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Abstract

:

During strong earthquakes, structural damage usually occurs, resulting in a degradation of the overall stiffness of the affected structures. This degradation produces a modification in the dynamic properties of the structures, for instance, in the fundamental period of vibration (T1). Hence, the variation of T1 could be used as an indicator of seismic structural damage. In this article, a seismic damage assessment in four generic typologies of steel buildings was carried focused on verifying the variation of T1. To do so, several seismic damage states were calculated using the maximum inter-story drift ratio, MIDR, and following the Risk-UE guidelines. Then, a series of probabilistic nonlinear static analyses was implemented using Monte Carlo simulations. The probabilistic approach allows one to vary the main mechanical properties of the buildings, thus analyzing in this research 4000 buildings (1000 building samples for each of the four generic typologies). The variation of T1 was estimated using the capacity spectrum, and it was related to the MIDR for each damage state. As a main result of this study, the expected variation of T1 for several damage states is provided. Finally, a proposal for a seismic damage preventive “semaphore” and fragility curves are presented. These results may be useful as parameters or criteria in the evaluation of on-site structural monitoring for steel buildings.
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1. Introduction


Earthquakes can cause significant consequences in exposed regions to high seismic hazards. Some of these regions have vulnerable structures due to the low quality of materials and construction practice. This can be related to socioeconomic conditions or the scant interest of governments in compliance with the standards required in construction codes. An alternative to prevent the possible effects of earthquakes in cities is to undertake studies related to the seismic–structural vulnerability of structures [1,2,3]. Proper knowledge about the vulnerability of buildings is fundamental to help engineers in assessing and strengthening existing structures [4]. In this respect, seismic vulnerability studies allow the performance of structures to be analyzed against expected actions. For a building, this mainly depends on its characteristics (structural system, number of stories, among others) and the level of seismic actions to which it will be subjected [5].



Seismic vulnerability in buildings can be reduced by complying with the performance level control criteria of current structural codes [6,7]. Assessing code compliance can be carried out from two perspectives: (1) evaluating and monitoring the structural health, and (2) structural assessment through complex numerical models. The first approach is carried out with the instrumentation and monitoring of the building. Its objective is to verify the behavior of the structure accurately. In brief, the Structural Health Monitoring (SHM) process consists of measuring the evolution of representative structural parameters in a certain period of time. To do so, strategically located sensors are placed in the structure to be analyzed in order to collect temporary records of acceleration, velocity, or displacement, which serve to determine the fundamental vibration frequencies of the building. In this way, the information obtained helps plan maintenance activities, verify design hypotheses, reduce uncertainty about the structural elements, and guarantee structural safety on the damage control proposed by current regulations. These methodologies represent the most accurate way to study the structural vulnerability of a building. Still, they carry a high cost, which is why they are solutions for exceptional cases and not oriented to monitor an entire city [8,9,10,11]. The second approach is based on the determination of the structural response of buildings through numerical modelling using static or dynamic methods. Both types of analyses are powerful tools for understanding and quantifying the performance of structures for evaluating expected damage.



Current technological advances facilitate the processing and treatment of large amounts of data in a relative simplified manner. They allow complex probabilistic numerical models to be developed for civil structures and for nonlinear static (NLSA) and dynamic (NLDA) analyses to be computed affordably and in a reasonable amount of time.



In probabilistic approaches, both the uncertainties of seismic actions and building properties have been incorporated in previous studies [7,12] through computational algorithms, e.g., the Monte Carlo method [13,14,15,16]. As a result, a global view of the expected performance of buildings is obtained considering the main uncertainties in the implied variables.



The structural design codes regulate the buildings’ structural safety, the materials’ quality and the correct application of the design criteria. They also provide the design earthquake motion (design spectrum) and seismic parameters of the building (ductility Q, response modification Ro, redundancy ρ, and irregularity factors α). Furthermore, they suggest engineering demand parameters to control expected damages, e.g., the Maximum Inter-story Drift Ratio (MIDR) [17,18]. The MIDR is calculated as the maximum absolute difference in displacement between consecutive stories divided by the height at each level. This parameter has been related to the expected damage of buildings in several studies [17,19,20,21]. On the other hand, during strong earthquakes, structural damage usually occurs, resulting in a degradation of the overall stiffness of the affected structures. This degradation produces a modification in the dynamic properties of the structures, for example, in the fundamental period of vibration (T1). In the last decade, variation of T1 has been used as a parameter for seismic damage control, and several studies related to this topic have been developed. Regarding reinforced concrete buildings, research based on the evaluation of the fundamental period of undamaged and damaged structures [22,23,24], correlation of structural seismic damage with a fundamental period [23], prediction of the fundamental period of regular frame buildings [25], a fundamental-period-preserving retrofit procedure for low-rise buildings with supplemental inerters [26], and parametric studies on the variation of the fundamental period [27] have been carried out. As for steel buildings, researchers have proposed modifications to current formulations to approximate fundamental periods for seismic design of steel buildings assigned to high-risk categories that incorporate the change in system strength [28]. Furthermore, research related to the elongation of the period in buildings during seismic events has also been carried out [29]. These research studies show the importance of the T1 parameter as a damage indicator in seismic evaluations of different types of buildings. From the above, establishing objective limit values in MIDR and T1 parameters prevents damage, loss of functionality of the building, and human and economic losses due to high-intensity seismic action. These limit values range from moderate damage to the collapse of the building.



In line with the above, this research presents a proposal for a seismic damage preventive “semaphore” and fragility curves based on variations of T1. To develop these elements, a seismic damage assessment considering four generic typologies of the steel buildings located in Mexico is performed with the purpose of verifying the variation of T1. These buildings are located in two cities in Mexico, namely, Oaxaca City in Oaxaca state, and Tuxtla Gutiérrez City in Chiapas state. These are cities with very high and high seismic hazards, respectively [30]. Then, different seismic damage states are estimated using the MIDR and following the Risk-UE guidelines [31]. To do so, probabilistic nonlinear static analyses are implemented using Monte Carlo simulations. With the probabilistic approach, the uncertainty in the main mechanical properties of the four generic typologies of buildings is considered, basing this research on the study of 4000 building models (1000 building samples for each of the 4 typologies). The variation of T1 is estimated using the capacity spectrum, and it is related to the MIDR for each damage state.




2. Buildings


Low-rise (3-story) and mid-rise (7-story) steel buildings located in Oaxaca (OA) and Tuxtla Gutiérrez (TG) cities in Mexico were used as case studies. These buildings were designed for office purposes [32] following the MDOC-CFE [30] regulations for OA and TG cities. The dead (DL) and live (LL) load criteria of the NTCDS-RCDF [33] and the design standards ANSI/AISC 360-16 [34] were employed in the projection of these structures. Table 1 shows the considered loads, and Table 2 and Table 3 show the list of steel wide flange sections for beams and columns. Figure 1 shows a 2-D view of the main frames (Special Moment Frames, SMF). The SMFs satisfy the AISC criterion “strong-column–weak-beam”, and the structural sections of the beams and columns meet the slenderness criterion of the AISC-341-16 [34]. The beams consider continuous lateral bracing for their compression flanges. The slabs of the buildings are considered rigid with a composite deck system (concrete slab–steel deck with shear connectors). Connections between elements are fully restrained (FR) [34]. The modal analysis and seismic response evaluation were performed in SeismoStruct [35]. Table 4 shows the foremost characteristics of the modal analysis.



The modal characteristics show that the structural response of these buildings is dominated by their fundamental period of vibration. Therefore, it was expected that their seismic responses would be consistent using both NLSA and NLDA [7,15,36]. Based on the above and to simplify the probabilistic approach of this study, the analyses were carried out using the NLSA in SeismoStruct [35] and the capacity spectrum method of the ATC-40 [37]. The NLSA adopted are not novel like the NLDA, but that does not detract from the validity and simplicity, especially for evaluations of regular buildings with structural responses dominated by their first mode of vibration or fundamental period, as the buildings analyzed here [7,15,36]. The NLDA has advantages but entails greater complexity and high computational cost with probabilistic analysis if one does not use a well-established computational tool. The implementation of simple tools has been sought to carry out seismic evaluations in a practical way in the field of applied structural engineering [15,36,38].



The linear and non-linear behaviors of the beams and columns were modelled following the fiber approach, where each fiber is associated with uniaxial stress (σ)–strain (ε) relationships. Thus, the cross-section behavior is defined by a uniaxial bilinear σ-ε model with kinematic strain hardening, which is commonly used in the modelling of structural steel elements [35]. The deterministic five model-calibrating parameters used were as follows: Modulus of elasticity, Es = 2.00 × 108 kN/m2; Yield strength, fy = 396,448.54 kN/m2; Strain hardening parameter, μ = 0.01; Fracture/buckling strain = 0.10, and Specific weight, γ = 78.00 kN/m3. Finally, two performance criteria of the sections were defined: (1) yielding of steel (εy), steel strains larger than the ratio between yield strength and modulus of elasticity (εy = fy/Es); and (2) fracture of steel (εu), steel strains larger than the fracture strain, which in this study was εu = 0.06.




3. Probabilistic Variables


The randomness in the mechanical properties of the cross-sections and the seismic actions represent the variables that provide more significant uncertainty in the structural response of buildings [16,39]. Thus, a set of probabilistic numerical models is generated to represent the random nature of the expected behavior of the buildings. These models consider the uncertainties in the mechanical properties of the steel W-type sections that are relevant to the seismic response. In summary, the three variables influencing the linear and non-linear response are (1) yield strength, fy; (2) modulus of elasticity, Es; and (3) fracture strain, εu. Table 5 shows the mean values (  μ ¯  ), the coefficients of variation (CVs), and standard deviations (  σ ¯  ) for each variable. The Monte Carlo method was used [40,41] to generate the random sets. In addition, mean values of the three variables were used to perform and conclude about deterministic approaches.



Variables shown in Table 5 follow a Normal Probability Distribution (NPD), and the sampling was limited to a range of   μ ¯   ± 2  σ ¯  . Thus, overestimated, or underestimated values of the variables were excluded. Likewise, the steel sections (beams and columns) of the same story of the buildings were considered with a correlation of 0.65, since they could be from the same batch of steel production [14]. Sections of different stories were considered with null correlation. Therefore, a set of 1000 random samples for each of the three variables was generated. Figure 2 shows an example of the NPD with a 0.65 correlation and NPD with a null correlation of the variable fy in the beams and columns. Additionally, Figure 2 shows the assumed NPD and truncated NPD with the histogram of the samples obtained through the Monte Carlo method. Good agreement between the histogram of the samples and the target NPDs can be seen. As pointed out above, 1000 structural random samples were used. This number was determined as follows: Several random samples were generated according to the truncated NPD. For every 100 new samples, the mean value and the standard deviation of the overall samples were obtained. Once 1000 samples were reached, no significant variations were obtained in their mean value and standard deviation by adding more samples. Therefore, 1000 was considered an adequate number of samples representing the predefined truncated NPD. This was attributed to the fact that the Monte Carlo method is based on the Latin Hypercube Sampling (LHS) technique [44], and this LHS technique avoids duplicating case combinations so that fewer samples adequately represent the target NPD.



Finally, the probabilistic models were generated assigning the 1000 random variables of fy, Es, and εu to each of the beams and columns of the models. This process was carried out through a special function for creating multiple files (SPF Creator) in SeismoStruct [35]. In this research, 4000 steel buildings were analyzed.




4. Nonlinear Static Analysis


The generation of probabilistic models, the automatic execution, and the NLSA sequential analysis were implemented with the SeismoBatch function introduced in SeismoStruct [35]. Then, the output files of the analyses were extracted, and the probabilistic capacity curves of the four buildings studied were obtained. Figure 3 and Figure 4 show the capacity curves of the deterministic and probabilistic cases corresponding to the 3-story and 7-story buildings in OA and TG cities, respectively. The capacity curves were presented in the base shear (V)—roof displacement δ) and base shear (V)—maximum inter-story drift ratio (MIDR) formats.




5. Capacity Spectra and Damage States


Based on the ATC-40 [37] and by considering the values from the modal analysis (Table 4), each capacity curve in V-δ format was transformed into the Capacity Spectrum (CS) in Spectral Acceleration (Sa)–Spectral Displacement (Sd), where Sd = δ/PF1, and Sa = V/(W*α1). Then, the four non-null damage states (DSnon-null) of the RISK UE guidelines [31] were obtained. These were determined based on the yield (Sdy) and ultimate (Sdu) spectral displacements as follows: Slight = 0.7Sdy, Moderate = Sdy, Extensive = Sdy + 0.25 (Sdu–Sdy), and Complete = Sdu. The following equation proposed by Diaz et al. [15] was used to calculate the yield point (Sdy and Say) of the capacity spectrum:


   S  dy   =     2  A  sc   −    S  du   ·  S  du              K i  ·  S  du     −  S  au            and   S    ay   =  K i   ·   S  dy    



(1)




where the variables are characteristics of the capability spectrum: Ki is the initial slope, Asc is the area under the curve, and Sdu and Sau are the ultimate capacity points.



Finally, for the Sds of each non-null damage state, the respective MIDR value was obtained. Figure 5 and Figure 6 show the deterministic and probabilistic capacity spectrum of the buildings in OA and TG cities, in Sa–Sd and Sa–MIDR formats, together with the respective DSnon-null. Table 6 shows the minimum, mean, and maximum MIDR values from the probabilistic and the deterministic cases for the non-null damage states following the Risk-UE guidelines. The colors in the Table 6, Table 7, Table 8, Table 9, Table 10 and Table 11 indicate the DSnon-nulls [31]: slight damage (green color); moderate damage (yellow color); extensive damage (orange color) and complete damage (red color) and, are used in the conceptualization the Preventive “Semaphore” for Seismic Damage (PSSD) and fragility curves in the next sections.
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Table 6. Minimum, mean, maximum probabilistic, and deterministic values of the MIDR for each DSnon-null from the Risk-UE guideline in the buildings.






Table 6. Minimum, mean, maximum probabilistic, and deterministic values of the MIDR for each DSnon-null from the Risk-UE guideline in the buildings.





	
City

	
Stories

	
MIDR (DSSlight)

	
MIDR (DSModerate)




	
Min

	
Max

	
Mean

	
Det.

	
Min

	
Max

	
Mean

	
Det.






	
Oaxaca (OA)

	
3

	
0.0060

	
0.0083

	
0.0071

	
0.0070

	
0.0085

	
0.0118

	
0.0101

	
0.0102




	
7

	
0.0054

	
0.0074

	
0.0063

	
0.0063

	
0.0078

	
0.0106

	
0.0089

	
0.0090




	
Tuxtla Gutiérrez (TG)

	
3

	
0.0056

	
0.0078

	
0.0067

	
0.0067

	
0.0080

	
0.0112

	
0.0095

	
0.0095




	
7

	
0.0066

	
0.0089

	
0.0076

	
0.0076

	
0.0094

	
0.0128

	
0.0108

	
0.0108




	
City

	
Stories

	
MIDR (DSExtensive)

	
MIDR (DSComplete)




	
Min

	
Max

	
Mean

	
Det.

	
Min

	
Max

	
Mean

	
Det.




	
Oaxaca (OA)

	
3

	
0.0176

	
0.0298

	
0.0237

	
0.0239

	
0.0406

	
0.0884

	
0.0647

	
0.0650




	
7

	
0.0168

	
0.0276

	
0.0219

	
0.0199

	
0.0399

	
0.0832

	
0.0610

	
0.0527




	
Tuxtla Gutiérrez (TG)

	
3

	
0.0175

	
0.0298

	
0.0237

	
0.0236

	
0.0424

	
0.0905

	
0.0662

	
0.0659




	
7

	
0.0184

	
0.0311

	
0.0224

	
0.0247

	
0.0412

	
0.0909

	
0.0664

	
0.0572










6. T1 Variation


The initial slope of the capacity spectrum in Sa–Sd format is directly related to the fundamental natural period of vibration, T1, of the building, through the following equation [37]:


   S  dy   =    T 1    2    4  π 2       S  ay   × g    



(2)




where g is the gravity of acceleration. Based on the above equation, the new fundamental period T1i for all points (Sai and Sdi) in the capacity spectrum can be obtained as follows:


   T  1 i   =     4  π 2       ∗   S    di      S  ai      ∗   g      = 2 π      S  di      S  ai      ∗   g       



(3)







The representation of the different structural periods in Sa–Sd format can be plotted using diagonal lines. Each line that agrees with the initial slope of the capacity spectrum represents the fundamental period T1 of the building. In this way, the variation of the T1 period can be observed from the non-linear zone of the capacity spectrum, which is related to the structural damage of the building. Figure 7 shows the capacity spectrum in Sa–Sd format for the deterministic cases with the different values of period represented with dotted lines.



Equation (3) was used in both the deterministic and probabilistic capacity spectra for calculating the fundamental period T1i in the buildings. Figure 8 and Figure 9 show the T1i–MIDR relationship curves of the four buildings studied. The deterministic case (vertical lines) and probabilistic points of the four DSnon-null are also shown. The percentage increase in the T1i for the four DSnon-null of the deterministic case is also displayed. Additionally, vertical lines are plotted to indicate the MIDR of the service state (Sstate) and collapse prevention state (CPstate) defined by the Mexican Seismic Design Guide [30]. It was observed that the Sstate was lower than the deterministic and probabilistic cases of the DSSlight, while the CPstate was in the range of the DSExtensive. Thus, for the buildings studied here, Sstate limited the damage correctly, and CPstate agreed with the damage expected before collapse.



Table 7 shows the minimum, mean, and maximum values of the fundamental periods T1i from the probabilistic and the deterministic cases for each DSnon-null of the Risk-UE guidelines [31]. It was observed that the deterministic case agreed with the probabilistic mean.
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Table 7. Minimum, mean, maximum probabilistic, and deterministic values of the T1i for each DSnon-null from the Risk-UE guideline in the buildings.






Table 7. Minimum, mean, maximum probabilistic, and deterministic values of the T1i for each DSnon-null from the Risk-UE guideline in the buildings.





	
City

	
Stories

	
T1i (DSSlight)

	
T1i (DSModerate)




	
Min

	
Max

	
Mean

	
Det.

	
Min

	
Max

	
Mean

	
Det.






	
Oaxaca (OA)

	
3

	
0.52

	
0.57

	
0.54

	
0.54

	
0.56

	
0.61

	
0.59

	
0.59




	
7

	
0.90

	
0.96

	
0.91

	
0.91

	
0.95

	
1.05

	
1.00

	
1.00




	
Tuxtla Gutiérrez (TG)

	
3

	
0.57

	
0.62

	
0.59

	
0.59

	
0.61

	
0.67

	
0.64

	
0.64




	
7

	
1.05

	
1.14

	
1.09

	
1.09

	
1.13

	
1.23

	
1.18

	
1.18




	
City

	
Stories

	
T1i (DSExtensive)

	
T1i (DSComplete)




	
Min

	
Max

	
Mean

	
Det.

	
Min

	
Max

	
Mean

	
Det.




	
Oaxaca (OA)

	
3

	
0.65

	
0.85

	
0.75

	
0.75

	
0.89

	
1.35

	
1.14

	
1.14




	
7

	
1.14

	
1.46

	
1.30

	
1.25

	
1.52

	
2.33

	
1.96

	
1.82




	
Tuxtla Gutiérrez (TG)

	
3

	
0.73

	
0.96

	
0.85

	
0.85

	
1.03

	
1.55

	
1.30

	
1.30




	
7

	
1.30

	
1.66

	
1.48

	
1.43

	
1.74

	
2.66

	
2.24

	
2.10










7. Preventive “Semaphore” for Seismic Damage


Considering the fundamental period of the building, T1, as the starting point of the period variation in the capacity spectrum, the percentage increase of the period (% T1i(DSnon-null)) could be determined for each non-null damage state (DSnon-null = Slight; Moderate; Extensive and Complete) as follows:


     %   T    1 i         DS   non − null     =    [  T  1 i         DS   non − null     −  T 1  ]    T 1    × 100  



(4)







The %T1i (DSnon-null) of the deterministic case in the buildings is shown in Figure 8 and Figure 9. Furthermore, the %T1i (DSnon-null) was determined for the probabilistic cases of the buildings. Table 8 shows the obtained values.





[image: Table] 





Table 8. Minimum, mean, maximum probabilistic, and deterministic value of the %T1i for each DSnon-null from the Risk-UE guideline in the buildings.






Table 8. Minimum, mean, maximum probabilistic, and deterministic value of the %T1i for each DSnon-null from the Risk-UE guideline in the buildings.





	
City

	
Stories

	
%T1i (DSSlight)

	
%T1i (DSModerate)




	
Min

	
Max

	
Mean

	
Det.

	
Min

	
Max

	
Mean

	
Det.






	
Oaxaca (OA)

	
3

	
3.62

	
8.10

	
6.11

	
5.88

	
11.14

	
16.70

	
14.44

	
15.69




	
7

	
3.98

	
7.33

	
4.52

	
2.25

	
9.28

	
18.49

	
15.01

	
12.36




	
Tuxtla Gutiérrez (TG)

	
3

	
3.29

	
7.24

	
5.50

	
5.36

	
11.12

	
16.38

	
14.03

	
14.29




	
7

	
3.02

	
8.64

	
5.96

	
4.81

	
10.70

	
17.41

	
14.62

	
13.46




	
Average

	
3.48

	
7.83

	
5.52

	
4.57

	
10.56

	
17.25

	
14.53

	
13.95




	
City

	
Stories

	
%T1i (DSExtensive)

	
%T1i (DSComplete)




	
Min

	
Max

	
Mean

	
Det.

	
Min

	
Max

	
Mean

	
Det.




	
Oaxaca (OA)

	
3

	
25.94

	
64.59

	
45.79

	
47.06

	
70.79

	
162.16

	
121.65

	
123.53




	
7

	
29.55

	
69.48

	
48.77

	
40.45

	
72.00

	
172.17

	
124.97

	
104.49




	
Tuxtla Gutiérrez (TG)

	
3

	
28.65

	
70.37

	
50.66

	
51.79

	
79.60

	
174.49

	
131.76

	
132.14




	
7

	
24.87

	
63.89

	
43.82

	
37.50

	
66.55

	
162.61

	
118.09

	
101.92




	
Average

	
27.25

	
67.08

	
47.26

	
44.20

	
72.24

	
167.86

	
124.12

	
115.52









Considering the average values of the %T1i (DSnon-null), from the probabilistic analysis in the four buildings studied, a Preventive “Semaphore” for Seismic Damage (PSSD) was proposed. Table 9 shows the proposal for low-rise and mid-rise steel buildings with a structural system of “Special Moment Frames, SMF”. In the PSSD presented, the following analogy between the DSnon-null from the Risk-UE guidelines [31] and the performance levels defined in the Vision 2000 report [45] was proposed:




	
Null damage ≈ Operational Limit (OL)



	
Slight damage (green color) ≈ Immediate Occupancy (IO)



	
Moderate damage (yellow color) ≈ Life Safety (LS)



	
Extensive damage (orange color) ≈ Collapse Prevention (CP)



	
Complete damage (red color) ≈ Complete Collapse (CC)








Likewise, a criterion of the expected damage or expected operating condition in the buildings is established when an increase in the %T1i is detected in an SHM assessment.
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Table 9. Preventive “Semaphore” for Seismic Damage (PSSD) based on the average %T1i (DSnon-null) probabilistic of the four buildings studied.






Table 9. Preventive “Semaphore” for Seismic Damage (PSSD) based on the average %T1i (DSnon-null) probabilistic of the four buildings studied.





	
PSSD (Risk-UE Guideline)

	
Null

Damage

	
Slight

Damage

	
Moderate Damage

	
Extensive Damage

	
Complete Damage




	
PSSD (Vision 2000 Report)

	
Operational Limit (OL)

	
Immediate Occupancy (IO)

	
Life Safety (LS)

	
Collapse

Prevention (CP)

	
Complete Collapse (CC)






	
Minimum values

	
%T1i

	
<3.48%

	
≥3.48%

	
≥10.56%

	
≥27.25%

	
≥72.24%




	
Mean values

	
<5.52%

	
≥5.52%

	
≥14.53%

	
≥47.26%

	
≥124.12%




	
Maximum values

	
<7.83%

	
≥7.83%

	
≥17.25%

	
≥67.08%

	
≥167.86%









Considering the relationship between T1i and MIDR (Figure 8 and Figure 9) as a validation parameter of PSSD, it was observed that the green color was consistent with the MIDR of the service state (Sstate), whereas the orange color was consistent with the MIDR of the collapse prevention state (CPstate), both defined by the Mexican Seismic Design Guide [31]. In addition, the range of values presented by the PSSD was in accordance with the Structural Warning System (SWS) proposed in [46,47]. The SWS is a Structural Health Monitoring (SHM) system that has been developed in Mexico to evaluate instrumented buildings of less than 25 stories whose dynamic response is dominated by fundamental modes of vibration [48]. It should be noted that there is a need to perform tests in future studies to verify the accuracy and good engineering practicability of the PSSD in comparison with SHM in steel buildings with the characteristics of those studied here.




8. Fragility Curves


MIDR and %T1i clouds from the probabilistic analysis allowed for the development of Fragility Curves (FC) for each of the four damage states. In brief, the fragility curve represents the probability of the DSnon-null being exceeded as a function of the MIDR or %T1i (P[DSnon-null/MIDR or %T1i]). The FCs are obtained as follows: (i) each cloud is sorted in ascending order, and the number of points in the cloud is normalized from 0 to 1; and (ii) a Lognormal Cumulative Distribution function (Logncdf) is fitted using the Mean Squared Error (MSE). Then, the Logncdf function with lower MSE is used for fitting. Each Logncdf function corresponds to a fragility curve of each DSnon-null and is completely defined by the μ and σ parameters; μ is the mean value of the MIDR or %T1i thresholds, and σ represents its standard deviation. Table 10 and Table 11 present the m and s parameters obtained for each fragility curve of the studied buildings. Figure 10 and Figure 11 show the fragility curves as a function of the MIDR and %T1i for each DSnon-null following the Risk-UE guidelines [31].
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Table 10. The μ and σ of the fragility curves (FC) as a function of the %T1i for the studied buildings.






Table 10. The μ and σ of the fragility curves (FC) as a function of the %T1i for the studied buildings.





	
City

	
Stories

	
FCSlight

	
FCModerate

	
FCExtensive

	
FCComplete




	
μ

(%T1i)

	
σ

	
μ

(%T1i)

	
σ

	
μ

(%T1i)

	
σ

	
μ

(%T1i)

	
σ






	
Oaxaca (OA)

	
3

	
6.13

	
0.12

	
14.50

	
0.06

	
45.53

	
0.18

	
121.58

	
0.15




	
7

	
4.50

	
0.25

	
15.05

	
0.10

	
48.31

	
0.16

	
124.34

	
0.16




	
Tuxtla Gutiérrez (TG)

	
3

	
5.53

	
0.12

	
14.08

	
0.06

	
50.51

	
0.17

	
131.16

	
0.15




	
7

	
5.94

	
0.16

	
14.67

	
0.07

	
43.42

	
0.17

	
117.61

	
0.15




	
Average

	
5.53

	
0.16

	
14.58

	
0.07

	
46.94

	
0.17

	
123.67

	
0.15
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Table 11. The μ and σ of the fragility curves (FC) as a function of the MIDR for the studied buildings.
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City

	
Stories

	
FCSlight

	
FCModerate

	
FCExtensive

	
FCComplete




	
μ

(MIDR)

	
σ

	
μ

(MIDR)

	
σ

	
μ

(MIDR)

	
σ

	
μ

(MIDR)

	
σ






	
Oaxaca (OA)

	
3

	
0.007

	
0.17

	
0.010

	
0.05

	
0.024

	
0.12

	
0.064

	
0.17




	
7

	
0.006

	
0.10

	
0.009

	
0.07

	
0.022

	
0.12

	
0.061

	
0.16




	
Tuxtla Gutiérrez (TG)

	
3

	
0.006

	
0.14

	
0.010

	
0.06

	
0.024

	
0.12

	
0.066

	
0.17




	
7

	
0.008

	
0.18

	
0.011

	
0.06

	
0.025

	
0.12

	
0.066

	
0.16




	
Average

	
0.0068

	
0.15

	
0.010

	
0.06

	
0.024

	
0.12

	
0.064

	
0.165
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Figure 10. Probabilistic fragility curves of the DSnon-null for the buildings in OA and TG cities as functions of the %T1i. 
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Figure 11. Probabilistic fragility curves of the DSnon-null for the buildings in OA and TG cities as functions of the MIDR. 
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9. Discussion and Conclusions


This article presents a probabilistic study of the fundamental period (T1) variation of steel buildings based on seismic damage. One low-rise (3-story) and one mid-rise (7-story) steel building located in two cities in México were studied. The seismic performance of the buildings was obtained through probabilistic nonlinear static analyses. Uncertainties in the yield strength, fy, modulus of elasticity, Es, and ultimate strain, εu, of the structural sections were considered via Monte Carlo simulation. The T1 variation was estimated using the capacity spectrum [37], and the seismic damage was defined by the maximum inter-story drift ratio, MIDR, and damage states of the Risk-UE guidelines [31].



In the nonlinear static analysis of the buildings, the seismic actions are not considered as in nonlinear dynamic analysis. However, due to the number of stories and symmetry of the buildings analyzed, the structural response is dominated by their fundamental period of vibration. Thus, the compatibility of results between the static and dynamic approaches is assumed to be adequate. Moreover, the NLSA was performed by implementing a probabilistic approach, which provides a complete perspective of expected seismic performance considering the randomness in the main mechanical properties of the beams and columns of the buildings. In addition, the probabilistic clouds allow the trends and relationships between the variables of interest in the linear and non-linear performance of buildings to be analyzed.



Based on the classic ATC-40 equations, the T1 variation in the probabilistic capacity spectra of the buildings can be easily obtained and related to its respective MIDR for each DSnon-null of the Risk UE guidelines. As a result of this study, practical tools used for seismic assessment in low-rise and mid-rise steel buildings were proposed: (1) a Preventive “Semaphore” of Seismic Damage (PSSD), and (2) Fragility Curves (FCs). The PSSD proposes a percentage increase of the fundamental period (%T1i) for the four DSnon-null (slight, moderate, extensive, and complete) buildings analyzed here. The PSSD can be helpful as a reference or criteria to determine the health of the building through structural monitoring. Finally, the FC developed are an interesting contribution to determining the probabilities of exceedance of the DSnon-null thresholds. These FC have a novel approach based on MIDR or %T1i for seismic action in low-rise and mid-rise steel buildings with SMF structural systems. It should be noted that in order to spread this methodology, it would be necessary to carry out analyses with different structural typologies and number of stories and compare the results with on-site measurements.
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Figure 1. A 2-D view of the main frame evaluated of each building. 
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Figure 2. An example of the (a) NPD with a 0.65 correlation and (b) NPD with a null correlation of the variable fy in the beams and columns in the low-rise (3-story) steel buildings in Oaxaca (OA). 
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Figure 3. Deterministic and probabilistic capacity curves of the 3-story buildings in OA and TG cities. 
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Figure 4. Deterministic and probabilistic capacity curves of the 7-story buildings in OA and TG cities. 
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Figure 5. Deterministic and probabilistic capacity spectra of the 3-story buildings in OA and TG cities and their respective DSnon-null. 
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Figure 6. Deterministic and probabilistic capacity spectra of the 7-story buildings in OA and TG cities and their respective DSnon-null. 
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Figure 7. Capacity spectrum of the deterministic cases in OA and TG cities. The dotted lines represent different periods. 
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Figure 8. Deterministic and probabilistic T1i–MIDR relationship curves of the 3-story buildings in OA and TG cities and their respective DSnon-null. 
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Figure 9. Deterministic and probabilistic T1i–MIDR relationship curves of the 7-story buildings in OA and TG cities and their respective DSnon-null. 
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Table 1. Dead and live loads of the 3- and 7-story buildings.
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Load Types

	
Story

	
Load (kN/m2)






	
Dead Load (DL)

	
Inter-story

	
6.5




	
Roof

	
5.0




	
Live Load (LL)

(Office building)

	
Inter-story

	
2.5




	
Roof

	
1.0
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Table 2. Steel W-type sections of the 3-story buildings.
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City

	
Columns

	
Beams




	
C1

	
C2

	
B1






	
Oaxaca (OA)

	
W14 × 74

	
W18 × 119

	
W12 × 72




	
Tuxtla Gutiérrez (TG)

	
W16 × 67

	
W18 × 97

	
W14 × 48
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Table 3. Steel W-type sections of the 7-story buildings.
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City

	
Columns

	
Beams




	
C1

	
C2

	
C3

	
B1

	
B2






	
Oaxaca (OA)

	
W16 × 100

	
W18 × 192

	
W21 × 201

	
W12 × 53

	
W14 × 61




	
Tuxtla Gutiérrez (TG)

	
W16 × 89

	
W18 × 119

	
W21 × 147

	
W14 × 61

	
W16 × 57











[image: Table] 





Table 4. The main characteristics of the modal analysis of the 3- and 7-story buildings.
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City

	
Stories

	
T1 (s) *

	
PF1 *

	
α1 *

	
W (kN) *






	
Oaxaca (OA)

	
3

	
0.51

	
1.30

	
0.89

	
327.38




	
7

	
0.89

	
1.39

	
0.82

	
831.04




	
Tuxtla Gutiérrez (TG)

	
3

	
0.56

	
1.27

	
0.91

	
325.89




	
7

	
1.04

	
1.33

	
0.84

	
823.95








* T1: fundamental period; PF1: modal participation factor for T1; α1: modal mass coefficient; W: total weight of the building.
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Table 5. Mean values and coefficients of variation of the variables used for probabilistic sampling with the Monte Carlo method.
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	Variable
	   Mean   (   μ ¯   )   *   
	Coefficients of Variation (CV) *
	   Standard   Deviations   (   σ ¯   )   *   





	Yield strength, fy (kN/m2)
	396,448.54
	0.066
	26,165.60



	Modulus of elasticity, Es (kN/m2)
	200,000,000
	0.039
	7,800,000



	Fracture strain, εu
	0.06
	0.155
	0.0093







* Based on reports by Schmidt and Bartlett [42] and Bartlett et al. [43] for statistics of steel mechanical properties.
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