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Abstract: 

This study presents a novel method to quantify the damage gradually developed during an 

earthquake. A damage-sensitive parameter is introduced based on the normalized wavelet 

decomposition of representative vibration signals during an earthquake. Story acceleration and 

roof displacement are representative vibration signals. Furthermore, the study examines the 

effects of the number of floors, PGA, PGA/PGV, and Impulsivity Index on the robustness of 

the proposed method. Four seismic ground motions are applied to the 6 and 8-story moment 

resisting frames. The results of the analyses show that the proposed method quantifies the extent 

of the damage using story acceleration. However, a damage-sensitive parameter based on roof 

displacement cannot accurately quantify the damage. The suggested damage-sensitive 

parameter depends more on earthquake properties than on structure characteristics. Among 

PGA, PGA/PGV, and Impulsivity Index, the damage-sensitive parameter is related to the 

Impulsivity Index of the ground motions. 

 

D

D 

1. Introduction 

From numerous old infrastructures and ancient buildings to 

multiple modern structures, all of these are vulnerable to the 

negative effects of short-term, and long-term damages 

caused by human-induced activity and environmental 

factors such as corrosion, fatigue, material properties' 

degradation, earthquake, and fire-induced damage. These 

issues can age and shorten the structure's life cycle [1-3]. 

Among different experimental and computational 

techniques for damage detection [4, 5], vibration-based 

methods are a promising technique [6]. Damages in 

structures change dynamic characteristics which leads to 

changes in the structural vibration characteristics, allowing 

practical detection of potential damage by vibration-based 

techniques [7, 8].  

Within vibration-based methods, which encompass modal 

approaches and signal processing techniques, the wavelet 

transform method has become widely used [9-12]. These 
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methods include extracting features and analyzing the 

structural vibration responses to effectively detect potential 

damage in buildings or other structures [13, 14]. 

Newland is one of the pioneers of utilizing wavelet 

transforms for signal processing, even though his work does 

not specifically address the issue of damage detection [15, 

16]. An application of wavelet theory in damage detection 

was considered by Surace and Ruotolo [17]. They identified 

the presence of the crack in the simulated response of a 

simple cantilever beam employing wavelet transform. The 

cantilever beam was simulated by finite element method and 

a dynamic force was applied [17]. Liew and Wang detect a 

transverse on-edge non-propagating open crack in a simply 

supported beam by the wavelet theory [18]. Wang and Deng 

utilized the wavelet transform to identify a transverse crack 

in a beam and a through-thickness crack in a plate [19]. 

Bayiss et al. detected and localized damage in a concrete 

plate model and a steel plate girder of a bridge using wavelet 

analysis. They decomposed the vibration response into 

discrete energy distributions as a floor function of time and 

scale using the continuous wavelet transform [20]. In an 

experimental study, Patel et al. suggested a wavelet-based 

Journal Homepage: https://nmce.kntu.ac.ir/ 

RESEARCH PAPER 

 

https://nmce.kntu.ac.ir/article_202103.html
mailto:s.m.aghajanzadeh@umz.ac.ir
mailto:m.mashayekhi@kntu.ac.ir
https://nmce.kntu.ac.ir/


  

  S. M. Aghajanzadeh and M. Mashayekhi                                         Numerical Methods in Civil Engineering, 9-1 (2024) 01-15 

2 

 

method employing complex continuous Gaussian wavelet 

transformation for damage detection in a 6-story 1/3 scaled 

reinforced concrete structure [21]. Jahangir et al. determined 

the locations and extent of damages in RC beam specimens 

using an entropy-based wavelet transform [22]. Fallahian et 

al. detected damage by a combination of ensemble pattern 

recognition models and wavelet analysis techniques. They 

considered stiffness reduction as the damage indicator and 

five damage scenarios were introduced [23]. Thoriya et al. 

monitored and quantified mass loss because of corrosion of 

rebar embedded in concrete members by wavelet transform 

of conductance signature of the electromechanical 

impedance technique [24]. Beheshti-Aval et al. investigated 

the robustness of the wavelet transform method to detect 

small damage in a plate subjected to a harmonic loading with 

specified frequency and location. They showed that local 

perturbations of damages can be detected with the desired 

resolution by sudden changes in the spatial variation of the 

transformed response. They concluded that the use of the 

harmonic response is more efficient than the static response 

[25]. 

Among the various environmental hazards that pose a threat 

to structural safety, one of the main concerns is earthquakes, 

which can reduce the lifetime of buildings [26, 27]. In recent 

decades, wavelet analysis has been also used to detect 

structural damage caused by strong ground motion [28]. 

Goggins et al. utilized a wavelet-based equivalent 

linearization technique to evaluate stiffness degradation 

because of the yielding and buckling of braced members in 

a single-story concentrically braced frame subjected to 

scaled El Centro ground motions [29].  Todorovska and 

Trifunac investigated the former Imperial Country Services 

Building using a basis of bi-orthogonal wavelets based on 

detecting abrupt changes in the recorded seismic responses 

[30]. Vafaei and Adnan investigated the damage induced by 

strong ground motions to the tall airport traffic control 

towers of Kuala Lumpur International Airport. First, they 

identified the damaged locations through nonlinear time 

history analyses. Furthermore, the acceleration responses of 

these damaged regions are studied using continuous wavelet 

transform (CWT) and discrete wavelet transform (DWT). In 

their study, CWT only detects damaged elements reaching 

the ultimate curvature value, while DWT detects damage 

equivalent to the yielding value [31].  Aguirre et al. detected 

the rebar fracture by fast wavelet transform (FWT) and the 

frequency shift by continuous wavelet transform (CWT) for 

a reinforced concrete bridge column subjected to seismic 

excitation [32]. Quiñones et al. detect damage in a numerical 

model of a five-story shear building under seismic 

accelerations utilizing wavelet-based methodologies. The 

damage was introduced to the numerical model by suddenly 

reducing the stiffness of the first floor [33].  Pnevmatikos et 

al. suggested that a spike region indicates the development 

of plastic regions in a structure. This is based on wavelet 

transforms derived from the floor story acceleration induced 

by earthquake excitation [34]. He et al. proposed the time-

varying frequency extraction method based on wavelet 

packet decomposition for assessing multi-dimensional 

seismic damage. They accurately capture the evolution and 

ultimate degree of damage. They suggested a time-varying 

synthetic damage index based on the reduction of the 

equivalent stiffness [35]. 

Although there are numerous studies on damage detection in 

structures, many limitations exist regarding methods for 

assessing the extent of seismic damage. These methods have 

limitations in that simulated damages must involve a sudden 

change in the dynamic properties of a structure [17, 30] or a 

preliminary analysis is essential to detect the location of the 

damage [29, 31]. On the other hand, some studies assess the 

extent of the damage based on modal-based methods 

including frequency and stiffness analysis. These methods 

can be challenging to calculate or obtain accurate material 

properties [35, 37, 38].  

This study introduces a method that uses performance levels 

as defined in FEMA 273 [36] for quantifying the extent of 

the damage in structures immediately after strong ground 

motions; rather than just detecting the occurrence of the 

damage. FEMA 273 classifies structural performance levels 

as Immediate Occupancy Performance Level, Life Safety 

Performance Level, and Collapse Prevention Performance 

Level [36]. The method quantifies the damage in structures 

during an earthquake as a progressive process that develops 

in different parts of the structure based on damage-sensitive 

parameters suggested by Aghajanzadeh and Mashayekhi 

[39]. A straightforward explanation was put forth by 

Aghajanzadeh and Mashayekhi to detect structural damages 

as structural elements gradually shift towards plastic 

regions. However, they did not address the relationship 

between the structure's damage intensity and their proposed 

damage-sensitive parameter [39]. This study presents an 

innovative technique for quantifying damage levels in 

moment-resisting frame. It calculates a damage-sensitive 

parameter using normalized discrete wavelet coefficients 

[39]. The quantified damage is associated with performance 

levels. The proposed damage-sensitive wavelet-based 

parameter quantifies the seismic damage under four distinct 

earthquakes. Also, the effects of the structure height and 

type of representative vibration signals are studied and the 

dependency of the proposed method on earthquake 

characteristics is investigated. 

2. Damage Detection Methodology based on 

Wavelet Analysis 

This study considers a Damage-Sensitive Parameter (DSP) 

calculated based on wavelet analysis of representative 
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vibration signals [39]. Wavelet analysis is a powerful 

mathematical technique that decomposes signals by some 

wavelet functions to characterize signal local features. The 

wavelet functions are defined by two parameters: scale, 

which is related to frequency, and translation, which is 

related to time [40]: 

𝜓𝑎,𝑏(𝑡) =
1

√𝑎
𝜓 (

𝑡−𝑏

𝑎
)  (1) 

where a and b denote the scale and translation parameters. 

This allows for a more localized representation of signals, 

which can be particularly useful for analyzing signals with 

non-stationary or transient characteristics [4, 39]. The 

wavelet analysis of a signal f(t) gives its correlation with 

wavelets ψa,b(a,b). The continuous wavelet transform (CWT) 

involves summing over all time f(t) multiplied by a scaled 

and shifted version of a mother wavelet as follows: 

𝐶𝑊𝑇(𝑎, 𝑏) =
1

√𝑎
∫ 𝑓(𝑡)𝜓 (

𝑡−𝑏

𝑎
) 𝑑𝑡

∞

−∞
  (2) 

Continuous wavelet analysis considers a continuous 

representation of signals in a wide range of mother wavelet 

coefficients spanning diverse scales. This issue is not 

computationally effective and requires considerable 

calculation efforts to find mother wavelet coefficients. To 

address this challenge, the Discrete Wavelet Transform 

(DWT) utilizes a constrained collection of dyadic scales and 

translations. In dyadic scales and translations, the dilatation 

parameter is defined as a=2j and the translation parameter is 

defined as b=2jk, where (j,k) are integer numbers. The signal 

f(t) can be reconstructed by its approximation and details 

based on DWT as follows [31]: 

𝑓(𝑡) = 𝐴𝐽 + ∑ 𝐷𝑗𝑗≤𝐽   (3) 

where 𝐷𝑗  is the detail at level j and it is calculated as 

𝐷𝑗 = ∑ 𝑎𝑗,𝑘𝜓𝑗,𝑘(𝑡)𝑘∈𝑍   (4) 

where 𝜓𝑗,𝑘(𝑡) is the mother wavelet function and it is 

defined as: 

𝜓𝑗,𝑘(𝑡) = 2
𝑗

2𝜓(2𝑗𝑡 − 𝑘)  (5) 

and the approximation at level J is defined as: 

𝐴𝐽 = ∑ 𝐷𝑗𝑗>𝐽   (6) 

After calculating the details of the wavelet transform of a 

representative vibration signal for the healthy structure and 

its response during an earthquake, these two sets of wavelet 

transform details are normalized to reach a maximum value 

of 1. Finally, the damage-sensitive parameter (DSP) is 

defined as the area under the curve of the summation of 

differences between Wavelet Normal Decomposition of the 

structure's response during an earthquake and undamaged 

structure for the total of wavelet transform levels as [36]: 

𝐷𝑆𝑃(𝑡𝑡𝑜𝑡) = ∫ ∑ (𝐷𝑗−𝑛
𝑅𝑒𝑐𝑜𝑟𝑑𝑒𝑑 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 −𝐼

𝑗=1
𝑡𝑡𝑜𝑡

0

𝐷𝑗−𝑛
𝑈𝑛𝑑𝑎𝑚𝑎𝑔𝑒𝑑

) 𝑑𝑡  
(7) 

where ttot is the total duration of the recorded acceleration 

and ‘I’ corresponds to the complete count of wavelet 

transform levels, and for this study, it is 9. Furthermore, “n” 

denotes the normalization of wavelet decomposition 

coefficients. 

3. Numerical Modeling 

The suggested method for assessment of the seismic damage 

is applied to the 6-story and 8-story moment resisting frame. 

Figure 1 shows the moment resisting frame properties. 

MATLAB software computes details of wavelet transform 

based on fourth-order Daubechies basis function. ETABS 

software calculates the nonlinear dynamic response with a 

damping value of 3%. Dead and live loads are 3060 kg/m 

and 1200 kg/m, respectively. Beam sections are shown with 

the abbreviation PG, representing plate girders. The 

terminology is structured as PG-A×B×C, where A 

represents the web's height, B indicates the flange's width, 

and C represents the flange's thickness. The naming 

convention for column sections is BOX-A×B×C, where A 

represents the width, B represents the height, and C indicates 

both the flange and web thickness (Table 1). 

Table 1: Cross-sectional profiles of beams and columns  

story 

number 

beam section column 

section middle span side span 

1 
PG-

30×20×1.2 

PG-

40×20×1.5 

BOX-

30×30×1.5 

2 
PG-

30×20×1.2 

PG-

40×20×1.5 

BOX-

30×30×1.5 

3 
PG-

30×20×1.2 

PG-

40×20×1.5 

BOX-

30×30×1.5 

4 
PG-

30×20×1.2 

PG-

40×20×1.5 

BOX-

30×30×1.5 

5 
PG-

30×20×1.2 

PG-

30×20×1.5 

BOX-

30×30×1.5 

6 
PG-

30×20×1.2 

PG-

30×20×1.2 

BOX-

25×25×1.2 

7 
PG-

30×20×1.2 

PG-

30×20×1.2 

BOX-

25×25×1.2 

8 
PG-

30×20×1.2 

PG-

30×20×1.2 

BOX-

25×25×1.2 

3.1 Damage Simulation in Structural Model 

These plastic hinges are defined to the structures and their 

performance levels are studied based on procedures 

described in FEMA 273. Plastic hinges are deformation 

controlled. Figure 2 shows the moment-rotation curve for a 

hinge according to the FEMA 273 [36]. 
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Points between A and B show a linear region of structural 

elements in which no damage has occurred. Point B where 

𝜃 = 𝜃𝑦 is the rotation at the yielding. After point B, there are 

plastic permanent rotation in the hinges. The region between 

points B and C shows the plastic behavior of structural 

elements. 

 

(a) 6-story frame 

 

(b) 8-story frame 

Fig. 1: Structural configuration under consideration 

 

 

(a) 

 

(b) 

Fig. 2: (a) Moment-rotation curve (b) performance level [36] 

At the plastic region, the response of the beam or column is 

calculated as a function of its rotation using the moment 

rotation. For beams and columns, 𝜃𝑦 , is calculated by 

Equations 8 and 9, respectively. 

𝜃𝑦 =
𝑍𝐹𝑦𝑒𝑙𝑏

6𝐸𝐼𝑏
  (8) 

𝜃𝑦 =
𝑍𝐹𝑦𝑒𝑙𝑐

6𝐸𝐼𝑐
(1 −

𝑃

𝑃𝑦𝑒
)  (9) 

For beams and columns, 𝑀𝑦 is calculated by Equations 10 

and 11, respectively. 

𝑀𝑦 = 𝑍𝐹𝑦𝑒     (10) 

𝑀𝑦 = 1.18𝑍𝐹𝑦𝑒(1 −
𝑃

𝑃𝑦𝑒
) ≤ 𝑍𝐹𝑦𝑒  (11) 

The Strain-hardening slope is 3% of the elastic slope (slope 

between points B and C) and points C, D, and E are defined 

based on Table 5-4 in FEMA 273 [36]. 

For each structural analysis, based on the hinge status with 

maximum curvature, the extent of the damage for the 

moment-resisting frame is assigned. 17 different damage 

levels are considered for each seismic excitation to cover all 

regions of responses from linear to the point after C. Table 2 

shows damage levels with their corresponding earthquake 

scale factor and damage level: 

− Damage levels 1 to 4: 4 analyzes in the elastic region 

at line AB at the moment-rotation curve and 
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performance level Point A to Immediate Occupancy 

(IO),  

− Damage level 5: 1 analysis corresponds to point B 

at the moment-rotation curve and performance level 

Point A to Immediate Occupancy (IO),  

− Damage levels 6 to 9: 4 analyzes in the plastic region 

BC at the moment-rotation curve and performance 

level Immediate Occupancy (IO) to Collapse 

Prevention (CP)  

− Damage level 10: 1 analysis associated with the 

initial point of Collapse Prevention (CP) 

performance level in the plastic region BC at the 

moment-rotation curve  

− Damage levels 11 to 14: 4 analysis corresponds to 

the plastic region BC after Collapse Prevention (CP) 

performance level. 

− Damage level 15: 1 analysis belongs to point C of 

the moment-rotation curve after Collapse 

Prevention (CP) performance level. 

− Damage levels 16 and 17: 2 analyses for 

performance level after Collapse Prevention (CP) 

performance level after point C of the moment-

rotation curve. 

Table 2: Damage level for 8-story and 6-story frames according to PGA of each ground motion 

Damage 

level 

Moment 

rotation curve 

(Figure 2-a) 

Performance level (Figure 

2-b) 

PGA (g) 

Northridge 

Earthquake 

Bam 

Earthquake 

Kobe 

Earthquake 

Manjil 

Earthquake 

8-

story 

6-

story 

8-

story 

6-

story 

8-

story 

6-

story 

8-

story 

6-

story 

1 

Line AB 
Performance level Point A 

to Immediate Occupancy 

(IO) 

 

0.12 0.12 0.10 0.10 0.07 0.07 0.16 0.16 

2 0.14 0.18 0.12 0.12 0.12 0.12 0.21 0.26 

3 0.16 0.24 0.14 0.13 0.16 0.16 0.26 0.36 

4 0.18 0.31 0.17 0.15 0.19 0.19 0.31 0.47 

5 Point B 0.20 0.35 0.21 0.16 0.22 0.22 0.34 0.58 

6 

Plastic region 

BC 

Performance level 

Immediate Occupancy (IO) 

to Collapse Prevention (CP) 

0.41 0.53 0.33 0.29 0.28 0.32 0.57 0.88 

7 0.61 0.71 0.50 0.42 0.40 0.41 0.83 1.20 

8 0.82 0.90 0.66 0.55 0.52 0.50 1.09 1.56 

9 1.02 1.08 0.83 0.69 0.61 0.60 1.46 1.92 

10 
Plastic region 

BC 

The initial point of Collapse 

Prevention (CP) 

performance level 

1.22 1.26 0.99 0.83 0.70 0.68 1.66 2.29 

11 

Plastic region 

BC 

After Collapse Prevention 

(CP) performance level 

1.43 1.30 1.07 0.91 0.84 0.76 1.87 2.44 

12 1.63 1.43 1.16 0.99 0.98 0.84 2.08 2.60 

13 1.83 1.55 1.24 1.07 1.13 0.93 2.29 2.76 

14 2.04 1.67 1.32 1.16 1.27 1.01 2.60 2.91 

15 Point C 
After Collapse Prevention 

(CP) performance level 
2.24 1.75 1.40 1.24 1.41 1.08 2.86 3.07 

16 After point C of 

the moment-

rotation curve 

After Collapse Prevention 

(CP) performance level 

2.45 2.04 1.49 1.49 1.64 1.41 3.12 3.64 

17 2.85 2.45 1.57 1.57 1.88 1.64 3.64 4.16 

3.2 Ground motion records 

Northridge, Bam, Kobe, and Manjil ground motion records 

are applied to the moment-resisting 6-story and 8-story 

frames (Figure 3 and Table 3). Different scale factors are 

considered for each ground motion to include the response 

of the structure from the state where all the elements are in 

the elastic region to the state where the responses in some 

elements have passed point C of the moment-rotation curve. 

 

 

Table 3: Details of ground motion records 

Earthquake Station Year PGA 

Northridge 
Canyon Country - W Lost 

Cany 
1994 0.40g 

Bam Bam 2003 0.81g 

Kobe Shin-Osaka 1995 0.23g 

Manjil Abbar 1990 0.51g 
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(a) 

 

(b) 

 

(c) 

 
(d) 

Fig. 3: (a) 1994 Northridge earthquake; (b) 2003 Bam earthquake, 

(c) 1995 Kobe earthquake; and (d) 1990 Manjil earthquake 

4. Numerical Results 

This study investigates the robustness of DSP(ttot) to find 

information about the extent of the damage to the whole 

structure. Effects of different parameters including moment 

resisting frame height, type of representative vibration signal 

(Floor acceleration or roof displacement), and ground 

motion characteristics on the performance of DSP(ttot) for 

damage assessment are studied. 

4.1 Damage Sensitive Parameter based on Roof 

Displacement 

Floor acceleration and displacement of the roof are 

parameters that is used to analyze the structure response. 

Figure 4 compares the damage levels based on two classes 

of DSP(ttot): one based on floor acceleration and the other 

based on roof displacement. 

DSP(ttot) based on roof displacement shows higher values 

for all four earthquakes, especially in damage levels 

corresponding to the plastic region and regions after point C 

These two classes of structure response are more consistent 

for damage levels from 5 to 17 under earthquakes 

Northridge, Bam, Kobe, and Manjil. But, DSP(ttot) based on 

roof displacement is approximately equal to 5 under Bam 

excitation for damage levels 1 to 5 (performance levels Point 

A to IO) which is not consistent with its corresponding 

values for Northridge, Kobe, and Manjil earthquakes. 

DSP(ttot) calculated based on floor acceleration at the 1st 

floor is equal to zero for damage levels 1 to 5. This 

inconsistency for performance levels Point A to IO leads to 

inefficiency of DSP(ttot) calculated based on roof 

displacement for damage detection and also assessment of 

damage extent. Table 4 compares differences of DSP(ttot) 

calculated based on floor acceleration and roof displacement 

for 3 damage levels 5, 10, and 15. 

Table 4 shows that differences between DSP(ttot) calculated 

based on roof displacement and floor acceleration increase 

from damage level 5 (point B) to damage level 10 (point 

CP), but are approximately constant from damage level 10 

to damage level 15. This may show that by the development 

of plastic regions in structure, differences between these two 

classes of DSP(ttot) gradually increase. Again, inconsistency 

of DSP(ttot) based on roof displacement for Bam excitation 

is evident. Differences between these two classes of 

DSP(ttot) for damage level 5 is equal to zero for 3 

earthquakes Northridge, Kobe, and Manjil whereas this is 

5.53 for bam earthquake. The robustness of DSP(ttot) 

calculated based on roof displacement is questionable 

because of responses for Bam earthquake at damage levels 

1 to 5 for performance levels Point A to IO. 
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(4a) Northridge 

 

(4b) Bam 

 

(4c) Kobe 
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(4d) Manjil 

Fig. 4: Comparison between DSP(ttot) calculated based on floor acceleration and roof displacement 

 

Table 4: DSP(ttot) based on floor accelerations and roof 

displacements for damage levels 5, 10, and 15 

Earthquake 
Vibration 

signals 

DL 5 

(Point 

B) 

DL 10 

(Point 

CP) 

DL 15 

(Point 

C) 

Northridge 

Roof 

displacement 
0.71 29.07 32.14 

floor 

acceleration 
0.07 25.37 28.90 

Differences 0.64 3.70 3.24 

Bam 

Roof 

displacement 
5.55 32.52 34.58 

floor 

acceleration 
0.02 23.07 25.25 

Differences 5.53 9.45 9.33 

Kobe 

Roof 

displacement 
0.32 35.85 47.66 

floor 

acceleration 
0.07 25.99 36.11 

Differences 0.25 9.86 11.55 

Manjil 

Roof 

displacement 
0.78 58.34 69.89 

floor 

acceleration 
0.07 38.92 47.19 

Differences 0.71 19.42 22.7 

So, an explicit definition for damage detection and also 

extent of the damage is not possible based on DSP(ttot) 

calculated by roof displacement whereas DSP(ttot) based on 

floor acceleration is more reliable for assessing the extent of 

the damage. 

 

 

4.2 Damage Assessment based on Damage Sensitive 

Parameter 

This section quantifies the damage based on damage 

sensitive parameter (DSP(ttot)) using defined damage levels 

1 to 17 based on floor acceleration at the 1st, 4th, and 6th 

stories. Figure 5 shows that in all four earthquakes of 

Northridge, Bam, Kobe, and Manjil, the DSP(ttot) of the first 

floor is higher. DSP(ttot) shows similar trends for different 

stories that experience equal seismic ground motion. So, 

DSP(ttot) is more influenced by the earthquake's 

characteristics rather than the floor number. But, when 

calculating DSP(ttot), it's important to always consider a 

specific floor number. This study calculates DSP(ttot) based 

on the story acceleration of the 1st story. 

Figure 6 shows the damage assessed by the damage sensitive 

parameter (DSP(ttot)). DSP(ttot) is sensitive to the damage 

level defined for the structures.  

There are 3 specific regions in DSP(ttot) based on damage 

level assigned to the structure: 1- region before the damage 

level 5 (point B) refers to the performance level of 

Immediate Occupancy (IO), 2- a region between damage 

levels 5 to 10 with excessive change in DSP(ttot) corresponds 

to the performance level after Immediate occupancy (IO) 

and before collapse prevention (CP), 3- a region between 

damage levels 10 to 17 with slight variation for DSP(ttot) 

after Collapse prevention (CP) performance level. 
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Fig. 5: Damage sensitive parameter (DSP(ttot)) for different stories subjected to the Northridge, Bam, and Kobe Earthquake 

 

Fig. 6: Damage sensitive parameter (DSP(ttot)) for the 8-story frame subjected to the Northridge, Bam, Kobe and Manjil Earthquake 

The range of DSP(ttot) for damage levels 1 to 5 (performance 

levels Point A to IO) of the 8-story frame (linear responses) 

is almost zero, irrespective of the earthquake applied. 

DSP(ttot) significantly increases as the 8-story frame moves 

from damage level 5 (linear region AB and performance 

levels Point A to IO) to damage levels 6 to 10 ( plastic region 

BC at the moment-rotation curve and Performance level 

Immediate Occupancy (IO) to Collapse Prevention (CP)). 

Structural members are in the plastic region between damage 

levels 6 to 10, but their performance level does not exceed 

the collapse prevention point CP. The slope of DSP(ttot) 

noticeably decreases after damage level 10 (point CP). But, 

an explicit structural damage assessment based on DSP(ttot) 

is highly dependent on the earthquake characteristics. 

DSP(ttot) at damage levels greater than 5 is different for each 

earthquake showing dependency of DSP(ttot) to the 

earthquake characteristics. The illustration in Figure 6 

indicates how DSP(ttot) tracks the evolution of the plastic 

region and their corresponding performance levels in an 8-

story frame. But, DSP(ttot) at damage levels 6 to 17 is 

different for each earthquake showing dependency of 

DSP(ttot) to the earthquake characteristics.  

Next, the effectiveness of DSP(ttot) for damage assessment 

is compared with PGA efficiency. Figure 7  plots the damage 

level based on PGA of scaled earthquakes for the 8-story 

frame. Damage levels from 1 to 17 in terms of PGA show a 
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linear trend which is not consistent with the overall behavior 

of a moment-resisting frame discussed in studies [41]. But, 

damage level in terms of DSP(ttot) shows three different 

regions. DSP(ttot) of the first region is equal to zero, and for 

two other regions, there are linear relation between DSP(ttot) 

and damage level. In these two regions, damages are 

developed in structures. Figure 6 and Figure 7 prove that 

damage level according to DSP(ttot) is more consistent with 

the overall behavior of a moment-resisting frame 

characterized by structural performance levels than PGA. 

 
Fig. 7: Damage level based on PGA of scaled earthquakes for the 8-story frame 

 

4.3 8-story versus 6-story Moment Resisting Frame 

This section investigates the effects of moment resisting 

frame height on DSP(ttot) for assessing the extent of the 

damage. Figure 8 shows the DSP(ttot) of a 6-story frame, and 

compares it with the DSP(ttot)of the 8-story frame. In both 

structures, DSP(ttot) is approximately equal to zero in the 

linear region. When DSP(ttot)≈0, regardless of the height of 

the structure, it indicates that all structural elements are 

within linear regions. The range of DSP(ttot) demonstrates a 

notable increase after point B in damage levels ranging from 

5 to 10, and the slope of its variation decreases after reaching 

damage level 10. 
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Fig. 8: Comparison of DSP(ttot) between 8-story and 6-story frames
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Table 5: DSP(ttot) for damage level 

Earthquake Structure 

DL 5 

(Point 

B) 

DL 10 

(Point 

CP) 

DL 15 

(Point 

C) 

Northridge 

6-story 0.09 21.33 25.77 

8-story 0.07 25.37 28.90 

Differences 0.02 4.04 3.13 

Bam 

6-story 0.01 20.69 24.13 

8-story 0.02 23.07 25.25 

Differences 0.01 2.38 1.12 

Kobe 

6-story 0.07 23.14 27.32 

8-story 0.07 25.99 36.11 

Differences 0.00 2.85 8.79 

Manjil 

6-story 0.01 29.24 39.60 

8-story 0.07 38.92 47.19 

Differences 0.06 9.68 7.59 

 

For earthquakes, Northridge and Manjil, DSP(ttot) of the 8-

story frame is greater for damage levels 5 to 17. But, for 

earthquakes Bam and Kobe, the DSP(ttot) of a 6-story frame 

is greater between damage levels 5 to 8 and again is less than 

the DSP(ttot) 8-story between damage levels 8 to 17. 

Dependency of DSP(ttot) to the earthquake characteristics for 

both 6-story and 8-story frames are evident. Table 5 shows 

differences in DSP(ttot) for 6-story and 8-story frames 

including the Northridge, Bam, Kobe, and Manjil 

earthquakes. 

4.4 Earthquake Characteristics 

This section considers the effects of different earthquake 

characteristics on DSP(ttot) for damage assessment in the 

moment-resisting frame. First, the dependency of DSP(ttot) 

to PGA is studied. Figure 9 illustrates the effects of scaled 

records PGA on DSP(ttot). For equal PGA, each record has a 

different DSP(ttot) value, in which these differences are more 

evident for greater PGA. Damages are more developed for 

Records with higher PGA. So, the effects of PGA on 

DSP(ttot) for estimating the damage extent is not a 

straightforward relationship. 

Next, the effects of earthquake frequency contents on 

DSP(ttot) are studied. Pavel and Lungu showed that the ratio 

PGA/PGV is a more satisfactory criterion for assessing the 

overall frequency content of seismic excitation [42]. This 

ratio classifies the ground motion frequency contents as low 

range with PGA/PGV<0.8, medium range with 0.8≤ 

PGA/PGV≤1.2, and high range with PGA/PGV>1.2. 

Table 6 compares the ratio PGA/PGV of each ground 

motion including DSP(ttot) of 8-story and 6-story frames for 

damage levels 5, 10, and 15. 

 

 
Fig. 9: Effects of scaled records PGA on DSP(ttot) 
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Table 6: Classification of earthquake frequency contents based on PGA/PGV 

Earthquake PGA (g) PGV (cm/sec) PGA/PGV Classification 
DSP(ttot) of 8-story frame DSP(ttot) of 6-story frame 

DL 10 DL 15 DL 10 DL 15 

Bam 0.81 124.12 0.64 low 23.07 25.25 20.69 24.13 

Kobe 0.23 31.33 0.72 low 25.99 36.11 23.14 27.32 

Northridge 0.40 44.38 0.88 medium 25.37 28.90 31.33 25.77 

Manjil 0.51 42.46 1.17 medium 38.92 47.19 29.24 39.60 

Finally, different parameters of the Northridge, Bam, Kobe, 

and Manjil earthquakes are studied. Among these ground 

motion parameters, the Impulsivity Index (IP) [43] shows a 

meaningful relation with the sequence of DSP(ttot) calculated 

for each of the 4 earthquakes. The Impulsivity Index (IP) is 

an indicator of the impulsive character considering the 

development length of velocity and PGV which is defined 

as follows: 

𝐼𝑃 =
𝐿𝑑𝑣

𝑃𝐺𝑉
  (12) 

where PGV is the peak ground velocity and 𝐿𝑑𝑣  is developed 

length of velocity which is defined as follows: 

𝐿𝑑𝑣 = ∑ (√∆𝑡2 + ∆𝑣𝑖
2)𝑛

𝑖=1   (13) 

where n is the number of discrete values of seismic ground 

motions, ∆𝑡 is the time step of the recorded ground motion 

and ∆𝑣𝑖 is the velocity increment between to time of ti and 

ti+1. For a more exact analysis, the DSP(ttot) of scaled 

earthquakes with PGA=g is calculated. Table 7 shows the 

Impulsivity Index (IP) of ground motions and their 

corresponding DSP(ttot). The effects of ground motions on 

DSP(ttot) for assessing the extent of damage are associated 

with the Impulsivity Index (IP) of each earthquake. The 

earthquake with the highest Impulsivity Index (IP) has the 

highest DSP(ttot) at damage levels 5 and 10 for both 6 and 8-

story frames. So, one needs to consider DSP(ttot) in 

conjunction with the Impulsivity Index (IP) to assess the 

extent of damage in a structure. 

Table 7: Impulsivity Index (IP) of ground motions and their corresponding DSP(ttot) 

Earthquake PGA Scale factor Impulsivity Index (IP) 
DSP(ttot) of 8-story frame DSP(ttot) of 6-story frame 

DL 10 DL 15 DL 10 DL 15 

Bam 0.81g 1.24 17.87 23.07 25.25 20.69 24.13 

Northridge 0.40g 2.5 20.44 25.37 28.90 31.33 25.77 

Kobe 0.23g 4.48 23.13 25.99 36.11 23.14 27.32 

Manjil 0.51g 1.96 49.11 38.92 47.19 29.24 39.60 

 

5. Conclusion 

This study quantifies the extent of damage in a structure 

using a damage-sensitive parameter called DSP(ttot). Floor 

acceleration on 1st floor. 17 damage levels based on the 

status of the hinge with maximum curvature are considered, 

including four distinct ground motions. 6 and 8-story 

moment resisting frames are considered. DSP(ttot) is 

calculated once using floor acceleration and the other is roof 

displacement. Different earthquake properties including 

PGA, PGA/PGV, and Impulsivity Index (IP) of ground 

motions are studied. The following results are outlined: 

• This methodology only depends on structural response 

histories. 

• DSP(ttot) based on floor acceleration captures the extent of 

the damage. However, a general relationship between 

DSP(ttot) and the extent of damage needs a more detailed 

investigation considering seismic characteristics and 

structure properties. 

• It is not possible to explicitly define damage detection and 

assess the extent of the damage based on the DSP(ttot) 

calculated by roof displacement. 

• For the exact assessment of damage, a preliminary 

analysis is required to capture the DSP(ttot) profile of a 

structure. If a profile for DSP(ttot) corresponds to each 

earthquake is available, the amount of damage and its 

corresponding damage levels are easily detectable.  

• Even without a profile and just one record from the 

structural response, the amount of damage in the structure 

is approximately detectable: 

− When DSP(ttot) is greater than 5 and less than 20, it 

indicates that certain structural elements are in the 

plastic region. But their corresponding performance 

level is between Immediate Occupancy and Collapse 

Prevention (damage levels between 5 and 10).  
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− For DSP(ttot) greater than 20, the structure is vulnerable 

to exceeding performance level collapse prevention 

(damage levels between 10 and 15). 

• Impulsivity Index (IP) of ground motion explicitly affects 

DSP(ttot) robustness for detection of damage extent. So, 

the exact DSP(ttot) that shows the extent of damage needs 

to consider the Impulsivity Index (IP) of ground motion. 
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