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Concentrically braced frame (CBF) is an effective and prevalent seismic force resisting system which is commonly used in low-rise buildings. This type of structural system utilizes steel braces to provide the stiffness and strength needed to dissipate earthquake energy. Several bracing configurations have been proposed in different building codes worldwide. These codes provide detailed design requirements for the structural members and connections, but no guidance is provided in selecting the best bracing configuration for the design. In this study, the impact of the bracing configuration on the seismic response of a five-story prototype office building located in Vancouver, Canada, is systematically examined. Five different bracing configurations were designed according to the National Building Code of Canada and CSA S16 standard. Detailed structural responses, initial costs, and life cycle costs of the prototype building with five different bracing configurations were systematically compared. The results show that the different bracing configurations play an important role in sizing the structural members, which impacts the initial material usage and the overall life cycle cost of the building.
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INTRODUCTION

Steel concentrically braced frame (CBF) is a seismic force resisting system (SFRS) commonly used in seismic zones around the world. This type of SFRS is effective in providing the stiffness and strength needed to resist earthquake forces. In the Canadian steel building code, CSA S16-14 (CSA, 2014), there are two types of steel CBFs: (1) moderate ductile concentrically braced frame (MD-CBF) and (2) limited ductile concentrically braced frame (LD-CBF). The MD-CBF is targeted to be used in high seismic zones, where the SFRS is designed to have enhanced ductility through yielding of the steel braces, while the beams and columns are capacity designed to resist the maximum load produced by the braces. On the other hand, the LD-CBF is targeted to be used for locations with less earthquake shaking, where the ductility requirement of the braces can be relaxed.

Multiple MD-CBF configurations have been pre-qualified by the CSA S16-14 (CSA, 2014). The configurations include: inverted V-braced (I-VBF), V-braced (VBF), X-braced (XBF), and Multistory-X-braced (M-XBF).

According to CSA-S16-14, the probable tensile and compressive resistance of bracing members shall be taken as Equations (1, 2), respectively.

[image: image]

[image: image]

Where Ag = gross cross sectional area of the brace; Ry = the expected strength factor; Fy = specified yield stress; ϕ = resistance reduction factor and Cr is computed using RyFy.

The probable post-buckling compressive resistance of bracing members shall be taken as Equation (3).
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In the V- or inverted V- bracing configurations, the beam must be designed to be continuous between columns and capable of resisting the maximum unbalanced vertical and horizontal loads when the braces below (inverted V) or above (V) the beam has buckled and yielded. This makes the beams in the V- or inverted V- bracing configurations of the MD-CBF very large. To mitigate the unbalanced force demand in the beam, the suspended zipper braced frame (SZBF) was proposed by Yang et al. (2009b). SZBF uses zipper columns placed between the braces to transfer the unbalanced vertical forces to higher stories. To prevent the structure from losing total stiffness, the top story braces of the SZBF are capacity designed to resist the combined unbalanced vertical loads when all the braces yielded and buckled. Similarly, the beams in the M-XBF system must be capacity designed for the yielding and buckling of the braces. Due to the symmetrical geometry of the M-XBF configuration, the unbalanced forces from the floor above and below cancel each other out (if the braces are of the same size). This results in smaller beams compared to the V- or inverted V- bracing configurations. Similarly, in the X-bracing configuration, there are no unbalanced vertical forces in the beams, but the columns are designed to resist large axial forces when the braces have yielded and buckled.

The building code provides detailed design requirements for each of the MD-CBF bracing configurations. However, there has been little discussion about the differences in seismic performance. Although there have been some previous studies comparing different bracing configurations (Mahmoudi and Zaree, 2010; Patil and Sangle, 2015; Ozcelik et al., 2016), the present study is the only one that shows a detailed cost comparison on a Canadian designed building.

In this study, a five-story office prototype building located in Vancouver, British Columbia, Canada was used to compare the seismic performance of the prototype building using each of the I-VBF, VBF, XBF, M-XBF, and SZBF bracing configurations. The prototype building was designed according to the National Building Code of Canada (NBCC, 2015) and the Canadian Institute of Steel Construction design standard S16-14 (CSA, 2014). Detailed finite element models of the prototype building with each of the bracing configurations were developed using OpenSees (McKenna et al., 2009). The finite element models were calibrated against available experimental data. The calibrated finite element models were then subjected to ground motions selected and scaled to three earthquake shaking intensities at the prototype site. Detailed initial construction costs, structural response, and life cycle costs of the prototype building using each of the pre-qualified MD-CBF configurations were examined in this study.

DESCRIPTION OF THE PROTOTYPE BUILDING

The prototype structure is a five-story office building located in Vancouver, British Columbia, Canada, which was adopted from Yang and Murphy (2015). The prototype building was designed according to the National Building Code of Canada (NBCC, 2015) and the CSA-S16-14 (CSA, 2014). The plan dimensions of the building are 45 m by 63 m. The story height is 4.25 m for the first floor and 3.65 m for other floors. Figure 1 shows the global view and plan view of the SFRS. Five different bracing configurations: (1) Inverted V-braced (I-VBF); (2) V-braced (VBF); (3) Suspended zipper column braced (SZBF); (4) Multistory-X-braced (M-XBF); (5) X-braced (XBF), were included in this study. Figure 2 shows the member sizes of the SFRS. Table 1 shows the summary of the gravity frame elements used for all bracing configurations.
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FIGURE 1. (A) Global view of prototype building and (B) location of the MD-CBFs on the plan view.
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FIGURE 2. Member sizes of the SFRS.




Table 1. Size of the gravity frame elements.
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DESCRIPTION OF THE FINITE ELEMENT MODELS

The numerical models of the prototype building were generated using OpenSees (McKenna et al., 2009). Due to the symmetrical nature of the prototype building in the two principal axes, only half of the building was modeled. Because the SFRS was designed to be decoupled in the two principal axes, only the response in the East-West direction is presented in this paper. Masses were lumped at the nodes of the model at each floor based on the tributary area. An average value of 633,000 Kg was assigned at each floor. Rayleigh damping of 2.5%, based on the mass and tangent stiffness proportional damping, was assigned in the first and third modes. The first three vibrational periods of each MD-CBFs are shown in Table 2.


Table 2. Structural periods of systems.
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The steel braces were modeled following the approach developed by Yang et al. (2009a), where the braces were modeled using two flexibility-formulation non-linear beam-column elements with fiber sections. Uniaxial Menegotto-Pinto steel material (Steel02) in OpenSees was used to model the kinematic and isotropic hardening of the steel material. Rotational springs with rotational stiffness of EI/5Lb, where E is the modulus of elasticity, I is the moment of inertia about the plane of bending, and Lb is the total length of the brace, were added to the ends of the braces using zero-length elements to simulate the gusset plate response (Yang et al., 2009b). A geometric imperfection of 0.1% of the brace length was used according to the procedure presented in Uriz (2008). The corotational geometry transformation proposed by De Souza (2000) was used to simulate the second-order geometry effects (P-Δ effects). Figure 3A shows the analytical model for the steel braces. Figure 3B and Figure 3C show the comparison of the brace hysteresis from the analytical simulation against the experimental data presented by Black et al. (1980). The results show that the proposed numerical model can accurately simulate the non-linear behavior of the steel braces.
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FIGURE 3. (A) Finite element model used to calibrate with experimental tests (Yang et al., 2009b). (B) Comparison of analytical (dashed line) and experimental (solid line) hysteretic responses of HSS4x4x1/4 and (C) HSS4x4x1/2 struts and their corresponding displacement histories.



The beams and columns of the CBFs were modeled using non-linear fiber-based beam-column elements in OpenSees. The column base connections were modeled using zero-length element according to stiffness relationships proposed by Fahmy et al. (1998). Beam to column connections for shear tab connections were modeled with the rotational properties suggested by Astaneh-Asl (2005). Figure 4 shows the finite element models developed for this study.
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FIGURE 4. Finite element models of CBFs.



SELECTION AND SCALING OF GROUND MOTIONS

To simulate the seismic response of the prototype building, the 5% damped spectra for the site was obtained from Natural Resources Canada (NRC) (2016) at three hazard levels: (1) 2% probability of exceedance in 50 years (2/50); (2) 10% probability of exceedance in 50 years (10/50); and (3) 40% probability of exceedance in 50 years (40/50). Ground motions were selected from the PEER NGA database [Pacific Earthquake Engineering Research Center (PEER), 2011]. The ground motions with magnitude (Mw) between 5.5 and 8, soil shear wave velocity (Vs30) between 360 and 760 m/s, and the limited distance to the fault (0–100 km) were selected. The ground motions were amplitude scaled such that the mean spectrum for the scaled ground motions does not fall below the target spectrum by 10% over the period range from 0.15 Tmin to maximum of 2.0 Tmax and 1.5 s (where Tmin and Tmax are the shortest and longest fundamental periods of the structures, respectively). To avoid over scaling, the scale factors were limited between 0.5 and 4 as noted in the commentary of NBCC (2015). Table 3 summarizes the selected ground motions used in this study. Figure 5 shows the scaled response spectra and the target spectrum for the three hazard levels considered.


Table 3. Summary of ground motions.

[image: image]




[image: image]

FIGURE 5. Response spectra of scaled ground motions at (A) the 2/50 hazard level, (B) the 10/50 hazard level, and (C) the 40/50 hazard level (Target spectrum from Natural Resources Canada (NRC), 2016).



RESPONSE QUANTIFICATION

A total of 57 non-linear dynamic analyses were carried out to examine the response of the prototype building using each of the bracing configurations. Table 4 shows the summary of the structural responses. Figure 6 shows the comparison of the peak inter story drift ratio (ISD) and peak floor acceleration (FA) and the corresponding standard deviations (Std).


Table 4. Median and standard deviation (Std) of peak EDPs.
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FIGURE 6. Median peak inter story drift ratio and its corresponding standard deviation in left plots and peak floor acceleration and its corresponding standard deviation in right plots at (A) 2/50 hazard level, (B) 10/50 hazard level, and (C) 40/50 hazard level.



At the 2/50 hazard level, all configurations have the highest ISD at the first floor. Among the bracing configurations, the SZBF, VBF and the I-VBF has the highest 1st floor ISD, while the M-XBF and XBF has the lowest 1st floor ISD. All bracing configurations have a significant reduction in ISD at the 2nd floor. The I-VBF, VBF, M-XBF, and XBF have some increase of ISD at the 3rd and 4th floor. This is likely caused by the higher mode effect. All systems show a reduction of ISD at the 5th floor. XBF has the highest ISD at the 5th floor, while the SZBF has the lowest 5th floor ISD. The variation in the ISD shows very similar trends as the median response, where the 1st floor has the largest variation. Peak floor accelerations tended to increase with height. XBF has slightly higher FA at all floors, while the other configurations all have very similar FA. The variation in FA is very similar among all configurations.

At the 10/50 hazard level, the ISD for the I-VBF, VBF, and XBF configurations are quite similar among the floors. On the other hand, the SZBF has lowest ISD at the 1st floor with increased ISD at the 2nd and 3rd floors and reduced ISD at the 4th and 5th floor. M-XBF has a similar trend as the SZBF, except 4th and 5th floor have less reduction as the SZBF. The variation in ISD is similar among the floors. In terms of FA, all configurations have a similar trend, where acceleration increases linearly at the floor number increases. The variation of FA shows a similar trend for all systems.

At the 40/50 hazard level, I-VBF and XBF configurations have similar ISD at all floors. SZBF has a similar trend as the M-XBF at the 2nd and 3rd floors but has smaller ISDs at the 4th and 5th floor. Among the different configurations, the VBF has the highest ISD for almost all floors (except the 2nd floor). The variation in ISD is very consistent among all floors. The trend for the FA is very similar for all configurations, where the FA increases as the floor number increases. The variation of FA is very similar among all floors and bracing configurations.

PERFORMANCE ASSESSMENT

To quantify the seismic performance of the prototype building with different bracing configurations, the performance-based earthquake engineering (PBEE) method developed by Yang et al. (2009a) was used. The main steps of the PBEE method can be summarized as the following: (1) seismic hazard analysis; (2) response analysis; (3) damage analysis, and (4) loss analysis. Figure 7A illustrates the four analysis phases. The goal of the seismic hazard analysis is to determine the ground motions that are most representative of the seismic hazard of the prototype building site. The response analysis is used to identify the engineering demand parameters (EDPs), such as drift and acceleration that could damage the structural and non-structural components. Once the peak structural responses have been identified, the damage analysis utilizes fragility curves obtained from past research to determine the damage state (DS) of each structural and non-structural component in the prototype building. Because many structural and non-structural components could be affected by the same EDP, and the DS could be similar, these structural and non-structural components could be grouped into performance group (PG). The last step of the PBEE method is the loss analysis, where the analysis uses DS identified in the damage analysis to quantify the building repair cost.
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FIGURE 7. (A) Performance-assessment framework (Moehle and Deierlein, 2004). (B) Fragility curves for MD-CBFs. (C) Example of the unit repair cost function (Yang et al., 2009b).



In this study, 26 different PGs were defined. Each PG consists of one or more building components whose performance was similarly affected by the same EDP. The DS of each PG was determined in relation to the different types of repairs that may be required. For each DS, a fragility curve was defined to present the probability that the damage of the components of a PG will be equal or greater than the specified DSs for a given EDP. Figure 7B shows a sample fragility curve for the braces. In this fragility curve, there are four DSs. As shown in this figure, if the peak ISD equals to 1.5%, the component has a 5, 70, 25, and 0% probability of being in DS1, DS2, DS3, and DS4, respectively. The numerical values of the fragility relations, unit repair cost data, and repair quantities for all the structural and non-structural PGs were adapted from the FEMA P-58 project (FEMA, 2012). Table 5 provides the summary of the PGs and fragility data used in this study. The first five rows of Table 5 present the structural PG for the MD-CBFs system, and the rest of the table presents the non-structural components. The median and beta parameters of each DS used to determine fragility curve are also reported in Table 5. Figure 7 shows the tri-linear curve used to represent the unit repair cost. Min_Qty represents the minimum quantities, Max_cost represents the maximum cost, Max_Qty represent the maximum quantities and Min_cost represent the minimum cost. As shown in Figure 7, the unit repair cost is expected to reduce when the repair quantity is increased. Table 6 lists the data used to quantity the unit repair cost for each PG.


Table 5. Summary of performance groups and their corresponding fragility curve data.
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Table 6. Repair quantities and unit cost of repair items.
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RESULT OF PERFORMANCE EVALUATION

Table 7 shows the initial structural costs for each of the MD-CBFs configurations. The construction cost of steel components was calculated using typical steel prices in Vancouver Canada, where a unit cost of $5.6 and $7 USD per kg was used for members over and below 60 kg/m, respectively. The result shows the M-XBF uses the least column and brace material, while the XBF and SZBF have the lowest beam material. Overall, the M-XBF has the minimum structural cost, while the I-VBF has the maximum structural cost.


Table 7. Summary of the structural elements cost [USD].
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Table 8 shows the summary of the initial construction costs, median repair costs, mean annualized cost and life cycle costs for the different bracing configurations. The initial construction cost of the prototype building was defined as the sum of the structural and non-structural components costs. The non-structural component costs were calculated using an average of $300 USD per square foot which includes the building contents, partition walls, mechanical systems, finishes, office furniture, computers and other contents (Yang and Murphy, 2015). The result shows the difference in structural bracing configurations makes <1% difference in the overall construction cost.


Table 8. Summary of the initial, median repair, and life cycle costs [USD].
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Table 8 also shows the median repair costs. By comparing the median repair costs of different MD-CBFs configurations at 2/50 hazard level, the I-VBF, SZBF, and M-XBF have very close median repair cost in the range of $1.8 million USD, while the XBF and VBF have the highest median repair cost of about $2.3 million USD. At the 10/50 hazard level, the lowest median repair costs are for M-XBF and VBF which is about $1.2 million and the highest one is for XBF which is about $1.3 million USD. The median repair costs at 40/50 hazard level are very close for all configurations which are within the range from $340,000 USD to $370,000 USD.

The mean annual rate of the repair cost exceeding a threshold value can be determined by combining the repair cost and the seismic hazard relations. The annual exceedance probability is obtained by multiplying the slope of the hazard curve at the corresponding ground motion intensity level by the complement of the cumulative repair distribution function then integrated the resulting curves across the seismic hazard levels. This process creates a loss curve that represents the mean annual rate of the repair cost exceeding a threshold value. The area under the loss curve represents the mean cumulative total repair cost for all earthquakes over the period of 1 year. Owners and stakeholders can use this information to quantify the mean annualized loss (MAL) when comparing the performance of different bracing configurations (Yang et al., 2009a). The results of this study show that the M-XBF has the lowest MAL of $24,800 USD, while the XBF has the highest MAL of $32,800 USD.

Using the initial costs and mean annualized loss, the total life cycle costs for 50 years with 3.5% annual interest rate is summarized in Table 8. Comparing the five MD-CBF bracing configurations, the M-XBF is the most economical system and has the lowest life cycle cost. Followed by the SZBF, VBF, I-VBF, and XBF.

SUMMARY AND CONCLUSIONS

Steel CBF is a commonly used SFRS. This structural system is efficient in providing the stiffness and strength needed to resist the seismic load. In this type of SFRS, the braces are designed to be the main energy dissipation component, where they are expected to buckle and yield during strong earthquake shaking. To ensure the system still has a stable force-deformation response after the braces yielded or buckled, the beams and columns of the CBF are capacity designed based on the maximum expected brace forces. Multiple bracing configurations have been presented in the building codes. However, the building codes do not indicate which brace configuration is best suited for different application. In this study, a 5-story office building located in Vancouver, Canada was designed using five different CBF bracing configurations according to NBCC (2015), Natural Resources Canada (NRC) (2016) and CSA S16-14 (CSA, 2014). Detailed finite element models of the prototype building with each of the bracing configurations were developed. The finite element models were calibrated against experimental test then subjected to ground motions selected and scaled to three hazard levels. Detailed structural response, initial construction costs and life cycle costs of the prototype building with each of the bracing configurations were systematically examined. The following findings were observed in this study:

1) The I-VBF uses the most steel material, while the M-XBF requires about 20% less steel material than the I-VBF, making the M-XBF the lightest system among the different bracing configurations considered. The XBF has the second lightest structural materials, followed by the VBF and SZBF systems.

2) At the 2/50 hazard level, all bracing configurations have the highest ISD at the first floor. Among the bracing configurations, the SZBF, VBF, and the I-VBF have the highest 1st floor ISD, while the M-XBF and XBF have the lowest 1st floor ISD. All bracing configurations have a significant reduction in ISD at the 2nd floor. The I-VBF, VBF, M-XBF, and XBF have some increase of ISD at the 3rd and 4th floor. All systems show a reduction of ISD at the 5th floor. XBF has the highest ISD at the 5th floor, while the SZBF has the lowest 5th floor ISD. The variation in the ISD shows very similar trends as the median response, where the 1st floor has the largest variation. In terms of FA, the acceleration usually increases with height. XBF has slightly higher FA at all floors, while the other configurations all have very similar FA. The variation in FA is very similar among all configurations.

3) At the 10/50 hazard level, the ISD for the I-VBF, VBF, and XBF configurations are quite similar among the floors. On the other hand, the SZBF has lowest ISD at the 1st floor with increased ISD at the 2nd and 3rd floors and reduced ISD at the 4th and 5th floor. M-XBF has a similar trend as the SZBF, except the 4th and 5th floors which have less reduction than the SZBF. The variation in ISD is similar among the floors. In terms of FA, all configurations show a similar trend, where acceleration increases linearly as the floor height increases. The variation of FA shows a similar trend for all systems.

4) At the 40/50 hazard level, I-VBF and XBF configurations have similar ISD at all floors. SZBF has the similar trend as the M-XBF at the 2nd and 3rd floors, with a reduction in ISD at the 4th and 5th floor. Among the different configurations, the VBF has the highest ISD for almost all floors, except the 2nd floor. The variation in ISD is very consistent among all floors. The trend for the FA is similar for all configurations, where the FA increases as the floor height increases. The variation of FA is very similar among all floors and bracing configurations.

5) XBF is the most expensive system as it has the highest life cycle cost. By contrast, the M-XBF is the most economical system having the lowest life cycle cost. After that, the SZBF, VBF, and I-VBF are ranked from the lowest life cycle cost to highest.
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OPS/images/fbuil-05-00027-t006.jpg
Item name Ds Quantity Min_Qty Max_Qty Max_cost [USD] Min_cost [USD]

Chevron, 41 PLF < w < 99 PLF 2 6 brace bays per floor 3 7 44,536 30,284
Chevron, 41 PLF < w < 99 PLF 3 6 brace bays per floor 3 & 61,158 41,588
Chevron, 41 PLF < w < 99 PLF 4 6 brace bays per floor 3 7 65,633 44,563
Chevron, w < 40 PLF 2 6 brace bays per floor 3 7 44,536 30,284
Chevron, w < 40 PLF 3 6 brace bays per floor 3 7 50,029 34,019
Chevron, w < 40 PLF 4 6 brace bays per floor 3 7 52,154 35,464
X Brace, 41 PLF <w < 99 PLF 2 6 brace bays per floor 3 7 45,589 31,001
X Brace, 41 PLF < w < 99 PLF 3 6 brace bays per floor 3 F 69,322 47,139
X Brace, 41 PLF < w < 99 PLF 4 6 brace bays per floor 3 7 73,697 60,114
X Brace, w < 40 PLF 2 6 brace bays per floor 3 7 45,589 31,001
X Brace, w < 40 PLF 3 6 brace bays per floor 3 7 583,742 36,644
X Brace, w < 40 PLF 4 6 brace bays per floor 3 7 55,617 37,819
Curtain wall 2 192 panels/floor at1st floor 20 100 2,960 1,580
Curtain wall 3 165 panels/floor at floor 2 to roof 20 100 3848 2,054
Interior non-structural drift sensitive 2 16 feet per floor 0.56 5.66 3510 2,160
Contents 2 1 per floor 1 10,000 305,190 305,190
Ceiling 2 122 panels/floor 1 10 47 326
Ceiling 3 122 panels/floor 1 10 3,770 3,610
Ceiling 4 122 panels/floor 1 10 7,830 5,420
Elevator 2 4 elevations | 100,000 7,850 7,850

" is weight per unit length, and “PLF” is Ib. per LF.
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PG Name Location EDP Description Fragility data >=DS2 >=DS3 >=DS4

1 SH12 Betweenlevels 1and2  dul  Structural MD-CBF: based on replacement of  Median 092 167 223

2 SH23 Betweenlevels2and3  du2  braces.

3 SH34 Betweenlevels 3and 4 du3 Beta 03 0.15 0.15

4 SH45 Betweenlevels 4and 5 dud

5 SHSR Between levels 5 and r dus

6 EXTD12  Betweenlevels iand2  dui  Exterior enclosure: curtain wall based on Median 2.1 24 -

7 EXTD23  Betwesnlevels2and3 ~ qu2  fepair/replacement of &'x6' exterior panels.

8 EXTD34  Betweenlevels3and4  du3 Beta 0.45 0.45 -

9 EXTD45  Betweenlevels4and5  dud

10 EXTDSR  Betweenlevels 5and R duS

11 INTD12  Betweenlevels 1and2  dul Interior non-structural drift sensi Median 021 - -

12 INTD23  Between levels 2 and 3 du2 partitions, doors, glazing, etc.

13 INTD34  Betweenlevels3and 4 du3 Beta 06 - -

14 INTD4S ~ Between levels 4and 5 dud

15 INTDSR  Between levels 5and R~ dus.

16 INTA2 Below level 2 a2 Interior non-structural acceleration sensitive: ~ Median 09 15 22

17 INTAS Below level 3 a3 ceiings, lights, sprinkler heads, etc.

18 INTA4 Below level 4 a4 Beta 0.4 04 04

19 INTAS Below level 5 a5

20 INTAR Below level R aR

21 CONT1  Atlevel 1 ag  Contents: general office furniture and, computer  Median 025 - -

22 CONT2  Atlevel 2 a2 center.

23 CONT3  Atlevel 3 a3 Beta 05 - -

24 CONT4  Atlevel 4 a4

25 CONTS  Atlevel 5 a5

26 Elevator ~ Max Acc amax  Elevator Median 035 - -
Beta 04 - -

dui and i represent the ISD at the ith story and the FA at the ith floor, respectively.
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Type of MD-CBF

-VBF
VBF
SZBF
M-XBF
XBF

49,708,285
49,460,440
49,509,938
49,059,141
49,300,575

Median repair cost

2/50

1,838,692
2,325,638
1,798,920
1,806,202
2,302,398

10/50

1,286,586
1,148,768
1,285,586
1,148,768
1,317,986

40/50

337,616
369,016
337,616
337,616
337,616

Mean cum. annual repair cost

28,000
27,800
26,900
24,800
32,800

Life cycle costs 3.5% annual interest

53,225,136
52,962,171
52,888,627
52,174,067
53,420,316

Rank

o =N s
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Type of MD-CBF

-VBF
VBF
SZBF
M-XBF
XBF

Column costs

869,478
801,020
1,104,966
745,103
915,562

Beam costs

2,814,144
2,634,757
2,157,233
2,280,376
2,152,755

Brace costs

246,666
246,666
469,742
246,666
454,262

3,930,288
3,682,443
3,731,941
3,281,144
3,622,579

Rank

[SER Y
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EDP [units]

Median

Std

Median

Std

Median

Std

MEDIAN AND STANDARD DEVIATION (STD) OF PEAK EDPs AT 2/50 HAZARD LEVEL

dut (%) 074 032 0.72 0.47 074 035
du2 (%] 0.42 004 0.45 006 052 007
du3 (%) 0.41 0.06 052 0.06 0.46 0.06
dud (%] 0.44 005 052 007 0.42 005
dus (%) 035 005 050 0.06 0.15 001
ag[d 038 0.15 038 0.15 038 0.15
a2(q] 063 020 0.60 0.16 0.66 022
a3 068 0.16 069 0.17 071 0.16
ad [ 074 0.18 0.72 0.16 073 0.17
a5 [ 081 0.7 081 0.20 082 0.17
aR[g) 106 020 1.05 0.20 095 0.20
MEDIAN AND STANDARD DEVIATION (STD) OF PEAK EDPs AT 10/50 HAZARD LEVEL
dut (%] 028 007 0.31 008 0.26 0.09
du2 (%] 030 0.06 0.30 007 033 007
du3 [%] 028 006 0.29 007 032 0.06
dud (%) 029 007 033 007 027 0.06
dus [%] 023 006 031 006 0.10 002
agld 0.19 007 0.19 007 0.19 007
a2 g 028 0.10 0.29 007 031 0.12
a3 0.41 0.12 0.39 0.10 0.42 0.12
ad g 0.44 0.12 0.44 o.11 0.47 0.12
a5 [ 052 0.13 052 0.12 052 0.12
aR[g] 063 0.18 065 0.12 057 0.16
MEDIAN AND STANDARD DEVIATION (STD) OF PEAK EDPs AT 40/50 HAZARD LEVEL
dut (%) 0.10 003 0.12 003 0.10 003
du2 (%) 011 003 0.12 003 0.12 004
du3 (%) 0.1 003 0.14 0.04 0.12 0.04
dud (%] 0.1 004 0.15 004 0.10 004
dus (%) 0.09 003 013 004 004 001
ag[d 008 003 0.08 003 008 003
a2 (g 0.12 006 0.13 006 0.12 0.06
a3 0.16 0.06 0.19 005 0.18 0.06
ad [ 0.18 007 0.20 007 0.19 007
a5 [ 020 008 0.23 007 0.20 007
aR[g) 026 0.08 0.29 007 023 0.08

M-XBF

Median

0.65
0.50
0.44
0.51
0.36
0.38
0.58
0.68
0.73
0.77
1.00

0.26
0.33
0.31
0.36
0.25
0.19
0.26
0.41
0.43
0.51
0.62

0.10
0.13
0.12
0.14
0.10
0.08
0.12
0.19
0.18
0.21
0.27

Std

0.36
0.07
0.07
0.09
0.04
0.15
0.15
0.15
0.17
0.18
0.20

0.06
0.08
0.07
0.08
0.06
0.07
0.10
0.1
0.1
0.12
0.14

0.03
0.04
0.04
0.05
0.03
0.03
0.05
0.06
0.07
0.08
0.08

Median

0.64
0.48
051
0.57
0.47
0.38
0.62
073
0.80
091
122

0.29
0.28
0.28
031
025
0.19
031
0.44
0.48
0.48
0.68

o1
0.10
0.1
0.12
0.10
0.08
0.14
0.17
0.19
022
0.28

XBF

Std

0.26
0.08
007
0.1
0.09
0.15
0.16
0.15
0.17
021
0.26

0.07
0.07
0.07
0.08
0.07
0.07
0.09
011
0.14
0.13
0.19

0.03
0.03
003
0.03
0.03
0.03
0.05
0.05
0.07
0.06
0.05

dui and ai represent the ISD at the ith story and the FA at the ith floor, respectively.
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Event Year Station Magnitude Scaling factor
2%/50 10%/50
SUMMARY OF GROUND MOTIONS REPRESENTING 2/50 AND 10/50 HAZARD LEVELS
San Fernando 1971 Castaic—Old Ridge Route 6.61 1.45 0.72
San Fernando 1971 Palmdale Fire Station 661 263 1.30
Imperial Valley-06 1979 Cerro Prieto 6.53 1.66 0.82
Victoria, Mexico 1980 Cerro Prieto 633 151 074
Irpinia, Italy-02 1980 Rionero In Vuture 620 293 1.45
Corinth, Greece 1981 Corinth 660 1.49 074
Coalinga-01 1983 Parkfield—Vineyard Cany 1E 636 1.53 076
Loma Prieta 1989 Coyote Lake Dam~—Southwest Abutment 693 210 1.04
Northridge-01 1994 LA—Temple and Hope 669 1.96 097
Hector Mine 1999 Hector 713 1.45 071
Chi-Chi, Taiwan-03 1999 CHY028 620 1.81 089
Cape Mendocino 1992 Ferndale Fire Station 7.01 077 050
Landers 1992 North Palm Springs Fire Sta #36 7.28 287 1.42
Chuetsu-oki, Japan 2007 Yoshikawaku Joetsu Gity 6.80 1.03 051
Iwate, Japan 2008 Kami, Miyagi Miyazaki City 690 3.14 1.56
wate, Japan 2008 Yokote Masuda Tamati Masu 690 2.96 1.48
Iwate, Japan 2008 Yuzawa Town 690 1.60 079
Loma Prieta 1989 San Jose—Santa Teresa Hills 693 1.55 077
New Zealand-02 1987 Matahina Dam 6.60 1.65 0.77
Chi-Chi, Taiwan-06 1999 TCU129 630 1.86 092
Magnitude Scaling factor
SUMMARY OF GROUND MOTIONS REPRESENTING 40/50 HAZARD LEVEL
Chi-Chi, Taiwan-03 1999 TCU073 6.20 3.00
Northridge-01 1994 Glendora—N Oakbank 669 1.63
Big Bear-01 1992 Rancho Cucamonga—Deer Can 6.46 1.51
Loma Prieta 1989 APEEL 3E Hayward CSUH 693 1.07
Coalinga-01 1983 Parkfeld—Stone Corral 26 636 1.04
Coalinga-01 1983 Parkfield—Stone Corral 4E 636 097
Hector Mine 1999 Banning— Twin Pines Road 713 3.76
Morgan Hil 1984 Fremont—Mission San Jose 6.19 272
Parkfield-02, CA 2004 TEMPLETON —HOSPITAL GROUNDS 6.00 235
Parkfield-02, CA 2004 PARKFIELD—WORK RANCH 6.00 1.06
Denali, Alaska 2002 Carlo (temp) 7.90 1.19
Denali, Alaska 2002 TAPS Pump Station #09 7.90 151
Livermore-01 1980 Fremont—Mission San Jose 5.80 1.76
Livermore-01 1980 San Ramon Fire Station 5.80 1.52
Livermore-01 1980 Tracy—Sewage Treatm Plant 5.80 1.10
Coyote Lake 1979 SUB Overpass, Bent 3g.l. 574 1.46
Coyote Lake 1979 San Juan Bautista—Hwy 101/156 Overpass 5.74 1.26
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