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Abstract 

Current building codes are prescriptive in nature and primarily focus on ensuring life safety 

during seismic events, often neglecting the broader objective of functional recovery. While the 

FEMA P-58 methodology provides a comprehensive performance-based seismic design, it lacks 

design criteria tailored to functional recovery. The main objective of this paper is to present 

the innovative Strongback Braced Frame as a candidate able to assure seismic functional re-

covery and demonstrate through case studies the system efficiency against the traditional Con-

centrically Braced Frame (CBF) under short and long duration ground motions. Nonlinear 

time-history analyses using OpenSees reveal the feasibility of SBF in high-risk seismic regions. 

The findings resulted from case studies provide practitioners comparative behavioral charac-

teristics of SBF versus MD-CBF in terms of interstorey drift, residual interstorey drift and floor 

acceleration. It is worth mentioning that higher-mode forces developed in SBF are not limited 

by the yield mechanism of ductile system but by ground motion intensity, which implies large 

inertial effects relative to first-mode response. However, forces in the first mode are limited by 

the global mechanism. 
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1 INTRODUCTION 

The current building codes are prescriptive in nature and developed to provide building’s 

safety under earthquake events. Although the most comprehensive performance-based seismic 

design (PBSD) methodology was released in FEMA P-58-1[1], appropriate design criteria for 

practitioners are not currently available. According to FEMA P-58, the performance measures 

include direct economic losses (building repair or replacement cost) and indirect losses as re-

covery time, which consists of mobilization time and repair time. To assess the building repair 

cost, the Performance Assessment Calculation Tool (PACT) provided in FEMA P-58-3 [2] 

yields an appropriate estimate of repair cost, while for the repair time the fault three analysis is 

suggested [3]. It is worth mentioning that PACT [2] yields a crude estimate of repair time, and 

the REDITM downtime model [4] is based on a fixed repaired schedule and a predetermined 

workforce, while the mobilization time is based on the damage state of the most severely dam-

aged component. It is noted that PACT possesses a library with more than 700 fragility and 

consequence data for members and connections of most common seismic force resisting sys-

tems (SFRSs) and nonstructural components. Typically, peak storey drift or peak floor acceler-

ation parameters are used to determine the damaged components.  In addition, a collapse 

fragility function expressing the probability of building collapse and a residual drift function 

are also required. It is noted that residual drift is a measure of building’s repairability criteria.  

Although the PBSD methodology shows advances towards measuring the building perfor-

mance, is still founded on safety-based objectives rather than recovery-based objectives that are 

focused on identification of needed functions and services in the aftermath of an earthquake 

event. At present, there are neither prescriptions available for strength, stiffness, or capacity of 

members/ components of a traditional seismic force resistant system (SFRS), nor definition of 

innovative SFRSs that could assure functional recovery of a building within a certain time [5]. 

The determination of recovery time under a given intensity earthquake associated with recov-

ery-based objectives is the key for recovery-based design. After an earthquake event, the pro-

posed recovery trajectories are: (i) assure building stability for allowing building inspection, (ii) 

provide structural recovery for shelter-in-place condition, (iii) conduct retrofit for re-occupancy, 

and (iv) functional recovery. Time to recovery of function can be considered as short, interme-

diate, and long term. To an extent, the type of building importance category defined in [6] is 

associated with functional recovery category (FRC) which is labelled in [5] from “A” to “D”, 

where FRC-A is for post-disaster buildings and FRC-D for other buildings excluding schools, 

condominium, critical retail and critical business enterprises. Under 2%/50 years design spec-

trum [6, 7], the target functional recovery time recommended in [5] varies from hours for FRC-

A, from weeks to months for FRC-C and months to years for FRC-D, respectively. Further, 

different target recovery time that varies based on earthquake hazard levels (from 10%/50 years 

to 2%/ 50 years and beyond) could be established. 

The main objective of this paper is to present the innovative Strongback Braced Frame (SBF) 

system as a candidate able to mitigate the soft-storey response and assure seismic functional 

recovery when the variant with “damage-free” braces is used. This is demonstrated through 

case studies subjected to short and long duration ground motions. A comparison with the seis-

mic response of traditional Concentrically Braced Frame (CBF) is also presented.  

2 STRONGBACK BRACED FRAME 

The Strongback Braced Frame (SBF) with buckling braces is derived from the traditional 

CBF. The ductile response of SBF is provided by yielding of ductile braces, while the elastic 

vertical truss (strongback) installed interior or exterior to braced frame is able to sustain the 
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system’s deformation even after one ductile brace exhibited fracture caused by low-cycle fa-

tigue. However, the vertical elastic truss (SB) generates higher modes contributions that cannot 

be captured using the traditional capacity design approach.  

2.1   Higher modes effect 

To estimate the force demand in structural systems that includes inertial forces triggered by 

higher modes, Chopra et al. [8] introduced the Modified Modal Pushover Analysis (MMPA). 

Thus, the MMPA assumes the seismic force-resisting system (SFRS) to be linearly elastic and 

accounts on the seismic demand due to higher modes. The method is designed to be used along-

side a design spectrum for building location, as required by the building code. The force distri-

bution and target displacement in MMPA are based on two key assumptions: (i) the first 

vibration mode governs the structural response, and (ii) the mode shape remains unchanged 

after the members of ductile system yield, while assuming negligible the coupling of elastic 

modes upon the initiation of inelastic behavior. 

To simplify the estimation of higher mode contributions in design, in [9] it was proposed to 

use the MMPA procedure with a truncated response spectrum analysis (RSA). Following this 

approach, the response due to the first mode (r1) is calculated assuming that the system behaves 

in the inelastic range, while the contributions of higher modes (r2…rn) are computed consider-

ing the system in the elastic range. Then, the total response (r) is determined from Eq. (1). 

𝑟 = 𝑟𝑔 + |𝑟1,𝑝𝑙| + √𝑟2,𝑒𝑙
2 + 𝑟3,𝑒𝑙

2 +∙∙∙ +𝑟𝑛,𝑒𝑙
2        (1) 

Herein, rg represents the contribution of gravity component of seismic load combination case. 

Notably, the yielding members of SBF do not restrain the higher mode contributions to storey 

shear and floor acceleration. As the influence of higher modes increases with building height, 

the resulting forces can lead to impractical proportioning of the strongback system. To address 

this issue and mitigate storey shear demand in high-rise buildings, the segmental (modular) 

elastic spine system was proposed in [10]. More recently, for estimating forces in SBFs, the 

Generalized Modified Modal Superposition Procedure (GMMSP) was proposed in [11]. While 

the GMMSP offers a promising approach, it is not evaluated in this study. 

2.2     Design procedure 

The design procedure for SBF follows Eq. (1) and a visual representation of Eq. (1) applied to 

SBF is depicted in Fig. 1. The design procedure is outlined below. 

(1) Designing the primary ductile system (e.g. CBF): 

- Use the Equivalent Static Force Procedure (ESFP) required by building code and design 

braces of traditional CBF as per [12]. The CBF is proportioned to resist 100% base shear. 

- Apply capacity design to size the beams and columns of CBF (primary system) according 

with [12]. It is noted that the CBF column supporting the Strongback shall be continuous. 

(2) Estimating the Strongback (SB) members: 

- Compute the ductile brace member forces assuming the formation of a full plastic mech-

anism in the first mode (Fig. 1a). 

- Consider equilibrium of forces to compute the axial forces transferred from the primary 

system into SB members and estimate its preliminary sections. 

(3) Conducting preliminary design of SBF: 

- Develop a numerical model by using member sections resulted for the primary ductile 

system in Step 1 and member sections for SB truss from Step 2. Then, perform an Eigen-

value analysis to determine the elastic natural periods and mode shapes of structure. 

(4)  Assessing the higher modes contribution for SB design: 
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- To account for higher modes contribution, employ a truncated elastic design spectrum as 

illustrated in Fig. 2. 

- Compute independently the storey forces associated with the 2nd and 3rd mode, as exem-

plified in Figs. 1b and 1c. 

- Compute the higher mode forces induced in the SB truss members using the Square Root 

of the Sum of Squares (SRSS) combination rule as per Eq. (1). 

(5) Computing the response of SBF and estimating the feasibility of design method: 

- Using member sections resulted for primary ductile system in Step 1 and the re-designed 

truss member sections from Step 4, calculate the total response according to Eq. (1). 

- Verify member sections against nonlinear dynamic analysis. This step ensures that the 

proposed design method meets the expected nonlinear responses of SBF under ground 

motions. 

                        (a)                                        (b)                                             (c) 

Fig. 1: Graphical illustration of computation method for 4-storey SBF, adapted from [9]. 

Fig. 2: Elastic design spectrum and the truncated elastic design spectrum for 2nd mode (shaded area) for Victoria. 

3   CASE STUDY  

The case study is a 4-storey office building located on Site Class C in Victoria, B.C., Canada. 

For comparison purposes, the building is designed considering two SFRSs: (a) the traditional 

Moderately-Ductile Concentrically Braced Frame (MD-CBF), and (b) the innovative SBF with 

exterior SB. The same building plan is used for MD-CBF and SBF and is plotted in Fig. 3a.  

3.1     Design of MD-CBF and SBF  

Both MD-CBF and SBF were designed in accordance with the building code [7] and the 

steel design standard [12]. For Victoria, Site class C, the spectral ordinates at 0, 0.1, 0.2, 0.5, 

1.0 and 2.0 s are 0.58, 1.3, 1.3, 1.16, 0.676 and 0.399 g and the elastic design spectrum is 

illustrated in Fig. 2. Using the ESFP, the base shear is: 
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 V = IE S(Ta)MvW/RdR0 (2) 

where IE is the importance factor (IE =1.0), Mv is the effect of higher modes on base shear (Mv=1), 

Ta = 0.025hn is the fundamental period where hn =14.8 m is the building height, W = 29457 kN 

is the seismic weight, and RdR0 =3x1.3 are the ductility and overstrength reduction factors, 

respectively. In accordance with [7], when dynamic analysis is employed, Ta can be amplified 

by a factor of 2 which leads to Ta = 0.74 s and S(Ta)= 0.93g. From Eq. (2) results V = 7007 kN, 

but V cannot be larger than Vmax calculated as: 

Vmax = max (2/3IES(0.2)MvW/RdR0; IES(0.5)MvW/RdR0)  (3) 

From Eq. (3) results Vmax = 8762 kN which is larger than V; hence, V is used in design. In 

addition, the notional lateral loads, VN, computed as 0.005 times the factored gravity loads 

∑C(D+0.5L+0.25S) contributed to each floor and the P-delta effect were considered, while the tor-

sional effect was neglected. All ductile braces, as well as those of SB are made of hollow struc-

tural sections (HSS) and all beams and columns are made of I-shaped. For HSS members, the 

yield strength (Fy) is 350 MPa and the probable yield stress RyFy is 460 MPa. For I-shaped 

members Fy is 345 MPa. To design members of MD-CBF beams and columns the capacity 

design approach was applied. Using data from preliminary design (ESFP), the three-dimen-

sional building model was developed in ETABS and subjected to dynamic analysis by means 

of RSA. The resulted base shear, Vdyn =8477 kN, is larger than V computed with Eq. (2) and all 

member sections were verified and provided in Fig. 4a. From Eigenvalue analysis in N-S di-

rection, the first mode period for MD-CBF building resulted T1 = 0.551 s and the second and 

third mode period are provided in Table 1.   

Fig. 3: Plan view of 4-storey SBF building (a) and the OpenSees model of ¼ of building floor plan (b). 

Type 
ETABS OpenSees 

T1 (s) T2 (s) T3 (s) T1 (s) T2 (s)  T3 (s) 

MD-CBF 0.551 0.201 0.125 0.554 0.205 0.138 
SBF 0.520 0.169 0.102 0.522 0.171 0.105 

Table 1: Periods of CBF, SBF resulted from eigenvalue analysis. 

     The SBF system was designed using the methodology outlined in Section 2. The same RdR0 

value as per MD-CBF was considered. From Eigenvalue analysis in N-S direction, the first 

mode period for SBF building is T1 = 0.52 s (Table 1), which is slightly lower than T1 for MD-

CBF. Member sizes for the SBF are provided in Fig. 4(b). It is noted that larger column sections 

are required for column attached to SB. However, the same sections were used for both columns 

of primary system. The ratio between the storey stiffness associated with braces and ties of SB 

truss and that of ductile braces of SBF is on average 1.96 with a peak value of 2.68 at the 4th 

floor. If the SB truss is placed interior to the braced frame, this ratio would increase to an aver-

age of 4, which is consistent with findings in [13, 14].  
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     (a)                (b) 

Fig. 4: Summary of member sections for: a) MD-CBF, and b) SBF. 

3.2     Numerical modelling in OpenSees 

Due to building symmetry, only one-quarter of floor plan braced in the N-S direction by SBF 

1 (Fig. 3a) was modelled using a two-dimensional (2D) numerical model (Fig. 3b) developed 

in OpenSees. To simulate the out-of-plane buckling of HSS braces, six degrees of freedom were 

considered in the 2D model. Each HSS brace was discretized into 16 nonlinear beam-column 

elements with distributed plasticity and fiber-based sections, using four integration points per 

element. An initial out-of-straightness of Lbrace/500 was assigned to all ductile braces in the out-

of-plane direction. The Steel02 material with the yield strength set to the probable yield stress 

(RyFy=460 MPa) was assigned to HSS braces and a low-cycle fatigue material model with pa-

rameters proposed in [15] was wrapped around the Steel02 material in order to capture brace 

fracture. The same modeling approach was used for HSS members of SB truss. I-shaped beams 

and columns were modeled using nonlinear beam-column elements with distributed plasticity 

and fiber-based sections. A 2% Rayleigh damping, proportional to mass and stiffness and com-

puted for the 1st and 3rd modes, was assigned to elastic members. The rigid diaphragm effect 

was accounted for using the equalDOF command in OpenSees. The mode periods obtained 

from OpenSees are also provided in Table 1. 

3.3     Ground motion selection and scaling 

Given the proximity of Victoria, B.C., to Cascadia subduction fault zone, the seismic hazard 

incorporates both crustal and subduction zone ground motions (GMs). For this study, crustal 

GMs were selected from the Northridge (Mw = 6.7) and Loma Prieta (Mw = 6.9) earthquake 

events, while subduction GMs were sourced from the megathrust (Mw = 9) Tohoku earthquake 

in Japan (2011). Two suites of ground motions comprising 7 crustal (marked from #C1 to #C7) 

and 7 subduction (marked from #S1 to #S7)  records were compiled and scaled to match the 

2%/50-year design spectrum for Victoria over the periods of interest 0.15T1 - 2.0T1, specified 

in [7]. These GMs can be found in [16]. The response spectra of scaled crustal and subduction 

GMs, along with their mean response spectrum and the design spectrum associated with 2%/50 

yrs. as per [7], are plotted in Figs. 6a and 6b, respectively. The scaling process ensured that the 

mean response spectrum of each suite matches or is above the design spectrum over the period 

of interest 0.15T1 -2.0T1. For discussion purposses, the 10%/50 yrs., 5%/10 yrs., and 2%/50 yrs. 

spectra associated with the 2020 NBC provisions [6] are also provided. As depicted, the 2%/50 

yrs. design spectrum associated with [7] matches closely the 5%/50 yrs. spectrum given in [6]. 
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   (a) (b) 

Fig. 5: Design spectrum for Victoria, Site Class C as per [7], alongside with scaled response acceleration spectrum of indi-

vidual GMs and their mean: a) crustal GM suite and b) subduction GM suite. 

3.4     Nonlinear time-history analysis 

Nonlinear time-history analyses were conducted using the 2D numerical model developed 

in OpenSees. Both MD-CBF and SBF building models were subjected to scaled crustal and 

subduction zone GMs according with [7], and key response parameters such as interstorey drift 

(ISD), residual drift (RISD), floor acceleration (FA), and shear forces were recorded. These 

parameters, resulted under GMs scaled at design level (D.L.) as per [7], are presented in Fig. 6. 

Under crustal GMs, the SBF demonstrates uniform distribution of ISDs along the building 

height; hence, when comparing with MD-CBF, the SBF is able to diminish the peak ISDs es-

pecially under GMs #C1 and #C6. Additionally, the SBF is able to maintain RISD below 0.25% 

hs, where hs is the storey height. However, SBFs exhibited increased FAs especially under #C2 

and #C4 records. In general, under 3 out of 7 crustal GMs the FA is between 1.0g and 1.5g. 

Under subduction zone GMs scaled at D.L., the SBF is able to mitigate the concentration of 

damage at top floor. For example, under GMs #S3 - #S5, the peak ISD decreased in average by 

50% when comparing to MD-CBF. While the reduction in RISD was less pronounced due to 

already low values in both systems, the SBF system exhibited smoother floor acceleration (FA) 

distribution across the building height. However, under 3 out of 7 subduction GMs, the peak 

FA is between 1.5 g and 2.0 g. This improvement in terms of ISD and RISD reduces the poten-

tial for damage to drift-sensitive nonstructural components, but the acceleration-sensitive non-

structural components will exhibit various levels of damage. 

Green lines in Fig. 7 present the mean of ISD, RISD, and FA, computed from data presented 

in Fig. 6 which is associated to 2%/50 yrs. hazard as per [7]. It is worth mentioning that the 

2%/50 yrs. hazard defined in [6] is about 50% greater than that provided in [7]. Red lines in 

Fig. 7 present the mean of ISD, RISD, and FA under crustal and subduction GMs scaled for 

2%/50 yrs. design spectrum in [6]. Thus, the peak of mean ISD and RISD of MD-CBF increase 

under crustal GMs to 1.1%hs and 0.12%hs, respectively. Under subduction GMs, the response 

of MD-CBF is similar. However, for MD-CBF the peak of mean FA under crustal GMs oc-

curred at top floor (1.1g) and that under subduction GMs at bottom floor (1.8 g), which shows 

50% increase. Comparing to MD-CBF, a decrease in peak ISD and RISD occurred for SBF, but 

no changes in FA were observed. Analysing data from Fig. 7 is concluded that increasing the 

demand from S(T1)=1.11g [7] to  S(T1) =1.6g [6] light damage of drift-sensitive nonstructural 

components may occur for both SBF and MD-CBF under crustal and subduction GMs, while 

significant damage can be exhibited by acceleration-sensitive nonstructural components under 

subduction zone GMs. 

As plotted in Fig. 5, the 5%/50 yrs. design spectrum associated with the NBC 2020 [6] almost 

overlaps with 2%/50 yrs. design spectrum associated with the NBC 2015 [7].  
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(a)                                                                       (b) 

Fig. 6: Nonlinear responses of 4-storey CBF and SBF buildings subjected to (a) crustal GMs and (b) scaled at DL. 

Fig. 7: Mean of key response parameters under crustal and subduction zone GMs scaled at different intensities. 
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Under 10%/50 yrs. design spectrum associated with [6], some damage could be exhibited by 

acceleration-sensitive nonstructural components under subduction GMs (blue lines in Fig. 7).   

Figures 8 and 9 presents the incremental dynamic analysis (IDA) curves for the 4-storey 

MD-CBF and SBF building, respectively, under both crustal and subduction zone GMs.  Herein, 

the black and red horizontal dashed line indicate the intensity demand at D.L. as per [7] and [6], 

respectively, while the blue horizontal dashed line as per [7] is added for discussion purposes. 

Key performance milestones are marked as follows: solid black circles denote the yielding of 

the first ductile brace (DB yields), and void circles denote the collapse point. In addition, black 

diamonds represent the failure of the first ductile brace, void diamonds indicate the failure of 

second ductile brace, black and void triangles signify the yielding of the first and second braces 

of SB truss, respectively, and black crosses mark the occurrence of RISD =0.5%hs. Researchers 

[17] noted that damaged buildings with RISD ≥ 0.5%hs are prone to demolition since the retrofit 

cost is greater than the replacement cost. 

    (a)                                                       (b) 

Fig. 8: IDA curves of MD-CBF building under: a) crustal GMs and b) subduction zone GMs. 

(a)                                                               (b) 

Fig. 9: IDA curves of SBF building under: a) crustal GMs and b) subduction zone GMs. 

From Figs. 8 and 9 result that ductile braces yield at lower intensity under subduction than 

crustal GMs. The MD-CBF building shows sufficient safety margin under crustal GMs and 

lower safety margin under subduction records, where it reached collapse under two GMs at an 

intensity slightly above D.L. as per [7]. Under subduction GMs, five IDA curves for the SBF 

building exhibit weaving behavior, and two IDAs under #S1 and #S3 GMs show softening 

behavior. Notably, the SBF building reached collapse capacity at higher intensity demands than 

the MD-CBF building; hence, the SBF showed the capability of mitigating the soft-storey re-

sponse even after two ductile braces reached failure. From Fig. 9 results that the SBF of 4-
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storey building can allow shelter in place under crustal ground motions associated with 10%/ 

50 years earthquake. However, under 10/50 years subduction zone ground motions, at list one 

brace exhibited buckling. Thus, for recovery-based design, SBF with “damage-free” braces, as 

friction-sliding braces, are recommended. 

4 CONCLUSIONS 

To mitigate the concentration of damage under seismic excitations, the feasibility of SBF is 

presented through a case study in Victoria, B.C., where both crustal and subduction zone GMs 

are considered. The case study is a 4-storey office building braced by SBFs and for comparison 

purposes by MD-CBFs designed according with [7] and [12]. The SBF is composed of a pri-

mary ductile system derived from MD-CBF and an exterior elastic vertical truss (strongback) 

that is able to re-center the system and prevent the occurrence of dynamic instability. Although 

this system is not new, a comprehensive method used to size the strongback truss (SB) members 

was lacking. It is worth mentioning that higher modes forces developed in SBF are not limited 

by the yield mechanism of ductile system but by ground motion intensity, which implies large 

inertial effects relative to first-mode response. However, forces in the first mode are limited by 

the global mechanism.  

At design level demand (2%/50 years) associated to [7], ductile braces reached buckling and 

several performed in nonlinear range under both crustal and subduction GMs, while the SB 

truss behaves elastically. Moreover, the nonlinear response of SBF in terms of ISD and RISD 

is not affected by the long duration subduction GMs, but floor accelerations and storey shear 

increase due to higher mode contribution. In addition, FAs induced by subduction GMs increase 

by more than 50% when comparing with FAs resulted under crustal GMs. Based on fragility 

curves provided in PACT library, FAs larger than 1.0 g imply damage to some acceleration- 

sensitive nonstructural components. Due to buckling of ductile braces at lower demand, both 

MD-CBF and SBF systems shall be retrofitted before allowing the shelter-in-place condition. 

However, using SBF with “free-damage” braces will allow shelter-in-place occupancy. It is 

noted that 2%/50 yrs. design spectrum provided in [7] is similar to 5%/50 yrs. acceleration 

response spectrum given in [6].  

Under 10%/50 years demand associated to [6], buckling of first brace occurred under 3 out 

of 7 crustal GMs and under more than 50% subduction GMs. However, both MD-CBF and SBF 

responses in terms of ISD and FA do not imply damage to nonstructural components under 

crustal GMs, but some damage to acceleration-sensitive nonstructural components under sub-

duction GMs. If ductile braces remain elastic, both MD-CBF and SBF buildings allow re-oc-

cupancy under crustal records.  

From incremental dynamic analyses resulted that both 4-storey MD-CBF and SBF buildings 

pass the collapse safety criteria under crustal GMs. However, under subduction GMs excitation, 

the 4-storey MD-CBF exhibits borderline passing and the system is not recommended in sub-

duction zone prone regions, while the SBF showed sufficient margin safety. Meanwhile, the 

SBF is able to exhibit lower RISD, even after one or two ductile braces experienced failure. 

This leads to the assurance of reparability criteria and feasibility of SBF system in high-risk 

seismic regions. Although the response of SBF to crustal GMs scaled at design level does not 

damage the nonstructural components, the subduction GMs may damage some acceleration- 

sensitive nonstructural components.  
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