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ABSTRACT

Itis typicalin researchto adopta 2D planarnonlinear modelling approach to simulate the response of buckling-restrained brace
frames (BRBFs). This modelling approach, however, cannot simulate the out-of-plane buckling failure mode in BRBFs
subjected to bi-directional earthquakes. This study develops a 3D modelling approach capable of addressing this shortcoming
andappliesit to a case study BRBF building to estimate its seismic collapse risk. The incorporation of gusset plate buckling in
the BRBF modeling resulted in a 2.2-fold increase in the estimated collapse risk of the case study BRBF building compared to
the estimates obtained from an analogous 2D planar model of the building. The results obtained from this study suggest that
2D planar models may not adequately capture the global seismic behavior of BRBF buildings. Moreover, the current design
approach for gusset plates used in New Zealand may result in undersized gusset plates.
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INTRODUCTION

Buildings with BRBFs are increasingly popularin New Zealand [1]. Several studies [2]-[6] have investigated the out-of-plane
buckling failure mode of gusset plates and brace end-zones atthe element and subassembly levels. They have highlighted the
possibility of premature gusset plate buckling before the buckling-restrained braces (BRBs) can develop their full axial load
carrying capacity. Vazquez et al. [4] developed 3D continuum finite element models of BRBFs at a subassembly level and
demonstrated that bi-directional loading could exacerbate gusset plate buckling, resulting in a further 15% reduction in gusset
plate strength compared to unidirectionalloading. These models, however, would be computationally expensive for assessment
of the global response of BRBF buildings and hence, the use of simplified 2D models is desired. However, the conventional
2D planarBRBF models cannotsimulate the out-of-plane buckling failure mode [7]-[9]. These models generally ignore the
continuous behavior of the gravity columns but consider the destabilizing effects of the gravity loads. This is accomplished
through the modeling of pin-connected leaning columns, which lack lateral resistance but can effectively simulate the P-A
effects. Furthermore, the conventional modelling approach cannot accurately simulate the response of BRBF buildings
subjected to bi-directional ground motions.

To address the aforementioned limitations, the authors developed a BRBF model in a previous study [10] that explicitly
considers gusset platesand brace end-zones, enabling simulation of the out-of-plane buckling failure mode. Nevertheless, this
modelfalls shortin accurately simulatingthe global BRBF behavior underbi-directional loading, asit doesnotaccount forthe
continuous behavior of gravity columns and the participation of out-of-plane BRBF columns. Considering these shortcomings,
this study develops an enhanced BRBF model that effectively addresses these issues and presents the resulting impactson the
assessed building response and collapse risk of a case study building.
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DESIGN AND NON-LINEAR NUMERICAL MODELLING OF THE CASE STUDY BRBF BUILDING

The case study four-storey BRBF building (shown in Figure 1) adopted in this study was designed and analyzed previously in
[10] and emulates the QuakeCoRE case study buildings examined by [11]. The rectangular floor plan of the building measures
24 m x 40 m, and is equipped with four BRBFs around its perimeter, as depicted in Figures laand 1b. The height of the first
storey is 4.5 m, while all subsequent storeys are 3.6 m tall, with the bays spanning 8 m wide in both the X and Y directions.
Remainingdetails and the finalmembersizes are summarized in Table 1, while the design process and calculationsare covered
elsewhere [10]. The strength of the building is governed by the serviceability limit state, while the peak storey drift ratio (SDR)
is governed by the ultimate limit state (ULS).

BRBF in Y direction

=

BRBF in X direction

Be
Z Gravity frame
Y 24 m

(a) 3d view (b) Plan view

Figure 1: 3D view and floor plan of the case study four-storey BRBF building

Table 1: Summary of design detailsfor the case study BRBF building with reference to
NZS1170.5 [12]

Method of Analysis Equivalent Static

Site Subsoil Class D

Importance Level 2

Design Life 50 years

Hazard Factor (2) 0.3 (Christchurch)

Fundamental period (T},) 0.97 sec

Ductility Factor (i) 3.7

Structural performance factor (S,) 0.7

Horizontal design action coefficient (C,) 0.11

Peak storey drift from equivalent static analysis (storey 2) 1.65%
Summary of the final member sizes

Member Location Section

Column Storeysland2 350 WC 230

Column Storeys3and4 350 WC 197

Beam Levels 1 and 2 530 UB 92.4

Beam Levels 3and 4 530 UB 92.4

Brace Storeys1and 2  Rectangular section — 105 mm x 30 mm

Brace Storeys3and 4  Rectangular section — 87 mm x 20 mm

Gusset plate  Storeysland 2  Rectangular section —435 mm x 425 mm x 16 mm
Gusset plate  Storeys3and4  Rectangular section — 385 mm x 375 mm x 15 mm

As part of this study, two BRBF models were developed in OpenSees. The first model (model Planar) reflects the traditional
approach to BRBF modelling, while the second model (model Non-planar-GB, ) is animproved version that can address the
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limitations of the conventional modelling method. Typically, BRBFs are modelled as 2D planar frames [7]-[9]. One way to
modelthe different parts of the frame is: i) represent the frame members usingelastic beam column elements with plastic hin ges
using the Ibarra-Medina-Krawinkler (IMK) model to represent their hysteretic behavior, ii) represent BRBs and gusset plates
using force-based fiber elements and stiff elastic elements, respectively, and iii) represent the gravity columns using a pin-
connected leaning column to capture the destabilizing P-A effects due to the gravity loads. These leaning column elementsare
pin connected to the BRBF using rigid truss elements, ignoring their lateral resistance. The conventional modelling approach
described above may not provide an accurate estimation of the case study building, asit lacks the capability to i) simulate the
out-of-plane buckling of gusset plates, ii) account forbi-directional loading, iii) accountforthe continuous behavior of gravity
columns, and iv) incorporate the involvement of out-of-plane BRBF columns.

In light of the limitations with a 2D modelling approach,an improved modelling approach referred here as model Non-planar-
GB, .k IS proposed to more accurately estimate the seismic behaviorof BRBF buildings. The BRB core, BRB end-zones and
the gusset plates are explicitly considered in this model, allowing for the simulation of out-of-plane buckling of gusset plates
(as shown in Figure 2). Additional information specific to the BRB modelling can be found in a previous study by the authors
[10]. Moreover, there are four leaning columns for each storey, whereas the case study building contains sixteen gravity
columns (as seen in Figure 1b). In the numerical model, each leaning column represents four gravity columns in the building.
Plastic hinges with elastic-perfectly plastic behavior were incorporated to account foryielding and limit the maximum forces
borne by the gravity columns (as shown in Figure 2). To understand the behavior of the BRBF building subjected to bi-
directional ground motions, all four BRBFs on the periphery of the building were modeled (as shown in Figures 3a and 3b).
The slabs were assumed to have negligible post-cracking stiffness and were pin-connected to the framesto incorporate the in-
plane slab effects only. Different modelling stages in the Non-planar-GBR,, ., model are highlighted in Figure 3.
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Figure 3 Building model schematic featuring BRBF frames, gravity system, and slabs in model Non-planar-GP,,,.«
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NON-LINEAR DYNAMIC ANALYSIS OF THE CASE STUDY BUILDING

To assess the global structural performance of the case study building, two distinct models were developed. The first model,
namely the "Planar" model is representative of a conventional 2D modeling approach and the " Non-planar-GR, " model
adopts the proposed approach discussed in the previous section. The fundamental period of vibration for the Planar model is
0.954, while it is 0.945s forthe Non-planar-GB,, ., model. The lower period of the Non-planar-GR, ., modelis attributed to its
increased stiffnessresulting from the inclusion of the out-of-plane BRBF columns. Multiple stripe non-linear response history
analysis (MSA) is conducted by subjecting both models to 180 hazard-consistent ground motions at nine different seismic
hazard levels. These levels are illustrated as cross marks on the hazard curve (Figure 4a). The ground motions were selected
using the generalized conditional intensity measure approach [13], in a previous study conducted by Yeow et al [11]. The
seismic hazard curve and the geometric mean of the pseudo-acceleration response spectra of the selected ground motion pairs
at the intensity level 4 (IL-4) are shown in Figure 4b). S,(1s) of the selected ground motions is lower than the NZS 11705
ULS spectrum (IL-4). The conservatism observed in the NZS 1170.5 ULS spectrum mainly stems from two factors [11]. The
first factor is the overestimation of the impact of small-to-moderate earthquakes by the ground motion prediction equation
utilized in constructingthe acceleration response spectrum of NZS1170.5[11]. The second factoristhe adoption of a simplified
spectral shape [11].
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Figure 4 a) Seismic hazard curve with different intensity levels marked, and b) Geometric mean response spectra for the
individual selected ground motion pairs at the ultimate limit state (ULS) level along with their median, 16" percentile and
84" percentiles

Although there are 180 ground motion pairs at nine different levels, the number of analyses required for the Planar model is
twice ashigh asfor the Non-planar-GR, . model (360 vs. 180). It should be noted that forthe Planarmodel, simulations in the
X and Y directions are conducted independently as the planar model cannot simulate bi-directional response. Conversely, in
the Non-planar-GR,, . model, the X and Y ground motion pairs of each ground motion are used together in a bi-directional
simulation. The response of the Planar and Non-planar-GB,, . models is compared by calculating the maximum of the
geometric mean of the peak response quantities obtained in the X and Y directions along the building height, asillustrated in
Figure 5.
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Figure 5 Maximum of the geometric mean of peak storey drift ratios and peak floor accelerations obtained in X and Y
directions along the building height across various ground motion intensity levels
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The peak SDRs and peak floor accelerations (FAs) obtained from MSA are shown in Figure 5, and there are no significant
differences in the median up the building height between the Planar and Non-planar-GR, ., models up to IL-7 (2% POE in 50
years or 1 in 2475-year return period). This lack of difference is primarily because Non-planar-GR,,., model captures
phenomenathat occuraftergusset plate buckling, and significant buckling of gusset plateswas observed beyond IL-6. Buckling
of gusset plates was primarily observed at the first floor, while buckling of at least one gusset plate in the X and Y direction
BRBFs at this floor level was initially observed at IL-7, as illustrated in Figure 6. Furthermore, at IL-9, 10 out of 20 ground
motions resulted in the buckling of all gusset plates atthe first floor. It is noteworthy thatatIL-9, only 5 collapse cases were
estimated by the Planar model, while 11 cases were estimated by the Non-planar-GB, ., model. Hence, a majordifference in
peak SDR of both the modelswas observed at IL-9. Small differencesin PFA atlower intensity levels are attributed to the out-
of-plane imperfections in the gusset plate, which result in slight variations in building periods between the Planarand Non-
planar-GB,, . models. In general, stiffer and stronger models demonstrate lower peak SDRs and higher peak FAs. Models
capable of simulatingthe out-of-plane buckling failure mode tend to exhibit lower peak FAs, primarily attributed to the buckling
of gusset plates, which results in reduced resistance and mitigates the inertia forces, subsequently leadingto lower accelerations.
This trend is clearly observed in Figure 5, where the Planarmodel, which is stifferand stronger, exhibits lower peak SDRs and
higher PFAs than the Non-planar-GB,, ., model, which simulates out-of-plane buckling of gusset plates.
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Figure 6 Number of ground motions causing buckling of all gusset platesat floor 1 as a function of earthquake intensity level

Figure 7 shows the maximum predicted peak residual SDR for the non-collapse cases across the entire building. According to

FEMA 356 [14], a peak residual SDR limit of 1.0% is recommended for building demolition, asit indicates potentialdamage
beyond feasible repair.
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Figure 7 Comparison of peak residual storey drift ratio with ground motion intensity levels
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Based on the analyses results, building demolition is unlikely to be necessary atthe ULS level (IL-4). The peak residual SDR
of the Non-planar-GB,, ., modelis typically equalto or lower than that of the Planar model until intensity levels below IL-7.
This is mainly due to the presence of out-of-plane BRBF columns and continuous gravity columns in the Non-planar-GR, .
model, which assist in re-centering post-earthquake. Beyond IL-7, the dynamic behavior of the Non-planar-GR,, ., model
differs significantly from that of the Planar model due to gusset plate buckling, resulting in inconsistent peak residual SDR
trends. This inconsistency may arise from a higher number of ground motions leading to collapse in the Non-planar-GB, .k
model at IL-9, potentially distorting peak residual SDR statistics under non-collapse conditions. Both models predict that the
peak residual SDRs exceed the 1% RSDR limit suggested by FEMA 356, indicating the need for building demolition beyond
IL-7.

COLLAPSE RISK ASSESSMENT

The collapse risk of the case study building is quantified by estimating the mean annual rate of collapse (4.) (equation 1).
P(C|IM) is the probability of collapse at a specific intensity level (or collapse fragility curve), with collapse defined as the
attainment of a 10% storey drift ratio. Spectral acceleration at the fundamental period (Sa(T;)) is the intensity measure (IM)
adopted in this study, and |dAy, | is the absolute value of the hazard curve derivative.

Ac = [ P(CIIM) |dAyy | 1)

The MSA analysisresults of the Planar and Non-planar-GB, ., models were used to derive two collapse fragilities of the case
study building, asshown in Figure 8. Figure 8a)illustrates the collapse fragilities derived directly from MSA analysis, including
solely the record-to-record uncertainty (B,.,.). In contrast, Figure 8b) incorporatesanadditionalmodelling uncertainty (8,,) of
0.45, while maintaining the same median. The value of 8,, was chosen based on the recommendations of Liel et al. [15]. The
collapse fragility curve parameters and estimated A values for both models are presented in Table 2.
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Figure 8 a) Comparison of collapse fragilities with record-to-record uncertainty only, and b) Comparison of collapse
fragilities with revised standard deviation to include modelling uncertainty

Model Planar is assessed to possess an estimate of median collapse intensity thatis 1.35 times larger thanthatof model Non-
planar-GB, ., as it is unable to simulate gusset plate buckling. Moreover, the mean annualrate of collapse predicted by model
Non-planar-GR,, . is almost 2.2 times that of modelPlanar. These findings can be attributed to the design criteria that resulted
in gusset plates of lower strength than desired, as well as the enhanced modeling techniques employed.

Table 2: Summary of collapse fragility curve parameters and the mean annual rate of collapse
Model

6(g)

:BTtT

Br

A

Planar
Non-planar-GB .k

1.52
1.12

0.38
0.32

0.58
0.55

C
1.62 x 107*
3.54 x 10~*

6 is the median collapse intensity of the collapse fragility curve

COMPUTATIONAL COST

The differences in the modelling approach of the Planar and Non-planar-GR,, ., models have been discussed earlier, and it is
evident that the latter has a higher level of modelling complexity. Figure 9 displays the total computational time required in
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hours for both models at eachintensity level. These run times were obtained using AMD EPYC 7F72 24-core processor. On
average, the Non-planar-GR, ., model requires twice as much computational time compared to the Planar model.

250

—3— Planar

—3— Non-planar-GPpyck
200

150

100

[ %4
o

Total analysis time per intensity level (hrs)

02 04 06 08 10 12
Sa(1.05) [g]

Figure 9 Comparison of total analysistime as a function of intensity level when analyses are run on an AMD EPYC 7F72 24-
core processor

In the case of utilizing a single processor, the total computing time required to simulate 180 bi-directional ground motions
across nine different intensity levels for the Planarand Non-planar-GR,, ., models are approximately 17.2 days and 43 days,
respectively. In this study, the master-slave architecture for parallel analysis execution [16] was adopted, resulting in a
significant reduction in the total computation time. The parallel algorithm employed bears similarities to the MSA parallel
algorithm discussed in Chapter7 of [17]. A totalof 40 processors were employed, with the first processor serving asthe master
and the remaining processors as the slaves. The adoption of parallel computing reduced the total computation time to
approximately 12 hoursand 25 hours for the Planar and Non-planar-GB, ., respectively. Despite having twice the number of
analyses, the average computation time for the Planar model is two times lower than that of the Non-planar-Gpy, ., model.

If computational power is a constraint and the aim of the analysis is to understand the nonlinear response of BRBF buildings
under moderate seismic events, the Planarmodel may be suitable. Nonetheless, for collapse risk assessment, the Planarmodel
may not be appropriate if the gusset platesare poorly designed, as its behavior differs significantly from that of the Non-planar-
GBR,,.x model athigh intensity levels. If computingpower is not a limitation, the Non-planar-GB,, ., model should be adopted
as it captures more features of BRBF buildings and ideally provides a better estimate when compared to the Planar model.

CONCLUSIONS

This study extends previous research by the authors, which demonstrated the influence of gusset plate buckling on the global
seismic performance of BRBF buildings. While the conventional 2D planar BRBF model (referred to as model Planar in the
study) is less complex and computationally more efficient than the improved model proposed in this study (referred to as Non-
planar-GB,,.), it cannot simulate the buckling of gusset plates, the continuous gravity column effect, and the out-of-plane
BRBF column behavior. The Planar model exhibits greater stiffness and strength in comparison to the Non-planar-GB, .,
modeldueto its inability to simulate the out-of-plane buckling of gusset plates. Consequently, the formermodel displays lower
peak SDRs and higher peak FAs than the latter model, as illustrated in Figure 5. Both models demonstrate the necessity of
demolishing the building beyond the 1% POE in 50-year intensity level, as the residual storey drift ratios exceed a specified
limit of 1%. Moreover, results obtained from the Non-planar-GR, ., model suggest that the gusset platesin the case study
BRBF building are likely to be undersized by the current design method adopted in New Zealand. They are susceptible to
buckling, starting from the design intensity level (ULS). The median collapse capacity/intensity of the case study building
estimated by Non-planar-GB, ., model is 26% lower thanthatof the Planarmodel, while the mean annualrate of collapse was
observed to be 2.2 times higher. These results demonstrate an increased seismic collapse risk due to gusset plate buckling.
Further efforts are currently underway to improve the design method and mitigate the buckling of gusset plates.

ACKNOWLEDGMENTS

This project was supported by the Built Environment Theme of the Resilience to Nature’s Challenges 2.



Canadian-Pacific Conference on Earthquake Engineering (CCEE-PCEE), Vancouver, June 25-30, 2023

REFERENCES

[1] M. Bruneau and G. MacRae, "Reconstructing Christchurch: Aseismic shiftin building structuralsystems," The Quake
Centre, University of Canterbury, 2017.

[2] B. Zaboli, G. Clifton, and K. Cowie, "Out-of-plane stability of gusset platesusing a simplified notionalload yield line
method," in New Zealand Society for Earthquake Engineering (NZSEE) Annual Technical Conference, 2017.

[3] K.-C. Tsai and P.-C. Hsiao, "Pseudo-dynamic test of a full-scale CFT/BRB frame—Part I1: Seismic performance of
buckling-restrained bracesand connections," Earthquake Engineering & Structural Dynamics, vol. 37,n0. 7, pp. 1099-
1115, 2008.

[4] S. Y. Vazquez-Colunga, C.L. Lee, and G. A. MacRae, "Bidirectional loading performance of gusset platesin buckling
restrained braced frames," Engineering Structures, vol. 242, pp. 112521, 2021.

[5] T. Takeuchi, R. Matsui, and S. Mihara, "Out-of-plane stability assessment of buckling-restrained braces including
connectionswith chevron configuration,” Earthquake Engineering & Structural Dynamics, vol. 45, no. 12, pp. 1895-
1917, 2016.

[6] T. Takeuchi, H. Ozaki, R. Matsui, and F. Sutcu, "Out-of-plane stability of buckling-restrained braces including
moment transfer capacity,” Earthquake Engineering & Structural Dynamics, vol. 43, no. 6, pp. 851-869, 2014.

[7] G. S. Prinz and P. W. Richards, "Seismic performance of buckling-restrained braced frames with eccentric
configurations,” Journal of Structural Engineering, vol. 138, no. 3, pp. 345-353, 2012.

[8] A. Zsaméczay and L. G. Vigh, "Eurocode conformingdesign of BRBF—Part I1: Design procedure evaluation," Journal
of Constructional Steel Research, vol. 135, pp. 253-264, 2017.

[9] A. Upadhyay, C.P.Pantelides, and L. Ibarra, "Residual drift mitigation for bridges retrofitted with buckling restrained
braces or self-centering energy dissipation devices," Engineering Structures, vol. 199, pp. 109663, 2019.

[10] S. Sistla, R. Chandramohan,and T. J. Sullivan, "Modelling the out-of-plane buckling behaviourof BRBFs,” in New
Zealand Society for Earthquake Engineering (NZSEE) Annual Technical Conference, 2022.

[11] T. Z. Yeow, A. Orumiyehei, T. J. Sullivan, G. A. MacRae, G. C. Clifton, and K. J. Elwood, "Seismic performance of
steel friction connections considering direct-repair costs,” Bulletin of Earthquake Engineering, vol. 16, pp. 5963-5993,
2018.

[12] Standards New Zealand, "Structural design actions - Part 5: Earthquake actions — New Zealand," Wellington, New
Zealand, Standard NZS 1170.5:2004, 2004.

[13] B. A. Bradley, "A generalized conditional intensity measure approach and holistic ground-motion selection,"
Earthquake Engineering & Structural Dynamics, vol.39, no. 12, pp. 1321-1342, 2010.

[14] FEMA 356, "Prestandard and commentary for the seismic rehabilitation of buildings,” Federal Emergency
Management Agency, Washington, DC, 2000.

[15] A. B. Liel, C. B. Haselton, G. G. Deierlein, and J. W. Baker, "Incorporatingmodeling uncertainties in the assessment
of seismic collapse risk of buildings," Structural Safety, vol. 31, no. 2, pp. 197-211, 2009.

[16] D. B. Kirk and W.-M. Hwu, "Programming massively parallel processors: a hands-on approach,” Morgan Kaufmann,
2016.

[17] R. Chandramohan, "Duration of earthquake ground motion: Influence on structural collapse risk and integration in

design and assessment practice,” Ph.D. dissertation, Stanford University, 2016.



