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This study evaluates the effectiveness of the Modal Participation Ratio (MPR) and 

Enhanced Modal Participation Ratio (EMPR) methods for damage localization, 

specifically in multi-story structures with combined story damage scenarios. The 

originality of this work lies in its combined use of numerical and experimental 

validation on the same four-story steel frame model, focusing on complex multi-

damage conditions rather than single-story or simulation-only studies. MPR values 

were derived from dynamic responses of a finite element model of a steel frame, 

obtained through numerical simulations using randomized white noise acceleration, 

while EMPR values were derived from experimental tests conducted on the same 

steel frame model, utilizing ambient vibrations. Thirteen damage scenarios, 

including single-, two-, and three-story combinations, were investigated. The results 

show that damaged degrees of freedom consistently exhibit the highest ΔMPR 

values, and that combined damage scenarios often produce additive MPR patterns 

that aid in damage separation. First-story damage had the most dominant effect on 

overall MPR variation, occasionally reducing the visibility of higher-story damage. 

The findings confirm that both methods are reliable tools for structural health 

monitoring and damage identification, even in complex multi-damage 

configurations. 
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1. Introduction 

Monitoring the changes in the structure’s health presents an opportunity to detect any adverse developments 

that might cause economic loss or, worse, loss of lives. Researchers focusing on structural health monitoring 

aim to develop or enhance methods to identify structural systems or damage/damage propagation. While 

coming up with an idea of a method takes much effort, testing these methods for their effectiveness and 

coming up with solutions to eliminate these defects is as essential as developing a new method. One of the 

most used methods of identifying structure or damage is studying dynamic characteristics such as natural 

frequency, mode shape, and damping ratio. These characteristics can be obtained through non-destructive 

tests or monitored for any change. A change signaling that the building went under internal or external forces, 

which resulted in a loss of strength. 
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 Many studies were conducted to test natural frequency, mode shape, damping ratio, and many more 

dynamic characteristics. The significant steps of damage identification through these characteristics are 

detection, localization, and damage quantification. While one can assume that the structure is damaged after 

observing a change in these dynamic characteristics, localizing and quantifying the damage is more 

challenging. Many ways of evaluating the effectiveness of damage identification methods have been carried 

out numerically and experimentally. For instance, a damaged member, the number of damaged members, the 

distance between damaged members, and the quantity of damage on all damaged members can be diversified 

to assess the effectiveness of the presented method. 

 The localization of damage has been one of the main challenges for complex structures and single system 

members. There have been various methods developed and evaluated for damage localization on beam-type 

structures, plate-like structures, trusses, and 3-D frame structures [2-5,9,11-13,16,17,19,23,24,30,34-

36,38,42,43]. While predicting the existence of damage and its location is a challenge, having multiple 

damage locations makes it even more difficult to predict. Therefore, multiple damage localization is a 

milestone for newly developed methods. Contursi et al. [15] developed a new method for multiple damage 

localization in elastic structures using a two-bar truss, a fifteen-bar truss, and a ten-bay, 51-bar truss. The 

method was defined as attractive for practice for the reason of only requires knowledge of natural frequency 

changes in the structure. Lu et al. [25] studied two methods for multiple damage localization in beam 

structures. The first method is to study the sensitivity of flexibility and flexibility curvature to various damage 

patterns performed on the FE model. And the second method, which was found to be more effective, where 

relative frequency changes in the multiple damage location assurance criterion (MDLAC). Xiang and Liang 

[37] developed a two-step approach for multiple damage detection in thin plates. The method consists of the 

application of a 2D wavelet to the modal shape for the detection of singularity and damage location, followed 

by a particle swarm optimization algorithm to further assess these outcomes. Papers focused on developing 

or testing multiple damage localization on several types of structures and members can be found in the 

literature [10,18,21,22,26,28,29,32,33]. 

 Modal Participation Ratio (MPR) is a representative contribution value of each considered mode and 

each considered measurement point or degree of freedom (DOF) to the modal behavior of the examined 

structure. And evaluating changes on these ratios provides a good source for damage identification. The 

study by Yilmaz et al. [40] introduced and experimentally validated the enhanced MPR approach for single-

story damage scenarios, demonstrating that the version filtered using MAC-based rejection was more 

effective than MPR values derived using bandpass filtering. This study is a direct continuation of that work 

and evaluates the effectiveness of the proposed enhanced MPR as a multiple damage localization parameter, 

extending its use to combined damage cases. Using the same multi-story steel frame model, changes in MPR 

through single and multi-story damage scenarios have been numerically and experimentally studied. As the 

first study to experimentally examine MPR under multiple damage scenarios, it provides evidence that, in 

most cases, MPR changes are sensitive enough to identify new damage locations, supporting the method’s 

potential for real-world structural health monitoring applications. 

 

2. Building model 

A simple steel frame model simulating the dynamic behavior of a building is constructed using a rectangular 

hollow section (40×40×2 mm). The dimensions of the model used for experimental and numerical tests are 

provided in Fig. 1. As shown in Fig. 1, the model consists of a frame and a base plate welded to the frame. 

Eight holes in the base plate are used to secure the model to the ground, simulating fixed boundary conditions. 
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Fig. 1. The frame model and base plate (dimensions in cm) 

 

3. Methodology 

The methodology for obtaining MPR can be divided into two phases: dynamic response extraction and MPR 

formulation. Dynamic response extraction approaches are presented in Fig. 2. A numerical approach to 

achieving a dynamic response involves employing transient analysis, where artificial vibrations simulate 

ambient vibrations caused by environmental effects in a numerical model of a building. These dynamic 

responses are collected by applying randomized white noise acceleration as ambient excitations. Determining 

the appropriate time step and total duration of white noise acceleration is crucial for accurate modal response, 

with considerations based on the studied frequency range [20]. Dynamic responses of building models are 

acquired by utilizing Operational Modal Analysis (OMA). Accelerometers are employed to measure the 

dynamic response of objects. No artificial vibrations are required since the ambient vibrations created by the 

environment are enough to create dynamic excitation. Then, these responses measured by accelerometers are 

collected and stored in data acquisition systems. Later, these dynamic responses can be used to obtain 

dynamic characteristics like natural frequency, mode shapes, and damping ratios. The Enhanced Frequency 

Domain Decomposition (EFDD) method is employed to extract these dynamic characteristics [6]. 

 MPR derivation involves utilizing dynamic responses. Different MPR values can be obtained depending 

on the dynamic response type. This study employs acceleration responses obtained from transient analysis 

and OMA. Unlike the modal participation mass ratio, MPR quantifies the contribution of each measurement 

point or DOF to each mode, allowing more precise structural damage detection between measurement points 

or DOFs. Fig. 3 shows the step-by-step derivation of the MPR formulation. As the first step, the Fast Fourier 

Transform (FFT) procedure is employed to convert the dynamic response of a single measurement point to 

frequency domain data. Then, filtering is applied to separate the frequency domain data of a single 

measurement point into considered modes.  
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Fig. 2. Dynamic response extraction flowchart for numerical and experimental models 

 

 In this study, the first three mode shapes are selected for MPR derivation. These modes were chosen 

because they contribute most significantly to the global dynamic behavior of the four-story frame model. 

Higher modes were excluded due to their lower energy content and higher sensitivity to noise, especially in 

experimental measurements. This selection ensures a balance between sensitivity to damage and reliability 

of results.  

 MAC rejection filtering, which enhances the accuracy of damage localization by evaluating the 

correlation between mode shapes, has proven to have better results in experimental studies and is utilized in 

experimental studies. In this study, a MAC rejection level of 0.9 is selected. This level provides the lower 

and upper frequency bounds for each mode frequency, defining the frequency range where the mode shapes 

have higher relevance. These bounds are then used in subsequent steps of the methodology, as outlined in 

[40]. In contrast, bandpass filtering with a user-defined value of 1 is utilized for the numerical study [27]. 

The third step is to apply the inverse FFT to obtain a modal response for a single mode. Then, the root square 

of this modal response is calculated in step four. Step five is repeating steps three and four for each considered 

mode. The procedure from steps one to five is repeated for the dynamic response of each measurement point 

in step six. At the end of the sixth step, the root mean square of each mode for each measurement point is 

derived. In step seven, the MPR is determined by calculating the ratio of the root mean square of each modal 

response to the sum of all considered modal responses. The damage identification procedure involves 

assessing the percentage change in MPR values between damaged and initial states. Therefore, step eight is 

repeating all the steps for each structural state. Lastly, in step nine, MPR variation is studied for damage 

identification, where the percentage change of damaged MPR (DMPR) to initial MPR (IMPR) is derived. 
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Fig. 3. Flowchart of MPR Derivation Process 
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4. Damage scenarios 

In addition to undamaged and single-story damage scenarios completed in Yilmaz et al. [40], multi-damage 

scenarios were studied in numerical and experimental tests. Fig. 4 shows all damage scenarios that were 

considered in this study. 

 

     
Undamaged Damaged 1 Damaged 2 Damaged 3 Damaged 4 

     
Damaged 12 Damaged 13 Damaged 23 Damaged 24 Damaged 34 

    

Damaged 123 Damaged 124 Damaged 134 Damaged 234 

Fig. 4. Illustration of damage scenarios applied to the model 
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Fig. 5. Multiple damage building models 

 

 The selected damage scenarios include both adjacent and non-adjacent multi-story damage combinations 

to reflect varying levels of localization complexity and simulate realistic structural damage patterns that may 

occur during seismic or progressive deterioration events. This approach allows a more thorough evaluation 

of MPR’s performance under different conditions. 

 Story damage was simulated as removing a part with 140mm height and 20mm width from the middle of 

the story. These scenarios were employed to evaluate the multiple damage localization performance of MPR 

in damage identification. Multiple damage building models are given in Fig. 5. 

 

5. Numerical study 

A numerical study has been performed to confirm that the same behavior of MPR change can be observed 

in both experimental and numerical studies. Thus, expanding the application area of the method. The results 

of the numerical study are also utilized to help verify experimental results. The finite element (FE) model of 

the steel frame is built and tested on SAP2000 software (CSI, 2021). In addition to transient analysis, which 

gives dynamic responses used in MPR derivation, modal analysis was carried out to obtain dynamic 

characteristics of the model, such as natural frequencies and mode shapes. The first three in-plane mode 

natural frequencies of all structural states are given in Table 1. The undamaged state's first, second, and third 

mode frequencies are 65.248, 227.732, and 458.989 Hz, respectively. All structural states' first, second, and 

third mode frequencies are between 54.579 and 66.839Hz, 180.957 and 227.732Hz, and 341.232 and 

458.989Hz, respectively. The comparison of the first mode frequency of models with and without fourth-

story damage shows a clear indication of an increase in frequency when fourth-story damage is introduced. 

This behavior might be misleading when the damage localization is not backed by other parameters. 

 Fig. 6 shows the frequency variation of the first mode frequency for each damage state. There is a 

decrease in first-mode natural frequencies except for the third and fourth-story combined damage scenario 

and the single fourth-story damage scenario. The first and second-story damage combination resulted in the 

highest decrease in the first mode frequency value of 16.35%. Moreover, the highest decrease in single-story 

damage scenarios is first-story damage, with a 14.52% decrease in first-mode frequency. All six damage 

scenarios that include first-story damage caused the most decrease in the first mode natural frequency. Lower 

story damages have a higher impact on the first mode frequency. 

 The mode shapes obtained from numerical modal analysis and a close look at each eigenvector of each 

damage state for the first three translational modes are presented in Fig. 7. These mode shapes are weighted 

and normalized to an undamaged structural state. 

 Studying eigenvalues and eigenvectors was one of the first damage identification methods developed [1, 

31, 41]. A detailed study of the relation of these values to damage location can provide a reasonable estimate. 
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However, MPR value variation, once derived, gives a simple indication of damage location and quantity. 

First-mode MPR variations caused by single-story and multi-story damage scenarios are calculated using a 

bandpass filter and MAC rejection filter [27,40]. The user-defined filtering value was assumed to be one, 

and the MAC rejection level was 0.9. However, both methods gave the same MPR variation results, meaning 

the filtering interval does not affect MPR variation in the case of the numerical study. Fig. 8 shows MPR 

variations (ΔMPR) for all single-story and combined-story damage scenarios. The ΔMPR value of damaged 

DOF was the highest among all other MPR variations. For single-story damage scenarios, the highest 

increase in MPR occurred at the damaged-story DOF. For combined damage scenarios, the highest increase 

was at one of the damaged DOFs. In the damage scenarios with first-story damage, the ΔMPR of the first 

DOF has an apparent increase. 

 

Table 1. Natural frequencies of FE models and frequency variations 

Structural State 
First Mode Frequency 

(Hz) 

Second Mode Frequency 

(Hz) 

Third Mode Frequency 

(Hz) 

Undamaged 65.248 227.732 458.989 

Damage 1 55.776 200.864 421.78 

Damage 2 62.666 221.288 399.393 

Damage 3 65.048 206.9 446.798 

Damage 4 66.839 217.989 404.473 

Damage 12 54.579 196.589 372.594 

Damage 13 55.982 184.206 419.406 

Damage 23 62.644 205.360 393.405 

Damage 24 64.270 213.282 364.839 

Damage 34 66.792 201.342 392.454 

Damage 123 54.873 183.646 368.005 

Damage 124 55.957 192.071 341.232 

Damage 134 57.449 180.957 374.926 

Damage 234 64.397 200.354 362.225 

 

 
Fig. 6. The first mode frequency variation of FE models 
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(a) First mode 

 

(b) Second mode 

 

(c) Third mode 

Fig. 7. Mode shapes and weighted normalized eigen vectors of FE models 
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Fig. 8. MPR Variations of FE models for all damage states 
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 On the contrary, in combined damage scenarios with fourth-story damage, ΔMPR for the fourth DOF 

shows a minor impact on all MPR values. Therefore, it is easier to interpret the involvement of first-story 

damage compared to fourth-story damage. However, two- and three-story combination damage scenarios 

create MPR variation, which is approximately a simple summation of single-story damage scenarios that 

provide a straightforward damage localization practice. For instance, Damage 13 case, where the building 

model is damaged on the first and third stories, shows a combined MPR variation of first and third-story 

damages. Since the first story damage is more dominant on MPR variations, it is still differentiable in 

Damage 13. The third story damage in Damage13 can also be spotted because it has the second-highest MPR 

variation. Moreover, Damage 13, compared to Damage 1, shows signs of additional third-story damage. The 

same approach can be applied to other multiple-story damage scenarios. Consequently, it shows that 

combined damage scenarios can be interpreted through MPR changes. 

 

6. Experimental study 

The dynamic responses of the building models are collected as part of OMA. This method requires the 

utilization of a measurement setup, data acquisition, and processing of data. B&K 4507-type uni-axial 

accelerometers and uni-axial signal cables have been used to measure and transfer data to the B&K 3053 

data acquisition system. Then, the data was processed using the BK Connect (2021) software. The dynamic 

responses collected were the excitation of the model to ambient vibrations. Ten minutes of dynamic response 

readings were recorded for each case. The accelerometer used has a sensitivity of 1 V/g and an operational 

frequency range of 0.4–6000 Hz. The accelerometers were placed on the models in the longitudinal direction 

to measure in-plane dynamic responses (Fig. 9). The Nyquist frequency was set to 2048 Hz for the 

experimental study, which was enough to observe the first three translational modes. Each model's dynamic 

characteristics, such as natural frequency, mode shape, and damping ratio, were obtained using OMA 

software [7, 8]. More information about the experimental setup and equipment is presented in [39]. 

 The natural frequencies and damping ratios of all damage states obtained with EFDD are presented in 

Table 2. The undamaged state's first, second, and third mode frequencies are 67.958, 231.753, and 459.544 

Hz, respectively. These modes also have 2.943, 0.972, and 0.505% damping ratios, respectively. All 

structural states’ first, second, and third mode frequencies are between 53.996 and 68.059, 172.363 and 

231.753Hz, and 284.11 and 549.544Hz, respectively. Damping ratios of the first three translational modes 

vary between 2.897 and 4.295%, 0.936 and 1.303%, and 0.505 and 1.152%, respectively. Similar to 

numerical model values, the introduction of fourth-story level damage to the model increases the mode 

frequency, which could lead to misinterpretation of damage location. 

 

  
Fig. 9. The first mode frequency variation of FE models 
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Table 2. Mode frequencies and damping ratios of steel frame models obtained with EFDD 

Structural State 

First Mode Second Mode Third Mode 

Frequency 

(Hz) 

Damping 

Ratio (%) 

Frequency 

(Hz) 

Damping 

Ratio (%) 

Frequency 

(Hz) 

Damping 

Ratio (%) 

Undamaged 67.958 2.943 231.753 0.972 459.544 0.505 

Damage 1 58.66 4.088 200.018 0.991 409.331 0.542 

Damage 2 59.674 3.715 224.004 0.936 377.608 0.625 

Damage 3 64.868 3.464 208.044 1.022 417.284 0.554 

Damage 4 68.059 2.897 210.393 1.103 385.829 0.579 

Damage 12 54.439 4.295 196.048 1.021 342.646 0.655 

Damage 13 55.671 3.869 172.363 1.235 382.251 0.626 

Damage 23 60.177 3.409 198.593 1.159 291.409 0.785 

Damage 24 61.198 3.947 199.663 1.074 284.11 0.824 

Damage 34 66.017 3.396 189.215 1.176 286.441 1.152 

Damage 123 53.996 4.242 179.963 1.109 337.795 0.664 

Damage 124 55.967 3.542 180.253 1.155 304.846 0.738 

Damage 134 58.727 3.808 174.861 1.303 327.957 0.624 

Damage 234 60.016 3.24 188.894 1.192 319.664 0.701 

 

 Fig. 10 shows the frequency variation of the first mode frequency for each damage state. Except for the 

single fourth-story damage scenario, there is a decrease in first-mode natural frequencies of all damage 

scenarios. The first, second, and third story damage combination resulted in the highest first mode frequency 

value decrease of 20.55%. The highest decrease in single-story damage scenarios is first-story damage, with 

a 13.68% decrease in first-mode frequency. All six damage scenarios that include first-story damage caused 

the most decrease in first-mode natural frequency, which once again shows the high impact of first-story 

damage on first-mode mode frequency. Moreover, adding second-story and/or third-story damage to first-

story damage caused the first mode’s natural frequency to drop even more. Ultimately, lower story damages 

have a higher effect on the first mode natural frequency. 

 

 

Fig. 10. The first mode frequency variation of building models 
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(a) First mode 

 

(b) Second mode 

 

(c) Third mode 

Fig. 11. Mode shapes and weighted normalized eigen vectors of building models 

 

 The mode shapes obtained from operational modal analysis and a close look at each eigenvector of each 

damage state for the first three translational modes are presented in Fig. 11. These mode shapes are weighted 

and normalized to an undamaged structural state. Damage identification through these values requires a 

detailed study of the relation between the damage state and each eigenvector element. 
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 The MAC rejection level filtering method explained in Yilmaz (2023) is more effective on real-life 

models. Since it does not entirely depend on the user-defined gamma value used in bandpass filtering, it 

gives a more accurate estimation of MPR variations without a trial-and-error process. Fig. 12 shows the first 

and third stories' combined damage state MPR variations calculated by a 0.9 MAC rejection level, 0.5 

gamma, and one gamma value. All three have indications of first-story damage. However, only MPR 

variations calculated using a 0.9 MAC rejection level have a more unambiguous indication of third-story 

damage. Decreasing the gamma factor caused the first mode MPR of the third DOF to increase; however, 

there is no reasoning behind selecting the gamma value without prior knowledge of damage locations. 

 Fig. 13 shows MPR variations for all single-story and combined-story damage scenarios. The ΔMPR 

value of damaged DOF was the highest among all other MPR variations. For single-story damage scenarios, 

the damaged DOF is visible as they have the highest increase in MPR. Two-story combined damages, except 

the second and third-story damage combinations, can also be interpreted by the highest increase in MPR in 

both damage DOFs. When comparing three-story damage combinations to two-story or single-story damage 

scenarios, additional damage locations can be clearly defined. For example, Damage 123, compared to 

Damage 12, shows an increase in the MPR value of the third DOF, indicating the occurrence of damage at 

this location. A combination of single-story damage scenarios can be used to foresee possible combined 

MPR variations and two-story damage scenarios for three-story damage scenarios. It should also be noted 

that first-story damage has a higher impact on total MPR variations, which might cause higher-story damage 

to be misinterpreted. Similarly, at high story combined damage scenarios, one can suppress the sign of having 

the other. For instance, comparing single third-story damage and combined third and fourth-story damage, 

the addition of fourth-story damage is not very salient. However, these less noticeable relationships between 

some of the combined damage MPR variations provide reliable sources along with mode frequency, mode 

shape, and damping ratio changes.  

 Numerical and experimental studies both show that MPR is effective in damage localization of single 

and multiple-story damage. These methods can be used interchangeably. However, an experimental study 

requires the use of an enhanced MPR proposed to obtain a better estimation of damage location. Moreover, 

enhanced MPR provides clearer signs of damage location in combined damage scenarios such as Damage 

12, Damage 123, Damage 13, Damage 124, and Damage 134. Additionally, in case of lower story damage, 

possible higher story damages can be overlooked. Therefore, it is important to check mode frequency, mode 

shape, and damping ratios to verify the damage location. To summarize the performance of MPR across 

different damage scenarios, Table 3 provides a concise overview of ΔMPR patterns and localization clarity. 

 

     
Fig. 12. Comparison of filtering methods for Damage 13 case: Bandpass and MAC rejection filtering 
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Fig. 13. MPR Variations of building models for all damage states 
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Table 3. Summary of MPR behavior across damage scenarios 

Damage Scenario ΔMPR Pattern Localization Clarity Notes 

Single-story 
Clear peak at damaged 

DOF 
High Most reliable case 

Two-story 
Peaks at both damaged 

DOFs 
Moderate to High 

First-story damage often 

dominates 

Three-story Additional peak visible Moderate 
Some higher-story damage 

may be masked 

First-story involved 
Dominant ΔMPR 

response 
High (for first story) 

Can overshadow upper-story 

damage 

Upper story only Subtle ΔMPR changes Low to Moderate 
Harder to detect without 

enhancements 

 

7. Conclusions 

The performance of MPR as a damage localization indicator was evaluated with single-story and combined-

story damages. The four-story steel frame model was selected as the building model. Thirteen damage 

scenarios were studied numerically and experimentally. Damage occurrence caused first-mode natural 

frequencies to drop in both experimental and numerical studies, except for fourth-story damage in both and 

third and fourth-story combined damage in numerical studies. Damage scenarios, including first-story 

damages, resulted in a higher decrease in first-mode frequency but not in the same order for the numerical 

and experimental studies. The mode shapes of the model had significant changes caused by each damage 

scenario. Damping ratios derived from laboratory measurements show that the introduction of damage 

generally increases the damping ratio. However, studying these dynamic characteristics for damage 

identification requires a complicated process of defining relationships between the damage location and the 

parameter.  

 MPR goes through significant and visible changes based on the damage location. For single-story 

damages, the first-mode MPR value of damage DOF has the highest increase among all first-mode MPR 

values. For combined damage scenarios, the highest increase occurs in one of the damaged DOFs. In the 

damage scenarios with first-story damage, the ΔMPR of the first DOF has an apparent increase. On the 

contrary, in combined damage scenarios with fourth-story damage, ΔMPR for the fourth DOF shows a minor 

impact on all MPR values. Therefore, it is easier to interpret the involvement of first-story damage compared 

to fourth-story damage. However, two- and three-story combination damage scenarios create MPR variation, 

which is approximately a simple summation of single-story damage scenarios that provide a straightforward 

damage localization practice. A comparison of MPR variations of single-story and combined-story damage 

scenarios shows that new damage locations have been introduced.  

 Finally, based on the results of this case, it is concluded that the MPR variation was effective in both 

numerical and experimental damage localization of single and combined damage. It should be noted that the 

method requires knowledge of the initial condition of the structure because it is based on a comparative 

approach. While this is feasible in controlled laboratory settings, it may be impractical for many real-life 

structures where undamaged baseline data is not available. This limitation should be considered when 

applying the method in the field. Constant monitoring of buildings and MPR changes can provide insight 

into the structure’s stiffness changes. However, environmental factors such as temperature fluctuations and 

operational vibrations may affect ambient response measurements and, consequently, MPR values. In future 

studies, higher mode MPR values can be further studied to address the uncertainty in localizing high-story 

damage in the presence of low-story damage. Additionally, different damage types that result in smaller 
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stiffness changes, such as cracking, can be examined to validate the method’s precision. Different building 

models with non-uniform shapes can also be used to understand the behavior of MPR variations. Moreover, 

applying the method to full-scale structures will require addressing sensor limitations, boundary condition 

uncertainties, and elevated noise levels typically encountered in real-world monitoring systems. 
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