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Abstract 

In this thesis, a data-driven damage detection method is developed to detect and 

localize the yielding of the steel reinforcement, spalling of the concrete cover, and 

crushing of the concrete core in reinforced concrete earthquake-resistant structures.  The 

proposed method utilizes pairwise damage indices to establish an instantaneous 

relationship between the structural responses of two sensor locations on the structure.  

When damage occurs, the physical properties of the structure change, which cause a 

change in the structural response.  These changes are reflected by the damage indices; 

thus indicating damage.  The indices are verified with two simulation models of 

earthquake-resistant structures and are found to correctly identify and localize all three 

damage modes.  Considerations for extending this technique into large-scale experiments 

and structural health monitoring are examined by developing an instrumentation plan for 

large-scale testing and performing a series of small–scale experiments using digital image 

correlation (DIC). 
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1. INTRODUCTION 

1.1. Overview 

The incorporation of Structural Health Monitoring (SHM) systems into civil 

structures increases safety, improves performance, and reduces maintenance time and 

costs.  SHM can also minimize the uncertainty associated with post-earthquake damage 

assessments; thus allowing for safer and quicker reoccupation after such a disaster.  

Therefore, integrating SHM systems into earthquake resistant structures can significantly 

mitigate structural damage and other losses associated with major seismic events 

(Balageas 2006).  Several earthquake resistant structures are constructed out of reinforced 

concrete (RC) because previous earthquakes have revealed that RC structures perform 

satisfactorily under the large lateral displacements resulting from earthquakes.  

Consequently, the monitoring of RC earthquake-resistant structures has the potential to 

save lives and protect potential economic losses due to structural failures. 

Structural Health Monitoring (SHM) is defined as the process of identifying structural 

damage through the use of novel sensing technologies and analytical methods (Lynch and 

Loh 2006).   Damage is characterized as any changes introduced into a system that 

adversely affects the performance of that system (Farrar and Worden 2007).  The changes 

can be caused by wear from continuous usage or by extreme events like earthquakes or 

severe wind.  SHM offers an automated method for continuous monitoring, inspection, 

and damage detection in order to identify and evaluate these changes and track the health 
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of the structure (Chang 1999). As a result, if the structure becomes damaged, the damage 

can be localized and repaired before catastrophic failure.  

The most valuable SHM system can detect the extent, type, and location of damage, 

but most SHM methods are only capable of detecting damage (Huston 2011).  For 

example, vibration-based techniques have been used to characterize damage based on the 

concept that local damage causes a reduction of local stiffness, which influences the 

global behavior of a structure (Fritzen 2006).  However, it has been found that they are 

not effective damage detection or localization methods since modal properties only 

reflect the global state of the structure.  As a result, a large amount of damage must be 

present for the modal properties to be affected; therefore local damage is often 

overlooked (Doebling et al 1998).  In an effort to localize and evaluate damage, it is 

common to locally conduct Non-Destructive Evaluation (NDE) after the damage has 

been identified (Chang and Liu 2003; Farrar and Worden 2007).  Although NDE 

techniques are useful in several applications, they each have their own limitations.  For 

example, some require a priori knowledge of the damage location and material properties 

(Shull 2002; Farrar and Worden 2007).    

Therefore, there is a need to establish a SHM method that detects damage both 

globally and locally and does not require any prior knowledge about the damage or the 

structure.  However, a dense network of sensors must be implemented in order to obtain 

rich enough data for damage detection and localization.  With more sensors, there will be 

more data from several locations which can be used to evaluate structural damage extent, 
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type, and location.  Establishing damage sensitive features from the data are a means for 

condensing the data from densely clustered sensor networks into manageable and 

informative quantities (Labuz 2011; Labuz et al 2011; Dorvash et al 2012).   

Overall, this thesis develops an effective damage detection method in reinforced 

concrete (RC) earthquake-resistant structures using strains measured from densely 

clustered sensors to develop damage sensitive features.  The proposed method relies on 

two pair-wise influence coefficients obtained from a linear regression between two sensor 

responses in order to condense the data.  The foundation for these damage sensitive 

features is the concept that the responses of any two sensors located near each other on 

the structure are highly correlated.  When damage occurs, the structural responses are 

affected; thus changing the relationship between the two locations. As a result, each 

pairwise coefficient is sensitive to damage in the structure. 

The validity of these proposed damage indices is verified through simulation data.  

Future work will include extending these methods to large-scale testing of RC 

earthquake-resistant structures instrumented with dense sensor networks for further 

validation. 

1.2.Research Objectives 

The purpose of this research is to develop an effective method for detecting damage 

in earthquake-resistant RC structures using data collected from dense sensor networks.  

This is accomplished by the following objectives: 
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1. Identify possible damage modes of RC and how damage affects the structural 

response. 

2. Develop data-driven damage features and validate them using simulation data and 

future experimental data from RC earthquake-resistant structures. 

3. Prepare for experimental validation by developing an effective instrumentation 

plan for a large-scale testing and damage detection and determining how damage 

features will differ from those established by simulation data. 

4. Establish an effective method for data collection and evaluation of the spatially 

dense data produced by Digital Image Correlation (DIC) for damage detection 

and confirm the reliability of DIC measurements. 

1.3.Scope of Research   

The scope of this thesis includes the following work in order to accomplish the 

research objectives stated in the previous section.  First, two damage features were 

established to detect rebar yielding, the concrete cover spalling, and the concrete core 

crushing in reinforced concrete structures.  A DRAIN-2DX fiber element model of a 

post-tensioned coupled shear wall was studied to develop an effective instrumentation 

plan for future large-scale testing and to validate the damage features.  Additionally, an 

ABAQUS finite element model of a two-bay, two-story RC frame was developed and 

used to numerically validate the damage features.  Lastly, small scale experiments were 

performed using DIC to establish effective methods for data collection and evaluation in 
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order to employ damage detection methods to the dense data that will be produced in 

future large-scale testing.  

1.4.Organization of Thesis 

This thesis is organized into the following chapters: 

Chapter 1 presents an overview and the motivation for the research, objectives, and 

the organization of the thesis. 

Chapter 2 presents a literature review of SHM, modal-based methods for damage 

detection, and NDE techniques.   Also, the use of damage feature extraction and change 

point analysis for damage detection is explored and innovations in damage detection in 

RC are highlighted. 

Chapter 3 first defines damage in reinforced concrete and how damage affects the 

structural response of a RC structure.  Then it introduces two damage indices for damage 

detection, explains how the damage indices are affected by damage, and presents the 

methodology for the validation of damage detection techniques. 

Chapter 4 introduces the NEES Coupled Shear Wall and the expected behavior of the 

structure.  Next, it reviews the DRAIN-2DX fiber element of the structure and the 

observed behavior under large lateral displacements.  Then, expected damage modes and 

how damage influences the elements in the model are determined.  The results from the 

application of the damage indices for the detection of the yielding of the energy 

dissipating rebar, spalling of the unconfined concrete cover spalling, and crushing of the 
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confined concrete core are presented.  Finally, preparations for extending the damage 

detection techniques to experimental testing are introduced.  This includes establishing 

the instrumentation plan for the 40% scale experiment of the shear wall structure and 

explaining how expected experimental data will differ from the simulation data. 

Chapter 5 begins by explaining the premise of digital image correlation (DIC) amd 

the application of DIC in SHM.  Then a series of small scale experiments using 3D DIC 

is discussed in order to develop an effective procedure for data collection  and to evaluate 

the dense data produced by DIC.  This is important for extending the proposed damage 

detection methods to spatially dense data produced by DIC in upcoming large-scale 

experiments. 

Chapter 6 discusses an ABAQUS finite element model of a two-bay, two-story RC 

special moment-resisting frame that was created to further validate the damage indices by 

applying them to a more commonly used earthquake-resistant structure.  The 

performance of the damage indices to detect and localize yielding of the rebar and 

spalling of the concrete cover in the model is assessed.  Lastly, a future project for 

damage detection in a ductile moment resisting RC frame is introduced.  The project 

includes simulation models, component testing, and ultimately large-scale testing at 

Lehigh University‘s Advanced Technology for Large Structural Systems (ATLSS) 

Center.  

Chapter 7 presents a summary of the thesis, conclusions, and future work. 
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2. LITERATURE REVIEW 

This chapter presents a literature review of Structural Health Monitoring (SHM), 

modal-based damage detection methods, and Non-Destructive Evaluation (NDE) 

techniques in Section 2.1, Section 2.2, and Section 2.3, respectively.  Then, the use of 

damage feature extraction for data condensation and change point detection methods to 

categorize damage is explored in Section 2.4 and Section 2.5, respectively.  Lastly, 

innovations in damage detection in reinforced concrete will be highlighted in Section 2.6. 

2.1.Structural Health Monitoring (SHM) 

According to Huston (2011), SHM can be separated into five levels of classification: 

Level 1: Detection, Level 2: Localization, Level 3: Assessment, Level 4: Prognosis, and 

Level 5: Remediation.  Most SHM methods are capable of accomplishing Level 1 on a 

global level, but the most valuable SHM system can detect the extent, type, and location 

of the damage.   

A typical SHM system is composed of a sensor system, a data processing system, and 

a health evaluation system (Li et al 2004). First, the sensor system periodically gathers 

sampled response measurements.  Various methods of data collection are available for 

the damage detection and monitoring of structures and each method depends on the 

physical quantities to be monitored.  Kinematic quantities that are typically measured for 

SHM are acceleration, strain, and displacement.  Next, the data processing system 

performs the data acquisition, transmission, and storage.  Data processing is primarily 
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used to condense large data sets into less voluminous forms with more useful information 

and ultimately identify the condition of the structure (Chang 1999; Huston 2011).  During 

this phase, data is compressed and damage-sensitive properties are identified from 

measurements in order to distinguish between the undamaged and damaged state of the 

structure (Sohn et al 2004).  Finally, the health evaluation system uses algorithms and 

pattern recognition techniques to diagnose the health of the structure and detect damage. 

2.2.Modal-Parameter Based Damage Detection Methods 

A majority of previously developed SHM techniques use modal parameter 

estimations to condense data based on measured vibration signals (Chintalapudi et al 

2006; Chang et al 2003).  Vibrations are often ambient vibrations experienced by the 

structure under normal operating conditions or forced vibrations imparted on the structure 

by actuators, shakers, and other forms of measured impact.  After the physical 

measurements are collected from the sensors due to these vibrations, the modal properties 

are used as damage-sensitive parameters to determine damage (Lynch and Loh 2006).  

Vibration-based techniques are based on the concept that local damage causes a reduction 

of local stiffness, which influences the global behavior of a structure (Fritzen 2006).  

Local shifts of resonant frequencies, increases in damping, and changes of vibration 

modes are often changes in global behavior that are used to detect damage (Sohn et al 

2004).  Some successful modal-parameter based techniques include the use of: the 

frequency response function to identify changes in structural properties like mass, 
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stiffness, and damping (Lee and Shin 2002), changes in frequency and mode shapes to 

identify changes in the stiffness or flexibility matrices (Pandey and Biswas 1994; Bernal 

2006), and changes in the curvature of the mode shapes to locate damage (Chang et al 

2003; Maek and DeRoeck 2000). 

Modal-parameter-based techniques have previously dominated SHM, but it has been 

found that they are not effective damage detection or localization methods since natural 

frequencies and mode shapes are not sensitive enough to accurately characterize a 

complex system (Banks et al 1996; Doebling et al 1998).  Since modal properties only 

reflect the global state of the structure, a large amount of damage must be present for the 

modal properties to be affected.  As a result, local damage is often overlooked. 

2.3.Non-Destructive Evaluation (NDE)  

In order to locate and evaluate damage, NDE techniques are commonly conducted 

locally after the damage location has been identified by other methods (Chang and Liu 

2003; Farrar and Worden 2007).  Although NDE techniques are useful in several 

applications, they each have their own limitations.   For example, more primitive 

techniques like visual inspection and tap tests rely on a trained professional.  Also, visual 

inspection cannot detect subsurface damage or damage in hard to reach areas of a 

structure and a tap test can only find voids near the surface and significant cracks 

(Balageas 2006).   



 

 

11 

 

More sophisticated methods like acoustic emission, ultrasound, thermal, and magnetic 

methods have been used for damage detection in various materials and civil structures.  

Acoustic emissions can locate flaws like cracks in concrete, but must be actively 

monitoring at the time when the cracks develop (Carpinteri et al 2011).  As a result, it 

may miss critical changes that occur in the structure of interest.  Ultrasonic, thermal, and 

magnetic techniques like pulse-echo, thermography, and x-rays are difficult to employ 

globally to a structure due to equipment limitations, so they are often only used locally 

once damage is already located (Rens et al 1997; Farrar and Worden 2007).  

Furthermore, thermal and magnetic methods are best for steel structures and ultrasonic 

methods have been found to be unreliable for concrete structures (Yehia et al 2007).  

Additionally, the proper implementation of these NDE methods often requires an a 

priori knowledge of the damage location and material properties (Shull 2002; Farrar and 

Worden 2007).  Overall, most NDE techniques are best for local damage identification 

and must be used in conjunction with other techniques for global identification (Chang 

and Liu 2003; Rens et al 1997).   

2.4.Damage Feature Extraction 

In order to obtain rich enough data for damage detection and localization, a dense 

network of sensors must be implemented.  A dense network produces an abundance of 

spatially rich data which can be used to evaluate structural damage extent, type, and 

location.   As an alternative to installing a large network of traditional sensors like strain 
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gauges, advanced sensing technologies such as Digital Image Correlation (DIC) can also 

provide dense data.   However, dense networks lead to vast amounts of extremely dense 

data to process.  This can cause difficulties in data transmission, storage, and analysis 

because transmitting data from the sensors to be processed consumes power (Lynch and 

Loh 2006).  As a result, methods must be utilized in order to condense and translate the 

data into information regarding the health of the structure.  Damage feature extraction 

identifies damage sensitive properties from measured responses of the structure to 

condense data and distinguish between the damaged and undamaged states of a structure 

(Fugate et al 2001). 

Examples of different damage features previously developed for damage detection 

include damage influence coefficients (Labuz et al 2011; Dorvash et al 2012), improved 

influence coefficients (Yao et al 2012), and auto-regressive coefficients (Sohn et al 2001; 

Lu and Gao 2005; Yao and Pakzad 2012). 

2.4.1.  Damage Influence Coefficients (IC) 

Labuz et al (2011) developed a damage detection algorithm which uses damage 

influence coefficients as an index for detecting changes in the properties of the structure.  

The structural model this method is based upon assumes linear damage, which is when 

the initially linear-elastic structure remains linear-elastic after damage (Dorvash et al 

2012).  Influence coefficients (IC) are obtained from linear regression between two nodal 

responses.  The relationship between any two near locations i and j can be defined by: 
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  (  )         [  (  )]      (  )   (2.1) 

Where uj and ui are the structural responses measured by the sensor network at time tk, βij 

is the intercept value of regression,     is the influence coefficient, and εij is the residual 

of the regression model. 

A damaging event causes the structural properties of the element to change, which 

changes the correlation between the structural responses.  Therefore when damage occurs 

between the two compared nodes, the linear relationship changes and is reflected in the 

IC, thus indicating damage (Dorvash et al 2012).  This regression-based method is 

capable of finding localized damage with no prior knowledge of the structure through 

vibration responses measured by a dense sensor network pre- and post-damage (Labuz et 

al 2011; Dorvash et al 2012).  Labuz (2011) successfully used the acceleration responses 

from simulations and experiments of a beam-column connection and two-bay plane 

frame to detect and localize damage.   

2.4.2. Improved Damage Influence Coefficients 

Damage indices suggested by Yao et al (2012) include improved influence 

coefficients (IIC) and influence coefficients using hybrid vibration responses (ICHVR).  

The IIC approach accounts for structural geometry and sensor network layout by 

regressing one node‘s acceleration response on all adjacent nodes as shown below.  The 

IIC damage index is    . 

  (  )  ∑    [  (  )]
 
      (  )    (2.2) 
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ICHVR uses the following regression model as a damage detection algorithm by 

incorporating the acceleration responses at neighbor nodes as well as the strain data from 

near-by nodes.  Here,   (  ) are the strain measurements from adjacent nodes of j and 

    and     are the corresponding regression coefficients used as damage indices. 

  (  )  ∑    [  (  )]
 
    ∑    [  (  )]

 
     (  )  (2.3) 

2.4.3.  Damage Indices from Time Series Analysis 

Small scale time series analyses like Auto-Regressive (AR), Auto-Regressive 

with exogenous input (ARX), and Auto-Regressive-Moving-Average (ARMA) models 

are commonly used for feature extraction in SHM.  Regression based algorithms are good 

for damage evaluation because they are computationally efficient and easy to implement 

(Lynch 2007). Even though AR/ARX features do not directly correspond to well-defined 

structural properties, they still reflect possible changes in certain aspects of the model 

(Yao and Pakzad 2012). 

An AR model with p terms can be written as: 

 ( )  ∑     (   )     ( )
 
       (2.4) 

Here x(t) is the measurement at discrete time index t and    ( ) and     are the 

AR coefficients. An AR model is fit to all of the reference data available and a new 

dataset y(t) is collected from an unknown structural state of the system.   

The error    ( ) between the measurement and prediction obtained by the AR 

model is mainly caused by the unknown external input.  Therefore an ARX model adds 
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an additional regression term for an external input e(t).  It establishes a relationship 

between different locations i and j on the structure at any time step t based on the past 

inputs and outputs and the current input as follows: 

 ( )  ∑    (   )   
   ∑     (   )     ( )

 
      (2.5) 

Commonly used damage-sensitive features in AR/ARX modeling are model 

residuals, model coefficients, and model spectra (Lu and Gao 2005).  Model residuals are 

the one-step prediction of error of an AR or ARX model over a dataset obtained by fitting 

a model from a baseline x(t) to a dataset collected from an unknown state y(t).  Several 

auto-regressive models use residuals and characteristics of residuals as damage sensitive 

features. 

Yao and Pakzad (2012) and Sohn et al (2001) define the ratio of standard 

deviations of the residuals,
 (  )

 (  )
⁄ , as another damage sensitive feature.  This ratio 

increases in the presence of damage.  Therefore damage localization is possible assuming 

that the increase in residual errors would be at a maximum at the sensor located near the 

actual damage.  Sohn et al (2001) successfully applied this approach to detect damage in 

an eight DOF mass-spring system using acceleration time histories.   

2.5.Change Point Detection 

A change in model coefficients can represent structural damage (Sohn et al 2001; 

Dorvash et al 2012).  The change can be observed and quantified using change point 
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detection, which is an outlier analysis.  An outlier is defined as an observation in a dataset 

that is surprisingly different from the rest of the data which most likely indicates that it is 

generated by an alternative mechanism such as damage (Worden et al 2000).  Therefore 

damage can be defined as when the damage indices from the damaged state yields a 

significant change from the undamaged state (Fugate et al 2001).   However, statistical 

methods must be used in order to define what a ―significant change‖ is.  Damage 

thresholds determine if the variation in the influence coefficients/damage sensitive 

features is significant enough to be considered damaged.   

Dorvash et al 2012 proposes the Influence-based Damage Detection Algorithm 

(IDDA) which implements a Bayesian statistic to test the hypothesis that the mean of the 

IC for each successive test is equal to the mean of the IC from the undamaged state.  

Yao et al (2012) uses a combination of Cumulative Sum with bootstrapping to detect 

changes in the IC, IIC, and ICHVR.  They found that the IC did not always identify the 

existence of damage but IIC and ICHVR did.  They also discovered that the more 

accurate damage localization occurred using the more complex damage detection 

algorithm.  Since ICHVR had multiple regression parameters, it was better at reporting 

the damage location with a smaller likelihood of false positives. 

Yao and Pakzad (2012) suggest the use of the Mahalanobis distance of AR 

coefficients as a discordance test in order to evaluate if an observation is an outlier.  

When a structure is damaged, the Mahalanobis distance value for the AR coefficients 

should increase substantially. Additionally, they use the Cosh spectral distance from AR 
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spectrum estimates because the AR spectrums were found to be more stable for damage 

detection than the Mahalanobis distance of AR coefficients.  After performing numerical 

simulations, they confirmed that the Cosh spectral distance value increases when the 

system is damaged and it is more sensitive to change than the AR coefficients.   

Nigro et al 2013 introduces several univariate and multivariate change point analysis 

techniques for influence coefficients with thresholds established from bootstrapping.  

Univariate techniques include Cumulative Sum, Exponentially Weighted Moving 

Average, and Mean Square Error.  Multivariate statistics include Mahalanobis Distances 

and the Fisher Criterion.  Each method was tested using vibration data collected from a 

two-bay steel tube frame.  All methods effectively identified that damage occurred as 

well as the location of damage on the steel frame. 

2.6.Damage Detection in Reinforced Concrete 

Damage detection in reinforced concrete is often more complex than damage 

detection in homogenous materials such as steel because RC has a combination of 

concrete and steel properties.  In this section, there is an overview of some techniques 

previously used for damage detection in RC. 

Villemure (1995) assesses damage in reinforced concrete based on structural 

properties and modal properties.  For each type of assessment, three indices are used to 

characterize damage of 45% scale RC bridge bents subjected to slow lateral cyclic 

loading until failure. The structural property based indices use data from load-
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displacement relationships or hysteresis curves to evaluate the extent of excessive 

displacements, local stiffness degradation, and energy absorption.  Indices based on 

modal properties use vibration measurements to evaluate changes in dynamic responses 

of the structure reflected by fundamental frequencies, mode shapes, and damping ratios.  

Overall, the structural based indices provided a good indication of the failure mode of the 

specimen.  However, the only failure modes this study distinguished between were shear 

and flexure.  The indices did not distinguish between local damages like spalling or 

yielding occurring in the specimens. 

Acoustic-wave based techniques are commonly used in the evaluation of 

reinforced concrete structures.  Acoustic waves are formed when energy is released as 

transitory waves within a material undergoing a dynamic deformation process.  As a 

result, short-duration, high frequency sound waves are produced when the material 

undergoes an internal change such as stress or damage due to an external force (Huston 

2011).  Acoustic emission (AE) detectors are passive sensors that use this phenomenon to 

identify the existence of cracks and fractures as well as the location of the damage.  

Carpinteri et al 2011 use AE techniques for long-term monitoring of cracks on a load-

bearing wall of an RC structure in Italy.  Also, in the past five years the development and 

implementation of special embedded AE sensors called smart aggregates has become a 

topic of interest in the field of damage detection in RC.   

Smart aggregates (SA) are low cost piezoelectric devices created by Song et al 

(2008) which are capable of performing comprehensive monitoring of concrete 
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structures.  Each smart aggregate is a piezoelectric patch coated with insulation and 

embedded in a small concrete block, which gets embedded into the host structure for 

monitoring.  They are low cost, light weight, quick responding, highly reliable, and can 

be used as both a sensor and an actuator.  When the aggregate is used as an actuator, it 

generates an electrical charge when subjected to stress/strain.  As a sensor, a stress/strain 

response is produced when an electrical charge is applied (Song et al 2008).  A 

combination of actuator and sensor smart aggregates can easily formulate a sensor 

network for monitoring RC structures. 

The proposed smart aggregates can monitor early-age concrete strength, detect 

and evaluate impacts, and monitor the health of the structure (Song et al 2008).  Gu et al 

(2006) devised a technique for early-age strength monitoring of concrete using the smart 

aggregates embedded in concrete cylinders to observe the high frequency harmonic wave 

responses.  They found that the harmonic amplitude was correlated with Young‘s 

modulus in that when it decreased, Young‘s modulus increased.  Since concrete strength 

increases when Young‘s modulus increases, the harmonic amplitude and concrete 

strength could be related.  This was accomplished by using a fuzzy correlation system 

(i.e. if harmonic amplitude is small, concrete strength is large, etc.).  The correlation 

system was trained using the amplitude-strength data recorded and was used to predict 

future strength data.  The estimated compressive strength determined by the cylinders 

embedded with smart aggregates paired with the fuzzy correlation system matched the 
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compressive strength from experimental compressive tests.  Therefore, this technique 

proved to have potential in monitoring strength of concrete structures.   

Song et al (2007) used smart aggregates for impact detection and evaluation by 

monitoring the peak voltages of the SA.  Experimental results on a concrete beam and a 

two-story concrete frame showed that when the structure was impacted, the impulse 

response was captured by the smart aggregates, and the amplitude of the sensor signal, 

sensor energy, and energy distribution related to the location of the impact (Song et al 

2008).    The highest signal amplitude and sensor energy came from the smart aggregate 

closest to impact.  As a result, this method is proven to be affective in determining 

damage extent and location. 

Song et al (2008) also introduced a method for structural health monitoring using 

a smart aggregate as an actuator that generates a sine sweep signal and the others used as 

sensors that detect the sine sweep response.  The amplitude of the wave and transmission 

energy decreased when damage existed.  Furthermore, the degree of damage or severity, 

correlated with the degree of the drop of transmission energy.  Signals were processed 

using wavelet packet analysis and a damage index determined the structure‘s health.  A 

damage index of one meant complete failure and zero meant the structure was 

undamaged.  They found that the damage index increased as seismic excitement level 

increased and harmonic amplitude and transmission energy decreased.  They were able to 

monitor the evolution of damage and extract the damage location by the index between 
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sensor pairs in an experimental model of a concrete beam and two-story RC frame (Song 

et al 2008).   

After the introduction of smart aggregates from these preliminary experiments, 

SA were implemented for a variety of studies.  For example, Yan et al (2009), Gu et al 

(2010), and Laio et al (2011) used SA to determine the dynamic structural response and 

white noise response, and to monitor the health of reinforced concrete structures.  Meng 

and Yan (2012) improved the use of smart aggregates for SHM by extracting damage 

features from collected data by wave packet analysis.  The feature they found to be 

sensitive to damage was the energy index or signal amplitude of the SA.  The feature was 

found for a damaged and undamaged state and evaluated by a statistical analysis that 

compared the probability density functions before and after damage.  Their method 

successfully identified damage degree and location on a simply supported RC beam 

subjected to bending.   

Overall, there has been a lot of progress in the development of damage feature 

extraction and SHM techniques for reinforced concrete structures.  However, there is still 

need for the improvement of existing techniques and the development of new techniques 

in order to find a method that successfully identifies several damage modes, such as rebar 

yielding and concrete spalling and crushing, and the location at which damage occurs. 
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3. DEVELOPMENT OF DATA-DRIVEN DAMAGE FEATURES 

Damage can be caused by typical wear and tear of every day operations or by extreme 

events such as earthquakes and severe winds.  No matter what the cause, damage 

adversely affects the performance of the structure.  In reinforced concrete structures, 

damage to the overall structure results from damage to individual components of the 

structure such as beams, columns, and shear walls.  Each component is composed of a 

concrete cover, concrete core, and steel reinforcement.  When damage occurs, it alters the 

structure‘s physical properties, such as the stiffness. Then, the changes in the physical 

properties are reflected in the changes in the structural response.  Damage features that 

are sensitive to these structural responses can detect and localize damage in a structure.  

Therefore, the damages can be located and repaired before catastrophic failure. 

This chapter first defines damage in reinforced concrete structures based on theory, 

research experiments, and design codes.  Then, it reviews how these damages affect the 

components of an RC structure based on the concepts from a RC section analysis.  

Additionally, two damage indices are introduced which are developed from the 

assumption that damage is nonlinear.  Finally, the effect that the damage modes have on 

the damage indices is explained as well as the methodology for the validation of these 

damage indices for damage detection. 
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3.1. Definition of Damage 

Damage is apparent through changes in the physical properties of a structure such as 

the stiffness.  The stiffness of a beam or column is affected by the material‘s modulus as 

well as the cross sectional area.  For example, the flexural stiffness is dependent on EI 

and axial stiffness is dependent on EA where E is the modulus of the material, I is the 

moment of inertia of the cross section, and A is the cross sectional area.   

In reality, there is a loss in the cross sectional area when damage such as the concrete 

cover spalling occurs, which causes a majority of the reduction in stiffness.  However, the 

simulation models used in this research do not experience loss of cross sectional area 

because the geometric properties remain the same regardless of damage.  Consequently, 

the stiffness is only influenced by the changes in the moduli of the materials caused by 

damage.  Therefore, the damage modes considered are limited to material failures 

apparent from the stress-strain curves of the concrete cover and concrete core in 

compression, and the longitudinal steel reinforcement in tension.  Knowledge of the 

stress-strain relationship of each material is essential for the development of all analysis 

procedures and the understanding of damages incurred in a reinforced concrete structure.  

In the following sections, the stress-strain curves and corresponding damage modes in 

steel and concrete are summarized from theory, research experiments, and ACI-318.  
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3.1.1. Damage in Steel Reinforcement 

The stress strain curve of typical grade 60 steel has a linear portion leading to a 

well-defined yield point, or proportionality limit, at 60 ksi.  Before yield, the material is 

perfectly elastic; therefore if it is loaded and unloaded there will be no permanent 

deformation (Salmon 2009).  The yield strength in tension is used in specifications to 

define the behavior of steel reinforcement in reinforced concrete, but the same behavior 

occurs in compression as long as it precludes buckling.  The slope of the elastic portion 

of the stress-strain curve is the modulus of elasticity or Young‘s Modulus and it is 

generally taken to be 29,000 ksi for steel.   

After the yield point, there is a long plateau known as the plastic range at which the 

stress is constant (Salmon 2009).  In higher strength steels, the stresses in the plastic 

range are not constant, but are increasing at a much slower rate.  Therefore, the modulus 

of the steel is lower than the elastic modulus because the steel has softened.  Then, strain 

hardening begins at strains 15 to 20 times larger than the yield strain and lasts until the 

ultimate strength of the steel (Salmon 2009).   During strain hardening the stress 

continues to increase, but since the steel is softer, the strain is increasing at a faster rate as 

well.  As a result, slope of the stress-strain curve becomes flatter.  Finally, when the 

ultimate strength is reached, the steel fractures and no longer contributes any strength. 

In design, ACI318-08 Section 10.2.4 assumes that the stress in reinforcement below 

its yield strength is proportional to the strain.  Therefore the stress in reinforcement below 

the yield strength is the modulus of elasticity of steel reinforcement (29,000 ksi) Es 
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multiplied by the strain in the steel.  After the yield strength is reached, the stress in the 

reinforcement is assumed to be equal to the yield strength, even after the strain exceeds 

the yield strain.  This neglects the increase in strength due to strain hardening.    The 

calculation for determining the strain in the reinforcement by ACI318-08 is summarized 

in the equation from Section R10.2.4 shown below. 

     {
                  

               
     (R10.2.4) 

Based on the changes in the stress-strain curve, the damage modes for steel 

reinforcement include yielding at the elastic limit and fracture at the ultimate strength of 

the steel. 

3.1.2. Damage in Concrete  

Since concrete is a non-homogeneous material, it is difficult to obtain an exact 

model that is a perfect representation of the response of concrete.  As a result, the 

response of concrete is defined by stress-strain curves and material properties derived 

from experimental investigation.  Standardized tests like uniaxial compression tests can 

be used to determine material properties such as the maximum compressive strength and 

elastic modulus.  Other experiments use observations paired with the measured load-

responses to associate modes of damage to certain points on the stress-strain curve.   
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3.1.2.1. Typical Stress-Strain Curve and Material Properties 

 The material response of concrete can be described by the stress-strain curve, 

which is defined by the compressive strength and moduli.  A typical stress-strain curve 

provides a basis for understanding how the properties of the concrete material change 

under axial compression.  Certain points on the stress-strain curve of the material 

correspond to different types of damage that directly affect the physical properties of the 

material. 

According to Nawy (2000), a typical stress strain curve of concrete under uniaxial 

compression has the following properties.  The first portion of the curve up to about 40% 

of the compressive strength is essentially linear.  Then, after about 70% of the 

compressive strength, the stiffness of the material is reduced which causes the curve to 

become nonlinear.  At the maximum compressive strength, cracks parallel to the direction 

of the loading form.  Lastly, the strength of the concrete will drop shortly after an 

ultimate strain is reached until failure.   

Kosmatka et al 2002 defines the compressive strength in the Design and Control 

of Concrete Mixtures handbook from the Portland Cement Association (PCA) as the 

measured maximum resistance of a concrete specimen to axial loading, generally at the 

age of 28 days.  It is important to note that the maximum compressive strength depends 

on the type of cement, water-cement ratio, extent of hydration, curing and environmental 

conditions, and age of the concrete (Kosmatka et al 2002); therefore each mixture of 
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concrete has different material properties. Ordinary concrete strength often ranges from 

3,000 psi to 9,000 psi (Nawy 2000). 

Changes in the material‘s physical properties are exhibited by the modulus of the 

material at various levels of stress and strain.  A modulus expresses the ratio between a 

stress that acts to change the length of a body and the fractional change in length caused 

by this force.  The tangent modulus is the slope of the tangent to any point on the non-

linear curve portion of the stress-strain diagram (Nawy 2000).  Young‘s modulus, or the 

elastic modulus, is the initial tangent modulus.  These moduli are used to characterize the 

stiffness of the concrete at various levels of stress and strain on the stress-strain curve. 

Section 8.5 of ACI-318 defines the modulus of elasticity as the slope of the line from 

zero stress to 0.45f‘c.  However, this value may vary depending on the modulus of the 

aggregate.  For normal weight concrete the elastic modulus, Ec is given by the equation 

from 8.5.1 shown below.  The design code uses this modulus to estimate the strength of 

the concrete in an RC section at any point during loading, regardless of strain levels. 

        √           (8.5.1) 

According to ACI 318-08 Chapter 10.2, the strain in the reinforcement and concrete 

can be assumed to be linear across the cross section.  Hence the strain is directly 

proportional to the distance from the neutral axis.  The commentary states that the 

maximum concrete compressive strain at the extreme compression fiber at which 

crushing of the concrete is observed can vary from 0.003 to higher than 0.008.  Since the 

strain at which ultimate moments are developed is usually between 0.003 and 0.004, the 
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code uses a maximum strain at the extreme compression fiber to be 0.003.  The 

commentary of 10.6 describes the general shape of a stress-strain curve as a ―rising curve 

from zero to a maximum at a compressive strain between 0.0015 and 0.002 followed by a 

descending curve to an ultimate strain (crushing of the concrete) from 0.003 to higher 

than 0.008‖.  Therefore, ACI considers crushing to occur at a strain after the ultimate 

strength is reached. 

3.1.2.2. Observed Experimental Behavior 

The observed behavior of concrete under various loadings makes it possible to 

identify modes of damage that correspond to certain material properties and portions of 

the stress-strain curve.  Figure 3.1  shows a plot of the stress-strain curve of a typical 

concrete mix subjected to compressive monotonic and cyclic loading generated from 

several tests performed by Bahn and Hsu (1998).  Important characteristics of the stress-

strain relationship and response of the material were summarized by Mehta and Monteiro 

(1993) as follows (Lowes 1999): 

1. Zone A begins when loading commences until about 30% of the peak 

compressive strength.  Inside this zone, the concrete remains linear elastic and 

there is minimal stable crack growth in the transition zone surrounding the 

aggregate.  A stable crack does not grow under a constant load. 

2. Zone B ranges from 30% to 50% of the peak compressive strength.  During 

this phase, there is some reduced material stiffness resulting from the 
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significant increase in crack initiation and growth.  However the crack growth 

is still stable. 

3. Zone C ranges from 50% to 75% of the concrete strength.  There is a further 

reduction in material stiffness partially due to crack initiation and partially due 

to the development of unstable cracks that continue to grow even under a 

constant load. 

4. Zone D begins at about 75% of the concrete‘s strength and ends at the peak 

compressive strength.  Spontaneous cracks grow in the transition zone around 

the aggregates and in the hydrated cement paste (hcp) during this time.  

Additionally, the micro cracks begin to consolidate into a continuous crack 

system.  Once a crack system traverses the transition zone and hcp, there is a 

resulting loss of load capacity (Lowes 1999).  

5. Finally Zone E is beyond the maximum compressive strength and results in 

reduced strength from the development of multiple continuous crack systems. 
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Figure 3.1: Concrete response to monotonic and cyclic compression load. Data from 

Bahn and Hsu, 1998 (Lowes 1999) 

 Overall, the general behavior of concrete is controlled by changes in the stiffness 

that cause a different stress-strain path (Bah and Hsu 1998).  The most significant change 

in stiffness occurs after the maximum compressive strength.  This is due to the 

development of several unstable cracks that consolidate into multiple growing crack 

systems.  Therefore, the maximum compressive strength initiates a damage mode in plain 

concrete. 

3.1.3. Damage in Reinforced Concrete 

Although concrete is strong in compression, the use of confining reinforcement in 

a compression member significantly increases the strength and ductility. Additionally, 

confinement enhances ductility in plastic regions, prevents buckling of longitudinal bars, 

and prevents shear failure (Mander et al 1988a).  However calculations to determine the 

strength and behavior of a reinforced concrete component considering the effects of the 
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confinement can be computational intensive.  In an effort to simplify predictive 

calculations, Mander et al (1988) devised a theoretical model for the stress-strain curve of 

reinforced concrete that utilizes two material types: unconfined and confined concrete.  

Unconfined concrete is the concrete cover and confined concrete is the concrete core that 

would be encompassed by spirals or ties.  Generally, confined concrete generally is 

modeled with a higher compressive strength and ductility in order to consider the effects 

of the confinement reinforcement.   

 The Mander Model is shown in Figure 3.2.  The concrete in tension is modeled 

linearly up to the tensile strength f’t.  When the tensile strength is exceeded, cracks open 

and the tensile strength for all subsequent loading is assumed to be zero.  The 

compressive behavior is governed by the unconfined and confined concrete. 

  The behavior of the unconfined concrete cover is similar to the behavior of 

unreinforced concrete which was described in Section 3.1.2.  The compressive stress in 

the unconfined concrete cover increases linearly until it reaches the unconfined concrete 

maximum compressive strength f’co at co.  After the cover reaches f’co, the stress is 

assumed to decrease linearly until it reaches zero stress at the spalling strain sp. At this 

point, the cover will crack longitudinally and separate from the concrete core at strains 

around 0.004 (Scott et al 1982).   
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Figure 3.2: Stress-strain model proposed for monotonic loading of unconfined and 

confined concrete (Mander et al 1988a) 

After the ultimate compressive strength of the concrete cover is reached, 

transverse strains in the reinforced concrete become higher from the concrete core 

pushing against the reinforcement (Scott et al 1982).  Therefore, Mander et al 1988a 

estimates the confining pressures to determine a stress-strain relationship for the confined 

concrete.   The pressure can be calculated based on the confinement effectiveness 

coefficient which is dependent on the geometry of the section, the amount of transverse 

reinforcement, and the spacing of ties or pitch of spirals.  Assuming that the lateral 

confining pressures from the transverse reinforcement are uniformly distributed over the 

surface area of the core concrete, it is possible to estimate the maximum compressive 

strength of the confined concrete f’cc. 

Lastly, the ultimate strain of the confined concrete, cu, is defined by Scott et al 

(1982) as the longitudinal strain at which the first hoop fracture occurs.  It can be 
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regarded as the end of the useful region of the stress-strain curve for the confined 

concrete core.  After the ultimate strain, there is a sudden drop in the compressive load 

capacity of the core because of the reduction in confinement and loss of buckling restraint 

for the longitudinal reinforcement in compression.  Mander et al (1988a) predicts the 

ultimate strain by using the energy balance approach.  This is based on the concept that 

the additional ductility available when the concrete is confined is due to energy stored in 

the transverse reinforcement.  The total strain energy per unit volume required to fail the 

concrete is the area under the stress-strain curve as shown by Equation 3.1 (Mander et al 

1988a).  The ultimate strain energy capacity of the confinement reinforcement over the 

volume of the confined concrete is    , the area under the confined concrete stress-strain 

curve is    , the area under the unconfined concrete stress-strain curve is    , and the 

additional energy needed to maintain yield in longitudinal reinforcement is    .   

                       (3.1) 

This relationship relates the increase in strain energy absorbed by the concrete 

core to the strain energy available in yielding hoop sets.  Therefore it is possible to 

estimate the ultimate strain at the first hoop fracture from knowledge of the compressive 

strength of the unconfined concrete and the stress in the longitudinal reinforcement 

(Mander et al 1988a).  

In order to validate the theoretical stress-strain curve, Mander et al (1988b) 

conducted several experiments on concentrically loaded columns with various cross 

sectional geometry and reinforcement layouts.  The stress-strain of the total column, the 
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spiral, the vertical reinforcement, and an unreinforced specimen of the same size were 

recorded as shown in the top plot in Figure 3.3a.  Then, these measurements were 

manipulated to obtain stress-strain curves for the unconfined and confined concrete 

shown in the bottom plot of Figure 3.3a.  They found that the theoretical curves gave 

good predictions of the actual stress-strain curves and the theoretical and observed 

confined concrete compressive strength were in close agreement.  Also, they confirmed 

that the estimates of the axial strain corresponding to the 1
st
 hoop fracture, or ultimate 

strain, by the energy approach were compatible with experimental results.  Furthermore, 

Mander et al (1988b) conducted similar experiments on rectangular wall sections.  Once 

again they found that their theoretical model matched the observed behavior as shown in 

Figure 3.3b. 

 
Figure 3.3: Typical experimental stress-strain curves for: (a) spirally reinforced circular 

columns and (b) rectangular wall sections with various reinforcement ratios (Mander et al 

1988b) 

For spiral columns, the strain associated with the maximum compressive strength 

typically ranged from 0.0014 to 0.0015 for the unconfined concrete cover and 0.003 to 
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0.008 for the confined concrete core.   Additionally, the ultimate compressive strain 

corresponding to the 1
st
 hoop fracture ranged from 0.035 to 0.06 (Mander et al 1988b).  

For rectangular columns and wall sections, the strain associated with the maximum 

compressive strength typically ranged from 0.0018 to 0.0022 for the unconfined concrete 

cover and 0.0046 to 0.021for the confined concrete core.  The ultimate compressive strain 

typically ranged from 0.025 to 0.055 (Mander et al 1988b).   

Overall, the damage mode for the concrete cover include spalling at the maximum 

compressive strength of the unconfined concrete and ultimate when the cover no longer 

contributes any strength to the section.  The damage modes for the concrete core include 

crushing at the maximum compressive strength of the confined concrete, which was 

determined by the confining pressures, and ultimate which corresponds to the first hoop 

fracture. 

3.2. Effects of Damage on Reinforced Concrete Section 

 The effectiveness of reinforced concrete relies on the tensile strength of the 

reinforcement combined with the compressive strength of the concrete.  Consequently, 

both are affected when one is damaged.  Based on the discussion in Section 3.1, the 

possible damage modes of RC that will be studied include: (1) yielding of rebar in 

tension, (2) initiation of spalling of the concrete cover at the maximum compressive 

strength of the unconfined concrete at the extreme compression fibers, (3) the ultimate 



 

 

36 

 

strength of the entire concrete cover, and (4) the crushing of the concrete core at the 

maximum compressive strength of the confined concrete. 

In order to analyze how damage affects the section of a reinforced concrete beam 

or column, a section analysis can be performed. As an example, the coupling beam on the 

first story of the NEES shear wall structure will be studied. Figure 3.4 shows the 

geometry of the cross section.  The complete details of the structure and the fiber element 

model used to extract the data for this analysis are in Chapter 4. 

 
Figure 3.4: Cross section of first story coupling beam 

All material properties were modeled by multi-linear stress-strain curves and the 

concrete was modeled using the Mander Model.  Therefore, given the strain output   

from the model, it is possible to determine the stress   in the component of the section by 

Equation 3.2.  The slope of the stress-strain curve for the given level of strain is E. 

          (3.2)  

 The axial force in the PT strand and the strain in the reinforcement in tension, 

reinforcement in compression, and concrete were output from a fiber element model 
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(described in Chapter 4).  The strains were used to calculate the force contribution from 

each component by Equation 3.2.  The unconfined concrete, confined concrete, and rebar 

in compression contributed to the compressive strength of the section while the rebar in 

tension contributed to the tensile strength.  In order for the section to maintain 

equilibrium, the sum of the tensile and compressive forces must be equal to the axial 

force in the PT strand.  This analysis was performed at the occurrence of damage, the step 

before damage, and the step after damage for each possible damage mode.  Differences in 

stresses, strains, forces, and neutral axis depth of the entire reinforced concrete cross 

section were influenced the onset of damage. 

The behavior of the reinforcement‘s strain responses between steps were 

considered to characterize how damage affects the section.  Because strain gauges are 

commonly affixed to the reinforcement embedded in the structure during experimental 

testing, a majority of the structural responses will be measured from the reinforcement.  

Consequently, the changes in the response of the reinforcement must reflect the changes 

in the entire section due to damage.  Details on the effects of damage in the cross section 

are summarized in the following sections and the complete section analysis can be found 

in Appendix A. 

3.2.1. Yielding of Steel Reinforcement 

 Yielding occurs when the stress in the rebar exceeds the maximum tensile 

strength of the steel material.  For the section being analyzed, the top reinforcement is in 
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tension.  Upon yield, the rebar softens.  As a result, the change in strain in the rebar in 

tension will be larger for the same increase in applied load.   

Since the rebar contributes less tensile strength to the section, the neutral axis of 

the section moves away from the rebar in order to balance the tensile and compressive 

forces.  Therefore, there is a larger change in the neutral axis depth upon yielding than 

when no damage occurs.  When the neutral axis moves away from the rebar, it reduces 

the area of the concrete in compression.  However, since there are smaller tensile forces 

in the section from softening, there is no great increase in strains in the concrete or 

reinforcement in compression between steps.  Consequently, there is a decrease in the 

change in strain in the concrete in the section.  Overall, the yielding of rebar in tension 

can be categorized by the increase in the change in strain in the yielded bar and decrease 

in the change in strain in the rebar in compression. 

3.2.2. Spalling of Concrete Cover 

Spalling is initiated when the extreme compression fibers of the concrete cover 

reach the maximum compressive strength of the unconfined concrete.  Spalling of the 

cover in a section causes the change in strain to decrease in the reinforcement in tension 

and increase in the reinforcement in compression. This behavior is exhibited due to the 

following changes in the section when spalling occurs. 

 After the maximum compressive strength, there is a reduction in strength of the 

cover that causes the neutral axis to move toward the tensile reinforcement to balance the 
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forces.  This engages more concrete in compression to match the tensile forces in the 

rebar.  Therefore, the concrete core and reinforcement in compression will have to take 

on more loads in order to balance the section and the rebar in tension will have relatively 

constant strains.  As a result, the change in strain in the concrete and reinforcement in 

compression increases as the change in strain in the rebar in tension decreases.   

However, these changes are not especially drastic in the model used in the section 

analysis because spalling only leads to a 2% reduction in the strength of the cover.  The 

effects of spalling will be greater in reality because the reduction in the modulus of the 

concrete material due to the consolidation of unstable cracks will be accompanied by a 

reduction in the cross sectional area.  As a result, the strength of the cover will drop 

significantly, which would induce greater changes in the strains measured in the rebar 

between pre- and post- spalling. 

3.2.3. Ultimate Strength of Concrete Cover 

 The ultimate strength is when the entire concrete cover has reached the ultimate 

strain of the unconfined concrete.  Hence, the cover is completely failed and it contributes 

no compressive strength to the section.  This induces a decrease in the change in strain in 

the rebar in tension and an increase in the change in strain in the rebar in compression 

due to the following behavior. 

In reality, complete failure of the concrete cover will cause a drastic drop in the 

neutral axis away from the failed concrete to engage more concrete in compression.  For 
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this reason, the concrete core that is still intact and rebar in compression must carry more 

loads, which will cause higher compressive strains in these regions.  This corresponds to 

an increase in the change in strain in the concrete and reinforcement in compression.  

However, the strain in the tensile reinforcement will remain relatively constant because 

the total compressive forces in the section have not greatly increased due to the failure.  

As a result, there will be a decrease in the change in strain in reinforcement in tension. 

3.2.4. Crushing of Concrete Core 

 Crushing of the concrete core is initiated when the extreme compression fibers of 

the core reach the maximum compressive strength of the confined concrete.  Crushing 

causes the change in strain to decrease in the reinforcement in tension and increase in the 

reinforcement in compression.  This behavior is caused by the redistribution of forces in 

the section once the concrete cover has spalled and the concrete core begins to crush. 

When crushing initiates, the strength of the core decreases.  For example, the 

strength of the concrete core decreases by 20% in the model used in this analysis.  

Consequently, the remaining section of the core and rebar in compression must take on 

higher loads and the neutral axis moves towards the tensile reinforcement in order to 

maintain equilibrium.  The compressive strains increase while the tensile strains remain 

relatively constant.  This induces an increase in the change in strain of the undamaged 

concrete and a decrease in the change in strain in the tensile reinforcement.  
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Overall, the spalling and ultimate of the concrete cover and the crushing of the 

concrete core can be categorized by the decrease in the change in strain in the rebar in 

tension and increase in the change in strain in the rebar in compression. 

3.3. Damage Indices 

When a structure is instrumented with a dense network of sensors, there is an 

abundance data that must be analyzed.  It is possible to condense the data into more 

meaningful information regarding the health of the structure by establishing damage 

sensitive features from the measured structural responses.  Damage indices are 

coefficients used to detect changes in the properties of the structure.  This section 

explains the development of the damage sensitive features from the structural model in 

Section 3.3.1 and the structural response in Section 3.3.2.  Then, the proposed damage 

indices are introduced in Section 3.3.3 and Section 3.3.4. 

3.3.1. Structural Model 

The proposed method of damage detection uses damage indices to determine a 

relationship between sensor locations i and j on a structure.  The structural model used to 

establish the damage indices is based on an instantaneous linear relationship between the 

structural responses of any neighbor nodes on a structure. Assuming that the structural 

responses of two neighbor sensors are highly correlated and that damage changes the 

structural response, the relationship between the two locations will change if damage 
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occurs.  Data can be collected pre- and post- damage or during a damaging event because 

the indices establish an instantaneous linear relationship between two sensors.   

The theoretical instantaneous linear relationship upon which the damage indices are 

established does not account for measurement noise.  In reality measurement noise 

contaminates measured signals such that information from some damages may be 

covered by noise (Yan et al 2007). The effects of noise can be managed through data 

processing and by collecting several sets of measurements.  During data collection, an 

abundance of measurements will be captured by the sensors; therefore the theoretical 

linear relationship without noise will be the limit of the relationships established with 

noisy data.  Noise is not an issue in simulations because measurement noise is not 

present. 

Overall, the damage indices are based on the premise that changes in the physical 

properties are reflected in the structural responses which are directly translated into 

changes in the damage indices.  Therefore discontinuities or peaks in the damage indices 

signify a change in the relationship, i.e. possible damage, between the sensors compared 

by the damage index.  

3.3.2. Structural Response 

The structural response chosen for this thesis is the change in strain between load 

steps because the strain at any point on a structure is easily obtainable directly from the 

measurements output by strain gauges.  Also, strain directly corresponds to different 
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material limits at which damage occurs, which was described in the Sections 3.1 and 3.2.  

Consequently, strain is a variable that is directly affected by damage. 

The change in strain at any step t can be calculated using Equation 3.3.  Overall, the 

change in strain is determined based on how much the base shear has varied between the 

steps.  In the application to the DRAIN-2DX model in Chapter 4, Equation 3.4a shows 

how the value between base shears is chosen throughout the loading.  These values were 

chosen because in the beginning load steps, there is a larger change in base shear between 

steps while there is a smaller change in strain. Equation 3.4b shows how the value of base 

shear is chosen for the change in strain of the ABAQUS model in Chapter 6.  Most 

importantly, the calculation of the change in strain can be modified according to the 

loading of the structure being monitored and the data available.   

  ( )   (  ( ))   (  ( )   )    (3.3) 
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    (3.4a) 

  {
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3.3.3. Regression Coefficient,  

The first damage index proposed is  which is a regression coefficient between 

two nodes i and j.  It is calculated for all steps by Equation 3.5 where the change in strain 

at load step t in location j is    ( ). 

   ( )  
   ( )

   ( )
       (3.5) 

3.3.4. Slope of Regression Coefficient,  

 is the slope or first derivative of .  It is the slope between two load steps on a plot 

of     versus base shear as shown in Equation 3.6.  This damage index is based on the 

observation of when     is plotted against the base shear    at any given load step t the 

slope between the damage index and base shear s steps before will change during the 

onset of damage.  A step size of one proved to be affective in this application. 

   ( )  
    ( )    (   ) 

   ( )   (   ) 
     (3.6) 

3.4.Effects of Damage on Damage Indices 

In general, when the material strain limits are reached in an element, it is inferred 

that the element will exhibit the corresponding damage mode at a certain value of base 

shear; thus inducing a change or peak in the damage index.  Furthermore, each change or 

peak in the damage index can be associated with a corresponding level of base shear or 

load step.  An effective damage index exhibits these peaks at the step associated with a 

material damage mode.   
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The behavior of the damage index is dependent on the type of damage, which 

sensors are compared, and on how the damage index is calculated.  Generally, damage in 

an element causes an increase in the rate of change of the strain. The stress in an element 

at any time can be directly calculated by the basic stress-strain relationship described in 

Equation 3.2 where E is the modulus or slope of the stress-strain curve at any strain .  

The initial elastic modulus of steel or concrete is the steepest.  After yielding, spalling, or 

crushing, the modulus decreases and slope of the stress-strain curve becomes flatter; thus 

there is a larger change in strain for the same change in stress. 

Consequently,  will increase if the damaged element is used as sensor j and will 

decrease if it is used as sensor i in Equation 3.5.  On a plot of  against the base shear 

during loading, damage will be recognized as a change in slope of .  Therefore, if  

decreases,  will show a negative peak and if  increases,  will show a positive peak 

when the element becomes damaged.  Figure 3.5 summarizes the effects each damage 

mode has on the components of the RC cross section that were discussed in Section 3.2.  

Then, the effect that damage mode has on the change in strain in a sensor can be used to 

determine how the damage indices will be influenced by using Figure 3.6.  

Understanding the behavior of the damage indices is crucial for numerical validation. 
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Figure 3.5: Effects of damage modes on strain in components of beam cross section 

 

 
Figure 3.6: Flowchart of how changes in strain affect damage indices  and  
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3.5.Methodology for Validation of Damage Indices 

Validation of the damage indices through simulation models and experiments is 

necessary to confirm that the proposed damage detection methods are effective.  

Simulation data produced from a fiber or finite element model is an easy and inexpensive 

means for generating data for damage detection.  Models are especially valuable because 

the structural geometry and all of the material properties are known.  Consequently, the 

behavior of the structure and expected damages are simple to predict.  Additionally, large 

amounts of data can be extracted from the model in order to simulate a dense sensor 

network. Two simulation models were used in the development and verification of the 

damage indices: a DRAIN-2DX fiber element model and an ABAQUS finite element 

model. 

A DRAIN-2DX fiber element model was previously developed by The University 

of Notre Dame for a new type of earthquake resistant structure that utilizes post-

tensioned coupling beams to transfer the loads to reinforced concrete shear walls.  The 

geometry, material properties, modeling assumptions, and observed behavior of the 

structure are analyzed in the beginning of Chapter 4. Then, the damage modes of the 

model as well as when and where damage occurs in the structure are defined.  Finally, 

both damage indices are calculated using the strains output from select elements at each 

story level of the structure.  Since changes in slope of  and peaks of  categorize 

damage, each sensor pair combination is examined to verify that these changes in damage 

indices correspond to a particular damaging event and location. 
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An ABAQUS finite element model of a two-bay, two-story reinforced concrete 

special moment-resisting frame (SMRF) subjected to large lateral loads was formulated 

in order to evaluate the performance of the damage indices on a more widely used 

earthquake-resistant structure.  The development of the model is detailed in the beginning 

of Chapter 6.  The strain data from select elements that experience damage are used to 

calculate the damage indices.  Since the material properties are known, the load step at 

which damage occurs in each element is known.  Therefore, known damages are 

compared to changes of slope in  and peaks in  to verify the damage indices. 

Experimental testing differs from simulation models in that exact material 

properties are unknown, structural geometry may be different than expected due to 

construction errors, and there is measurement noise.  Most importantly, experiments 

display how a structure will behave in reality; whereas simulation models often have 

several simplifications and assumptions that are not necessarily true in real life.  As a 

result, it is extremely important to validate the damage indices with experimental data.  A 

40% scaled version of the post-tensioned coupled shear wall is scheduled to be tested 

using hybrid simulation in September 2013.  The structure is instrumented with hundreds 

of strain gauges and ten digital image correlation (DIC) camera set-ups in order to create 

a dense sensor network of data.  Data extracted from the experiment will be utilized to 

calculate the damage indices.  Observations will be used to determine if changes of slope 

in  and peaks in  correspond to certain damages in the structure.  Details about the 

large scale testing and how damage indices may differ from the simulation data can be 
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found in Section 4.1.2 and Section 4.6 respectively.  Additionally, a future project of an 

RC ductile moment frame will validate the damage indices experimentally through a 

series of component testing, scaled testing, and hybrid simulation.  Further details on the 

RC frame project are in Section 6.6. 

3.6.Considerations for Validation 

Two error types are possible in identifying damage: false positives and false 

negatives (Fugate et al 2001).  A false positive detects a possible damage when no 

damage has occurred and a false negative does not detect a possible damage when 

damage is present. Although false positives can lower the confidence in the damage 

detection method, false negatives are more detrimental (Farrar et al 2001).  False 

negatives can result in serious life-safety hazards if damage is not recognized before 

catastrophic failure of the structure. 

 The focus of this analysis is to ensure that the proposed damage indices show a 

change in behavior when damage occurs such that there are no false negatives.  Any false 

positives will be ignored in this current research, but will be examined in future work. 

Therefore the performance of the damage indices during the simulation and experimental 

validation studies will be evaluated only on their ability to detect the known damages. 
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4. NEES POST-TENSIONED COUPLED SHEAR WALL 

4.1. Introduction 

Coupled shear wall systems are lateral load resisting systems that are frequently used 

to effectively transfer the loads between the wall piers and dissipate energy during an 

earthquake.  A common way of achieving the desired ductile behavior is by using 

diagonal reinforcement, which is difficult to construct.  The NEES Coupled Shear Wall 

being studied at Lehigh University‘s ATLSS in conjunction with The University of Notre 

Dame and The University of Texas at Tyler proposes a new system as a superior 

alternative to diagonally reinforced coupling beams.  

Overall, the project has two main purposes.  The first is to study the behavior of this 

new system to prove that it provides significant performance, construction, and economic 

benefits and sustains little damage during a severe earthquake.  The second purpose is the 

focus of this research, which is to develop data-driven damage detection methods to 

detect the existence and location of damage in reinforced concrete structures.  Data from 

a simulation model and experimental testing with dense instrumentation are used to 

develop and validate these methods. 

The proposed specimen is a shear wall core of a hypothetical 8-story building in a 

high-seismic region shown in Figure 4.1.  It is composed of 2 C-shaped shear walls 

linked at each floor level by post-tensioned coupling beams with debonded reinforcement 

that extends into the wall pier for energy dissipation.  
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Figure 4.1:  8-story specimen: (a) prototype plan (b) prototype elevation (courtesy of 

Steven Barbachyn) 

This type of system has several advantages over traditional lateral resisting 

systems under large lateral displacements because of key unique components such as 

reinforcement that extends into the beam-wall interface and post-tensioning strands in the 

coupling beams.  The debonded reinforcement, or energy dissipating (ED) steel bars, are 

not bonded to the coupling beam; therefore they will yield to provide energy dissipation.  

Post-tensioning (PT) tendons provide additional strength and stiffness to the beam as well 

as a ―self-centering‖ force.  This ―self-centering‖ force brings the structure back to its 

original position after large lateral displacements, thus greatly reducing the residual 

lateral displacement at the end of an earthquake.  Lastly, the coupling beams are much 

simpler to construct than a diagonally reinforced beam and are easy to replace if severe 

damage occurs.  
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Additionally, the PT strands and ED reinforcement induce behaviors in the 

system, like gap opening and concentrated cracking, which further dissipate energy and 

reduce damage.  Previous experiments and fiber element models of coupled shear wall 

systems (Kurama et al 2004, 2006, 2007, 2010) provide a basis for predicting these 

behaviors in the structure and the transfer of loads in the coupling beams, which is 

depicted in Figure 4.2a.  As the lateral displacement of the wall structure increases, the 

beam begins to elongate and develop an axial force Nb opposing the PT force.  The upper 

shear force Fwts will be less than the lower shear force at a story Fwbs causing the axial 

force in the beam to become larger than the PT force.  This should be visible by gap 

opening at the beam ends.  Also, diagonal compressive struts form in the coupling beams 

opposite to the gap opening.  At the ends of the compressive strut, cracking occurs at the 

beam ends in compression as shown in Figure 4.2b on the left.  This cracking is 

controlled to the corners only as opposed to the extensive cracking that would develop in 

a typical monolithic RC beam shown in Figure 4.2b on the right.  Overall, the gap 

opening can be viewed as ―lumped cracking‖ at controlled locations which reduces 

damage to the end of the coupling beam (Kurama and McGinnis 2011).   

Lastly, under large lateral displacements, the forces in the first story coupling 

beam should be higher than those in the upper story beams. As a result, the most critical 

forces are near the wall causing cracking at the feet of the wall piers as shown in Figure 

4.2a (Kurama et al 2004).   
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Figure 4.2: Predicted behavior: (a) axial restraint; (b) axial elongation, gap opening, and 

controlled cracking (Kurama and McGinnis 2011) 

 The performance of the proposed PT coupled shear wall system will be evaluated 

through simulation data and large-scale testing.  Furthermore the simulation model will 

be examined to study the behavior of the structure, possible modes of damage, and create 

an instrumentation plan for experimental testing.  Data generated from the simulation 

model and future large-scale experiments will be extracted to generate the damage 

indices in order to validate the damage detection methods established in Chapter 3. 

4.2. Large-Scale Testing 

A 3-story 40% scale structure under static reversed cyclic loading up to 3% roof 

drift will be used to model the 8-story structure under earthquake loading using ASCE7-

10 Equivalent Lateral Forces (ELF) and hybrid simulation.  The hybrid simulation 

implemented in this project involves the technique of substructuring, which divides the 

reference structure into a physical substructure and a numerical or computational 

substructure (NEES 2013). The two substructures are linked by using actuators to enforce 
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equilibrium and compatibility at the interface.  The process for determining the forces 

that will be applied to the physical substructure in large-scale testing is summarized in 

Figure 4.3.  

 
Figure 4.3: Laboratory test hybrid simulation: (a) ELF's by ASCE 7-10 on 8-story 

structure, (b) lateral forces converted to lab substructure, (c) forces applied on 3-story lab 

substructure for hybrid simulation (courtesy of Steven Barbachyn). 

First, in order to simulate the earthquake forces on the structure, the equivalent lateral 

forces acting on all eight stories are calculated by the equivalent lateral force procedure 

of ASCE7-10 (Figure 4.3a). The ASCE7-10 ELF procedure places static forces on a 

structure with magnitudes and directions that closely approximate the dynamic effects of 

an earthquake.  Then, the forces are converted to the 40% scale three-story substructure 

while still obtaining the same global reaction forces at the base of the wall piers and 

inside the coupling beams (Figure 4.3b).  Lastly, the moment and axial forces at the level 
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of the 3
rd

 story determined from a DRAIN-2DX model are used to simulate the top five 

stories of the building with hybrid simulation (Figure 4.3c).  

The schematic of the proposed setup in the laboratory at ATLSS is depicted in Figure 

4.4.  During testing, one horizontal actuator will apply the static reverse-cyclic lateral 

force at the third story level to develop the desired base shear.  Two additional horizontal 

actuators will distribute the lateral force between the two walls.  This is necessary 

because the lateral loads are not evenly carried by the two shear walls by design. Lastly, 

four vertical actuators will apply forces to the third story for hybrid simulation.  The 

instrumentation plan for the laboratory specimen is presented in Section 4.5.  

 
Figure 4.4: Proposed laboratory setup at ATLSS (courtesy of Steven Barbachyn) 
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4.3. DRAIN-2DX Model 

4.3.1. Description of Model 

A fiber element model in DRAIN-2DX was previously developed to study the 

behavior of the structure under large lateral displacements.  The initial purpose of this 

model is to determine the expected behavior of the structure before constructing the 

laboratory specimen and to examine strain and stress concentrations to develop an 

effective instrumentation plan.  For the focus of this research, the DRAIN model is used 

to extract data, such as strains in components of the structure, to develop and validate 

data-driven damage detection techniques. 

In order to determine expected damage modes and the effect of damage on the 

structure, it is necessary to completely understand the components, the assumptions of the 

model, and the behavior observed in each of the components.  This information is crucial 

to the development of damage detection methods and to the verification of their 

capabilities on the simulation data.  Therefore this section reviews the formulation of the 

model through the element groups, material properties, loading, important outputs, 

slaving, and the distribution of displacement and strains. 

4.3.1.1.Element Groups and Material Properties 

In the DRAIN input, element groups specify the material properties, cross 

sections, and behaviors.  An element connects two nodes in the structure and the structure 

is divided into different element groups depending on the location of the nodes.   The 
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element groups include the: (1) left and right C-shaped wall piers, (2) coupling beams, (3) 

and (4) PT tendons, and (5) ED steel as shown in Figure 4.5. 

 
Figure 4.5: DRAIN element groups and material properties.   

DRAIN defines material properties by a stress-strain curve specified by the user.  

This stress-strain relationship uses a multi-linear idealization to consider nonlinear 

properties of the materials.  Concrete has a multi-linear relation in tension and 

compression (compression positive) as shown in Figure 4.6a.  The concrete begins to lose 

strength after E2C, S2C.  The behavior of steel is governed by the stress-strain 

relationship shown in Figure 4.6b.  These properties are consistent in tension and 

compression. Yield occurs at E1, S1. 
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Figure 4.6: DRAIN 2DX material properties for: (a) concrete and (b) steel (Prakash 1993) 

The DRAIN model of the shear wall structure is comprised of 9 different 

materials: unconfined concrete and confined concrete in wall piers, zero-tension 

unconfined and confined concrete at coupling beam ends, linear-tension unconfined and 

confined concrete in the remainder of the coupling beams, #3 mild rebar for the ED steel, 

and #4 and #6 rebar for the vertical reinforcement in the wall piers.  Each uses a multi-

linear idealization to consider nonlinear properties of the materials as shown in Figure 

4.5.  Since the transverse reinforcement is not physically modeled, the concrete elements‘ 

cross sections are composed of two concrete materials—unconfined and confined 

concrete using the Mander Model.  Unconfined concrete is the strength of the concrete 

cover and confined concrete is the core of the beam encompassed by the transverse 

reinforcement.  It has a higher compressive strength than the unconfined concrete in order 

to simulate the added strength from the confinement 
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Wall Piers 

The wall piers consist of an unconfined concrete cover and a confined concrete 

core.  They are longitudinally reinforced by #6 mild steel rebar with a yield strength of 60 

ksi and by #4 mild steel rebar with a yield strength of 50 ksi.  The stress-strain 

relationships for the wall pier element materials are shown in Table 4.1 and Table 4.2  

Highlighted values indicate values of stress and strain at which possible damage or 

failure modes of the material occur. 

Table 4.1: Stress-strain input for wall pier concrete material properties   

Unconfined Concrete 
 

Confined Concrete 

Stress Strain Damage Modes Stress Strain Damage Modes 

-0.01 -3.09E-03 

 

-0.01 -3.09E-03 

 -0.4 -9.06E-05 

 

-0.4 -9.06E-05 

 3.3113 0.00075 

 

3 0.0007   

5.58 0.0015 

 

6 0.0019   

6 0.002 Max Comp. Strength-Spall 8.2 0.0036   

5.9 0.003 

 

8.88 0.0068 Max Comp. Strength-Crush 

5.7 0.004  Ultimate 6.6 0.028  Ultimate 

 

Table 4.2: Stress-strain input for wall pier steel material properties 

Mild Steel (#6- 0.75” dia.) 
 

Mild Steel (#4-0.5” dia.) 

Stress Strain Damage Modes Stress Strain Damage Modes 

0 0   0 0   

60 0.00207 yield 50 0.00172 yield 

73 0.01   67 0.013   

94 0.04   88 0.04   

102 0.08   98 0.08   

103 0.12 ultimate 99 0.12 ultimate 

Coupling Beam Concrete 

The coupling beams consist of #3 mild reinforcement for the ED steel, zero-

tension unconfined and confined concrete at the ends, and linear-tension unconfined and 
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confined concrete in the remainder of the beam.  The concrete material properties are 

summarized in Table 4.3.  Highlighted values indicate values of stress and strain at which 

possible damage or failure modes of the material occur. 

Table 4.3: Stress-strain input for beam zero-tension unconfined and confined concrete 

material properties  

Zero Tension Unconfined 
 

Zero Tension Confined 

Stress Strain Damage Modes Stress Strain Damage Modes 

0 0 Tension Failure 0 0 Tension Failure 

3.3113 0.00075   4 0.00091 

 5.58 0.0015   9 0.0033 

 6 0.002 Max Comp. Strength-Spall 12 0.007 

 5.9 0.003   12.6 0.013 Max Comp. Strength-Crush 

5.7 0.004  Ultimate 10 0.0702  Ultimate 

 

Linear Tension Unconfined 

 

Linear Tension Confined 

Stress Strain Damage Modes Stress Strain Damage Modes 

-40 -0.009 Tension Failure -40 -0.009 Tension Failure 

0 0   0 0   

3.3113 0.00075   4 0.00091   

5.58 0.0015   9 0.0033   

6 0.002 Max Comp. Strength-Spall 12 0.007 

 5.9 0.003 

 

12.6 0.013  Max Comp. Strength-Crush 

5.7 0.004  Ultimate 10 0.0702  Ultimate 

 

Since a majority of the damages will occur at the beam ends, the zero-tension 

unconfined and confined concrete material models are examined further for complete 

understanding of the behavior.  The stress-strain curve for the zero-tension unconfined 

concrete is shown in Figure 4.7a.  The stress-strain curve can be compared to the typical 

curve and corresponding zones described by Mehta and Monteiro (1993) in Section 3.1.2 

in order to determine when damage occurs.    
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In the concrete cover, the elastic modulus is initially 4415 ksi until 0.55f’c.  

According to the observed behavior by Mehta and Montiero (1993), the concrete will 

then be in Zone C and will begin to develop unstable cracks; thus causing a reduction in 

stiffness.  As a result, the modulus becomes 3720 ksi until 0.93f’c.  Then, spontaneous 

cracks form and grow causing the concrete to lose stiffness again (Zone D).  

Subsequently, the slope decreases to a modulus of 840 ksi until the maximum 

compressive stress is reached.  After the maximum compressive strength (Zone E), the 

modulus becomes negative as the strength of the unconfined concrete diminishes. 

 
Figure 4.7: Stress-strain curve for: (a) zero-tension unconfined concrete and (b) zero-

tension confined concrete in DRAIN model 

 The confined concrete has a higher compressive strength, can withstand higher 

strains, and has a more ductile reduction in strength than the unconfined concrete.  The 

stress-strain curve for the zero-tension confined concrete is shown in Figure 4.7b.  

Initially, the elastic modulus is 4395 ksi until 0.32f’c which is considered Zone A.  Here 

the concrete remains linear elastic.  Then in Zone B, the modulus decreases to 2727 ksi 

due to some reduction in material stiffness from stable crack growth until 0.71f’c .  After 
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0.71f’c in Zone C, unstable cracks lower the stiffness to 810 ksi until 0.95f’c.  Finally in 

Zone D, the stiffness drops significantly to 100 ksi as unstable micro cracks consolidate 

into a continuous crack system until the maximum compressive strength is reached.  

Afterwards, the modulus becomes negative in Zone E and the strength of the confined 

concrete diminishes until an ultimate strain. 

In the DRAIN model, the compressive strength of the unconfined concrete is 6 ksi 

at 0.002 strain and the compressive strength of the confined concrete is 12.6 ksi at 0.013 

strain.  After f’c  is reached, the strength and stiffness of the concrete is greatly reduced 

and damage will be initiated at the maximum compressive strain associated with f’c.  

Therefore in the analysis presented, the maximum compressive strength of the 

unconfined and confined concrete will be considered a damage mode and will be referred 

to as spalling and crushing respectively.   

By the definition of crushing defined by ACI318-08, the unconfined concrete 

cover and confined concrete core crush at the ultimate strains of the concrete and lose all 

of their strength.  This corresponds to 0.004 strain for unconfined concrete and 0.0702 

strain for confined concrete.  However, the concrete never completely loses all strength in 

the model.  Instead, DRAIN assumes that the strength of the unconfined concrete and 

confined concrete remain at 5.7 ksi and 10 ksi respectively after ultimate.  In this thesis 

the ultimate strength of the concrete will be referred to as ultimate instead of crushing.  It 

is not realistic to assume that the unconfined concrete cover still contributes to the 

strength of the section once it fails, but for the purposes of this research the significance 
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of this error will not be considered. Instead, the detection of ultimate will be disregarded 

as a possible damage mode from the simulation data.  However, it should be considered 

in experimental testing since it will greatly affect the strength of the section. 

Coupling Beam ED Steel 

The debonded rebar at the ends of the coupling beams are modeled by the ED Steel 

Elements in DRAIN.  The lengths of the ED Elements, Lcr, were chosen based on desired 

demand.  The stress-strain curve for the mild steel reinforcement used for the energy 

dissipating steel in the DRAIN model is shown in Figure 4.8 and in Table 4.4 in tabular 

form. 

 
Figure 4.8: Stress-strain curve for ED steel in DRAIN model 

 It is important to note that the steel behaves the same in tension and compression.  

ED steel will behave linear elastically until yield at 60 ksi and 0.00207 strain.  Then, two 

linear portions of the curve represent the plastic range until strain hardening begins at 

0.04 strain.  Lastly, the steel will fracture at an ultimate strain of 0.12.  



 

 

64 

 

Table 4.4: Stress-strain input for material properties of ED steel 

 

ED Mild Steel(#3-0.375" dia.) 

Stress Strain Damage Modes 

0 0   

60 0.00207 yield 

80 0.015   

98 0.04   

107 0.08   

109 0.12 ultimate 

4.3.1.2.Loading 

The DRAIN Model is loaded in 5 different load segments.  Segment 1 applies the pre-

stress force.  Segment 2 applies the gravity dead and live loads.  Segments 3-5 consist of 

static displacement controlled monotonic loading to about 3% roof drift.  Roof drift is 

measured as the relative displacement between the top floor and the base of the structure. 

Each segment is composed of 425 steps with 0.01 inches of displacement applied per step 

for an overall segment length of 4.25 inches.  Since loading of the DRAIN model is 

displacement controlled, the displacement increases linearly each step.  The roof drift 

versus load step can be seen in the top plot of Figure 4.9. 

4.3.1.3.Important Output 

Base Shear 

The shears at the wall pier bases are output to use as a reference throughout loading.  

The shear at the base of the structure, Vb, can be calculated by Equation 4.1 where      is 

the shear force in Element 101 at the base of the left wall pier and      is the shear force 

in Element 201 at the base of the right wall pier.  
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                   (4.1) 

The base shear is calculated for every step during every load segment and it does not 

increase linearly from step to step as shown in the bottom plot of Figure 4.9.  It is 

important to understand the behavior of base shear because it directly corresponds to the 

loading and behavior of the structure.  Also, it will be used as a scale to which strains in 

certain elements and other behaviors will be plotted against.   

 
Figure 4.9: Loading of model: roof drift (top) and base shear (bottom) 

Strain 

Since the damage indices are sensitive to the change in strain, it is necessary to 

extract the strain in each sensor location from the model output.  The elements used in the 

model are type 15, which assume that plane sections remain plane.  Using this 
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assumption, the strain distribution over the cross section of the beam or wall pier can be 

computed by Equation 4.2.  The variables are illustrated in Figure 4.10. 

                          

                                (4.2) 

 
Figure 4.10: Strain distribution over cross section 

For each element in the model, the DRAIN output provides the strain at the element 

centroid    and the curvature   at each load step.  Tensile strains are positive and 

compressive strains are negative.  Therefore the strains on at a particular location of 

interest, such as the location of a sensor in the large-scale testing or at the extreme 

compression fiber of the beam cross section, can be estimated using Equation 4.2. 

4.3.1.4.Slaving 

In order to model the connectivity between different elements in the structure, 

certain nodes are slaved to each other.  It is important to examine how the elements are 

connected in the model to understand how the different components will react with each 

other.  ED steel elements are only slaved to an interior beam node at one end and a wall 

pier node at the other.  Concrete beam nodes in between these nodes are not slaved to the 

ED element since the ED bars are not bonded to the concrete that surrounds it.  For 
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example, ED Nodes 14 and 18 are slaved to Wall Node 203 and ED Nodes 13 and 17 are 

slaved to Beam Node 308 as shown in Figure 4.11.  Additionally, the wall pier element is 

slaved to the end beam element on the same story level (Wall Element 203 and Beam 

Element 311).  Consequently, ED Node 18 is indirectly slaved to Beam Node 311 at the 

far right end of the coupling beam.   

 
Figure 4.11: Slaving on 1st story of DRAIN model 

These constraints are only displacement compatible and they account for the 

location of the node.  For example, Figure 4.12a shows the x-displacement of the slaved 

nodes on the right side of the 1
st
 story coupling beam (depicted in Figure 4.11).  The x-

displacement is exactly the same in the wall node and right end beam node (Nodes 203 

and 311).  However, the x-displacement is less in the bottom ED end node (Node 14) and 

greater in the top ED end node (Node 18).  Additionally, the interior beam node 

experiences less lateral displacement than the end beam node.  The x-displacement is 

greater in the bottom ED interior node (Node 13) and less in the top ED interior node 

(Node 17). 
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Similarly, the y-displacement for the same nodes is shown in Figure 4.12b.  The 

y-displacement is exactly the same for the ED end nodes (Nodes 14 and 18) and beam 

end node (Node 203).  It is also equal for the ED interior nodes (Nodes 13 and 17) and 

the beam interior node (Node 308).  However, the y-displacement is less in the interior 

beam and interior ED nodes than the end beam and end ED nodes, but more than in the 

wall node.   The differences in the y-displacement are due to the curvature of the 

elements.  

 
Figure 4.12: Displacement of slaved nodes on right side of 1st story beam in the (a) x-

direction and (b) y-direction 
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Overall, slaving produces a linear x-displacement distribution and constant y-

displacement across a plane of a cross section. Therefore, if the displacement along the 

cross section is examined at any load step in the model, the x-displacement distribution is 

perfectly linear from the compression ED, to the beam centroid, to the tension ED. 

4.3.1.5.Strain Distribution across Cross Section 

For design calculations, ACI-318 assumes that the strains in the concrete and 

reinforcement are linear across the cross section so that the strain at any point in the cross 

section is directly proportional to the neutral axis.  It is known that the strain distribution 

across the concrete in the model is linear because of the element type used.  However, it 

was uncertain if the ED steel strains also fit this linear distribution.  Since x-

displacements are linear across the cross section of the coupling beams cross section from 

the compression ED, to the beam centroid, to the tension ED, the strains should also be 

linear. Therefore the strain distribution was studied further to verify this by estimating 

strains from the linear x-displacement distribution and comparing the estimated strains to 

the strains directly output by DRAIN. 

 It is possible to estimate the strains in an element from the displacement by 

Equations 4.3.          is the x-displacement of the first node in the element,         is 

the x-displacement of the second node in the element, and L is the length of the element 

(12 inches for ED steel and 4.5 inches for beam). 

  
               

 
     (4.3) 
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The estimated and calculated strain distributions for three different load steps 

were compared to ensure that the distribution remains linear across the cross section from 

the compression ED, to the beam centroid, to the tension ED throughout loading, even 

after damage. The first step was before any damage, the second step was after spalling 

and before yielding, and the third step was before crushing.  Figure 4.13 shows the 

comparison for the right end of the 1
st
 story coupling beam as well as the length of the 

elements and the formulas for calculating the estimated and actual strains.  

 
Figure 4.13: Calculated strain distribution compared to actual 

The calculated strain distribution is perfectly linear across the cross section and 

the measured strain is not perfectly linear, but it is very close to the calculated strain.  

However, the magnitudes of the calculated strains are slightly lower than the measured 

strains in tension and higher than the measured strains in compression.  Also, there is 
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more of a difference between calculated and measured strains for the beam elements than 

ED elements.  This could be due to the complexity of the beam element compared to the 

ED element. 

In conclusion, since the strain distribution including the ED steel is linear, it 

confirms that the entire beam cross section, composed of unconfined concrete, confined 

concrete, tension ED steel, and compression ED steel, acts as a unit.   

4.3.2. Additional Model Assumptions 

The DRAIN model uses several assumptions in order to model the desired global 

non-linear behavior of the coupled shear wall system.  A majority of the non-linear 

behavior of the structure occurs at the coupling beams, particularly as gap opening at the 

beam ends.  Therefore all of the tensile properties of the materials are chosen to limit all 

other forms of tensile deformations in the beam.  This is accomplished in the model by 

using zero-tension concrete at the beam ends and linear-tension concrete in the remainder 

of the beam. 

Zero-tension concrete sets the tensile strength of the concrete at the beam 

elements ends to zero so that the only non-linear behavior of the beam ends in tension is 

due to the gap opening.  Strain in the end beam elements while in tension measures the 

gap opening through the percent elongation.  Since the length of the end beam element L 

is 4.5 inches, the gap opening can be calculated throughout the loading by Equation 4.4.  
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The tensile strain in the concrete at the extreme tension fiber is    .  On the 1
st
 story, gap 

opening does not exceed one inch, even at the highest levels of roof drift. 

                 (4.4) 

Linear-tension concrete will induce linear behavior in the interior beam concrete 

elements in tension until the concrete fails at 40 ksi (0.009 strain).  Since the strain in the 

concrete is not expected to exceed 0.009 until extremely high roof drifts, the tensile 

strength of the interior beam elements is virtually infinitely linear.  Thus the dominant 

tensile non-linear behavior in the coupling beam will be limited to gap opening.  Overall, 

the tensile behavior of the concrete in the interior sections of the coupling beams is not 

realistic and should not be used for damage detection. 

4.3.3. Model Behavior Observed and Expected Damage 

It is important to examine the behavior of the structure and its components in 

order to determine which elements are valid for damage detection, what type of damage 

is expected, and where damage will occur.  The entire system can be divided into six 

main components: the base of the wall piers, the beam-wall interface at the left and right 

wall piers, the coupling beam concrete, the energy-dissipating rebar, and the PT tendons.  

The DRAIN model outputs are analyzed to determine where high strains are concentrated 

and where damage will occur. 
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4.3.3.1.Wall Pier Base 

Since the lateral force is being applied from left to right, the left sides of the wall 

piers are in tension and the right sides are in compression.  As a result, the highest 

compressive strains occur at the right toes of the wall pier bases.  Compressive strains are 

higher in the left wall pier; therefore the unconfined concrete will spall at the right toe of 

the left wall pier around 410 kips before the right wall pier spalls around 480 kips. 

4.3.3.2.Beam-Wall Interface 

In order to analyze the behavior of the wall piers at the beam-wall interface there 

will be strain gauges located on the vertical #6 steel reinforcement during the large scale 

testing.  The locations of these strain gauges on the vertical wall reinforcement 

correspond to a specific location in the DRAIN model 41.25 inches from the centroid of 

the wall pier element.  Each wall element is divided into segments at which the strain and 

curvature are measured at.  For example, the element from Node 101 to Node 102 is 

divided into four sections spaced 7.2‖-7.2‖-9.6‖-9.6‖ as shown in Figure 4.14.  Then, the 

element from Node 102 to Node 103 is divided into two sections spaced 16.8‖-16.8‖.  

Lastly, the remaining wall elements in the wall are divided into two equal segments of 

24‖.  The strain in the segment at which each strain gauge is located is used in Equation 

4.2 with x=-41.25 inches and x=41.25 inches to find the strain at the location of each 

gauge on the left and right wall piers respectively. 
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Figure 4.14:  Wall pier element segments and cross section (Cross section adapted from 

drawings courtesy of Steven Barbachyn) 

Figure 4.15a shows the strain-base shear relationship of the left wall pier strain 

gauges.  At the location of the strain gauges, the wall is in compression.  As the lateral 

displacement increases, so do the magnitudes of compressive strains at the strain gauges. 

Additionally it can be seen that there are larger strains closer to the base since the strain 

at the 1
st
 floor SG‘s are greater than the strains at the 2

nd
 floor SG‘s which are greater 

than the strains at the 3
rd

 floor SG‘s.  

The strain-base shear relationship of the right wall pier at the location of the strain 

gauges is shown in Figure 4.15b.  As the lateral displacement increases, the tensile strains 

increase.  Since the tensile properties for concrete are not realistically modeled, the strain 
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gauges in the right wall pier will be disregarded for damage detection using the 

simulation data. 

 
Figure 4.15: Strain in wall pier strain gauge locations: (a) left wall pier and  (b) right wall 

pier 

The corresponding base shears at which each of the possible damage modes occurs at 

each strain gauge is summarized in Table 4.6.  Spalling occurs in at the location of the 

strain gauges below and above the 1
st
 story beam-wall interface and below the 2

nd
 story 

beam-wall interface. 

4.3.3.3.Coupling Beam Concrete 

The cross section of a coupling beam in the DRAIN model and large-scale model 

is shown in Figure 4.16a and Figure 4.16b, respectively.  The total depth of the beam is 

9.625 inches and the width is 7.25 inches.   
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Figure 4.16: Cross section of coupling beam: (a) in DRAIN model and (b) for large scale 

testing (Courtesy of Steven Barbachyn) 

In the large scale model to be tested, the strain gauges will be located along the #3 

mild steel reinforcement in the coupling beams.  Therefore, the strains at the level of the 

mild steel reinforcement above and below the centerline of the beam are calculated using 

Equation 4.2 to use in the damage detection techniques. 

In order to examine the behavior of the concrete in the coupling beams where data 

will be collected in the large-scale test, the strain in each element of the beam at the level 

of the reinforcement is plotted versus the base shear in Figure 4.17 for the 1
st
 story. The 

top right corner of the beam (Element 310t) and bottom left corner (Element 301b) have 

the highest compressive strains which will induce unconfined concrete spalling and 

confined concrete crushing.  Initially, the entire beam is in compression due to the post-

tensioning force.  After the PT force is overcome, a compressive strut forms in the beam.  

The strains in each of the interior beam elements in the compressive strut are much lower 

than the strains in the end beam elements and the ED steel elements.  These interior beam 



 

 

77 

 

elements do not reach the strain limits for spalling or crushing; therefore they will not 

experience material failures.   

 
Figure 4.17: Strains in 1st story coupling beam elements 

Since the loading is monotonic, once a portion of the beam goes into tension, it 

remains in tension for the remainder of the loading.  However, tensile properties of the 

concrete are not realistically modeled in order to limit all non-linear tensile behavior in 

the beams to gap opening at the ends.  As a result, only the beam elements in 

compression can be used for damage detection purposes.  In order to examine which 

elements are valid for damage detection purposes, the strains in all of the linear-tension 

concrete (interior) beam elements on the 1
st
 story are shown separately in Figure 4.18.  

The only elements to be in tension are the bottom left (302b) and top right (309t), while 
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the rest of the beam is entirely in compression.  Consequently, these elements are not 

valid for damage detection. 

 
Figure 4.18: Linear tension beam concrete elements on 1

st
 story 

Similar behavior is exhibited by the 2
nd

 Story and 3
rd

 Story coupling beams.  

However, at higher stories compressive strains decrease and tensile strains increase.  This 

behavior is because there will be larger gap openings at higher stories as the beams move 

with the curvature of the deformed wall piers.  As the gap opens, it induces a higher 

strain in the ED steel in tension and causes the outermost unconfined concrete to spall at 

the corners in compression.  However, gap opening causes less strain to be transferred 

into the coupling beam concrete in compression from the wall pier; therefore there are 

lower compressive strains in the concrete at higher stories as the lateral loads increase. 
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Since the portions of the cross section at which the highest compressive strains 

occur are at the extreme compression fibers, the strains at the outermost fiber of the 

unconfined concrete cover and confined concrete core were examined to find the shears 

at which damage is first initiated.  In accordance with the damage modes described in 

Section 3.1, the spalling of the concrete cover occurs when the extreme compression fiber 

in the unconfined concrete reaches its maximum compressive strength at 0.002 strain and 

ultimate of the concrete cover occurs when the extreme compression fiber in the 

unconfined concrete reaches an ultimate strain of 0.004.  Also, the crushing of the 

concrete core occurs when the extreme compression fiber in the confined concrete 

reaches its maximum compressive strength at 0.007 strain.  The values of base shear at 

which each of these damage modes occur are summarized in Table 4.6. 

4.3.3.4.Energy-Dissipating Steel Reinforcement 

The energy-dissipating (ED) steel reinforcement is modeled realistically in 

tension and compression.  Therefore, all ED steel elements are valid for damage detection 

purposes.  The strains in the ED elements on the 1
st
, 2

nd
, and 3

rd
 stories are shown in 

Figure 4.19.  All ED bars are expected to yield during the loading of the structure.  Bars 

ED 1 and ED 2 are in tension while bars ED 3 and ED 4 are in compression.  The tension 

bars will yield well before the compression bars yield.  Additionally, the bars in tension 

yield first at higher stories while the bars in compression yield first at the lower stories.  

The values of base shear at which each of the ED bars yield are summarized in Table 4.6. 
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Figure 4.19: Strains in ED steel 

4.3.3.5.Post-Tensioning Tendons 

The post-tensioning steel tendons are modeled in DRAIN by Element 1 objects 

which are inelastic truss elements.  The PT tendons used on the first story differ from the 

tendons used in the remainder of the structure.  First story PT tendons have a cross 

sectional area of 0.434 in
2
 and the remaining tendons have a cross sectional area of 0.306 

in
2
.  Both tendon types‘ modulus of elasticity are 28,500 ksi and yield strength are 166 

ksi.  The tendons will behave elastically and experience strain-hardening.  The strain 

hardening ratio is 0.75 for all tendons, which is the ratio of the post-yield tangent to the 

initial elastic tangent on the stress-strain curve.  Since the elastic modulus is 28,500 ksi, 

the post yield modulus is 21,375 ksi. 
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DRAIN output provides the total extension as well as the plastic extension 

throughout each load step.  In this model the plastic extension is zero throughout the 

loading therefore it can be assumed that the tendons behave linear elastically.   

 The stress in the PT strands at each story output by DRAIN is plotted 

against base shear in Figure 4.20.  The horizontal dashed line indicates the yield strength 

of the tendons.  First, the PT strands on the 3
rd

 story will yield, followed by the 2
nd

 story 

and 1
st
 story at higher levels of roof drift.  The stresses in the strands continue to increase 

due to strain hardening. Values of base shear at which the PT tendons yield at each story 

are summarized in Table 4.6. 

 
Figure 4.20: Stress in post-tensioning strands 

After the strands in the structure yield, they will experience some permanent 

deformations.  As a result, the PT tendons will lose their ―self-centering‖ abilities that 

restore the structure back to its initial position after large lateral displacements.  

Additionally, the ED rebar in tension have already yielded and the unconfined concrete 

cover has completely spalled and reached its ultimate strain when the PT tendons yield.  
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Therefore, the stiffness of the coupling beams is already greatly reduced and the yielding 

of the PT reduces the stiffness a significant amount more.  Consequently, is not ideal to 

have the PT strands yield because the structure no longer performs as it should; thus 

rendering it failed.   

4.3.4. Analysis of Stiffness of Structure 

The stiffness of the coupling beams directly contributes to the stiffness of the 

overall structure and changes in stiffness are indicative of damage.  Therefore, the 

changes in stiffness of the coupling beams were further examined by analyzing the 

moment-rotation relationship of each beam as well as the depth of the gap opening.   

Also, the global stiffness was evaluated from the behavior of the base shear throughout 

loading. 

4.3.4.1.Moment-Rotation 

In a similar study by Weldon and Kurama (2007) on post-tensioned coupled shear 

wall systems that use angles at the beam ends to dissipate energy rather than the 

debonded rebar, the subassembly modeled goes through five states: (1) decompression, 

(2) tension angle yielding, (3) tension angle strength, (4) PT tendon yielding, and (5) 

confined concrete crushing.  The moment-rotation behavior is defined by the five states 

as shown in Figure 4.21a.  Changes in the slope of the moment-rotation indicate that the 

beam has become less stiff.  
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Figure 4.21: Moment vs. chord rotation for: (a) coupling beam in similar PT coupled 

shear wall assembly (Weldon and Kurama 2007) and (b) 1st, 2nd, and 3rd story coupling 

beams of proposed coupled shear wall structure 

The post-tensioned coupled shear wall system currently being studied exhibits 

similar changes in stiffness as show in Figure 4.21b.  The states for this structure, 

indicated in the figure, include: (1) decompression, (2) yielding of tension ED steel, (3) 

initiation of unconfined concrete cover spalling, (4) yielding of PT strands, and (5) 

initiation of confined concrete crushing. Decompression is when the pre-stress force is 

overcome and gap opening begins.  Unconfined concrete spalling is initiated when the 

extreme compression fiber of the unconfined concrete reaches its maximum compressive 

strength.  Tension ED steel and PT tendons yield when the steel reaches its maximum 

tensile strength of 60 ksi and 166 ksi respectively.  Lastly, the confined concrete crushing 

is initiated when the extreme compression fiber of the confined concrete core reaches its 

maximum compressive strength.  
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The moment capacity of each beam, Mb, was calculated by Equation 4.7 where V 

is the vertical shear at the end of the coupling beam output from DRAIN and L is the 

length of the coupling beam (38.5 inches). The chord rotation   was calculated by 

Equation 4.8 where yL and yR are the vertical displacement of the left and right end of the 

beam respectively. 

   
  

 
      (4.7) 

  
       

 
       (4.8) 

4.3.4.2.Gap Opening 

Additionally, it is important to study the behavior of the gap opening to determine 

how gap opening affects the stiffness of the beam.  According to Weldon and Kurama 

(2007), before gap opening occurs, the PT strands create initial lateral stiffness in the 

structure.  Then, gap opening results in geometric reduction in lateral stiffness to allow 

the system to undergo large nonlinear rotations without significant damage.  When this 

occurs, the only damage will be minor which includes the yielding of the ED steel and 

small amounts of spalling of the concrete cover at beam ends.  However, the effect of gap 

opening on the lateral stiffness is small until the gap extends over a significant portion of 

the beam‘s depth. From past experiments, when the gap opening depth was beyond 50% 

of the total beam depth, there was a significant reduction in stiffness (Weldon and 

Kurama 2007). 
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Gap opening in the simulation structure can be calculated in the DRAIN model by 

the zero-tension concrete elements at the beam ends in tension.  The total depth of the 

gap opening is monitored by the contact depth.  The contact depth is the depth of the 

beam still in contact with the wall pier, which is the distance from the compression face 

of the beam to the neutral axis.  The contact depth versus the beam rotation for the right 

end of each story‘s coupling beam is shown in Figure 4.22.  After decompression, the gap 

quickly extends to more than 70% of the cross section. After yielding of the rebar and 

spalling of the unconfined concrete, the gap extends more gradually to nearly 80% of the 

cross section before it remains relatively constant for the remainder of loading. Based on 

this observed behavior, it is apparent that the gap opening most affects the stiffness of the 

beam around 0.5% beam rotation, which is after decompression and before yielding and 

spalling.  After about 0.5% rotation, the gap opening has reached its maximum depth. 

 
Figure 4.22: Contact depth vs. beam rotation for the right end of the 1st, 2nd, and 3rd 

story coupling beams 
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4.3.4.3.Base Shear 

Although examining the moment capacity and rotation of the coupling beams is 

helpful to observe how yielding, spalling, and crushing affect the stiffness of each beam, 

it does not necessarily show how the damages affect the global stiffness of the entire 

structure.  The overall global stiffness of the structure can be observed by the base shear 

throughout loading.  Figure 4.23a shows the variation of base shear over loading for the 

portion between 350 kips and 510 kips of base shear.  At base shear values of 395, 410, 

425, 441, 457, 481, and 490 kips, there is some unloading or decrease in the load before it 

increases again.  At each of these steps, a reduced value of base shear is needed to 

displace the structure the same amount as previous steps.  In order for the force P to 

decrease while the displacement  remains constant, there must be a reduction in 

stiffness, K, of the overall structure according to the relationship in Equation 4.6.  As a 

result, it can be inferred that the structure experiences some type of failure that has a 

global impact on the behavior and overall stiffness of the structure. 

          (4.6) 

It is possible to correlate the probable causes of damage by reexamining the 

moment-rotation of the coupling beams at each of the steps at which a global reduction in 

stiffness occurs.  Figure 4.23b shows the moment-rotation of the coupling beams and the 

dashed vertical lines indicate the beam rotation at which the global reduction in stiffness 

occur. 
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Figure 4.23: Reduction in global stiffness shown by: (a) base shear and (b) moment 

capacity 

  Based on known damages in the structure, the most probable damages capable of 

producing a global reduction in stiffness are summarized in Table 4.5Error! Reference 

source not found..  Damages significant enough to have a global impact include gap 

opening, spalling at the wall pier toes, concrete crushing or reaching ultimate in the 

coupling beams, PT tendons yielding in tension, and ED steel yielding in compression.  

There is no way of verifying that these are indeed the causes of the reduction in global 

stiffness, but they are the best estimate given in the information available. 

In the scope of this thesis, the evaluation of the damage indices for the detection 

of local damages of yielding, spalling, and crushing will only be considered.  Therefore, 

false negatives in the damage indices at each of these global damages is not a concern in 

this research, but should be examined in future work. 
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Table 4.5: Global Damages 

# 
Vb Range 

(kip) 

Roof Drift 

Range (in) 
Damage Associated 

1 395.68-393.34 0.4459-0.4821 Gap opening reaches maximum depth in 1
st
 ,2

nd
,and 3

rd
 story 

2 410.92-406.86 0.5544-0.5810 
Left wall pier UC spall at right toe, 2

nd
 & 3

rd
 story PT yield, 

1
st
 & 2

nd
 story UC ultimate of entire cover 

3 425.2-420.7 0.6873-0.7237 3
rd

 story UC ultimate of entire cover 

4 441.98-435.2 0.8668-0.9225 
1

st
 story concrete core crush, 1

st
 story ED yield  in 

compression, 1
st
 story PT yield 

5 457.58-452.62 1.1432-1.2039 
2

nd
 story concrete core crush 

6 481.34-477.76 1.6695-1.7318 
Right wall pier UC spall at right toe ,top left 2

nd
  story ED 

yield  in compression 

7 490.04-486.92 1.9262-1.9790 
Bottom right 2

nd
 story & top left 3

rd
 story ED yield in 

compression 

4.4. Application of Damage Indices on Simulation Data 

To validate the proposed damage detection methods, strains from the DRAIN-

2DX simulation model were extracted and the damage indices were applied to the data.  

The damage indices  and  were evaluated at six sensor locations on each story, 

indicated in blue in Figure 4.24, for a total of 15 sensor pair combinations per story.  The 

locations of the elements being analyzed in the DRAIN model are shown superimposed 

onto the corresponding locations of sensors installed on the large scale test specimen.  It 

is important that the elements analyzed using the simulation data can be related to the 

actual structure in order to extend these methods to experimental testing for validation.  
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Figure 4.24: Sensor locations 

ED 1 and ED 2 are ED steel elements in tension, BC 1 and BC 3 are beam 

concrete elements in compression at the level of the ED steel, and W1 and W2 are wall 

pier elements in compression at the location of strain gauges on the beam-wall interface 

rebar. All sensor pair combinations were evaluated at each story for a total of 45 damage 

index plots (located in Appendix B); however only representative cases will be presented 

from the 1
st
 story.  Ideally, the sensor pairs at any given story should detect damages in 

the manner described in Section 3.4 using the flow charts in Figure 3.5 and Figure 3.6.  

The expected damage modes and corresponding locations in the structure are summarized 

in Table 4.6. 
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Table 4.6: Expected Damage Modes and Locations 

Story Damage Mode Sensor 

 

Base Shear at which 

damage is initiated 

(kips) 

1st Story 

Concrete Cover Spalls 

BC1 316 

BC2 312 

W1 504.7 

W2 471.4 

Steel Yields in Tension 
ED1 332 

ED2 326.7 

Steel Yields in 

Compression 

ED3 436.5 

ED4 437 

Concrete Cover 

Ultimate Begins 

BC1 380 

BC2 374.7 

Concrete Core Crushes 

BC1 445.9 

BC2 434.6 

PT Yields in Tension PT1 434 

2nd 

Story 

Concrete Cover Spalls 

BC1 299.6 

BC2 298 

W1 -- 

W2 504.7 

Steel Yields in Tension 
ED1 299.6 

ED2 295 

Steel Yields in 

Compression 

ED3 475 

ED4 487.6 

Concrete Cover 

Ultimate Begins 

BC1 370.6 

BC2 365.6 

Concrete Core Crushes 

BC1 462 

BC2 456.1 

PT Yields in Tension PT2 411 

3rd 

Story 

Concrete Cover Spalls 

BC1 290 

BC2 288.4 

W1 -- 

W2 -- 

Steel Yields in Tension 
ED1 283.1 

ED2 279.4 

Steel Yields in 

Compression 

ED3 490 

ED4 515.9 

Concrete Cover 

Ultimate Begins 

BC1 371.2 

BC2 366.9 

Concrete Core Crushes 

BC1 466.2 

BC2 460.8 

PT Yields in Tension PT3 403.4 
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4.4.1. Yielding of ED Reinforcement 

Two sensor pairs from the 1
st
 story will be presented in this section to demonstrate 

the proposed damage indices‘ ability to detect and localize the yielding of tension ED 

reinforcement.  Similar behavior is exhibited by the damage indices for all sensor pairs 

including those on the 2
nd

 and 3
rd

 stories.  All of the damage index plots for the detection 

of ED steel yielding can be found in Appendix B.1 for the 1
st
 story and Appendix B.4 for 

the 2
nd

 and 3
rd

 stories. 

The two ED bars in tension on the 1
st
 story are compared in Figure 4.25 using the 

damage index specified.  It is expected that this sensor pair is capable of detecting 

yielding in both tensile ED bars because both sensor locations become damaged by 

yielding.  ED 2 yields around 326 kips and ED 1 yields around 332 kips, as indicated by 

the dashed vertical lines.  There is an increase in the change in strain when ED 2 yields as 

seen in the top plot of Figure 4.25.  This increase in strain for the same amount of applied 

force is due to the steel softening.  As a result, the slope of  increases and  forms a 

positive peak at yielding of ED 2.  Similarly, the change in strain in ED 1 increases when 

ED 1 yields.  However this generates a decrease in the slope of  and a negative peak of 

. 
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Figure 4.25: Detection of tension ED yielding by 1

st
 story damage index ED2/ED1 

Figure 4.26 compares an ED bar sensor (ED 2) and the beam concrete element 

directly below it in the cross section (BC 2) using the damage index indicated. The 

vertical dashed lines indicate when yielding occurs in ED 2 and ED1. When ED 2 yields 

there is an increase in the change in strain in ED 2 due to the softening.  Simultaneously, 

the change in strain in BC 2 decreases due to the movement of the neutral axis.  This 

causes an increase in the slope of  and a positive peak of .  Then, when ED 1 yields, 

the change in strain decreases in ED 2 and increases in BC 2 since ED 2 is opposite to the 

damage on the beam.  This initiates a decrease in the slope of  and a positive peak of .  

It is also significant to note that the magnitude of  is larger in the detection of ED 2 than 

ED 1 yielding because it shows that the index is capable of damage localization.  

Similarly, damage index ED1/BC2 has a greater magnitude of  in the detection of 

yielding of ED 1 (seen in Appendix B.1). 
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Figure 4.26: Detection of tension ED yielding by 1

st
 story damage index ED2/BC2 

 Overall, the damage indices at each story level were capable of detecting yielding 

of the tension reinforcement and localizing it to that story level.  For example, the 

damage indices from the 1
st
 story successfully identified yielding of the 1

st
 story ED 

rebar; but they did not identify yielding of the 2
nd

 or 3
rd

 story ED rebar.  Additionally, 

some sensor pairs were able to localize yielding to a specific sensor location. 

4.4.2. Spalling of Unconfined Concrete Cover 

Two sensor pairs from the 1
st
 story are presented in this section to demonstrate the 

proposed damage indices‘ ability to detect and localize the spalling of the concrete cover.  

The remainder of the 1
st
 story damage index plots for spalling can be found in Appendix 

B.2 and the 2
nd

 and 3
rd

 story plots can be found in Appendix B.4.   

The spalling of the unconfined concrete cover was best detected when the 

damaged beam concrete element was included in the sensor pair.  For example, Figure 
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4.27 shows the detection of spalling in BC 2 with sensor pair BC3/BC2.  Both sensors are 

concrete; therefore they are most affected by this damage mode.  When spalling is 

initiated at the extreme compression fibers of the unconfined concrete cover, there is an 

increase in the change in strain in BC 2.  This is due to the softening of the concrete after 

it meets its maximum compressive strength.  BC 3 is not greatly affected directly by the 

spalling of BC 2 because of its location in comparison to the minor damage.  As a result, 

spalling is detected by a decrease in the slope of  and a negative peak of . 

 
Figure 4.27: Detection of concrete cover spalling by 1

st
 story damage index BC3/BC2 

Similarly, the spalling of BC 2 was detected by sensor pair ED2/BC2 as shown in 

Figure 4.28.  There is an increase in the change in strain in BC 2 once it begins spalling, 

which results in a decrease in the change in strain in ED 2.  Therefore, spalling is 

detected by a decreasing slope of  and a negative peak of . 
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Figure 4.28: Detection of concrete cover spalling by 1st story damage index ED2/BC2 

 Overall, spalling was detected by sensor pairs that included the damaged beam 

concrete element.  This is another example of the damage localization capabilities of the 

damage indices.  However, spalling was not detected well in the 2
nd

 and 3
rd

 stories. 

Possible causes for spalling to not be well distinguished from the damage index plots for 

the 2
nd

 and 3
rd

 stories include that it directly followed the ED steel yielding and that it 

induced a very small reduction of strength of the concrete cover. Yielding causes an 

increase in the change in strain in the ED and a decrease in the change in strain in the 

concrete, but spalling causes an increase in the change in strain in the concrete and a 

decrease in the change in strain in the ED bars.  Therefore when spalling occurs directly 

after yielding, the effects may cancel each other out, leading to a false negative.  Also, in 

the model spalling only led to less than a 2% reduction in strength of the concrete cover 

material; therefore it does not affect the beam as strongly as other damages.  This is 
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something that could be examined further in experimental testing and other simulation 

models. 

4.4.3. Crushing of Confined Concrete Core 

Two examples of detection of crushing on the 1
st
 story are presented in this 

section, but all other damage index plots for the 1
st
 story can be found in Appendix B.3 

and for the 2
nd

 and 3
rd

 stories in Appendix B.5.  Most damage indices detected crushing 

of the concrete core in the manner described in Section 3.4.   

Two concrete beam elements, BC 2 and BC 3, are compared using the damage 

index indicated in Figure 4.29. BC 3 remains undamaged throughout the entire loading; 

however the concrete in beam element adjacent to BC 3, BC 1, will crush.  The dashed 

vertical lines indicate when crushing of the confined concrete core initiates in BC 2 after 

439 kips and BC 1 after 442 kips.  When BC 2 begins to crush the change in strain in the 

element increases due to the damage, causing a decrease in .  Consequently, this creates 

a negative peak in .  Then, when BC 1 begins to crush, the change in strain in BC 3 

increases to compensate for the loss of strength in the adjacent element.  BC 3 is sensitive 

to the crushing of BC 1 because of its proximity to the large reduction in the strength of 

the concrete core. As a result, the crushing of BC 1 is detected by the increasing slope of 

 and positive peak in . 
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Figure 4.29: Detection of concrete core crushing by 1st story damage index BC3/BC2 

 Also, damage index ED1/BC3 is capable of detecting the crushing in BC 1 and 

BC 2 as seen in Figure 4.30.  When BC 2 crushes, the reduced strength causes an increase 

in the change in strain in the element. This causes redistribution within the compression 

strut in the beam which initiates a decrease in the change in strain in BC 1 and BC 3. 

Consequently, there is an increase in  and a positive peak of .  Then, when BC 1 

crushes, BC 3 is forced to take on the additional loads; therefore BC 3 experiences an 

increase in the change in strain.  This results in a decreasing  and negative peak in .  It 

is significant to note that the magnitude of  is greater at the detection of BC 1 crushing.  

Therefore this proves that damage localization was achieved because the sensor pair 

locations BC 3 and ED 1 are the closest sensors to BC 1. 
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Figure 4.30: Detection of concrete core crushing by 1st story damage index ED1/BC3 

In summary, the initiation of crushing of confined concrete core was detected 

more effectively than spalling of the unconfined concrete cover at all three story levels.  

This is because the crushing of the core leads to a 20% reduction in the strength of the 

concrete core material as opposed to the 2% reduction in strength from spalling. 

Therefore the structural response and damage indices are more greatly affected by 

crushing than spalling.  Crushing of the concrete core was successfully localized to each 

story level and even to a specific sensor location in some cases. 

4.5. Instrumentation Plan for Large- Scale Testing 

In order to thoroughly study the behavior of the proposed system and collect enough 

data for damage detection, it is necessary to have dense instrumentation. However, too 

much instrumentation leads to excessive amounts of data that can be difficult and time 
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consuming to process.  Therefore, an instrumentation plan utilizing strain gauges and 

digital image correlation (DIC) systems was developed to optimize sensor placement and 

data collection to obtain the best data for damage detection from the 40% scale 

experiment of the post tensioned coupled shear wall structure. 

Results from the simulation influenced the placement of strain gauges and DIC in the 

network of sensors for the instrumentation plan.  The locations for the strain gauges were 

chosen where the largest stresses and most damages were expected to occur.  These 

locations include along the wall pier base, at the beam-wall interface at each story, and 

along the coupling beams as indicated in Figure 4.31.  Each sensor has a corresponding 

location in the DRAIN model that was examined and used in the damage identification 

strategies proposed in this paper. 

 
Figure 4.31: Instrumentation plan for large-scale testing 
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A total of over 240 strain gauges were affixed to longitudinal and transverse 

reinforcement and embedded in the structure shown in Figure 4.32.  Since yielding is 

expected to occur in the rebar, high elongation gauges were used in the entire structure.  

High elongation gauges are commonly used on any specimen that is expected to yield.  

They are capable of measuring +/-20% strain whereas regular gauges will break at strains 

greater than +/-5%.  Gauges on the vertical reinforcement at the beam-wall interface and 

wall pier base were ¼‖ with 350 ohms resistance and strain gauges on the coupling beam 

longitudinal reinforcement were 1/8‖ with 120 ohm or 350 ohm resistances.  Smaller 

strain gauges were used in the beams because the longitudinal reinforcement in the 

coupling beams is smaller than the reinforcement in the wall piers.  350 ohm gauges were 

used for a majority of the strain gauges because they produce larger output signals which 

lead to better data resolution, but 120 ohms were used when the 350 ohm gauges were no 

longer available.  
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Figure 4.32: Actual instrumentation on large-scale specimen 

In addition to the hundreds of embedded strain gauges, DIC cameras will be used 

to collect surface data from nearly 200 square feet of the structure.  Several of the DIC 

fields of view that will be used are encompassed by the dashed boxes in Figure 4.31.  

Since cracking and crushing of the concrete is expected to occur at the ends of the 

coupling beams and bases of the wall piers, DIC systems will collect data at these areas 

of interest.  Additionally, the floor slabs were not modeled in the DRAIN model; 

therefore DIC systems will monitor the floor slabs to study their behavior under large 

lateral loads.  More details on DIC and its use in SHM will be discussed in Chapter 5. 

The cameras were chosen such that all of the desired measuring volumes in the 

structure could be monitored.  Other important factors that were considered in designing 

the setup included the space constraints surrounding the specimen in the lab and the 

visual obstructions from test frame obscuring some areas of the structure.  Table 4.7 
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displays the camera types, setup, measuring volume, and measuring distance for the 

large-scale test. 

Table 4.7: DIC camera setup specifications 

Camera 

Set-

up 

Type 

Measuring Volume 

 

Measuring 

Distance 

Location length(in) width(in) ft 

ARAMIS: 1.4/8 Cinegon 3D 
1st Story Bottom Beam 

& Slab 
68.90 51.18 6.96 

12mm Fastec Hispec 1 2D Left Wall Pier Base 56.50 56.50 4.93 

12mm Fastec Hispec 1 2D Right Wall Pier Base 56.50 56.50 4.93 

Canon Rebel T3-18.3mm 2D Top of 1st Story Slab 36.00 36.00 2.50 

ARAMIS: 1.4/17 Cinegon 3D 
3rd Story Bottom Beam 

& Slab 
68.90 51.18 14.11 

Hero Go Pro 2D Top of 3rd Story Slab 36.00 36.00 2.50 

PhotronFastCam (20mm) 3D 
1st Story Bottom Beam 

& Slab 
68.90 55.12 7.35 

Hero Go Pro 2D Left Wall Pier Base 56.50 56.50 4 or 5 

Hero Go Pro 2D Right Wall Pier Base 56.50 56.50 4 or 5 

Hero Go Pro 2D Top of 1st Story Slab 36.00 36.00 2.50 
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Two-dimensional setups utilize one camera each and are best at collecting data on 

an object directly planar to the camera.  For this reason, four 2D setups will be used for 

the wall pier bases, two for the top of the 1
st
 story slab, and two for the top of the 3

rd
 story 

slab.  A schematic for the 2D set-ups for the wall pier bases using the Hero Go Pros are 

shown are Figure 4.33. 

 
Figure 4.33: Schematic of 2D DIC set-up for monitoring wall pier bases 

Three-dimensional setups utilizing two cameras each are necessary to view the 

bottom of the beam and slab on the 1
st
 and 3

rd
 stories because the field of view involves 

several surfaces at different angles to the camera.  The proposed 3D setup for the 1
st
 story 

beam and slab using the ARAMIS cameras with Cinegon 8mm lens is shown in Figure 

4.34.   The expected measuring volume and the distances required to capture this field of 

view are labeled in the schematic.  In summary, a total of 13 cameras—three 3D and 

seven 2D setups will be used to capture data from over 190 square feet of the structure. 
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Figure 4.34: Proposed DIC set-up for 1st story coupling beam and slab 

4.6. Comparison of Expected Data to Simulation Data 

There will be several significant differences between the data collected 

experimentally from strain gauges and DIC, and the data generated by the DRAIN-2DX 

simulation model.  Some differences may arise from simplifications and assumptions 

used to establish a working fiber element model.  Additionally, the experiment will be 

performed under different conditions than the simulation model where the data is denser, 

sensor noise is present, and imperfections and uncertainties may exist. 

The simplifications made for modeling will cause the simulation data to vary from 

reality.  For example, only the ED reinforcement was physically modeled in order to 

simplify the structure.  Instead of modeling all of the transverse reinforcement, the 

concrete cross sections of the beams were composed of unconfined and confined concrete 

to simulate the added strength and ductility due to the confinement.  In the experiment, 
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longitudinal and transverse steel reinforcement bars are included; therefore there are 

more possible locations to experience yielding and fracture of the reinforcement.   

Also, changes in the cross sectional areas due to damages, such as spalling or 

crushing, were not accounted for in the model.  Changes in the stiffness of the materials 

were only apparent through changes in the moduli or slopes of the stress-strain curves.  

As a result, the effects of damage are will be more severe in reality when the loss of cross 

sectional area is also considered. 

Assumptions in the model for the material properties will cause some variation in 

the data produced and affect the damage detection methods.  Therefore the effects of the 

multi-linear idealization of the stress-strain curves, zero tension and linear tension 

concrete, and modeling of the concrete cover must be considered. 

The multi-linear idealization of the stress-strain curve for the concrete and steel 

material properties is a reasonable simplification to estimate the nonlinear behavior of the 

materials, but actual behavior will differ.  A real stress-strain plot curves after the elastic 

limit is reached in the material; therefore there will not be a single point at which the plot 

transitions from one linear slope to another linear slope.  As a result, the damage mode 

will still be detected, but it may be exhibited by several peaks in  instead of one defined 

peak.  Also, the properties of the concrete and steel will be estimated from standard 

compression tests of representative concrete cylinders and standard tensile tests of the 

steel reinforcement.  The exact material properties will not be known; therefore 
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observations are critical for the validation of the damage indices in order to be able to 

correlate peaks in  to actual damages. 

Another assumption made in the model is that the concrete has zero strength in 

tension at the ends of the coupling beams.  In design calculations and modeling, this is a 

valid assumption since the strength of concrete in tension is very low.  However in 

reality, the concrete does contribute to the tensile strength of the section until it cracks. 

Also, the interior elements of the coupling beams were modeled with linear tension 

concrete that essentially acted infinitely linear throughout loading.  Actual concrete will 

not remain linear-elastic in tension past the point at which it begins to crack.  Therefore 

an additional damage mode should be considered in experimental testing at which the 

concrete cracks and loses stiffness in tension.  Since cracking will cause a reduction in 

the stiffness of the material and cross sectional area loss, it is expected that the damage 

indices will be capable of detecting this damage mode in the same manner as the 

unconfined concrete cover spalling in compression. 

 Another significant difference expected is due to the modeling of the unconfined 

concrete cover.  In the model, the strength of the concrete cover drops by less than 2% 

when spalling initiates whereas the affects would be more drastic in reality since there 

will be loss of cross sectional area accompanied by the reduced modulus.  Also, the 

strength of the cover remains at 5.7 ksi after the ultimate strain in the unconfined concrete 

is reached.  However the concrete cover should contribute no strength to the section after 

ultimate.  Therefore the ultimate strength of the concrete cover must be considered as a 
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possible damage mode in the experimental testing.  This extreme drop in strength and 

stiffness will be easily captured by the damage indices and detection should be in the 

same manner as the confined concrete crushing. 

It is important to acknowledge that real-life conditions are not the same as the 

model.  First, the quantity of data collected experimentally will be much more extensive.  

In the simulation, the first three stories of the structure were composed of only 53 

elements whereas in the experiment there are over 240 strain gauges and 200 square feet 

of DIC measuring volumes.  As a result, there will be much denser data that must be 

condensed.  Furthermore, the DRAIN elements reported strain over the entire length of 

the element, but strain gauges give strain at a point.  This means that there will be several 

more possible sensor pair combinations to consider for damage detection. 

 Real-life conditions are also less than the ideal conditions of a simulation model.  

For instance, construction errors and material imperfections can potentially cause stress 

concentrations and damage that were not initially expected.  Furthermore, any noise from 

the sensors may affect the effectiveness of the damage indices.  Some post-processing 

may be necessary to eliminate the effects of noise. 

 Overall, experimental testing poses some new challenges for data collection and 

processing and introduces additional damage modes to consider like the tensile failure 

and ultimate failure of concrete.  However, experimental testing is necessary in order to 

extend these damage detection methods into structural health monitoring of civil 

structures.  
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5. DIGITAL IMAGE CORRELATION 

Digital Image Correlation (DIC) is a novel sensing technology based on digital 

images that is non-contact and highly accurate.  The best application of DIC is to 

generate a more local view of deformation since it enables a denser field of data points 

(Lecompte et al 2006).  In the upcoming large-scale testing of the NEES Coupled Shear 

Wall, local damages are expected as the structure experiences increasing levels of roof 

drift.  This local behavior is important for evaluating the performance of the structure; 

therefore DIC will be used to collect spatially dense data in these areas of interest.  Since 

the DIC data will capture the local damage modes, the data will be valuable for damage 

detection.  In order to employ damage detection methods to this type of data in the future, 

small scale experiments were performed using DIC to establish effective methods for 

data collection and evaluation. 

This chapter explains the premise of digital image correlation (DIC), the general 

procedure to implement DIC, and the application of DIC in SHM.  Then a series of small 

scale experiments using 3D DIC and conclusions on the reliability of DIC data compared 

to traditional sensing methods are discussed. 

5.1. Introduction to DIC 

Imaging techniques such as Digital Image Correlation (DIC) and LED-CCD 

cameras use data generated from digital images to evaluate a structure.  The use of 

imaging techniques to identify structural damages has progressed because of the 
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relatively low cost of digital cameras combined with the ease of instantaneous non-

contact field measurements (Eberl et al 2008).   

 Digital Image Correlation (DIC) is a promising imaging technology for the field 

of SHM that has a wide array of benefits that make it superior to traditional sensors like 

strain gauges, fiber optic sensors, and displacement transducers. For example, collecting 

a vast amount of data by DIC is much simpler and faster than collecting a comparable 

amount with traditional sensors.  For DIC, all that is needed to collect data from an entire 

specimen are cameras and a simple calibration object.  No sensors must be affixed to the 

specimen or wired to a data acquisition system; thus making data collection much quicker 

and easier and eliminating installation costs.  Additionally, DIC is beneficial for field 

monitoring because it requires no contact.  Therefore displacements and strain 

measurements can be accurately measured from a remote distance if a structure is hard to 

reach (Kim and Kim 2011). Furthermore, although commercial DIC cameras and 

software may be a large initial cost, there are no additional operational costs and the labor 

costs are greatly reduced.  Also, it is possible to perform DIC with ordinary digital 

cameras and computer coding software, such as MATLAB, as a low cost alternative 

(Eberl et al 2008).   

The most significant difference between DIC and traditional sensors is that DIC 

can take measurements at thousands of points on the surface of a structure or object at 

one time (Helfrick et al 2011).  As a result, the density of data produced by DIC is much 

greater than the discrete points of strain measured by an instrumentation plan consisting 
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of traditional strain gauges; even in a network where hundreds of gauges are used (Nonis 

et al 2013).  This feature allows DIC to be effective in determining structural changes 

with high spatial resolution and providing more information than a visual inspection and 

traditional sensors (Poudel et al 2004).  This has been proven in previous research by 

using DIC to detect cracks in concrete that were not visible to the human eye (Lecompte 

et al 2006; Destrebecq et al 2011; Helm 2008; Nonis et al 2013).   

However, the disadvantages of DIC is that the accuracy is dependent on sub-pixel 

intensity, the quality of the speckle pattern, subset shape and size, image noise, distance 

to the target, and hardware performance (Pan et al 2008; Lee and Shinozuka 2006).  Poor 

texture of the speckle pattern results in more uncertainty in measurements, but this error 

will not be an issue if a satisfactory pattern is used. It is also possible to quantify noise by 

recording a picture prior to the motion of the experiment.  The displacements should be 

zero since the specimen has not moved nor experienced any changes; therefore any 

values recorded can be regarded as noise and eliminated from subsequent data.  It is 

important to note that the use of DIC in the analysis of structures can lead to uncertainty 

and problems with spatial resolution and accuracy if these certain details are overlooked. 

 Overall, the use of high-performance cameras and high-contrast patterns will 

improve accuracy and decrease image noise (Pan et al 2008).  Careful procedures of data 

collection and post-processing of the images can mitigate any other problems that may 

arise.  As a result, DIC has proven to be a highly accurate non-contact sensor. 
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5.2. The Principle of DIC 

DIC measures surface displacements by comparing a series of deformed images to a 

reference image as illustrated in Figure 5.1.  First, a reference photo is taken to serve as a 

baseline to compare the deformed images to.  The reference image (Stage 0) is divided 

into subsets called facets, outlined in green in the figure, which each have unique pixel 

identities based on the intensity of the light reflected by the surface of the specimen. The 

system determines the 2D coordinates of the facets from the facets‘ corner points in each 

the left and right image as shown in Figure 5.1.  The observed 2D coordinates of the 

same facet in each image lead to a common 3D coordinate (Hild and Roux 2006).  Lastly, 

each image taken after Stage 0, such as Stage 5, is divided into facets and the difference 

between that image and reference image is measured.  Overall, the displacement field is 

determined from comparing the deformed image to the reference image by matching 

subsets based on gray-level intensity.  Gray value distribution of a subset in the 

undeformed image should correspond to the gray value distribution of the same area in 

deformed image (Lecompte et al 2006). 
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Figure 5.1: Facet computation. Adapted from ARAMIS User‘s Manual (ARAMIS User‘s 

Manual 2007). 

5.3.Procedure for DIC 

The process of DIC includes (1) specimen preparation, (2) image capture, (3) 

image processing, and (4) post-processing (Poudel et al 2004).  All applications require 

the same general procedure to collect the data of interest.   

In order to extract accurate data from the images, the specimen must be properly 

prepared by creating an appropriately sized pattern.  A speckle pattern creates an artificial 

texture by spray painting black dots or drawing black lines onto the specimen.  The 

pattern is satisfactory if the histogram of the gray-level intensity within a particular 

region of interest is a Gaussian shaped distribution.  This corresponds to a pattern that is 

about 50% black and 50% white (ARAMIS User‘s Manual 2007).  A high-contrast gray-

scale pattern with speckles having a diameter of about 5 pixels when viewed by the 

camera is best (Helfrick et al 2011).   Images with bad texture can lead to poor tracking 

and a large number of potential displacement vectors (Dutton et al 2011).  Therefore, the 
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displacement accuracy of DIC is heavily influenced by the size, texture, and quality of 

the artificial pattern (Dutton et al 2011; Kim and Kim 2011).  Additionally, the size of the 

pattern is dependent on the size of the intended measuring volume; therefore the camera 

set-up must be considered when preparing the specimen. 

In the beginning of the image capture phase, the sensors must be calibrated to 

ensure dimensional consistency in the measuring.  One method to calibrate is to take an 

image of the baseline and scale object.  The baseline is the object not in motion.  First, 

the user defines the zones of interest (ZOI) in the image.  Then the edge information 

(location, slope, and curvature) of the scale object is extracted from the images.  This is 

used to determine the scaling factor between lengths and pixels to be used in image 

processing (Hild and Roux 2006).  Most digital image correlation systems, like the 

ARAMIS 2M at ATLSS, use a calibration object predetermined based on the desired 

measuring volume.  Since the distance between dots on the object are known, the 

software can determine the position of the cameras relative to each other and the internal 

distortion parameters of each lens (Helfrick et al 2011).  At the end of the procedure, a 

calibration deviation value is given.  For the ARAMIS 2M system, calibration deviation 

may be between 0.01 and 0.04 pixels; anything greater indicates incorrect calibration 

(ARAMIS User‘s Manual 2007).  Once calibration and scaling is complete, the images of 

the object of interest can be captured.  

Image processing succeeds image capture.  During this phase, the subset size is 

chosen, images are filtered, facets are tracked, and displacements are identified (Poudel et 
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al 2004).  First, it is important to select the correct subset size for the data collected.  The 

size of a subset directly determines the area of the image used to track displacements 

between the reference and the target subsets.  The subset must contain enough unique and 

identifiable features to achieve accurate and reliable displacements (Pan et al 2008).  A 

large subset is best to distinguish itself with a distinctive intensity pattern; however a 

small subset leads to fewer errors (Pan et al 2008).  Therefore the best size for monitoring 

is dependent on the specimen and situation.  Finally, the reference image and remaining 

images are compared based on the gray-level distribution of the facets and displacements 

are calculated. 

Post-processing of the data depends on the user‘s intended application.  In 

ARAMIS, one can view the data as contours of stresses, strains, or displacements.  It is 

also possible to export data of specific sections or points in the measuring volume.  An 

example of the data produced by DIC and some post-processing techniques are presented 

in Section 5.5.  

5.4.Applications in SHM 

DIC can be used in a variety of applications including, but not limited to: 

computing displacements and surface strains, finding material properties, examining the 

effects of nonlinear behavior, and verifying finite element models (ARAMIS User‘s 

Manual 2007).  However, the potential of DIC in Structural Health Monitoring is a 

particular area of interest because it has the capability to compare current surface 
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geometry, displacement, and strain measurements to baseline measurements made several 

months or years prior (Nonis et al 2013).  Some applications of DIC in SHM include: 

detecting and locating cracks in reinforced concrete beams (Lecompte et al 2006; 

Destrebecq et al 2011), reinforced concrete slabs (Helm 2008; Hutchinson and Chen 

2006), and even bridge cables (Kim and Kim 2011).   Additionally, DIC has even been 

implemented in vibration studies (Helfrick et al 2011) and in field tests of civil structures 

(Nonis et al 2013).  This section highlights examples of the use of DIC for Structural 

Health Monitoring. 

Destrebecq et al (2011) used displacement fields derived from digital images to 

analyze cracks and deformation in a full scale reinforced concrete beam. Cracks size and 

location were determined by analyzing longitudinal displacement measurements in the 

vicinity of the reinforcement.  On a plot of the longitudinal displacement magnitude 

versus the location along the beam, discontinuities revealed the existence of a crack.  The 

point on the plot at which the discontinuity occurred gave the crack location and the 

vertical amplitude of the discontinuity corresponded to the width of the crack.    These 

methods proved to be effective in finding early measurements of crack widths, especially 

starting at an uncracked state.  It is especially significant to note that the use of DIC in 

this application did not require previous visual detection of the crack. 

Helm (2008) implemented DIC to analyze specimen with multiple growing 

cracks.  The method correctly identified cracks in a series of experiments on concrete 

slabs.  Hutchinson and Chen (2006) identified cracks in concrete by determining edges in 
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digital images with strong gray-level contrast.  Most importantly, they used an algorithm 

in conjunction with DIC to automatically detect, localize, and analyze cracks without any 

human interpretation.   

Helfrick et al 2011 tested the ability of DIC to measure small displacements of a 

dryer base subjected to vibrations to extract mode shapes using high speed cameras.  DIC 

was capable of identifying operational mode shapes, which could be useful in the 

application of monitoring civil structures. 

Nonis et al (2013) used 3D DIC to monitor the strains and displacements of a 

reinforced concrete bridge over a period of several months.  Crack detection and 

estimations of crack widths were verified in laboratory tests of several reinforced 

concrete beams subjected to bending.  It was confirmed that DIC could detect cracks 

before they were visible to the human eye and that the width of a crack could be 

estimated using the axial strain measurement along a line that intersects the crack.  

Quantification of spalling was also verified on a small concrete block by monitoring the 

surface geometry overtime.  Finally, these methods were extended into the field to 

monitor twelve areas of interest on an RC bridge over a period of 4.5 months.  This set of 

experiments proved that DIC can be used for quantitative bridge inspection and SHM 

applications. 
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5.5.Small Scale Experiments 

A series of small scale experiments on concrete cylinders were performed in order to 

prepare for the large-scale testing of the NEES Coupled Shear Wall and the future 

implementation of damage detection methods using DIC.  The main purposes of these 

experiments were to estimate the 28-day stiffness of the concrete from each pour of 

concrete used in the structure and to develop procedures for collecting and analyzing DIC 

data.  Displacements and strains measured by DIC were also compared to estimated 

strains and strains measured by strain gauges to confirm that DIC is a viable and superior 

alternative to strain gauges. 

 All 28-day stiffness tests were performed on concrete cylinders 4 inches (101.6 

mm) in diameter and 8 inches (203.2 mm) high.  The SATEC Machine located at Lehigh 

University‘s ATLSS Center executed a standard compressive strength test (ASTM 

C39/C39M − 12a).  Throughout the compression test, images were recorded using the 

ARAMIS-2M 3D digital image correlation system at ATLSS.  The procedure developed 

for these experiments is explained below. 

First, the measuring volume was selected based on the size of the cylinder being 

monitored.  To capture the desired measuring volume, the specifications for the set-up of 

the cameras were selected from the ARAMIS User‘s Manual for the ARAMIS-2M 

System with 12 mm lenses and adapted.  The cameras needed to be 650mm from the 

cylinder, 250 mm from each other, and form a 20 degree angle to capture a measuring 

volume of 350 mm x 275 mm x 275 mm.  
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The experimental set-up is pictured in Figure 5.2a. The cameras are mounted to a 

rigid tripod to reduce possible vibrations and unwanted camera movement.  Additionally, 

the back leg of the tripod is stationed on the solid concrete floor and the front two legs are 

supported by a wooden platform spanning the unstable metal flooring surrounding the 

SATEC Machine.  The wooden platform was necessary because the metal flooring 

vibrated violently while the SATEC Machine was in use, thus causing the cameras to 

decalibrate, rendering the data inaccurate.  Two lamps provided additional lighting that 

was distributed evenly across the specimen without causing glare as shown in Figure 

5.2b. 

 
Figure 5.2: Experimental setup for stiffness test (a) ARAMIS-2M cameras and (b) 

additional lighting on specimen 

After set-up, the cameras were calibrated using the calibration object shown in Figure 

5.3 and the procedure outlined in the ARAMIS software.  Calibration was performed 

before every test to ensure measurement accuracy. 
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Figure 5.3: Calibration object CP20 350x280 

Finally, the compression test was performed and the SATEC Machine‘s data 

acquisition system recorded the displacement of the SATEC Machine‘s head and the 

corresponding applied load.  Photos were taken using the DIC every 5,000 lbf until 

60,000 lbf, 2,000 lbf until 70,000 lbf, and then every 1,000 lbf until failure.  Whenever a 

photo was taken with the DIC, the SATEC Machine was paused and the corresponding 

displacement of the head and load were recorded. 

After failure, the images were analyzed in the ARAMIS software v6.0.1.2.  The 

measurement quantity of interest was the displacement in the y-direction in order to 

calculate the strain in the cylinder.  Two sections across the cylinder were chosen in 

ARAMIS from which to extract the desired information, shown in Figure 5.4 for Pour 2 

Cylinder 1.  Section 1 (yellow) is located 1.5 inches above the center (black) and Section 

2 (red) is located 1.5 inches below the center.  The contours in Figure 5.4 display the y-

displacement data collected by the DIC.  On the left is Stage 0 which is the reference 

stage; therefore the displacements are zero.  The center contour is Stage 14 which is when 

the cylinder is loaded with about 62,500 lbf and the left is Stage 29 right before failure.  It 
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is important to note that there is data at every point on the contour.  As a result, there is a 

vast amount of extremely dense data. 

 
Figure 5.4: Y-displacement for Pour 2 Cylinder 1-Stage 0 (left), Stage 14 (center), and 

Stage 29 (right) 

Figure 5.5 compares the load vs. displacement collected by the SATEC Machine, 

recorded at each stage, and extracted from the DIC y-displacements of Section 1 and 

Section 2.  Although they have the same slopes, there is an initial offset between the 

SATEC data and DIC data of about 0.0637 inches.  The offset was caused by the 

movement of the base of the SATEC Machine upon the commencement of the 

compression test.  However, this issue will not affect the calculated strain values because 

only the difference between the sections is needed for the strain calculations. 
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Figure 5.5: Load vs. displacement for Pour 2 Cylinder 1 

Next, strains were estimated as the average relative displacement between the two 

horizontal sections over the average distance between the two sections.  To do so, the 

average y-displacements across each section were calculated at each stage.  The 

difference between the average y-displacement of Section 1 and Section 2 is the average 

relative displacement.  Then, the stress at each stage was calculated by the load applied 

divided by the cross sectional area of the cylinder and the strain is calculated by the 

average relative displacement divided by the distance between Section 1 and Section 2.   
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Figure 5.6: Calculated stress-strain curve of Pour 2 Cylinder 1: (a) entire curve and 

(b) linear-elastic portion 

a shows the stress-strain curve Pour 2 Cylinder 1.  The cylinder failed at 82,199 lbf, 

therefore the maximum compressive strength of the cylinder was found to be 6.54 ksi.  

Since the elastic modulus of the material is the slope of the initial linear portion of the 

stress-strain curve, the elastic portion was fit with a best-fit line as shown in Figure 5.6b.  

The linear portion chosen includes Stage 3 to Stage 17 (from 747 psi to 5474 psi).  The 

estimated stiffness for Pour 2 Cylinder 1 is 4861.96 ksi with a correlation coefficient r of 

0.9987. 
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Figure 5.6: Calculated stress-strain curve of Pour 2 Cylinder 1: (a) entire curve and (b) 

linear-elastic portion 

Table 5.1 summarizes the material properties of the concrete cylinders tested from 

Pour 1 (1
st
 Story walls), Pour 2 (1

st
 Story floor slab), Pour 3 (2

nd
 Story walls), and Pour 4.  

It can be seen that the calculated stiffnesses are in agreement with each other. If the 

highest and lowest stiffness values are regarded as outliers, the average stiffness of the 

concrete used in the large-scale structure is 4,599.70 ksi. 

Table 5.1: Summary of material properties from DIC experiments 

Specimen ID 
Compressive 

Strength (ksi) 

Stiffness 

(ksi) 

 

Correlation 

Coefficient (r) 

Pour 1 Cylinder 1 6.54 4068.90 0.9960 

Pour 1 Cylinder 2 6.43 N/A N/A 

Pour 1 Cylinder 3 6.12 4439.5 0.9962 

Pour 2 Cylinder 1 6.54 4861.96 0.9987 

Pour 2 Cylinder 2 5.67 5211.1 0.9982 

Pour 2 Cylinder 3 6.69 4856.06 0.9940 

Pour 3 Cylinder 1 4.90 6193.03 0.9752 

Pour 3 Cylinder 2 5.58 4049.7 0.9607 

Pour 3 Cylinder 3 5.74 4225.9 0.9504 

Pour 4 Cylinder 1 6.94 2727.2 0.9800 

Pour 4 Cylinder 2 7.09 5505.8 0.9894 

Pour 4 Cylinder 3 5.92 4178.4 0.9987 
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5.6.Verification of DIC Measurements 

Based on the information and examples described in the previous sections, it is 

obvious that DIC is fundamentally different than traditional sensing methods. However, 

the data collected should still provide accurate and acceptable results.  In order to confirm 

that the data produced from DIC is reliable, the DIC data was compared to traditional 

sensing methods and calculations.   

For example, the stress-strain curve for Pour 2 Cylinder 1 was compared to the 

calculated stress-strain curve from the applied load from SATEC Machine.  The strain 

was estimated from the SATEC load, assuming all deformations were linear elastic.  

Since the cylinder failed at a maximum compressive load Pmax of 82,199 lbf, the 

compressive strength of the concrete f’c and Young‘s modulus E could be calculated by 

Equation 5.1 and Equation 5.2 respectively where A is the cross sectional area of the 

cylinder (8 inches) and wc is the density of concrete (150 lb/ft
3
 for normal-weight 

concrete). 

  
 
 

    

 
      (5.1) 

       
   √         (5.2) 

The resulting Young‘s Modulus was 4,903.2 ksi, which is less than 1% difference 

from the 4861.96 ksi calculated using DIC data.  Next, the strain from SATEC Load P at 

each stage was calculated by Equation 5.3. 

  
 

   
      (5.3) 
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 The strains calculated from the SATEC load and the DIC data are compared in 

Figure 5.7.  The estimated strain from the SATEC assumes that the concrete behaves 

elastically throughout loading, therefore the SATEC stress-strain curve remains linear 

whereas the DIC stress-strain curve does not.  However, the both curves are very similar 

with a maximum deviation of 8.998 x10
-5

 between the strains at any point.  The 

difference between the curves could be from the inhomogeneity of the concrete material.  

Since the SATEC strain was calculated only from the force and the cross sectional area, it 

did not account for how the displacements and strains varied along the cross section of 

the cylinder; whereas the calculated DIC strain did.  Overall, this comparison verifies that 

the displacements determined by DIC are reliable and accurate. 

 
Figure 5.7: Comparison of calculated stress-strain curves from SATEC and DIC data 

DIC is also capable of determining strains directly from the images collected.  A 

separate experiment conducted during an independent study at ATLSS compares the 
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strain output from DIC data to the strain output from strain gauges to determine if strains 

measured by DIC are accurate.  Two 350 ohm strain gauges (SG1 and SG2) were 

attached on the cylinder located 180 degrees from each other as shown in Figure 5.8a and 

the same procedure was followed for data collection as for the stiffness tests.  Once data 

was collected, the longitudinal strains in ARAMIS were extracted from the two points 

indicated in Figure 5.8b which correspond to the same locations as the strain gauges. 

 
Figure 5.8: (a) cylinder instrumented with strain gauges and (b) points in DIC 

corresponding to strain gauge locations 

 From the stress-strain curve in Figure 5.9, it is apparent that the strains measured 

by the DIC (dashed curves) correspond to the strains measured by the strain gauges (solid 

curves).  Point F(76,60) and SG1 had a percent difference of only 0.22% in Stage 4 and 

less than 25% for eight of the nine remaining stages compared.  Comparing Point 

F(32,59) and SG2 resulted in a percent difference of 2.52% in Stage 6 and less than 30% 

in six of the remaining nine stages.  
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The deviations between different traditional measuring techniques were used to 

interpret the accuracy and reliability of the DIC results.   For example, the percent 

difference from comparing the strains measured from SG1 and SG2 to those estimated by 

the SATEC loads at each stage mostly was between 5% and 30%.  Therefore, the 

deviation between the DIC and strain gauge measurements are not significant, thus 

proving that DIC is an accurate alternative to traditional measuring devices for measuring 

strains. 

 
Figure 5.9: Comparison of strains from DIC, strain gauges, and SATEC Machine 

5.7.Summary and Conclusions  

Digital Image Correlation is a technology that is extremely promising in the field of 

SHM and damage detection.  It is capable of determining high resolution, spatially dense 

data by comparing an image to a baseline reference image.  DIC has been successfully 
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implemented in SHM to detect, localize, and monitor cracks in reinforced concrete 

structures in both laboratory and full-field experiments. 

Small scale experiments were performed in order to establish effective data collection 

and analysis techniques for future large-scale testing.  Overall, these experiments showed 

that DIC is an accurate non-contact sensor that requires little equipment, has an easy set-

up, and follows a simple, user-friendly procedure.  Most significantly, the data produced 

by DIC is reliable, extremely comprehensive, and rich in valuable information useful for 

SHM and damage detection.  
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6. ABAQUS MODEL OF REINFORCED CONCRETE FRAME 

The coupled shear wall system introduced by the NEES Shear Wall in Chapter 4 is a 

novel specialty structure that is not currently approved by design codes for use in high 

seismic regions.  Since the coupled shear wall system is not yet established in practice, a 

model of a reinforced concrete special moment-resisting frame is constructed and 

analyzed in this chapter to make more general conclusions about the performance of the 

proposed damage detection methods for RC earthquake-resistant structures.  A RC 

special moment-resisting frame (SMRF) was chosen because they are one of the most 

widely used earthquake-resistant systems and they are composed of common beam and 

column elements. 

Chapter 6 discusses the development an ABAQUS finite element model of a two-bay, 

two-story RC SMRF.  The performance of the damage indices to detect the yielding of 

the reinforcement and spalling of the concrete cover is assessed.  Lastly, a project for 

damage detection in a RC SMRF frame is introduced for future work. 

6.1. Introduction 

Reinforced concrete moment-resisting frames (MRF) are widely used in high seismic 

regions as earthquake-resisting systems.  The horizontal beams and vertical columns 

provide gravity and lateral resistance.  The strength and stiffness necessary to resist the 

lateral forces is achieved through the use of rigid connections between beams and 

columns which prevent any rotations between the beam and column (FEMA P-749 
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2010).  A special moment-resisting frame (SMRF) has additional detailing requirements 

that improve the seismic resistance of the system compared to an ordinary MRF.  The 

beams, columns, and joints are detailed and proportioned in order to resist flexural, axial, 

and shearing forces resulting from large displacement cycles present during a seismic 

event (Moehle et al 2008). 

It was important to consider minimum code requirements when designing the frame 

because the proportioning and detailing requirements for SMRF must be satisfied to 

allow the frame to withstand extensive inelastic deformations that result from 

earthquakes.  Therefore, the Seismic Design of Reinforced Concrete Special Moment 

Frames distributed by the National Earthquake Hazards Reduction Program (NEHRP) 

was consulted.  This guide combines the design requirements from ACI 318-08 and the 

load requirements from ASCE7 and the International Building Code (IBC). 

The frame dimensions, shown in Figure 6.1, were developed from to meet the frame 

proportioning requirements in ACI 318-08.  ACI 318-21.6.1.1 sets the minimum column 

dimension to 12 inches, but a minimum dimension of 16 inches is suggested.  Therefore, 

no beam or column has a dimension less than 18 inches in the proposed frame.  

Additionally, the ratio of the cross sectional dimensions for columns are required to be at 

least 0.4 according to ACI 318-21.6.1.2 so that the section is more compact.  Since the 

frame has square columns, this requirement is met.  Lastly, by ACI 318-21.5.1.2 the clear 

span of the beam must be at least four times its effective depth.  In the proposed frame, 

the beam span is nine times the depth of the beam 
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The minimum longitudinal reinforcement and spacing were also determined from 

ACI-318.  Other special detailing requirements are not presented in this thesis because 

the details, such as the layout and spacing of transverse reinforcement, were not 

physically modeled in ABAQUS.    

 
Figure 6.1: Two-story, two-bay reinforced concrete frame dimensions 

6.2. Modeling Considerations 

6.2.1. Elements and Material Properties 

A few assumptions were made in order to simplify the model while maintaining the 

integrity of the data for future damage identification applications.  First, the transverse 

reinforcement was not physically modeled.  Instead, the concrete cover and core in the 

columns and the beams were modeled by unconfined concrete and confined concrete 



 

 

132 

 

tetrahedral solid elements using the Mander Model described in Chapter 3 and Chapter 4.    

The longitudinal reinforcement was physically modeled with concrete shell elements with 

rebar embedded inside.  Since solid elements were used for the inner confined and outer 

unconfined concrete, the rotational degrees of freedom were ignored.  However, in a 

SMRF the connections between the beams and columns do not allow for any rotations 

relative to each other; therefore this simplification is valid.  A summary of the elastic 

material properties and element types for the structure is in Table 6.1.   

Table 6.1: Element types and material properties used in ABAQUS model 

 
Material Element Type 

Young’s 

Modulus (E) 

Poisson’s 

Ratio (ν) 

Beam 

Unconfined Concrete Tetrahedral Solid Continuum 

C3D10 

4,415 ksi 0.15 

Confined Concrete 4,286 ksi 0.15 

Rebar Shell S4R with Rebar Layer 29,000 ksi 0.3 

Column 

Unconfined Concrete Tetrahedral Solid Continuum 

C3D10 

4,415 ksi 0.15 

Confined Concrete 4,286 ksi 0.15 

Rebar Shell S4R with Rebar Layer 29,000 ksi 0.3 

 

Material nonlinearities were considered to predict the behavior of the RC frame 

under large lateral displacements. The material properties for concrete and rebar were 

idealized by the multi-linear stress-strain curves shown in Figure 6.2a and Figure 6.2b, 

respectively.  Damage modes expected to occur are indicated in the figures and include: 

the rebar yielding in tension, the unconfined concrete cover spalling, and the confined 

concrete core crushing. 
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Figure 6.2: Nonlinear material properties in ABAQUS model for: (a) concrete and (b) 

steel rebar 

6.2.2. Assembly of Components 

The RC frame is composed of four beams and three columns; each consisting of a 

confined concrete core, unconfined concrete cover, and two layers of embedded rebar.  

The assembly of the frame is depicted in Figure 6.3.  Select elements are removed in the 

figure for visualization purposes so the different elements and components of the 

structure are visible.  For example, the unconfined concrete cover was removed from the 

column on the far right so the confined concrete core is visible.  Also, the unconfined and 

confined concrete elements were removed from top right beam to reveal the embedded 

rebar elements.  To assemble the components, surface ties connected the confined and 

unconfined concrete, the rebar layers to the confined concrete core, as well as the beam 

face to the column face.  Tie constraints were appropriate because rigid joints were 
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assumed between the connected surfaces.  All nodes on the bottom surface were 

constrained at the base of the columns to create fixed boundary conditions at the base of 

the frame. 

 
Figure 6.3: Assembly of ABAQUS model 

6.2.3. Loading 

During an earthquake, a structure experiences large lateral displacements.  The 

performance of an earthquake-resistant structure is often evaluated based on its behavior 

under various levels of roof drift.  Therefore, a static monotonic load was applied to the 

top left corner of the frame by a displacement controlled boundary condition up to 3% 

roof drift.  This corresponds to a total of 6.66 inches of displacement in the positive x 

direction.  
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6.3.Expected Damages 

 The same multi-linear idealization used in the DRAIN model was used in the 

ABAQUS model; therefore the possible damage modes are the same.  Before any damage 

occurs, the model behaves linearly.  The damage modes that occur include the yielding of 

the rebar in tension, spalling of the unconfined concrete cover, and crushing of the 

confined concrete core as described in Chapter 4.  The rebar yields at 60 ksi and 0.00207 

strain, the concrete cover spalls at 6 ksi and 0.002 strain, and the concrete core crushes at 

9 ksi and 0.007 strain. The highest strains occur at the ends of the 1
st
 story beams, as 

shown by the longitudinal strain contours in Figure 6.4; therefore these are the locations 

at which damage is expected to occur.   

 
Figure 6.4: Longitudinal strain contours and elements of interest in ABAQUS model 

The strain was extracted from the ABAQUS model from four elements of interest 

along the 1
st
 story left beam of the frame since they experienced the highest levels of 

strain, as indicated in Figure 6.4.  Element Concrete 1 is an unconfined concrete element 
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in compression that is expected to spall.  Elements Rebar 1, 2, and 3 are embedded rebar 

elements in tension that will yield.  The value of base shear at which each of the selected 

elements will experience damage is summarized in Table 6.2.  The damage modes that 

will be focused on for the remainder of the analysis are the rebar yielding and the 

unconfined concrete cover spalling. 

Table 6.2: Expected damages in RC frame ABAQUS model 

Element # 
Element 

Name 

 

Base shear at which damage 

mode occurs, kips 

Rebar Yield Cover Spall 

1 Concrete 1 

 

520.3 

2 Rebar 1 711.7 

 3 Rebar 2 683.1 

 4 Rebar 3 698.3 

 

6.4.Application of Damage Indices 

 The regression coefficient,, and its first derivative, , introduced in Section 3.2 

were applied to the strain data extracted model for the concrete and rebar elements shown 

in Figure 6.4 for a total of six unique sensor pair combinations.  Changes in slope of  

and peaks of  successfully detected the yielding of the rebar in tension and the spalling 

of the unconfined concrete cover in the manner described in Chapter 3.  First the damage 

indices were evaluated to confirm the effectiveness of the structural model established in 

Section 3 for damage detection.  Then, the damage indices were further examined to 

determine their capabilities for damage detection and localization of the concrete cover 

spalling and rebar yielding. 
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6.4.1. Detection of Damage 

The structural model behind the formulation of the proposed damage indices is based 

on the concept that the structural responses of two nearby sensors are highly correlated 

and changes in structural properties due to damage will cause a change in the structural 

response.  This causes a change in the relationship between any two locations on the 

structure, thus inducing slope changes of  and peaks of .  Therefore before damage 

occurs, the damage indices will be constant and linear because the materials are elastic.  

However, once damage occurs, such as the reinforcement yielding, concrete cover 

spalling, and concrete core crushing, the damage indices will deviate from this line. 

The damage index plots for R1/C1 are shown in Figure 6.5 as a representative 

case of this behavior; however all plots for overall detection of the steel yielding and 

concrete cover spalling can be found in Appendix C.1. 

 In Figure 6.5, the damage indices are constant and linear (indicated by the dashed 

horizontal line) until spalling initiates.   Upon spalling,  decreases as the change in 

strain in Concrete 1 increases due to softening.  This causes negative peaks in  values.  

Then, the damage indices deviate even further from the line when yielding occurs.  

Similar behavior is exhibited by the other damage indices and can be seen in Appendix 

C.1. Sensor pairs that included two rebar elements detected yielding more strongly than 

spalling. Details on the detection and localization of the rebar yielding and concrete cover 

spalling will be discussed further in the following section. 
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Figure 6.5: Detection of concrete cover spalling and rebar yielding by damage index 

R1/C1 

6.4.2. Damage Detection and Localization 

Since damage directly affects the local structural response, the response of a 

sensor at or near a damaged location will be more affected than a sensor far away.  As a 

result, a damage index including the affected sensor will exhibit stronger changes, such 

as a larger magnitude of  relative to the other peaks.  If this occurs, it is possible to say 

that the damage was localized by the damage index.  

Therefore, the damage indices for all six sensor pair combinations were calculated 

using the strains output and each damage mode was focused on separately to examine the 

localization capabilities of the damage indices.  Table 6.3 summarizes the performance of 
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each sensor pair combination to detect the damages from Table 6.2.  A check mark 

indicates that the pair exhibited changes in  and peaks in  when damage occurred; an X 

indicates that it did not.  Peaks with the largest magnitude of  were considered the most 

prominent detections.  The highlighted boxes indicate which damage was most prominent 

for that sensor pair.  A few representative examples of the damage index plots will be 

presented in the text, but all sensor pair combinations are shown in Appendix C.2 for 

detection of rebar yielding and Appendix C.3 for concrete cover spalling. 

Table 6.3: Performance of damage indices  

Sensor 

Pair 

Concrete 1 

Spall 

Rebar 1 

Yield 

Rebar 2 

Yield 

 

Rebar 3 

Yield 

R1/C1     

R2/C1     

R3/C1     

R2/R1  X   

R3/R1  X   

R3/R2  X   

6.4.2.1.Rebar Yielding 

The damage indices were capable of detecting and localizing the yielding of the first 

story beam reinforcement. Two representative sensor pairs will be presented, but all plots 

for the detection of the rebar yielding can be found in Appendix C.2. 

An example of the detection of the yielding of the rebar using sensor pair R3/R2 is 

shown in Figure 6.6.  The regression coefficient  was calculated as indicated in the 

figure.  When Rebar 2 yields, the change in strain in Rebar 2 and Rebar 3 both increase.  

The change in strain in Rebar 3 increases because Rebar 2 is located directly adjacent to 
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Rebar 2; therefore when Rebar 2 yields, Rebar 3 must take on more of the tensile load to 

keep the section balanced.  The increase in the change in strain of Rebar 2 is due to the 

softening of the material upon yielding and is larger than the change in strain of Rebar 3.  

Therefore,  is decreasing; thus producing a negative  peak when damage occurs.  

Similarly, when Rebar 3 yields, both changes in strain are increasing; however the 

change in strain in Rebar 3 is larger since the material is softening.  As a result,  is 

increasing and there is a positive  peak. 

 
Figure 6.6: Detection of rebar yielding by damage indices R3/R2 

Localization is achieved by this sensor pair because the detection of yielding of Rebar 

2 and Rebar 3 are detected, but the yielding of Rebar 1 around 711 kips is not.  Since the 

sensor pair includes Rebar 2 and Rebar 3, the yielding of these elements cause a greater 

change in the structural response and consequently the damage indices, than the yielding 
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of Rebar 1 does.  Therefore, the damage index R3/R2 localizes yielding to Rebar 2 and 

Rebar 3. 

Another example of the successful detection and localization of rebar yielding is 

shown in Figure 6.7 with sensor pair R3/C1.  This damage index correctly identifies the 

yielding of Rebar 1, 2, and 3, but the peak in  with the greatest magnitude is at the 

yielding of Rebar 3.  Therefore, yielding is localized to Rebar 3 by the damage index 

R3/C1.  Similarly, yielding is localized to Rebar 2 by sensor pair R2/C1 (shown in 

Appendix C.2. 

 
Figure 6.7: Detection of rebar yielding by damage indices R3/C1 

Sensor pair R2/R1 and R3/R1 did not identify yielding in Rebar 1.  This is 

particularly alarming because sensor Rebar 1 is one of the sensors used in the calculation 

of the damage indices; therefore damages that occur in Rebar 1 should be most 
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prominent.  A possible reason for lack of detection may be because by the time Rebar 1 

yields, a significant amount of damage has already occurred in the structure; therefore the 

reduction in stiffness of Rebar 1 does not have as much of an impact on the overall 

stiffness of the beam section.  The cause of this false negative calls for future 

investigation.  

6.4.2.2.Spalling of Unconfined Concrete Cover 

The damage indices detected that the spalling of the concrete cover occurred, but 

the exact point at which spalling was initiated was not as prominent as the detection of 

the rebar yielding.  Instead of one single prominent peak in , there were multiple peaks 

after the step where spalling was initiated.  The damage index for R1/C1 is presented as 

an example, but all damage index plots for the detection of spalling of the unconfined 

concrete cover can be found in Appendix C.3. 

The inability to determine one distinct detection point for spalling in the concrete 

cover may result from the complexity of the concrete solid element as opposed to the 

simple rebar shell elements.  For instance, once spalling begins at the outermost 

compression fiber, the concrete cover continues to spall at each fiber closer and closer to 

the core of the beam.  Therefore the structural response keeps changing as the physical 

properties of each fiber change.  On the other hand, the entire rebar experiences a change 

in the structural response at one time when the physical properties change from yielding. 
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As a result, there is a defined point at which yielding occurs in the rebar; thus making a 

more prominent detection with the damage indices. 

Figure 6.8 shows the damage indices for sensor pair R1/C1.  The detection of the 

cover spalling was clearly visible when the indices deviated from the line in Figure 6.5.  

However, when the damage index plots are limited to the base shears near the initiation 

of spalling so that localization can be examined (Figure 6.8), it is more difficult to 

distinguish a definite point.  Instead, spalling is initially flagged at 495 kips as shown in 

Figure 6.8, but then  afterwards still deviates from zero as spalling continues in the 

section.  When spalling initiates, the change in strain in the concrete element is increasing 

due to softening of the spalling concrete.  As a result,  is decreasing which causes a 

negative  peak.  This same behavior is exhibited by sensor pairs R2/C1 and R3/C1.  

Additionally, the change in strain in the rebar also increases when the concrete spalls; 

therefore sensor pairs consisting of only rebar elements (R1/R2, R1/R3, R2/R3) are still 

capable of correctly identify that spalling occurs.  Since every sensor pair detected that 

spalling occurred and all of the magnitudes of  were generally the same, it is 

inconclusive whether spalling was localized.  In order to determine if this was achieved, a 

sensor pair far from the damage would need to be investigated; which could be done in 

future work. 
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Figure 6.8: Detection of concrete cover spalling by damage indices R1/C1 

6.5.Summary and Conclusions 

In order to study a more commonly used earthquake-resistant structure, a model 

of a two-bay, two-story RC special moment frame was created in ABAQUS.  The model 

accounted for nonlinear behavior due to damage by using a multi-linear stress-strain 

curve for the material properties.  It was static monotonically loaded up to 3% roof drift 

to simulate the large lateral displacements that would be present during an earthquake. 

The regression coefficient  and its slope  were applied to four select elements 

that were expected to become damaged for a total of six unique sensor pair combinations.  

Each combination was analyzed to make more general conclusions about the 

performance of the proposed damage indices to detect and localize the steel 
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reinforcement yielding and the concrete cover spalling.  Before any damage occurred, the 

damage indices remained constant and linear.  Once spalling was initiated, the damage 

indices deviated from the line.  Then when the rebar yielded, the indices changed even 

more.  Therefore this behavior proved that the proposed indices were capable of detecting 

concrete cover spalling and steel yielding. 

The damage index plots were examined further to evaluate the damage indices‘ 

capabilities to localize damage.  Overall, yielding of the reinforcement was localized by 

the damage indices, but it is not possible to conclude from the given data if spalling of the 

concrete cover was localized.   

Most importantly, the implementation of the damage indices on the RC SMRF in 

ABAQUS further proved that these features are adequate for damage detection in RC 

earthquake-resistant structures; not just the specialty structure in Chapter 4. 

6.6.Future Work 

A future project to further develop and validate damage detection techniques in 

earthquake-resistant reinforced concrete structures was proposed.  The project includes 

simulation models, component testing, and ultimately large-scale testing at Lehigh 

University‘s ATLSS Center.  Data from simulation models as well as the performance of 

the proposed damage indices after large-scale testing of the NEES Coupled Shear Wall 

will be considered in designing various experiments.   
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Figure 6.9 illustrates the overall intentions and vision for the project.  An 8-story 

ductile moment resisting frame is the prototype structure shown in Figure 6.9a.  In order 

to investigate failure modes of each of the frame components, full scale component level 

testing will be performed on a 1
st
 story column (d) and a 1

st
 story beam with connections 

(c).  Then, the results will be considered for 50% scaled testing of the entire 1
st
 story 

under the effects of an earthquake time history. Finally, a two-story portion of the two-

bay frame, similar to the frame in the ABAQUS model will be tested using hybrid 

simulation. 

 
Figure 6.9: Overall plan for future NEES project 

 Detailed set-ups of the component level testing of the column and beam are 

illustrated in Figure 6.10a and Figure 6.10b respectively.  Each component will be 



 

 

147 

 

instrumented with several strain gauges on the longitudinal and transverse reinforcement.  

Additionally, 3D DIC setups will collect surface data as static loads are applied by 

actuators until failure. 

 
Figure 6.10: Full-scale component level testing of (a) 1st story column and (b) 1st story 

beam with connections 

 Since the 50% scaled 1
st
 story of the prototype structure will be tested under an 

earthquake time history, the structure will be instrumented with accelerometers in 

addition to the strain gauges and DIC as shown in Figure 6.11.  Accelerometers will 

collect dynamic data while actuators apply lateral loads to simulate an earthquake. 

 
Figure 6.11: 50% Scaled testing of 1st story under earthquake loading 
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Lastly, Figure 6.12 presents a preliminary plan for testing of the first two stories 

of the prototype structure using hybrid simulation.  Lateral actuators will apply lateral 

loads similar to those induced by an earthquake while gravity actuators apply forces to 

the second story to simulate the top six stories of the building.  Throughout loading, 

several strain gauges embedded on the rebar and 3D DIC set-ups will collect data for use 

in validation of damage detection techniques. 

 
Figure 6.12: Preliminary plan for testing of first two stories of prototype structure 

 Overall this project will further enhance the damage detection techniques 

introduced in this thesis by validating them with extensive experimental data.  Most 

importantly, it will create a basis for extending these techniques to real world monitoring 

of earthquake-resistant structures. 
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7. SUMMARY, CONCLUSIONS, AND FUTURE WORK 

This thesis proposed a technique for detecting and localizing three damage modes in 

reinforced concrete earthquake-resistant structures.  Damage modes considered include 

the yielding of the steel reinforcement, spalling of the concrete cover, and crushing of the 

concrete core. 

 First, a definition of damage in RC was established based on the material 

properties of steel and concrete from experimental observations and design codes.  It was 

found that when damage was initiated, it induced a change in stiffness in the structure or 

structural component through a reduction in the moduli of the materials and the cross 

sectional area of the section.  The change in stiffness was apparent from changes in the 

structural response.  The structural response used in this method was the change in strain 

in an element because strain directly corresponds to material limits at which damage 

occurs.  Therefore it is a variable that is directly affected by damage. 

Damage indices were established as damage sensitive features to detect the changes 

in stiffness due to damage through the structural response.  The proposed damage indices 

created a pairwise relationship between two sensor locations on a structure.  

Discontinuities or peaks in the damage indices signified a change in the relationship, i.e. 

possible damage, between the sensors compared by the damage index.   

Two simulation models were examined in order to validate these damage detection 

techniques.  First, a DRAIN-2DX fiber element model of a post-tensioned coupled shear 

wall earthquake-resistant structure was introduced and analyzed to determine the types 
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and locations of damage.  Then, the damage indices were applied to the model to detect 

the yielding of the energy dissipating (ED) bars, spalling of the concrete cover, and 

crushing of the concrete core.   

Damage modes were successfully identified by the damage indices.  Additionally, all 

detected damages were localized to the story level at which damage occurred.  

Furthermore, some indices and damage modes were capable of localizing damage to a 

specific sensor by examining the magnitude of the peak of .  The yielding of the ED 

bars was the most prominent damage detected and localized.  Spalling of the concrete 

cover was not as easily detected because  the model was not sophisticated enough to 

simulate the detailed behavior of spalling that includes the reduction of the material 

modulus combined with the loss of cross sectional area.  However, spalling was detected 

in most cases when the spalling sensor location was used to calculate the damage index.  

Lastly, crushing of the concrete core was effectively detected by most sensor pairs.  

Overall, the proposed damage indices identified and localized the three intended damage 

modes using simulation data from DRAIN-2DX model of the NEES Coupled Shear Wall 

structure. 

An ABAQUS finite element model of a two-bay, two-story RC SMRF was produced 

to further validate the damage indices by applying them to a more general earthquake-

resistant structure.  The model was examined to determine the types of damage as well as 

the locations of damage expected.  Then, damage indices  and  were applied to the data 

in order to detect and localize the spalling of the concrete cover and yielding of the 



 

 

151 

 

reinforcement.   Before any damage occurred, the damage indices remained constant and 

linear.  However, when spalling of the concrete cover initiated and yielding of the 

reinforcement occurred, the damage indices deviated from the line.  Therefore this proved 

that the indices were capable of damage detection. 

Then, the damage index plots for each damage mode were examined further to 

evaluate the localization capabilities of the damage indices.  Overall, several sensor pairs 

were found to be capable of damage localization, especially for the yielding of the 

reinforcement.   

The next step for validation of the damage detection techniques for RC earthquake-

resistant structures includes experimental testing.  In preparation for the upcoming large-

scale testing of the NEES Coupled Shear Wall, the instrumentation plan was developed 

and presented.  DIC will be used to collect spatially dense data in areas where large 

amounts of local damages are expected, which will be valuable for damage detection.  In 

order to employ damage detection methods to this type of data in the future, small scale 

experiments were performed using DIC to establish effective methods for data collection 

and evaluation.  From these experiments, DIC was proved to be reliable for collecting 

displacement and strain data. 

Although the satisfactory performance of the damage indices to detect yielding of the 

rebar, spalling of the concrete cover, and crushing of the concrete core was verified by 

two different simulation models, there is much work left to be done to completely 

develop and validate the proposed damage detection techniques.  First, the indices must 
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be verified through experimental testing.  This will be accomplished through testing of 

the 40% scale coupled shear wall structure at ATLSS in September 2013 and the series of 

component testing and scaled experiments for a future project described in Chapter 6.  

Additionally, change point detection methods could be a useful tool for finding when and 

where damage occurs.  The methods introduced in Section 2.3 can potentially be used in 

conjunction with the damage indices introduced in this thesis to improve the damage 

detection techniques so that they do not rely on human interpretation.  Lastly, the indices 

can be modified in order to further condense spatially dense data like from DIC. 
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Appendix A: Example Calculations from Section Analysis around Yielding 
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Table A.1: Changes in forces due to damage from section analysis of BC2 

   % change per kip of Base Shear 

Description Index # NA  
C in 

UC  

C in 

CC  

C in 

Concrete 

C in 

ED  

T in 

ED  

Force 

in PT 

Axial 

in Beam  

Yield 93-92 -0.1% -2.4% -37.0% -39.4% -4.3% 15.7% 1.8% -27.2% 

After Yield 94-93 -0.3% -2.0% -32.0% -34.0% -4.1% 5.1% 1.8% -26.4% 

Before Spall 100-99 -0.3% 0.3% -31.7% -31.4% -4.1% 1.0% 1.9% -22.1% 

After Spall 101-100 -0.2% 0.6% -34.8% -34.2% -4.4% 1.0% 1.9% -24.0% 

Before Crush 357-356 -0.1% 12.9% -63.6% -50.7% -0.9% 7.0% 16.7% 0.0% 

After Crush 358-357 -0.3% 10.7% -38.5% -27.8% -0.8% 6.1% 15.0% 50.0% 
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Appendix B.1: Additional Damage Index Plots for Steel Yielding using 1
st
 Story 

Sensors in DRAIN Model 

 

Figure B.1.1: Detection of ED steel yielding by 1
st
 story damage index ED1/BC2 

 

Figure B.1.2: Detection of ED steel yielding by 1
st
 story damage index BC3/BC2 
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Figure B.1.3: Detection of ED steel yielding by 1
st
 story damage index W1/BC2 

 

Figure B.1.4: Detection of ED steel yielding by 1
st
 story damage index W2/BC2 
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Figure B.1.5: Detection of ED steel yielding by 1
st
 story damage index ED1/BC3

 

Figure B.1.6: Detection of ED steel yielding by 1
st
 story damage index ED2/BC3 
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Figure B.1.7: Detection of ED steel yielding by 1
st
 story damage index W1/BC3 

 

Figure B.1.8: Detection of ED steel yielding by 1
st
 story damage index W2/BC3 
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Figure B.1.9: Detection of ED steel yielding by 1
st
 story damage index W1/ED1 

 

Figure B.1.10: Detection of ED steel yielding by 1
st
 story damage index W2/ED1 
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Figure B.1.11: Detection of ED steel yielding by 1
st
 story damage index W1/ED2 

 

Figure B.1.12: Detection of ED steel yielding by 1
st
 story damage index W2/ED2 
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Figure B.1.13: Detection of ED steel yielding by 1
st
 story damage index W1/W2 
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Appendix B.2: Additional Damage Index Plots for Concrete Cover Spalling 

using 1
st
 Story Sensors in DRAIN Model 

 
Figure B.2.1: Detection of concrete cover spalling by 1

st
 story damage index ED1/BC2 

 

Figure B.2.2: Detection of concrete cover spalling by 1
st
 story damage index BC3/BC2 
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Figure B.2.3: Detection of concrete cover spalling by 1

st
 story damage index W1/BC2 

 
Figure B.2.4: Detection of concrete cover spalling by 1

st
 story damage index W2/BC2 
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Figure B.2.5: Concrete cover spalling not detected by 1

st
 story damage index ED1/BC3 

 
Figure B.2.6: Concrete cover spalling not detected by 1

st
 story damage index ED2/BC3 

 

 



 

 

178 

 

 

Figure B.2.7: Concrete cover spalling not detected by 1
st
 story damage index W1/BC3 

 
Figure B.2.8: Concrete cover spalling not detected by 1

st
 story damage index W2/BC3 
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Figure B.2.9: Concrete cover spalling not detected by 1

st
 story damage index ED2/ED1 

 
Figure B.2.10: Concrete cover spalling not detected by 1

st
 story damage index W1/ED1 
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Figure B.2.11: Concrete cover spalling not detected by 1
st
 story damage index W2/ED1 

 
Figure B.2.12: Concrete cover spalling not detected by 1

st
 story damage index W1/ED2 

 



 

 

181 

 

 
Figure B.2.13: Concrete cover spalling not detected by 1

st
 story damage index W2/ED2 

 

 
Figure B.2.14: Concrete cover spalling not detected by 1

st
 story damage index W1/W2 
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Appendix B.3: Additional Damage Index Plots for Concrete Core Crushing using 1
st
 

Story Sensors in DRAIN Model 

 
Figure B.3.1: Detection of concrete core crushing by 1

st
 story damage index BC3/BC2 

 
Figure B.3.2: Detection of concrete core crushing by 1

st
 story damage index ED1/BC2 
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Figure B.3.3: Detection of concrete core crushing by 1

st
 story damage index W1/BC2 

 
Figure B.3.4: Detection of concrete core crushing by 1

st
 story damage index W2/BC2 

 



 

 

184 

 

 
Figure B.3.5: Detection of concrete core crushing by 1

st
 story damage index ED1/BC3 

 
Figure B.3.6: Detection of concrete core crushing by 1

st
 story damage index ED2/BC3 
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Figure B.3.7: Detection of concrete core crushing by 1

st
 story damage index W1/BC3 

 
Figure B.3.8: Detection of concrete core crushing by 1

st
 story damage index W2/BC3 
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Figure B.3.9: Detection of concrete core crushing by 1

st
 story damage index ED2/ED1 

 
Figure B.3.10: Detection of concrete core crushing by 1

st
 story damage index W1/ED1 
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Figure B.3.11: Detection of concrete core crushing by 1
st
 story damage index W2/ED1 

 
Figure B.3.12: Detection of concrete core crushing by 1

st
 story damage index W1/ED2 
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Figure B.3.13: Detection of concrete core crushing by 1

st
 story damage index W2/ED2 

 
Figure B.3.14: Detection of concrete core crushing by 1

st
 story damage index W1/W2 



 

 

189 

 

Appendix B.4: Additional Damage Index Plots for Steel Yielding and Concrete 

Cover Spalling using 2
nd

 and 3
rd

  Story Sensors in DRAIN Model 

 
Figure B.4.1: Detection steel yielding and concrete cover spalling by 2

nd
 story damage 

index BC3/BC2 

 
Figure B.4.2: Detection steel yielding and concrete cover spalling by 2

nd
 story damage 

index ED1/BC2 
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Figure B.4.3: Detection steel yielding and concrete cover spalling by 2

nd
 story damage 

index ED2/BC2 

 
Figure B.4.4: Detection steel yielding and concrete cover spalling by 2

nd
 story damage 

index W1/BC2 
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Figure B.4.5: Detection steel yielding and concrete cover spalling by 2

nd
 story damage 

index W2/BC2 

 
Figure B.4.6: Detection steel yielding and concrete cover spalling by 2

nd
 story damage 

index ED1/BC3 
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Figure B.4.7: Detection steel yielding and concrete cover spalling by 2

nd
 story damage 

index ED2/BC3 

 
Figure B.4.8: Detection steel yielding and concrete cover spalling by 2

nd
 story damage 

index W1/BC3 
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Figure B.4.9: Detection steel yielding and concrete cover spalling by 2

nd
 story damage 

index W2/BC3 

 
Figure B.4.10: Detection steel yielding and concrete cover spalling by 2

nd
 story damage 

index ED2/ED1 
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Figure B.4.11: Detection steel yielding and concrete cover spalling by 2

nd
 story damage 

index W1/ED1 

 
Figure B.4.12: Detection steel yielding and concrete cover spalling by 2

nd
 story damage 

index W2/ED1 
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Figure B.4.13: Detection steel yielding and concrete cover spalling by 2

nd
 story damage 

index W1/ED2 

 
Figure B.4.14: Detection steel yielding and concrete cover spalling by 2

nd
 story damage 

index W2/ED2 
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Figure B.4.15: Detection steel yielding and concrete cover spalling by 2
nd

 story damage 

index W1/W2 

 

Figure B.4.16: Detection steel yielding and concrete cover spalling by 3
rd

 story damage 

index BC3/BC2 
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Figure B.4.17: Detection steel yielding and concrete cover spalling by 3
rd

 story damage 

index ED1/BC2 

 

Figure B.4.19: Detection steel yielding and concrete cover spalling by 3
rd

 story damage 

index ED2/BC2 
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Figure B.4.18: Detection steel yielding and concrete cover spalling by 3
rd

 story damage 

index W1/BC2 

 

Figure B.4.20 Detection steel yielding and concrete cover spalling by 3
rd

 story damage 

index W2/BC2 
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Figure B.4.21: Detection steel yielding and concrete cover spalling by 3
rd

 story damage 

index ED1/BC3 

 

Figure B.4.22: Detection steel yielding and concrete cover spalling by 3
rd

 story damage 

index ED2/BC3 
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Figure B.4.23: Detection steel yielding and concrete cover spalling by 3
rd

 story damage 

index W1/BC3 

 

Figure B.4.24: Detection steel yielding and concrete cover spalling by 3
rd

 story damage 

index W2/BC3 
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Figure B.4.25: Detection steel yielding and concrete cover spalling by 3
rd

 story damage 

index ED2/ED1 

 

Figure B.4.26: Detection steel yielding and concrete cover spalling by 3
rd

 story damage 

index W1/ED1 
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Figure B.4.27: Detection steel yielding and concrete cover spalling by 3
rd

 story damage 

index W2/ED1 

 

Figure B.4.28: Detection steel yielding and concrete cover spalling by 3
rd

 story damage 

index W1/ED2 
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Figure B.4.29: Detection steel yielding and concrete cover spalling by 3
rd

 story damage 

index W2/ED2 

 

Figure B.4.30: Detection steel yielding and concrete cover spalling by 3
rd

 story damage 

index W1/W2 
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Appendix B.5: Additional Damage Index Plots for Concrete Core Crushing using 

2
nd

 and 3
rd

  Story Sensors in DRAIN Model 

 

Figure B.5.1: Detection of concrete core crushing by 2
nd

 story damage index BC3/BC2 

 

Figure B.5.2: Detection of concrete core crushing by 2
nd

 story damage index ED1/BC2 
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Figure B.5.3: Detection of concrete core crushing by 2

nd
 story damage index ED2/BC2 

 
Figure B.5.4: Detection of concrete core crushing by 2

nd
 story damage index W1/BC2 
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Figure B.5.5: Detection of concrete core crushing by 2

nd
 story damage index W2/BC2

 
Figure B.5.6: Detection of concrete core crushing by 2

nd
 story damage index ED1/BC3 
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Figure B.5.7: Detection of concrete core crushing by 2

nd
 story damage index ED2/BC3

 
Figure B.5.8: Detection of concrete core crushing by 2

nd
 story damage index W1/BC3 
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Figure B.5.9: Detection of concrete core crushing by 2

nd
 story damage index W2/BC3 

 

Figure B.5.10: Detection of concrete core crushing by 2
nd

 story damage index ED2/ED1 
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Figure B.5.11: Detection of concrete core crushing by 2

nd
 story damage index W1/ED1 

 
Figure B.5.12: Detection of concrete core crushing by 2

nd
 story damage index W2/ED1 
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Figure B.5.13: Detection of concrete core crushing by 2

nd
 story damage index W1/ED2 

 

Figure B.5.14: Detection of concrete core crushing by 2
nd

 story damage index W2/ED2 
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Figure B.5.15 Detection of concrete core crushing by 2

nd
 story damage index W1/W2 

 

Figure B.5.16: Detection of concrete core crushing by 3
rd

 story damage index BC3/BC2 
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Figure B.5.17: Detection of concrete core crushing by 3
rd

 story damage index ED1/BC2 

 

Figure B.5.18: Detection of concrete core crushing by 3
rd

 story damage index ED2/BC2 
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Figure B.5.19: Detection of concrete core crushing by 3
rd

 story damage index W1/BC2 

 

Figure B.5.20 Detection of concrete core crushing by 3
rd

 story damage index W2/BC2 
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Figure B.5.21: Detection of concrete core crushing by 3
rd

 story damage index ED1/BC3

 

Figure B.5.22: Detection of concrete core crushing by 3
rd

 story damage index ED2/BC3 
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Figure B.5.23: Detection of concrete core crushing by 3
rd

 story damage index W1/BC3 

 

Figure B.5.24: Detection of concrete core crushing by 3
rd

 story damage index W2/BC3 
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Figure B.5.25: Detection of concrete core crushing by 3

rd
 story damage index ED2/ED1 

 
Figure B.5.26: Detection of concrete core crushing by 3

rd
 story damage index W1/ED1 
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Figure B.5.27: Detection of concrete core crushing by 3
rd

 story damage index W2/ED1 

 

Figure B.5.28: Detection of concrete core crushing by 3
rd

 story damage index W1/ED2 
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Figure B.5.29: Detection of concrete core crushing by 3
rd

 story damage index W2/ED2 

 

Figure B.5.30: Detection of concrete core crushing by 3
rd

 story damage index W1/W2 
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Appendix C.1: Additional Damage Index Plots for Detection in ABAQUS Model 

 

Figure C.1.1: Detection of concrete cover spalling and rebar yielding by damage index 

R2/C1 

 

Figure C.1.2: Detection of concrete cover spalling and rebar yielding by damage index 

R3/C1 
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Figure C.1.3: Detection of concrete cover spalling and rebar yielding by damage index 

R2/R1 

 

Figure C.1.4: Detection of concrete cover spalling and rebar yielding by damage index 

R3/R1 
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Figure C.1.5: Detection of concrete cover spalling and rebar yielding by damage index 

R3/R2 
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Appendix C.2: Additional Damage Index Plots for Yielding of Rebar in ABAQUS 

Model 

 
Figure C.2.1: Detection of rebar yielding by damage indices R1/C 

 

Figure C.2.2: Detection of rebar yielding by damage indices R2/C1 
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Figure C.2.3: Detection of rebar yielding by damage indices R2/R1 

 
Figure C.2.4: Detection of rebar yielding by damage indices R3/R1 
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Appendix C.3: Additional Damage Index Plots for Concrete Cover Spalling in 

ABAQUS Model 

 
Figure C.3.1: Detection of concrete cover spalling by damage indices R2/C1 

 
Figure C.3.20.1: Detection of concrete cover spalling by damage indices R3/C1 
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Figure C.3.3: Detection of concrete cover spalling by damage indices R2/R1 

 
Figure C.3.4: Detection of concrete cover spalling by damage indices R3/R1 
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Figure C.3.5: Detection of concrete cover spalling by damage indices R3/R2 
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