.60, 6.40, 10.80, 27.00, 52.50 mm _ 1.25, 3.50, 4.60, 6.40, 10.80, 27.00, 52.50 mm
Crack orientation 0°, 45°, 90°
Planned crack depth 10 cm Scm
Actual crack depth 10.5 cm 5.8cm
2.3.2. Scanning Parameters

The main parameters that control the resolution of laser scanners are sampling interval,
which is the distance between laser beams when they hit a surface, and beam width [18].
Unlike sampling interval, beam width typically cannot be controlled by the user and is a
function of range, beam divergence angle, and angle of incidence of the laser beam with
the object surface [17, 33]. Therefore, range, angle of incidence, and sampling interval
were selected as variables. The effects of beam width were implicitly considered through

range and angle of incidence.

Sampling interval values were selected to represent the values used in practice and also
theoretical studies performed for characterizing the resolution of laser scanners. An
approach applicable to discrete sampling of data suggests that the best resolution can be
achieved if a sampling interval smaller than half the minimum crack size is used [18].
This sampling interval corresponds to the Nyquist frequency. Applying the Modulation
Transfer Function (MTF) analysis concept, it was theoretically shown that best angular

resolution can be achieved by setting the sampling interval equal to 86% of the beam
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width [18]. Both of these approaches were incorporated into the design of the experiment

(Table 2-2).

In order to set a sampling interval that agrees with the Nyquist theorem, 0.5 mm was used
as the smallest sampling interval. The second sampling interval was selected as 86% of
the beam width. Third, a sampling interval that is twice the beam width was selected as
the high value to constitute an upper bound. Finally, an intermediate value between the
smallest value (0.5 mm) and the 86% value was selected. Because the beam width varies
with range, these values were calculated for the selected range values. One of the
limitations was that the waveform scanner neither has the capability of adjusting
sampling interval in millimeters nor the sampling interval can be set as small as 0.5 mm
[55]. Therefore, the waveform scanner was evaluated using the three pre-defined settings
of the scanner, which are 0.0018°, 0.0036°, and 0.0072° (Table 2-2). At 10 meters, these
angular sampling intervals correspond to 3.1 mm, 6.3 mm, and 12.6 mm, respectively.
Additional configurations were used with the time of flight scanner to match those of the

waveform scanner for comparison.

Table 2-2 Sampling intervals used for the two scanners at 10 m range. The reference sampling intervals are used at
other ranges. Values in parenthesis for the AMCW scanner represent the sampling interval in angular units.

Scanner Sampling intervals (mm)

PTOF 05 15 3.1 43 6.3 10 12.6 15

AMCW - - 3.1 - 6.3 - 12.6 -
(0.0018° (0.0036°) (0.0072°)

Angle of incidence is defined as the angle between a laser beam and the normal of a
surface. The size of the laser spot on the surface increases with the incidence angle.
Besides affecting the beam size and the mixed pixels, incidence angle also causes self-

occlusion of the cracks. One edge of the crack occludes the interior of the crack. When
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the visible depth of the crack from the scanner position is close to the noise in the data
caused by mixed pixels and measurement noise, the crack disappears in the data.
Therefore, it is not possible to distinguish whether a crack is visible or not because of the
self-occlusion of the crack due to high incidence angle or mixed pixel effects. For the
experiments we limited the incidence angle to 60°, which allows observation of all of the

cracks. In addition to 0° and 60°, 30° was considered as an intermediate value.

It is not feasible to evaluate all of the combinations of the experiment parameters. The
combination of all of the parameter sets yields an exponentially large number of test
cases. Instead of testing for all possible combination, a single parameter was tested at a
time (Table 2-3). A set of reference values, which would yield the best detection results
were determined. Using the reference values, we aimed at obtaining an upper bound of
the test parameters. Hence, when the values are changed, the detection rates were
expected to go down and the minimum detected crack width was expected to increase.
One of the parameters was changed while others were kept fixed at reference values. The
same procedure was repeated for all of the parameters. In total four test cases were
obtained (Table 2-3). Each case was repeated five times and averaged values are used in

the presentation and interpretation of the results.
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Table 2-3 Experiment parameters were tested one at a time, by changing one by one while keeping the others fixed at the
reference values. This way four test cases were obtained. Shaded cells show the fixed parameters in each test case, while
unshaded cells show the varied parameter.

Parameter  Reference Case 1 Case 2 Case 3 Case 4
Value

Sampling 0.5 mm (PTOF) 0.5,1.5,3.1,4.3,5,6.3,10,12.6, 15mm 0.5 mm (PTOF) 0.5 mm (PTOF) 0.5 mm

interval 0.0018° (PTOF) 0.0018° 0.0018° (PTOF)
(AMCW) 0.0018°, 0.0036°, 0.0072° (AMCW) (AMCW) (AMCW) 0.0018°

(AMCW)

Range 10 m 10 m 10,20,30,40m 10m 10 m

Crack Vertical (90°) 90° 90° 90°, 45°, 0° 90°

orientation

Angle of 0° 0° 0° 0° 0°, 30°, 60°

incidence

2.3.3. Automated Detection Algorithm

In order to analyze the data objectively, we need a consistent method for detecting cracks.
A manual approach is not useful in this case for two reasons. First, manual measurement
involves subjective selection of edge points and is not reliable [17]. Second, the manual
method cannot produce consistent results, since it is not possible to select the same point
across different scans. Therefore, an automated approach is adopted. The automated
approach is based on the voting method of Tang et al. (2009) and introduces

improvements over the method [17]. The main steps of the adopted approach are:

1- Setup a local coordinate system for every scan using the targets placed on the

blocks.

2- Extract a 3D slice along the block perpendicular to the dimension being measured

(Figure 2-2a).
3- Identify edges to determine the width of each crack (Figure 2-2b).

4- Extract measurements and store result.
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Figure 2-2 Laser scan points are analyzed on a slice of points extracted across the surface of the blocks (highlighted in
red) (a). Every point is classified as being a crack point or a surface point by analyzing the spread of the local
neighborhoods (b). The transition between crack points and surface points is marked as an edge.

The crack measurement step has two sub-steps: crack edge detection and width
measurement. The edges are detected by sliding a window of fixed size (i.e., number of
points) along the slice. For every window (i.e., local neighborhood), the standard
deviations of the distance of points within the window from the block surface are
computed. A threshold is used to classify the points as being on the block surface or

inside the crack. More precisely, if the number of points that are within 20 distance to the
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surface are less than the number of points that are farther than 2o within a window, then
the window position is marked as a crack. The standard deviation (o) is computed for
every scan on an undamaged section of the block with the assumption that noise is
uniform over the surface of the block. Every point on the slice was tagged either as
belonging to the surface or a crack (Figure 2-2b). The boundaries between the on-surface

points and the points belonging to cracks are marked as the crack edges.

The large variation of sampling intervals used in the experiments prevents using a fixed
window size for all scans. For a very dense scan (0.5 mm sampling interval), using a
small window size results in too many false positives. The reason is that the spread of the
points in a small local neighborhood can be large compared to the average noise level
across the surface. On the other hand, a large window size can result in cracks being
missed. Therefore, the best detection window size should be identified individually for
every scan. Essentially, the window size should minimize the false positives and
measurement errors and maximize detection of crack edges. Using trial and error over a
variety of data sets from the experiments, it was found that 80% of the number of points
per unit area gives good results in terms of false positives and crack identification. The
window size is calculated for every scan based on the average point density on the
surface for every scan. For example, if the point density is 100 points/cm”2, then a

window size of 80 points was used.

Points are classified by comparing the points’ neighborhoods to the plane. If the reference
plane does not represent the local neighborhood, points can be misclassified. In actual
damaged building components, such as walls, surfaces are almost never perfectly planar.

In order to cope with this limitation for analyzing data from an actual structural
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component, the algorithm was adapted to 3D. Instead of analyzing the points on a slice,
the points are analyzed in actual 3D coordinates. For every point in the cloud, points
within a radius R from the selected point were used to compute a local plane. RANSAC,
a robust procedure, which estimates model parameters using only the inliers [56], was
used to estimate a plane from the points within the radius. Therefore, the off-surface
points, such as cracks or gaps between bricks, are treated as outliers in RANSAC and
excluded from the plane estimation. The closest K points are used to classify the selected
point using the local neighborhood as described in the previous paragraphs. A radius of

10 cm and a neighborhood size of 3 points were used to classify the points in 3D.

2.4. Results

The results of the analyses are presented and discussed in this section. Two kinds of
results will be presented for each data set: minimum crack width that can be detected for
each scanning parameters, and crack depths measured for each crack width. Independent
variables are plotted against the minimum crack widths detected using the automated
algorithm. The graphs present the minimum crack widths that were detected using the
sliding window algorithm. Every data point in the graphs mean that all of the cracks that
are equal to or greater than that data point are visible for the corresponding independent
variable (i.e., x-axis value). Average crack depths measured for different crack widths

will be presented in tabular form.

2.4.1. Effects of Sampling Interval on Minimum Detected Crack Width and
Measured Crack Depth

Effects of sampling interval were tested by fixing the range, crack orientation, and

incidence angle at reference values and varying the sampling interval. The smallest crack
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widths detected by the algorithm using different sampling intervals are presented in

Figure 2-3.

Using the PTOF scanner, the smallest crack (1.25 mm) was detected using 0.4 mm and
1.5 mm sampling intervals at 10 meters. The 1.25 mm crack was missed using the 86% of
the beam width as the sampling interval. As the sampling interval increases, the smallest
detected crack width increases. With the PTOF scanner, at sampling intervals larger than
6 mm, the detected smallest crack widths are different for 5 cm and 10 cm deep cracks.
As the sampling interval increases, the differences between the detected smallest crack on

the 5 cm deep block and the 10 cm deep block increase.

Sampling Interval vs. Min. Measured Crack Width
(Range: 10 m, Orientation: 02, Incidence angle: 02)

30.00
28.00
26.00 |
24.00
22.00
20.00 |
18.00
16.00 |
14.00 CJAMCW. Crack Depth: 5 cm
12.00

10.00
8.00 X PTOF. Crack Depth: 5cm

OAMCW. Crack Depth: 10 cm

X PTOF. Crack Depth: 10 cm

Min. Measured Crack Width (mm)

6.00 |
| X
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Figure 2-3 Smallest crack widths that were measured for different sampling intervals. 1.25 mm crack is detected using
a sampling interval denser than 1.5 mm for the PTOF scanner or 6.3 mm for the AMCW scanner
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Although the smallest sampling interval supported by the AMCW scanner (3.4 mm at 10
m range) is larger than the smallest crack width (1.25 mm), it was possible to detect the
smallest crack width (Figure 2-4a). Using the same sampling interval, 1.25 mm crack
could not be detected with the PTOF scanner (Figure 2-4b). Visual observation confirms
that the PTOF scanner returned no points that can be classified as crack points at the

same location.

The difference in the results of the two scanners can be explained by their mixed-pixel
behaviors. The PTOF scanner records the foreground distance if a proportion of the laser
falls on the surface [17]. Since, the laser spot is much larger than the crack width (~5 mm
> 1.25 mm), the foreground distance is recorded. On the other hand, the distance recorded
by the AMCW scanner can be anywhere depending on the foreground and the
background distances. Thus, several points inside the crack are recorded with incorrect
depth values (~2 cm) (Figure 2-4a). Similar difference in behavior of the two scanners is

observed at 6.4 mm sampling interval (Figure 2-3).
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Figure 2-4 Cross section of scan points and detected edges for AMCW and PTOF scanners. AMCW scanner was able
to produce points inside the 1.25 mm crack (a), whereas PTOF scanner returned no points that can be classified as
crack points at the same location (b). Please note the crack at x =-.05 cm. That particular crack is an extra crack, which
is an artifact of the block construction, and is not used.

Measurement results show that the crack measurement results are always larger than the
actual values (Table 2-4). This is caused by the edge losses as a result of the mixed pixel

effect. The measured crack widths are often two to three times the actual crack widths.

At 10 meters range, the beam width of both scanners is approximately 5 millimeters.
Therefore, at sampling intervals greater than 5 millimeters, consecutive laser beams do
not overlap and only the sampling interval defines the resolution [18]. The effect of such
phenomena can be observed at sampling intervals larger than 5 millimeters. Especially
after 6.30 millimeters although the actual crack widths are different (e.g., 3.50 mm and
10.80 mm for 10 cm and 5 cm deep samples respectively using the PTOF scanner with
12.60 mm sampling interval) the measured widths are equal (i.e., 25.70 mm). The
measured values are approximately twice the sampling interval, which means that one
laser beam hits the interior of the crack and the two points on either side of the crack are
detected as crack edges. The only exception is the 27 mm crack on the 5 cm deep sample,

which was detected using 15.00 mm sampling interval. Since 27.00 mm is larger than the
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twice of the sampling interval minus the laser beam width, there is a possibility that the
edge losses due to the finite beam size and sampling increase the measured value. This
suggests that for sampling intervals larger than the beam width, cracks that are smaller
than twice the sampling interval minus the beam width may not be distinguished.
However, further research using a finer sets of beam widths and sampling intervals are
required to verify the claim. Also, note that the depths of the cracks do not play a role on
the measured widths when large sampling intervals are used, and hence measured values
are equal to each other for the two blocks. The reason is that the distance between laser
spots rather than the edges formed by surface points and crack points controls the

measured width using large sampling intervals.

Table 2-4 Mean and standard deviation of crack width measurements of the smallest detected cracks at 10 meters using
varying sampling intervals (all units in mm). The orientation of the cracks is set to vertical and incidence angle of the
laser beam is fixed to 0°. The mean and standard deviations are calculated for 5 repeated scans using the same
configuration. Note that only three sampling intervals are available for the AMCW scanner.

PTOF Scanner AMCW Scanner
Fixed range (10m) Fixed range (10m)
Block 1 Block 2 Block 1 Block 2

Sampling
Interval
(mm) Actual  Mean [ Actual Mean c Actual  Mean [J Actual Mean c
0.50 3.50 5.15  0.07 1.25 326  0.71
1.50 3.50 594 0.05 1.25 3.50  0.69
3.10 3.50 9.37  0.04 3.50 6.00 0.12 3.50 7.79 148 1.25 5.47 1.44
4.30 3.50 8.41 0.03  3.50 8.60  0.08
5.00 3.50 9.94 0.06 3.50 10.02  0.08
6.30 3.50 11.51  0.03 4.60 12.59  0.12 3.50 12.13 0.14 1.25 12.01 0.04
10.00 3.50 20.00 0.03 4.60 19.72  0.05
12.60 3.50 2527 0.06 10.80 2527 0.13 3.50 25.02 1.00  3.50 25.07 0.96
15.00 10.80 3043  0.07  27.00 4548 0.26

For the measured depths of cracks a prominent trend can be observed, such that the
measured depth decreases as the actual crack width gets smaller or the sampling interval
gets larger (Table 2-5). Especially for cracks, which are narrower than the laser beam
significant depth loss occurs. For the most extreme cases, the captured depth is less than

10% of the actual crack depth. For example, 3.5 mm wide crack on block 2 appears to be
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7.6 mm deep on average when scanned with the PTOF scanner using a sampling interval
of 5 mm, whereas the actual depth is 108 mm. It can be observed that as the crack width
gets smaller the depth loss increases. This is because the percentage of the laser beam
hitting the surface increases with the crack getting smaller. As a result the influence of
the surface on each returned signal increases. Therefore, the resulting points get closer to

the surface, rather than being deep inside the crack.

The second observation is that the depth loss also increases with the sampling interval,
when all of the other parameters are kept constant. For example, using 0.5 mm sampling
interval with the PTOF scanner, the 3.5 mm crack on Block 1 appears to be 52 mm deep
on average, whereas the same crack appears to be 10 mm deep when scanned using 12.6
mm sampling interval. The same trend can also be observed for the AMCW scanner.
However, the depth losses are much smaller for the AMCW scanner. For the same 3.5
mm crack on block 1, using a sampling interval of 3.1 mm, the AMCW scanner records
an average depth of 82.7mm, whereas the PTOF scanner records a depth of 32.1 mm.
This might be explained through different mixed pixel responses of the two scanners and
using Tang et al.’s mixed pixel model [17]. Tang et al.’s model shows that edge losses
increase with higher sampling intervals, because the recorded location of the edges
depend on the sampling interval and the mixed pixel behavior. The AMCW scanner and
the PTOF scanner record different edge locations for the same conditions, as also shown
in Table 2-4. The AMCW scanner records wider cracks as result of its signal mixing
property. It was shown in the previous paragraphs of this section, the capturing of depth

for thin cracks, is only possible, when there are mixed pixels. Therefore, the captured
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depth of cracks becomes a function of the sampling interval and the mixed pixel property

of the scanner.

Table 2-5 Mean depth measurements at fixed range, crack orientation, and angle of incidence. Depth measurements
show a decreasing trend with increasing sampling interval or decreasing actual crack width.

‘Sampling Crack widths (in mm)
interval (in
mm) 52.5 27 108 7.6 64 46 35 125
Block 1
0.5 1085 1084 1073 1065 1053 99.1 520
1.5 1077 107.6 1063 1055 1045 963 483
3.1 106.1 1067 1044 1037 999 354 32.1
43 1069 1062 1041 1031 962 899 267
5.0 1054 1062 1053 1047 1040 935 30.1
63 1047 1053 1023 1044 981 976 179
10.0 1057 1042 1033 1009  27.6 337 120
o 12,6 1040 1033 1032 398 290 198 100
§ 15.0 1044 1041 492
§ Block 2
& 0.5 59.8 595 589 582 589 541 418 129
1.5 584 579 583 573 563 503 405 116
3.1 574 567 561 559 463 387 338
43 582 574 565 572 562 249 82
5.0 572 565 559 552 516 518 7.6
63 561 563 553 568 557 309
10.0 558 560 325 542 123 36.1
12.6 549 557 526
15.0 473 457 119
Block 1
. 3.1 1160 1170 1088 1074 1048 956 827
g 63 1157 1134 1081 101.8 427 841 917
3 12.6 110.6 1105 915 661 729 978
% Block 2
2 3.1 69.8 680 643 618 614 595 385 237
63 671 661 629 561 434 277 281 215
12.6 709 646 440 362 610 537 269
2.4.2. Effect of Range on the Minimum Detected Crack Width and Measured
Crack Depth

The second set of results present the relationship between the minimum crack widths that
were detected by the algorithm for different range values (Table 2-6). The angle of
incidence, and crack orientation are fixed at reference values. Sampling intervals for the

AMCW scanner can only be set to angular values, which results in different sampling
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intervals in millimeters at different ranges. Therefore, two scanners are evaluated
separately. A fixed sampling interval of 0.5 millimeters at all ranges is used with the
PTOF scanner. The AMCW scanner was set to 0.018° sampling interval which produces
3.1, 6.3, 9, 4, and 12.6 millimeters sampling intervals at 10, 20, 30, and 40 meters

respectively.

All of the cracks were detected regardless of the range using the PTOF scanner. Thus, it
can be concluded that range is unimportant in terms of detection as long as the sampling
intervals are set at the reference values used in these experiments, which produced best
results for the PTOF scanners under investigation. On the other hand, using the AMCW
scanner, 1.25 mm width crack is detected up to 20 meters. At 30 meters, the smallest
detected crack width is 3.5 millimeters. At 40 meters, 4.6 millimeter cracks are detected.
The range noise was measured to be between 2.72-9.53 millimeters for the AMCW
scanner for the ranges tested, which shows an increasing trend with range. As noise
increases and the measured depth of cracks decrease, noisy points and crack points

becomes indistinguishable, and hence the algorithm fails in detecting these thin cracks.

The measurements seemingly remain more stable for the PTOF scanner (i.e., within ~5-
~7 millimeters for 3.50 millimeter actual crack width) (Table 2-6). However, with the
AMCW scanner, the measured values increase as the range increases. The doubling of
the measured values can be attributed to the fact that the sampling interval is fixed in
terms of angular resolution. Therefore, the distance between the points increases as a
function of the range. For example, the sampling interval is approximately 3.1 mm at 10
m, whereas at 20 meters, the sampling interval increases to 6.3 mm. The range noise of

the PTOF scanner was measured to be between 1.43-1.54 millimeters at 10m - 40 m
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range on the tested surface, which explains the better performance of PTOF scanner at

higher ranges compared to the AMCW scanner.

Table 2-6 Mean and standard deviation of crack width measurements of the smallest detected cracks using fixed
sampling intervals at varying ranges (all measurement units are in millimeters). The orientations of the cracks are fixed
to vertical and incidence angle of the laser beam is 0°.

PTOF Scanner

Fixed sampling interval (0.5mm)

AMCW Scanner

Varying sampling interval by range (0.0018°)

Block 1 Block 2 Block 1 Block 2
Range (m) Actual Mean [ Actual  Mean c Actual Mean c Actual Mean [
10.00 3.50 5.15 0.07 1.25 326  0.71 3.50 7.79 148 1.25 547 144
20.00 3.50 7.32 0.39 1.25 4.00 038 3.50 13.88 0.12 1.25 9.72 151
30.00 3.50 5.29 0.37 1.25 5.19  0.29 3.50 29.29 4.69 3.50 2496 5.99
40.00 3.50 6.33 0.23 1.25 3.64  0.20 4.60 20.29 0.10 4.60 27.64 0.15

The measured depth values show a decreasing trend especially for cracks, which are

thinner than the beam width. For the PTOF scanner, this can be related to the increasing

laser spot size with range, which is a function of the angular speed of the laser beam. As

the spot gets larger, more of the laser spots hit the surface returning more response from

the surface, rather than the inside of the cracks. Therefore, the measured depth decreases.
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Table 2-7 Mean depth measurements at fixed crack orientation, sampling intervals, and angle of incidence. Measured
depths have a decreasing trend with range.

Crack widths (in mm)

Range (in
m) 52.5 27 10.8 7.6 64 46 35 125
Block 1

10 108.5 1084  107.3 1065 1053 99.1 52.0
20 107.9 1084 1077 107.6 838 963 267

5 30 1082 1084 107.8 1063  63.7 89.9 483

§ 40 107.9 1080  106.6 1053  60.8 935  30.1

8 Block 2

£
10 598 595 589 582 589 541 418 129
20 599 596 599 593 588 57.8 494 16.1
30 590 584 585 574 544 441 365 38.6
40 597 587 588 567 529 41.6 27.0 9.4

Block 1

10 1160 1170 108.8 1074 1048 956 827
20 1258 1214  109.6 934 869 653 743

g 30 121.6 1200 994  69.0  51.6 465 349

3 40 1162 1099 620 650 460 452 279

z) Block 2

< 10 698 680 643 618 614 595 385 23.7
20 754 745 602 598 468 481 248 20.1
30 723 693 549 459 371 277 213 163
40 762 593 424 351 429 329

2.4.3. Effect of Crack Orientation on the Smallest Detected Crack Width

The third set of results presents the minimum crack width detected for varying crack
orientations. Specifically, vertical, 45° diagonal, and horizontal cracks were scanned. The
sampling interval was set separately for the two scanners. The AMCW scanner was set to
3.1 mm sampling interval. The PTOF scanner was set to 0.5 mm and also to 3.1 mm

sampling intervals for comparison with the AMCW scanner.

The results show that using the AMCW scanner the 1.25 mm width crack can be detected

at any orientation with 3.1 mm sampling interval (Figure 2-5). Using the same sampling
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interval and the PTOF scanner, the 1.25 mm width crack is only detected when the crack
is horizontal, and at 45° and 90° the smallest crack that is detected is 3.5 mm wide. Using
0.5 mm sampling interval, 1.25 mm crack can be detected at 0° and 90° orientation with
the PTOF scanner. The PTOF scanner is not able to detect the 1.25 mm crack at 45° crack
orientation using any of the scanner configurations tested in this study. These results

suggest that the anisotropic behaviors of the two scanners are also different.
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Crack orientation vs. Min. Measured Crack Width
(Sampling interval: 3.1 mm, Range: 10 m, Incidence angle: 02)
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Figure 2-5 Smallest crack widths that were detected at different crack orientations. The AMCW scanner is able to
consistently detect the smallest crack of 1.25 mm regardless of the crack orientation (a). On the other hand, the PTOF
scanner is able to detect the 1.25 mm crack only at 0° and 90° orientations using 0.5 mm sampling interval, and at 0°
using 3.1 mm sampling interval.

Measurement results show that with the PTOF scanner, errors are smaller using a denser
scan (0.5 mm) compared to a relatively coarse scan (3.1 mm) (Table 2-8). Additionally,
using the same scanner and 0.5 mm sampling interval, mean measurement values are

similar for the same crack at different orientations (i.e., between 5.15 and 5.71 mm for
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the 3.5 mm crack). On the other hand, when 3.1 mm sampling interval is used, the

measurement values for the same crack range between 5.91 and 9.37 mm.

Using the AMCW scanner, the crack width measurements are distributed over a wider
range compared to the PTOF scanner using the same sampling interval (i.e., 3.1 mm). For
the 3.5 mm wide crack on block 1, the measured crack width is 7.79 mm when the crack
is vertical (i.e., 90°), whereas the same crack is measured to be 15.68 mm when it is
horizontally oriented (i.e., 0°). The vertical scanning speed of the AMCW scanner is
much faster than its horizontal speed (1500 rounds per minute vertically vs. 1 round per
202 seconds horizontally at high resolution) results in tall and narrow beam spot on the
surface (Tang et al., 2009). Therefore, the edge losses on the horizontal crack, which is

measured vertically, is larger than the vertical crack, which is measured horizontally.

Table 2-8 Mean and standard deviation of crack width measurements of the smallest detected cracks using fixed
sampling intervals at varying crack orientations (all measurement units are in millimeters). The range is fixed to 10 m
and incidence angle of the laser beam is 0°. Crack orientation is defined as the angle between the crack and the
horizontal axis. With the PTOF scanner two sampling intervals were used: 0.5 mm and 3.1 mm at 10 meters range.
With the AMCW scanner only 3.1 mm sampling interval was tested.

PTOF Scanner AMCW Scanner
Fixed sampling interval (3.1 mm) Fixed sampling interval (3.1 mm)
Block 1 Block 2 Block 1 Block 2
Crack
orientation Mea Actua
(@) Actual Mean [J Actual Mean c Actual n [ 1 Mean [
90.00 3.50 9.37 0.04 3.50 6.00 0.12 3.50 7.79  1.48 1.25 5.47 1.44
45.00 3.50 6.23 0.27 3.50 5.35 0.99 3.50 998  0.58 1.25 3.69 1.53
0.00 3.50 591 0.18 1.25 4.93 1.17 3.50 15.68 3.15 1.25 5.60 1.34
Fixed sampling interval (0.5 mm)
90.00 3.50 5.15 0.07 1.25 3.26 0.71
45.00 3.50 5.71 0.14 3.50 5.08 0.18
0.00 3.50 5.52 0.23 1.25 2.76 0.18

Measured crack depths seem to be less affected by the orientation of the cracks (Table
2-9). Although there is a general trend of recording the depths of cracks shallower than
they are as the crack width gets smaller, the depth measurements for the same crack with

different orientations do not vary more than a centimeter for almost all of the cases.
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These variations are much less than what we observed for other parameters, such as range.
For the horizontally oriented 6.4 mm crack on block 1, the PTOF scanner recorded a
depth of 55.5 mm when a sampling rate of 0.5 mm was used. Using the same scanner and
the sampling interval, the same crack was measured to be about 105 mm deep for when it
was vertical or diagonal. We have not been able to explain the large variation for this
case as none of the depth measurements of the other cracks on the same block have such

large differences.
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Table 2-9 Mean depth measurements at fixed range, sampling interval, and angle of incidence. Crack orientation has a
less of an effect on crack depth measurement compared to range and sampling interval.

Crack widths (in mm)

Crack
Orientation ___ 52.5 27 108 7.6 64 46 35 125
Block 1
E  Vertical 1085 1084 1073 1065 1053 99.1 52,0
v
S Diagonal 1070 107.1 1063 1060 1049 984 51.4
g Horizontal _ 107.7 1077 106.6 1059 555 99.1 51.0
E
2 Block 2
é Vertical 598 595 589 582 589 541 418 129
<
5 “  Diagonal 585 586 581 575 538 390 373
=]
g Horizontal 590 589 584 583 573 545 415 120
5 Block 1
£
¢ Vertical 106.1 1067 1044 1037 999 354 321
E Diagonal 1056 1063 1041 1030 1024 915 372
o
L _ Horizontal 1056 1057 1044 103.0 932 640 46.5
Z
E Block 2
& Vertical 574 567 561 559 463 387 338
e
£ Diagonal 572 565 560 561 543 452 230
[75]
Horizontal 572 568 558 559 549 515 289 9.1
g Block 1
8
S Vertical 1160 1170 1088 1074 1048 956 82.7
5 E  Diagonal 1167 1160 1099 1119 937 834 769
=}
< -
& = _ Horizontal 1185 1160 1143 1047 756 830 653
% E Block 2
= 2
< 2 Verticl 698 680 643 618 614 595 385 237
£
E  Disgonal 698 671 633 629 577 487 312 155
<
% Horizontal 702 682 704 619 537 464 324 151
2.44. Effect of Incidence Angle on the Smallest Detected Crack Width

The last set of analyses involves evaluating laser scanners for detecting cracks at different
angles of incidences (Figure 2-6). The angle of incidence is defined as the angle between
the laser beam and normal of the surface being scanned. Incidence angle is set to 0°, 30°,

and 60°.
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Incidence Angle vs. Min. Detected Crack Width
(Sampling interval: 3.1 mm, Orientation: 02, Range: 10)
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Figure 2-6 Smallest detected crack width as a function of the incidence angle of the laser beam with the surface.

The results show that the performances of the two scanners in detecting cracks diminish
as the angle of incidence increases. The PTOF scanner, however, is able to detect smaller
cracks at high incidence angles (i.e., 60°). Using 3.1 mm sampling interval, at 60° the

PTOF scanner is able to detect 6 mm cracks. At 0° and 30° incidence angles, the PTOF
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scanner is able to detect 3.5 mm cracks. On the other hand, the AMCW scanner is able to

detect 6 mm cracks at 30° and 27 mm cracks at 60° incidence angle.

The projection of cracks on the scanner frame is proportional to the cosine of the
incidence angle. Therefore, for an incidence angle other than 0°, the scanner is effectively
imaging cracks that look smaller than their actual values. Additionally, as discussed in
the previous sections, the depth of the crack is an important parameter for a successful
detection. For a thin crack, the full depth of the crack may not visible from the scanner
position. If the full depth is not visible, then the depth of the crack is inversely
proportional to the sine of the incidence angle and the actual crack width. For example,
the 1.25 mm crack’s full depth is not visible from 60°. The distance between the edge that
is closer to the scanner and opposite crack wall defines the depth of the crack. The 1.25
mm crack seems like 0.63 mm wide and 1.4 mm deep at 60° incidence angle. These two

effects cause a poor detection of thin cracks at large incidence angles.

We observed that for incident scans, depth is mainly controlled by the self-occlusion of
the inside of the crack by the crack edges rather than the mixed pixels. For example, at
30° incidence angle for a 10 mm wide crack, the visible depth is 10 mm/sin(30°) =20 mm
plus the variation due to noise. It was observed that for none of the cases except the 0°
incidence angle cases, the full depth of the cracks are visible. Therefore, crack depths are

not evaluated for varying incidence angles.
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Table 2-10 Mean and standard deviation of crack width measurements of the smallest detected cracks using fixed sampling
intervals at varying beam incidence angles (all measurement units are in millimeters). The range is fixed to 10 m and the
cracks are vertically aligned. Incidence angle is defined as the angle between the laser beam hitting the surface and the
normal of the surface. With the PTOF scanner two sampling intervals were used: 0.5 mm and 3.1 mm at 10 meters range.
With the AMCW scanner only 3.1 mm sampling interval was tested.

PTOF Scanner AMCW Scanner
Fixed sampling interval (3.1 mm) Fixed sampling interval (3.1 mm)
10 cm deep 5 cm deep 10 cm deep 5 cm deep
I:;ig(::l(l‘,c)e Actual Mean c Actual  Mean c Actual Mean c Actual Mean c

0.00 3.50 9.37 0.04 3.50 6.00 0.12 3.50 7.79 1.48 1.25 5.47 1.44
30.00 3.50 6.57 0.52 3.50 7.56 1.74 6.10 10.64 1.15 6.10 8.92 0.76
60.00 6.00 8.80 241 6.00 8.85 2.47 27.00 29.74 3.92 27.00 2642 290

Fixed sampling interval (0.5 mm)
0.00 3.50 5.15 0.07 1.25 3.26 0.71
30.00 3.50 5.77 0.75 3.50 6.98 1.58
60.00 6.00 9.23 0.63 6.00 6.79 0.66

2.5. Evaluation of the results on a real case

There are three main differences between the test blocks and actually damaged
construction material. First, the test blocks have smoother and flatter surfaces than a
regular concrete or brick surface. Second, the crack edges are sharp (~90°) and smooth. A
crack on a brick or concrete generally has a much rougher edge. Third, the two opposite
edges of the cracks are coplanar. Especially on brick walls, pieces of broken bricks can

be dislocated out of the wall plane, which gives the cracks a different characteristic.

The results obtained from the artificial cracks are compared to the results obtained from a
real damaged wall. The tested structure is a half-scale three-story, three-bay planar
reinforced concrete frame with aerated concrete block infills in the middle bay. The

frame was loaded at the story levels with hydraulic jacks to failure.

The wall was scanned using a pulsed time of flight scanner from three different locations.
The first set of scans was taken from 3.8 meters using 0.5, 1.5, and 5.0 millimeter
sampling intervals. The second set was taken from 9.6 meters range using the 0.5, 1.0, 5.0,

15.0 millimeters sampling intervals. The first two scans have 0° incidence angle with the
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center of the wall. The third set of scans was taken from 6.7 meters range with an angle
of incidence of 60° using 1.0 mm sampling interval. Although, we tried to locate the
scanner as close as possible to the ranges used in the first part of the experiments, the
scanner locations were limited by the physical conditions of the experimental setting and

were decided based on the occlusions of other equipment in the environment.

The cracks on the actual wall were measured using a digital caliper, which constitutes the
ground truth. The crack widths range from less than a millimeter upto several millimeters
(Figure 2-7). Crack widths are grouped into vertical, horizontal, or diagonal. The smallest
cracks that were recognized using the algorithm are wider than the values that were found

for the hydrostone blocks for similar configurations.

Figure 2-7 The infill wall has several cracks ranging from less than a millimeter upto several centimeters. Figure
presents the intensity image of the scan with 0.5 mm sampling interval at 3.8 m range. The wall is located at the mid
bay on the first story of a three-story three-bay reinforced concrete frame. The frame was loaded to failure using a real
earthquake record.
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Table 2-11 Minimum crack sizes that were recognized on the real wall are larger than the results obtained for the
hydrostone blocks.

Range: 3.8 m, Range = 9.53 m, Incidence Range = 6.7 m,
Incidence angle: 0° angle: 0° Incidence angle: 60°
Sampling Interval (mm) 0.5 1.5 5 0.5 1 5 15 1
Smallest detected horizontal crack ~ 2.40 427 427 240 390 4.27 - 4.27
Smallest detected vertical crack 2.33 3.00 3.00 233 2.33 3.00 - 3.00

Smallest detected diagonal crack 1.84 336 336 1.84 233 3.36 -

A close investigation of the cracks reveals that the cracks are not deeper than a couple of
millimeters. On the other hand, the cracks on the hydrostone blocks are 5 and 10
centimeters. Since, cracks are too thin, it was not possible to measure the actual depth of
the cracks. Based on the visual investigation of the wall, it was confirmed that cracks
appeared to be only about 1 cm deep. In reality, the cracks extended through the wall,
however the cracks partially closed after the lateral load was removed. The shallow
nature of the cracks prevents forming of point measurements inside cracks. The first-
response type of behavior of the pulsed time-of-flight scanner further limits the capability
of the scanner in imaging thin and shallow cracks. The response obtained from the wall
surface dominates the response obtained from the inside of the crack. The same

phenomenon was also observed for thin and shallow cracks on the hydrostone blocks.

On this actual wall, we observed that a large crack width does not guarantee detection.
For example, there are two cracks on the wall that are 2.4 mm wide. The cracks have
almost identical orientations. They are on the same masonry unit. Although, they have the
same conditions, one of them was never detected in any of the scans. The reason was

assessed to be the visible depth of the crack being too shallow. Upon closer investigation,
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we saw that the noise around the shallower crack is the same as the noise values on flat
regions, which suggests that the scanner did not record any difference for the shallower
crack. We can argue that using a different algorithm may not solve the problem since the
data distribution on the surface is relatively uniform. In the previous sections, we showed
that some cracks that could not be detected by our PTOF scanner were detected using the
AMCW scanner, which is known to produce more mixed pixels. We could also argue that
we may be able to detect some of the mentioned shallow cracks on the wall using an
AMCW scanner, as the potential is demonstrated in Section 4.1. However, the noisy
character of the AMCW scanner coupled with the surface irregularities of the real wall
might produce very noisy data on flat regions too, which would make the detection a

difficult problem.

2.6. False Detection

We observed two additional potential problems from an application perspective. The first
problem is related to distinguishing between gaps formed by partial filling of spaces
between bricks with mortar and actual cracks, and detecting when the bricks have
separated versus undamaged mortar. The second problem is related to continuously

detecting cracks along their paths.

For fully automated damage detection, the algorithms used should be able to distinguish
between mortar and actual cracks. Since, we used a simple point classification method,
the mortars and surface irregularities resulted in false positives on the real wall. This
problem can potentially be addressed by making use of the fact that brick layouts follow
certain patterns. By analyzing the patterns in the data at larger scales, points classified as

being off-surface could be further classified as being an actual feature of the wall or
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being cracks. Similar approaches have been suggested for classifying distress types and
crack patterns in pavement images [57, 58]. However, further research is needed. Another
problem is related to classifying opening of bed and head joints of masonry units, which
is actually cracking of the wall in a different form. Under lateral loads, opening of joints
may also be accompanied by degradation of mortar between the bricks. In the data we
obtained from the real case, we observed that when joints opened they also resulted in a
greater depth. This could have happened as a result of the grinding of two bricks on
mortar under cyclic earthquake loads, resulting in loss of material and hence deeper
crevices between bricks or due to the fact that the bricks have separated. The change in
depth along mortar joints could be used to distinguish between cracks between bricks and
undamaged mortar. However, at lower damage levels, such distinguishing features may

not be evident.

It necessary to include a discussion on detection of cracks along their paths without
losing continuity since contuniously detecting cracks is important for damage assessment.
It was reported in previous research on crack detection from 2D images that due to
shortcomings of algorithms, deficiency in the quality of images, or camera hardware
limitations continuity of cracks might be lost as discussed in Section 2.2. Therefore, for
determining potential advantages and disadvantages of laser scanners over images in
terms of continuous detection is important from research as well as application
perspective. Additionally, results on the hydrostone blocks and the real wall indicate that
orientation, depth, and width of cracks determine whether cracks will be detectable in the
scans. In reality, we know that cracks can change direction along their paths. It is also

safe to assume that visible depth of cracks may change too.
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The classified data was first inspected visually. If we define continuity as uninterrupted
spanning of crack points from one end to the other end of the crack, then we can say that
all of the cracks on the hydrostone blocks were continuously detected. On the other hand,
we observed local thinning of cracks by misclassification of points near edges. Noting
that all of the cracks in the data were measured to be 2-3 times wider than their actual
values, it is difficult conclude whether this is actual thinning or accidental recording of

these pixels close to the block surface.

Similarly, the classified data obtained from the real wall case was inspected. In this data
set, it was observed obvious interruptions along cracks and also mortar joints between
bricks even for the widest openings. Both straight and curved cracks were interrupted.

This may be due to change in depth or width along the crack paths.

2.7. Conclusions

The results show that almost all of the cracks that are of value to the damage assessment
of reinforced concrete buildings can be detected using a laser scanner. However,
successful detection depends on selection of the scanning parameters and laser scanner
technology being used. The differences in the performance of the two scanners are caused
by the differences in the mixed pixel behavior of the scanners. While the signal mixing
behavior of the AMCW scanner helps in recording of points inside cracks and hence
facilitates a better detection of the cracks, the first response measurement model of the
PTOF scanner prohibited detection of crack points. On the other hand, the first-response
behavior of the PTOF scanner can help for a better imaging of surfaces for detection of
deformations, because the scans would contain less outliers for surface fitting. The depth

of the cracks did not impact detection of cracks with the AMCW scanner using the three
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pre-defined sampling interval settings. The effect of depth on the PTOF scanner

increased as the sampling interval increased.

Cracks were always measured to be larger than the actual values due to edge losses.
Measured crack widths ranged from two times the actual crack width up to two times the
sampling interval. For a thin crack and a large sampling interval, the crack is measured to
be approximately two times the sampling interval. Although the experimental results do
not provide a complete validation, we can argue that this is possible if a single point is
returned inside the crack and two points are returned on the two sides of the crack on the
surface. If as a result of the mixed pixel effect, one (or both) of the surface points are

classified as a crack point, then the measured width increases.

Crack detection results for the actually damaged wall are less favorable than the results
obtained for the hydrostone blocks. The smallest crack sizes detected on the wall are
larger than the smallest crack widths detected on the hydrostone blocks. The difference is
thought to be due to the shallow depth of the cracks on the wall. Although, it was not
possible to measure the ground truth depth values, most of the cracks on the wall were
identified to be less than a centimeter. Since the crack depth impacts the mixed pixel

behaviors of scanners, thin cracks cannot be detected when they are also shallow.

The results of this study can be used in several ways. The graphs can be used to assess
the minimum crack widths that can be detected from a laser scan data given the scanner
technology and scanner parameters. Additionally, these results can be mapped to actual
damage behavior. For example, for a known damage mode (e.g., ductile flexure) as

described in [1], we can identify which of the damage severities (e.g., moderate) can be
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identified using a particular scan. The results obtained from the hydrostone can be used

as the upper bound of the damage detection performance of laser scanners.

The results and discussions in this study point to several future research directions. First,
we observed that the current models of effective laser scanner resolution are not adequate
in quantifying the performance of laser scanner for damage detection. As a future
research direction, modeling of the resolution of laser scanner accuracy can be studied.
The model will also include estimating width and depth measurement errors, given the
laser scanner and crack properties. If such a model can be developed, then the errors can
potentially be compensated to make up for the errors, and more accurate measurements

can be obtained.

This study used a perfectly controlled environment for comparison of various crack
detection methods for damage assessment. The results of this study are readily applicable
to concrete and other materials with similar surface characteristics (e.g., reflectivity,
surface roughness, etc.). However, detection of cracks is also important for other
applications and materials, such as steel. Applicability of the results for these material

types should be investigated in the future.

Additionally, other image data could be fused with the scan data and several 3D and 2D
image sources could be used in conjunction for more accurate detection. By building on
the results of the described experiments, it would be possible to compare technologies

and develop effective approaches for fusion of different data sources.
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Chapter 3 Information Requirements for Earthquake

Damage Assessment of Reinforced Concrete Walls

3.1. Introduction

Damage modes and severities need to be determined through visual assessment and
strength analysis [1]. Building Information Models (BIM) can potentially support
representing the damaged conditions of the buildings and building information that is
important for damage assessment, such as the configuration of structural components,
reinforcement details, and finite element models [11, 13, 19-22]. Hence, BIMs can be
used to support the engineering analyses for the damage assessment tasks, such as those
for strength analysis [13, 19]. However, current BIMs are not developed to represent
damaged conditions of buildings [11, 12, 23]. Therefore, representing the damage

information in BIMs need to be investigated further.

Representation of a phenomena requires abstraction of information, which depicts the
common structure of all of the features required for damage assessment [59]. The
abstraction should also support all of the details of individual damage modes. Through
this way, the abstraction process can support all of the damage modes for reinforced
concrete walls. This requires bottom-up discovery of the hierarchical structure of
information requirements. Therefore, we need a structured way of studying the damage
assessment guidelines, sort them into hierarchies of damage information, and determine
the abstraction of damage information. Using the results of such an information
requirement identification study, it would be possible to support various tasks associated

with damage assessment.
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This chapter studies the information items regarding all of the damage parameters, such
as cracking, spalling, crushing, reinforcement bar damage, and residual displacements.
The identified information requirements will be used for developing a BIM schema for
representing damage conditions and for automatically assessing the damage modes and

severities of reinforced concrete (RC) walls.

3.2. Damage Assessment Procedures Based on FEMA 306

Following earthquakes, a three-step procedure is applied [1, 60, 61]. First, within few
days after an earthquake, experts perform rapid assessment to classify whether the
buildings in the impacted area are safe, unsafe, or require restrictions in their usage [60].
Safe buildings can be used without any restrictions. Unsafe buildings should not be
entered under any circumstance. Some restrictions on the usage of a building can be time
limits or by the location. For example, an inspector might restrict the access to certain
parts of a building, which contain potential hazards. Engineers generally have less than
30 minutes to perform a rapid assessment per building [60]. Second, a detailed
assessment is performed on those buildings that were tagged for restricted usage [61].
Detailed assessment is similar to the rapid assessment in execution and function, but it is
more thorough. Finally, within the weeks after an earthquake, engineering analyses are
performed on safe and restricted buildings, in order to quantify possible effects of
damage on the structural properties of structural components and to design retrofitting
measures [1]. In all of these stages, collection of the damage data and analysis of the
visual damage information using engineering knowledge are key factors for accurate

assessment of the damage levels [1].
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The engineering analysis, which is the last step described above, has more complex
requirements than rapid and detailed assessments. The goal of an engineering analysis is
to determine the remaining strength, stiffness, and displacement capacity of structural
components [1]. In order to determine the remaining capacities of damaged components,
the source of the current damage and its nonlinear mechanism must be determined. This
is not a straightforward task since the loads on the components and the relative stiffness

of connected components influence the damage mode and severity.

The engineering analysis procedure of FEMA 306 has a five step process for the
identification of the damage modes and severities using the visual damage information
and capacity calculations [1]. The first step involves assembling information about the
earthquake and a specific building, which involves identifying the components making up
the lateral and vertical load bearing system of the building. The second step involves
identifying types of components by determining the governing inelastic behavior of each
element. FEMA 306 defines five types of components: stronger pier, weaker spandrel,
stronger spandrel, weaker pier, and pier-spandrel panel zone. This step requires
calculations for comparing the relative strengths and stiffness of components. The third
step involves documenting the damage. The fourth step involves the classification of the
observed component damage by determining the damage modes and damage severities
using strength calculations and visual observations. Damage patterns observed on the
components are used to determine the damage severity for the determined damage mode
of a component. The fifth and last step involves the verification of the results of the
analysis by comparing the results of the visual assessment and the strength calculations

for the components.
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The main goals of the information assembly step (the first step in the above process) are:
(1) Gathering information about the damaging earthquake and generating a capacity
curve for the building by conducting structural analysis, and (2) Collecting information
about the structural design of a building and the configuration of the load bearing system.
The information about the damaging ground motion is generally made available shortly
after the earthquake. The procedures for analyzing structural models to generate capacity
curves and estimating maximum global displacements are standardized according to

accepted practices [62].

Gathering building information entails reviewing construction and structural drawings,
previous structural computations, construction records, and previous inspection reports.
Such information is useful for identifying structural components by performing strength
calculations, and for determining the scope of the field inspections and testing programs.
For example, if the locations and sizes of reinforcing bars are known accurately,
expensive and intrusive tests may not be necessary [1]. Inaccuracy of the information
gathered in this step might reflect to the overall results as discrepancies between
calculations and visual observations. Additionally, in the evaluation stage, expected
strengths can be penalized up to 25% depending on the confidence on the accuracy and

completeness of information, which would increase the retrofitting costs [62].

The engineers are expected to identify the types of components (e.g., weaker spandrel,
stronger pier, etc.) by anticipating the inelastic lateral mechanism for each element. An
element entails a vertical or horizontal portion of a building, which resists lateral and
vertical loads. An element is an assembly of components, such as wall piers, beams,

columns, slabs, etc. For example, a structural wall with openings can be made up of
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components, such as piers and beams. The components in such a configuration will also
include the piers on a different axis, which make up the flanged sections. The
identification of these components is central to the overall process and requires
calculation of strengths of the components and a thought process by the engineer to

anticipate the lateral the behavior of the components using the visual damage patterns.

Intrusive and non-intrusive tests are performed to document the damage, material
strengths, and relative ages of cracks. Visual observation is the most important non-
intrusive test to document the earthquake damage. Some of the special techniques include
selective removal of material, material sampling, sounding, petrography, spectral analysis,
and penetrating radar. Tests, which require specialized equipment and experienced
personnel to perform, are generally expensive. Such expensive tests can be reduced by
having access to accurate and complete information on existing structural conditions of

the building.

For each component of the structural system, the engineer classifies the damage
according to behavior mode and severity. The engineer also categorizes the severity of
damage for each type of damage encountered within any component. FEMA 306
guideline classifies damage for reinforced concrete walls into common, less common or
uncommon modes [1]. The research described in this paper focuses only on the common
modes. Only unreinforced masonry is considered for infilled frames, since reinforced
infills are not very common in reinforced concrete construction [1]. The damage modes
that are considered in this study are as following (the letters in parenthesis indicate the

codes of the damage modes):

I- Ductile Flexure (A): Moment strength governs the strength of the component.
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Flexure/Diagonal tension (B): Initially, the moment strength governs. High-
ductility shear strength is less than the moment strength. Low-ductility shear

strength is higher than the moment strength.

Flexure/Diagonal compression (C): Initially, the moment strength governs. High

ductility web crushing strength is less than the moment strength.

Flexure/Sliding shear (D): Initially, the moment strength governs. Sliding shear

strength is less than the moment strength.

Flexure/Boundary compression (E): Moment strength is higher than all other

modes even after possible degradation.

Pre-emptive diagonal tension (H): Low-ductility shear strength is less than the

moment strength.

Global or individual pier foundation rocking (M & N): The lateral force, which

would impose rocking should be less than all other strengths.

The results of the strength analysis and visual assessment should corroborate. If the
results of the two analyses do not corroborate, the potential error sources need to be
checked and the analysis repeated. FEMA 306 lists several potential error sources. The
distribution of the lateral forces, which was used in the structural analysis, may be
different from the actual. The strength of the components may differ from the actual. The
intensity of the damaging ground motion may differ from that assumed in the structural

analysis.

There can be several problems in the engineering analyses. The design and construction

documents can become outdated as a result of retrofitting or remodeling of the building.
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The calculation of strength of components and structural analysis are performed by
interpreting the information on the construction drawings and design documents, which
might be obsolete. The current FEMA 306 process requires manual re-entry of
information into computer programs, which is error-prone and redundant. Manual
documentation of damage can lack important details about the observations, the
inspection may not be as thorough as required by the assessment guidelines, and the

results may be subjective and incorrect.

3.3. Background Research
3.3.1. Methods for Identification of Information Requirements

Developing a schema for representing the damaged conditions of buildings and support
the visual assessment tasks, requires the information requirements of such a schema.
Methods for identifying information requirements for developing representations and
reasoning mechanisms can be grouped into two: Exhaustive listing and Structured

methods.

3.3.2. Exhaustive listing

If the problem being studied is relatively small, the information requirements can be
identified by studying the process, which the representation will support, and listing all
the entities or concepts, which are involved in the solution of the problem [13, 22, 63, 64].
In this approach, studying standards, mathematical equations, which are involved in the
process, documents and research studies, are common. Mathematical models and

computational methods can also derive the information identification. For example, for
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finite element procedures, the finite element model and the solution method determine

the structure and the content of the representation method [65-67].

Methods based on listing requirements are not well structured. The information
requirements for designing the information model or decision system are not collected,
studied, and evaluated in a formal way. A drawback is that the relative importance or
hierarchy of information items cannot be studied objectively. For well-defined problems,
such as a mathematical computation, or small-scale problems, unstructured methods may
be easy to apply and yield direct results rapidly. However, a limitation of this approach is
that as the number of entities increases and the problem becomes more complex the

organization and classification of information becomes more difficult [68].

3.3.3. Affinity Diagramming Method

Affinity diagramming is used for discovering common themes and issues among
individual examples of a work practice [69]. Affinity diagrams are built by induction to
create a representation of a work practice starting from its details and moving towards
general concepts by grouping details and generating new insights about overarching
patterns of data. Since the structure of an affinity diagram is built from detail, differences

between individual examples can be accommodated.

A common process to build an affinity diagram starts with gathering statements or
requirements by studying the target work practice (e.g., user interviews) and follows as
grouping these statements by their affinities (i.e., statements which say similar things)
and building a hierarchical structure by creating super-groups that have affinities in

several levels (generally 3 or 4 groups) [69].
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Considering the complexity of the damage assessment tasks, using a structured approach,
such as affinity diagramming approach is appropriate. The affinity diagram can be built
for the visual damage assessment process by first exhaustively listing all of the
statements describing the damage modes and treating each damage mode as examples of
the same work practice. The affinities between statements in the descriptions of the
damage modes can be discovered through an induction process: the statements are
grouped in multiple levels to reveal new insights about the patterns of features, which
engineers look for during the damage assessment process. In the study described in this
chapter, we have decided to incorporate affinity diagram approach to to identify the
information requirements for developing a schema for damage assessment of structural

walls, in order to be able to study the information requirments in a structured way.

3.4. Approach

The affinity diagram was built in two steps: First, statements that make up the damage
descriptions in the FEMA 306 guidelines were extracted. Each statement was recorded on
note cards. Second, affinities were identified between these statements by induction. The
interpretation of the statements and potential affinities are determined by considering the
domain knowledge. The note cards were grouped, regrouped, and organized to reveal

patterns in the information in multiple levels.

In the first step, information was collected about the visual damage assessment practice.
In total, 278 statements were extracted. In some occasions, further interpretation of the
statements was required to deduce the meaning of the statements. For example, some of
the individual statements are meaningful only in the context of a given damage mode.

The statement “Reinforcement has fractured” in the ductile flexural (A) damage mode
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refers to the fracturing of the flexural reinforcement, not just any reinforcement [70]. This
can be deduced from the fact that this type of behavior can occur if a component has
sufficient reinforcement to prevent shear failure and flexural reinforcement is not heavy
[70]. Hence, moment demand exceeds the shear demand. Such statements were modified
to depict the exact meaning. Each statement was written on a note card along with its
damage mode, an identification number for the statement, and the damage severity, at

which the statement is observed.

The statements constitute the first level of the affinity diagram. The second step included
building up a structure from particular to general, starting from the first level. The
process is as follows. First, a note containing a single statement is put on the board. Other
statements are browsed to see which statements have an affinity with the first statement.
Two notes are said to have an affinity if they say similar things [69]. Two statements are
identified as having an affinity if they help differentiating between different damage

modes. Notes having an affinity are put together.

The goal of the affinity diagram is to build a hierarchy of statements in such a way that
the grouping in the hierarchy will help in differentiating between different damage modes.
In order to illustrate the process of grouping, consider the following statements about
cracking (Table 3-1). It can be seen that the statements are about different types of cracks
(i.e., flexural, shear, or any type of crack regardless of type), there are width comparisons,
and some of the widths are recurring (e.g., 0.8 mm, 1.6 mm, etc.). One way of grouping
these statements is by highlighting the crack type as the overarching pattern of the

statements and group by recurring crack widths:

* Level 2 - Type of cracks, which are narrower than 3.2 mm
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o Level 1 - Flexural crack width < 3.2 mm

o Level 1 - Shear crack width < 3.2 mm

This type of grouping ignores the fact that crack widths are only meaningful if the type of
the crack is known (e.g., flexural, shear), which is one of the primary indicator of the
damage mode. For a certain damage mode, we expect to see cracks of a certain type to be
wider than the others [1]. For example, wide flexural cracking and much narrower shear
cracks or no shear cracks at all may be an indication of ductile flexural behavior. On the
other hand, X shaped cracking extending along the diagonals of a wall with little or no
flexural cracking may indicate a brittle shear type of behavior. In other words, crack

width is secondary to the type of crack.

A more useful way of grouping the same statements is by highlighting the crack width as

the overarching pattern and grouping by crack type:

e Level 2 - Width of flexural cracks
o Level 1 - Flexural cracks < 3.2 mm

o Level 1 - Flexural cracks < 4.8 mm

This grouping recognizes that the crack type should be known before setting a limit on
the crack width, for determining the damage mode. Thus, the crack width is put at a
lower level than the crack type. When the affinity diagram is built this way we can obtain
the patterns in the statements, which help differentiating between different damage modes,
while keeping the details at the lower levels, which help determining the damage

severities for the damage modes.
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Table 3-1 A selected subset of statements about crack types and widths. The statements contain crack types and crack
widths.

Statement

Flexural crack width < 3.2 mm

Flexural crack width < 6.4 mm

Flexural crack width < 6.4 mm

Flexural crack width < 4.8 mm

Shear crack width > 4.8 mm & <9.6 mm
Shear crack width < 3.2 mm

Shear crack width < 1.6 mm

No shear cracks

Shear crack width > 1.6 mm

Shear crack width < 3.2 mm

No shear crack width exceeds 3.2 mm
Shear crack width > 3.2 mm & <9.6 mm
Shear crack width < 3.2 mm

No shear crack width exceeds 3.2 mm
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Shear crack width may exceed 1/8 but cannot exceed 9.6 mm
Shear crack width < 3.2 mm

Crack width < 9.6 mm

Crack width < 3.2 mm

Crack width < 1.6 mm

Crack width < 1.6 mm

Crack width does not exceed 9.6 mm

All crack widths < 6.4 mm

23 Crack widths does not exceed 9.6 mm

24 No crack width exceeds 4.8 mm
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There are other statements, which talk about cracking (Table 3-2). These statements seem
like they may fit into the hierarchy, which was identified in the previous paragraph.
However, considering the meaning of the statements and how these statements are used
to distinguish between different behavior modes, one realizes that there are stronger
affinities among the statements in Table 3-2. The first three statements are used to
distinguishing the initiation of core-crushing. Statements 4-6 are used to locate damage
for core crushing. The location of crushing helps differentiate between a shear dominated
mode or boundary crushing mode. The remaining statements are important for

distinguishing between flexure and pre-emptive shear type of behavior. Similar to the
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previous example, all of the statements in Table 3-2 were studied to understand the

precedence of the information for identifying damage modes.

Table 3-2 Other statements extracted from the guideline about cracking.

Statement
No significant spalling or vertical cracking

No significant spalling or vertical cracking

No vertical cracking or spalling
Spalling or vertical cracking at toe regions in plastic hinge zone

Spalling or vertical cracking at toe regions in plastic hinge zone

Vertical cracks at the extreme fibers of the plastic hinge zone

One or more wide shear cracks begin to form
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Wide shear cracks concentrated in a single crack
9 Wide flexural cracking and spalling should be concentrated in the plastic zone
10 Minor flexural cracking may extend beyond the plastic hinge zone

11 Flexural cracks beyond plastic hinge zone don’t exceed 1/8”

12 Flexural cracking and spalling concentrated at the hinge zone

13 Flexural cracking may extend beyond p. hinge zone

The grouping was repeated at the third and fourth levels to build a hierarchy. The
statements for reinforced concrete walls, unreinforced masonry walls, and infilled frames
were considered separately. Therefore, the study resulted in three affinity diagrams. The

next section will present the final diagrams and discuss the findings.

3.5. Results and Discussion

All 278 statements were used to create a structure for the identification of damage modes
(Tables 3-3, 3-4, and 3-5). Reinforced concrete and masonry have different mechanisms
for failure and, hence, different damage modes. Therefore, the statements for reinforced
concrete, masonry, and additional modes for infilled frames were considered separately.
Due to the small number of statements for the additional modes of infilled frames (22
statements), they are only considered in three levels versus four levels in reinforced

concrete and masonry (Table 3-5).

69



Complementing patterns and differences between reinforced concrete and masonry
information requirements are identified. The emerging pattern is that cracking is the main
damage indicator. Out of 278 statements, 156 statements are about cracking. This
corresponds to 56% of the total count. The remaining statements are distributed among
the other damage indicators (spalling, crushing, buckling and fracture of reinforcement,
and residual displacement). Out of the 5 Level 3 groups of reinforced concrete, three
groups are about cracking and crack properties (Table 3-3). The other two groups are
about location and quantity of other damage indicators. For masonry components four out
of seven and for infilled frames two of five level 3 groups are about cracking (Table 3-4
and Table 3-5). Similar to reinforced concrete, damage location emerges as an important
feature for damage mode identification. Additionally, separation of masonry from infills

and partial or total walking type of damage are defined for masonry.

The damage indicators of both masonry infilled frames and reinforced concrete
components have largely the same overarching patterns of information requirements at
Level 3. The only difference is the movement mode of infills, which constitutes about 7%

of the statements on masonry damage, and 4% of the overall statements.
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Table 3-3 The affinity diagram for reinforced concrete components. Level 1 contains the individual statements
extracted from the FEMA 306 guideline and is hidden for brevity. Cracking and crack properties emerge as the most
important feature in the diagram, followed by the location and quantity of the other damage indicators.

Concrete Statement Count Percent
Level4 Level3 Level 2 83 (Total)
Crack properties 47 57% of total
Crack point property 25 53% of Level 4
Flexural crack size 5
Shear crack size 12
Any/all crack size 8
Crack path property 10 21% of Level 4
Continuity of flexural cracks along component 4
Degradation of concrete along cracks 2
Amount lateral offset along sliding plane 4
Crack pattern property 12 26% of Level 4
Type of concentrated single crack 7
Concentration of flexural cracks in the plastic
hinge zone 5
Properties of other damage indicators 36 43% of total
Damage location 15 42% of Level 4
Spalling or crushing location and amount 7
Location of buckled rebars 3
Spalling or vertical cracking location 5
Damage quantity 21 58% of Level 4
Spalling or vertical cracking
Residual displacement amount 7
Buckled or fractured bars 8
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Table 3-4 Cracking is the main damage indicator in masonry, similar to reinforced concrete. The affinity diagram
shows other features in addition to size and type of cracks, such as opening of head joints and sliding of bed joints.

Statement
Masonry Count Percent
Level4 Level 3 Level 2 173 (Total)
Crack properties 96 56% of total
Crack point property 23 24% of Level 4
Size of cracks 5
Size of opening of head joints 5
Sliding/opening of bed joints 13
Crack path property 44 46% of Level 4
Spalling and unit damage along cracks 9
Cracks go through units 9
Sliding off supporting bricks along crack 3
Amount of offset along cracks 13
Crack pattern property 25 26% of Level 4
Continuity of horizontal cracks 2
Continuity of diagonal cracks 2

Patterns of cracks 10

Location of concentrated cracks 3
Type of concentrated cracks 2
Type and number of cracks in a region 4
Amount of cracked courses in units 6
Properties of other damage indicators 77 44% of total
Damage location 60 78% of Level 4
Location of brick crushing 12
Location of mortar crushing 3
Location of cracking of bed joints and spalling 13
Location of cracks with various orientations 20
Location of regional crushing 5
Location of falling masonry 3
Location of spalling of face shells 2
Mortar separation around perimeter 2
Crushing of mortar and bricks around perimeter 3
Location of movement of face shells 2
Movement modes of components 12 15% of Level 4
Type and existence of total walking of piers 4
Existence of total movement of spandrels 5
Existence of partial out-of-plane movement of walls 1
Existence of partial rotation of component 2
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Table 3-5 Affinity diagram for additional modes of infilled frames. Due to the low number of statements, only three
levels were considered.

Infilled Frames Statement Count Percentage

Level 3 Level 2 22 (Total)

Crack properties 13 59% of total
Crack location 7

Size and extent of X-
cracking

Properties of other damage indicators 41% of total

Spalling extent and location

Fractured rebar location

[\ e N N el o)

Crushing location

The main observations from the affinity diagram agree with the experimental studies on
behavior of structural systems. Generally, damage initiates as cracking [71, 72]. Other
damage indicators add onto cracking as damage progresses [73]. Often existence of other
damage indicators marks the transition of the damage severity to an upper level (e.g.,
moderate to heavy) or the failure of component. Therefore, it can be said that cracking is

always present regardless of other damage indicators.

The type and character of cracks depends on damage behavior of the component [70]. For
example, in a ductile flexural behavior, we primarily expect to see cracks in transverse
direction to the component axis (i.e., flexural cracks). A vertical crack along the edge of a
concrete column may indicate lap-splice splitting. The same cannot be said for all of the
other damage indicators. For example, residual displacement alone may not be enough to
gain insights into the cause of the damage behavior. Therefore, cracks can be attributed as
having special importance in damage detection. The patterns in the affinity diagram agree

with these insights.
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The affinity diagrams show that there are several important properties of cracks both for
concrete and masonry components. First and foremost properties are the type and width.
Crack type depends on the alignment of crack with the axis of component and loading
direction. Possible crack types are flexural, shear, and vertical cracks. Width is generally
not constant along cracks. Therefore, crack width is considered as a point property of
cracks. Maximum crack width is measured and recorded for each crack [1]. Similarly, for
masonry components, opening of head joints, and sliding of bed joints are considered as
point properties. The affinity diagramming study also discovered patterns along the crack

paths, such as degradation and sliding along cracks, and continuity of cracking.

Patterns of cracks and properties of crack patterns can be observed as a composite
property of cracks (Table 3-4 and Table 3-5). Concentration and number of cracks,
location, type, and amount of cracked courses in units are the main properties of crack
patterns. Especially, in masonry, the features, which define the patterns are much richer
compared to concrete. This can be attributed to the construction of masonry components
using two different materials (i.e., masonry units, and mortar), which have different
material properties. The relative strength of units and mortar, for instance, determines
whether the units will crack along the crack paths creating smoother crack patterns

similar to concrete, or whether the cracks will be stair-shaped with intact units.

3.6. Validation

The affinity diagramming study identified the hierarchy of information items, which
visually characterize the damage modes for reinforced concrete and masonry structural
walls. However, the affinity diagrams do not provide insights into the usefulness or value

of the information items. In order to validate the information identification study, a
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sensitivity analysis was performed on the identified damage parameters to assess the
value of information of each parameter. The analysis utilized an implementation of the
seven common damage modes for reinforced concrete as a rule based system in Java

programming language, according to FEMA 306.

The validation focused on reinforced concrete components (piers and spandrels). Inside
each Level 2 group for reinforced concrete walls, there are eighteen information items
that could be used to distinguish the damage modes and severities (Table 3-3). The
combinations of these information items and the values they take determine the damage
mode and the severity of a component. A rule-based system was implemented, which
takes the eighteen parameters as an input and outputs the damage severities for all
possible damage modes. The rule-based system follows the damage descriptions for
reinforced concrete walls in the Chapter 5 of the FEMA 306. Every damage mode is
implemented according to the descriptions in the guideline. The damage modes and
damage severities are considered independently. Hence, given eighteen parameters,
which describe the damage condition of a component, the rule engine returns an answer

for each damage severity of each damage mode.

Some improvements were considered, when implementing the rule-based system. The
damage descriptions in the FEMA 306 result in false positives, if they are implemented
as they are given. For example, at insignificant severity of the ductile flexural damage
mode, shear and flexural crack width limits are given along with the fact that there should
be “no significant residual displacement”. When ductile flexure damage mode (A) is
implemented by defining only these three cases, every case that contains these three

conditions (shear crack width is smaller than the limit; flexural crack width is smaller
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than the limit; and no residual displacement), the rule set returns true, even if the case has
other damage indicators that do not belong to ductile flexure (e.g., concentrated shear

crack).

Table 3-6 The damage modes and severities for every damage mode was implemented according to the descriptions in
FEMA 306. Table shows the rules as given in FEMA 306 and the corresponding damage parameters for the
Insignificant severity of the ductile flexure mode (A). In order to avoid false positives, damage parameters, which do
not belong to the insignificant A damage, have been set accordingly.

Insignificant A (FEMA 306) Corresponding Additional rules for Insignificant A
implementation

No shear width exceeds 4.8 ~ maxFlex <= 4.8 isBoundaryRebarDamage = false

mm mm

No shear crack exceed 3.2 maxShear <= 3.2 isRebar = false

mm mm

No significant spalling or maxVert =0 displacementSignificance < 2

vertical cracking
isSpalled = FALSE  isShearConcentraated = false
isFlexuralConcentrated = false

isBoundaryCrushed = false

In order to avoid false positives, the damage modes were implemented in a way that
considers the exclusion of the damage indicators that do not belong to the damage modes
(Table 3-6). For example, for the ductile flexural damage mode (A), all of the damage
severities exclude concentrated shear cracks, since such shear cracking cannot exist for a

ductile flexural mode.

The accuracy of the rule-based system was verified using an actual damaged building.
The eighteen damage parameters for each of the forty-two wall components composed of
reinforced concrete piers and spandrels were generated semi-automatically from hand-
sketches. Twelve of the forty two components were coupling beams and failed in pre-

emptive shear with severities ranging from Insignificant to Heavy [25]. The rest of the
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thirty components have insignificant damage as a result of overturning. Per the analogy
explained in FEMA 307, the prototype used the ductile flexural mode’s description to
assess the severity of the overturning behavior visually. The prototype implementation
correctly identified the damage modes and severities of all of the forty-two components

correctly, which verified the accuracy of the implementation.
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Table 3-7 Eighteen parameters have been identified based on the affinity diagrams and the damage descriptions, that

help determine the damage mode and severity.

Affinity
Diagram
Group Description Parameter name Range of error
Crack point property
Maximum flexural crack width maxFlex 2.0 - +2.0 mm with 0.5 mm increments
Maximum vertical crack width maxShear 2.0 - +2.0 mm with 0.5 mm increments
Maximum flexural crack width maxVert 2.0 - +2.0 mm with 0.5 mm increments
Crack path property
Existence of a sliding crack and the e e
. s slidingSignificance
severity of offset on the sliding plane L
0: no sliding crack
1: slight offset along the sliding crack
2: significant offset along the sliding crack
Crack pattern property
Existence of a concentrated shear isShearConcentrated
crack T/F
Existence of a concentrated flexural isFlexuralConcentrated
crack T/F

Damage Location

Maximum shear crack width in the toe
region

Maximum shear crack width in the
web region

Existence of vertical cracks in the toe

Existence of spalling in the toe region

Existence of spalling in the web
region

Severity of spalling in the web region

Severity of the spalling in the toe
region

Existence of rebar damage in the
boundary region

maxShearInToe

maxShearInWeb

isToeVerticallyCracked
isToeSpalled

isWebSpalled

spallingWebSeverity

spallingToeSeverity

isBoundaryRebarDamaged

-2.0 - +2.0 mm with 0.5 mm increments

-2.0 - +2.0 mm with 0.5 mm increments
T/F
T/F

T/F
0: no spalling in web
1: slight spalling in web

2: significant spalling in web

0: no spalling in toe

—_

: slight spalling in toe

2: significant spalling in toe

T/F

Existence of boundary crushing isBoundaryCrushed T/F

Damage Quantity T/F
Existence of spalling isSpalled T/F

Existence of rebar damage isRebarDamaged T/F

Severity of residual displacement

displacementSignificance

0: no residual displacement
1: slight residual displacement

2: significant residual displacement
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The identified information items for reinforced concrete were validated by analyzing the
sensitivity of damage assessment to changes in the damage parameter values. The
sensitivity analysis measured the value of information as the ratio of error in the damage
assessment to error in the value of each parameter. Base configurations for insignificant,
slight, moderate, heavy, and extreme cases were generated for every damage mode based
on FEMA 306 (Table 3-9). The ranges of values of the damage parameters were
determined based on the values in FEMA 306. The maximum crack sizes for the baseline

configurations were selected arbitrarily within FEMA’s range of values.

Table 3-8 The assessment results for the base configuration of insignificant ductile flexural damage (RC1A). The base
configuration is checked against all damage modes and severities. It can be seen that the base configuration also
conforms insignificant D and E type of damage.

Damage Mode/Severity Assessment Damage Mode/Severity Assessment
A (Ductile flexural) & M/N (Pier/wall rocking) D (Flexure/Sliding shear)

Insignificant True Insignificant True
Slight False Slight False
Moderate False Moderate NotUsed
Heavy NotUsed Heavy False
Extreme False Extreme False

B (Flexure/Diagonal tension) E (Flexure/Boundary-zone compression)
Insignificant False Insignificant True
Slight NotUsed Slight False
Moderate False Moderate False
Heavy False Heavy False
Extreme False Extreme False

C (Flexure/Diagonal compression) H (Preemptive shear)

Insignificant False Insignificant False
Slight NotUsed Slight NotUsed
Moderate False Moderate False
Heavy False Heavy False
Extreme False Extreme False

In total, twenty-five base configurations were created. In each run, a known amount of
error was introduced to one of the eighteen parameters. For crack widths, the error is
measured in millimeter from the baseline value. For binary values (e.g., isSpalled),

introducing an error converts True to False and vice versa. For the severity type of
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parameters (e.g., displacementSignificance, spallingWebSeverity), the error is
represented with an integer value with in the -2, +2 range. When changing the value of a
parameter, other affected parameters are also changed. For example, setting the
“existence of spalling in the toe region” to TRUE, also sets the “existence of spalling” to
TRUE. The opposite is not true, since spalling can occur at other regions other than the
toe region. The eighteen parameters are varied one at a time for every baseline
configuration. The variations were fed into the verified rule-based system. The value of
the information items were calculated for every baseline configuration and averaged over

all damage modes.

Table 3-9 Base configurations used in the simulations for ductile flexure (A).

A (Ductile Flexural)

Damage parameter Insignificant Slight Moderate Extreme
maxShear 3.0 3.0 4.0 4.0
maxFlex 4.0 6.0 6.0 8.0
maxVert 0.0 0.0 1.0 2.0
slidingSignificance 0.0 0.0 0.0 0.0
isShearConcentrated FALSE FALSE FALSE FALSE
isFlexuralConcentrated FALSE FALSE FALSE TRUE
maxShearinToe 0.0 0.0 0.0 0.0
maxShearinWeb 0.0 3.0 4.0 4.0
isToeVerticallyCracked FALSE FALSE TRUE TRUE
isToeSpalled FALSE FALSE TRUE TRUE
isWebSpalled FALSE FALSE FALSE TRUE
spallingWebSeverity 0.0 0.0 0.0 1.0
spallingToeSeverity 0.0 0.0 1.0 2.0
isBoundaryRebarDamaged FALSE FALSE FALSE TRUE
isBoundaryCrushed FALSE FALSE FALSE FALSE
isSpalled FALSE FALSE TRUE TRUE
isRebarDamaged FALSE FALSE FALSE TRUE
displacementSignificance 0.0 0.0 1.0 2.0

For every configuration, a results vector was computed, which indicates the change in the
results from the base configuration (Table 3-10). The vector quantifies the error in the
damage severity assessment for the error in parameter values. For example, in an

insignificant ductile flexure damage, where the actual flexural crack width is 4.0 mm and
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there is an error of -1.0 mm, then, all other parameters kept constant, it may indicate a
moderate pre-emptive shear behavior and no change in the other damage modes (Table 3-

10).

The sensitivity of the damage assessment to the change in the value of a parameter is
calculated as the error in the parameter value divided by the magnitude of the severity
change. The change in damage severity was quantified in a 0 to 5 scale, where 0
represents no change in the given mode and 5 represents a jump from none to extreme
severity or from extreme to none. In the example in Table 3-10, the severity for H (pre-
emptive shear) changed from no-damage to moderate, jumping over insignificant and

slight severities, which corresponds to a change in severity of magnitude 3.

Table 3-10 For every variation in the configuration, the change in the results are recorded in a results vector. Zero
indicates no change in severity from the base configuration as a result of the variation.

maxFlex
Test Case Result
Base Conf. (error)

Damage Mode 4.0 mm -1.0 mm

A Insignificant  Insignificant 0

B No Damage  No Damage 0

C No Damage  No Damage 0

D Insignificant  Insignificant 0

E Insignificant  Insignificant 0

H No Damage  Moderate % =0.33

The values in all 25 variations are then averaged and aggregated into a single table (Table
3-11). Each column in the table represents a damage mode, such that the sensitivity of the
damage assessment to perturbations in the values of each parameter can be observed for
each mode individually. The rows in the table correspond to the errors in the parameter
values. Thus, each cell represents the sensitivity of the severity assessment for a damage

mode for given amount of error in the parameter value (e.g., maximum shear crack size).
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Zero means that the assessment is insensitive to errors. Larger values represent higher

impact to the assessment.

The results show that some of the parameters had minimal or no effect on the
classification of the damage severity. Maximum vertical crack width (maxVert) has no
effect on the classification of damage. Maximum width of the shear cracks in the toe
region had minimal effect if the width of the cracks is underestimated by 2 millimeters.
Maximum width of the shear cracks in the web regions also had small effect. However,
maxShearInToe and maxShearInWeb contribute to determining the damage severities.
On the other hand, since maxVert does not impact the damage classification, it can be

eliminated.

The damage modes have varying sensitivities for the damage parameters. For example,
flexure/diagonal tension (B) mode is much more sensitive to errors in the maximum
width of shear cracks compared to pre-emptive shear (H) mode. Flexure/diagonal tension
develops shear cracks more steadily compared to the pre-emptive mode. Shear cracks can
open up to about 0.8 mm for insignificant severity and up to 1.6 and 3.2 mm for moderate
and heavy severities, correspondingly. On the other hand, the pre-emptive shear mode
develops a concentrated shear crack suddenly, as the heavy damage severity is reached.
Thus, higher sensitivity of the H mode to isShearConcentrated can be observed Table 3-

11.
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Table 3-11 Sensitivity of the damage modes to errors in the damage parameters.

Higher the number, higher the

sensitivity of the damage mode to misclassification of the damage parameter. The analysis shows that maximum
vertical crack width has no effect on the classification of the damage and severity. The other parameters have varying

degree of impact on the classification.

Average Change in Severity Assessment

Parameter Size of Error A B C D E H
-2.0 0.48 0.06
-1.5 0.64 0.08
-1.0 0.24
maxShear -0.5
0.5 0.24 1.36 0.64 0.24 0.24 0.16
+1.0 0.36 0.72 0.36 0.36 0.36 0.08
+1.5 024 048 0.24 024 024 [005
+2.0 0.22 0.22 0.12
-2.0 0.30 0.30 0.30
-1.5 0.48 0.48 0.40
-1.0 0.12 0.12 0.60
maxFlex -0.5 0.24 0.24
0.5 1.44 1.20 0.48 0.48 1.44 0.32
+1.0 0.92 1.04 0.32 0.44 0.92 0.16
+1.5 0.61 0.69 0.21 0.29 0.61 0.11
+2.0 0.50 0.56 0.20 0.26 0.50 0.08
maxVert -2.0 - 42.0 000 000 000 000 000 000
isSpalled 1 0.52 0.16 0.16 0.68 0.52 0.12
isToeVerticallyCracked 1 0.40 0.16 0.16 0.52 0.40 0.12
-2 0.26 0.22 0.08
spallingWebSeverity -1 0.52 0.44 0.16
1 0.52 0.68 0.32 0.52 0.52 0.12
2 0.26 0.34 1.20 0.26 0.26 0.06
-2 0.08
spallingToeSeverity -1 0.08 0.16 0.08
1 0.76 0.16 0.16 0.52 0.76 0.12
2 0.38 0.08 0.08 0.26 0.38 0.06
-2 0.10 0.10
slidingSignificance -1 0.20
1 1.40 1.28 0.60 1.88 1.56 0.68
2 0.70 0.64 0.30 1.56 0.78 0.34
isToeSpalled 1 0.64 0.16 0.16 0.56 0.64 0.12
isBoundaryRebarDamaged 1 1.40 1.48 0.60 0.52 1.56 0.88
isBoundaryCrushed 1 1.40 1.28 0.60 0.72 1.56 0.68
isRebarDamaged 1 1.40 1.04 0.80 0.68 1.56 0.44
-2 0.20 0.20
displacementSignificance -1 0.40 0.40
1 0.48 0.40 0.16 0.64 0.16
2 0.50 0.54 0.16 0.26 0.58 0.24
maxShearinToe -2
-1.5-42.0
. -2.0
maxShearinWeb 15
-1.0-42.0
isWebSpalled 1 0.52 0.68 1.28 0.52 0.52 0.12
isShearConcentrated 1 1.40 1.48 0.60 0.72 1.56
isFlexuralConcentrated 1 1.40 1.28 0.60 0.68 1.40 0.68

The validation study showed that the damage state of a reinforced concrete wall can be

represented using seventeen damage parameters. The damage parameters include the

widths of shear and flexural cracks, locations and/or severities of spalling and crushing,

rebar damage and residual displacements.
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By averaging the results of the sensitivity analysis for each parameter across all damage
modes we can obtain the mean effect of each parameter on the damage assessment (Table
3-12). The mean values clearly show the relative importance of the parameters.
Considering the time constraints in the field for data collection, the results can potentially
be used to drive the data collection towards on more impacting parameters to make

efficient use of resources.

Table 3-12 By averaging the change of damage age assessment across all of the damage modes, the mean effect of each
damage parameter on the assessment can be obtained

Average change across all damage

Parameter modes
maxShear 0.20
maxFlex 0.38
maxVert 0
isSpalled 0.36
isToeVerticallyCracked 0.29
spallingWebSeverity 0.28
slidingSignificance 0.51
isToeSpalled 0.38
isBoundaryRebarDamaged

isBoundaryCrushed

isRebarDamaged

displacementSignificance 0.22
maxShearInToe

maxShearlnWeb

isWebSpalled 0.61
isShearConcentrated

isFlexuralConcentrated
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3.7. Conclusions

This chapter identified the information requirements for determining the damage modes
and severities of earthquake damaged reinforced concrete walls and coupling beams. The
research approach uses the affinity-diagramming method for identifying an abstraction
and hierarchy of the information items, which are required for developing a
representation. The study is validated by performing a sensitivity analysis on the damage

modes and severities. The following conclusions can be drawn from the study:

For both reinforced concrete and masonry walls, cracking is the most important
information item for determining the damage mode and severity. Crack width, type, and
location are important parameters associated with cracks. For other damage indicators,
such as spalling, crushing, and rebar damage, the important parameters are location and
severity. Location of damage is defined based on the region on the components (e.g.,

hinge, web, and toe).

The information items can be grouped under five broader categories, three of which
belong to crack properties and the other two describe properties of the other damage
indicators, such as spalling, crushing, residual displacement, and rebar damage. The same
hierarchy also applier to masonry wall components. Thus, it can be said that although the
appearance and the specific parameters for defining damage modes and severities for
masonry is different from reinforced concrete, similar patterns of information can be

expected.

For reinforced concrete wall components (piers and spandrels), the damaged condition
can be represented using 17 parameters. These parameters include, the maximum widths

of shear and flexural cracks, existence and/or severity of spalling, crushing, and rebar
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damage, severities of residual displacements, sliding on a lateral plane, and concentration

of shear and flexural cracks.

The damage modes of reinforced concrete wall components have varying degrees of
sensitivity to errors in the 17 damage parameters. The assessment is least sensitive to the
width of shear cracks on the web region. Most effective parameters are the concentration
of cracks, particularly shear cracks, and damages in the boundary region, such as rebar

damage and crushing.

The hierarchies and the damage parameters, which were identified in this study, elucidate
two aspects of the visual damage assessment problem. First, the results of the study
describe the information content of a potential information model. The objects and the
relationship between the objects, which form the information model, can be derived using
the affinity diagrams. Second, the types and details of the queries needed to extract the
necessary information for performing the damage assessment tasks can be developed

using the findings of the study.

Two future research directions are developing a BIM based representation of damage for
structural walls and integrating the visual damage assessment with strength analysis by

building on the damaged representation.
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Chapter 4 Representation of Earthquake Damage for
Reinforced Concrete Buildings using Building Information

Models

4.1. Introduction

The main goal of the research described in this chapter is to develop a schema to
represent the damaged conditions of reinforced concrete walls in order to support the
visual assessment tasks for engineering analysis. The information requirements of
damaged condition representation were described in Chapter 3. It was found that the
damage information on reinforced concrete components can be grouped under five broad
categories, three of which are about cracking. The other two groups are about the
locations and quantities of the other damage indicators, such as spalling, crushing, rebar
damage, and residual displacement. The information requirements for performing the

visual assessment tasks will be discussed in more detail in Section 2.

In this chapter, building on the findings of the information requirement identification
study, a BIM-based schema is developed for reinforced concrete walls. The information
requirements in Chapter 3 were analyzed to design a schema. While the schema was
developed with a specific focus on reinforced concrete components, to validate its
generality, we have evaluated how well it also supports masonry type of wall components.
It is found that the schema can support 54% of the information requirements of the
masonry damage. The limitations are mainly due to the damage indicators, which are

strictly specific to masonry, such as opening of joints or crushing of mortar between the
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masonry units, and falling off of masonry. On the other hand, the schema has the
necessary structure to support the queries related to these missing damage indicators,

such as the location of damage.

4.2. Information Requirements of Visual Damage Assessment

The information requirements of the visual damage assessment for supporting the
engineering analysis, was identified in Chapter 3 using an affinity diagramming approach.
The result of the study is the hierarchy of information items, which can be used to
describe damage (Table 4-1). Briefly, in order to construct the diagram, statements were
extracted from the FEMA 306 guideline, which describe damage for common damage
modes and all damage severities. These statements were grouped into four levels. The

first level contains the statements.

An emerging pattern in the diagram is that cracking is the most important damage
indicator. More than half of the Level 2 statements are about cracking. Widths of various
types of cracks (i.e., shear, flexure) are grouped under the point properties of cracks, as
the width of the cracks are generally measured at several locations on the cracks. Features,
which can be attributed to an entire crack are grouped under the crack path property.
These include the degradation of concrete along cracks, lateral offset along a crack (i.e.,
sliding plane), and continuity of a crack along the cross-section of a component. Cracking
properties, which are defined according to the properties of a collection of cracks are

grouped under the pattern properties of cracks.

For the other damage indicators, such as spalling and crushing of concrete, rebar damage
and residual displacement, the emerging patterns are the damage location and damage

quantity. Damage location is defined as a region on the component, such as the hinge
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region or web region. The damage severities are either a binary value (i.e., whether there
is damage or not), or defined in terms of the severity. The engineer assesses the severity

of the damage.

Table 4-1 The affinity diagram for reinforced concrete wall components. Statements were extracted from the FEMA
306 guideline and grouped into four levels in increasing generality. Level 1 contains the individual statements and is
hidden for brevity. In the diagram, cracking and crack properties emerge as the most important feature in the diagram,
followed by the location and quantity of the other damage indicators.

Reinforced Concrete Walls
Level 4 Level 3 Level 2
Crack properties

Crack point property

Flexural crack size

Shear crack size

Any/all crack size
Crack path property

Continuity of flexural cracks along component

Degradation of concrete along cracks

Amount lateral offset along sliding plane
Crack pattern property

Type of concentrated single crack
Concentration of flexural cracks in the plastic
hinge zone

Properties of other damage indicators

Damage location

Spalling or crushing location and amount

Location of buckled rebars

Spalling or vertical cracking location
Damage quantity

Spalling or vertical cracking
Residual displacement amount
Buckled or fractured bars

4.3. Background research

The purpose of this research is to develop a schema to represent information about
damage occurred in a building after a major event, such as an earthquake. This is a first

step towards a vision to automate the entire damage assessment procedure, including the

89



strength analyses. This chapter specifically focuses on developing an information model
to support the engineering analysis. Given this focus, we have considered, built on and
extended previous research studies on automation of damage detection and assessment,

and reviewed their respective representation methods for damage parameters.

4.3.1. Representation of Damaged Conditions

Previous studies on the automated damage assessment can be classified based on two
consecutive steps associated with the process. As the first step, several studies have
attempted to automate the detection of damage parameters using computer vision
techniques from 2D or 3D images [7, 27, 28, 31, 32, 34-36, 38, 39, 46, 74]. The main
purpose of such studies is to accurately detect damage parameters, such as cracking,
spalling, crushing and rebar damage from images. The results of the automated detection
are then incorporated into a decision making tool to derive conclusions about the

condition of a building [38, 39, 75], which constitutes the second step of the process.

The specifics of the data models for representing damage parameters depend on the
decision mechanisms or the purpose of the automation. Most of the studies in the prior
work have targeted automating the rapid assessment of structures, within which the main
purpose is to classify the building as safe, unsafe, or to allow restricted usage by focusing
on the most critical hazards in minimal time and using minimal resources (i.e., time,
equipment, personnel). Cracking and spalling are the damage parameters used in these
studies. Crack length, width, and orientation are used as the main crack parameters [38,
75]. In the existing image-based damage assessment research, the end results of the
damage detection step are damage maps which are images with pixels labeled as

damage and non-damage (e.g., [38]).
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Using the damage maps, it is possible to extract dimensions of cracks and spalled regions
[38]. German et al. (2013) took it a step further by proposing a fragility analysis to assess
the vulnerability of the damaged frames, composed of columns and beams, using the
results of the image based crack and spalling detection [75]. In the mentioned study,
certain damage events, such as longitudinal or diagonal cracking, spalling, and buckling
are related to damage indices for columns, such as drifts, based on experimental
observations [75]. The damage indices are used, along with the building type and column
arrangement, to query fragility curves in order to estimate the probability of experiencing
a certain level of damage in an aftershock given the main shock damage. The mentioned
study uses a database to link the damage parameters, such as spalling and cracking, to
columns, and demonstrates that if the damage indicators can be detected accurately, the

damage information can be used along with structural analysis for structural systems.

4.3.2. Building Information Modeling for Damaged Condition Representation

Engineering analysis process involves finding the governing damage modes for
components using visual damage indicators and cross-verifying the findings by strength
calculations [1, 25]. Within such procedures, it is necessary to perform strength
calculations using the reinforcement configuration, material strengths and structural

analysis results [1].

From a computational perspective, it is necessary to identify the connected components
to determine the extent of the structural sub-assembly, determine the reinforcing bars that
contribute to the strength of the components, and use this information, along with internal
forces, to calculate the strengths of components. Building Information Models (BIM) can

represent such design information and potentially support topological and spatial queries
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to find connected components and contained reinforcement bars [13, 19-21, 76]. Design
computations can be performed on BIMs, including strength calculations [13]. Earlier

studies also showed that structural analysis models can be incorporated within BIMs [20].

Generation of as-is Building Information Model, which represents existing conditions of
buildings and using as-is BIMs to support various engineering decisions are becoming
common practices [10, 23, 77]. However, current BIMs build on design centric modeling
approaches [78]. Geometries are often assumed to be perfect and representing
imperfections, such as deformed shapes and damage, is not directly possible [11, 12, 63].
Therefore, it is necessary to formalize representation methods to support the decisions
related to the damage assessment. This chapter describes a BIM based damage
representation schema using the damage assessment guidelines, and specifically FEMA

306 [1].

4.4. Development of the Schema for Representing Damage Information

In order to develop a representation schema for the damaged conditions, a four-step
procedure is followed. First, the unique concepts, which need to be represented are
identified. Second, a set of potential entities were identified from the determined
requirements. This step is mainly performed on the information items gathered in the first
step. Third, the corresponding potential objects are abstracted using object-oriented
modeling methods. In other words, the necessary attributes for the objects are determined,
objects are decomposed or aggregated together, and relationships and cardinality of the
relationships are determined. Finally, design patterns are applied for completing the

schema [79].
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Crack information is represented using three entities (Figure 4-1). The CrackStation
entity represents a point location on a crack. The station attribute represents the location
of the crack width measurement. The CrackPath entity represents a crack segment as
detected by the computer vision methods or as documented by the inspector in the field.
A CrackPath entity is defined by a set of CrackStations and the type of the crack (i.e.,

flexural, shear, vertical). Crack type is determined by the orientation of the crack.
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Damage

+ isDigitized : boolean i DamggedElement I
+ worldOrigin : double[ ] start : Point

+ worldNormal : double [ ] 0.*  stores end : Point

+ xScale : double e dlrectlor\ : Vector

+ yScale : double 0.* normali. Vector

+ imageOrigin : double[ ] - length : double

+ imageWidth : double height : double

+ imHeight : double i

I stores
- 3

DamagedElementRegion
regionType : RegionTypeEnum
start : Point
end : Point
<>{direction : Vector

CrackPattern Spalling normal : Vector
+ crackPaths : CrackPath [] + boundary : Point[ ] length : double
+patternType : CrackPatternEnum + severity : int height : double
+ isExtendsSection : boolean - -
+ isCriticalCrack : boolean
+ lateralSlidingAmount : double

i RebarDamage
+ boundary : Point [ ] i
+ severity @ int
+ damageType : BarDamageTypeEnum
has I
CrackPath Crushing
+ crackStations : CrackStation [] | + boundary : Point [ ]
+ crackType : CrackTypeEnum |+ severity : int
+ isDegradationAlongCrack : |
boolean
ResidualDisplacement
is defined by + displacement : double[] |
. + severity :int
CrackStation |
+ station : Point i
+ width : double

Figure 4-1 The final schema is developed by integrating the requirements of each damage parameter.

CrackPattern entity, which is a collection of CrackPaths, is at the top-most level of the
crack representation. Introducing such a container entity has three purposes. First, cracks
are sometimes only visible in pieces. Second, if vision sensors are used, cracks cannot
always be detected as a single continuous piece [74]. Due to the limitations of the
imaging device, algorithms used in the detection, or lighting conditions, discontinuities
can occur [27, 32, 38]. Additionally, there may be occlusions that cover the cracks

partially [25]. Finally, CrackPattern entity supports representing and analyzing
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collections of cracks for the concentration of the cracking damage and sliding shear types

of damage as required by the damage parameters.

In order to represent and analyze sliding cracks and concentration of cracks, the schema
needs the capability to represent crack patterns composed of several cracks. Sliding
cracks are composed of at least two cracks. As a result of the gravity loads some portion
of the crack may close up, however sliding cracks are thought of as a single damage.
Within the CrackPattern entity, several attributes represent the condition of the crack.
IsExtendsSection attribute determines whether a crack is extending from one side of the
wall section to the other. If the CrackPattern has a critical sliding section, then
IsCriticalSection attribute is set to true. If there is spalling or degradation along the cracks
in the CrackPattern, then IsDegradationAlongCrack is set to true. If it is a critical sliding

crack, lateralSlidingAmount defines the amount of sliding observed at the critical plane.

Concentration of the crack is defined as having two or a few cracks on the component
that are larger than the others. For example, in the heavy to severe cases of ductile
flexural damage, it is expected to have at least one flexural crack that is larger than the
other flexural cracks and all of the shear cracks in the plastic hinge region, where the
bending actions concentrate [1]. FEMA 306 does not specify crack width limits for crack
concentration and leaves the decision as to what is considered a concentrated crack to the

engineer.

The other damage indicators are Spalling, Crushing, RebarDamage, and
ResidualDisplacement. Spalling and Crushing have defining boundaries. The severity of
the spalling and crushing are represented by an integer value. Possible values of the

severity are 0 (e.g., no spalling), 1 (insignificant), and 2 (significant). Using integers as
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opposed to using enumerations allow comparing the severity of damage. There are no
established quantification for the severity of spalling and crushing [1]. The decision is
mainly left to the engineer. However, researchers suggested using the area of spalling as a
measure of the severity [75]. The boundary attribute enables calculating the area of

spalling.

The DamagedElement represents the entire analysis surface of a component (Figure 4-2).
If the flanges are considered as a part of a building component, then the
DamagedElement also spans the flanges at the center of the wall. The visual damage
assessment only requires a 2D representation. Therefore, the DamagedElement entity is a
2D entity located at the center axis of the wall. DamagedElementRegion entities are

located on the same plane as the containing DamagedElement.

The DamagedElementRegion entity represents regions on the components (Figure 4-1).
Plastic hinge regions are generally thought of as extending from one side of the
component to the other. For a constant cross-section component, this gives a rectangular
region. Similarly, boundary and web regions are rectangular. Thus, the regions are
modeled as being rectangular in shape. The types of the regions are enumerated as

PlasticHinge, Web, Boundary, and Toe.

In summary, in order to represent damage on reinforced concrete walls, it is proposed that
the component geometry be simplified to a planar representation and regions on the
components be represented as planes atached to the simplified geometry. The
DamagedElement entity can be linked to the existing BIM standards by associating the
DamagedElement to the structural components. In the case of IFC, it is proposed that the

DamageElement be linked to IfcBuildingElement, which represents the superclass of all
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building elements, including walls. The representation of the damage is, thus, related to

the building components through the DamageElement entity.

DamagedElement

|_Boundary

Toe

Plastic hinge

[
(4
Boundary/ q

Toe

(@) (b)

Figure 4-2 The assembly of components, which resists the earthquake forces can contain a variety of structural
components, such as piers, slabs, columns, beams (a). For the damage assessment, the component assemblies are
divided into segments based on their type of contribution into the non-linear mechanism (e.g., coupled pier
mechanism). The DamagedElement entity represents these segments with a 2D slice across the main wall axis (b). The
DamagedElementRegion entity is placed on the same plane with the DamagedElement and represents the regions on
the components.

4.5. Validation

The developed representation schema for reinforced concrete walls was validated from
two perspectives: 1. Coverage of the damage parameter space on a case study, 2.

Generality to support the representation of damage on masonry walls.

4.5.1. Coverage of the parameter space for a damaged RC building

The representation capability of the schema for reinforced concrete walls, a model of a
damaged building was built using the schema and the model was ran through an

implementation of the damage modes, which are described in FEMA 306.
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The building is a two-story reinforced concrete structure, which was built in the 1950s
[25]. Shear walls resist the lateral forces in both directions. Some of the walls have
openings for doors. The building was damaged during an earthquake and professionally
evaluated. The damage modes of the twelve coupling beams are pre-emptive shear with
severities ranging from Insignificant to Heavy [25]. The rest of components (e.g., wall
piers) have insignificant damage as a result of overturning, which is similar to ductile

flexure in appearance [25]. In total, 42 piers and spandrels were analyzed in the system.

4.5.1.1. Rule-based System for Visual Assessment

In order to validate the schema for generality, a rule-based system, which is an
implementation of the damage modes in FEMA 306 was used. The rule-based system is
developed based on the findings of the affinity diagramming study, described in Chapter
3, and the FEMA 306 guideline. In the system, the visual damage state of a component is
represented using 17 damage parameters (Table 4-2). The system takes the values of the
17 parameters as the input and outputs the potential damage modes and severities for

building components.
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Table 4-2 Seventeen parameters have been identified based on the affinity diagrams and the damage descriptions, that
help determine the damage mode and severity.

Affinity Diagram Group Description Parameter name
Crack point property
Maximum flexural crack width maxFlex
Maximum shear crack width maxShear
Crack path property
Existence of a sliding crack and the severity of offset e
on the sliding plane slidingSignificance
Crack pattern property
Existence of a concentrated shear crack isShearConcentrated
Existence of a concentrated flexural crack isFlexuralConcentrated
Damage Location
Maximum shear crack width in the toe region maxShearInToe
Maximum shear crack width in the web region maxShearInWeb
Existence of vertical cracks in the toe isToeVerticallyCracked
Existence of spalling in the toe region isToeSpalled
Existence of spalling in the web region isWebSpalled
Severity of spalling in the web region spallingWebSeverity
Severity of the spalling in the toe region spallingToeSeverity
Existence of rebar damage in the boundary region i;BoundaryRebarDamag
Existence of boundary crushing isBoundaryCrushed
Damage Quantity
Existence of spalling isSpalled
Existence of rebar damage isRebarDamaged
Severity of residual displacement displacementSignificance

The implementation of the rules followed the damage descriptions in FEMA 306. All
seven common damage modes and applicable severities for these seven modes were
implemented. The implemented damage modes are: ductile flexure, pre-emptive shear,
flexure/diagonal tension, flexure/web compression, flexure/sliding shear, global rocking,
individual pier rocking. More details and an evaluation of the rule-based system is

described in Chapter 3.
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4.5.1.2. The Results

For the validation, the damage parameters of the components in the case study building
were input into the system manually. The cracks and other damages were traced using a
Matlab script from hand-sketches. The known dimensions of the reinforced concrete
components were used to represent the elements. The registration of the damages with the
damaged elements and regions were achieved by spatially intersecting the damage

coordinates with the element and region boundaries.

The schema made representing complex cracks possible through the CrackPattern,
CrackPath, and CrackStation entities. The building had many examples of partially
occluded cracks (Figure 4-3a). Additionally, parts of the crack can close up under loads
or may be invisible due to small width. In such cases, parts of a single crack can be
aggregated into a single pattern by listing the CrackPaths in a CrackPattern object (Figure

3a).
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Figure 4-3 The CrackPattern and CrackPath entities enable representing complex cracking on the components (a).
Continuity of cracks across occlusions or cracks, which should be evaluated together (e.g., X-shaped cracks) were
represented using the CrackPattern entity. For the visual assessment, the regions, which contain the damages were
represented using the DamageElementRegion entity (b).

The DamagedElementRegion and the Damage entity enabled locating and querying the
properties, such as the severity and the types of damage on the component (Figure 4-3b).
Many cracks also extended multiple regions, such as hinge and web. Using the
DamagedElementRegion entity together with CrackPattern allowed querying the schema

for the accurate locations of cracks.

The rule-based system identified the damage modes and severities of all of the coupling
beams and the wall piers. The accuracy of the results indicates that the schema
represented the damage successfully for the given building, which contains various
severities of pre-emptive shear and overturning type of behavior, which is similar to

ductile flexure in appearance [25].

4.5.2. Generality

The validation of generality was performed on the affinity diagram, which was developed

for representing damage on masonry components previously in Chapter 3. The generality
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of the schema was quantified in terms of how much of the masonry damage parameters

can be supported by the schema (Table 4-3).
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Table 4-3 The affinity diagram for masonry components show similar patterns at Level 3 and Level 4. In addition to the
Level 3 groups in reinforced concrete, masonry requires representing the movement modes. The table also shows the
number of statements extracted from the FEMA 306 guideline for masonry damage.

Masonry St?giﬁm Supported ~ Needs Extension
Level4 Level3 Level2
Crack properties
Crack point property
Size of cracks 5 X
Size of opening of head joints 5 X
Sliding/opening of bed joints 13 X
Crack path property
Spalling and unit damage along cracks 9 X
Cracks go through units 9 X
Sliding off supporting bricks along crack 3 X
Amount of offset along cracks 13 X
Crack pattern property
Continuity of horizontal cracks 2 X
Continuity of diagonal cracks 2 X
Patterns of cracks 10 X
Location of concentrated cracks 3 X
Type of concentrated cracks 2 X
Type and number of cracks in a region 4 X
Amount of cracked courses in units 6 X
Properties of other damage indicators
Damage location
Location of brick crushing 12 X
Location of mortar crushing 3 X
Loca.tion of cracking of bed joints and 13 X
spalling
L(?catiop of cracks with various 20 X
orientations
Location of regional crushing 5 X
Location of falling masonry 3 X
Location of spalling of face shells 2 X
Mortar separation around perimeter 2 X
ershing of mortar and bricks around 3 <
perimeter
Location of movement of face shells 2 X
Movement modes of components
Type and existence of total walking of 4 X
piers
Existence of total movement of spandrels 5 X
Existence of partial out-of-plane movement 1 <
of walls
Existence of partial rotation of component 2 X
Total 163 88 (54%) 75 (64%)
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Crack point properties: In addition to the widths of different types of cracks,
masonry damage include opening of head and bed joints of masonry units. Width
of cracking on masonry can be represented in the same manner as in reinforced
concrete. However, in order to represent the opening of head and bed joints, the

schema that is developed for reinforced concrete should be extended.

Crack path properties: Spalling or unit damage along crack paths and offset along
cracks can be represented using the reinforced concrete schema using the
isDegradationAlongCrack and lateralSlidingAmount attributes. However,
masonry damage also requires representing cracks, which go through masonry
units and sliding of an upper portion of a wall off the lower portion. These cannot

be represented without extending the schema developed for reinforced concrete.

Crack pattern properties: All of the information requirements of crack pattern
properties can be satisfied using the reinforced concrete damage schema.
However, additional processing is required to extract the amount of cracked

courses in masonry units.

Damage location: The reinforced concrete damage schema is mainly limited in
representing the information items in this group. The damage indicators, which
are specific to masonry, such as brick crushing, masonry crushing, falling of
masonry or face shells, and mortar separation, imposes the limitations. However,
the schema is capable of representing the location of damage regardless of the

type of damage. Therefore, if the schema is extended to represent these types of
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damage indicators, the representation of the information items in this group can

be supported.

*  Movement modes of components: The schema is limited in representing all of the
information items in this group, since total or partial movement is not expected on

reinforced concrete components.

In summary, the schema is capable of representing 12 of the 28 Level 3 group
information items, which are required for masonry damage. These Level 3 groups contain
54% of the total statements, which describe damage on masonry. In order to represent the
remaining 66% of the information items, which are specific to masonry damage, the

schema should be extended.

4.6. Conclusions

This chapter described a schema for the representation of the earthquake damage on
reinforced concrete walls. The research approach built on the findings of a previous
information requirements identification study on common damage modes and severities
of reinforced concrete. The schema is validated from two perspectives. First, the
representation capability of the schema was evaluated by performing a case study on a
damaged RC building to assess its coverage with respect to reinforced concrete buildings.
Second, the generality of the schema was evaluated for representing damages occur on

other types of components, such as masonry components.

The schema is capable of representing the damage to reinforced concrete components,

such as cracking, spalling, crushing, rebar damage, and displacement. In the development
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of the schema, limitations in determining the continuity of cracks, such as due to

occlusions are also considered.

The validation showed that the schema is capable of representing all of the damage
information, which is required for all severities of pre-emptive shear and lower severities
of the other damage modes. The validation also showed that the schema can be used to
represent masonry damage, if new entities for the damage indicators, which are specific
to masonry are defined. Representation of many cracking properties and location of the
other damage indicators is readily available. In total, 54% of the Level 3 groups inside

the affinity diagram for masonry components are supported by the schema.
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Chapter 5 Building Information Modeling Based Earthquake

Damage Assessment for Reinforced Concrete Walls

5.1. Introduction

This chapter describes a Building Information Modeling (BIM) based approach
developed for automating the engineering analyses by integrating the visual assessment
and strength analysis. In the developed approach, a BIM, which is assumed to contain
structural analysis models, building geometry and configuration, material properties, and
reinforcement details, is supplemented with damage records, as required by FEMA 306.
The developed approach utilizes such a BIM to perform the engineering analysis for
reinforced concrete walls. The transformation mechanisms for extracting the required
information from BIM for performing strength analysis and visual assessment are studied
in this chapter. These mechanisms include identification of piers and spandrels,
determination of cross-sectional properties of connected components, identifying the
effective reinforcement amounts and internal forces. Building on the information
requirements for visual assessment and the damage representation schema (Chapter 3 and
Chapter 4), this chapter elaborates on the strength analysis aspect and combines the visual
assessment results and the strength analysis to determine the damage mode and severities

of reinforced concrete wall components.

In order to validate the approach, a case study was performed on a previously damaged
and professionally assessed structure [1]. The building contains a variety of reinforced

concrete walls, such as solid walls and walls with openings. The BIM of the building,
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which represents the geometry, reinforcement details, structural analysis results and the
digitized hand sketches of the damages of the structural walls, was constructed during the
study. A prototype was implemented, which can perform the visual assessment and
strength analysis. A total of 42 components including piers and spandrels were assessed
and the results obtained using the prototype were compared to the professional

assessment.

5.2. FEMA 306, Damage Assessment Procedures

This study focuses on FEMA 306 guideline for the “Evaluation of Earthquake Damaged
Concrete and Masonry Wall Buildings”. We have picked this guideline to focus on for
three reasons. First, it is the standard document, which the engineers have to follow
when assessing the performance of damaged buildings [2]. Second, the guideline builds
on a thorough investigation of existing body of research and presents a procedure that can
used for a wide variety of damage modes and component types [2]. Finally, it is being

adopted by countries, such as US and New Zealand, thus reaching wider application [3].

The FEMA 306 guideline classifies the results of a wide array of experimental and
analytical studies into seven common damage modes and seven other less common
modes for reinforced concrete walls [2]. These common damage modes are ductile
flexure, flexure/diagonal tension, flexure/diagonal compression, flexure/sliding shear,

flexure/boundary compression, pre-emptive tension, and rocking or piers [2].

The damage mode, which requires the smallest lateral force to form is defined as the
governing damage mode of a component [2]. For example, initially, the flexural strength
of a wall can be lower than the shear strength, thus allowing a flexurally dominated

mechanism to form [2]. However, as a result of the degradation of the shear strength at
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high displacement demands (i.e., deformations), the shear strength can drop below the
flexural strength and dominate the behavior. The combined modes (e.g., flexure/diagonal
tension) represent the evolving behavior. Damage severity is the measure of the
degradation of the stiffness, strength, and displacement capacity as a result of the

earthquake.

Determining the mode and severity correctly is critical in damage assessment. Visual
observations of the damage and strength calculations are used together and they allow the
engineers to cross-verify their analysis process (e.g., assumptions about component
interactions, parameters used in the calculations, etc.) (Figure 5-1).

Damage indicators

Building information &damage patterns

Damage information

X Damage modes & severities
Visual Assessment
Agreement

on the damage mode

-Determine nonlinear mechanism Damage mode
-Determine potential damage modes Verify > &
Severity

Strength analysis
Building information principles Compare results

Earthquake characteristics
Strength Analysis

- Calculate and compare
strengths for the damage modes

Damage mode

Figure 5-1 FEMA 306 process for determining the damage modes and severities of wall components.

The actual damage behavior of components can differ from theory, which can be
determined by strength calculations, due to several reasons, such as differences in
material strengths between design and actual, and interactions between building
components and loading conditions. The visual observations allow the engineer to
determine the actual damage mode of the components by assessing how the damage

indicators are formed (e.g., cracking, spalling, crushing, rebar damage, and residual
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displacements). However, the visual assessment is not adequate alone to determine the
damage mode and severity. A strength analysis is required in addition to the visual
assessment. FEMA 306 presents a very detailed analysis of the visual damage indicators

for different damage modes.

The strength analysis allows the engineer to determine the theoretical behavior of the
wall components. In the strength analysis, the lateral strengths, which would induce
different damage modes in terms of minimum shear force, are calculated using strength
analysis principles. For example, the shear force, which is required to reach the moment
strength can be calculated by first computing the moment strength using strain
compatibility equations and dividing the moment strength to the shear span of the
component. In order to determine the governing damage mode, the strengths for all
possible modes are sorted and the modes, which cannot be reached, are eliminated.
Among the remaining damage modes, the mode with the smallest strength governs the

behavior.

5.3. Information Requirements of Strength Analysis

The strengths for the damage modes are computed using the material strengths,
component geometry, such as the section size and aspect ratio, reinforcement amount and
location, and forces on the components, which are obtained from a structural analysis
(Figure 5-1) [2, 4, 5]. In the damage assessment procedure, building elements and
structural components are distinguished (Figure 5-2). A component entails a vertical or a
horizontal portion of a building, which resists lateral and vertical loads. An element is the

assembly of components, such as wall piers, beams, columns and slabs, which resist
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forces. For example, a structural wall element with openings is made up of pier and

spandrel components.

Element
RC3 RC1
Component§ RC4
RC2
Strong pier/ Weak Spandrel Weak Pier/ Strong Spandrel

Figure 5-2 In the damage assessment context, an element entails an assembly of components, which resist lateral forces
together. A component entails individual piers and spandrels, which make up an element. (RC1: Strong pier, RC2:
Weak pier, RC3: weak spandrel, RC4: strong spandrel) [2]

Design codes require proportioning and detailing of components such that the energy is
dissipated at the horizontal elements (i.e., beams), while vertical elements (i.e., walls and
columns) continue carrying loads [4]. The guideline and seismic evaluation standards call
this type of behavior strong pier-weak spandrel (or beam) and code these components as
RC1 and RC3, respectively (Figure 2) [2, 5]. Other configurations, such as stronger
spandrel-weaker pier (coded as RC2-RC4), can also form in practice. Thus, as a first step
of the damage assessment procedure, the behavior classification of each component
(whether RC1-RC3 or RC2-RC4) must be determined. This study considered only RC1-

RC3 type of behavior as a starting point.

The computation of strengths for the damage modes requires identifying flanged sections,
which are formed by connected components, such as the L shaped walls. Calculation of
the moment strength involves iterations to find the location of the neutral axis, which

satisfies strain compatibility. Thus, actual locations and sizes of longitudinal bars are
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needed. The capacities are calculated at critical sections, such as damage regions [2]. For

piers, potential damage regions are at the bottom and at each floor level.

Mode  Material Component property Reinforcement Additional
Me fcca fye bW’ da * AS5 o Pa Ma V
Vn fcc5 fye ACV5 bWa th IW’ C pna Pg dc, )\‘5 a, B’ kI’C5
M’ V: Nu
b
Vive xfce by, L, Ag Ny
Vsliding fces fyc ln: h: bw: d Avf 28
Symbols:
Me Expected moment strength h Section height.
Vn Nominal shear strength a Coefficient for wall aspect ratio
VwC Web-crushing shear strength B Coefficient for longitudinal reinforce-
ment
Vsliding Sliding shear strength Kre Coefficient for ductility demand
feer fye Expected concrete and steel strengths U Coefficient offriction
bw, d Section dimensions ac Coefficient for wall aspect ratio
* Flange dimensions, if flanged o Locations of rebars
As Steel area P,M,V Forces on the section
A Net area of concrete bounded by the lw Wall length
web and the section length
Ag Gross cross-sectional area Ny Factored axial load
In Beam clear span
At Area of shear friction reinforcement

Figure 5-3 In order to determine the damage modes of components, the moment, shear, web crushing, and sliding shear
strengths of the components should be calculated. The table shows a breakdown of the capacity equations [2, 4, 5]. The
calculations require a large set of information including expected material strengths, component geometries,
reinforcement sizes and locations, and forces on the sections.

The damage mode is determined for every component individually. In order to determine
the damage modes, strengths for potential damage modes are calculated at the damage
regions. In order to compute the component strengths for different damage modes,
material properties, component geometry (such as section size, aspect ratio etc.),
reinforcement details, and internal forces of the components for different load cases are
required. Figure 5-3 summarizes the required parameters or coefficients to compute
strengths for different damage modes utilizing the equations given in FEMA 306[5] and

ACI 318-11 [34]. The moment strength is calculated using strain compatibility.

Based on these discussions, an engineering analysis requires: 1. Methods of representing

all of the necessary information for the strength analysis and the visual assessment, and 2.
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Methods for reasoning and transforming the information in order to be able to evaluate

several scenarios pertaining to different structural configurations and damaged conditions.

5.4. Background Research

The previous research studies have been investigated from two perspectives. First
representation approaches to structural information and damage indicators will be

reviewed. Second, transformation methods from information models will be covered.

5.4.1. Representation of Structural Information

54.1.1. Structural Analysis Models

Structural analysis oriented methods generally build on mathematical models of behavior
of structural systems, such as finite element principles [6]. The geometry and the
topology of structures are represented either explicitly or implicitly in finite element
representations [6-9]. The material properties of concrete and steel, and damage behavior
of the components are captured and represented implicitly in the stiffness matrices and
damage models in the form of force-displacement curves [6]. External forces and the
response of the system are stored at nodes of the model [9]. Values at intermediate points

on the elements are obtained by interpolation of the nodal values.

The results of the finite element analyses can be represented and stored in a variety of
formats and media, including dedicated databases, plain text files, or as will be discussed
in the next section, in Building Information Models. Regardless of the storage method,

the node-element mesh representation is common in all finite element procedures [8].

Structural analysis models are appropriate for storing and querying the forces on nodes or

elements, but they are not well-suited for all of the damage assessment tasks. If a
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structural component is modeled with a single element, obtaining its internal forces may
be a straight forward task. When a wall is modeled with several finite elements, however,
getting wall forces require integration of element forces at a specific section which
requires additional computations and definitions then typical structural analysis approach.
Moreover, structural analysis models may not represent the actual geometry accurately. It
is common to grossly simplify the geometry of the structure while maintaining the
structural behavior accuracy. Therefore, structural analysis models alone cannot satisfy

the needs for representing the geometry and the damaged conditions.

5.4.1.2. Building Information Modeling

Semantically-rich Building Information Models are developed to support architectural
design, engineering of the structural, mechanical, and electrical systems, construction
activities, and facility operations and management [10]. Extensions have been proposed
to the current BIM standards to provide the information necessary to support structural

design [11, 12].

Several models exist for representing building information [13-15]. However, existing
models are either not developed for reinforced concrete or cannot represent all of the
building information, which is required for damage assessment including the damage
information. This study used Industry Foundation Classes (IFC) for the representation of
the component geometry and reinforcement details, which is an industry standard for
building information exchange [13]. IFC is capable of representing building geometry,
reinforcement information, structural analysis models, and basic material information as

required for the strength analysis.

114



5.4.2. Transformation Mechanisms

Using models for a purpose other than their original intent requires querying and
transforming the model content [16]. In the damage assessment context, the BIM should
be transformed into appropriate representations for performing strength calculations and
visual assessment. Formalisms have been suggested for the transformation mechanisms
of design information into the other stages of projects, such as construction [16]. These
transformations include aggregation of components, elaboration of components,
introduction of temporary structures, and mapping of relationships between components

as the product model changes [16] .

Current BIM standards, support representing relationships, such as spatial hierarchies and
links between structural analysis models and building components [13]. However, these
spatial relationships are not always implemented in the current BIM generation programs
[17]. Therefore, we need to develop transformation mechanisms to determine the
relationships between components. Recursive Boolean operations can be used to
determine the connections and to divide connected elements into individual entities [18].
Additionally, Boolean operations can be used to for a variety of purposes including

computing cross-sections across 3D geometries and finding the containment of elements.

5.5. Approach

The proposed approach for determining the damage modes and severities of structural
walls integrates the visual assessment and strength analysis using a Building Information
Model as the information source. The proposed approach takes the design BIM and the
damage records as input (Figure 5-4). The BIM is assumed to contain the accurate as-is

geometry of the building, actual reinforcement details, material properties, and the

115



internal forces on the components. The damage records may contain the crack paths and
widths, spalling, crushing, and rebar damage locations and residual displacements. The
information contained in the BIM is used to extract the damage parameters, which are
used to perform visual assessment tasks, and to extract the strength parameters, which are
used to calculate the strengths of the components for various actions, as outlined in the

previous sections.
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Figure 5-4 The proposed approach takes a BIM and damage records as input. Two analyses, a strength analysis and a
visual assessment are performed to determine the damage modes and severities of components.

The identification of the components (i.e., piers and spandrels) is required for both
analyses (Figure 5-4). The identification step involves determining the connected
components, dividing the components into piers and spandrels, and computing the cross-

section properties.
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There are often no rules or clear guidelines as to how components should be modeled in a
BIM (Figure 5-5). Therefore, the components can be modeled in a number of ways.
Walls and columns may or may not be divided at floor levels. A flanged section or a wall
with boundary elements can be modeled individually or the entire section can be a single
model entity. Determining the cross-section properties requires correctly identifying the
connected components and computing the new cross-section formed by the union of the
composing elements. There can also be openings on the walls, which may result in a
coupled wall mechanism structurally. The coupled wall mechanism consists of piers and
spandrels. In order to be able to process the structural behavior of the piers and the

spandrels, the wall should be divided into its constituent building components.

'l
A7
/‘
Opening ﬁ/
Wall division at story level ‘
Wall spanning multiple stories
Footing

Column spanning multiple stories

Figure 5-5 A structural wall system can be modeled in a number of ways in a BIM. Components may or may not be
divided at floor levels and can contain openings. For a strength analysis of the wall sections, the wall elements should
be divided into pier and spandrel components.

Two integrated models are generated using the BIM input and the identified components
in the previous stage: strength analysis mode and the damaged model. Strength analysis

model stores the structural analysis results for each of the building components (Figure 5-
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4, Steps 2 and 5). Additionally, the critical sections, where the strengths are calculated as
well as the reinforcing bars at these sections are stored. Critical sections are typically
defined at locations where damage is expected. Typical critical sections for piers
extending multiple floors are at floor levels and at the base of the pier. The damaged
model represents the damage parameters, such as cracking, rebar buckling/fracture,

residual displacement and spalling/crushing.

Similar to the FEMA provisions, the main output of the strength analysis step is the
governing damage modes for each wall pier and spandrel. The damage mode is
determined by the strength analysis where the design forces on each structural component
is compared to the strengths for different types of potential damage modes (Figure 5-4,
Step 3). The visual damage assessment considers all of the seven common damage modes
as equally applicable and determines the damage severity of each mode according to the
definitions and limits given in FEMA 306 (Figure 5-4, Step 6). The verification entails
comparing the results of the strength analysis and the visual assessment and determining

whether the two analyses agree on the results (Figure 5-4, Step 7).

The damage assessment tasks require the generation of the damage schema and the
computation of the parameters, which will be required for the strength analysis and the
visual assessment. The following sections will discuss the formalization of the steps of
the approach. Since the representation of the components along with damage and other

structural information, the representation will be discussed first.

5.6. Representation of the Components for Damage Assessment

In order to support the strength analysis and the visual assessment aspects of the damage

assessment, two separate representations are integrated. In order to represent the visual
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damage assessment parameters, a damage schema is used. The strength calculations are
supported through a design and detailing schema, which is capable of performing code-
based calculations for checking reinforcement amounts and moment and shear capacities

[12].

The strength analysis model contains a CriticalSection entity for representing the
locations where strengths are calculated on damage regions (Figure 5-6). The
CriticalSection holds references to the longitudinal bars and the transverse bars passing at
that location. In the strength analysis model, a wall pier is represented as a single
component from the bottom to the top of the building. CriticalSections are generated at
the locations, where damage is expected, such as at the bottom of the pier and at floor

levels.

The strength analysis model represents one or more critical sections on every component
(Figure 5-6). The critical sections are the calculation points, which are needed for the
engineering analysis. The critical sections are defined at locations where damage is
expected, such as the floor levels of piers. For every critical section a set of shear or
moment strengths corresponding to different damages are calculated given the
reinforcement at the section, critical section geometry, and forces on the section (Figure
5-3). The internal forces are extracted from the structural analysis model inside the design
BIM at the CriticalSection locations by interpolating the nodal forces. The CriticalSection
represents the cross-section geometry. The forces at the CriticalSection location are

extracted from the structural analysis model, which is embedded inside the IFC model.

The LongitudinalPattern and TransversePattern entities represent the parameters for the

reinforcement bars passing at the CriticalSection location inside an element.
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LongitudinalPatterns represent the size and the location of the reinforcing bars from a
reference location on the section, such as the top of the section. The areas of the
longitudinal bars are also stored. The TransversePattern represents the size, spacing, and
the angle of the shear bars (Figure 5-6). LongitudinalBar and TransverseBar classes are
derived from the Rebar super-class, which stores the reference to the original
IfcReinforcingBar class. The geometry of the longitudinal and transverse bars are
represented using an extruded solid composed of a circular cross-section profile and a

polygon representing the bar shape.
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Figure 5-6 The engineering analysis is supported through the integration of two models. A damaged model represents
the damaged conditions of the components. A strength analysis model supports the calculation of strengths for damage
modes. A model entity, which replaces the IfcBuildingElement entity for the easiness of computations in the prototype
implementation, integrates the two models for building elements.

The damaged model includes a set of entities for representing cracking, spalling, crushing,

rebar damage, and residual displacement (Figure 5-6). The damaged elements are
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represented using a 2D planar representation, which is located on the center axis of each
component and extends the entire component. Regions, such as the plastic hinge region,

toe/heel regions, and boundary and web regions are represented on the damaged elements.

Different types of damage, such as cracking, rebar damage, crushing, spalling and
residual displacement, are abstracted into corresponding classes in the proposed schema.
The cracks are represented using a series of entities. The CrackStation represents a point
on a crack along with the width of the crack at that point. The CrackPath stores a list of
CrackStations and represents a single continuous crack. The CrackPattern represents a
collection of CrackPaths, which need to be processed together. For example, the crack
may partially close or occlusions may exist on the walls, which prohibit continuous
detection. Additionally, certain crack patterns, such as X-shaped cracks are important for
damage assessment. Using the pattern, path, and station entities complex cracks can be

represented easily.

The DamagedElement and DamagedElementRegion entities provide a 2D representation
of the piers and spandrels. These two entities are used as containers for damage
information. The DamagedElement represents the entire component area and is
represented along the center axis of the component. The DamagedElementRegion
represents various regions on the components, such as plastic hinge, boundary, web, and

toe. Utilizing containers for the damage allow querying the locations of different damage
types.

The two models are integrated through the building components. As a proof of concept
and to make the computations involving 3D geometries easier, a ModelEntity object was

introduced to replace the IfcBuildingElement in the internal representation. The
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IfcBuildingElement is the superset of building elements, such as walls, columns, beams,
slabs, and foundations. The ModelEntity represents the geometries similar to the
parameterized representations of IFCs [13]. The start and end points represent the main
axis of the 3D body, which is analogous to the Axis representation in IFC [13]. Axis3
defines the extrusion direction. Later on in the process, the axis representation allows
determining the combined geometry of the multiple components, such as flanged sections,
using vector operations. Similar to the IfcBuildingElement, ModelEntity is linked to
IfcStructuralElements, which is used for representing structural analysis results. This link

should be identified in the model transformation.

5.6.1. Identification of Piers and Spandrels

The goal of this step is to identify and generate the structural components. These
components can be piers with or without flanged sections or spandrels connecting the
piers. Two steps of determining the components are division of building elements if they
have openings, and finding the connections between the components. In the proposed
approach, the first step divides the building elements into piers and spandrels (Figure 5-2).
A pier is a vertical component, which primarily carries the gravity loads and the lateral
loads. The spandrels are horizontal components, which transfer the forces between the
piers. As the piers and spandrels are determined, the effective flange widths, if required,
for each pier and spandrel are computed and connection between different components is

established.

The division step creates one or more ModelEntity for every element in the BIM. Each
resulting ModelEntities represent either a spandrel or a pier. If the element has openings,

at least three ModelEntities are generated: A pier to the left of the openings, a pier to the
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right of the openings, and beams above and below the openings (Figure 5-7 and Figure 5-

8).

The geometries of the piers and the beams are calculated by vector operations using the
axes and extruded geometry of the openings and the building element. The cross-sections
of piers are computed directly using the extrusion profile (e.g., base profile). If the pier is
flanged, the union of the profiles is computed to obtain the total cross-section of the
flanged section. The extrusion height determines the pier height. The heights of the
spandrels can be obtained by computing the height between two openings or the openings
and the upper and lower edges of the wall.

//Divide elements
For every IfcBuildingElement -> Element
If Element has no openings
] Create the ModelEntity for Element -> MEw
else
Create the Teft pier ModelEntity -> MElp
Create the right pier ModelEntity -> MErp

Create the beam ModelEntities -> [MEb_0, MEbl_ ... MEb_n]
dggeate the relationships between the piers and the beams
endi

end for

//Find connected components
For each ModelEntity -> Entity_i
For each ModelEntity = Entity_i -> Entity_j
If Entity_i n Entity_j
Link Entity_i and
Entity_j
endif
end for
end for

Figure 5-7 The transformation for generating the components for damage assessment first divides the building
elements, if they have openings and creates the ModelEntities for each piece. Then, the relationships are established
between the connected components in order to form the flanged sections and maintain the connection relationship
between the divided components.

The computations for obtaining pier and spandrel geometries can be performed in a
straightforward fashion using geometric operations in the 3D space. The prototype
implementation considered the common geometric representations for the
IfcBuildingElement [13]. Therefore, the subtypes of the IfcBuildingElement can be

processed using the same method.
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(b)

(d)

Figure 5-8 The first steps of the assessment procedure are the division of elements into components and determining
the connected components. For the wall under consideration (yellow) (a), the connected walls and boundary elements
are determined (MEw, highlighted in blue) (c). If a wall has openings, it is divided into piers (MElp, MErp) and
spandrels (MEb_0, MEb 1) (c and d).

Connected components are found by a double loop over all of the ModelEntities, which
are created in the previous step (Figure 5-8). First, a ModelEntity is taken from the list of
entities in the building. For every ModelEntity, which is not equal to the main

ModelEntity, intersection is checked by a Boolean operation. If the two entities intersect,
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they are linked together to form the parts of a flanged section using the connectsTo

attribute of the ModelEntity.

5.6.2. Generation of the Strength Analysis Model

The goals of this step are determining the critical sections for every component,
determining the geometries of the flanged sections, finding the effective reinforcements
inside the sections and calculating the component strengths at the sections. The objects
created in this step are directly used for calculating the capacities of the ModelEntities.
The piers can have CriticalSections at the bottom of the piers, at story levels and at any
location, where damage is expected. The algorithm can calculate the CriticalSections at

any location on the component.

//Find CriticalSection geometry using vector operations

Calculate effective flange widths for the compression and tension sides
Calculate flange width and thicknesses, web length and width

Calculate offsets of flanges with respect to the web axis

Calculate the corners of the flanges and the web

//Determine rebars
For each IfcReinforcingBar in the IFC model -> Bar
If Bar n CriticalSection
Store Bar in CriticalSection
end if
end for

//Determine the forces at section
For each IfcStructuralcCurveMember -> Member
if Member n CriticalSection
Link Member to CriticalSection
end if
end for

Figure 5-9 A critical section represents a cross-section through a component and spans the web and flanges of the
component. The reinforcing bars and the structural analysis model elements at the section are calculated by finding the
intersection of the section and the bars and the elements.

The critical section geometry is defined using an array, which contains the top flange
width and thickness, web thickness and web height, and bottom flange width and
thickness. These parameters are calculated from the ModelEntities, which represent each

part of the section (i.e., flanges and web) by vector operations using the axis and the
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dimensions of the ModelEntity (Figure 5-9). If the flanges are not aligned with the wall

axis, the flange offsets are calculated.

The effective flange widths are calculated according to the suggestions in FEMA 306
(Figure 5-10) [2]. The effective flange width on the compression side is calculated as
(0.3*hw+bw), where hw is the wall height, and bw is the wall thickness. On the tension
side, the effective flange width is calculated as (hw+bw). Additionally, the corners of the

CriticalSection plane are calculated to be used for finding the reinforcing bars crossing

the section. Finally, the location of the critical section is assigned.

Figure 5-10 Effective flange widths and effective reinforcement within the effective flanges are computed for the
compression and tension of the flanges. The effective reinforcing bars for tension (a) and compression (b) are computed
separately. The distance of the bars from the center of the main wall determines, whether the bars will be considered for
tension or compression. For the wall in the given figure, the critical section is at the bottom of the wall.

The longitudinal reinforcing bars crossing the section are calculated by intersecting the
critical section plane and the reinforcing bars in the BIM (Figure 5-10). The intersection
is calculated by first parameterizing the critical section plane and the reinforcing bars in
3D space. The intersection is calculated by simultaneously solving the two parametric

equations for the critical section and the reinforcing bar.
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The transverse bars, which are closest to the critical section, are used to determine the
spacing between the bars. Ideally, the bars on each side of the section are selected. The
total shear area of the bars are calculated by intersecting the linear segments of the bars
with a plane perpendicular to the critical section and counting the number of segments
crossing the plane. The angle of the bar is used to calculate the cross-section area. The
longitudinal bar pattern and the transverse bar pattern at the CriticalSection are

represented using the two pattern entities (Figure 5-6).

5.6.3. Determination of the Damage Mode

Using the strength equations of FEMA 306, the strengths for all damage modes are
calculated for every pier and spandrel at the CriticalSections. The CriticalSection entity
contains all of the information for calculating the strengths. Specifically, the size of the
cross-section, reinforcing bars passing through the section, internal forces for different

actions, such as earthquake and gravity are represented.
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Table 5-1 The strength against the potential damage modes are calculated using strength equations given in standards.

Damage Mode (code)

Calculation Approach

Ductile flexure (A)

Moment strength is calculated using strain compatibility. The lateral force
(Vm ), which is required to reach the moment strength, is found by

dividing the moment strength by the shear span (M/V).

Flexure/Diagonal Tension (B)

Initially, the moment strength ( Vm ) governs. High-ductility shear strength
(Vnhigh) is less than the moment strength. Low-ductility shear strength

( anow ) is higher than the moment strength.

Flexure Diagonal Compression (C)

Initially, the moment strength (V) governs. High ductility web crushing

m

strength ( Vwc ) is less than the moment strength.

Flexure/Sliding Shear (D)

Initially, the moment strength governs ( Vm ). Sliding shear strength ( Vsl )

is less than the moment strength.

Flexure/Boundary Compression (E)

Moment strength (Vm ) is higher than all other modes even after possible

degradation.

Pre-emptive diagonal tension (H)

Low-ductility shear strength (anow ) is less than the moment strength.

Global or Individual Pier Foundation
Rocking (M or N)

The lateral force (Vo), which would impose rocking should be less than

all other strengths.

According to FEMA 306, the determination of the damage modes is based on the shear

strengths calculated for each major damage mode (Table 5-1). The proposed approach

follows the FEMA 306 provisions. For wall piers, as a first step the strengths are

calculated. The modes, which cannot be reached, are eliminated. For example, if the low

ductility shear strength (V") is lower than the lateral force required to reach the moment

strength (V, ), ductile flexure type damage (A) is not expected. Therefore, ductile flexure

is eliminated as a potential damage mode. On the other hand, if the moment strength is

lower than the low ductility shear strength (V'**), shear dominated behavior is not

possible. Hence, the diagonal tension damage type (H) is eliminated. Among the
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remaining damage modes, the one with the lowest strength is taken as the governing

damage mode.

5.6.4. Generate the Damaged Model

Using the geometrical union of the components determined in the previous steps,
DamagedElements and DamagedRegions can be determined. These two entities are
represented as 2D planes passing through the center of the components. The center
section is found by a Boolean intersection operation of a plane passing through the axis
of the wall and all the connected components. The axis and the direction of the wall,
which are represented in BIM, are used to determine the cutting plane. The result is a
rectangular section that spans the flanges, the main component, and all the extensions of
the main component that extend beyond the story, which the main component is assigned
to (Figure 5-11). The DamagedRegions are instantiated on the DamagedElement using

the parameters defined in the standard damage assessment guidelines.

The final step in the transformation is the registration of the damage indicators (cracks,
spalling, etc.) with the DamagedElements and DamagedRegions. This step establishes the
associations between the damage indicators and the components and the regions.
Registration is performed by finding the intersections of the DamagedRegions and the

damages.
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Figure 5-11 In the final state, the assembly of components are divided in to piers (blue) and spandrels (red) (if any), the
damaged schema is generated and the damage indicators are superimposed on to the divided components. The figure
also shows the reinforcing bars and the critical sections (highlighted in blue) on which the capacity analyses will be
performed. The green cross-sections are temporarily used for calculating the shear area of the transverse bars.

5.6.5. Determination of the Damage Severities

The observed damage patterns determine the damage severity of the components. Initially,
our approach assumes that all of the damage modes are equally probable independent of
the strength calculations. A rule-based engine for determining the severities for all
damage modes was implemented and verified. The damage description and damage
severity classifications of FEMA 306 Chapter 6 were implemented (Chapter 3). As a
result of an information requirements study, seventeen damage parameters were

determined (Table 5-2) and utilized to determine the damage severities of components.
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Table 5-2 Seventeen damage parameters define the damage state of a component.

Category Description Parameter name
Crack point property
Maximum flexural crack width maxFlex
Maximum shear crack width maxShear
Crack path property

Existence of a sliding crack and the severity of offset

on the sliding plane slidingSignificance

Crack pattern property

Existence of a concentrated shear crack isShearConcentrated

Existence of a concentrated flexural crack isFlexuralConcentrated
Damage Location

Maximum shear crack width in the toe region maxShearInToe

Maximum shear crack width in the web region maxShearInWeb

Existence of vertical cracks in the toe isToeVerticallyCracked

Existence of spalling in the toe region isToeSpalled

Existence of spalling in the web region isWebSpalled

Severity of spalling in the web region spallingWebSeverity

Severity of the spalling in the toe region spallingToeSeverity

Existence of rebar damage in the boundary region isBoundaryRebarDamaged

Existence of boundary crushing isBoundaryCrushed
Damage Quantity

Existence of spalling isSpalled

Existence of rebar damage isRebarDamaged

Severity of residual displacement displacementSignificance

According to the affinity diagramming study, described in Chapter 3, the damage
parameters include five main categories (Table 5-2). The first three categories include
crack properties. Crack point properties are the maximum widths of flexural, shear, and
vertical cracks. The formation of a sliding plane and the severity of the offset on the
sliding plane is the path property of a crack. Concentration of flexural and shear cracks
are the two relevant pattern properties for reinforced concrete walls. These crack
concentration determine whether sliding shear or diagonal tension type of behavior is
governing. Locations of the damage indicators, such as spalling, crushing, rebar damage,

and vertical and shear cracks constitute the fourth group of damage parameters. The fifth
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group of parameters is related to the severity of the damage indicators such as spalling

and residual displacement.

The seventeen damage parameters are fed into the rule based system. The output is the
damage severity for all of the damage modes. If the parameters do not satisfy the
expected damage patterns for a damage mode, False is returned for all of the severities of
that damage mode, which eliminates the damage mode from further consideration. For
example, for the ductile flexural mode, a sliding crack at the bottom of a pier is not
expected. Thus, if there is a sliding plane in the form of a horizontal crack, which spans

the entire cross-section of the component, the ductile flexural damage mode is eliminated.

The results of the strength analysis and visual assessment should agree. In other words,
the governing damage mode, which is determined using the strength analysis, should not
have been eliminated in the visual assessment. If the results of the two analyses do not
agree, the inputs should be checked. FEMA 306 lists several potential error sources. The
distribution of the lateral forces, which was used in the structural analysis, may be
different from the actual. The strength of the components may differ from the actual. The
intensity of the damaging ground motion may differ from that assumed in the structural
analysis. Resolution of these discrepancies requires attention of an engineer. Our
prototype implementation can identify whether the results of the strength analysis and the
visual assessment agrees or not. However, resolution of the discrepancies is left to the

judgment of a structural engineer.

5.7.  Validation Case Study

The approach was validated on a case study. An example building from FEMA 307

composed of reinforced concrete solid walls and walls with openings were evaluated
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using the prototype implementation of the approach [1]. The prototype was implemented

in Java programming language using OpenlFCTools [19].

The proposed strength analysis and visual assessment schemas were to extend the IFC
classes. The IFC model of the building was generated and the model contained the 3D
components, reinforcing bars and structural analysis results (Figure 5-12). The damaged
representation of the walls was also generated using the prototype. The damage records
of the building were digitized and converted into the proposed damaged model schema
using the transformation mechanisms explained in previous chapters. During the
digitization of the damages the damage parameters such as, concentration of the cracks,

which require engineering judgment were also captured and represented in the model.

Figure 5-12 A 3D rendering of the building model. The rendered model was used in the user studies (next section). The
IFC model of the building contained the building components. The IFC model was extended using the damage and
strength analysis schema for the damage assessment.

The example building is a T-shaped reinforced concrete two-story building [1]. The
building was designed and constructed in the late 1950s. The floors and the roof are

constructed with waffle slabs. Reinforced concrete walls in both directions resist lateral
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forces. Several walls have door openings in the middle of the wall. The building has 42
piers and spandrels in total after the division of the wall elements into components. The
building was damaged during an earthquake and it was professionally inspected and
seismically evaluated at that time. In this case study, we use the documentation that was

generated at the time of inspection and evaluation.

The building contained several instances of walls with or without flanges and openings
(Table 5-3). The walls with openings were divided into piers and spandrels using the
transformation mechanisms outlined in the approach section. The case study only
contained regular openings, which have the same width and located on the same vertical
grid. Twelve cases had other piers as flanges. The connected components were identified
automatically. What portion of the pier is considered as the flange is determined by the
effective flange width determined by FEMA 306. The divided and aggregated
components were represented inside the schema for the strength analysis and visual

assessment tasks.
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Table 5-3 The case study contained four basic configurations of buildings, which required different approaches to
transformation and representation.

Case Transformation Representation Instances  Example (Output)
Division of component into Represent each pier
. and spandrel as a 8
piers and beams ModelEntit
Walls with odeltntity
openings Represent cross-
Calculate pier and spandrel section geometries in
section geometries CriticalSection
Division of components and Riipiese;linwilil TS 2
Walls without  calculation of section sing e or muitipie
N ModelEntities, 6
flanges geometries, if there are -
openines depending on the
pening existence of opening
Walls without  Calculate flanged geometry, if Represent wall as 10
openings flanged ModelEntity
Represent each wall
and flange as separate 12
Find connected components to ModelEntities
make flanged sections
Walls with
flanges

Represent cross-
section geometry in
CriticalSection

Calculate flanged section
geometry

Two separate analyses were performed on the identified piers and spandrels: strength
analysis and visual assessment of damage. The core component in the strength analysis is
the critical section concept, which encapsulates all of the required information for
calculating the strengths at any location on the building, as long as the necessary
information is in the BIM. The transformation mechanisms enable extracting the
necessary information and generating the critical sections. Critical sections were defined
at floor levels and at the bases of the piers and on the beams. Effective flange widths
were calculated from the aggregation of components. The reinforcing bars within the
effective flange widths were calculated using the BIM. Similarly, the geometries of the
critical sections (section height, flange and web thicknesses and heights) were determined.

Depending on being flanged or not, the critical section shapes were either L-shaped
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(flanged) or rectangular (not flanged) with a small boundary elements on the free ends of

the wall (Table 5-3).

For all of the critical sections, the strengths for all seven damage modes were calculated
automatically. Then, for each component the strengths for different modes were sorted
and compared to the forces at the critical sections and potential damage modes were
identified by the prototype implementation (Figure 5-13). In a similar manner, visual
assessment was performed for all of the components automatically. The results of the
visual assessment and the strength analysis were combined to determine the damage
mode and the severity of the components. In the example in Figure 5-13, the damage was
determined to be insignificant overturning, because the overturning had the lowest
strength as determined by the strength analysis, and the damage was insignificant as

determined by the visual assessment.
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Figure 5-13 A snapshot of the prototype. The window on the right is used for guidance through the steps of the
procedure. The building is analyzed one wall at a time. The other walls are hidden from view for easy visualization.

The case study contained various different types of damages including cracks and
spalling and degradation of concrete. Although the case study building did not cover all
damage parameters and value ranges of existing damage parameters, the reasoning
mechanisms and representation mechanisms proposed in this research facilitated the

analysis of damages.
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Figure 5-14 In total 18 wall elements, which contain 42 piers and spandrels were assessed visually and by performing
strength analyses. Six of the elements containing various crack patterns and spalling are shown. Reinforcing bars,
which were used for calculating the strengths are also shown.

The transformation mechanisms enabled extracting the containment relationships
between damages and components from raw damage data and component geometry.
Similarly, damages could be registered with regions on components (e.g., cracks on web
regions). The querying for damage locations is done via the Damage superclass. Hence, if
we had crushing or rebar damage, for example, the procedure would have been the same
with that of spalling and cracking. The representation of damages enabled finding
relationships between damages (e.g., spalling along cracks). Spalling, crushing and rebar
damages share the same geometrical representation. Therefore, using the same
transformation mechanisms, it is possible to find the relationships between the other

damage parameters.
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Table 5-4 The representation schema and the reasoning mechanisms facilitated analyzing various forms of complex
damages. Damages could be analyzed both individually, as in the case of cracks, and also in relation to another (e.g.,
spalling along cracks)

Piers and Spandrels with

Damage Damage Reasoning Facilitating Representation
Flexural or shear Analyze different types of
cracking 42 cracking CrackPath

Partially occluded or
divided cracks 8 Analyze patterns of cracks CrackPattern

DamageElementRegion &
Cracks extending Find relationships between geometric representations of
multiple regions 42 damages and regions Damage subclasses

Degradation of concrete
and spalling along Find relationships between Geometric representations of
cracks 8 different damages Damage subclasses

DamageElementRegion &
Spalling at various Find relationships between geometric representations of
regions 8 damages and regions Damage subclasses
The damage modes and severities of all 42 piers and spandrels were assessed using the
prototype implementation. The results showed small difference in the calculated strengths
for some of the components (5%-10%), however these differences did not affect the
damage mode and severity assessments. The differences are potentially due to errors in
unit conversions and slight differences in the locations of reinforcement bars and

component dimensions. The damage modes and severities identified using the prototype

agreed 100% with the results of the professional assessment.

As an additional evaluation, a user study was performed, to compare the assessments of
manual and automated methods in terms of the precision and recall of the damage
assessment. In the user study, engineers were asked to evaluate a solid wall and the piers

and beams of a coupled wall from the same building, which was used in the case study.

Five professionals, who either performed experimental studies on the behavior of
reinforced concrete components, or participated in the assessment of damage following
past earthquakes, participated in the survey. The participants were given the hand

sketches of damages on a solid wall and a wall with two openings. They were asked to
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evaluate the solid wall and the two piers and the two beams on the wall with openings
separately. The users selected the damage severities for each of the damage modes and
whether the damage modes are applicable or not. Users’ assessments were compared to

the ground truth in terms of precision and recall.

A number of key conclusions were drawn from the user study. First, the users had the
tendency to include irrelevant damage modes and miss the correct damage mode in the
potential set of damage modes. The tendency was quantified with the 51% precision of
the users’ evaluations. For the same set of walls, the proposed approach had a similar
precision value (46%), which is due to the fact that all of the damage modes were
considered as relevant. On the other hand, the users failed to include the correct damage

mode in the potential modes for 50% of the cases.

The results, however, should not be taken as definitive but as an indication of the
potential of the proposed approach. More studies should be performed with a broader

sample of user population using a variety of building configurations.

5.8. Conclusions

This chapter described a BIM based approach for automating the engineering analyses for
post-earthquake damage assessment to support visual assessment and strength analysis.
The transformations, which are necessary to generate the damaged model and the
strength analysis model from a BIM and raw damage information, are developed. The
approach was validated on an independently evaluated damaged building. The validation
showed that the approach correctly identified the damage modes and severities of 42

piers and beams.
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The developed schema used for strength analysis and visual assessment is capable of
representing the damage information required for assessing various cases of damage
types, such as flexure or shear dominated damage modes and mixed modes. The
representation also proved to be flexible for modifying the damage parameters, such as
joining of dividing cracks, to test the effects of various cracking patterns on the results of

the analysis.

The proposed mechanisms accurately transformed the raw damage information and
established the relationships between damages and components and regions.
Relationships between different damage types, such as spalling along cracks were also

established.

The component representations allowed representing flanged, non-flanged walls with or
without openings. The strength analysis model allowed calculating the component
strengths at locations suggested by the FEMA 306 guideline. For the strength calculations
it was necessary to determine the flanged geometry, effective reinforcing bars in a section
under compression and tension, and forces in the section. The model enabled utilizing the
information contained in the BIM for determining these properties and calculating the

strengths accurately.

Several future directions to extend the research are suggested. On one axis, the proposed
research can be extended to include irregular openings and more complex component
configurations. The proposed research only considered walls with regular openings. With
the modern architecture, however, irregular openings are not uncommon. On the second
axis, the research can be extended to include other material types, such as masonry, steel,

and mixed constructions.
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Chapter 6 Conclusions and Contributions

6.1. Introduction

In this research, in order to support objective and accurate documentation of earthquake
damage and engineering analyses of reinforced concrete walled structures, a Building
Information Modeling (BIM) based approach was developed for representing the damage
information and performing visual damage assessment and strength analysis, and laser
scanners were characterized for scanning cracks. The representation capability of the
developed BIM based approach was determined by analyzing the coverage of the damage
information parameters. The reasoning mechanism for identifying damage modes and
severities and the overall approach were validated on a case study, where a damaged

building was analyzed using the proposed approach.

The developed approach provides a representation method to represent and reasoning
mechanisms to execute the visual assessment and perform strength analyses in order to
determine the damage modes and severities of reinforced concrete walls. The approach
has three parts: 1) identifying the information requirements for the representation of
damage information, 2) extraction of the damage parameters from the visual damage data
collected in the field, such as locations and severity of cracks, spalling, rebar damage,
crushing, and structural information, such as the locations and sizes of rebars, internal
forces, component dimensions, and 3) automated execution of the visual assessment and

strength analysis and identification of the damage mode and severity.
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In relation to the first part, I have identified the earthquake damage parameters, which
need to be represented and developed a representation schema for earthquake damage.
The results showed that earthquake damage can be represented using 17 damage
parameters, including crack types, locations, and sizes, location and severity of spalling,
crushing, rebar damage, and severity of residual displacements. In relation to the second
part of this research, I have identified the product model transformations to extract the
information contained in the damaged BIM to execute the engineering analyses. During
the third part of this research, I have developed several reasoning mechanisms to process
the extracted information to automatically perform visual assessment and strength

analysis.

The characterization of laser scanners for detecting cracks focused on whether earthquake
induced cracks can be captured. A testbed was developed for testing the capabilities of
two different laser scanners using various operational parameters, such as scanning
distance, angle of incidence, and scan resolution. Width, orientation, and depth are the
crack parameters included in the experiments. The results of the experiments provide
graphs depicting the relationships between the minimum crack size, which can be
detected given the scanner technology, scanning distance, angle of incidence, resolution,
and crack orientation. The results show that cracks as small as 1 mm can be detected
using laser scanners. The depth of cracks were also found to be an important factor for

detecting cracks.

The following sections describe the contributions, practical implications of the research,

and future research directions.
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6.2. Summary of Contributions

6.2.1. Contribution 1: Characterization of two laser scanners for detecting

earthquake induced cracks

Previous studies on laser scanners focused on developing theoretical models or provided
experimental data for characterizing the performance of laser scanners for capturing
various features, such as thin lines, edges, and surface flatness. However, previous
studies have not considered special situations, which apply to detecting cracks. Therefore,
previous studies cannot be directly applied to evaluating laser scanners for scanning

cracks.

In order to address the gap in research, an experimental testbed for studying the
performance of laser scanners was developed by building on the previous experimental
and analytical studies and developed. The testbed incorporated important crack
parameters for damage assessment, such as width, orientation, and orientation, and
prominent laser scanner parameters, such as resolution, angle of incidence, range, and
scanner technology. The test range for each parameter was chosen based on the
experimental, analytical, as well as, practical application standpoint. The experiments
were first executed on artificially created testblocks, which contain various crack sizes
and orientations. The results obtained from the artificial blocks were then applied to a

real wall case.

The results of the experiments point to the limitations of the measurement model (i.e.,
Amplitude Modulated Continuous Waveform vs. Pulsed Time-of-Flight), as well as the
interplay between the scanner settings and the crack properties. The crack width captured

by scanners was always found to be greater than the actual crack width.
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6.2.2. Contribution 2: Identification of information requirements for visual

assessment earthquake damage on reinforced concrete shear walls

Previous research studies on the automation of damage assessment developed a variety of
approaches to the processing of information. However, these studies either considered
only a limited set of damage modes and parameters as compared to those, which can
occur on reinforced concrete walls. On the other hand, the damage behavior, which can
be observed on reinforced concrete walls are not as well separated as it is on other kinds
of components, such as frames, and the variety of the damage modes is greater. Therefore,
the information items, which characterize earthquake damage on shear walls, need to be

studied.

Previous studies on identifying the information requirements for developing
representations generally use a listing type of approach, where the items characterizing a
problem are listed and studied using the domain knowledge by experts. Such approaches
are not appropriate when the number of items is large. Additionally, developing a
representation requires building a hierarchy of information to identify the abstractions in

the representation schema.

In order to address the limitations listed above, the affinity diagramming approach was
applied to build a hierarchy of information for earthquake damage assessment. In total
278 statements were extracted, which describe damage, from the FEMA 306 guideline.
The statements were then grouped into 4 levels in a hierarchy. The results show that the
damage information on a shear wall can be represented using seventeen parameters (or

information items).
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The results of the study were validated by analyzing the sensitivity of the damage mode
and severity identification to the changes in the values of the seventeen damage
parameters. In order to evaluate the value of information, the descriptions of the damage
modes and severities in the FEMA 306 were implemented into a rule-based engine,
which takes the 18 parameters as the input and outputs the damage modes and severities
as the output. Controlled variations of base cases, which are known to conform to the
damage modes, were run through the engine. The evaluation engine was verified
manually by studying the results one by one and also by comparing the outputs to ground
truths. The results showed that except one of the parameters, all 17 parameters were

useful in either in determining the damage mode or the damage severity.

6.2.3. Contribution 3: A schema for representing the earthquake damage for

supporting the visual assessment

Previous studies on the assessment of damage developed methods for representing crack
models for cracking type identification and tagging the damage pixels on images.
However, these previous studies fall short in representing earthquake damage parameters
and the types of damage indicators, which can be observed on damaged shear walls.

Therefore, a schema needs to be developed to represent the earthquake damage.

Building on the object-oriented model development methods, Building Information
Modeling practices, and design patterns a schema was developed using the 17 damage
parameters. The schema was validated in terms of the coverage of the parameter space,
which is formed by the ranges of values, which the all 17 damage parameters take for a
real building. The building is an earthquake damaged shear wall building with a total of

42 components of coupling beams, piers, or solid walls. The same evaluation engine,
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which was used for validating the value of information was used to determine the
coverage. The schema was able to represent all of the information contained in the 42

components.

6.2.4. Contribution 4: An approach for identifying the damage mode and

severity of reinforced concrete walls

The requirements the engineering analysis for determining the damage modes and
severities of reinforced concrete walls are different than the rapid assessment
requirements, which the previous studies primarily researched. Therefore, an approach,

which is compatible with the current method of engineering analysis is required.

In this research, an approach was developed for performing the visual assessment and the
strength analysis, which are required by the current engineering analysis methods. The
approach considers all of the damage modes as equally possible and utilizes the results of
the strength analysis to determine the damage and the visual assessment to identify the
damage severity corresponding to the damage mode. If the results of the two types of
analyses do not agree, the results of the engineering analysis are flagged as containing
discrepancies. The approach was validated using a damaged building and the results of
the professionally conducted analysis on the building. The approach was verified by
comparing the results of the developed automated approach to the results of the
professional analysis. The results agreed 100% with the manual analysis. The approach
was validated in a user study, where users were asked to identify the damage modes of
the selected components. The developed approach provided improved recall rates at the
expense of slightly reduced precision, which is a result of treating all of the damage

modes equally possible as opposed to pre-eliminating them.
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1.8 Future Research Directions
1.8.1 Analytical modeling of the laser scanner errors for detecting cracks

The experiments in this research primarily focused on whether cracks of certain widths,
orientations, and depths can be detected or not. Width measurements were also taken
from the detected cracks. As the results indicate, the widths of the cracks as measured
from the laser scanner data can be 2-3 times of the actual crack widths. The
characteristics of the scanner are also important factors. A potential next step for research
is developing an analytical model for predicting and correcting errors based on the
measurements obtained from the scan data. Prediction of errors given the scanner
properties can be beneficial in scan planning. Error correction is potentially beneficial in

more accurately estimating the crack widths from the scan data.

6.2.5. Compare and contrast existing crack detection algorithms on 3D point

cloud data

The algorithm used in this research was selected for its accuracy for labeling the 3D
points into off-surface or on-surface points. However, the algorithm is not capable of
distinguishing between different features on the surface. For example, spaces between
masonry units and cracks cannot be distinguished readily with the algorithm. There are
potential machine learning algorithms, which can perform such distinction. However,
further research is needed. A potential research direction is using the experimental
testbed to evaluate different algorithms and develop better algorithms for crack detection,

which take the laser scanner and surface characteristics into account.
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6.2.6. Test more materials for evaluate the applicability of the results of the

experiments

The experiments primarily focused on concrete surfaces. However, the results have other
potential application areas for detecting damages, such as on asphalt pavement surfaces.
The experiments also excluded surface color and texture from the experiments. By
performing more experiments on other material types and surface conditions, the
applicability and limits for applying the results of the experiments for crack detection on

other material types.

6.2.7. Applicability of the damage representation schema to other construction

types
Due to the complexity of the damage modes on reinforced concrete walls, [ primarily
focused on the engineering analysis of structural walls. However, there is a significant
reinforced concrete frame building stock, which is vulnerable to earthquake damage.
Assessment of damage on reinforced concrete frames can also potentially benefit from
the analysis method developed in this research. Additionally, the use case building used
for the validations does not contain all types of damage. In the future, the study can be
extended as following: 1) different building configurations can be tested, such as framed
buildings, structural walls with irregular openings, etc., 2) different building types, such
as residential buildings, commercial buildings can be tested, 3) buildings with different

kinds of damages can be evaluated.
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6.2.8. Research on developing metrics for quantifying the severity of spalling,

crushing, and displacement type of damage

Currently, the damage descriptions in the FEMA 306 do not quantify the damage severity
of damage indicators, such as spalling objectively. Currently, the decision is left to the
engineer. For example, the spalling is classified as insignificant or significant. Accurate
metrics (e.g., area and depth of spalling) needs to be developed to accurately evaluate the
effects of damage on the structural components. Further research is needed on

quantifying these metrics.
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Appendix A.  Affinity diagrams for the identification of the
information requirements for visual damage assessment
from the FEMA 306 guideline for earthquake damage

assessment

Table 6-1 Reinforced concrete visual damage assessment affinity diagram. Level 1 presents the statements,
which were extracted from the Chapter 5 of the FEMA 306 (1999) guideline.

Reinforced Concrete
Level4 Level3 Level2 Level 1 (Statements extracted from FEMA 306)

Crack properties

Crack point property

Flexural crack size
Flexural cracks <3/16”

Flexural cracks < 1.4”

Flexural cracks < %4”

Flexural cracks < 1/8”
Flexural cracks may not be apparent at low levels of
ductility

Shear crack size
Shear cracks > 3/18” & < 3/8”
Shear cracks < 1/8”
Shear crack width < 1/16”
No shear cracks
Shear cracks > 1/16”
Shear crack width < 1/8”
No shear crack exceed 1/8
Shear crack width > 1/8 & < 3/8”
Shear cracks < 1/8”
No shear crack exceeds 1/8”
Shear cracks may exceed 1/8 but < 3/8”

Shear cracks < 1/8”

Any/all crack size
Cracks < 3/8”
Cracks < 1/8”
Cracks < %4”
Cracks < %4”

Cracks do not exceed 3/8”
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Reinforced Concrete

Level4 Level3 Level2

Level 1 (Statements extracted from FEMA 306)

All cracks < %4”
Cracks do not exceed 3/8”

No cracks exceed 3/16”

Crack path property

Continuity of flexural cracks along component

In the plastic hinge zone, flexural cracks join up across
section, which becomes a potential sliding plane

Major horizontal flexural crack along the entire wall
Development of a major flexural crack along the entire
length

Flexural cracks join up across one or both ends of section to
form a potential sliding plane

Degradation of concrete along cracks

Degradation of concrete and sliding along the sliding plane
begin to occur
Some degradation of concrete along the critical crack

Amount lateral offset along sliding plane

Degradation and sliding along the critical crack
Possible small laterall offset along the sliding plane
Lateral offset at sliding plane

Possible Ismall lateral offset

Crack pattern property

Type of concentrated single crack

Higher shear cracks are concentrated at one or more cracks
Shear cracks concentrate at one or more cracks

Shear cracks become concentrated at one or more cracks
Wide flexural crack concentrated in a single crack

Shear cracking concentrated at one or more cracks

One or more wide shear cracks begin to form

Wide shear cracks concentrated in a single crack

Concentration of flexural cracks in the plastic hinge zone

Wide flexural cracking and spalling should be concentrated
in the plastic zone

Minor flexural cracking may extend beyond the plastic
hinge zone

Flexural cracks beyond plastic hinge zone don’t exceed 1/8”
Flexural cracking and spalling concentrated at the hinge
zone

Flexural cracking ay extend beyond p. hinge zone

Properties of other damage indicators

Location of damage

Spalling or crushing location

Spalling of web regions begins
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Reinforced Concrete

Level 4

Level 3 Level 2

Level 1 (Statements extracted from FEMA 306)

Heavy spalling and voids in web concrete
Limited spalling at web or toe regions
Significant spalling of web concrete

Limited spalling at web or toe

Boundary regions in plastic hinge zone begin to spall and
crush

No spalling or crushing of concrete within web or center
area

Location of buckled rebars

Buckled boundary longitudinal bar

No buckled rebars in the toe region

Boundary reinforcement should be exposed and inspected
for buckling or cracking.

Spalling or vertical cracking location

Spalling or vertical cracking at toe regions in plastic hinge
zone

Spalling or vertical cracking at at toe regions in plastic
hinge zone

Vertical cracks at the extreme fibers of the plastic hinge
zone

Vertical cracks and spalling at toe regions

Spalling or vertical cracking at toe regions in plastic hinge
zone

Quantity of other damage indicators

Spalling or vertical cracking

No significant spalling or vertical cracking
No significant spalling or vertical cracking
No significant spalling or vertical cracking
Possible spalling

No vertical cracking or spalling

Spalling may occur

Residual displacement amount

Large residual displacement

No significant residual displacement
No significant displacement

No significant residual displacement
No significant residual displacement
Significant residual displacement

No significant residual displacement

Buckled or fractured bars

No buckled or fractured rebars
No buckled or fractured rebars

No buckled or fractured rebars
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Reinforced Concrete

Level 4

Level 3 Level 2

Level 1 (Statements extracted from FEMA 306)

No buckled or fractured rebars
No buckled or fractured rebars
Fractured reinforcement
Fractured vertical reinforcement

Fracturel horizontal reinforcement
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Table 6-2 Unreinforced masonry visual damage assessment affinity diagram. Level 1 presents the statements,
which were extracted from the Chapter 7 of the FEMA 306 (1999) guideline.

Unreinforced Masonry
Level 4 Level 3 Level 2 Level 1 (Statements extracted from FEMA 306)
Crack properties

Point property of cracks with different types

Size of cracks

Diagonal cracks upto 4” at upper portions of the wall
Diagonal crack width < %4”

Cracks widen to 1/8”

Cracks mostly close due to the confinement of the
frame

Diagonal cracks in pier with crack widths over /4"

Size of opening of head joints
Stair stepped diagonal crack where head joints open
and close to allow movement of bed joints
Opening of head joints upto }»” creating a stair-stepped
pattern

Opening of head joints upto %"

Opening of head joints upto %"

Staggered hairline cracks / spalled mortar in head and
bed joints

Is there sliding/opening of bed joints?
Hairline cracking / spalled mortar in bed joints within
piers, but bed joints do not open

Stair stepped joint sliding at upper portions of the wall

Bed joints sliding at corners of infill

Movements occur along bed joints in the form of
diagonal cracking or horizontal cracking or horizontal
bed joint sliding

Horizontal cracks / spalled mortar on bed joints
indicating in plane offset

Horizontal cracks/ spalled mortar at bed joints
Sliding occurs on bed joints

Sliding along bed joints

Sliding occurs on bed joints in the central portion of
the pier

Horizontal bed joint cracks near the base of the wall
upto 4”

Sliding along a horizontal bed joint near the base of
the wall

Excessive sliding
Significant residual set

Continuity of cracks

Continuity of horizontal cracks
Crack plane or stair stepping is not continuous across
the pier
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Unreinforced Masonry

Level 4 Level 3 Level 2 Level 1 (Statements extracted from FEMA 306)

Crack plane is not continuous across the pier

Continuity of diagonal cracks
Hairline cracks fully extend along diagonals (stairstep
or though bricks)
Severe corner-to-corner cracking

Types of damage along crack paths

Is there spalling and unit damage along cracks?

Crushing/spalling at crack locations

Crushing and/or ‘walking out’ of mortar along cracks
Mortar and masonry units at the crack locations can be
degraded

Spalling and rounding edges of units along crack plane
Degradation of cracking

Significant sliding and/or deterioration of units

Cracks at floor/roof lines and midheight of stories may
have mortar spalls upto full depth of joint

Spalling of mortar along cracks at midheight or
floor/roof lines

Mortar spalling in cracs at midheight or roof/floor
lines upto full depth of joint

Do cracks go through units?

No cracks in units
No cracks in units
No cracks in masonry units
No cracks in masonry units
No cracks in masonry units
Crushing/cracking of bricks

Diagonal blocks pass through blocks

Diagonal cracks in pier many of which go through
masonry

Diagonal cracks that propagate through the units

Is there sliding off supporting bricks along crack?

Upper bricks have slid off their supporting bricks
Upper bricks have slid off their supporting brick

Sliding of an upper brick off a lower unit

Amount of offset along cracks
Concurrent in-plane damage evidenced by extensive X
crack

Significant residual set

Minor movement along or across crack plane
Residual offset can occur at the crack plane
No offset along the crack

No offset along the crack
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Unreinforced Masonry

Level 4

Level 3

Level 2 Level 1 (Statements extracted from FEMA 306)

Significant movement or rotation along the crack plane

Triangles above and below the crack separate
Staggered hairline cracks/ spalled mortar at the end of
the spandrel in head and bed joints indicating offset
Staggered hairline cracks/ spalled mortar at the end of
the spandrel in head and bed joints indicating offset
Offset along the horizontal crack at the center portion
Some offset along the horizontal crack in the central
portion of the wall

Out of plane offsets along cracks of upto %"

Properties of patterns of cracks

Patterns of cracks

Multiple cracks stepping in each direction
Hairline X cracks in the middle

Significant stair-steped movement

Hairline cracks/spalled mortar on a horizontal plane or
in stair-stepped fashion

Steep inclined crack propagating upward from the toe
Secondary cracking at an angle of 45-60° to the
horizontal

Diagonal cracks at the toe of the wall extend upwards
several courses

Diagonal stair-stepped cracks which propogate in head
and bed joints

Diagonally oriented cracks at the toe of the wall
extend upwards several courses

Diagonal stair step cracking at corners of infill

Location of concentrated cracks

Hairline cracking on diagonals concentrated in the
center region
Cracking concentrated within center region of panel

Extensive spalling at the toe of the wall

Type of concentrated cracks

Predominantly vertical cracks/spalled mortar across
the full depth

Predominantly vertical cracks/spalled mortar through
no more than one unit at the ends of the spandrel

Type and number of cracks in a region

More than one diagonal cracking

Horizontal cracking on 1-3 cracks in the central
portion

Horizontal cracking on 1-3 cracks in the central
portion

Horizontal cracking on 1 or more cracks in the central
portion

Amount of cracked courses in units

Cracks have propagated into a significant number of
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Unreinforced Masonry

Level 4 Level 3 Level 2

Level 1 (Statements extracted from FEMA 306)

courses of units

In over 1/3 of the courses cracks go through the
masonry units

5% of the courses or fewer have cracks in masonry
units

5% of the courses or fewer have cracks in masonry
units

Hairline diagonal cracks in masonry units in fewer
than 5% of courses

Cracking of blocks near corners of infill

Properties of other damage indicators

Damage Location

Location of brick crushing

Crushing of units at the corners
Crushed/spalled bricks at corners of piers
Crushing at corners

Significant crushing spalling at corners of piers
Significant toe crushing

Spalling and crushing of the units at the toe
Crushing of the toes

No crushing or spalling of pier corners

Minor crushing/spalling of pier corners
Deterioration of units at bottom ends of spandrel
Deterioration of units at bottom ends f spandrel

Compression splitting in corner blocks

Location of mortar crushing

Location of cracking of bed joints and spalling

Hairline cracks / spalled mortar in bed joints at top and
bottom

Hairline cracking in mortar bed at midheight of infill
Hairline cracks / spalled mortar within pier
Some hairline cracks aling mortar courses

Hairline cracking / spalled mortar in bed jpoints within
piers

Hairline cracks / spalled mortar in bed joints at top and
bottom of pier

Felxural cracking in the mortar beds around perimeter

Horizontal hairline cracks in bed joints at the heel of
the wall

Horizontal cracks in bed joints at the heel of the wall

Horizontal hairline cracks in bed joints at the heel of
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Unreinforced Masonry

Level 4

Level 3

Level 2

Level 1 (Statements extracted from FEMA 306)

the wall

Horizontal cracks / spalled mortar at or near the base
of the wall upto 4”

Horizontal cracks in bed joints

Hairline cracks / spalled mortar in head and bed joints

Location of cracks with various orientations

Large diagonal or vertical cracks form at the upper
corners of the wall

Diagonal cracks form at the toe of the wall
Small cracking may occur within the pier

Diagonal cracking at the toe of the wall

Large vertical or diagonal cracks at upper portions of
the wall

Diagonal cracking at the toe of the wall

Horizontal cracks at floor/roof lines

Series of horizontal cracks above the heel

Horizontal flexural cracks at the top and bottom of
piers

Flexural cracking at the base of the wall

Horizontal cracks at the top, bottom and middle of the
pier

Horizontal cracks directly below the wall diaphragm
ties

Cracks at floor/roof line and mid height

Horizontal crack at mid-height

Diagonally oriented cracks and minor spalling at the
toe of the wall

Diagonally oriented cracks at the upper portions of the
wall

Diagonally oriented cracks at the toe of the wall
Flexural cracking at the heel of the wall

Diagonally oriented cracks and spalling at the toe of
the wall

Vertical cracks at the ends of the spandrel

Location of regional crushing

Crushing at the corner of the infill
Toe crushing

Toes disintegrate

Corner crushing in infill

Toe crushing

Location of falling masonry

Portions of masonry at the edges of the pier have
begun or about to fall
Portions of masonry at the edges of the pier have
begun or about to fall
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Unreinforced Masonry

Level 4 Level 3 Level 2 Level 1 (Statements extracted from FEMA 306)

Portions of masonry at the edges of the pier have
begun or about to fall

Location of spalling of face shells

Loss of corner blocks through complete spalling of
face shells

Faceshells spall off across a critical shear plane at
midheight of infill and at corners

Location of movement of face shells

Lateral movement of face shells near corners

Lateral movement of face shells near corners of infills

Mortar separation around perimeter

Separation of mortar around frame

Separation of mortar around the perimeter of the panel

Crushing of mortar and bricks around perimeter

Crushing of mortar around perimeter of the frame
Crushing of mortar and cracking of bricks extend over
larger zones adjacent to beam and column

Significant crushing of mortar and bricks along the
height of the column

Movement modes of components

Type and existence of total walking of piers

Significant out-of-plane or in-plane movement at top
and bottom of piers

Out-of-plane or in-plane movement at top and bottom
of piers

Significant out-of-plane or in-palen movement at top
and bottom of piers

Softening can occur due to cracking and the pier may
begin to walk out of plane at top and bottom

Existence of total movement of spandrels

Some out of plane dislodgment of masonry
No vertical slip of the spandrel

No vertical offset of spandrel

Spandrel has slipped vertically

Out of plane of spandrel

Existence of partial out-of-plane movement of walls

Portions of the entire wall may walk out of plane

Existence of partial rotation of component

Spandrel rotation with respect to the pier

Triangular portion of the wall above the crack rotates
off the crack
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Table 6-3 Infilled frame visual damage assessment affinity diagram. Level 1 presents the statements, which were
extracted from the Chapter 8 of the FEMA 306 (1999) guideline.

Infilled Frames
Level4 Level3 Level2 Level 1 (Statements extracted from FEMA 306)
Crack properties

Crack location

X-cracks in beam-column joint

Flexural cracks at floor level (concrete columns)
Vertical cracks at floor level

Tensile flexural cracks at floor slab level
Longitudinal splitting cracks around the splice
Cracking in columns

Flexural cracks in columns near top corner of infill

Size and extent of X-cracking
Column cracking over a length equal to two member widths
is severe and a sign of low frame shear capacity

Severe cracking at column ends (X-shaped)
X-cracks in joint become more extensive and widen to 1/8”
X-cracks in joint widen to %4”

Extensive cracking in beam&column hinge zones

Shear X cracks over a short length near column end
(generally over 2 column widths)

Properties of other damage indicators

Spalling extent and location

Spalling of side cover at beam-column joints

Spalling from back of joint at exterior joints

Cover mostly spalled around one member width away from
column end

Spalling of cover near column end

Spalling of cover in plastic hinge of beams and columns of
the frame

Fractured rebar location
Fractured transverse bars about one member width away
from column end (middle of X crack)

Crushing location

Toe crushing (concrete column) over the bottom %"

Crushing of infill near the top of the column
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Appendix B.  User Studies for Exploring the Differences in

the Engineering Judgment for Damage Assessment

1 Introduction

This section presents the results of the user performed with researchers and engineers on
rapid assessment and engineering analysis of reinforced concrete buildings. The study has

three sections:

1. Rapid assessment: A virtual environment, which contains the structural walls and
the damages observed on the walls were provided. The users were asked to walk
inside the virtual environment and make a rapid assessment. Then they were
asked to answer a set of questions, which were taken from the ATC-20 rapid
assessment guideline. Participants were given 15 minutes to complete the

assessment and the related questions.

2. The users were given the description of a reinforced concrete wall and they were
asked to determine the damage severity of the wall. They were presented with the

18 damage parameters. This part progressed in steps:

a. In each step users were asked to select and view the values of 3 new
parameters, which they think is the most important for determining

damage severity.

b. After each selection they were asked to make an assessment of the damage

severity.
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c. They were allowed to request new parameters until they were satisfied

with their assessment.

d. If, after seeing a new parameter, they changed their assessment they were

asked to designate the reason of the change of assessment.

e. They were asked to make an assessment using minimal total number of

parameters.

3. The users were given the damage sketches of a solid wall and a wall with
openings. They were asked to determine the potential damage modes and

severities of the components.

All of the examples were adopted from the example application in Chapter 7 of FEMA

307 (1999).

2 General Information About the Participants

In order obtain information about the backgrounds and experience of the participants on
damage assessment a list was provided to the users and the activities the users performed

related to damage assessment was queried.

2.1 Which of the followings have you performed before?

Rapid assessment following an actual earthquake 4 22
%
Laboratory studies on earthquake behavior of structures 4 22
%
Analytical studies on earthquake behavior of structures 5 28
%
Analysis and design of reinforced concrete structures 3 17
%
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Post-earthquake damage evaluation certification (please specify in the Other 2 11
box) %

Other 0 0%

2.2 Experience of the users

In this question, the experience of the users on damage assessment standards were asked.
The users were provided with a list of available standards and asked to select the

standards that they have used in the past.

2.2.1 Rapid assessment procedures

ATC21 ATC-20

2.2.2 Detailed engineering evaluation guidelines
ASCE41 FEMA 306 ASCE 41 FEMA 306, ASCE 41

2.2.3 Design guidelines

ACI 318 ts500/dbyyhy'07 TS500/DBYYHY'07 ACI 318, AISC 360, ACI 349
3 Rapid assessment

In this section, the users were provided with a virtual environment produced in a 3D
modeling program. The virtual environment contained the 3D model of the case study
building, which was used for validating the second and third research questions. The
damages, which were obtained from hand sketched produced during the professionally
performed damage assessment were superimposed on the components. Users were given
15 minutes and asked to perform a rapid assessment on the building. The results of the

rapid assessment for all participants are summarized in the following sections.
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Figure 6-1 The users were given a virtual environment, where they can walk around a damaged building. The example
was adopted from the example application in Chapter 7 of FEMA 307 (1999).

3.1 Building Information

3.1.1 Approximate footprint area (square meter or square feet)

The answers of the four participants out five total. One participant did not answer the question.
5440 3000 6600 m2 300 m2

3.2 Hazards
3.2.1 Collapse or Partial collapse

Minor/None 4  80%
Moderate 1 20%

Severe 0 0%

3.2.2 Building or Story leaning

Minor/None 3 60%
Moderate 2 40%
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Severe 0 0%
3.2.3 Walls Damage

Minor/None 0 0%
Moderate 2 40%
Severe 3 60%
Other: None

3.3 Posting

3.3.1 Estimated building damage

None 0 0%
0-1% 0 0%
1-10% 1 20%
10-30% 2 40%
30-60% 2 40%
60-100% 0 0%

3.3.2 Final Posting

Inspected and Safe (Green Placard) 0 0%
Restricted Use (Yellow Placard) 3 60%
Unsafe (Red Placard) 2 40%

3.3.3 Entry restrictions (If the posting is Restricted)

Three participants suggested the following postings on the building.

*  Can enter to conduct repairs on the walls. Not suitable for occupancy.

¢ Short term entry for content removal. Immediate remedy for shear cracks needs to be made.

* A possible aftershock may cause out of plane collapse of nonstructural masonry walls which all of
them have moderate cracks.
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4 Rapid assessments without visuals

In this section, the users were asked to perform a visual assessment without seeing the
hand sketches or photographs of the damages. The goal was to evaluate the efficacy of
the information requirements for representing damage, which were identified in the

second research question.

The participants were given a list of damage parameters, with the values initially hidden.
The users were then asked to select exactly three damage parameters, which they think
are the most important. After each selected the users were shown the values of the
selected parameters and asked to make an assessment. The same procedure (select
parameters and make an assessment) was repeated until the participants came to a final

conclusion about the severity.
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Section 2 - Rapid damage assessment without the visual
information

This part of the study aims at testing the effectiveness of certain damage parameters in representing the visual information, which is
normally recorded using hand sketches or photographs. You will be given 18 damage parameters, which describe the damage state of a
two-story flanged pier similar to the ones you evaluated earlier.

This part will progress in steps:

* In each step you are asked to select and view the values of 3 new parameters, which you think is the most important for determining
damage severity.

* After each selection you will be asked to make an assessment of the damage severity.

* Please keep requesting new parameters until you are satisfied with your assessment.

* If, after seeing a new parameter, you change your assessment you will be asked to designate the reason of your change of assessment.
Please try to make an assessment using minimal total number of parameters.

When you are done with this section, click Finish & Submit and go back to the original survey for the last part.

Engin Anil - PhD Candidate, Carnegie Mellon University
Please enter your id to start (required)

yanbasan

Start

Parameter Value
' Maximum Shear Crack Width 1.02 mm
v/ Maximum Flexural Crack Width < 0.8 mm
' Maximum Vertical Crack Width No Vertical Crack

Is there spalling?
[_] Is there vertical cracking in the toe/heel of the wall?

What is the severity of the spalling in the web? Decision time:
() What is the severity of the spalling in the toe/heel?

What is the severity of sliding in the critical plane (if there is any)?
() Is there spalling in the toe/heel?

Is there rebar damage in the boundary?

Based on the information you selected, please try
determining the damage severity of the wall.

You can update your assessment if the new
information has changed your previous decision.

[ Is there crushing in the boundary? You can change it as many times as you want.
?

Is there rebar damage? Click Submit when you are satisfied with your
() What is the severity of the residual displacement? decision.

Maximum shear crack width in the toe/heel
[~} Maximum shear crack width in the web (®)Minor/None

Is there spalling in the web? (_Moderate

_Severe

[_] Is there concentrated shear cracks?

Is there concentrated flexural cracks? (UNo decision, yet

Submit
Show Selected Values —I

“ ¥ou can move the window by holding the top bar *

Figure 6-2 The snapshot of the user interaction window. The window first presents the 18 damage parameters without
showing the values to the user and asks the user to select exactly three parameters. Upon selection, the values of the
parameters are shown and the user is asked to make a decision about the severity of the damage. The user keeps asking

for parameters, three at a time, until he/she is satisfied. The parameters, which affected the decision are recorded.
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Table 6-4 The table shows the order in which the users asked to see the damage parameters. For example, 1 means that
the corresponding parameter was seen first and 0 means that the parameter was never seen before deciding on the
damage severity. The last column shows if the user changed his/her decision after seeing a certain parameter.

Number
of times
changed
the
Damage Parameters User 1 User 2 User 3 User 4 User 5 User 6 decision
Maximum Shear Crack Width, 1 0 1 1 1 2 0
Maximum Flexural Crack
Width 0 0 1 0 0 2 0
Maximum Vertical Crack
Width 0 0 0 0 0 2 0
Is there spalling? 3 0 1 0 0 3 0
Is there vertical cracking in the
toe/heel of the wall? 1 0 0 0 0 0 0
What is the severity of the
spalling in the web? 2 0 2 0 2 0 1
What is the severity of the
spalling in the toe/heel? 0 0 2 1 0 0 0
What is the severity of sliding
in the critical plane (if there is
any)? 0 1 2 2 0 0 0
Is there spalling in the toe/heel? 3 0 0 0 1 0 0
Is there rebar damage in the
boundary? 2 1 0 1 0 3 1
Is there crushing in the
boundary? 0 1 0 2 0 1 0
Is there rebar damage? 3 0 3 2 2 3 0
What is the severity of the
residual displacement? 1 0 0 0 0 4 0
Maximum shear crack width in
the toe/heel 0 0 0 0 0 4 0
Maximum shear crack width in
the web 2 0 0 0 0 4 1
Is there spalling in the web? 0 0 3 0 1 0 1
Is there concentrated shear
cracks? 0 0 3 0 0 1 0
Is there concentrated flexural
cracks? 0 0 0 0 2 1 1
Minor/ Minor/ Modera
Final decision None Severe Moderate None Moderate te
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S Detailed Analysis of Solid Wall

In this section the participants were given a wall with openings and a solid wall. Both
walls are damaged. They were asked to identify the potential damage modes and damage
severities of the components (i.e., piers and spandrels) using the hand sketches. The users
were provided with a list of seven damage modes and severities. They were asked to

select the applicable modes and corresponding severities.
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Legend:
o Crack % Crack at pre-existing surface patch
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Figure 6-3 Users have been given a sketch of the damages on a solid wall and asked to determine the severities of the
potential damage modes.
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5.8.1 Ductile flexure [Potential damage modes]

Not Applicable
Insignificant
Slight
Moderate
Heavy

Extreme

5.8.2 Flexure/diagonal tension [Potential damage modes]

Not Applicable
Insignificant
Slight
Moderate
Heavy

Extreme

5.8.3 Flexure/diagonal compression [Potential damage modes]|

Not Applicable
Insignificant
Slight
Moderate
Heavy

Extreme

5.8.4 Flexure/sliding shear [Potential damage modes]

Not Applicable
Insignificant
Slight
Moderate

Heavy

- O N SN xS BN — T S B — S S S NN -

S S = NN

20%
40%
40%
0%
0%
0%

0%
0%
40%
0%
40%
20%

40%
0%
40%
0%
0%
20%

40%
40%
20%
0%
0%
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Extreme 0 0%

5.8.5 Flexure/boundary compression [Potential damage modes]

Not Applicable 1 20%
Insignificant 3 60%
Slight 0 0%
Moderate 1 20%
Heavy 0 0%
Extreme 0 0%

5.8.6 Pre-emptive shear [Potential damage modes]

Not Applicable 0 0%
Insignificant 0 0%
Slight 2 40%
Moderate 1 20%
Heavy 1 20%
Extreme 1 20%

5.8.7 Foundation rocking [Potential damage modes]

Not Applicable 3 60%
Insignificant 2 40%
Slight 0 0%
Moderate 0 0%
Heavy 0 0%
Extreme 0 0%
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5.9 Detailed Assessment of a wall with openings

Al A

1/

— c— — — e e
——
—

IR

V4
/
| 7 =<
Legend:
o Crack % Crack at pre-existing surface patch
—98 _ CrackWidthin mm .SP Spall

. : *Widths of cracks, which are narrower than
XX~ Crack previously filled with epoxy g " o " o

Figure 6-4 The users have been given the damage sketches on a wall with openings and asked to assess the severities of
potential damage modes of the piers and the coupling beams.
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5.9.1 Non-linear mechanism

Strong Coupling 1 20%
Weak Coupling 4 80%

5.9.2 Ductile flexure [Left Pier]

Not Applicable 2 40%
Insignificant 2 40%
Slight 1 20%
Moderate 0 0%
Heavy 0 0%
Extreme 0 0%

5.9.3 Flexure/diagonal tension [Left Pier]

Not Applicable 0 0%
Insignificant 0 0%
Slight 1 20%
Moderate 1 20%
Heavy 3 60%
Extreme 0 0%

5.9.4 Flexure/diagonal compression [Left Pier]

Not Applicable 1 20%
Insignificant 0 0%
Slight 2 40%
Moderate 1 20%
Heavy 1 20%
Extreme 0 0%

5.9.5 Flexure/sliding shear [Left Pier]

Not Applicable 2 40%
Insignificant 2 40%
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Slight 0 0%
Moderate 1 20%
Heavy 0 0%
Extreme 0 0%

5.9.6 Flexure/boundary compression [Left Pier]

Not Applicable 2 40%
Insignificant 1 20%
Slight 1 20%
Moderate 0 0%
Heavy 1 20%
Extreme 0 0%

5.9.7 Pre-emptive shear [Left Pier]|

Not Applicable 0 0%
Insignificant 0 0%
Slight 1 20%
Moderate 2 40%
Heavy 2 40%
Extreme 0 0%

5.9.8 Foundation rocking [Left Pier]

Not Applicable 2 40%
Insignificant 3 60%
Slight 0 0%
Moderate 0 0%
Heavy 0 0%
Extreme 0 0%

5.9.9 Ductile flexure [Right Pier]

Not Applicable 2 40%
Insignificant 3 60%
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Slight
Moderate
Heavy

Extreme

5.9.10 Flexure/diagonal tension [Right Pier]|

Not Applicable
Insignificant
Slight
Moderate
Heavy

Extreme

5.9.11 Flexure/diagonal compression [Right Pier]|

Not Applicable
Insignificant
Slight
Moderate
Heavy

Extreme

5.9.12 Flexure/sliding shear [Right Pier]

Not Applicable
Insignificant
Slight
Moderate
Heavy

Extreme

5.9.13 Flexure/boundary compression [Right Pier]

Not Applicable

Insignificant
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Slight
Moderate
Heavy

Extreme

5.9.14 Pre-emptive shear [Right Pier]

Not Applicable
Insignificant
Slight
Moderate
Heavy

Extreme

5.9.15 Foundation rocking [Right Pier]

Not Applicable
Insignificant
Slight
Moderate
Heavy

Extreme

5.9.16 Ductile flexure [Beam on the first floor]

Not Applicable
Insignificant
Slight
Moderate
Heavy

Extreme

5.9.17 Flexure/diagonal tension [Beam on the first floor]

Not Applicable

Insignificant

S SO o o W N e I S — )

S S O e e W

1
1

0%
0%
20%
0%

0%
0%
20%
20%
40%
20%

40%
60%
0%
0%
0%
0%

60%
20%
20%
0%
0%
0%

20%
20%
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Slight 0 0%
Moderate 1 20%
Heavy 1 20%
Extreme 1 20%

5.9.18 Flexure/diagonal compression [Beam on the first floor]|

Not Applicable 1 20%
Insignificant 1 20%
Slight 0 0%
Moderate 1 20%
Heavy 1 20%
Extreme 1 20%

5.9.19 Flexure/sliding shear [Beam on the first floor]

Not Applicable 3 60%
Insignificant 1 20%
Slight 0 0%
Moderate 1 20%
Heavy 0 0%
Extreme 0 0%

5.9.20 Flexure/boundary compression [Beam on the first floor]

Not Applicable 4 80%
Insignificant 0 0%
Slight 1 20%
Moderate 0 0%
Heavy 0 0%
Extreme 0 0%

5.9.21 Pre-emptive shear [Beam on the first floor]

Not Applicable 1 20%

Insignificant 0 0%
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Slight 1 20%
Moderate 0 0%
Heavy 2 40%
Extreme 1 20%

5.9.22 Foundation rocking [Beam on the first floor]|

Not Applicable 5 100%
Insignificant 0 0%
Slight 0 0%
Moderate 0 0%
Heavy 0 0%
Extreme 0 0%

5.9.23 Ductile flexure [Beam on the second floor]

Not Applicable 3 60%
Insignificant 1 20%
Slight 1 20%
Moderate 0 0%
Heavy 0 0%
Extreme 0 0%

5.9.24 Flexure/diagonal tension [Beam on the second floor]

Not Applicable 1 20%
Insignificant 0 0%
Slight 1 20%
Moderate 1 20%
Heavy 2 40%
Extreme 0 0%

5.9.25 Flexure/diagonal compression [Beam on the second floor]

Not Applicable 2 40%
Insignificant 1 20%
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Slight 1 20%
Moderate 0 0%
Heavy 1 20%
Extreme 0 0%

5.9.26 Flexure/sliding shear [Beam on the second floor]|

Not Applicable 3 60%
Insignificant 1 20%
Slight 1 20%
Moderate 0 0%
Heavy 0 0%
Extreme 0 0%

5.9.27 Flexure/boundary compression [Beam on the second floor]

Not Applicable 3 60%
Insignificant 2 40%
Slight 0 0%
Moderate 0 0%
Heavy 0 0%
Extreme 0 0%

5.9.28 Pre-emptive shear [Beam on the second floor]|

Not Applicable 1 20%
Insignificant 0 0%
Slight 1 20%
Moderate 2 40%
Heavy 1 20%
Extreme 0 0%

5.9.29 Foundation rocking [Beam on the second floor]

Not Applicable 5 100%

Insignificant 0 0%
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Heavy

Extreme
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