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ABSTRACT

This article describes a new concentrically braced steel frame system that can exhibit elastic bi-linear response storey shear-
storey drift response in the first-storey of building structures to act as a base isolation system to achieve superior seismic
performance under more frequent and smaller earthquakes as well as under design level ground motions from severe seismic
events. The system comprises inverted-V braced frames (IV-BFs) with brace-to-beam connections in the first-storey that are
detailed to trigger bi-linear, self-centering lateral response. V-braces acting with floor beams (VB assemblies) are also used in
the first storey to develop the required first-storey shear stiffness upon activation of the IV-BFs. The nonlinear response of
the system is first presented, together with the equations required to determine its stiffness property and elastic deformation
capacity. The application of the system is then illustrated for 2- and 3-storey buildings located in Montreal, Quebec, and
Vancouver, BC. The system is designed using the single-mode analysis method for base isolated structures that refers to
effective stiffness and equivalent viscous damping properties evaluated at the target lateral displacement. Nonlinear response
history analysis under unidirectional ground motion records acting independently along each building orthogonal directions is
performed to evaluate the seismic response of the system. Additional NLRHA are also performed under pairs of orthogonal
ground motion records with consideration of accidental eccentricity to examine the sensitivity of the system to in-plane
torsional response. The results show that the proposed system can exhibit a predictable and stable self-centering bilinear
elastic response without residual deformations when subjected to unidirectional ground motion records. Larger displacements
were observed, however, for the buildings with accidental mass eccentricity subjected to bidirectional ground motion records.

Keywords: Inverted-V braced steel frame, self-centering nonlinear response, in-plane torsional response.

INTRODUCTION

In the last decades, there has been a growing interest in the development of new structural systems for buildings that can offer
enhanced seismic performance characterized by limited storey drifts and floor accelerations and that sustain no structural
damage and residual deformations, such that downtime periods and repair costs after severe earthquake events are minimized.
For steel structures, controlled-rocking braced frames and braced frames with self-centering bracing members have been
proposed to achieve such a superior seismic performance [1]. Base isolation also represents an effective means of protecting
structures from the effects of ground motions generated by earthquake events. This strategy has been extensively studied
since the early 1980°s and has then been successfully implemented in practice for bridge and building structures located in
active seismic regions [2-4]. Before the development of the advanced base isolation systems that are now available, the idea
of minimizing the seismic demand on building structures by intentionally designing structures with a flexible first-storey had
been proposed and investigated [5-6]. This option has since been investigated in several subsequent studies [7-16].

This article presents a study that was performed to examine the potential of using an inverted-V steel braced frame system
specially designed and detailed to display under moderate and severe seismic events a stable bilinear elastic response in the
first storey of low-rise steel buildings in case of moderate and severe seismic events to create a base isolated structure. In this
braced frame system, nonlinear response is obtained from brace-to-beam end plate connections that transmit compression
loads through direct bearing. Upon tension, a gap opens in the connections, which significantly reduces the braced frame
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lateral stiffness. The brace-to-beam connections also include bolted lap splices designed to slip and dissipate energy through
friction upon gap opening and closing. The bracing members and the beam intersected by the braces are sized to resist forces
expected at the target first storey drift to develop elastic self-centering response. Additional V-brace/beam assemblies can be
introduced are introduced in the building first-storey to achieve sufficient lateral stiffness upon activation of the inverted-V
braced frames.

Preliminary design of the system can be performed using the simplified single-mode method widely adopted for the design of
base isolation systems. In that method, the isolated structure system is represented by a single-degree-of-freedom system with
effective period and equivalent viscous damping properties. The structure response can then be verified through nonlinear
response history analyses and the system properties adjusted as needed to meet project specific objectives in terms of peak
lateral displacements, floor accelerations and/or lateral loads. In Canada, although now extensively used for bridge structures,
the base isolation solution has not been frequently adopted for building structures, mainly because of the cost of the isolation
units and the additional foundation work required to house the isolation system and accommodate the large displacements
expected at the building base. In this context, the braced frame system examined in this study could represent a simple and
cost-effective alternative means of obtaining base isolated structures, together with the advantages in terms of enhanced
seismic response and resiliency. A description of the proposed system given in the first section of the article, together with
the equations that can be used to determine the properties of the system that govern its elastic nonlinear response. The design
of the system is then illustrated for 2- and 3-storey buildings located in Montreal, QC, and Vancouver, BC. The seismic
response of the structures is thereafter examined using nonlinear response history analyses under site representative ground
motions. The analyses are first performed independently in each orthogonal direction of the buildings. They are subsequently
repeated using pairs of orthogonal ground motion records and considering accidental mass eccentricity to examine the
sensitivity of the proposed system to in-plane torsional response.

PROPOSED SYSTEM

Description

The proposed system includes two main structural components: inverted V-braced frames (IV-BFs) that are designed to resist
lateral wind loads in the elastic range and develop a bilinear self-centering storey response under moderate and severe seismic
events, and V-braces/beam (VB) assemblies that are used to provide additional elastic stiffness upon nonlinear IV-BF seismic
response. The two components are illustrated in Figure 1, and a detail of the brace-to-beam connections of the IV-BFs is
presented in Figure 2. In these connections, end plates welded to the braces and gusset plates are used to transmit
compression loads through by means of direct bearing. Bolted connections designed to slip at a load F are also provided to
transmit brace tension loads. The slip resistance Fs acts in combination with the brace compression loads from gravity loads
on the beam to resist wind induced lateral loads. Under a severe earthquake, tension loads in the braces will reach the slip
load Fs, which will trigger opening of a gap in the tension brace connection. The first-storey lateral stiffness will then reduce
to that obtained from the compression brace acting in series with the beam deforming in flexure. Pairs of V-braces placed on
either side of gravity columns in the first storey act in combination with the floor beams to which they are connected can be
used as necessary in the building to achieve the target first-storey stiffness upon nonlinear response of the IV-BFs.
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Figure 1. Geometry of the inverted-V braced frame (IV-BF) and V-braces/beam (VB/Beam) assembly.
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Figure 2. Brace-to-beam connections in IV-BFs.

Response of the system

The lateral stiffness of the first level of an IV-BF prior to and after initiation of slippage in the brace connections, Kps; and
Ky, respectively, can be obtained from:

1 L L
—_bf bf . "
Ky 4Edppr  4EAg 4 cos’0
Vo Ly, Ly L3 tan%0 o
, whereas the lateral stiffness contributed by an VB/Beam assembly, Kb, can be determined from:
1 a . a* (Lyy —a)2 tan’a. 5
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In low-rise steel buildings, columns are typically continuous over the full building height. Those columns will be subjected to
bending when the building lateral deformations will concentrate in the first-storey initiation of nonlinear response in the IV-
BFs. The resistance of the building columns to that bending demand will contribute an additional lateral stiffness K. to the
first storey. That stiffness can be estimated using the expressions in Eq. (4a) for 2-storey buildings, K., and Eq. (4b) for 3-
storey buildings, K.3. Those simple expressions have been derived assuming the columns are pin connected at their bases and
that the storey drifts in the second and third levels are small and can be neglected.
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Slippage in the IV-BF tension brace connection will occur under a lateral load Vyss that can be calculated with Eq. (5a) for
beams supporting a uniformly distributed gravity load w and with Eq. (5b) for beams supporting two equally spaced gravity
point loads P:

0.625w L,
Vors = 2F; cosB + # (52)
15P
Vs = 2F; cos6 + Ttna (5b)

, and the first-storey drift at initiation of brace connection slip is Apss = Vors / Kor1. The resulting hysteretic response of an [V-
BF is illustrated in Figure 3a. As shown, this is partial self-centering response with self-centering capacity depending on the
values of Vs and Fs. Under gradually incremented lateral loads, yielding will eventually develop in the IV-BF and VB
beams due to combined axial and bending moments. In this study, the storey shear at level 1 required to form a plastic hinge
in the beam of those beams, Viry and Viby respectively, can be determined from static analysis using the cross-sectional
strength interaction equation of CSA S16-19 [19] for Class 1 and Class sections of I-shaped members under axial
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compression and bending and the probable beam axial and flexural resistances calculated with the beam probable yield stress
R,F,. For the VB-assemblies, the corresponding first-storey drift is Avpy = Viby / K. For the IV-BFs, Auty is obtained from:

Apfy = Apfs + (be,y — Vots ) / Kyt (6)

The resulting storey shear-storey drift response of the building first-storey is illustrated in Figure 3b. As shown, the response
includes contributions from all IV-BFs and VB assemblies acting along the building direction considered, XKys and XKy, as
well as that from all columns in the buildings, ZK.. In design, beam sections for the IV-BFs and VB assemblies are selected
such that Apry and Av,y exceed by a sufficient margin the target first-storey drift A; to ensure elastic self-centering response.
The columns are also designed as beam-column elements to resist the axial compression from concomitant gravity loads
combined with the bending moment induced by the first-storey drift.
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Figure 3. (a) Hysteretic response of the [V-BFs; (b) First storey shear-storey drift response of the system the system.

As indicated, the single-mode approach used for base isolation systems can be adopted to determine the properties of the
system that are required to limit the first-storey drift to the target value, A.. This approach is based on the effective period,
Terr, and equivalent viscous damping ratio, &, of the system at the target first-storey drift. The period T is determined
assuming that the building lateral response is dominated by the first-storey effective stiffness at the target storey drift, Ky,
and the total building seismic weight, /. For a structure designed with nyr identical IV-BFs and n., identical VB assemblies,
Terr is then given by:

Vots + Koo (Af — A C
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In the expression for K., the last term represents the negative stiffness induced by P-delta effects due to the axial
compression loads from concomitant gravity loads Cr carried by all columns in the first-storey, as these effects can be
significant on the response of structures with a soft first storey [16]. The equivalent damping at the target storey drift A, is a
function of the energy per cycle of amplitude A dissipated by each of the nyr IV-BFs, EDCs:

_ 1 Nyf EDbe
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As will be discussed in the next section, the values of T+ and & to limit the storey drift to A¢ can be determined from site-
specific nonlinear displacement spectra derived for single-degree-of-freedom self-centering systems exhibiting different
properties.

SEISMIC DESIGN AND RESPONSE OF THE PROPOSED SYSTEM FOR 2- AND 3-STOREY BUILDINGS

To verify the systems seismic response and validate the proposed design procedure, the system was used for 2- and 3-storey
office building structures located in Montreal, QC, for eastern Canada and Vancouver, BC, for western Canada. The
geometry of the buildings studied is described in Figure 4, together with elevation views of the [IV-BFs and VB assemblies
used in each of the building orthogonal directions. Note that the structure plan view shown is for the floor levels. The floor
dead load is 4.58 kpa and the weight of the exterior wall is 1.5 kPa. The occupancy floor live loads are indicated in the figure.
A lighter structural system comprising a 38 mm deep steel deck panels placed on open web steel joists seating on roof girders
is used for the roof. The roof dead load is 1.2 kPa and design roof snow loads equal to 2.48 and 1.64 kPa were used for the
Montreal and Vancouver sites, respectively.



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

For Montreal, a soft site with an average shear wave velocity V30 = 300 m/s was selected as this condition was expected to
result in larger lateral displacement demand. Similarly, for Vancouver, a site with V3 = 360 m/s was chosen. The site-
specific NBC 2020 seismic hazard values used for the design and analysis of the buildings were obtained from the NBC 2020
Seismic Hazard Tool [19]. Those are plotted in Figure 8. According to NBC 2020, the Montreal and Vancouver sites are
designated as Site Category 3 (SC3) and Site Category 4 (SC4), respectively. Site categories are used later in the building ID.
For example, building SC3-3 is the 3-storey building in Montreal.
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Figure 4. Geometry of the building structures studied.

For the selection of suitable effective period T and equivalent damping properties, nonlinear response analyses were
conducted on single-degree-of-freedom systems exhibiting a self-centering response as illustrated in Figure 5. A total of 875
systems were studied by varying the following properties: initial elastic period 7. = 0.4, 0.5, 0.6, 0.7, and 0.8 s, by modifying
the initial stiffness &i; the base shear V; = S-W/R where S is the NBC 2020 design spectrum at the site and R =6, 7, 8, 9, and
10; the stiffness ratio k2/k; = 0.08, 0.10, 0.12, 0.14, and 0.16; and the amount of energy dissipation with § = 0.5, 0.6, 0.7, 0.8,
0.9, 1.0, and 1.1. For each site, the systems were subjected to ensembles of site representative ground motion records: 32
records for Montreal and 40 records for Vancouver.
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Figure 5. Single-Degree-of-Freedom system with self-centering hysteretic response.
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The analyses were performed with the OpenSees program [17] using the SelfCentering material and 3% mass proportional
damping, which is representative for steel structures. For each record, the effective stiffness K, the effective period Tesr, the
energy dissipation EDC, and the equivalent damping ratio &, were determined at the peak displacement Apax reached in the
analysis, and the mean peak displacement values for all ground motion records are plotted as a function of the mean period
Tetr in Figure 6. In the figure, the displacement results are also grouped as a function of the equivalent damping ranges, &.q =
0-5%, 5-10%, 10-15%, 15-20%, and 20-25%.

As shown in Figure 3, the structure is symmetrical in plan, with four IV-BFs and four VB assemblies acting in each direction.
The design was therefore performed independently along each orthogonal direction of the building. Accidental in-plane
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eccentricity was ignored and the total lateral load demand was assumed to be equally distributed among the [V-BFs and VB
assemblies. For the structures in Montreal, a target first-storey drift of 1% A (A1 = 48 mm) was adopted for design, which
corresponds to the NBC limit for post-disaster buildings. From Figure 6a, it is seen that this can be achieved with g of
approximately 1.0 s and equivalent viscous damping of 5-10%. Larger displacement demand is expected in Vancouver, and a
target drift of 1.3% hs; (A1 = 62 mm) was selected. Results in Figure 6b show that this value can be obtained with Tcr ~ 0.8-
0.9 s and approximately 10% equivalent damping. Using the equations presented in the previous section, the slip load Fs and
member sections were selected to obtain those properties. The bracing members are square ASTM A1085 HSS profiles and
the beams are ASTM A992 W shapes. The selected slip loads F and sections are given in Table 1. The resulting stiffness
properties of the IV-BFs and VB assemblies are presented in Table 2, together with the effective period and equivalent
damping properties for the whole buildings. The base shear vs storey drift monotonic responses predicted along both
directions of all buildings are presented in Figure 7. To account for the variability in ground motions and their effects, beam
sections were chosen so that plastic hinging would form at a storey drift larger than the target ones. At both sites, a margin of
approximately 1.5 could be achieved in the E-W direction. In the N-S direction, however, the margins between drifts at beam
yielding and target drifts are smaller because the girders have shorter spans and carry higher gravity loads.
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Figure 6 Expected man peak lateral displacements of self-centering systems in: (a) Montreal; and (b) Vancouver.

Table 1. Selected shapes for beams and bracing members of IV-BFs and VB-Assemblies.

IV-BFs VB Assemblies
No. Dir. Level Bracing members Beams (lf;) Bracing members Beams

E-W 2 HSS 152x152x7.9 - - - -

3C32 1 HSS 203x203x9.5 W360x287 200 HSS 152x152x9.5  W610x125
N-S 2 HSS 152x152x7.9 - - - -

1 HSS 203x203x12.7 W360x421 200 HSS 152x152x9.5  W610x155
3 HSS 152x152x7.9 - - - -
E-W 2 HSS 152x152x9.5 - - - -

3C33 1 HSS 203x203x15.9 W360x347 250 HSS 178x178x9.5  W610x155
3 HSS 152x152x7.9 - - - -
N-S 2 HSS 152x152x9.5 - - - -

1 HSS 203x203x15.9 W360x463 250 HSS 178x178x9.5  W610x155
E-W 2 HSS 152x152x9.5 - - - -

SC4-2 1 HSS 203x203x15.9 W360x347 350 HSS 203x203x9.5  W610x155
N-S 2 HSS 152x152x7.9 - - - -

1 HSS 203x203x15.9 W360x463 350 HSS 178x178x9.5 W610x174
3 HSS 152x152x7.9 - - - -
E-W 2 HSS 152x152x9.5 - - - -

3C43 1 HSS 203x203x15.9 W360x421 500 HSS 203x203x9.5 W610x174
3 HSS 152x152x7.9 - - - -
N-S 2 HSS 152x152x9.5 - - - -

1 HSS 203x203x15.9 W360x551 500 HSS 203x203x9.5 W610x174
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Table 2. Stiffness properties of the proposed system as designed

No. Dir. Kbta Ko, K K. 2Cilhs1 Kest w Tese S

(kN/mm) (kN/mm) (kN/mm) (kN/mm) (kN/mm) (kKN/mm) (kN) (s) (%)
O I I
R
I R
- T

Notes: Kbbt,1, Kbf2, and Kvb are per frame; K., ZCtlhs1, Kett, W, Tetr, and  are for the entire building.
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Figure 7. Base shear vs storey drift in Level 1 for the structures in: (a) Montreal; and (b) Vancouver.

Columns were designed with factored resistances sufficient to carry the factored axial compression from concomitant gravity
loads D+0.5L+0.25s combined with bending moments induced by first-storey drifts equal to 1.5 times the target storey drifts.
Square HSS profiles were used for the columns as this section has equal flexural resistance in both directions and is not prone
to lateral-torsional buckling.

Nonlinear response history analysis (NLRHA) of the structures was performed with the SAP2000 computer program [21]
using three-dimensional models as shown in Figure 8 for the 2-storey buildings. Nonlinear link elements were used to
simulate the brace-to-beam connection response in the IV-BFs, with gap elements for direct contact in compression and Wen
for the friction upon gap opening and closing. Plastic hinges with P-M3 interaction were assigned to the beams of the IV-BFs
and VB assemblies, whereas plastic hinges with P-M,-Mj3 interaction were assigned at the top end of the first-storey columns.
Rigid diaphragm was assigned at each level. In the NLRHA, P-delta effects were considered in the NLRHA with gravity
loads due to D+0.5L+0.25 S.

@ ®)

Figure 8. SAP2000 models of the 2-storey structures studied.: (a) Original configuration with VB positioned along interior
column lines; (b) Modified configuration with VB assemblies repositioned along the exterior column lines.

Rayleigh damping corresponding to 3% in first and second translational modes of vibrations. Stiffness proportional damping
was assigned to the material of the frame members to avoid the development of spurious damping forces in the nonlinear link
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elements. Two series of NLRHA were conducted. In the first one, ground motion (GM) records were applied independently
in the E-W and N-S directions. In the analyses, lateral displacements in the direction perpendicular to the applied ground
motions were blocked in the model. This first NLRHA series aimed at investigating the unidirectional response of the system
to verify its behaviour and validate the applicability of the base isolation single-mode method for predicting lateral
displacements of the system. In the second NLRHA series, pairs of orthogonal GM records were applied simultaneously to
the structure. In that case, the model was free to sustain lateral displacements along both orthogonal directions as well as in-
plane rotation. In the model, accidental eccentricity was considered by displacing the center of mass towards both the East
and North directions by 5% of the E-W and N-S building dimensions, respectively.

The computed periods of the structures are presented in Table 3. For the study of the system response under unidirectional
ground motion records, the models with the translational displacements blocked in the direction perpendicular to the direction
of the ground motion record were used in the modal analyses and 7 and 7> then correspond to the first and second
translational mode periods in the direction of NRLHA. In the models used for bidirectional response, periods 7 and 74 are
those associated with the first and second torsional modes of vibrations, periods 7> and T are those associated with the first
and second E-W translational modes, whereas periods 75 and T are those of the first and second N-S translational modes. As
shown, all structures are slightly stiffer in the N-S directions as the periods related to N-S translation are shorter than the
corresponding ones in the E-W direction. It is noted that all structures are flexible in torsion as their periods associated to the
first two torsional modes are longer than those of the two translational modes.

Table 3. Computed periods of the structures studied.

No. Unidirectional Response Bidirectional Response’
Dir. T T2 T T2 T3 T Ts Ts
(©) (©) ) (©) ) ) ) (©)
SC3-2 E-W 0.46 0.20
N-S 0.42 0.19 0.55(T) 0.45(E-W) 041 (N-S) 0.25(T) 0.20 (E-W) 0.19 (N-S)
SC3-3 E-W 0.57 0.24
N-S 0.54 0.22 0.70 (T) 0.56 (E-W) 0.53 (N-S) 0.29(T) 0.23 (E-W) 0.21 (N-S)
SC4-2  E-W 0.33 0.17
N-S 032 015 040 (T) 033 (E-W) 031 (N-S) 0.20(T) 0.17 (E-W) 0.15 (N-S)
SC4-3  E-W 0.51 0.20
N-S 0.49 019 0.62 (T) 0.50(E-W) 048 (N-S) 0.25(T) 0.20 (E-W) 0.19 (N-S)

"Note: (E-W) & (N-S) = Translational modes in E-W and N-S directions; (T) = Torsional modes

For both series of NLRHA, ensembles of site-representative ground motion records were selected and scaled in accordance
with the guidelines of Commentary I of NBC 2020. For the first NLRHA series, the ensembles included single-component
GM records. For the Montreal site, 3 records from small magnitude EQs at shorter distances (M5.91-6.19 at 7.6-28.6 km) and
8 records from larger magnitude earthquakes at longer distances (M6.5-7.01 at 8.5-54.8 km). For Vancouver, the ensemble
included 6 records from crustal (CR) EQs, 5 records from in-slab (IS) EQs, and 11 records from interface subduction (IF)
EQs. For the second NLRHA series, pairs of orthogonal GM record components were used and scaled using the geomean
spectrum of the individual components. For Montreal, the ensemble comprised 4 records from small EQs at short distances
(M5.25-6.91 at 7.6-27.6 km) and 7 records from larger magnitude EQs at longer distances (M6.53-7.51 at 11.1-54.8 km). The
ensemble for Vancouver included records from 6 CR EQs, 5 IS EQs, and 11 IF EQs. Because the selection of ground motion
records was essentially based on the match between the spectra of the GM records and the UHS, and geomean spectra of
component spectra were used for the second NLRHA series, the ensembles used in the two series of analyses do not contain
the same GM records. The 5% damped acceleration spectra of the selected and scaled records are plotted in Figure 8.

A typical response obtained from the first NLRHA series is presented in Figure 9 for the SC4-3 building subjected to a
crustal EQ GM applied along the E-W direction. As intended, storey drifts concentrated in the first storey with a peak value
of 1.5% hs and storey drifts in the 2" and 3™ levels limited to 0.3% hs; and 0.15% hs3, respectively. The system exhibited a
stable bi-linear elastic response and, thereby, did not sustain any residual deformations at the end of the ground motion. The
history of the vertical displacement of the beam at mid-span of the E-W IV-BF is also shown in Figure 9a. The beam upward
deformation reached 60 mm during the EQ, which corresponds to 1/155 of the beam span. The beam remained elastic and
could return to its original position at the end of the EQ. Beams of the VB assemblies and columns also remained elastic.

Mean values and ranges of the peak storey drifts in the first level from the first NLRHA series (unidirectional response) are
presented in Table 4. For the two buildings in Montreal, the mean values range from 0.85 to 1.07% A, which is close to the
design target value of 1.0% hs;. For the two buildings in Vancouver, the mean drift values vary from 0.96 to 1.37% hs1, which
also agrees well with the 1.3% A target value adopted in design. For all buildings, peak storey drifts are smaller along the N-
S direction, which can be attributed to the system shorter effective periods along that direction. For the buildings studied and
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GM records considered, the ratios between maximum and mean storey drifts for a given GM ensemble vary between 1.32 and
1.64, suggesting that keeping a margin of 1.5 between the storey drifts that trigger beam yielding in the IV-BFs and VB
assemblies and the target storey drift could represent a reasonable design approach. For the buildings in Vancouver, mean
drift values in table 4 are for the entire suite of 22 GM records. Examination of the results show that mean peak drifts from
the 11 interface subduction (IF) GM records are between 0.71 and 0.88 times the man drift values from the suite of crustal
and in-slab ground motions, which indicates that the proposed system with elastic self-centering response can be effective in
limiting lateral displacements under long duration EQ ground motions. Values of peak horizontal accelerations at all building
levels are presented in Table 5. As shown, peak floor accelerations for unidirectional responses vary from 0.11 to 0.27 g and
from 0.21 to 0.57 g for the buildings in Montreal and Vancouver, respectively. Slightly higher values varying between 0.13
and 0.60 g developed at the roof level of the buildings, which was expected as the structure response remained linear elastic
above the first level and the response at the roof level was affected by the building higher vibration modes. The observed
accelerations are generally lower than the 2% in 50 years peak ground accelerations of 0.482 and 0.476 g for the Montreal
and Vancouver sites, respectively, confirming that the proposed system can offer the same benefits as base isolation systems.
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Figure 8. 5% Damped acceleration spectra of the selected and scaled GM records: (a) Unidirectional GM records;
(b) Geomean spectra of orthogonal GM record pairs.
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Figure 9. E-W response of the SC4-3 structure under a crustal EQ GM record: (a) Mid-span vertical deflection of the IV-BF
beam (top), storey drifits at levels 1, 2 and 3 (middle), and GM record (bottom), (b) Base shear vs storey drift at level 1.
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Table 4. Peak storey drift in first level, Ahs; (%)

No. Dir. Unidirectional Bidirectional Response at
Response 1V-BFs Corners
Mean Range Mean Range Mean Range
SC3-2 E-W  1.07 0.76 - 1.44 1.18 0.41-2.32 1.23 0.41-245
N-S 0.88 0.64-1.21 1.01 0.60 — 1.88 1.12 0.65-1.91
SC3-3 E-W 1.16 0.80-1.57 1.25 0.46 -2.51 1.33 0.54 —2.66
N-S 0.85 0.35-1.12 1.08 0.64 —1.81 1.22 0.76 — 2.03
SC4-2 E-W  1.08 0.10-1.71 1.33 0.30-2.58 1.42 0.34-2.74
N-S 0.96 0.05 —1.58 0.83 0.18 — 1.58 0.97 0.23-1.67
SC4-3 E-W 137 0.40-1.99 1.65 0.57 -3.05 1.74 0.64-3.21
N-S 1.24 0.27—1.88 1.23 045-1.91 1.42 046 —2.17

Table 5. Peak horizontal acceleration (g)

No. Dir. Level Unidirectional Bidirectional
Response Response
Mean Range Mean Range

SC3-2 E-W 2 0.17 0.13-0.20 0.22 0.15-0.32
1 0.15 0.11-0.18 0.18 0.13-0.28

N-S 2 0.19 0.14-0.24 0.24 0.16 - 0.35

1 0.17 0.12-0.22 0.21 0.15-0.32

SC3-3  E-W 3 0.24 0.19-0.28 0.34 0.24-0.50
2 0.18 0.14-0.23 0.23 0.15-0.37

1 0.19 0.15-0.23 0.23 0.15-0.32

N-S 3 0.28 0.17-0.33 0.39 0.28 -0.48

2 0.19 0.12-0.23 0.26 0.19-0.36

1 0.21 0.14-0.27 0.27 0.20-0.36

SC4-2  E-W 2 0.35 0.13-0.53 0.47 0.26 - 0.67
1 0.31 0.11-0.44 0.38 0.18-0.57

N-S 2 0.43 0.13-0.60 0.46 0.30-0.60

1 0.38 0.11-0.57 0.40 0.19-0.59

SC4-3  E-W 3 0.37 0.18 - 0.56 0.50 0.28 - 0.66
2 0.28 0.13-0.37 0.32 0.15-0.49

1 0.29 0.15-0.40 0.37 0.20-0.51

N-S 3 0.41 0.19-0.53 0.51 0.30-0.65

2 0.33 0.14-0.45 0.38 0.19-0.51

1 0.33 0.15-0.43 0.39 0.24-0.53

Typical bidirectional response results from the second NLRHA series are presented in Figure 10 under a pair of orthogonal
GM record components from a crustal EQ. In Figure 10a and 10b, peak storey drifts in level 1 occurred nearly
simultaneously in both directions under this particular pair of GM records. In the E-W direction, larger storey drifts
developed along Line 1 compared to those along Line 9. In the N-S direction, more consistent storey drifts developed along
Lines A and F. In both directions, the structure returned to its original position, without residual deformations. This behaviour
can also be seen from the E-W vs N-S first storey drift traces at the four building corners shown in Figures 10c and 10d.

Table 4 gives the statistics of peak first storey drifts along both the E-W and N-S directions obtained from the bidirectional
response analysis. Drift values obtained along column lines that include the IV-BFs (lines 2 and 8 for E-W drifts and lines C
and D for N-S drifts), as well at the four corners of the buildings are presented. As shown, when compared to the drifts
obtained from unidirectional NLRHA, introducing 5% mass eccentricity in both directions and simultaneously applying
orthogonal GM record components generally resulted in larger mean peak storey drifts at the IV-BFs as well as at the
building corners. As expected, increases at the building corners are larger, varying from 1.01 to 1.31, as those are located
farther from the center of rigidity of the buildings compared to the IV-BFs, which resulted in maximum values among the
GM ensembles reaching excessive drifts that could result in inelastic beam responses. In Table 5, higher peak floor and roof
accelerations were also obtained from the second NLRHA series compared to the unidirectional NLRHA series. These results
clearly indicate that the proposed system can lead to torsion-sensitive buildings when responding nonlinearly to seismic GMs,
even in case of symmetrical structures as those studied herein. One possible means of mitigating this effect is to increase the
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torsional stiffness of the building by positioning the VB assemblies along the building perimeter. This option is examined is
examined herein for the SC4-2 building by moving the VB assemblies on lines B and E to lines A and F, respectively, and
those on lines 3 and 7 to lines 1 and 9, respectively, as shown in Figure 7b. In addition, the beam section of those VB
assemblies was increased from W610x174 to W610x195. For this particular building, this modification had limited impact as
mean peak drifts at the building corners reduced from 1.42% #; to 1.40% hsi and from 0.97% h to 0.96% hs; in the E-W and
N-S directions, respectively, and mean peak floor and roof accelerations remained practically unchanged. Other strategies
such as positioning the stiffer [IV-BFs on the exterior column lines should be examined in future studies.
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Figure 10. First-storey response of the SC4-3 structure under the 20° (N-S) and 110° (E-W) components of the 1994 M6.69
Northridge EQ, LA Saturn Street records: (a) E-W response; (b) N-S response; (c¢) N-S vs E-W storey drifts at building
corners on Line 1; (d) N-S vs E-W storey drifts at building corners on Line 9.

CONCLUSIONS

This article introduced an innovative simple braced frame system specially designed and detailed to develop an elastic
nonlinear self-centering storey shear vs storey drift response at the first level of low-rise steel building structures to cat as a
base isolation system to achieve superior damage-free response in case of moderate and strong earthquakes. The proposed
system was described together with the equations for determining the effective stiffness and equivalent damping properties of
the system that can be used when applying the simple single-mode analysis method for the design of base isolated systems.
To illustrate the design of the proposed system, validate its seismic behaviour and validate the applicability of the single-
mode design approach for predicting lateral displacements, the proposed system was applied to 2- and 3- storey buildings
located in Montreal, QC, for eastern Canada, and Vancouver, BC, for western Canada, and NLRHA was performed using
ensembles of design level site-representative seismic ground motion to examine their response.
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When subjected to unidirectional ground motions applied independently along each building principal direction, the proposed
system was found to behave as intended, i.c., exhibiting lateral self-centering elastic response with lateral displacements
concentrated in the first level and no residual deformations. Mean values of the peak first-storey drifts were close to those to
those predicted with the single-mode analysis method. Peak floor and roof horizontal accelerations were less than the peak
ground accelerations at the site, confirming that the system can act as a base isolation system to reduce seismic loads imposed
to building structures during earthquakes.

Larger storey drifts and horizontal accelerations were obtained, however, when using three-dimensional building models with
accidental mass eccentricity of 5% the building dimensions in both directions and simultaneously applying pairs of
orthogonal ground motion components along both directions, which suggests that the system can become sensitive to in-plane
torsional response when responding to earthquakes in the nonlinear range. This aspect will need to be investigated further in
future studies to propose improvements to the system and/or the design method to reliably mitigate these effects.
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