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Abstract: The seismic resilience of structures can be quantified through rigorous seismic assessment. 12 

Because no detailed guideline is available for nonlinear modelling parameters and the 13 

corresponding acceptance criteria for the seismic evaluation and upgrading of steel structures in 14 

Canada, the structural commentary of the National Building Code of Canada (NRC, 2015a) suggests 15 

using ASCE 41, which has been adopted as a standard for seismic evaluation and retrofit of 16 

buildings in the United States (U.S.). However, because the steel design standards in Canada and 17 

the U.S. are different, their applicability to steel structures in Canada needs to be investigated. To 18 

this end, this paper critically reviews the nonlinear modelling parameters and acceptance criteria in 19 

ASCE 41-17 (2017), then recommends whether these values need to be revised or are adopted as is 20 

for the seismic evaluation and upgrading of steel structures in Canada. A numerical example of a 21 

steel moment-resisting frame is presented to demonstrate the recommended parameters being used 22 

for seismic evaluation. 23 

Keywords: Seismic evaluation and upgrading; structural performance levels; Steel structures; 24 
Nonlinear modelling; Acceptance criteria  25 

 26 

1. Introduction 27 

The seismic evaluation of existing buildings is paramount in earthquake engineering to improve the 28 

seismic resilience of a community. Various standards and guidelines have been developed to help 29 

engineers efficiently evaluate the seismic performance of existing buildings. For example, seismic 30 
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assessment standards and guidelines have been introduced in several countries such as Canada, the 31 

United States (U.S.), New Zealand, and Japan (ASCE, 2017; JBDPA, 2001; NRC, 1993; NRC, 2015; 32 

NZSEE, 2017). This paper briefly summarizes the seismic assessment guidelines in Canada and the 33 

U.S. Further details of the guidelines in other countries can be found in Fathi-Fazl et al. (2020a). 34 

In the U.S., the state of the practice for seismic assessment of existing buildings is generally 35 

informed by NIST Standards of Seismic Safety for Existing Federally-Owned and Leased Buildings (NIST, 36 

2011), FEMA P-154 Rapid Visual Screening of Buildings for Potential Seismic Hazards: A Handbook (FEMA, 37 

2015), and ASCE 41 Seismic Evaluation and Retrofit of Existing Buildings (ASCE, 2017). The NIST 38 

standards are intended to be a preliminary screening manual for further evaluation, while FEMA P-39 

154 quantitatively evaluates the conditional probability of structural collapse based on the available 40 

building information and a data collection compiled by trained screeners. ASCE 41 is a national 41 

standard consisting of three-tiered evaluation procedures. Among the three tiers, Tier 3, systematic 42 

evaluation procedure, facilitates detailed seismic evaluation and retrofit of buildings by providing 43 

analysis methods, modelling parameters, and acceptance criteria for various structural performance 44 

levels. 45 

In a similar manner, the National Research Council Canada (NRC) developed a multi-criteria 46 

and multi-level seismic risk management framework for existing buildings in Canada (Fathi-Fazl et 47 

al., 2020a), including Level 1 – Preliminary Seismic Risk Screening Tool (PST) (Fathi-Fazl et al., 2018; 48 

2020b; 2020c), Level 2 – Semi-Quantitative Seismic Risk Screening Tool (SQST) (Fathi-Fazl et al., 49 

2020d; 2020e; 2022a), and Level 3 – Seismic Evaluation and Upgrading Guidelines (SEG) (Fathi-Fazl 50 

et al., 2022b). Level 1 – PST aims to quickly identify and exempt existing buildings with acceptable 51 

seismic risk from further seismic assessment (i.e., Level 2 – SQST or Level 3 – SEG) based on several 52 

seismic risk acceptance criteria. Level 2 – SQST intends to follow Level 1 – PST to inexpensively 53 

identify and exempt existing buildings with acceptable seismic risk from Level 3 – SEG and prioritize 54 

existing buildings with potentially unacceptable seismic risks for Level 3 – SEG. Level 3 – SEG intends 55 

to evaluate the potentially hazardous buildings identified in either Level 1 – PST or Level 2 – SQST.  56 
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As there are no Canadian-specific guidelines/standards that provide nonlinear modelling 57 

parameters and acceptance criteria for the seismic evaluation of structural systems, the commentary 58 

L of NBC 2015 (NRC, 2015b) states that ASCE 41 may be used to assess the seismic performance of 59 

the structural systems in Canada, provided the ground motions used are as per the NBC 2015 for the 60 

seismic hazard levels suggested in the commentary and the intent of the NBC 2015 is satisfied (NRC, 61 

2015a). The nonlinear modelling parameters and acceptance criteria for steel structures in ASCE 41 62 

have been developed based on a large volume of experimental data from various research projects 63 

and experts’ engineering judgement. However, the application of ASCE 41 for seismic performance 64 

assessment of steel structures in Canada needs to be thoroughly reviewed because Canada and the 65 

U.S have different design standards and the adoption of ASCE 41 as is may lead to inconsistencies 66 

between the guidelines for seismic performance assessment and the seismic design requirements in 67 

Canada. 68 

To provide justifications on whether the nonlinear modelling parameters and acceptance criteria 69 

in the latest edition of ASCE 41, i.e., ASCE 41-17 (2017), are applicable to steel structures in Canada, 70 

it is important to understand how these modelling parameters and acceptance criteria were proposed 71 

and applied to the seismic performance assessment. The justifications will help not only Canadian 72 

researchers further elaborate on proposing nonlinear modelling parameters and acceptance criteria 73 

for steel structures in Canada, but also practicing engineers better understand the steel design 74 

standards and assessment procedures of steel structures in Canada. This paper mainly consists of six 75 

sections. Section 2 starts with a comprehensive review of the nonlinear modelling parameters and 76 

acceptance criteria in ASCE 41-17 (2017). ASCE 41-17 (2017) refers to the design standards for steel 77 

structures to determine the nonlinear modelling parameters of steel structural elements, especially 78 

the elastic branch of the hysteretic behaviour. Because Canada and the U.S. adopt different steel 79 

design standards, Section 3 thoroughly reviews the design standards of the two countries such that 80 

the equations used for design and the equations used for the seismic assessment can be consistent 81 

upon the adoption of the proposed changes in this paper. After the detailed reviews of the seismic 82 
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design standards of steel structures in Canada and the U.S. and ASCE 41-17 (2017), Section 4 83 

recommends the nonlinear modelling parameters and acceptance criteria for steel structures in 84 

Canada. To effectively present the recommendation, this study first classifies the nonlinear modelling 85 

parameters and the acceptance criteria in ASCE 41-17 (2017) into five groups depending on the 86 

relationship between the design standards of the two countries and their development. Then, in 87 

accordance with the attribute of each group, the modelling parameters and acceptance criteria are 88 

either adopted as is or replaced by the design equations in the steel design standard of Canada for 89 

seismic evaluation of steel structures in Canada. To demonstrate the application of the 90 

recommendations to steel structures in Canada, a numerical model of a moment-resisting frame 91 

designed based on the NBC 1980 (NRC, 1980) is developed in Section 5. The numerical example is to 92 

help practicing engineers and researchers apply the recommendation by following the presented 93 

procedures. Finally, a summary and conclusions are presented in Section 6. 94 

2. Nonlinear Modelling Parameters and Acceptance Criteria in ASCE 41-17 95 

In ASCE 41-17 (2017), the modelling parameters and acceptance criteria for the seismic evaluation of 96 

structural systems depend on the type of analysis method. To illustrate the modelling parameters 97 

and acceptance criteria, this section briefly summarizes the nonlinear analysis methods, which is 98 

followed by the definition of acceptance criteria based on Section 7 of ASCE 41-17 (2017). Next, a 99 

high-level summary of the modelling parameters in ASCE 41-17 (2017) is provided. 100 

2.1. Nonlinear analysis methods 101 

In the nonlinear static and nonlinear dynamic analysis methods in ASCE 41-17 (2017), a numerical 102 

model of a structure is developed considering the nonlinear force-deformation characteristics of 103 

individual structural elements. The nonlinear static procedure (NSP) obtains the global relationship 104 

between the base shear force and the roof displacement by applying monotonically increasing 105 

equivalent lateral loads to the numerical model. The relationship between the base shear force and 106 

the roof displacement is referred to as a pushover curve. Among various NSPs, the coefficient method 107 
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is used in ASCE 41-17 (2017) to determine the structural responses for a given seismic event based on 108 

the pushover curve. ASCE 41-17 (2017) also suggests the Capacity Spectrum Method in FEMA 440 109 

(2005). On the other hand, in the nonlinear dynamic procedure, a structural system’s maximum 110 

responses are obtained by performing a nonlinear time history analysis of the numerical model 111 

subjected to ground acceleration time histories. Details on the analysis procedures are presented in 112 

Section 7.3.1.2 of ASCE 41-17 (2017). 113 

2.2. Acceptance criteria 114 

Acceptance criteria are used to determine a structure’s probable performance or its conformance to 115 

design/evaluation requirements. ASCE 41-17 (2017) defines the acceptance criteria for three target 116 

structural performance levels: Immediate Occupancy (IO), Life Safety (LS), and Collapse Prevention 117 

(CP), each of which represents a progressively more severe state of damage. Although ASCE 41-17 118 

(2017) defines the performance levels based on global responses of structures considering the 119 

anticipated impact of the structural damage and post-earthquake occupancy, the evaluation of the 120 

building’s seismic performance is conducted at the component action level such as internal moment, 121 

shear, torque, axial force, deformation, or rotation. 122 

The acceptance criteria in ASCE 41-17 (2017) are defined based on the following two conditions. 123 

The first condition is the ability of a given component’s action, such as axial force or shear, to undergo 124 

inelastic response, i.e., force- or deformation-controlled, whereas the second condition is the 125 

criticality of the element to overall structural performance, i.e., primary or secondary components. 126 

When a component’s action has measurable ductility and is able to maintain load under inelastic 127 

deformation, it is considered deformation-controlled; otherwise, it is referred to as force-controlled. 128 

Components that are required to resist seismic forces and accommodate deformations for the 129 

structure to achieve the selected performance level are classified as primary, while those that 130 

accommodate seismic deformations and are not required to resist seismic forces for the structure to 131 

achieve the selected performance level are classified as secondary. 132 
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2.2.1. Acceptance criteria for nonlinear procedures 133 

For deformation-controlled actions, primary and secondary components need to have expected 134 

deformation capacities corresponding to a structural performance level not less than the maximum 135 

deformation demands that each structural element experiences. The expected deformation capacities 136 

of primary and secondary components vary along with the selected structural performance level, 137 

which are tabulated in Section 9 of ASCE 41-17 (2017). On the other hand, regarding force-controlled 138 

actions, primary and secondary components should have lower-bound strengths not less than the 139 

force demands. If the force-controlled components’ force-deformation relationship is not explicitly 140 

modelled, the following equation should be satisfied: 141 

𝛾𝜒(𝑄𝑈𝐹 − 𝑄𝐺) + 𝑄𝐺 ≤ 𝑄𝐶𝐿  (1) 

where 𝛾 is the load factor coefficient, χ is the performance level coefficient (taken as 1.0 for CP or 142 

1.3 for LS and IO), 𝑄𝑈𝐹  represents the force demand caused by gravity and seismic loads, 𝑄𝐺  is the 143 

demand from gravity load, and 𝑄𝐶𝐿  is the lower-bound strength of a force-controlled action of an 144 

element at the deformation level under consideration. Note that 𝛾χ needs not to exceed a value of 145 

1.5. An overview of the seismic performance evaluation is presented in Figure 1. 146 

2.2.2. Determination of acceptance criteria 147 

The acceptance criteria for each performance level are defined based on the idealized relationship 148 

between the force and deformation of each element as shown in Figure 2, where P and S represent 149 

primary and secondary components, respectively. The backbone curve is usually determined based 150 

on the experimentally obtained cyclic responses from various studies and experts’ opinions. The 151 

specified deformation is directly used as the acceptance criteria when nonlinear procedures are used 152 

for seismic performance assessment. 153 

2.3. Nonlinear modelling parameters 154 

For the nonlinear dynamic procedure, the hysteretic behaviour of each element needs to be 155 

numerically modelled. ASCE 41-17 (2017) suggests that the hysteretic behaviour of the components 156 
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is determined experimentally or by other procedures approved by the Authority Having Jurisdiction. 157 

The characteristics of the hysteretic loops, including cyclic stiffness degradation in unloading and 158 

reloading, cyclic strength degradation, and in-cycle strength degradation, are realistically 159 

represented in the component modelling. 160 

For the NSP, the envelope of cyclic hysteretic behaviour is generalized as a multi-linear model 161 

as shown in Figure 3. In Section 9 of ASCE 41-17 (2017), nonlinear modelling parameters and the 162 

corresponding acceptance criteria are provided for each steel structural element based on the 163 

generalized force-deformation relationship in Figure 3. The followings steel elements’ modelling 164 

parameters are available in ASCE 41-17 (2017): (1) beam-column elements, (2) panel zones, (3) beam 165 

and column connections, (4) buckling-restrained braces, (5) link beams, (6) steel-plate shear wall, (7) 166 

structural steel frame with infill, (8) diaphragms, (9) cast and wrought iron, and (10) cold-formed 167 

structural systems. 168 

 The modelling parameters up to the yielding of each steel structural element (stiffness, yield 169 

strength, and yield deformation) are defined based on the design standards of steel structures or 170 

based on the first principles. On the other hand, the post-yield force-deformation relationship (points 171 

C, D, and E in Figure 3) is derived based on the experimentally obtained cyclic responses from various 172 

studies. A brief summary of the modelling parameters of the elastic part of steel structural elements 173 

(segment from A to B in Figure 3) are summarized in Table 1, especially the equations of strength and 174 

yield deformation that are explicitly presented in ASCE 41-17 (2017). Note that this paper adopts 175 

Canadian notations especially for those cross over ASCE 41-17 (2017) and CSA S16 because this paper 176 

is written for the practical engineers and researchers who deal with the steel structures in Canada. 177 

From the literature review, some of the equations in ASCE 41-17 (2017) are adopted from the design 178 

requirements in AISC 360 and AISC 341. More details of parameter definitions, application limits, 179 

and commentaries are found in ASCE 41-17 (2017). 180 

 In ASCE 41-17 (2017), based on the generalized force deformation relationship, the acceptance 181 

criteria for nonlinear analysis procedures are defined in terms of the plastic deformation, i.e., 𝑎, 𝑏, 182 
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and 𝑐 in Figure 3. Since the post-yield force-deformation relationship, i.e., C, D, and E in Figure 3, is 183 

derived based on the experimentally obtained cyclic responses from various studies which are not 184 

affected by design standards, it is logical to directly adopt the acceptance criteria in ASCE 41-17 (2017) 185 

to steel structures in Canada. However, ASCE 41-17 (2017) defines the modelling parameters of the 186 

elastic region for some steel structural elements by referring to the design standards of the U.S. Note 187 

that even though some equations are presented in ASCE 41-17 (2017) as seen in Table 1, it is found 188 

that the formulas, especially those that define the strength of the steel components are very similar 189 

to the strength equations in the design standards. Thus, the following section reviews the design 190 

standards of the two countries, which forms the basis to evaluate whether the nonlinear modelling 191 

parameters and the acceptance criteria of ASCE 41-17 (2017) can be adopted as is, or whether they 192 

need to be revised. 193 

3. Review of Steel Design Standards in Canada and the U.S. 194 

Steel design standards in Canada and the U.S. are listed in Table 2. After a comprehensive review of 195 

historic design standards of Canada and the U.S. from the early 1900s to current, remarks are 196 

provided in the subsequent section for each steel structural element in Table 1. Since the nonlinear 197 

modelling parameters and acceptance criteria in ASCE 41 have evolved from ATC 14 (1987), FEMA 198 

178 (1992), FEMA 273 (1997), ASCE 31 (2003), ASCE 41-06 (2006), and ASCE 41-13 (2013), and are 199 

determined based on the first principles, cumulative experimental data, and experts’ opinions, we 200 

decided to perform a detailed review of historical development of steel design standards in Canada 201 

relative to those of the U.S., to identify if any specific changes in CSA standard resulting in unique 202 

component detailing found in Canadian buildings that causes seismic vulnerabilities (Fazileh et al., 203 

2022). Since ASCE 41-17 (2017) uses the steel design standards (AISC 360 and AISC 341) to calculate 204 

the strength of the modelling parameters except that the strength reduction factor is taken as 1.0, the 205 

equations in CSA S16 are adopted without a strength reduction factor. Note that while conducting 206 

this review, AISC 360-16 (2016) and AISC 341-16 (2016) are the latest editions of the design standards 207 

in the U.S., while CSA S16-19 (2019) is the latest standard in Canada. After providing an overview of 208 
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historic design standards in Section 3.1, a high-level summary of each structural element is presented 209 

in Sections 3.2 through 3.9. 210 

3.1. Historical steel design standards 211 

The first design standards in Canada and the U.S. were developed based on allowable (or working) 212 

stress design (ASD or WSD). In ASD, the demands to structural elements are calculated based on 213 

working, or service loads, then compared to allowable stress limits that are determined by critical 214 

stress such as yielding or buckling stress and a factor of safety. After World War II, research into the 215 

ultimate strength of steel structures, i.e., plastic design, began. The first plastic design criteria were 216 

adopted in the 1961 edition of both CSA S16 and AISC 360. The application of the plastic design 217 

philosophy was limited to some structural elements and the procedure was complicated. Based on 218 

the review of historic design standards, it is found that the design standards of the two countries are 219 

equivalent to each other until 1970. 220 

A new design philosophy based on reliability theory, referred to as limit states design, was first 221 

introduced in CSA S16-M78 (1978). Similarly, the limit states design philosophy, named Load and 222 

Resistance Factor Design (LRFD) was first adopted in 1986 in AISC 360. Note that, in the latest version 223 

of steel design standards, CSA S16 only provides the design requirements developed based on the 224 

limit states design, whereas both ASD and LRFD are being used in AISC 360. Some discrepancies 225 

have been observed in equations and design requirements of the Canadian and the U.S. steel design 226 

standards since the new design philosophy was adopted. However, from a thorough review, it is 227 

found that the discrepancies are minor and both standards provide similar strength values for each 228 

element compared to experimental results. 229 

Although AISC 360 is intended to cover common design criteria, it is not feasible to deal with 230 

many special and unique details when steel structures are subjected to an earthquake. To address this 231 

issue, the first edition of seismic design standard Seismic provisions for structural steel buildings (AISC 232 

341) was released in 1990. In a similar manner in Canada, the first seismic design requirements are 233 

introduced in Clause 27 of the 1994 edition of CSA S16 (CSA S16-94, 1994). Figure 4 presents the 234 
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design standards of the two countries listed in a chronological order with the major milestones. Note 235 

that there are several other historic editions with minor revisions that are not listed in Figure 4. A 236 

more detailed review of the historic design standards can be found in Kwon et al. (2022). 237 

Regarding the cold-formed steel structures, in 2001, the first edition of North American 238 

Specification for the Design of Cold-Formed Steel Structural Members was developed by a joint effort of 239 

the American Iron and Steel Institute (AISI) Committee on Specifications, the Canadian Standards 240 

Association (CSA) Technical Committee on Cold-Formed Steel Structural Members (CSA S136-M94, 241 

1994), and Camara Nacional de la Industria del Hierro y del Acero (Camara, 1965) in Mexico (AISI, 242 

2001). It includes the ASD and LRFD methods for the U.S. and Mexico together with the limit states 243 

design (LSD) method for Canada. This North American specification has been accredited by the 244 

American National Standard Institute (ANSI) to supersede the previous editions of Specification for 245 

the Design of Cold-Formed Steel Structural Members published by AISI and the previous editions of CSA 246 

S136 Cold Formed Steel Structural Members. Following the successful use of the 2001 edition of the 247 

North American Specification for six years, it was revised and expanded in 2007. The latest edition 248 

of CSA S136-16 (2016) is equivalent to that of AISI S310 (2016). 249 

3.2. Beam-column elements 250 

The design of beam-column should consider the combined effects of axial and flexural loads, which 251 

in general, forms interaction equations. The interaction equations in CSA S16 and AISC 360 are 252 

similar, but the coefficients and consideration of the weak axis bending are different. There were 253 

various research efforts that compare the design standards in this regard (Bartlett, 2021; Galambos, 254 

1999; Greene 2021). The studies pointed out that even though the final form of the criteria is not 255 

equivalent in many cases, the theoretical and experimental bases for such requirements are similar to 256 

each other. In addition, Tremblay (2002) compared the design criteria of the buckling strength of the 257 

bracing member provided in CSA S136-M94 (1994) and the 1999 edition of AISC 360 (1999) with the 258 

experimental results. It was found that even though the equations of CSA S136-M94 (1994) and AISC 259 
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(1999) are different from each other, these two design criteria properly capture the mean trend of the 260 

compressive strength. 261 

3.3. Panel zones 262 

AISC 360-16 (2016) provides two different criteria for the panel zone along with the consideration of 263 

plastic panel zone deformation in the analysis. The strength of the web panel zone for the limit state 264 

of shear yielding 𝑉𝑟  is given below. Note that CSA S16 and AISC 360 use different mathematical 265 

notations to describe the mechanical properties of structures, but this study, hereafter, adopts the 266 

notations in CSA S16 for consistency. 267 

(a) When the effect of panel-zone deformation on frame stability is not considered in the analysis 268 

𝑉𝑟 = {

0.60𝐹𝑦𝑐𝑑𝑐𝑤 for 𝐶𝑢 ≤ 0.4𝐶𝑦

0.60𝐹𝑦𝑐𝑑𝑐𝑤(1.4 −
𝐶𝑢
𝐶𝑦
) for 𝐶𝑢 > 0.4𝐶𝑦

 (2) 

(b) When frame stability, including plastic panel-zone deformation, is considered in the analysis: 269 

𝑉𝑟 =

{
 
 

 
 0.60𝐹𝑦𝑐𝑑𝑐𝑤(1 +

3𝑏𝑐𝑡𝑐
2

𝑑𝑐𝑑𝑏𝑤
) for 𝐶𝑢 ≤ 0.75𝐶𝑦

0.60𝐹𝑦𝑐𝑑𝑐𝑤(1 +
3𝑏𝑐𝑡𝑐

2

𝑑𝑐𝑑𝑏𝑤
)(1.9 −

1.2𝐶𝑢
𝐶𝑦

) for 𝐶𝑢 > 0.75𝐶𝑦

 (3) 

where 𝐹𝑦𝑐  is the specified yield stress of the column web, 𝑑𝑐 is the column depth, 𝑤 is the column 270 

web thickness, 𝑏𝑐 is the width of column flange, 𝑡𝑐 is the thickness of the column flange, 𝑑𝑏 is the 271 

beam depth, 𝐶𝑦 is the axial yield strength of the column, and 𝐶𝑢 is the required axial strength. Since 272 

the strength of column flange is superimposed when the inelastic deformation is taken into account 273 

for the frame stability, Eq. (2) is more conservative than Eq. (3).  274 

On the other hand, CSA S16-19 (2019) only provides a single design equation as follows. 275 

𝑉𝑟 = 0.55𝑑𝑐𝑤𝐹𝑦𝑐 [1 +
3𝑏𝑐𝑡𝑐

2

𝑑𝑐𝑑𝑏𝑤
] (4) 

As seen, the design equation in CSA S16-19 (2019) (Eq. (4)) and the equation in AISC 360-16 (2016) 276 

(Eq. (3)) are similar, when 𝐶𝑢 ≤ 0.75𝐶𝑦 . In addition, because of the reduction factor (1.9 −
1.2𝐶𝑢

𝐶𝑦
) 277 

when 𝐶𝑢 > 0.75𝐶𝑦, the equations in AISC 360 are more conservative than those of CSA S16.  278 
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3.4. Connections 279 

The 1994 Northridge earthquake revealed the brittle nature of welded beam-column joints (James, 280 

1998; Mahin, 1997). This catastrophic event led to the development of new beam-column connection 281 

designs which behave in a ductile manner. From the literature review (Carter & Duncan, 2013) and 282 

thorough investigation of the two design standards, it was found that major revisions have been 283 

made to the design details of the connection after the Northridge Earthquake. Before this event, 284 

Canada and the U.S. design standards had equivalent design criteria for the connections. Although 285 

the design details of the connections between Canada and the U.S. in the latest edition are not 286 

identical, their difference is minor (Maiorana & Pellegrino, 2013; Pizzuto, 2019). For example, the 287 

block shear failure equations in the latest edition of CSA S16 and AISC 360 are different, but Pizzuto 288 

(2019) demonstrated that the calculated values from the two equations are similar to each other and 289 

to the experimental results. 290 

3.5. Braces in buckling-restrained braced frame 291 

Since the braces in buckling-restrained braced (BRB) frames are intended to resist seismic loads, 292 

design detailing requirements are provided in Clause 27 of CSA S16 in Canada and AISC 341 in the 293 

U.S. The design detailing requirements about BRBs were first introduced in CSA S16-09 (2009). In 294 

CSA S16-09 (2009), the probable tensile and compressive resistance of the bracing members, including 295 

strain hardening and friction effects are taken as follows: 296 

𝑇𝑦𝑠𝑐 = 𝜔𝐴𝑠𝑐𝑅𝑦𝐹𝑦𝑠𝑐 

𝐶𝑦𝑠𝑐 = 𝛽𝜔𝐴𝑠𝑐𝑅𝑦𝐹𝑦𝑠𝑐 
(5) 

where 𝜔 is the strain hardening adjustment factor, 𝐴𝑠𝑐  is the cross-sectional area of the yielding 297 

segment of the steel core, 𝐹𝑦𝑠𝑐 is the yield stress of the steel core, 𝑅𝑦 is the factor applied to yield 298 

stress to estimate probable yields stress, and 𝛽 is the friction adjustment factor. These requirements 299 

are also in the latest version of the CSA S16, i.e., CSA S16-09 (2009). The design criteria of the BRB is 300 

first introduced in the 2005 edition of AISC 341 and the equivalent design criteria shown in Eq. (5) 301 

are given in Section F4 of AISC 341-16 (2016). 302 
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3.6. Link beams 303 

Eccentrically Braced Frame (EBF) is developed by combining the merits of a concentrically braced 304 

frame and a moment-resisting frame, which brings high elastic stiffness and ductile inelastic 305 

responses to the system (David & Sarif, 2020; Kazemzadeh Azad & Topkaya, 2017; Koboevic & David, 306 

2010). EBF has a structural fuse which is the link element that dissipates energy through yielding. The 307 

first EBF project in Canada was built in the 1980s and EBF design provisions were first introduced in 308 

Appendix D of (CSA S136-M89, 1989).   309 

In Section F3 of AISC 341-16 (2016), details of link beam in EBF are described. The available shear 310 

strength of the link is equal to the lesser of 𝑉𝑝𝑎 or 2𝑀𝑝𝑎/𝑒, where 311 

𝑉𝑝𝑎 =

{
 
 

 
 𝑉𝑝

𝐶𝑢
𝐶𝑦
≤ 0.15

𝑉𝑝√1 − (
𝐶𝑢
𝐶𝑦
)

2
𝐶𝑢
𝐶𝑦
> 0.15

 (6) 

 312 

𝑀𝑝𝑎 =

{
 
 

 
 𝑀𝑝

𝐶𝑢
𝐶𝑦
≤ 0.15

1.18𝑀𝑝(1 − (𝐶𝑢/𝐶𝑦))
𝐶𝑢
𝐶𝑦
> 0.15

 (7) 

in which 𝑉𝑝  is the plastic shear resistance, 𝐶𝑢  is the axial force in the link, 𝐶𝑦  is the axial yield 313 

strength, 𝑀𝑝 is the plastic moment resistance, and 𝑒 is the length of the link. Similarly, Clause 27 of 314 

CSA S16 provides the design requirements for the link beam as the lesser of 𝑉𝑝𝑎 or 2𝑀𝑝𝑎/𝑒, where 315 

𝑉𝑝𝑎 = 𝑉𝑝√1 − (
𝐶𝑢
𝐶𝑦
)

2

 (8) 

𝑀𝑝𝑎 = 1.18𝑀𝑝(1 − (𝐶𝑢/𝐶𝑦)) ≤ 𝑀𝑝 (9) 

From this comparison, one can find that the design criteria for the link beam of the two countries are 316 

equivalent to each other, except when the axial load ratio is smaller than 0.15. 317 

3.7. Steel plate shear walls 318 

The concept of steel plate shear walls has been recognized in CSA S16 since 1995. In typical designs 319 

and as assumed by the seismic provisions, the webs of steel plate shear walls are unstiffened and 320 
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slender (Ericksen & Sabelli, 2008). The webs are therefore capable of resisting large tensile forces, but 321 

little or no compression. As lateral loads are imposed on the system, shear stresses develop in the 322 

web until the principal compression stresses (oriented at a 45° angle to the shear stress) exceed the 323 

compression strength of the plate. At this point, the web plate buckles and forms diagonal fold lines.  324 

In the 1994 edition of CSA S16, the design requirements of the steel plate shear wall are provided 325 

in a non-mandatory appendix, Appendix M. The design details of the plate wall were well established 326 

in CSA S16-09 (2009). The shear resistance of infill plates is taken as 327 

𝑉𝑟  =  0.4𝐹𝑦𝑤𝐿 sin 2𝛼 (10) 

where 𝐹𝑦 is the minimum yield stress, 𝑤 is the thickness of the web, and 𝐿 is the clear distance 328 

between vertical boundary elements flanges, and 𝛼 is the angle of web yielding. On the other hand, 329 

in the U.S., the design criteria for the special plate shear wall are first included in the 2005 edition of 330 

AISC 341. The design shear strength in the latest edition of AISC 341 (2016) is given by 331 

𝑉𝑟  =  0.42𝐹𝑦𝑤𝐿 sin 2𝛼 (11) 

As shown in Eqns. (10) and (11), the design equations of the two standards are very similar.  332 

3.8. Cold-formed structures 333 

As described in Section 3.1, the same design standards are used in Canada and the U.S. for cold-334 

formed steel structures since 2001. Thus, this study reviewed the cold-formed steel design standards 335 

released before 2001 in Canada and the U.S. Similar to the design standards for steel structures, it 336 

was found that equivalent design procedures were provided in two countries before the 1980s. Some 337 

discrepancies have been observed in the design standards released in the 1980s and 1990s, but, 338 

similarly to the steel design standards, their impact on the seismic assessment procedure is expected 339 

to be minor. 340 

3.9. Diaphragms 341 

Cold-formed steel diaphragms consist of profiled steel sheets or panels to resist in-plane shear forces 342 

such as seismic and wind-induced lateral loads. Currently, Canada and the U.S. follow the same 343 
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design standard for steel diaphragms, AISI S310-16 (2016) North American Standard for the Design of 344 

Profiled Steel Diaphragm Panels. The design standard provides an analytical method for determining 345 

the strength and stiffness of the steel deck diaphragm and test procedures as an option for 346 

determining the limit states. The AISI S310 standard has been adopted as a reference in CSA S136 347 

and AISI S100. 348 

Before using the consolidated specification, the U.S. employed both (1) Tri-Services Manual 349 

published by the Department of Army and (2) Diaphragm Design Manual published by Steel Deck 350 

Institute (SDI), referred to as the SDI method, whose first edition was published in 1981. The Tri-351 

Services method is based on a series of full-scale experiments from which empirical equations for 352 

both strength and stiffness were developed. On the other hand, the SDI method was based on the 353 

works of Luttrell (Luttrell, 1981; Luttrell, 1995; Luttrell and Huang, 1981) and tests were conducted 354 

at West Virginia University. The method adopts an analytical approach that has been confirmed by 355 

experiments and allows the tabulation of strength and stiffness values. Note that the AISI S310 is a 356 

consensus standard which has been developed based on both the Tri-Services method and SDI 357 

method.  358 

The Canadian Sheet Steel Building Institute (CSSBI) adopted the Tri-Service method as the basis 359 

for the first diaphragm design standard in 1972. However, there existed some limitations in the Tri-360 

service method, in that it did not indicate the failure mode of the diaphragm and no explicit factor of 361 

safety has been provided although a value 2.5 has typically been assumed. Thus, the Design of Steel 362 

Deck Diaphragm (CSSBI, 2006) also adopted the SDI method for the fastener configurations that are 363 

not covered by the Tri-Services method. From this fact, one can infer that steel diaphragms in Canada 364 

and the U.S. are designed based on the equivalent design criteria. 365 

4. Recommendation of nonlinear modelling parameters and acceptance criteria for seismic 366 

evaluation and upgrading of steel structures in Canada 367 

Based on the comprehensive literature reviews of design standards and assessment guidelines, this 368 

section recommends nonlinear modelling parameters and acceptance criteria for seismic evaluation 369 
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and upgrading of existing steel structures in Canada. This recommendation is proposed based on the 370 

following reasonings. 371 

First, the backbone curve of each structural element (e.g., a, b, and c in Figure 3), especially the 372 

modelling parameters defining the plastic region, has been developed based on the compiled 373 

experimental results and experts’ opinions according to commentaries of ASCE 41-17 (2017). Based 374 

on the review of historic design standards and available literature, there is no clear evidence showing 375 

that components of steel structures in Canada would behave differently from the components of steel 376 

structures in the U.S. Even if different design standards were used in the past, the assessment is 377 

carried out based on the as-built condition of the structural components. Thus, it is deemed 378 

appropriate to directly adopt the nonlinear modelling parameters in ASCE 41-17 (2017) for steel 379 

structural systems in Canada. It is, however, noted that there is room for improvement as many 380 

parameters and coefficients were based on engineering judgement without sufficient experimental 381 

results. Updating parameters of a specific type of structural element, though, deserves systematic 382 

research with well-controlled test parameters. The following studies show efforts to update the 383 

nonlinear modelling parameters and acceptance criteria using available experimental data and 384 

numerical simulations: Deierlein et al. (2017, 2018), Hamburger et al. (2017), Lignos et al. (2019), and 385 

PEER/ATC (2010). 386 

Second, since the acceptance criteria for each structural performance level (e.g., IO, LS, and CP) 387 

in ASCE 41-17 (2017) are defined based on the backbone curve of each component following the 388 

procedure in Section 2.2.3, it is deemed appropriate to adopt the structural performance levels as 389 

presented in ASCE 41-71 (2017). Even though there is room for further improvement to refine the 390 

structural performance levels in terms of probability of exceedance based on reliability theory, such 391 

improvement requires independent research. 392 

Third, as discussed in Section 3, most design equations in CSA S16 and the corresponding 393 

equations in AISC 360 are similar. Some strength equations show minor differences, though. Because 394 

newly designed structures in Canada, which satisfy the latest edition of CSA S16, should also satisfy 395 
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the requirements in the seismic evaluation guidelines, it is deemed appropriate to use the strength 396 

and stiffness parameters in the Canadian design standards for seismic evaluation of steel structures 397 

in Canada, rather than those in AISC 360 or AISC 341. Thus, in order to maintain the consistency 398 

between the design and the evaluation, it is recommended that the strength and stiffness equations 399 

in CSA S16 replace those in AISC 360 and AISC 341 in defining the elastic segment of the backbone 400 

curve of various steel structural elements. 401 

Based on the above reasonings, the nonlinear modelling parameters in ASCE 41-17 (2017) are 402 

revised in order to apply the seismic evaluation procedures to steel structures in Canada. The 403 

nonlinear modelling parameters are classified into five types as shown in Table 3. The three types 404 

among five do not require revision of ASCE 41-17 (2017), but the rest require minor revision for their 405 

applications to steel structures in Canada to maintain consistency with the design equations for new 406 

steel structures and those for evaluation of existing structures. 407 

 To clearly describe the five types of recommended revisions, a high-level summary of 408 

application of Types 1 through 5 to the nonlinear modelling parameters is presented for structural 409 

elements listed in Table 1. More detailed recommendations can be found in Kwon et al. (2022). 410 

4.1. Beam-column elements 411 

A beam is defined as a member when the axial force (compression or tension) in the member does 412 

not exceed 10% of the expected compressive strength, while when the axial force (compression or 413 

tension) in the member equals to or exceeds 10% is classified as a column. AISC 360-16 (2016) presents 414 

the interaction equation as follows 415 

(a) For 
𝐶𝑓

𝐶𝑟
< 0.2 

𝐶𝑓

2𝐶𝑟
+ (

𝑀𝑓𝑥

𝑀𝑟𝑥

+
𝑀𝑓𝑦

𝑀𝑟𝑦

) ≤ 1.0 

(b) For 
𝐶𝑓

𝐶𝑟
≥ 0.2 

𝐶𝑓

𝐶𝑟
+
8

9
(
𝑀𝑓𝑥

𝑀𝑟𝑥

+
𝑀𝑓𝑦

𝑀𝑟𝑦

) ≤ 1.0 

(12) 
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where 𝐶𝑓 is the axial strength demand, 𝐶𝑟 is the axial strength capacity, 𝑀𝑓 is the flexural strength 416 

demand, 𝑀𝑟 is the flexural strength capacity, and 𝑥 and 𝑦 in the subscript are respectively strong 417 

and weak axis. By rewriting Eq. (12), it is possible to obtain the strength of the beam-column elements 418 

in Table 1. From this relationship, it is found that the interaction equations in ASCE 41-17 (2017) are 419 

derived from the design standard, which indicates that it belongs to Type 3 recommendation. 420 

Therefore, it is recommended to adopt the corresponding equations in CSA S16 to evaluate the 421 

seismic performance of steel structures in Canada. The interaction equation of Class 1 and Class 2 422 

sections of I-shaped members in CSA S16-19 (2019) is given as follows: 423 

𝐶𝑓

𝐶𝑟
+ (

0.85𝑈1𝑥𝑀𝑓𝑥

𝑀𝑟𝑥

+
𝛽𝑈1y𝑀𝑓𝑦

𝑀𝑟𝑦

) ≤ 1.0 (13) 

where 𝑈1 is the factor to account for moment gradient and for second-order effects of axial force 424 

acting on the deformed member, and 𝛽 is the coefficient for weak axis bending in beam-columns. By 425 

rewriting Eq. (13), the following strength equation is recommended for steel structures in Canada. 426 

(a) For strong axis 

𝑀𝐶𝐸𝑥 = 𝑀𝑝𝑐𝑒𝑥 =
𝑀𝑝𝑒𝑥

0.85𝑈1𝑥
(1 −

|𝐶|

𝐶𝑦𝑒
) ≤ 𝑀𝑝𝑒𝑥 

(b) For weak axis 

𝑀𝐶𝐸𝑦 = 𝑀𝑝𝑐𝑒𝑦 =
𝑀𝑝𝑒𝑦

𝛽𝑈1𝑦
(1 −

|𝐶|

𝐶𝑦𝑒
) ≤ 𝑀𝑝𝑒𝑦 

(14) 

Note that similar manner can be employed to other types of sections in CSA S16 to define the strength 427 

of the element. 428 

Regarding the yield deformation, as described at the beginning of this section, the equations of 429 

yield chord rotation are provided neither in AISC 360 nor in CSA S16 but are present in ASCE 41-17 430 

(2017). Since the yield chord rotation is derived based on the first principles, it is suggested to adopt 431 

the equations as is following Type 1 recommendation. 432 

4.2. Panel zones 433 
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By comparing the equations in Table 1 and Eqns. (2) and (3), it is found that ASCE 41-17 (2017) adopts 434 

Eq. (2) to determine the strength of panel zones. As discussed in Section 3.3, Eq. (2) is more 435 

conservative than Eq. (3), but CSA S16 only provides the shear strength that corresponds to Eq. (3) as 436 

presented in Eq. (4). Therefore, it is recommended to adopt the shear strength criteria shown in ASCE 437 

41-17 (2017) which is relatively conservative. This recommendation is in accordance with Type 4 438 

recommendation. 439 

4.3. Connections 440 

As discussed in Section 3.4, although the difference between the design details of the connection 441 

elements between the standards of Canada and the U.S. are minor, they are not identical. For instance, 442 

in AISC 360-16 (2016), the strength for the limit state of block shear rupture along a shear failure path 443 

and a perpendicular tension failure path is determined as 444 

𝑅𝑛 = 0.60𝐹𝑢𝐴𝑛𝑣 + 𝑈𝑏𝑠𝐹𝑢𝐴𝑛𝑡 ≤ 0.60𝐹𝑦𝐴𝑔𝑣 + 𝑈𝑏𝑠𝐹𝑢𝐴𝑛𝑡 (15) 

where 𝐹𝑢 is the minimum tensile strength, 𝐴𝑛𝑣 is the net area subject to shear, 𝑈𝑏𝑠 is the reduction 445 

coefficient, 𝐴𝑛𝑡 is the net area subject to tension, 𝐹𝑦 is the minimum yield strength, 𝐴𝑔𝑣 is the gross 446 

area subject to shear. Where the tensile stress is uniform, 𝑈𝑏𝑠 = 1; where the tensile stress is non-447 

uniform, 𝑈𝑏𝑠 = 0.5. On the other hand, the corresponding equation in CSA S16-19 (2019) is given as 448 

𝑇𝑟 = [𝑈𝑡𝐴𝑛𝑡𝐹𝑢 + 0.6𝐴𝑔𝑣
(𝐹𝑦 + 𝐹𝑢)

2
 ] (16) 

where 𝑈𝑡 is a factor to account for efficiency of the tensile area listed as a table in CSA S16-19 (2019). 449 

Therefore, it is recommended to determine the stiffness and strength of the beam column connections 450 

as specified in CSA S16 as a replacement of AISC 360 in accordance with Type 5 recommendation. 451 

In addition to the aforementioned recommendation, ASCE 41-17 (2017) provides equations to 452 

define the strength of some partially restrained beam-column connections which are presented 453 

neither in AISC 360 nor in CSA S16. According to the commentary of ASCE 41-17 (2017), such 454 

equations are derived based on experimental results, especially from the SAC documents (FEMA 350, 455 
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2000; FEMA 351, 2000; FEMA 355D, 2000; FEMA 355F, 2000). Therefore, it is recommended to adopt 456 

such values as is by following Type 1 recommendation. 457 

4.4. Braces in buckling-restrained braced frame 458 

From the discussion in Section 3.5 and Eq. (5), since identical design criteria are provided in CSA S16 459 

and AISC 341 for braces in buckling-restrained braced frames, it is recommended to adopt ASCE 41-460 

17 (2017) as is by following Type 2 recommendation. 461 

4.5. Link beams 462 

As seen in Table 1 and Eqns. (6) and (7), one can infer that the equations in ASCE 41-17 (2017) adopt 463 

the design criteria of link beams in AISC 341. Therefore, it is recommended to adopt the 464 

corresponding part in the CSA S16-19 (2019), i.e., Eqns. (8) and (9), to estimate the strength of link 465 

beams in Canadian steel structures. This recommendation is in accordance with Type 3 466 

recommendation. In addition, because the shear yield deformation is provided neither in AISC 360 467 

nor in CSA S16, but is proposed in ASCE 41-17 (2017), it is recommended to adopt the equation as is 468 

in accordance with Type 1 recommendation. 469 

4.6. Steel plate shear walls 470 

As discussed in Section 3.7, the difference between the design details of the steel plate shear walls 471 

between the standards of Canada and the U.S. are minor. It is recommended to estimate the strength 472 

and stiffness of the steel plate shear walls as specified in CSA S16 as a replacement of AISC 360 and 473 

AISC 341. In other words, Eq. (11) is substituted by Eq. (10). The recommendation corresponds to 474 

Type 5 recommendation. Regarding the yield deformation and stiffness of steel plate shear walls, it 475 

is recommended to adopt the equations in ASCE 41-17 (2017) as is in accordance with Type 1 476 

recommendation 477 

4.7. Structural steel frame with infill 478 
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Structural steel frames with partial or complete infills of reinforced concrete or reinforced or 479 

unreinforced masonry need to be evaluated considering the combined stiffness of the steel frame and 480 

infill material. It is recommended that the engineering properties and permissible performance 481 

parameters for the steel frame components comply with the recommendation specified in Sections 482 

4.1 to 4.6 of this paper, while those for the infill walls should comply with the requirements in Chapter 483 

10 of ASCE 41-17 (2017) for concrete and Chapter 11 of ASCE 41-17 (2017) for masonry. Note that 484 

justifications on whether the nonlinear modelling parameters and acceptance criteria of concrete and 485 

masonry components of the seismic-force-resisting systems in Chapters 10 and 11 of ASCE 41-17 486 

(2017) are applicable to concrete and masonry structures in Canada are not within the scope of this 487 

study. 488 

4.8. Diaphragms 489 

Since Canada and the U.S. share the same design standards for the diaphragms, i.e., AISI S310-16 490 

(2016), it is recommended to directly adopt the nonlinear modelling parameters and acceptance 491 

criteria of diaphragms in ASCE 41-17 (2017) for the diaphragms of steel structures in Canada, except 492 

that ASCE 41-17 (2017) references AISC 360 to calculate the strength of components of the 493 

diaphragms. For example, ASCE 41-17 (2017) calculates the strength of steel-headed stud anchors for 494 

steel deck diaphragms with reinforced concrete structural topping by referring to Chapter I of AISC 495 

360, Design of Composite Members. In such case, it is recommended to substitute Clauses 17 and 18 in 496 

CSA S16 which are respectively Composite Beams, Trusses, and Joints, and Composite Columns for 497 

Chapter I of AISC 360. 498 

4.9. Cast and wrough iron 499 

Since no specific design standards are used to provide the nonlinear modelling parameters and 500 

acceptance criteria for cast and wrought iron, it is recommended to adopt the nonlinear modelling 501 

parameters and acceptance criteria specified in ASCE 41-17 (2017) as is for steel structures in Canada. 502 

4.10. Cold-formed structures 503 
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When computing the stiffness and strength of cold-formed structural systems, ASCE 41-17 (2017) 504 

adopt various procedures presented in AISI S400 North American Standard for Seismic Design of Cold-505 

Formed Steel Structural Systems. Since Canada and the U.S. share the same design standard for cold-506 

formed structures, it is recommended to adopt the evaluation procedures in ASCE 41-17 (2017) as is 507 

for cold-formed structures in Canada. 508 

5. Application example to a steel structure in Canada 509 

The numerical study is conducted to demonstrate the procedure to estimate the nonlinear modelling 510 

parameters and acceptance criteria of a steel structure in Canada based on the recommendation 511 

provided in Section 4. The aim of this numerical study is not to validate the proposed 512 

recommendations by comparing them to the ones in ASCE 41-17 (2017) but to demonstrate the 513 

modelling of a nonlinear steel structural system. Using the defined nonlinear modelling parameters 514 

and acceptance criteria, it is possible to evaluate the seismic performance of steel structural systems. 515 

This section only provides the modelling details and the overall evaluation procedure is provided in 516 

Appendix A. 517 

5.1. Reference structure 518 

A representative steel moment-resisting frame (MRF) located in the city of Montreal is selected for 519 

this application example. The steel MRF was designed by Gómez et al. (2015) based on the NBC 1980 520 

(NRC, 1980). The plan view of the reference structure is presented in Figure 5(a) which consists of a 521 

rectangular layout of 3 by 4 bays. The structure is symmetrical in both directions. The lateral load 522 

resisting system in the EW-direction consists of steel MRFs, while in the NS-direction it consists of 523 

braced frames. This article only analyzes the EW-direction of the structure, and the corresponding 524 

elevation view is illustrated in Figure 5(b). The numbers in the squares in Figure 5(b) represent the 525 

node numbers which are assigned for explanation purposes. 526 

According to Gómez et al., (2015), in 1980, steel MRFs were designed with a storey drift limit of 527 

0.20%, but it was not mandatory. Thus, the authors of Gómez et al. (2015) designed two different 528 
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structural systems with and without meeting the storey drift limit. This study adopts a design that 529 

does not meet the requirement. In other words, the relatively unconservative structural model is 530 

selected. The selected wide flange sections are listed in Table 4. The design details including mass, 531 

gravity loads, and material and sectional properties can be found in Gómez et al. (2015). 532 

5.2. Nonlinear modelling parameters and acceptance criteria 533 

The numerical model consists of beam, column, and panel zone elements. Using the nonlinear 534 

modelling parameter and acceptance criteria tables provided in Section 9 of ASCE 41-17 (2017) and 535 

the recommendation in Section 4, the nonlinear backbone curve for each structural element is able to 536 

be defined. To effectively present the results, the nonlinear modelling parameters and acceptance 537 

criteria of the first storey in the frame structure are presented in this subsection and those of other 538 

storeys can be found in Appendix A. 539 

5.2.1. Beam 540 

Following the equation in Table 1 and the recommendation in Section 4.1 with sectional properties 541 

shown in Table 4, the yield strength and yield deformation of the beam element can be calculated as 542 

shown in Table 5. In calculating the member strength, the expected yield stress of 379 (= 1.1 ∙ 345) 543 

MPa is employed, where 345 MPa is the nominal yield strength, and 1.1 is obtained from Clause 27.1.7 544 

of CSA S16-19 (2019). Moreover, the moment of inertia of the beam elements is amplified by 1.4 to 545 

consider the effect of composite action on beams of the moment frame following the recommendation 546 

by Elkady & Lignos (2014). 547 

Since the connection details govern the plastic behaviour of the beam element, modelling 548 

parameters of the connection are introduced. According to Gómez et al. (2015), the connection of the 549 

structure is designed such that plates are welded to the bottom and top beam flanges and to the 550 

column flanges. Although the modelling parameters of the connection are calibrated using 551 

experimental datasets in Gómez et al. (2015), this study uses the provided modelling parameters in 552 

ASCE 41-17 (2017). The nonlinear modelling parameters and acceptance criteria for each structural 553 
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performance level of welded top and bottom haunches can be found in Table 9.7-2 of ASCE 41-17 554 

(2017) and presented in Table 6. Note that the provided nonlinear modelling parameters do not vary 555 

along with the sectional properties.  556 

5.2.2. Column 557 

Since it is recommended to adopt Eq. (14) to calculate the yield strength of column elements for steel 558 

structures in Canada, 𝑈1𝑥  needs to be first estimated. To this end, the axial force value of the 559 

structure is obtained by applying the gravity loads to the numerical model. The gravity loads consist 560 

of the dead, live, and snow loads of which details are provided in Appendix A. By performing a linear 561 

analysis, the ratio of axial strength demand to capacity for each column is obtained as shown in Table 562 

7. Using the equation provided in Clause 13.8.4 of CSA S16-19 (2019) and Eq. (14), the yield strength 563 

and deformation of the column are calculated as presented in Table 7. 564 

The nonlinear modelling parameters of the columns are defined considering the flange and web 565 

slenderness following the procedure provided in Table 9.7-1 of ASCE 41-17 (2017). Since each column 566 

member has different axial strength ratios and slenderness values, an interpolation has been carried 567 

out to define the nonlinear modelling parameters. Once a, b, and c are determined, the acceptance 568 

criteria are calculated using equations given in Table 9.7-1. The results are shown in Table 8. 569 

5.2.3. Panel zone 570 

As described in Section 4.2, it is recommended to adopt the equation provided in ASCE 41-17 (2017) 571 

to determine the shear strength of panel zones for steel structures in Canada. Therefore, using the 572 

sectional properties of adjacent columns and beams, the nonlinear modelling parameters and 573 

acceptance criteria of panel zones can be calculated as presented in Table 9. 574 

5.3. Analysis results 575 

Using the nonlinear modelling parameters, it is possible to develop a numerical model. Among many 576 

NSPs, this study employs the coefficient method to estimate the seismic demand of each structural 577 
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component for a given seismic hazard. By comparing the seismic demand and various structural 578 

performance levels, the seismic performance of the model is evaluated. It was found that the panel 579 

zones are the most vulnerable elements in the MRF structure, but all the demands are below the LS 580 

capacity. Detailed procedures and results are provided in Appendix A.  581 

6. Conclusions 582 

This study reviewed the nonlinear modelling parameters and acceptance criteria in ASCE 41-17 (2017) 583 

for steel structures in the U.S. to evaluate their applicability to steel structures in Canada. From 584 

comprehensive reviews of available seismic design and evaluation standards and guidelines, it was 585 

found that ASCE 41-17 (2017) refers to the steel design standards to define some nonlinear modelling 586 

parameters, especially the elastic part of the force and deformation relationship of steel structural 587 

elements, whereas the plastic region of structural models has been developed based on compiled 588 

experimental results and experts’ opinion. The acceptance criteria for various structural performance 589 

levels are defined based on the backbone curve for each structural element. Thus, the modelling 590 

parameters of the plastic region and the acceptance criteria could be directly adopted to evaluate the 591 

seismic performance of steel structures in Canada, while care is needed to adopt the modelling 592 

parameters of the elastic region because Canada and the U.S. adopt different steel design 593 

standards.  594 

 After carrying out a comprehensive review of the design standards of the two countries, this 595 

study suggested five types of recommendation to apply the nonlinear modelling parameters and 596 

acceptance criteria in ASCE 41-17 (2017) to steel structures in Canada. Depending on the design 597 

equations, some modelling parameters that are proposed based on the first principles are adopted as 598 

is, while others, especially the modelling parameters that are determined based on the steel design 599 

standards in the U.S., are replaced by the corresponding steel design standards in Canada. Finally, 600 

an application example showed the overall procedure to evaluate the seismic performance of steel 601 

structures in accordance with the recommendation proposed in this study. Following this example, 602 
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the nonlinear modelling parameters and acceptance criteria that are obtained or updated in future 603 

studies could be easily implemented in practice. 604 
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Table 1. Modelling parameters of steel structural elements 674 

Element Strength Yield deformation (stiffness) 

General 

assumptions 

Unless other procedures are specified in 

ASCE 41-17 (2017), procedures contained in 

AISC 360 or AISC 341 to calculate design 

strength are permitted, except that the 

strength reduction factor, ϕ, is taken as 1.0. 

Component stiffnesses are calculated in 

accordance with Sections 9.4 through 9.12 of 

ASCE 41-17 (2017). 

Beam 

column 

elements– 

flexural 

For flexural actions of beams and columns 

expected to develop plastic hinges, the 

expected flexural strength at the hinge 

locations is 

 

Beam 

𝑀𝐶𝐸 = 𝑀𝑝𝑒 

 

Column 

𝑀𝐶𝐸 = 𝑀𝑃𝐶𝐸

=

{
 
 

 
 for

|𝐶|

𝐶𝑦𝑒
< 0.2 𝑀𝑝𝑒 (1 −

|𝐶|

2𝐶𝑦𝑒
)

for
|𝐶|

𝐶𝑦𝑒
≥ 0.2 𝑀𝑝𝑒

9

8
(1 −

|𝐶|

2𝐶𝑦𝑒
)

 

where 

𝑀𝐶𝐸 = expected flexural strength of a member 

or joint; 

𝑀𝑝𝑒 = expected plastic moment capacity of 

the section; 

𝑀𝑝𝑐𝑒 = expected plastic moment capacity of 

the section reduced for the effect of axial 

force. 

𝐶 = axial force in the column; 

𝐶𝑦𝑒 = expected axial yield capacity of the 

column. 

Yield chord rotation of beam 

𝜃𝑦 = 𝑀𝑝𝑒𝐿(1 + 𝜂)/6𝐸𝐼 

where  

𝐿 = length of the component;  

𝐸 = Young’s modulus;  

𝐼 = moment of inertia;  

𝜂 = Adjustment factor to account for the effect 

of shear deformation. 

 

Yield chord rotation of column 

𝜃𝑦 = 𝑀𝑝𝑐𝑒𝐿(1 + 𝜂)/6𝜏𝑏𝐸𝐼 

where 

𝜏𝑏 = stiffness reduction parameter. 

Panel zones For shear actions in panel zones, the expected 

shear strength, 𝑉𝐶𝐸 refers to the plastic shear 

capacity of the panel zone, which is calculated 

using 

𝑉𝐶𝐸 = 𝑉𝑦𝑒

=

{
 
 

 
 
|𝐶|

𝐶𝑦𝑒
< 0.4 0.55𝐹𝑦𝑒𝑑𝑐𝑤

|𝐶|

𝐶𝑦𝑒
≥ 0.4 0.55𝐹𝑦𝑒𝑑𝑐𝑤 (1.4 −

|𝐶|

𝐶𝑦𝑒
)

 

where 

𝑉𝑦𝑒 = expected yield shear strength; 

𝐹𝑦𝑒 = expected yield strength; 

𝑑𝑐 = column depth; 

𝑤 = total thickness of panel zone, including 

any doubler plates. 

The shear yield strain, 𝛾𝑦, for a panel zone is 

calculated in accordance with 

𝛾𝑦 =
𝐹𝑦𝑒

𝐺√3
√1 − (

|𝐶|

𝐶𝑦𝑒
)

2

 

where 

𝐺 = shear modulus of steel. 

 

Connections 

(Fully or 

partially 

restrained) 

Fully restrained (FR) 

Strength of a connection is based on the 

controlling limit state considering all potential 

modes of failure. See Section 9.4.2.3 of ASCE 

41-17 (2017) for details. 

 

Partially restrained (PR) 

Fully restrained (FR) 

Modelling of a FR connection stiffness is 

required except for joints that are intentionally 

reinforced to force formation of plastic hinges 

within the beam span, remote from the column 

face 
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Equations to estimate the strength of various 

connection types are provided in ASCE 41-17 

(2017). See Section 9.4.3.3 of ASCE 41-17 

(2017) for details. 

Partially restrained (PR) 

The rotational spring stiffness 𝐾𝜃 of a PR 

connection is determined by  

𝐾𝜃 =
𝑀𝐶𝐸

0.005
 

where 

𝑀𝐶𝐸 = expected moment strength of connection 

of three specific PR connection listed in Section 

9.4.3.2.1 of ASCE 41-17 (2017).  

 

The stiffness of those not listed in Section 

9.4.3.2.1 of ASCE 41-17 (2017) is calculated as 

𝐾𝜃 =
𝑀𝐶𝐸

0.003
 

Note that an alternative procedure is provided 

in Section 9.4.3.2 of ASCE 41-17 (2017). 

Braces in 

buckling-

restrained 

braced frame 

Braces are modelled with the stiffness of the 

yielding core segment and transition segment 

added in series. The transition segment 

should include the properties of the brace that 

is stiffened from the end of the core to the 

gusset connection. It is permitted to assume 

the gusset and beam–column joint as rigid 

relative to the brace for axial stiffness. 

The expected yield strength is the net area of 

the core multiplied by the expected yield stress. 

For strength and modelling parameters, the 

expected yield stress is taken as the specified 

minimum yield stress multiplied by 𝑅𝑦 from 

AISC 341, where 𝑅𝑦 the is AISC 341 factor to 

translate from lower-bound to expected values 

Link beams; 

Beam 

column 

elements – 

shear 

The expected strength of the link beam is 

governed by shear yielding, 𝑉𝐶𝐸, or flexural 

yielding, 𝑀𝐶𝐸. Where flexural yielding 

governs, the expected strength is converted to 

the resultant shear demand 𝑉. 

 

For shear yielding, the following equation is 

employed to estimate the expected strength 

𝑄𝐶𝐸 = 𝑄𝑦 = 𝑉𝐶𝐸 of the link beam 

𝑉𝐶𝐸 = 𝑉𝑦𝑒 =

{
 
 

 
 
|𝐶|

𝐶𝑦𝑒
≤ 0.2 0.6𝐹𝑦𝑒𝐴𝑠

|𝐶|

𝐶𝑦𝑒
> 0.2 0.6𝐹𝑦𝑒𝐴𝑠√1 − (

|𝐶|

𝐶𝑦𝑒
)

2 

where 

As = Effective shear area of the cross section. 

 

For flexural yielding, the following is 

employed to compute the expected strength 

𝑄𝐶𝐸 = 𝑄𝑦 = 𝑉 of the link beam 

𝑉 = 2𝑀𝐶𝐸/𝑒 

where  

𝑀𝐶𝐸 = expected plastic moment capacity of 

the section; 

𝑒 = length of the link beam. 

The yield chord rotation of the link beam is 

given as 

𝜃𝑦 = 𝑄𝐶𝐸/𝐾𝑒𝑒 

where 

𝐾𝑒 = 12𝐸𝐼/(𝑒
3(1 + 𝜂)) elastic stiffness of the 

link beam; 

𝑄𝐶𝐸 = expected shear strength of the beam; 

𝑒 = length of the link beam. 

Steel plate 

used as shear 

walls 

The wall is permitted to be modelled as the 

web of a plate girder. If stiffeners are 

provided to prevent buckling, they are spaced 

according to the requirements for plate 

girders given in AISC 360 and the expected 

strength of the wall is determined by 

Unless another method based on principles of 

mechanics is used, the global stiffness of the 

wall of a steel plate shear wall 𝐾𝑤 is calculated 

as 

𝐾𝑤 =
𝐺𝑎𝑤

ℎ
 

where 
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𝑄𝐶𝐸 = 𝑉𝐶𝐸 = 0.6𝐹𝑦𝑒𝑎𝑤 

where 

𝐹𝑦𝑒 = expected yield strength; 

𝑎 = clear width of the wall between vertical 

boundary elements; 

𝑤 = thickness of plate wall. 

𝑎 = clear width of wall between vertical 

boundary elements; 

ℎ = clear height of wall between horizontal 

boundary elements; 

𝑤 = thickness of steel plate shear wall. 

 

The yield deformation 

Δ𝑦 =
𝑄𝐶𝐸
𝐾𝑊

 

where 

𝑄𝐶𝐸 = expected shear strength of the steel plate 

shear wall. 

Structural 

steel frame 

with infill 

The engineering properties and modelling parameters for the infill walls comply with the 

requirements in Chapter 10 and 11 of ASCE 41-17 (2017) for concrete and masonry, 

respectively. 

Diaphragms ASCE 41-17 (2017) provides the detailed modelling parameters by mostly following SDI 

Diaphragm Design Manual (Luttrell et al., 2004). The SDI Diaphragm Design Manual is the 

basis of ANSI/AISI S310 North American Standard for the Design of Profiled Steel Diaphragm Panels, 

which is a current design standard for diaphragms that are used in both Canada and the U.S. 

Cast and 

wrought iron 

Since cast and wrought iron components 

considered as force-controlled behaviour, the 

following lower-bound compressive strength 

is used. 

𝐶𝐶𝐿 = 𝐴𝑔𝐹𝑐𝑟 

where 

𝐴𝑔 Gross area of column; 

𝐹𝑐𝑟 = critical stress. 

Modulus of elasticity are provided in ASCE 41-

17 (2017). Because of force-controlled 

behaviour, no yield deformation is needed. 

Cold-formed 

structure 

ASCE 41-17 (2017) provides the detailed modelling parameters by mostly following ANSI/AISI 

S100 which is North American Specification for the Design of Cold-Formed Steel Structural Members 

used in both Canada and the U.S. 

 675 

 676 
 677 
Table 2 Comparison between design standards, specifications, and codes of Canada and the U.S. 678 

Country Seismic Evaluation Steel Design Design Load 

Canada 
NRC seismic evaluation guidelines  

Commentary L of the NBC 

CSA S16 (Structural steel) 

CSA S136 (Cold-formed steel) 
NBC 

U.S. ASCE/SEI 41 

AISC 360 (Structural steel) 

AISC 341 (Structural steel) 

AISI S310 (Cold-formed steel) 

ASCE 7 

 679 

 680 

  681 
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Table 3 Classification of recommended nonlinear modelling parameters 682 

Type Description Recommendation 

1 

Most deformation-related modelling parameters that are not presented in 

design standards but are only in ASCE 41-17 (2017) 

Because the current structural design practice is force-based (i.e., strength 

capacity needs to be greater than the force demand), only strength capacities 

are defined in the design standards without definition of yield deformation nor 

inelastic behaviour. In ASCE 41-17 (2017), the yield deformation and other 

inelastic deformation parameters are defined primarily based on structural 

mechanics, experimental results, and experts’ opinions. Thus, it is 

recommended to adopt these modelling parameters as is for seismic evaluation 

and upgrading of steel structures in Canada. 

Adopt as is. 

2 

Equations in ASCE 41-17 (2017) with relevant and identical expressions in 

design standards in the U.S. (AISC 360 and AISC 341) and Canada (CSA S16) 

There are equations in ASCE 41-17 (2017) to define various conditions or to 

calculate strengths. If relevant equations are available in the design standards 

(AISC 341, AISC 360, and CSA S16), and if the equations in the U.S. and 

Canadian standards are identical, then it is recommended to adopt the 

equations in ASCE 41-17 (2017) as is.  

Adopt as is if the 

equations in CSA 

S16 and AISC 

341/AISC 360 are 

identical to those is 

ASCE 41. 

3 

Equations in ASCE 41-17 (2017) with relevant yet inconsistent expressions in 

design standards in the U.S. (AISC 360 and AISC 341) and Canada (CSA S16) 

There are equations in ASCE 41-17 (2017) to define various conditions or to 

calculate strengths. If relevant equations are available in the design standards 

(AISC 341, AISC 360, and CSA S16), and if the equations in the U.S. and 

Canadian standards are different, then it is recommended to adopt the 

equations in CSA S16. This is because even though the code equations in the 

Canada and in the U.S. result in similar strengths, it would not be consistent if 

practicing engineers use equations in CSA for design and the equations in AISC 

for evaluation and upgrading.  

Adopt the 

equations in CSA 

S16 if the 

equations in AISC 

341/AISC 360 and 

CSA S16 are 

different. 

4 

Equations in ASCE 41-17 (2017) with relevant expressions only in design 

standards in the U.S. (AISC 341 and AISC 360) not in Canada (CSA S16) 

For some equations in ASCE 41-17 (2017), the relevant equations are only in the 

U.S. standards, not in Canadian standards. In this case, it is suggested to adopt 

ASCE 41-17 (2017) as is. 

Adopt as is. 

5 

Modelling parameters that directly refer to design standards. 

For many strength and stiffness parameters, as shown in Table 1, ASCE 41-17 

(2017) refers to AISC 360 and AISC 341 without providing the equations 

explicitly. For these equations, it is recommended to substitute the equations 

with the corresponding equations in CSA S16. 

Refer to the 

corresponding 

equations in CSA 

S16. 

 683 

 684 

 685 
Table 4. Member size for 6-storey steel MRF 686 

Level 
Column Sections 

Beam Sections 
Interior Exterior 

6 W360×45 W310×45 W360×39 

5 W360×45 W310×45 W410×46 

4 W360×72 W310×60 W460×60 

3 W360×72 W310×60 W460×60 

2 W360×122 W310×74 W530×74 

1 W360×122 W310×74 W530×74 

 687 
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Table 5. Modelling parameters of elastic region for beam elements 688 

Beam Sections Yield Strength (kN-m) Yield Deformation (rad) 

W530×74 686.895 0.008 

 689 

 690 

 691 
Table 6. Modelling parameters of plastic region for beam element (a, b, and c refer to Figure 3) 692 

Beam Sections a b c IO LS CP 

W530×74 0.024 0.048 0.2 0.015 0.036 0.048 

 693 

 694 
 695 
Table 7. Modelling parameters of elastic region for column element 696 

End Nodes Axial Strength Ratio 
Yield Strength  

(kN-m) 

Yield Deformation 

(rad) 

1 – 2 0.203 420 0.011 

8 – 9 0.222 788 0.009 

15 – 16 0.222 788 0.009 

22 – 23 0.203 420 0.011 

 697 
 698 
 699 
Table 8. Modelling parameters of plastic region for column element (a, b, and c refer to Figure 3) 700 

End Nodes a b c IO LS CP 

1 – 2 0.012 0.030 0.717 0.006 0.022 0.030 

8 – 9 0.015 0.035 0.700 0.007 0.026 0.035 

15 – 16 0.015 0.035 0.700 0.007 0.026 0.035 

22 – 23 0.012 0.030 0.717 0.006 0.022 0.030 

 701 
 702 
 703 
Table 9. Modelling parameters of panel zone 704 

End 

Nodes 

Yield Strength  

(kN) 

Yield 

Deformation 
a b c IO LS CP 

2 or 23 322 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

9 or 16 521 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

 705 

 706 

  707 
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 708 
Figure 1. Flowchart of seismic performance evaluation based on ASCE 41-17 (2017) 709 

 710 

 711 

 712 

 713 
Figure 2. Illustration of acceptance criteria (adapted from ASCE 41-17 (2017)) 714 

 715 

 716 

 717 

 718 
Figure 3. Generalized force-deformation relation for steel components (adapted from ASCE 41-17 719 
(2017)) 720 

 721 
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  722 
Figure 4. Evolution of steel design standards in Canada and the U.S. 723 

 724 

 725 

 726 

  
(a) (b) 

Figure 5. Reference 6-storey steel MRF 727 

 728 

 729 

  730 
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Appendix A 731 

The seismic performance of a steel structure is evaluated using the defined modelling parameters 732 

and acceptance criteria in Section 5. In order to illustrate the procedure to both practicing engineers 733 

and researchers, two different structural analysis models were created. The first model was 734 

developed with Perform 3D (Computers & Structures (CSI) Inc., 2006), while the second model was 735 

developed using the Framework for Integration of Seismic Models (SFIM; Acosta, 2019). SFIM is open-736 

source and it was implemented as a series of Python scripts (https://github.com/joacostar/SFIM_v2) 737 

that can be used to create a nonlinear analysis model for OpenSees (McKenna, 2011), starting from 738 

an elastic model developed with the commercial software S-FRAME Analysis (Stylianou, 2015). 739 

A.1. Seismic hazard 740 

According to Commentary L of NBC 2015 (NRC, 2015b), different levels of hazard are employed 741 

along with the assessment/upgrading levels. However, for the purpose of illustration, this study 742 

adopts a seismic hazard with a probability of exceedance of 2% in 50 years (return period: 2,475 years) 743 

at Montreal region in NBC 2015 (2015a). The corresponding design spectrum is presented in Figure 744 

A1 assuming site class C. Later, when assessing the developed numerical models, the seismic demand 745 

corresponding to the seismic hazard with 2,475 years of return period is not enough to develop the 746 

nonlinear behaviour of the structure. Thus, a scale factor of 3 is used when assessing the structures 747 

(i.e., amplification factor 3 is multiplied to the design spectrum in Figure A1) to demonstrate the NSP. 748 

 749 

 750 
Figure A1. Design spectrum of Montreal where T1, T2, and T3 are the first three periods of the frame 751 
structure  752 

https://github.com/joacostar/SFIM_v2
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A.2. Modelling parameters and acceptance criteria 753 

Detailed procedures for defining the modelling parameters and acceptance criteria of the beam, 754 

column, and panel zone are provided in Section 5. Since Section 5 only provides modelling 755 

parameters and acceptance criteria of some structural elements of the frame structure, this subsection 756 

provides those of other structural elements that are not handled in Section 5. The results are 757 

summarized in Tables A1 to A5. 758 

 759 

Table A1. Modelling parameters of elastic region for beam elements 760 

Levels Beam Sections Yield Strength (kN-m) Yield Deformation (rad) 

6 W360×39 251.229 0.012 

5 W410×46 335.858 0.011 

4 W460×60 485.760 0.009 

3 W460×60 485.760 0.009 

2 W530×74 686.895 0.008 

1 W530×74 686.895 0.008 

 761 
Table A2. Modelling parameters of plastic region for beam element 762 

Levels a b c IO LS CP 

6 0.024 0.048 0.2 0.015 0.036 0.048 

5 0.024 0.048 0.2 0.015 0.036 0.048 

4 0.024 0.048 0.2 0.015 0.036 0.048 

3 0.024 0.048 0.2 0.015 0.036 0.048 

2 0.024 0.048 0.2 0.015 0.036 0.048 

1 0.024 0.048 0.2 0.015 0.036 0.048 

 763 
Table A3. Modelling parameters of elastic region for column element 764 

End nodes Axial strength ratio 
Yield strength  

(kN-m) 

Yield deformation 

(rad) 

1 – 2 0.203 419.810 0.0105 

8 – 9 0.222 788.297 0.0092 

15 – 16 0.222 788.297 0.0092 

22 – 23 0.203 419.810 0.0105 

2 – 3 0.166 439.390 0.0093 

9 – 10 0.181 829.993 0.0083 

16 – 17 0.181 829.993 0.0083 

23 – 24 0.166 439.390 0.0093 

3 – 4 0.164 348.045 0.0094 

10 – 11 0.241 433.802 0.0076 

17 – 18 0.241 433.802 0.0076 

24 – 25 0.164 348.045 0.0094 

4 – 5 0.119 354.074 0.0095 

11 – 12 0.175 471.531 0.0083 

18 – 19 0.175 471.531 0.0083 

25 – 26 0.119 354.074 0.0095 

5 – 6 0.098 268.686 0.0091 
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12 – 13 0.173 287.662 0.0080 

19 – 20 0.173 287.662 0.0080 

26 – 27 0.098 268.686 0.0091 

6 – 7 0.038 268.686 0.0091 

13 – 14 0.070 295.631 0.0082 

20 – 21 0.070 295.631 0.0082 

27 – 28 0.038 268.686 0.0091 

 765 
Table A4. Modelling parameters of plastic region for column element (a, b, and c refer to Figure 3) 766 

End Nodes a b c IO LS CP 

1 – 2 0.012 0.030 0.717 0.006 0.022 0.030 

8 – 9 0.015 0.035 0.700 0.007 0.026 0.035 

15 – 16 0.015 0.035 0.700 0.007 0.026 0.035 

22 – 23 0.012 0.030 0.717 0.006 0.022 0.030 

2 – 3 0.013 0.037 0.667 0.008 0.028 0.037 

9 – 10 0.017 0.044 0.683 0.009 0.033 0.044 

16 – 17 0.017 0.044 0.683 0.009 0.033 0.044 

23 – 24 0.013 0.037 0.667 0.008 0.028 0.037 

3 – 4 0.009 0.035 0.591 0.005 0.027 0.036 

10 – 11 0.009 0.023 0.683 0.005 0.017 0.023 

17 – 18 0.009 0.023 0.683 0.005 0.017 0.023 

24 – 25 0.009 0.035 0.591 0.005 0.027 0.036 

4 – 5 0.011 0.039 0.624 0.005 0.031 0.041 

11 – 12 0.009 0.029 0.604 0.006 0.022 0.029 

18 – 19 0.009 0.029 0.604 0.006 0.022 0.029 

25 – 26 0.011 0.039 0.624 0.005 0.031 0.041 

5 – 6 0.008 0.032 0.629 0.005 0.024 0.032 

12 – 13 0.004 0.029 0.414 0.002 0.024 0.032 

19 – 20 0.004 0.029 0.414 0.002 0.024 0.032 

26 – 27 0.008 0.032 0.629 0.005 0.024 0.032 

6 – 7 0.010 0.038 0.702 0.005 0.029 0.038 

13 – 14 0.005 0.035 0.465 0.003 0.031 0.042 

20 – 21 0.005 0.035 0.465 0.003 0.031 0.042 

27 – 28 0.010 0.038 0.702 0.005 0.029 0.038 

 767 
Table A5. Modelling parameters of panel zone 768 

End 

Nodes 

Yield Strength  

(kN) 

Yield 

Deformation 
a b c IO LS CP 

2 321.751 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

9 521.051 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

16 521.051 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

23 321.751 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

3 321.751 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

10 521.051 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

17 521.051 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

24 321.751 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

4 215.819 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

11 285.859 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

18 285.859 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

25 215.819 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

5 215.819 0.003 0.033 0.033 1.000 0.003 0.033 0.033 
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12 285.859 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

19 285.859 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

26 215.819 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

6 173.767 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

13 204.301 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

20 204.301 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

27 173.767 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

7 152.208 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

14 178.954 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

21 178.954 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

28 152.208 0.003 0.033 0.033 1.000 0.003 0.033 0.033 

 769 

A.3. Numerical structural model 770 

A two-dimensional numerical model was developed in Perform 3D, while a three-dimensional model 771 

was generated with SFIM. An overview of the S-FRAME model is presented in Figure A2. Since the 772 

model from Perform 3D is two-dimensional, leaning columns (gravity columns) are introduced at the 773 

rightmost part of the structure in order to take into account P-Delta effects from gravity columns. The 774 

gravity columns are modelled as a linear element whose sectional properties are tabulated in Table 775 

A6. The masses obtained from Gómez et al., (2015) are applied to each node. The first three natural 776 

periods of the structure are 2.918 s, 1.053 s, and 0.583 s. The corresponding spectral acceleration values 777 

are shown in Figure A1. 778 

 779 

 780 
Figure A2. 3-dimensional view of S-FRAME model. Only elements to be modelled with nonlinear 781 
components are shown. 782 
 783 
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Table A6. Member size of gravity columns 784 

Level 
Gravity Column Sections 

Interior Exterior 

6 W310×38.7 W310×23.8 

5 W310×38.7 W310×23.8 

4 W310×52 W310×38.7 

3 W310×52 W310×38.7 

2 W310×74 W310×44.5 

1 W310×74 W310×44.5 

 785 
Gravity loads were applied in each model according to the load combinations from Section 7 of 786 

ASCE 41-17 (2017) given by 787 

𝑄𝐺 = 𝑄𝐷 + 0.25𝑄𝐿 + 0.2𝑄𝑆 (A1) 

where 𝑄𝐺 , 𝑄𝐷, 𝑄𝐿 , and 𝑄𝑆 respectively represent the gravity, dead, live, and snow load. The loads 788 

taken from Gómez et al., (2015) are applied uniformly distributed on beam elements of the MRF. 789 

Although this numerical investigation follows the load combination rule presented in ASCE 41-17 790 

(2017), further investigation is needed to examine whether the provided load combination is able to 791 

fully consider the characteristics of loading scenarios for steel structures in Canada. The numerical 792 

models of Perform 3D and SFIM can be downloaded at (URL is provided once the paper is accepted.) 793 

A.4. Seismic performance assessment 794 

The NSP was employed to assess the performance of the building. To this end, a pushover analysis 795 

was first carried out. The results are presented in Figure A3 with the idealized force and displacement 796 

relationship obtained by following the procedure in ASCE 41-17 (2017). Using the idealized bilinear 797 

force-deformation relationship, the target displacement can be estimated using the coefficient method 798 

which is given by 799 

𝛿𝑡 = 𝐶0𝐶1𝐶2𝑆𝑎
𝑇𝑒
2

4𝜋2
g (A2) 

where 𝐶0 is the modification factor to relate spectral displacement of an equivalent single-degree-of 800 

freedom (SDOF) system to the roof displacement of a multi-degree-of-freedom (MDOF) system, 𝐶1 801 

is the modification factor to relate expected maximum inelastic displacements to displacements 802 

calculated for a linear elastic response, 𝐶2 is the modification factor to represent the effect of pinched 803 
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hysteresis shape, cyclic stiffness degradation, and strength deterioration on the maximum 804 

displacement response, 𝑆𝑎  is the response spectrum acceleration at the effective period, g is the 805 

acceleration of gravity. Note that as described in Section 2.1, other NSP methods could be employed 806 

in this regard such as Capacity Spectrum Method in FEMA 440 (2005) or deep learning-based 807 

approach by Kim et al., (2019, 2020). 808 

 809 

 810 
Figure A3. Pushover curves of steel MRF model from Perform 3D (blue solid), SFIM (red dashed), 811 
and idealized relationship (black circle) 812 

 813 

According to ASCE 41-17 (2017), since the coefficient method is not permitted when the ratio of 814 

elastic strength demand to yield strength coefficient 𝜇𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ exceed the maximum strength ratio 815 

𝜇𝑚𝑎𝑥, the two ratios are calculated before estimating the target displacement. By carrying out the 816 

linear analysis with and without including the P-Delta effect in accordance with Eq. (7-32) of ASCE 817 

41-17 (2017), 𝜇𝑚𝑎𝑥 is calculated as 4.24. Since 𝜇𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ = 3.81 according to Eq. (7-31) of ASCE 41-17 818 

(2017), which is smaller than 𝜇𝑚𝑎𝑥, it is allowable to use the coefficient method to estimate the target 819 

displacement. 820 

Since the effective period 𝑇𝑒 = 2.92 𝑠  from the idealized force-deformation relationship in 821 

Figure A3, the corresponding period of spectral acceleration from the defined hazard is calculated as 822 

𝑆𝑎 = 0.158 g, where g is the gravitational acceleration. Note that as described in Section A.1, this 823 

spectral acceleration is obtained after amplifying the design spectrum three times. Following the 824 

procedure in ASCE 41-17 (2017), the coefficients in Eq. (A2) are calculated as: 𝐶0 = 1.38, 𝐶1 = 1, and 825 
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𝐶2 = 1 . By substituting them into Eq. (A2), the target displacement (i.e., performance point) is 826 

calculated as 0.461 m which is denoted as the red x mark in Figure A3. 827 

In order to evaluate the seismic performance of the structure, maximum demands of each 828 

structural component experienced up to the target displacement point are calculated. Note that since 829 

the performance levels are determined in terms of the plastic rotation angle, the yield rotation is 830 

deducted from the total rotation from analysis. The corresponding demand values from Perform 3D 831 

and SFIM are summarized in Table A7, with the capacity limits of different performance levels. To 832 

effectively represent the results, structural elements that exceed their IO capacity are shown in the 833 

table. Note that the node numbering refers to Figure 5(b). 834 

 835 
Table A7. Capacity of each performance level and demand at the target displacement 836 

Element 

Type 

End 

Nodes 

Capacity Demand 

IO LS CP Perform 3D SFIM 

Column 1 – 2 0.006 0.022 0.030 0.006 0.004 

Column 8 – 9 0.007 0.026 0.035 0.009 0.005 

Column 15 – 16 0.007 0.026 0.035 0.008 0.005 

Column 22 – 23 0.006 0.022 0.030 0.007 0.004 

Panel Zone 2 0.003 0.033 0.033 0.011 0.008 

Panel Zone 9 0.003 0.033 0.033 0.016 0.014 

Panel Zone 16 0.003 0.033 0.033 0.015 0.013 

Panel Zone 23 0.003 0.033 0.033 0.015 0.012 

Panel Zone 3 0.003 0.033 0.033 0.011 0.010 

Panel Zone 10 0.003 0.033 0.033 0.016 0.016 

Panel Zone 17 0.003 0.033 0.033 0.015 0.014 

Panel Zone 24 0.003 0.033 0.033 0.015 0.014 

Panel Zone 4 0.003 0.033 0.033 0.012 0.011 

Panel Zone 11 0.003 0.033 0.033 0.021 0.021 

Panel Zone 18 0.003 0.033 0.033 0.019 0.019 

Panel Zone 25 0.003 0.033 0.033 0.019 0.018 

Panel Zone 5 0.003 0.033 0.033 0.007 0.007 

Panel Zone 12 0.003 0.033 0.033 0.016 0.016 

Panel Zone 19 0.003 0.033 0.033 0.014 0.014 

Panel Zone 26 0.003 0.033 0.033 0.014 0.015 

Panel Zone 13 0.003 0.033 0.033 0.009 0.008 

Panel Zone 20 0.003 0.033 0.033 0.007 0.007 

Panel Zone 27 0.003 0.033 0.033 0.008 0.008 

 837 
As shown in Table A7, Perform 3D and SFIM produce similar maximum demand values, which 838 

indicates that it is possible to simulate the behaviour of the lateral load resisting system in 2D and 3D 839 

numerical models. It is seen that the damage has been observed at the base of the first storey columns 840 
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and in panel zones except for the roof top of the frame. However, all the demands are below the LS 841 

capacity of each component. Since the demands of most of the panel zone exceed the IO performance 842 

level, it can be concluded that the panel zones are the most vulnerable elements in the MRF structure. 843 

Although this study uses all three performance levels defined in ASCE 41-17 (2017), further study is 844 

needed to determine a more refined performance level for steel structures in Canada considering the 845 

importance of structure, uncertainties of modelling parameters, and seismic hazard of Canada. 846 

 847 


