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EVALUATION DES ACCELERATIONS DE PLANCHER SISMIQUES SUR LES
COMPOSANTS NON STRUCTURAUX DANS DES BATIMENTS EN BETON
ARME A OSSATURE RESISTANT AUX MOMENTS DE DUCTILITE MOYENNE
ET CONCUS SELON LE CNB

Reza SHEIKHZADEH SHAY AN

RESUME

Cette recherche se concentre sur la quantification des demandes sismiques sur les composants
non structuraux (CNS) sensibles a I'accélération attachés aux batiments a ossature RC résistant
au moment avec une ductilité limitée et congus selon le code national du batiment du Canada
(CNB 2015). Un total de quatre structures de référence avec des hauteurs variables sont
considérées dans cette étude, et la capacité sismique de ces batiments a été évaluée a l'aide
d'une analyse statique non linéaire effectuée dans le logiciel SAP 2000. Des analyses dans le
domaine du temps ont été effectuées sur des batiments ¢€lastiques et inélastiques en utilisant
des séismes synthétiques compatibles avec les spectres d'aléa sismique uniforme de Montréal
pour un sol ferme (sol classe C — CNB 2015) avec des périodes de retour de 475 et 2475 ans.
Les demandes d'accélération sismique sur les CNS sont évaluées en déterminant les
I’amplifications des accélérations maximales du plancher (PFA) et le facteur d'amplification
des composants le long de la hauteur des batiments, par rapport aux dispositions de divers
codes de batiment, y compris NBC 2015, ASCE7, EC8, NZS 1170.5 et ATC. Finalement, la
performance sismique globale des CNS est discutée en évaluant le coefficient de force du
composant, et un profil optimisé correspondant est proposé pour améliorer I'estimation des

demandes d'accélération sismique sur les CNS dans une zone sismique modérée.

Mots-clés : Composants non structuraux, Demande d'accélération sismique, spectres d'aléa

uniforme, Facteur d'amplification du composant, Facteur de force du composant
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ASSESSMENT OF SEISMIC FLOOR ACCELERATION DEMANDS ON NON-
STRUCTURAL COMPONENTS IN LIMITED DUCTILTY RC FRAME BUILDINGS
DESIGNED ACCORDING TO NBC 2015

Reza SHEIKHZADEH SHAY AN

ABSTRACT

This research focuses on quantifying the seismic demands on the acceleration-sensitive non-
structural components (NSCs) attached to the RC moment-resisting frame buildings with
limited ductility and designed according to the National Building Code of Canada (NBC 2015).
A total of four benchmark structures with varying heights are considered in this study, and the
seismic capacity of frame buildings has been evaluated using nonlinear static analysis
performed in the SAP 2000 software. Time-history analyses have been performed on elastic
and inelastic buildings utilizing simulated ground motion records compatible with Montreal
uniform hazard spectra for firm ground (site class C in NBC 2015) with 475 and 2475-year
return periods. Seismic acceleration demands on NSCs are evaluated by assessing the
amplification of horizontal peak floor acceleration (PFA) and the component amplification
factor along the height of buildings, compared to the various building code provisions,
including NBC 2015, ASCE7, EC8, NZS 1170.5, and ATC. Finally, the overall seismic
performance of NSCs is discussed by evaluating the component force factor, and a
corresponding optimized profile is proposed to improve the estimation of seismic acceleration

demands on NSCs in a moderate seismic zone.

Keywords: Non-structural components, Seismic acceleration demand, Uniform hazard

spectra, Component amplification factor, Component force factor
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INTRODUCTION

Background and problem statement

There are generally two primary categories associated with the components in buildings based
on their load-bearing capacity: structural components and non-structural components (NSCs),
also known as Operational and Functional Components (OFCs) as per CSA S832-14 (2014b).
NSCs are elements or subsystems that mainly do not contribute to the lateral load-bearing
systems; however, the total operability of the buildings highly depends on the functionality of
these components, specifically after seismic events. Generally, based on the location, method
of construction or fastening, some NSCs may affect the total structural integrity of the building.
NSCs are divided into three categories according to CSA (2014b) and Villaverde (1997):
architectural (“internal” like interior partition walls, and “exterior” like cladding and parapets),
Building or operational services, including mechanical systems (i.e., heating, ventilation and
air-conditioning systems, elevators) electrical systems (i.e., transformers, battery racks),
information technology and communication systems (i.e., telephone systems, cable trays), and
building contents (“common’ like supplies, computer systems, and “specialized” like fine arts,

medical equipment).

Numerous amounts of research have been conducted during the years to evaluate the
performance of the structural components, and plenty of deficiencies in cases of both designing
and constructing the structural elements have been overcome. Although the improvement of
structural components has prevented buildings from collapsing, it has been observed that due
to the failure of NSCs, buildings may end up inoperable after even a moderate earthquake
(Fierro et al., 2011; Miranda et al., 2012; Kazantzi A. K. et al., 2020). This phenomenon has
shifted the interests of researchers toward assessing the seismic performance of NSCs to pave
the way for reaching out to more effective seismic design methodologies as the major financial
loss during a seismic excitation is related to the failure of NSCs (Miranda & Taghavi, 2003;

Gupta & McDonald, 2008; Bradley et al., 2009; Anajafi et al., 2020; Rashid et al., 2021).



NSCs are commonly mounted on the building's floors or are attached to or hung from structural
elements such as columns or slabs. In this case, NSCs are exposed to the amplified seismic
excitation as both the primary structure and the NSC filter the ground motion experienced at
the base of the structure (Petrone et al., 2016; Anajafi et al., 2020). The filtering effect of the
supporting structure can drastically alter the frequency content of the original ground motion;
therefore, the acceleration motion on each floor is different from the ground acceleration
motion. Two crucial factors taking part in the first filtering effect are the floor level in which
the NSC is attached relative to the base of the supporting structure and the inelasticity of the
supporting structure that can considerably reduce the seismic acceleration demands on NSCs.
Also, NSC filters the floor acceleration motion, such that the acceleration responses of NSCs
are typically narrow-band and are markedly different from the broad-band characteristics of
the original ground motion. Also, an essential component of the second filter is the ratio of the
NSCs period to the fundamental period of the supporting structure, also referred to as the tuning

ratio.

In this case, various studies have been conducted to evaluate the floor accelerations and the
floor response spectra (FRS) in the elastic and inelastic buildings (Lin Jon & Mahin Stephen
A., 1985; Sewell et al.,, 1986; Rodriguez et al., 2002; Singh M. P. et al., 2006;
Sankaranarayanan & Medina, 2007; Wieser et al., 2013; Lucchini et al., 2014; Petrone et al.,
2016; Merino et al., 2020; Haymes et al., 2020; Anajafi et al., 2020). The references mentioned
above primarily compared the numerical results with various code provisions such as the
proposed values for the height factor and the component amplification factor and have
proposed novel equations to evaluate the floor spectral ordinates. Although the code-based
formulations are commonly used to assess the seismic acceleration demands on NSCs, it has
been observed that the building code provisions mostly fail to predict an adequate seismic
performance of NSCs (Petrone et al., 2016; Kazantzi A. K. et al., 2020). This is primarily
because the code provisions are based on the engineering judgment rather than the analytical

or experimental results (Filiatrault & Sullivan, 2014).



Generally, recent studies on the seismic acceleration demands on NSCs mainly consider the
ductility of the supporting structure and are mostly targeted at the US and European building
code provisions. The ductility of the NSCs, which is also addressed by the code provisions to
reduce the seismic acceleration demands on NSCs, is rarely considered. Moreover, few studies
(Shooshtari et al., 2010; Asgarian & McClure, 2017, 2020a, 2020b) have been conducted to
evaluate the seismic force demands of acceleration-sensitive NSCs attached to the buildings
designed according to the National Building Code of Canada (NRCC, 2015). Furthermore, the
effect of the severity of the input ground motion records (GMRs) on the acceleration demands
on NSCs is not adequately addressed. Therefore, the shortcomings mentioned above have been
investigated in this study, and more specifically, the obtained results are critically compared to

the NBC provisions and other international building codes.

Objectives

The primary purpose of this study is to evaluate the seismic acceleration demands on non-
structural components in moderately ductile RC moment-resisting frame buildings designed
according to Canadian provisions. The specific objectives of this study are as follows:

1. Evaluate the effect of nonlinearity and height of the supporting structure on the seismic
acceleration demand on NSCs, represented by the height factor, the recorded floor
response spectra, the component amplification factor, and the component force factor.

2. Evaluate the effect of severity of the input GMRs on the seismic response of NSCs by
using two sets of artificial GMRs with 475 and 2475-year return periods.

3. Evaluate the current code seismic provisions' accuracy in estimating the seismic

demands on acceleration-sensitive NSCs.

Methodology

The following step by step procedure has been considered to achieve the objectives of this

research:



. Performing a comprehensive literature review on seismic response of NSCs.

Selection and modeling the reinforced concrete (RC) moment-resisting frame (MRF)
buildings with varying height designed according to NBC 2015 (Mazloom & Assi,
2022).

Performing modal analysis on the 2D models via SAP2000 to obtain the fundamental
periods of the selected buildings.

Determining the flexural capacity of the concrete sections by performing sectional
analysis using Response 2000, defining the nonlinear properties of the concrete
components according to ASCE 41-17, and assigning them to the structural elements.
Performing nonlinear static (Pushover) analysis to obtain the structures' nonlinear
capacity and define the different structural limit states for each building model.

Selecting and scaling a set of suitable synthetic ground motion records compatible with
the UHS in Montreal at 2% and 10% probabilities of exceedance per 50 years.
Performing linear and nonlinear time history analysis (NTHA) to obtain the height
factor and component amplification factor.

Comparing the obtained results from elastic and inelastic analysis of the buildings with
varying heights to evaluate the effects of the inelasticity and height of the supporting
structure on the seismic acceleration demands on NSCs.

Comparing the obtained results from numerical analyses with the various building code

provisions to evaluate the accuracy of the code-based formulations.

Limit of study

The limitations of this study are as follows:

1.

The seismic acceleration demands on NSCs has been investigated on 2D frame building

models created via SAP2000.



2. Only moderately ductile buildings have been studied in this research, and the effect of
considering various ductility levels on the seismic response of NSCs is out of the scope
of this research.

3. The acceleration-sensitive NSCs are solely selected to be investigated in this research,
and the dynamic interaction between the NSCs and the supporting structure is neglected
due to assuming that the total mass of the NSCs is less than 0.5% of the mass of the
primary structure.

4. 5% damping ratio was considered for NSCs in this study. The effect of considering

NSCs with smaller or larger damping ratios has not been investigated in this study.

Thesis organization

This thesis comprises four chapters in addition to the Introduction, conclusions, and
recommendations. In the first chapter, a comprehensive literature review has been performed,
and the seismic acceleration demands on NSCs in RC frame buildings have been critically
reviewed. More specifically, the literature review is concentrated on the two crucial factors:
the height factor and the component amplification factor. Also, the comparison of the obtained
results from numerical analyses with various building code provisions is reviewed. In the
second chapter, the salient characteristics of the selected buildings have been described. Also,
the selection of the synthetic GMRs and the specific approach to scale them are elaborated.
The third chapter discusses a detailed description of the nonlinearity in the concrete
components in the frame buildings, details of performing pushover, and the linear and
nonlinear time-history analyses. In the fourth chapter, a journal manuscript is presented. The
seismic acceleration demands on NSCs are discussed in the forms of height factor and
component dynamic amplification factor, and results are compared with the proposals of the
various provisions. Also, the component force factor is investigated to evaluate the overall
seismic acceleration demands on NSCs. Moreover, a corresponding optimized profile is
proposed to improve the evaluation of the seismic acceleration demands on NSCs in RC frame
buildings in moderate seismic zones. Finally, conclusions and recommendations for further

studies are presented.






CHAPITRE 1

LITERATURE REVIEW

This section presents a brief explanation of the importance of NSCs and their contribution to
the operability and functionality of buildings after seismic events. Furthermore, different
parameters involved in estimating the design force of acceleration-sensitive NSCs are
introduced. Moreover, the effect of considering ductility of the supporting structure, height
levels, and the tuning ratio on the seismic response of NSCs has been discussed. Also, a
detailed literature review has been conducted on the suggested formulations by multiple code
provisions, including NBC 2015, ASCE7, EC8, NZS 1170.5, and ATC and the previous

research works to evaluate the seismic demands of NSCs.

1.1 Introduction

The elements in buildings are divided into two groups depending on their load-bearing
capacity: structural and non-structural components. The examples of various non-structural
elements in buildings are illustrated in Figure 1.1 (CSA, 2014a). NSCs generally do not
participate in load-bearing systems; however, the major operability disruption of the buildings
after experiencing earthquakes with low to moderate intensity levels corresponds to the failure
of NSCs (NIST, 2017). Although the failure of these components may not culminate with the
total loss of the structural integrity or collapse, experiences from the past earthquakes show
that several buildings shifted from their safe-serviceable range toward an inoperable state
immediately after the earthquake due to the failure or severe falling hazard of NSCs. Figure
1.2 illustrates the damage to internal partitions and infill walls during the Mw 4.9 earthquake,
which hit the northern part of Campania, Italy, in 2013 (Petrone et al., 2016). This condition
can be critical, specifically for the buildings with high importance of occupancy level, such as
hospitals (Naeim, 2004; Hur et al., 2017). Therefore, it becomes crucial to meet the total
seismic performance requirements of a building, and it is essential to precisely estimate the
floor acceleration demands imposed on NSCs in each story level (Taghavi & Miranda, 2005b;
Vukobratovi¢ & Fajfar, 2017; Welch & Sullivan, 2017; Gonzalez et al., 2019).
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Figure 1.2 Damage to (a) infill walls and (b) internal partition after Mw 4.9 earthquake in
Italy, 2013




Based on the response parameters causing damages incurred to NSCs, there are two major
classifications: acceleration-sensitive and displacement-sensitive components. When a seismic
motion strikes a structure, vertical and horizontal floor accelerations trigger the inertia forces
of the components mounted on the floor; hence, the components may overturn. In this case,
the inertia forces govern the seismic design of NSCs. These components are considered
acceleration-sensitive NSCs, such as anchored or free-standing mechanical and electrical
systems for fire protection, heating-ventilation-air conditioning (HVAC), water distribution,
piping systems, and ceiling systems. Examples of displacement-sensitive NSCs are wall
partitions and glazing facades in which the induced damages to these components are due to

the inter-storey drifts in the supporting structure.

1.2 Evaluation of seismic force demands on acceleration-sensitive NSCs

Different approaches can be utilized to investigate the seismic acceleration demands on NSCs:
1) Simplified formulations suggested by various building codes, including ASCE 7 (2013),
NBC 2015 (2015), ATC (2018), Eurocode 8 (2005), and NZS 1170.5 (2016) to account for the
horizontal seismic design force acting on the center of the mass of the NSCs. These
formulations are based on the equivalent static methods, commonly utilized as a convenient
tool when scant information about NSCs and supporting structure is available at the design
phase.

2) A more common method to evaluate the seismic acceleration demands on NSCs is the floor
response spectrum (FRS) approach: an uncoupled analysis between NSC considered a single-
degree-of-freedom (SDOF) system and the primary structure.

3) The most accurate approach to investigate the seismic acceleration demands on NSCs is the
coupled time-history analysis that requires the availability of the dynamic characteristics of the
primary structure and the different types of NSCs. In this method, the dynamic interaction
between NSCs and the primary structure is taken into account to consider the system integrity.

However, this approach is rarely utilized due to significant modelling complexity.
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1.3 Seismic force demands of NSCs according to the simplified code-based
formulations

Design force formulations of NSCs suggested by seismic code provisions are mainly based on
engineering judgment rather than the analytical or experimental results (Filiatrault & Sullivan,
2014). Therefore, several studies attempted to improve the various seismic regulations related
to NSCs, specifically ASCE 7 and ECS8. Also, building code formulations include several
parameters that represent the seismic characteristic of NSCs, in which the two crucial factors,
including the height factor and the dynamic amplification factor, have been extensively
investigated in numerous studies. Various code provisions and the main components in the

formulations are introduced in the following:

1.3.1 NBC 2015 and ASCE7-16

The seismic design force of NSCs addressed by NBC 2015 is presented in Equation 1.1.
Vp = 0.3F,S,(0.2)IzSpW)p (1.1)

Where; 0.3F,S,(0.2)I; is equivalent to the expected peak acceleration at the base of the
building in which; F, is the acceleration-based site coefficient; S,(0.2) is the spectral response
acceleration value at 0.2 second; and I is the importance factor of the building. Wp is the
operating weight of the component. Sp is the component response factor determined using

Equation 1.2.
0.7 <Sp = CpA,Ay/Rp < 4.0 (1.2)

Where; Cp is the element or component factor to account for the risk associated with the failure
of component; A, is the component force amplification factor that represents the dynamic
amplification of the component relative to the position of its attachment.

A, varies from 1.0 (no amplification) for the rigid components (Tysc < 0.06 sec) to 2.5 for
the flexible ones (Tysc = 0.06 s). A, is the height factor and it is equal to 1 + 2 h,./h,; in
which the h, is the NSC elevation in the building, and h,, is the total height of the building.

The height factor represents the amplification of the acceleration from the base of the structure



11

to the height at which the component is attached with maximum value of 3.0 at the rooftop.
Finally, Rp is the component response modification factor to recognize the energy dissipation
capability of the component and its connection to the structure, it is equivalent to the reduction
factor R R, used for buildings and varies from 1.0 to 5.0.

In United States, the seismic design force of NSCs is addressed in ASCE 7-16 by the Equation
1.3.

0.4apSpsW,
O'BSDSIPWP S FP = w(

z
14+2-) <1.655,1pW, 1.3
R, /1, + )— pslpWp (1.3)

h

Where; ap is the component amplification factor equivalent to 4, in NBC 2015, Sps is the 5%
damped site-specific design spectral acceleration at short period (0.2 sec); Wp is the component
operating weight; z is the height of the attachment point of the NSC with respect to the base
of the structure; h is the total height of the structure; Rp is the component response modification
factor that corresponds to the capacity of NSCs to absorb energy (1.0 — 12); and I is the

component importance factor (1.0 or 1.5).

1.3.2 Eurocode 8

In the ECS8, the seismic design force of NSCs can be determined using the Equation].4.

Sa-Va
da

F, = W, (1.4)

With the seismic coefficient S,, given by the Equation 1.5.

a 3(1+2z/H) a
g =9 —05|<-2Zs 1.5
«= g | TT A =T, /T g (15

Where; v, is the component importance factor (1 or 1.5); W, is the weight of the component;
qq 1s the component behavior factor (1.0 or 2.0); a is the design ground acceleration; g is the
acceleration of gravity; S is the soil factor; z is the height of the NSC with respect to the base
of the structure; H is the total height of the building; Tp is the fundamental period of the NSC;

and T; is the fundamental period of the supporting structure. As illustrated in Equation 1.5, the
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component amplification factor is dependent on the ratio of the period of the NSC to the
fundamental period of the host structure (Tp/T;). Moreover, EC8 does not account for the

higher modes effect.

1.3.3 NZS 1170.5

According to the NZS 1170.5, the horizontal seismic design force of NSCs can be determined
by the Equation 1.6.

th = CP(TP)CPhRPWP < 36WP (16)

Where; Tp is the component period, Cpp, is the horizontal response factor of the component;
Rp i1s the component risk factor that varies regarding the failure consequences of the
component; and W, is the weight of the component. Also, Cp(Tp) is the horizontal design

coefficient of the component and can be determined using the Equation 1.7.

Cp(Tp) = C(0)CyiCi(Tp) (1.7)

The site hazard coefficient at T = 0 can be calculated using the Equation 1.8.
C(0) = C,L,(0)ZRN(T,D) (1.8)

Where; Cy; is the floor height coefficient for level i; C;(Tp) is the spectral shape coefficient of
the component for level i; C,,(0) is the spectral shape factor at T = 0, Z is the hazard factor; R
is the return period factor that can vary from 0.25 to 1.8 regarding the importance level of the

supporting structure; and N is the near fault factor.

1.34 ATC approach (NIST.GCR.18-917-43)

Based on the recorded floor motions from the instrumented buildings and numerical
investigations, the Equation 1.9 has been suggested by the Applied Technology Council in the
USA (2018):
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F (PFA) (PCA)
—P _ pGa|RGAZ|| PEA” | (1.9)
WP Rubldg RPocomp

Where; PFA/PGA is the floor amplification factor and can be determined using the Equation
1.10.

PFA
m=1+a1[z/h]+a2[z/h]1° (110)
With;
ar = (1/Tapiag) < 2.5 (1.11)
a = [1 = (0.4/Tapag)?] > 0 (1.12)

Where; Wp is the weight of the component, PGA is the peak ground acceleration; PFA is the
peak floor acceleration; Rp,;44 1 the reduction factor to account for building global ductility;
Rpocomp 18 the inherent component reserve strength margin factor; Ip is the component
importance factor; z is the height of the NSC with respect to the base of the structure; h is the
total height of the supporting structure; and Tqp;q4 is the fundamental translational period of
the supporting structure, can be determined using Equation 12.8-7 given in ASCE/SEI 7-16.
Unlike ASCE 7 in which the floor amplification factor varies linearly from PGA at the base of
the supporting structure to 3.0 times the PGA at the rooftop level, ATC approach suggested a
nonlinear equation for the floor amplification. Also, the term PCA/PFA is dependent on the

location of the component in the building, with values ranging between 1.4 and 4.0.

1.4 Summary of acceleration demands of NSCs according to building codes

As it is discussed earlier, two essential factors to investigate the seismic acceleration demands
on NSCs are height factor and the component amplification factor. The height factor (4,)
accounts for the magnification of the floor acceleration, described as the ratio of PFA over

PGA. The definition of height factor described by different code provisions is compared in
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Figure 1.3. In the PFA/PGA distribution illustrated in Figure 1.3, a typical 9-storey building
with the total height of 27 m is considered.

hy/h,
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Figure 1.3 The PFA/PGA distribution

Also, the component dynamic amplification factor denoted by A, in NBC represents the
dynamic amplification of the component relative to the position of its attachment. It can be
computed as the floor response spectrum (FRS) normalized by the peak floor acceleration
(PFA) at a given building level. The variation of the component amplification factor proposed

by various building codes at the rooftop of the buildings is illustrated in Figure 1.4.
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Figure 1.4 The component dynamic amplification factor in different design codes, proposed

at the rooftop level
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In general, except for the inelastic ATC approach, the current code formulations propose the
linear profile for floor amplification and do not consider the higher modes' effect in
determining the component amplification factor. In this case, utilizing the code formulations
may result in either over-or-underestimation of the seismic acceleration demands on
acceleration-sensitive NSC. In the following, a summary of the crucial findings of the previous
studies regarding height factor, floor response spectra and the component amplification factor

compared to the code provisions are discussed.

14.1 Height factor

In this context, Fathali and Lizundia (2011) proposed Equation 1.13 to determine the PFA
demands of NSCs. It was discussed that compared to the straight PFA profile proposed by
ASCE 7, Equation 1.13, which has a nonlinear trend and lets the relative height (z/h) varies

exponentially, would give a better insight into the PFA demand.

PFA
el B 1.13
pea- 1t a(z/h) (1.13)

Where: a and f are the functions of the PGA and fundamental period of the primary structure

and are presented in Table 1.1.

Table 1.1 Values of parameters o and 3

Period range (s) | . 0:4SDS 0.067<04SDS | 0.4SDS
=PGA <0.067g | =PGA<02g | =PGA>0.g
Thidg1 < 0.5 1.26 1.04 0.99
a |0.5<Thigg < 1.5 1.52 1.02 0.65
Thigel > 1.5 0.90 0.72 0.00
Thige < 0.5 1.09 1.29 0.89
B | 0.5<Taue <1.5 1.57 1.63 1.55
Thigel > 1.5 1.69 3.00 1.00

Petrone et al. (2016) investigated seismic acceleration demands on the light acceleration-

sensitive NSCs attached to the elastic and inelastic RC frame buildings with a high level of
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ductility and varying height, designed according to ECS8. Time-history analyses were
performed using a set of frequent earthquake ground motions with a 63% probability of
exceedance per 50 years and compared the obtained values of floor amplification with the
proposals of EC8 and ASCE 7 provisions. As is shown in Figure 1.5, the elastic PFA/PGA
ratio follows a linear trend relative to the height of the buildings. Also, the PGA is de-amplified
in the lower floor levels of the taller buildings; however, PFA/PGA ratio is significantly

amplified in the topmost level of all the buildings.
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Figure 1.5 Floor amplification factor versus relative height of the different studied

buildings compared to ASCE7 and EC8

Similarly, the PFA/PGA ratio has a linear trend along the height of the inelastic buildings. The
floor acceleration response in the inelastic buildings is less amplified than elastic buildings due
to the period elongation effect due to considering the inelasticity in the buildings.

Moreover, the PFA at the rooftop level of the buildings is dominated by the contribution of the
higher modes, which causes the whiplash effect. This result was in accordance with the
observation of Rodriguez et al. (2002) and Taghavi and Miranda (2005a); however, due to the

low ductility demand of the studied buildings, the effect of this phenomenon on the results is
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not noticeable. It was also discussed that both the ASCE 7 and ECS8 provisions provided a safe
floor amplification factor envelop for the inelastic structures, which are more adequate than
the elastic ones.

In another research, Berto et al. (2020) investigated seismic acceleration demands of NSCs
attached to RC buildings with slender cantilever wall (CW) and moment-resisting frame

(MRF) as the seismic force-resisting systems (SFRS), as shown in Figure 1.6.
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Figure 1.6 The PFA/PGA ratio for a) CW and, b) MRF buildings, compared with different

code provisions
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In this case, linear and nonlinear time-history analyses were performed on buildings with
varying height levels by utilizing two different sets of 30 ground motion records to cover the
wide range of frequency contents.

The PFA/PGA ratio profiles for different buildings were obtained and compared with ASCE 7
and EC8 provisions, and also two other proposals referred to as MIT19-MRF (MIT, 2019),
which has been derived from the works of Petrone et al. (2016) and Fathali & Lizundia (2011),
and MIT19-simp-Nmodes which has been exploited from the recent studies (Lagomarsino,
2015; Abbati et al., 2018) and have been presented in the commentary of Italian standard (MIT,
2019).

It can also be seen that for both CW and MRF buildings, the ASCE 7 proposal overestimated
the values for the floor amplification, even when considering elastic buildings. On the other
hand, the EC8 provision has estimated a safe-sided floor amplification compared to the
numerical results. A good agreement between the obtained results and the MIT19-simp-
Nmodes proposal derived based on the modal superposition approach is observed, specifically
in the higher floor levels. However, this proposal overestimated floor amplification in the lower
levels, even the elastic buildings. Moreover, the MIT19-MRF has also suggested conservative

values of floor amplification for the MRF buildings.

Agrahari and Pathak (2021) investigated the seismic acceleration demands on NSCs in RC-
MREF buildings with varying heights and utilized a wide range of ground motion records. The
floor amplification factor for different buildings considering ground motions ranging less than
0.067 g was obtained and compared with ASCE 7 and Fathali and Lizundia's (2011) proposal,
as depicted in Figure 1.7.

The 2-storey building represents buildings with a natural period of less than 0.5 second. For
the buildings with a lower natural period, ASCE 7 overestimated the floor amplification factor,
while Fathali and Lizundia (2011) showed 7% higher values for the mean amplification factor.
Generally, ASCE 7 gives a better insight into the amplification factor for the buildings with a
natural period below 1.0 sec, while it is conservative for the buildings with a natural period
higher than 1.0 sec. Moreover, as the height of the building increases, the proposal of Fathali

and Lizundia significantly overestimated the seismic demands. Finally, it is observed that by
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considering the ground motion records ranging below 0.067 g, the proposed model by Fathali

and Lizundia (2011) showed inadequate results.
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Figure 1.7 The floor amplification for buildings with a) 2, b) 4, ¢) 6, d) 8, and e) 10-storeys,

compared with codes

Furthermore, Shang et al. (2022) calculated PFA/PGA ratio along the building height through
performing elastic time-history analysis on the ductile RC-MRF buildings with varying
heights. The obtained results from numerical analysis of individual buildings and the
comparison of the results with ASCE 7, EC8, and GB 50011 (2010) are illustrated in Figure
1.8.
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Figure 1.8 The PFA/PGA ratio, (a) comparison between the numerical results and current
codes, (b) PFA/PGA in the 4-story frame, (c) PFA/PGA in the 8-story frame, (d) PFA/PGA
in the 12-story frame

The variation of the mean PFA/PGA along the height of the building has a nonlinear trend.
The structures with longer periods (i.e., the 12-storey frame) generally correspond to smaller
PFA/PGA values than those with shorter periods (i.e., 4-storey frame). Moreover, a
comparison of the results with the current codes shows that the ASCE 7 envelops the numerical
results, except for the 4-storey frame. Also, GB50011 significantly underestimates the PFA
demand over the height of the buildings. In general, it was concluded that the linear trend

proposed by the current codes over-or under-estimates the PFA/PGA ratio along the building

height.
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1.4.2 Floor response spectra approach

The floor response spectra method is a simplified yet accurate analysis procedure to estimate
the seismic acceleration demands on flexible NSCs. This approach is an uncoupled analysis
between NSC, a single-degree-of-freedom (SDOF) system, and the primary structure. The
NSCs usually have a small mass compared to the supporting structure (i.e., 0.5% of the total
mass of the primary structure), so the dynamic interaction between NSCs and the primary
structure can be neglected (Taghavi & Miranda, 2008).

Considering NSCs with a larger mass or those with the fundamental period tuned to the modal
period of the supporting structure, which highlights the resonance phenomenon, the FRS
method would result in an upper-bound seismic acceleration demands on NSCs (Kazantzi A.
K. etal., 2020)

In this approach, seismic acceleration demands on NSCs can be directly assessed through
generating FRS from the absolute acceleration response of the floor of a structure excited by
shaking events (Wang et al., 2021), as illustrated in Figure 1.9. When a structure is struck by
ground motion, the building modifies the frequency content of the base excitation as a filtering
action and transfers it to the building floors. In this case, the recorded floor motion can describe
seismic demands on NSCs mounted on or hung from building floors in terms of filtering and

magnification parameters.

NS? \\

A i, (1)
\f 1 [T= i T

Absolute floor acceleration response 7(s)
Floor response spectra

T e

Structure (7, af\ ) Ground motion
Ground motion (7, PGA)

NSC (7 e &= 5%

|
|
|
|
|
1

Zh,

H=

Design spectla

Figure 1.9 Generation of the FRS
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Different methods have been developed to generate FRS that can be categorized into four
groups; FRS based on SDOF models, FRS based on MDOF models, amplification factor
methods, and directly defined FRS. Figure 1.10 (Wang et al., 2021) shows the schematic

illustration of generating FRS based on different methods.
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Figure 1.10 Definition of FRS based on different methods

Several studies have been conducted to evaluate the seismic demands of NSCs through
implementing various methods to generate FRS. It has been observed that FRS has been
rigorously affected by several parameters associated with the primary structure and NSCs
characteristics (Wang et al., 2021). The most pivotal factors include the nonlinearity in the
supporting structure (Wieser et al., 2013; Anajafi & Medina, 2018b, 2019a; Surana, 2019), the
nonlinearity in the NSCs (Vukobratovi¢ & Fajfar, 2017; Obando & Lopez-Garcia, 2018;
Kazantzi et al., 2018; Anajafi et al., 2020), the location of the NSCs in the supporting structure
(Petrone et al., 2016; Anajafi & Medina, 2018b), the ratio of the NSCs period to the
fundamental period of the supporting structure (Medina et al., 2006; Anajafi & Medina,
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2019a), and the damping ratio of both NSC and supporting structure (Clayton & Medina, 2012;
Sullivan et al., 2013; Obando & Lopez-Garcia, 2018; Anajafi & Medina, 2019b).

Petrone et al. (2016) proposed a novel three-branch FRS formulation illustrated in Figure 1.11
and compared the numerical results obtained from inelastic analysis with the proposed FRS,
as is shown in Figure 1.12. The parameters a, b, and ap were determined based on the

fundamental period of the reference structure, as shown in Table 1.2.
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Figure 1.11 Shape of the proposed FRS

Table 1.2 Values of the parameters of the proposed FRS

Fundamental Period a b ap
T, <05s 0.8 1.4 5.0
055<T;<10s 0.3 1.2 4.0
T, >1.0s 0.3 1.0 2.5

Branches no. 1 and 3 are similar to the FRS shape proposed by EC8. The flat branch no. 2
covers the peak FRS values corresponding to the first and higher modes. The flat branch
overestimates the FRS specifically for NSCs tuned to the fundamental period of the supporting

building; however, it considers the uncertainties in determining the modal periods of both
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reference structure and NSCs. This formulation is limited to the frame buildings designed
according to ECS; thus, further modification is needed for different building types. The
numerical results obtained from inelastic analysis were compared to the proposed formulation
and ECS, as depicted in Figure 1.12. It was observed that the proposed formulation is generally
safe-sided; however, it would give a more precise estimation of acceleration demands on NSCs

compared to EC8.
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Vukobratovi¢ and Fajfar (2015, 2016, 2017) observed that the FRS values are utterly different
in the resonance and off-resonance regions. Therefore, they developed a method that Yasui et
al. (1993) initially proposed to generate the FRS from single-storey and multi-storey structures.
The resonance region was defined as the period range of the supporting structure where the
peak FRS values occur with £15% broadening of the peak FRS values to account for the
uncertainties related to the determination of modal periods of the reference structure.
Considering multi-storey buildings, FRS is determined through the combination of the
calculated floor spectra for individual vibrational modes using the SRSS modal superposition
method.

Shang et al. (2022) proposed a method for a more accurate generation of FRS based on
modifying the existing methodology proposed by Vukobratovi¢ and Fajfar (2015, 2016, 2017),

as illustrated in Figure 1.13.
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Figure 1.13 The top-floor FRSs for NSCs with different damping ratios:

a) 4-storey frame; b) 8-storey frame c) 12-storey frame
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In this case, time-history analyses were performed on three elastic concrete frame buildings
designed according to the Chinese code. It was suggested that using the algebraic summation
of the first three vibrational modes would result in a more accurate estimation of the floor
spectra. Moreover, a comparison of the obtained results from time-history analysis and the
proposed method was made. It was observed that the proposed method could give a better

estimation of the floor spectral acceleration of NSCs in the off-resonance period range.

1.4.3 Component amplification factor

The validity of the methodologies presented in ASCE 7 and EC8 to estimate the seismic
acceleration demands on NSCs was evaluated by Kazantzi et al. (2020). In this research, 47
instrumented buildings in California, with storeys ranging from 2 to 52 and different SFRSs
including steel, reinforced concrete, and masonry walls, have been studied. 113-floor motion
records with 5% damped spectral acceleration and different frequency contents, have been
employed from the instrumented buildings. Analytical results have been exhibited in terms of
component amplification factors. Figure 1.14 (a) illustrates the component amplification factor
for eight different instrumented buildings by the transparent gray lines and the median, 16%,

and 84% percentiles.
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Due to the inherent dispersion in the results, no clear peak value could be recognized in the
mean amplification spectra, so a rational estimation could not be made. In this case, the
horizontal axis is normalized by the supporting structure's modal period, and the result is
depicted in Figure 1.14 (b). In this case, the maximum peak component amplification value
depicted by the median spectrum is about 5.0, which is within the realistic range of the
component amplification factor. It was concluded that neglect of the normalizing component
period by the fundamental period of the supporting structure led to a drastic underestimation
of the acceleration demands on NSCs. Also, the component amplification factors for different

buildings are illustrated in Figure 1.15, considering two different component damping levels.
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The horizontal axis corresponds to the component period normalized by the first modal period
of the supporting structure as depicted in Figure 1.15 (a, ¢), and by the second or third modal
period of the supporting structure as depicted in Figure 1.15 (b, d). Moreover, by comparing
the results with both ASCE 7 and EC8 provisions, it is concluded that the resulted acceleration
amplification values are greater than the proposed values by provisions for a wide range of
component periods.

In another research carried out by Anajafi et al. (2020), the component dynamic amplification
factor has been evaluated to design acceleration-sensitive NSCs. In this case, buildings with
different SFRSs, including special steel moment-resisting frame (SMRF) and reinforced
concrete shear wall (RCSW), have been selected to consider various stiffness ranges of SFRSs.
The results are illustrated in Figure 1.16, in which the component acceleration response and

component ductility are denoted as S, and p., respectively.
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Figure 1.16 Component amplification factor considering components with different ductility

and damping levels a) 2%-damped, and b) 5%-damped
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In this study, two sets of ground motion records (GMRs) have been utilized to perform inelastic
time-history analysis. The first group was 20 far-field GMRs compatible with the 5% damped
site-specific target spectrum. The wavelet technique (Al Atik & Abrahamson, 2010) was
implemented to match the motions with the target spectrum to reduce the inherent dispersion
of the structural responses due to the record-to-record variability. However, it was formerly
indicated in another research that the dispersion is yet considerable even by utilizing the
spectrum matching technique. So using a greater number of records is inevitable (Anajafi &
Medina, 2018a). The second group of GMRs included 44 far-field records taken from FEMA
P-695 (2009). The values of the component amplification factor considering various
component ductility levels and different damping levels were obtained from the nonlinear
time-history analysis.

As illustrated in Figure 1.16, the maximum amplification has occurred in the range of
component periods tuned to the period of the fundamental mode of the supporting structure.
Significant reduction in acceleration amplification resulted from the components with higher
ductility levels. According to the obtained numerical results, it was also concluded that
considering elastic components with a 5% damped spectral ordinate results in a remarkable
reduction in the component amplification factor compared to the case of considering a 2%
damping level with the component amplification factor is about 10.

Shang et al. (2022) investigated the seismic acceleration demands on NSCs through calculating
the component dynamic amplification factor and comparing the numerical results with various
building codes, as illustrated in Figure 1.17.

It was discussed that the dynamic amplification factor is significantly dependent on the NSC
damping ratio. The higher the damping ratio of NSC, the lesser the dynamic amplification
factor. Also, the effect of the damping ratio is more pronounced on or in the vicinity of one of
the resonating periods of the reference structure. However, the influence of the NSC damping

ratio is negligible for NSCs with very long or very short periods.
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Figure 1.17 The rooftop dynamic amplification factor at different NSC damping ratio,

a) 4-storey, b) 8-storey, c) 12-storey

Moreover, Asgarian and McClure (2020a, 2020b) proposed a practical approach for generating

NSC floor design spectra, considering different damping ratios for NSCs. In this case, the

dynamic characteristics of buildings were determined based on the ambient vibration

measures. The obtained results illustrated in Figure 1.18, showed that NBC 2015 and ASCE 7

significantly underestimated the component amplification factor in the low and medium-rise

buildings. It was also observed that the NSC damping ratio considerably affects the component

acceleration response.
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Figure 1.18 The component amplification factor in the roof of the buildings, a) low-rise
buildings, b) medium-rise buildings, c) high-rise buildings

1.5 Summary

This chapter discussed the importance of NSCs and their contribution to the buildings' overall
seismic response. It was lightened that although NSCs are not designed to carry loads;
however, the major inoperability of buildings corresponds to the failure of NSCs even after
moderate seismic activities. Therefore, a detailed description of the seismic acceleration
demands on acceleration-sensitive NSCs has been provided by evaluating the height and

component amplification factors. Also, the comparison between the numerical results and
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various building code formulations was reviewed. It was discussed that the current
methodologies proposed by different code provisions generally under- or overestimate the
seismic acceleration demands on NSCs.

Moreover, it was highlighted that very few research had been conducted to investigate the
seismic force demands of NSCs on the buildings designed according to the Canadian code.
Moreover, it was shown that several factors corresponding to structural and non-structural
characteristics play a crucial role in predicting the adequate seismic demands of NSCs.
However, this literature review was limited and explicitly devoted to those related to the
objectives of the present study. Specifically, the findings of the previous studies regarding the

height factor and the component amplification factor were comprehensively reviewed.



CHAPITRE 2

DESCRIPTION AND MODELING OF THE SELECTED BUILDINGS AND THE
INPUT GROUND MOTION RECORDS

In this chapter, a detailed description of the selected buildings, the modelling in the elastic
range and the procedure of selecting and scaling the synthetic ground motion records are

explained.

2.1 Description of the buildings and modelling assumptions

Multi-storey reinforced concrete (RC) moment-resisting frame (MRF) buildings designed
according to NBC (2015) and CSA A23.3-14 (2014a) with limited ductility with 3, 6, 9, and
12-floors have been selected (Mazloom & Assi, 2022). The selected buildings consist of three
7-meter bays in North-South (N-S) and East-West (E-W) directions. Also, each floor has 3-
meters of typical height. The elevation view of the 6-storey building is shown in Figures 2.1.
Modelling and parametric details of the selected buildings are described in the following
paragraphs. Also, the determination of the modal periods and the seismic base shear of the

frame building are presented in Appendix I.

Typical concrete material with 28 days of compressive strength (f.) of 35 MPa is utilized for
all the sections. Also, the yield stress of the selected steel material for reinforcements is 400
MPa for both the longitudinal (f,) and transverse (f,,;) rebars. The structures have a typical
building configuration and do not have irregularity in the plan or the height of the buildings.
The buildings are assumed to be located in Montreal, QC, and on a stiff soil of class C as per

NBC 2015, with a normal importance factor.

The buildings are modelled utilizing SAP2000 (CSI, 2019), and modal analysis has been
performed for each structure to obtain the fundamental period of the buildings. Bare frames
are considered without modelling non-structural components with the regular distribution of

the mass and stiffness. The first three fundamental periods of the studied structures have been
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obtained from 2D modal analysis and are shown in Table 2.1. Also, the effect of cracking in
the concrete elements is taken into account by considering 40% and 70% of the gross moment

of inertia of the beams and columns, respectively, as recommended by CSA A23.3-14 (2014a).
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Figure 2.1 Typical floor plan of the 6-sorey building
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Figure 2.2 Elevation view of the 6-sorey building
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Table 2.1 Fundamental periods of the studied buildings

Number of Storeys Ty T, T3
3 0.972 0.264 0.128
6 1.07 0.324 0.165
9 1.364 0.426 0.229
12 1.463 0.469 0.260

Unit is Second

2.2 Selection and scaling of the ground motion records

This section presents the selection and scaling procedure of the input ground motion records
utilized in the time-history analysis. The ground motion records have been selected based on
the Method-A described in commentary J, NBC2015 and harvested from the synthetic ground
motion records database for the eastern and western regions of Canada provided by Atkinson
(2009), which are available in the engineering seismology toolbox website

(www.seismotoolbox.ca).

Commentary J of NBC2015 proposes methods A and B to select and scale the ground motion
records. Based on method A, the synthetic ground motion records are selected and scaled to
match the target spectrum (S (T)) proposed by NBC 2015 for periods greater than or equal to
0.5 sec. For the periods less than 0.5 sec, the spectral acceleration is the product of the 5%
damped response spectral accelerations (S, (T)) at the periods of T =0, 0.05, 0.1, 0.2, and 0.3
sec times the site coefficient values at the corresponding periods (F(T)), using the linear
interpolation for the intermediate periods. The target spectrum with 2% and 10% probabilities

of exceedance per 50 years in Montreal are illustrated in Figure 2.3.



36

Montreal
0.8
2% per 50 years
10% per 50 years
C) 0.6
=
i)
s
5
8 04
o
<
T
8
0
0 0.5 1 1.5 2
Period (sec)

Figure 2.3 UHS with 2% and 10% probabilities
of exceedance per 50 years in Montreal

According to the method A, the selected ground motion records could be scaled in the specified
range of period (Ty), proposed by NBC 2015. The lower (T}y;) and the upper (T},,4,) bounds

of the period can be calculated using Equations 2.1, and 2.2, respectively.

Tmin = Min [0.2 Tgiang T90%] (2.1)

Trmax = max [2.0 Tgigng, 1.5 sec] (2.2)

Where; Tyg0, is the modal period of building without considering cracking in the sections, in
which at least 90% of the mass participation is achieved. The ground motion records are
selected such that each ground motion covers a proper segment of the specified period range
(Tr). Based on the earthquake magnitude-distance combo, the synthetic ground motion records
(Atkinson, 2009) are generated for different scenarios in which the scenario-based period
ranges (Tgs) should be determined such way they may overlap at some periods; however, they

altogether should cover the whole range of the specified period (Ty).

In this case and by presuming Montreal as the source of the hazard, two scenarios have been

considered for the Atkinson synthetic ground motion records. The first scenario consists of
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ground motion records with the moment magnitude of M = 6.0 and the fault distance varying
from 10 to 30-Km. The second scenario includes ground motion records with the moment
magnitude of M = 7.0, with the fault distance ranging from 20 to 100-Km. The period range
of the first scenario (Tg,) varies from T,,;,, determined by Equation 2.1, to 1.0 sec. Also, the
period range of the second scenario (Tg,) varies from 0.5 sec to T4, determined by Equation
2.2. The values of Tggng, Tooy,, and the different scenario-specific period ranges for various

buildings are summarized in Table 2.2.

Table 2.2 Modal periods and scenario-specific period ranges for the studied buildings

Case-study Tstang Tooss Tea Tro
Buildings
3 Storey 0.691 0.2 0.1382-1.0 0.5-1.5
6 Storey 0.739 0.229 0.1478 -1.0 0.5-1.5
9 Storey 0.934 0.297 0.1868 - 1.0 0.5-1.868
12 Storey 1.0 0.325 02-1.0 0.5-2.0

Units are second. The values are obtained without considering the effect of cracking.

Based on NBC 2015, at least 11 ground motion records should be utilized to perform time-
history analysis, in which for each scenario-specific period range, at least five ground motion
records should be selected. In this case, a set of 12 synthetic ground motion records considering

six ground motions for each scenario were selected and scaled for the studied buildings.

Different parameters related to the selected and scaled ground motion records for each scenario
including moment magnitude, fault distance, duration of the ground motion records, time step,
and the scale factor required for each record to match the uniform hazard spectrum with 2%
and 10% probabilities of exceedance in 50 years in Montreal are tabulated for all buildings.
Tables 2.3 and 2.4 show the values corresponding to the 3-storey frame building. The spectral
accelerations of the selected ground motion records scaled within the scenario-specific period
ranges (T, and Tg,), considering the UHS with 2% and 10% probabilities of exceedance in

50 years, are illustrated in Figure 2.4 and 2.5, respectively.
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Table 2.3 Parameters of the selected and scaled ground motion records considering UHS with

2% probability of exceedance for the 3-storey frame in Montreal

Scenario M R Record | Duration Time Scale PGA
step factor

E6cl 31 0.761 0.323

15 E6cl 4 43.598 0.524 0.361

E6¢cl 28 0.924 0.455

1 6.0 E6c2 34 0.002 1.964 0.401

30 E6c2 3 47.530 1.659 0.522

E6c2 15 1.293 0.329

E7c1 18 0.564 0.395

25 E7c1 30 | 51.126 0.538 0.285

E7cl1 40 0.873 0.538

2 70 E7¢2 12 0.002 1.638 0.213

100 E7¢c2 4 57.352 2.041 0.329

E7¢2 36 1.956 0.178

Table 2.4 Parameters of the selected and scaled ground motion records considering UHS with
10% probability of exceedance for the 3-storey frame in Montreal

Scenario M R Record | Duration Time Scale PGA
step factor

E6cl 28 0.331 0.163

15 E6cl 37 | 43.598 0.334 0.171

E6¢cl 14 0.322 0.211

1 6.0 E6c2 19 0.002 0.645 0.117

30 E6c2 33 | 47.530 0.599 0.101

E6c2 3 0.595 0.187

E7c1 38 0.311 0.157

25 E7cl 41 | 51.126 0.364 0.162

E7cl 31 0.329 0.139

2 70 E7¢c2 26 0.002 0.768 0.088

100 E7¢c2 4 57.352 0.662 0.106

E7¢2 12 0.53 0.069
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Figure 2.4 Spectral accelerations of the selected ground motion records of 3-storey

moderately ductile frame scaled to the UHS with 2% probability of exceedance per 50 years
in Montreal, a) TR1, b) TR2
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Figure 2.5 Spectral accelerations of the selected ground motion records of 3-storey
moderately ductile frame scaled to the UHS with 10% probability of exceedance per 50 years
in Montreal, a) TR1, b) TR2

The selected ground motions are scaled to the target spectrum such that the mean spectral

acceleration of the ground motion record does not exceed 10% below the target spectrum to
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satisfy the NBC 2015 scaling requirements. For those ground motion records with more than

10% difference below the target spectrum, a second scale factor is applied.

Figure 2.6 illustrates the difference between the mean spectral acceleration of the selected and
scaled ground motion records for both scenarios of the 3-storey frame building and the target
spectrum and the need for applying a second scale factor. As is depicted in Figure 2.6, the
difference between the mean spectral acceleration of the selected and scaled ground motion
records of the first and the second scenarios and the target spectrum after the first scaling
exceeded 10% below the target spectrum for both scenarios at the period of 0.43 sec and 1.5
sec, respectively. Therefore, a second scale factor has been applied to limit the maximum
difference between the mean spectral acceleration and the target spectrum to 10 percent below

the target spectrum.

30 40
Before second scaling

Before second scaling

—— After second scaling —— After second scaling

30
20 = = NBC Limit = = NBC Limit

X 20

—_
(=3

Difference %
(=]
o D
g
5
Difference %
S =
<o

20 30 .
Period (sec) Period (sec)

(a) (b)

Figure 2.6 The difference between the mean spectral acceleration of the selected and scaled
ground motion records with the target spectrum with 2% probability of exceedance per 50
years for a) Scenario 1, and b) Scenario 2

Figure 2.7 shows the mean spectral acceleration of the selected ground motions after second
scaling compared to the target spectrum with 2% probability of exceedance per 50 years, and

the difference between the mean spectral acceleration after the second scaling and the target
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spectrum. The same parameters corresponding the UHS at 10% probability of exceedance in

50 years, are illustrated in Figure 2.8.
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Figure 2.7 a) Mean spectral acceleration for scenarios 1 and 2 for 3-storey frame compared
with target spectrum, b) Difference of the mean spectral acceleration with the target spectrum
at 2% probability of exceedance per 50 years, within TR1 and TR2
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Figure 2.8 a) Mean spectral acceleration for scenarios 1 and 2 for 3-storey frame compared
with target spectrum, b) Difference of the mean spectral acceleration with the target spectrum
at 10% probability of exceedance per 50 years, within TR1 and TR2
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The scenario-specific parameters for other buildings are shown in Tables 2.5 to 2.10. Also, the
parameters corresponding to the UHS at 2% and 10% probability of exceedance per 50 years

in Montreal, for other buildings are presented in Appendix II.

Table 2.5 Parameters of the selected and scaled ground motion records considering UHS with
2% probability of exceedance for the 6-storey frame in Montreal

Scenario M R Record | Duration Time Scale PGA
step factor

E6cl 43 1.441 0.607

15 E6cl 4 | 43.598 0.534 0.368

E6cl 21 0.883 0.493

! 6.0 E6c2 17 0.002 1.522 0.522

30 E6c2 37 | 47.530 1.613 0.419

E6c2 15 1.328 0.338

E7c1 18 0.564 0.395

25 E7cl 30 | 51.126 0.538 0.285

E7cl 40 0.873 0.538

2 70 E7c2 12 0002 ™1 638 | 0213

100 E7c2 4 57.352 2.041 0.329

E7¢2 36 1.956 0.178

Table 2.6 Parameters of the selected and scaled ground motion records considering UHS with
10% probability of exceedance for the 6-storey frame in Montreal

Scenario M R Record | Duration Time Scale PGA
step factor

E6cl 43 0.527 0.222

15 E6¢cl 10 | 43.598 0.337 0.155

Eo6cl 14 0.336 0.22

! 6.0 E6c2 17 0002 5557 [ 0.191

30 E6c2 37 | 47.530 0.589 0.153

E6c2 36 0.655 0.107

E7cl 18 0.311 0.218

25 E7cl 41 | 51.126 0.364 0.162

E7cl 31 0.329 0.139

2 7.0 E7c2 26 0.002 0.768 0.088

100 E7c2 4 57.352 0.662 0.106

E7¢2 12 0.53 0.069
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Table 2.7 Parameters of the selected and scaled ground motion records considering UHS with
2% probability of exceedance for the 9-storey frame in Montreal

Scenario M R Record | Duration Time Scale PGA
step factor

E6cl 30 0.431 0.607

15 E6cl 33 | 43.598 0.326 0.368

E6cl 31 0.333 0.493

! 6.0 E6¢c2 33 0.002 0.306 0.522

30 E6¢c2 13 | 47.530 0.418 0.419

E6c2 36 0.302 0.338

E7cl 27 0.564 0.382

25 E7cl 28 | 51.126 0.538 0.306

E7cl 14 0.873 0.336

2 70 E7c2 3 0002 ™ 638 [ 0.279

100 E7¢2 15 | 57.352 2.041 0.268

E7¢2 1 1.956 0.276

Table 2.8 Parameters of the selected and scaled ground motion records considering UHS with

10% probability of exceedance for the 9-storey frame in Montreal

Scenario M R Record | Duration Time Scale PGA
step factor

E6cl 33 0.391 0.106

15 E6cl 26 | 43.598 0.337 0.173

E6cl 10 0.317 0.146

! 6.0 E6c2 44 0002 ™ 868 | 0.151

30 E6c2 33 | 47.530 0.591 0.099

E6¢c2 43 0.728 0.142

E7cl 31 0.327 0.138

25 E7cl 38 | 51.126 0.312 0.157

E7cl 34 0.368 0.171

2 7.0 E7c2 15 0.002 0.715 0.096

100 E7¢2 40 | 57.352 0.827 0.092

E7¢2 38 0.967 0.103
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Table 2.9 Parameters of the selected and scaled ground motion records considering UHS with
2% probability of exceedance for the 12-storey frame in Montreal

Scenario M R Record | Duration Time Scale PGA
step factor

E6cl 4 0.582 0.607

15 E6cl 30 | 43.598 0.819 0.368

E6¢cl 21 0.925 0.493

! 6.0 E6c2 10 0.002 1.263 0.522

30 E6¢c2 33 | 47.530 1.841 0.419

E6c2 34 2.121 0.338

E7cl 34 1.045 0.382

25 E7cl 31 | 51.126 0.917 0.306

E7cl 28 0.629 0.336

2 70 E7c2 6 0002 837 [ 0.279

100 E7¢c2 36 | 57.352 1.927 0.268

E7¢2 10 2.015 0.276

Table 2.10 Parameters of the selected and scaled ground motion records considering UHS

with 10% probability of exceedance for the 12-storey frame in Montreal

Scenario M R Record | Duration Time Scale PGA
step factor

E6cl 26 0.322 0.165

15 E6cl 37 | 43.598 0.313 0.16

E6cl 28 0.337 0.166

! 6.0 E6¢c2 33 0.002 0.57 0.096

30 E6c2 36 | 47.530 0.577 0.092

E6c2 29 0.592 0.107

E7cl 34 0.356 0.166

25 E7cl 31 | 51.126 0.312 0.132

E7cl 40 0.313 0.193

2 7.0 E7c2 24 0.002 0.812 0.083

100 E7c2 6 57.352 0.626 0.081

E7¢2 40 0.804 0.09
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CHAPITRE 3

NONLINEAR MODELLING AND ANALYSIS OF THE SELECTED BUILDINGS

This chapter presents the concept and method used to define and implement material
nonlinearity in numerical modelling and analysis. The extension of the inelasticity in the
supporting structures is discussed by performing the nonlinear static analysis. Also, the

nonlinear time-history analysis is explained in detail.

3.1 Modeling of nonlinearity in the concrete components

In this study, plastic hinges are defined and assigned to the components since hinges are more
suitable and are commonly utilized for nonlinear analysis. Different types of plastic hinges,
including the uncoupled moment (M), axial (P), torsion (T), shear (V), and coupled axial with
moment interaction (PMM), and any combination of the different types of plastic hinges can
be considered for a plastic hinge in a single location. Also, any number of plastic hinges can
be assigned to a member; however, this may end up with a much longer analysis run-time in
analyzing large-scale frames. So, by considering frame buildings with considerable sectional

dimensions, two-moment plastic hinges are assigned to the ends of the beam elements.

The location of the plastic hinges assigned to the frames is also of great importance and can be
determined as the relative distance along the length of the component. The location of the
plastic hinges should represent the maximum moment demand in a member such that the hinge
can be adequately activated; thus, the performance of the entire structure would be reasonable.
This location is typically considered at the 5 percent of relative distance from the rigid zones
of the beams and columns so that the plastic hinges can be formed close enough to the face of
the joints. The location of the plastic hinges assigned to the members of the 6-storey frame

building is illustrated in Figure 3.1.
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Figure 3.1 Configuration of concentrated hinges for the 6-storey frame building

The plastic hinges considered in this study are characterized by the force-deformation or
moment-rotation relations for concrete elements and acceptance criteria, using the backbone
curve and specified quantities introduced by ASCE 41-17 (2017). As it is shown in Figure 3.2
(a), at point A, the component is unloaded, and from point A to point B, the deformation is
linear; thus, point B represents the yield strength of the component and the corresponding
amount in the horizontal axis is yield displacement. The behavior of the hinges in SAP2000 is
rigid plastic; hence, as is shown in Figure 3.2 (b), no displacement is exhibited in the linear
section. Therefore, the displacement at point B is zero, and the plastic deformation only

occurred beyond the yield point. From the yield point to point C, referred to as the ultimate

capacity, the effect of strength hardening has been shown.
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Figure 3.2 Force-deformation relation defined as per (a) ASCE41-17 (b) SAP2000

By reaching the ultimate capacity, since the system is experiencing a progressive failure, there
is a significant reduction in seismic force resistance with a positive slope toward point D. It
can be seen in Figure 3.2 (b), that for simplicity the residual strength branch of backbone curve
defined in SAP 2000 is occurred with a sudden drop from point C to point D. The plastic hinge

is then followed toward point E, which represents the total loss of the resistance.

Aside from the different points of hinge deformation which are defined in the backbone curve,
different performance-based limit-states including Immediate occupancy (IO), Life Safety
(LS), and Collapse Prevention (CP) levels can also be defined. These modelling parameters
and acceptance criteria are defined based on the sectional properties, the flexural capacity of
the components, and the parameters considered for nonlinear procedures given by Tables 10-
7 and 10-8 of ASCE 41-17 which describe the modeling parameters and numerical acceptance
criteria for nonlinear procedures in reinforced beams and columns, respectively. The moment
capacity of one section can be obtained using Response 2000 which is a sectional analysis
software introduced by Bentz (1999). One example of determining the moment capacity of a

400mm x 600mm concrete beam is presented in Appendix III.
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Once the yield moment (M) of a section is obtained, the yield rotation (6,) of the section

which depends on the section dimensions can be calculated for beam and column sections,

using Equations 3.1 and 3.2, respectively, introduced by Priestley et al. (2007).

6, = 0.283¢,L,/hy 3.1)

6, = 0.283¢, L, /h,, (3.2)

Where: ¢, is the yield strain of the section, L, is the length of the beam span, and hy, is the
depth of the section. The yield moment determined by Response 2000, and the yield rotation
calculated by Equations 3.1 and 3.2 are utilized as the moment scale factor (SF) and rotation
scale factor in SAP2000, respectively. Moreover, the moment and rotation of the hinge at
different points in the backbone curve can be calculated as a ratio of a yield moment and yield

rotation and can be assigned to the SAP 2000 software.

The moment at point C is considered as 1.1M,, which is suggested by NIST GCR 17-917

(2017). Also, the rotation at point C, and the moments and rotations at point D and E can be

calculated using Equations 3.3 to 3.5 (NIST, 2017).

6 a

bc_,, @ (3.3)
03’ y

My Mg _ G4
My - My -

O b (3.5)
o, %,



49

Where: a and b, are the parameters that describe the deformation capacity of the section and c,
describes the residual strength of the section. These parameters and the acceptance criteria are

discussed and tabulated in ASCE 41-17.

The abovementioned parameters are calculated for all the beams and columns to be able to

define the plastic hinges and their properties in SAP 2000 and are presented in Appendix IV.

3.2 Hysteretic model

It is also essential to account for the cyclic deterioration of the structural components by
defining a proper hysteretic model. In this study, Takeda’s trilinear degrading hysteretic model
(Takeda et al., 1970) is employed to represent the cyclic response of individual RC frames
since it captures the strength and stiffness degradation of the concrete components. Takeda's
hysteretic model was introduced based on the experimental observation and performance
assessment of reinforced concrete components subjected to lateral load reversals with axial
loads. In the Takeda model illustrated in Figure 3.3, the hysteretic loop crosses the horizontal
axis upon unloading, following a path that intersects the backbone curve and forms the internal

loops. Thus, the stiffness gradually degrades from cycle to cycle at the yield point.

[
w
&
g

.-

0ISPL. h
c
(a) Unloading after
Cracking in
Y One Direction

(b) Unloading after
Yielding in
One Direction

(¢) Small Amplitude
Load Reversals (d) Small Amplitude

Load Reversals

Figure 3.3 Takeda hysteresis model
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3.3 Nonlinear static analysis

Nonlinear static analysis, commonly referred to as a pushover analysis, is a typical and fast
track analysis procedure to evaluate the nonlinear capacity of the structures subjected to the
seismic loads. In static pushover analysis, lateral loads applied to the structure are
monotonically increased such that the structure reaches a certain level of displacement, so-
called target displacement. In this analysis stage, the rotation of all the columns located at the
lowest floor level reaches the ultimate value, and the plastic hinges are formed in most beam
elements. The objective of a static pushover analysis is to obtain the seismic base shear value
and its corresponding lateral roof displacement range at each step of the analysis. This results
in plotting the capacity curve of one structure which provides valuable information on the
ductility capacity and overstrength of the lateral load resisting system. Although the static
pushover analysis is advantageous since it is computationally less time-consuming, it does not
correspond to the acceleration response of the structure and other helpful information

compared to the time-history analysis.

After defining the plastic hinges with appropriate properties discussed in section 3.1, and
assigning them to the frame members, three analysis load cases including Modal, Gravity, and
Pushover are defined. The gravity load case type is static, and the analysis type is nonlinear.
Zero initial condition is selected and the load combination of dead load plus 25 percent of live
load plus snow load is considered. In the next step, another load case called pushover is then
defined. The type of this load case is also static, and the analysis type is nonlinear. The initial
condition of this load case is the gravity load case which is defined in the former step. For the
load application, the displacement control option is selected and 10 percent of the total height
of the building is applied to the monitored degree of freedom located at the roof of the building
(CSA, 2014a). The results of nonlinear static analysis of the studied buildings are illustrated in
Figure 3.4.
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Figure 3.4 Pushover and idealized bilinear curves according to FEMA 356 for the: a) 3, b) 6,
¢) 9, and d) 12-storey buildings

From the idealized bilinear force-deformation curve based on FEMA-356 (2000) curve, the

yield point is where the slope of the curve changes. This point refers to the yield strength 1,

(i.e., 398 KN in the 3-storey building) and the corresponding amount in the horizontal axis

which is yield displacement A,, (i.e., 62.3 mm in the 3-storey building). The slope of the first

segment of the idealized curve is the stiffness of the structure before cracking (K; = V,,/A,)

that is 6398 KN/m in the 3-storey building. Following the pushover curve, the ultimate

performance limit state of the structures (A, ) equal to 2% of the total height of the building

(i.e., 180 mm in the 3-storey building) is determined and illustrated in the pushover curves.
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The extension of inelastic action in the studied structures can be determined by evaluating the
force modification factor which is the product of ductility-related force modification factor
(Ry) that accounts for the capability of the structure to dissipate energy and the overstrength-
related force modification factor (R,) that reflects the portion of reserve strength in the
structure. R; factor can be determined by dividing the corresponding displacement at the
ultimate performance level A, by the yielding displacement A,. Also, R, factor can be
calculated by dividing the corresponding base shear at the ultimate performance level 1, by

the yielding base shear V, (i.e., RyRy = 3.47 for the 3-storey building). By comparing the

values of R R, factor of each structure with the corresponding factor assumed in the design
phase (R; = 2.5, Rp = 1.4), it can be concluded that except for the 3-storey building, the
actual ductility capacity of all the structures is greater than the system ductility assumed in the
design phase. Therefore, the higher the ductility capacity, the lower the seismic acceleration

demands on NSCs are expected in the inelastic phase (Anajafi et al., 2021).

3.4 Nonlinear dynamic analysis

In this case, modal, gravity, and nonlinear dynamic analysis cases are defined to perform the
nonlinear time-history analysis. The loads applied in the gravity analysis case include the dead
load, 25% of the live load, and the snow load. Also, the direct integration nonlinear time-
history analysis was performed utilizing the synthetic ground motion records with 2% and 10%
probabilities of exceedance per 50 years and matched to the UHS of Montreal site class C, as
discussed in section 2.2. In the following, the results obtained from the elastic and inelastic
time-history analyses are discussed in the form of FRS and other forms, i.e., the height factor,
component dynamic amplification factor, and the component force factor, are presented in
Chapter 4. Also, the obtained results are compared with various seismic provisions. Median
values of 5% damped FRS illustrated in Figures 3.5 to 3.8 are only presented for the roof of
the buildings in addition to some intermediate floors. Also, the numerical results are compared

with the proposed FRS by Petrone et al. (2016), discussed in section 1.4.2.
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The inelastic FRS is following the same pattern as the elastic ones; however, there is a
reduction in the values due to considering nonlinearity in the supporting structure, which is in
accordance with the observation of Petrone et al. (2016). In all cases, the elastic FRS around
the peaks of the second modal period of the building is significantly greater than those in the
vicinity of the first modal period, except for the roof of the 3-storey building in which the
elastic spectral acceleration of the first modal period is slightly greater than those of the second

modal period. The same result is also reported from Berto et al. (2020).
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Figure 3.7 Elastic and inelastic FRS of 9-storey building, a) Floor 2, b) Floor 3, ¢) Floor 5, d)
Floor 9

Generally, by increasing the height of the building, the difference between the FRS of the first
and the second modal periods of the building is increased. Moreover, the FRS at the higher

modes recorded from the lower floors is significantly greater than those of the first modal
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period of the building, compared to upper floors in which the FRS at the higher modes is

slightly greater than those at the first mode. Hence, the contribution of the higher modes is

more pronounced on the lower floors.
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Figure 3.8 Elastic and inelastic FRS of 12-storey building, a) Floor 2, b) Floor 5, ¢) Floor 10,
d) Floor 12

The effect of nonlinearity in the supporting structure is more evident at the higher modes, as
the reduction of the peak floor response spectra is more significant at the second modal period.
For instance, inelastic FRS of the roof of the 12-storey building at the second modal period
shows a 71% reduction compared to the elastic FRS, while a 61% reduction was observed at
the first mode. Thus, the contribution of the higher modes is more significant in the inelastic
range. This observation conforms to the obtained height factor discussed in section 4.1 and the

previous research studies (Petrone et al., 2016; Berto et al., 2020).
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Furthermore, a comparison of the inelastic FRS recorded at the roof, and intermediate floors
with the formulation suggested by Petrone et al. (2016) indicates a proper estimation of the
seismic acceleration demands on NSCs by the proposed method. It is worth noting that
employing the suggested formulation would result in a reasonable estimation of the floor
spectral acceleration in a wide range of periods as it accounts for the uncertainty in estimating

the fundamental period of the structure.
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4.1 Abstract

This paper presents an extensive investigation of the seismic demands on acceleration-sensitive
NSCs attached to the RC moment-resisting frame buildings with limited ductility and designed
according to the National Building Code of Canada (NBC, 2015). A total of four benchmark
structures with varying heights are considered in this study. Linear and nonlinear time-history
analyses have been performed using artificial ground motions compatible with the Montreal
site Class C uniform hazard spectra corresponding to 2% and 10% probabilities of being
exceeded in 50 years. Seismic acceleration demands on NSCs were evaluated by assessing the
horizontal height factor and the component dynamic amplification factor, compared to various
building code provisions. The overall acceleration demands of NSCs were discussed by
evaluating the force factor, and a corresponding optimized profile is proposed to improve the

estimation of the seismic force demands of NSCs in moderate seismic zones.

KEYWORDS: Non-structural components; Seismic acceleration demand; Component force

factor; Uniform hazard spectra; Height factor; Component amplification factor
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4.2 Introduction

Non-structural components (NSCs) generally do not contribute to the load-bearing systems but
are still required for the building to function. In fact, their failure during seismic events may
lead to a long-term disruption of the building's serviceability, resulting in extensive direct and
indirect monetary loss (Gupta & McDonald, 2008; Bradley et al., 2009; Anajafi et al., 2020;
Rashid et al., 2021). This condition can be critical, specifically for the buildings of high
importance, such as hospitals (Achour et al., 2011; Filiatrault & Sullivan, 2014; Hur et al.,
2017; Shang et al.,, 2019). Therefore, it becomes vital to precisely estimate the floor
acceleration demands imposed on NSCs in each story level in order to meet the overall seismic
performance objectives of a building (Taghavi & Miranda, 2005b; Vukobratovi¢ & Fajfar,
2017; Welch & Sullivan, 2017; Gonzélez et al., 2019).

When a seismic motion strikes a structure, vertical and horizontal floor accelerations trigger
inertia forces that govern the seismic design of acceleration-sensitive NSCs located on the
floor, e.g., anchored and free-standing mechanical and electrical systems for fire protection,
heating-ventilation-air conditioning (HVAC), piping systems, and ceiling systems. One of the
standard methods to determine the seismic acceleration demands on NSCs is using the
simplified formulations suggested by the current code provisions, including ASCE/SEI 7-16
(American Society of Civil Engineers, 2017), NBC (NRCC, 2015), Eurocode 8 (CEN, 2005),
NZS 1170.5 (Standards Association of New Zealand & Standards New Zealand, 2016), and
Applied Technology Council (ATC, 2018). The horizontal seismic force demand of
acceleration-sensitive components and their corresponding force factors in the various design

standards are summarized in Table 4.1.

Although these formulations are mainly based on engineering judgment rather than the
analytical or experimental results (Filiatrault & Sullivan, 2014), they are commonly utilized as
a convenient tool when scant information about NSCs and supporting structures is available

during the design phase.
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In the code formulations, the component force amplification factor denoted by A, in NBC
represents the dynamic amplification of the component relative to the position of its
attachment. It can be computed as the floor response spectrum (FRS) normalized by the peak
floor acceleration (PFA) at a given building level (Medina et al., 2006). In the Canadian and
US building codes, it is equal to 1.0 for the rigid NSCs (Tysc < 0.06s ) and 2.5 for the flexible
ones (Tysc = 0.06 s) and remains constant along the height of the building. Similarly, the
component amplification factor in NZS 1170.5 does not account for the building period, while
EC8 proposes a profile that is a function of the periods of the NSC and the supporting structure.
It has been observed that the component amplification factor is strongly affected by several
parameters associated with the primary structure and NSCs characteristics, including the
nonlinearity in the supporting structure (Wieser et al., 2013; Anajafi & Medina, 2018b, 2019a;
Surana, 2019), the nonlinearity in the NSCs (Vukobratovi¢ & Fajfar, 2017; Obando & Lopez-
Garcia, 2018; Kazantzi et al., 2018; Anajafi et al., 2020), the location of the NSCs in the
supporting structure (Petrone et al., 2016; Anajafi & Medina, 2018b), the ratio of the NSCs
period to the fundamental period of the supporting structure (Medina et al., 2006; Anajafi &
Medina, 2019a), and the damping ratio of both NSC and supporting structure (Clayton &
Medina, 2012; Sullivan et al., 2013; Obando & Lopez-Garcia, 2018; Anajafi & Medina,
2019b).

Likewise, the height factor denoted by A, in NBC represents the amplification of the
acceleration from the base of the structure to the height at which the component is attached
and is determined as the ratio of PFA to peak ground acceleration (PGA). Unlike NBC 2015,
ASCE 7 and ECS8 with floor amplification linearly increasing along the height of the building,
ATC suggests a nonlinear equation for the floor amplification. In the NZS 1170.5, the
PFA/PGA ratio is determined based on the building height using the floor height coefficient

(Chi)-

Moreover, the NBC 2015 and NZS 1170.5 consider the importance level of the host building;

therefore, one NSC might be designed for different design forces. In this case, different seismic
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performance levels are expected for one NSC located in similar buildings with different

importance levels.

It is worth noting that NBC 2015, ASCE 7, and EC8 formulations do not account for the effect
of the building higher modes, effect of torsion, and NSC internal damping, which might result
in over-or-underestimating the seismic acceleration demands on NSCs, as pointed out by
several researchers (Sullivan et al., 2013; Petrone et al., 2016; Anajafi & Medina, 2019a).
Therefore, several studies attempted to improve the various seismic regulations related to
NSCs, specifically ASCE 7 and ECS8. Some recent studies will be summarized, with special

emphasis on the height and dynamic amplification factors.

Petrone et al. (2016) performed a time-history analysis on elastic and inelastic RC frame
buildings designed according to EC8. They concluded that EC8 and ASCE 7 overestimated
the floor acceleration amplification envelope for the inelastic structures. Berto et al. (2020)
performed linear and nonlinear time-history analysis on slender cantilever wall (CW) and
moment-resisting frame (MRF) buildings with varying height levels. They noticed that the
ASCE 7 overestimated the floor amplification in both building types, even in the elastic case;

however, the EC8 has proposed a safe-sided floor acceleration amplification.

By evaluating the component dynamic amplification factor, Anajafi et al. (2020) observed that
the maximum amplification has occurred in the range of component period tuned to the period
of the translational mode of the supporting structure, with a maximum value of 10 for
components mounted on elastic buildings. A value of 4.5 was obtained based on the work of
Kazantzi et al. (2020), which complied with the computed amplification factor by Taghavi and
Miranda (2005b).

On the other hand, very few studies have been conducted to evaluate the accuracy of the
Canadian seismic provisions related to NSCs. Shooshtari et al. (2010) evaluated floor design
spectra by conducting nonlinear analyses on reinforced concrete buildings with different

seismic force-resisting systems and building heights. It was observed that the floor response



62

spectra are significantly amplified, specifically for the buildings with shorter periods.
Moreover, Asgarian and McClure (2020a, 2020b) proposed a practical approach for generating
NSC floor design spectra, considering different damping ratios for NSCs. In this case, the
dynamic characteristics of buildings were determined based on the ambient vibration
measures. The obtained results showed that NBC 2015 and ASCE 7 significantly
underestimated the component amplification factor in the low and medium-rise buildings. It
was also observed that the NSC damping ratio considerably affects the component acceleration

response.

The present paper investigates the effect of building height, nonlinearity, and the severity of
ground motions on the seismic acceleration demands of NSCs in RC moment-resisting frame
buildings with limited ductility designed according to NBC 2015 and located in Montreal that
has a moderate level of seismicity. In particular, the component dynamic amplification factor
and the height factor were assessed and compared to the various seismic provisions, including
ASCE 7, NBC 2015, Eurocode 8, NZS 1170.5, and Applied Technology Council. Also, the
overall seismic force factor equivalent to the product of A, and A, for ductile NSCs (Rp =
2.5) was discussed and compared to the aforementioned code provisions. Finally, an optimized
force factor profile is proposed to improve the estimation of the seismic force demands of

acceleration-sensitive NSCs.

4.3 Description of the studied buildings

Low to medium-rise reinforced concrete (RC) moment-resisting frame (MRF) archetype
regular buildings with limited ductility and designed according to NBC 2015 have been
selected for this study (Mazloom & Assi, 2022). The building plans consist of three 7-meters
bays in North-South (N-S) and East-West (E-W) directions. Also, each floor has 3-meters of
typical height. Elevation views of the buildings, dimensions of the sections, and the
fundamental period obtained from modal analysis of the structures performed in SAP2000

(CSI, 2019) are shown in Figure 4.1.
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Material nonlinearity was implemented using discrete lumped plastic hinges in the beams and
columns based on acceptance criteria specified by ASCE 41-17 (2017). In this case, two-
moment plastic hinges are assigned close to the rigid zones at the ends of the elements so that
the plastic hinges can be formed close enough to the face of the joints. The yield moment and
rotation were determined by performing sectional analysis using Response-2000 (E. Bentz,

1999), and the ultimate moment capacity is considered equal to 1.1M,,, as suggested by NIST
GCR 17-917-44 (2017).

Moreover, Takeda’s trilinear degrading hysteretic model (Takeda et al., 1970) is employed to
represent the cyclic response of individual RC frames since it captures the strength and

stiffness degradation of the concrete components.
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of the selected structures



64

4.4 Selection and scaling of the ground motion records

Due to insufficient recorded ground motions from historic events in Eastern Canada, synthetic
ground motion records (GMRs) (Atkinson, 2009) compatible with Montreal uniform hazard
spectra (UHS) for firm ground known as site class C in NBC were used. GMRs were selected
and scaled based on method A proposed in NBC commentary (2017) and explained by
Tremblay et al. (2015). In this case, scenario-specific period ranges (Tg) and two target spectra
with 2% and 10% probabilities of exceedance per 50 years are defined based on the location
and soil type, according to NBC 2015. Two M-R scenarios were considered, including six
GMRs with the magnitude of M6.0 and a fault distance varying from 10 to 30-Km, and six
GMRs with the magnitude of M7.0 and a fault distance ranging from 15 to 75-Km. Parameters
of the selected and scaled GMRs are presented in Table 4.2.

Table 4.2 Parameters of the synthetic GMRs used in this study

Building | Scenario | Magnitude Period Number of GMRs and fault distance
range TR

3-storey 1 M 6.0 0.14-1.0 6 @ 10-30 Km
2 M7.0 05-1.5 6 @ 15-75 Km

6-storey 1 M 6.0 0.15-1.0 6 @ 10-15 Km
2 M7.0 05-1.5 6 @ 15-25 Km

9-storey 1 M 6.0 0.19-1.0 6 @ 10-15 Km
2 M7.0 05-1.8 6 @ 15-25 Km

12-storey 1 M 6.0 02-1.0 6 @ 10-15 Km
2 M 7.0 0.5-2.0 6 @ 15-25 Km

4.5 Preliminary nonlinear static analysis of the archetype frames

Numerous studies have rigorously argued that the level of inelasticity in one structure could
result in mitigating the large seismic acceleration demands on NSCs in the buildings exhibiting
an elastic behavior, specifically those tuned to one of the resonant periods of the supporting
structure (Chaudhuri & Villaverde, 2008; Adam et al., 2013; Surana et al., 2018; Anajafi et
al., 2020, 2021). The extension of inelastic action in the host structure can be determined based

on the ductility-related force modification factor (R;) that accounts for the capability of the
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structure to dissipate energy and the overstrength-related force modification factor (R,) that
reflects the portion of reserve strength in the structure. In this regard, pushover analysis was
performed on the buildings to evaluate their actual ductility and overstrength, using the
equivalent static seismic force applied along the frame height in the shape of an inverted
triangle. The computed pushover curve and bilinear force-deformation curve based on FEMA-

356 (2000) for frame buildings are illustrated in Figure 4.2.
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The obtained modification factors reveal that, generally, the actual ductility capacity of all the
structures is greater than the system ductility assumed in the design phase (R; = 2.5, Ry =
1.4). Therefore, the higher the ductility capacity, the lower the seismic acceleration demands

on NSCs are expected in the inelastic phase (Petrone et al., 2016; Anajafi et al., 2021).

4.6 Time-history results and discussion

4.6.1 Evaluation of the height factor, Ax

Median values of PFA/PGA profiles of the elastic buildings considering GMRs with a 10%
probability of exceedance per 50 years (referred to as elastic) are calculated as a lower seismic
activity is deemed adequate for elastic behavior. The height factor for elastic buildings and
inelastic cases considering GMRs with 2% and 10% chances of being exceeded per 50 years
(referred to as 2% inelastic and 10% inelastic, respectively) and the height factors proposed by

the various building codes are illustrated in Figure 4.3.

In the elastic range, the PFA/PGA ratio tends to linearly increase from 1.0 at the structure's
base to 1.24 at the top level of the 3-storey building since the response is dominated only by
the first vibrational mode. There was no amplification along the height in other medium-rise
buildings except at the rooftop levels with the PFA/PGA ratio of 1.32, 1.29, and 1.16 for the
6, 9, and 12-storey buildings, respectively.

Similar profiles were obtained in the nonlinear range; as almost no PGA amplification over the
building height was observed; this can be explained by the fact that the effective ductility of
the buildings is greater than the ductility assumed in the design phase, as discussed in section
4.5. Moreover, the swinging shape of the PFA profiles, referred to as the whiplash effect, was
formed around the top floors, manifesting the dominance of the second mode of the buildings
over the structural response, as highlighted in several research studies (Taghavi & Miranda,

2005b; Petrone et al., 2016; Berto et al., 2020).
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Figure 4.3 Median values of PFA/PGA ratio along the building height obtained from elastic
and inelastic analysis, a) 3-storey, b) 6-storey, ¢) 9-storey, d) 12-storey

It can be noted that the ASCE 7, NBC 2015, NZS 1170.5, and EC8 formulations are

conservative considering the elastic and inelastic models. The ATC profile for the elastic cases

is conservative for all the buildings. However, the inelastic ATC profile is closer to the

PFA/PGA ratio of the 2% inelastic case on the lower floors except for the 3-storey building
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while overestimating the acceleration demands on NSCs on the upper floors. Also, the inelastic
ATC profile underestimates the inelastic PFA/PGA ratio for the first three floors of all
buildings except for the 10% inelastic 3-storey building, while it yields a relatively proper
estimation for the intermediate floors. Furthermore, it is observed that the reduction in
PFA/PGA ratio along the building height due to inelasticity is more significant when using a

higher seismic intensity.

In light of the obtained results, it is concluded that the height factor proposed by NBC 2015 is
overly conservative for NSCs attached to the frame buildings with limited ductility, which are
located in the moderate seismic zone. Therefore, it is suggested that considering the value of
1.0 for the PFA/PGA ratio at the base of the structure increasing to 1.5 at the topmost level

adequately estimates the floor acceleration amplification in such buildings.

4.6.2 Dynamic amplification factor, A,

The median values of the ratio of FRS over the PFA denoted by A, in NBC are shown in

Figures 4.4 to 4.7 on selected floors of the elastic and inelastic buildings.
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Figure 4.4 The median values of the component amplification factor in the 3-storey building,
a) Floor 1, b) Floor 3
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The horizontal axis corresponds to the NSC period (Tp) normalized by the first modal period

of the supporting structure (T;p;4ng4) for a more precise estimation of the acceleration demands

on NSCs, as recommended by Kazantzi et al. (2020).
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Figure 4.6 The median values of the component amplification factor in the 9-storey building,
a) Floor 2, b) Floor 3, ¢) Floor 5, d) Floor 9

4.6.2.1 Effect of period range

It is observed that the component amplification factor is nearly equal to 1.0 for the components
with a period range below one-tenth of the modal period of the supporting building
(Tp/Tipiang < 0.1), meaning that the component is experiencing the identical maximum
acceleration as the corresponding building floor. The peak component amplification factor for
all the buildings is observed in the period range of 0.1 < Tp/Tp14ng < 0.5, which implies

that the spectral ordinates are dominated by the higher modes of the structure. As expected,
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another peak spectral ordinate with a relatively smaller amplitude is located around the

resonant period range of Tp/Typiang = 1.0. Thereafter, a deamplification (4, < 1.0) was
observed in the period range of Tp /T 14ng = 1.5. for highly flexible components with a period

larger than the fundamental period of the supporting structure.
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Figure 4.7 The median values of the component amplification factor in the 12-storey
building, a) Floor 2, b) Floor 5, ¢) Floor 10, d) Floor 12



72

4.6.2.2 Effect of building nonlinearity

As is illustrated in Figures 4.4 to 4.7, a decrease in component amplification factor resulted,
owing to the nonlinear characteristics of the supporting structure. The effect of nonlinearity in
the supporting structure is significant around the modal periods of the buildings, and it is less
tangible for NSCs with periods away from the resonant periods of the supporting structure. It
is also noticed that the extension of nonlinearity in the supporting structure is more pronounced
in inelastic buildings subjected to higher intensity earthquakes (2475 years return period). It is
worth noting that the obtained peak values of the component amplification of NSCs on 2%
inelastic buildings, i.e., 2.87, 2.55, 2.75, and 2.91 for the rooftop of the 3, 6, 9, and 12 storey
buildings, respectively, are relatively smaller than those reported in some research on MRF
buildings (Petrone et al., 2016; Berto et al., 2020; Kazantzi A. K. et al., 2020; Anajafi et al.,
2021), which can be due to the higher actual ductility of the structures as discussed in section

4.5.

4.6.2.3 Comparison with code provisions

A comparison between the analysis results and the different provisions has been made. The
NBC 2015 and ATC have suggested period-independent component amplification factors that
do not account for the local amplification for the components with a period close to the modal
period of the supporting structure; therefore, the values remain constant along the building
height. Moreover, NBC 2015 and ASCE 7 considerably underestimate the peak component
amplification factor for NSCs tuned to the higher modes of the supporting structure. On the
other hand, for NSCs with periods around the fundamental period of the host structure, NBC
2015 and ASCE 7 overestimate the acceleration demands of the components located on the
lower floors of all the buildings, while underestimating the A, factor for components located

on the higher floor levels of the elastic 3 and 6-storey buildings.

The ATC proposal overestimates the component amplification factor for the NSCs nearly in

the entire NSC period range. However, in some cases, the A4, factor is close to the ATC
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proposal for the components tuned to the higher modes of the elastic buildings. The NZS
1170.5 considerably underestimates the seismic acceleration demands on NSCs with a period
range of Tp/Tipiang < 0.5. Also, NZS 1170.5 tends to significantly overestimate the A, factor
in a wide range of NSCs periods, especially for those tuned to the fundamental period of the
supporting structure and located on the lower floors. However, the A, factor for the NSCs
tuned to the fundamental period of the supporting structures located on the higher floors of the

buildings exceeds the NZS 1170.5 provisions.

It is also observed that the values of the A, factor obtained from the analysis remarkably
exceeded the EC8 proposal for NSCs tuned to the higher modes of the supporting structure.
Generally, EC8 conservatively predicts the values of the component amplification factor for
the NSCs with a period close to the fundamental period of the supporting structure
(Tp/T1piang = 1.0) and located on the lower floors. However, EC8 underestimates the A,
factor for the NSCs tuned or nearly tuned to the fundamental period of the supporting structure
located on the higher floors, especially for the 3 and 6-storey buildings. Considering the EC8
suggestion for the A, factor leads to a significant overestimation of the results for the NSCs
with a period longer than the fundamental period of the supporting structure in all the buildings.
Unlike EC8, other provisions, including ASCE 7, NBC 2015, ATC, and NZS 1170.5, generally
extend the maximum value of the component amplification factor to the component period

range Tp/Tipiang < 1.0 so that they implicitly account for the effect of the higher modes of

the supporting structure.

4.6.3 Effect of building height

In order to gain insight into the variation of peak component amplification along the height,
the maximum A, values resulting from the elastic and inelastic time-history analysis of the
buildings were computed on each floor, as illustrated in Figure 4.8. It can be noted that values
of A, are relatively larger in the shorter buildings than that in the taller buildings. Also, the A,
factor varies nonlinearly along the height of the building, with the maximum values obtained

on the intermediate floors. It is also apparent that the NBC 2015, suggesting the component
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amplification with the constant value of 2.5 along the building’s height, underestimates the
peak component amplification values, especially in the elastic low-rise buildings with the
values of 3.69 and 4.46 for the 3 and 6-storey buildings, respectively. The obtained values and

results are consistent with the Petrone et al. (2016) observations.
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4.7 Evaluation of the component force factor, Sp

For an overall assessment of the seismic acceleration demands of acceleration sensitive NSCs,
the ratio of FRS/(PGA X Rp) equivalent to the component force factor A,. A, /Rp and denoted
by Sp in NBC was evaluated at the rooftop of the studied buildings. In fact, it was highlighted
in reconnaissance reports that rooftop equipment was more heavily damaged than equipment
located elsewhere in buildings (NIST GCR 17-917-44, 2017). The elastic and inelastic force
factors versus the component period normalized by the fundamental period of the supporting

structure are shown in Figure 4.9. Values are obtained by considering a response modification
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factor (Rp) equal to 2.5, corresponding to a ductile attachment since NSCs are expected to

exhibit a ductile and dissipative behavior.
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Figure 4.9 Computed and proposed rooftop component force factors versus Tp/Tibldng,
compared to the NBC profile

We can note that the maximum value of the Sp factor occurs in the vicinity of the fundamental
period of the 3-story building, equal to 1.64. In contrast, the extremum values for the other
buildings, e.g., 1.96, 1.74, and 1.65 for the 6, 9, and 12-storey buildings, respectively, occur

close to the Tp /Ty p1qng ratio of 0.3, which covers higher modes. A considerable reduction in
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the values of the component force factor, up to 43% in the 9-storey building, considering
GMRs with the higher return period, unfolds the prominent effect of inelasticity in the
supporting structure. Moreover, the extreme values of the Sp factor in the 10% inelastic

buildings vary from 1.23 to 1.59.

Furthermore, an optimized profile of the Sp factor versus Tp/Tp14ng has been proposed to
assess the overall seismic acceleration demand of NSCs, presuming RC moment-resisting
frame building with limited ductility as the reference structure. The proposed profile is
suggested based on the obtained results from the elastic buildings in compliance with NBC
philosophy. As is illustrated in Figure 10, the proposed profile with a peak value of
FRS/(PGA X Rp) = 2.0 would give a reasonable estimation of the seismic demands on NSCs
in the vicinity of the higher modes (Sp = 2.0,0 < Tp/T1piang < 1.0). Moreover, the peak
value of the suggested profile is extended to Tp/Tipigng €qual to 1.0 to account for the
resonance around the fundamental period of the primary structure. Thereafter, the suggested
profile is decreased for the NSCs with a period larger than the fundamental period of the host
structure (Sp = 0.5, Tp/T1piang = 1.75 ), demanding a lesser amount of the component force

factor.

Also, comparing the maximum proposed value of the Sp factor with the NBC provisions
(Spmax = 4.0) reveals the need to revise the overly conservative code-based component force

factor in NBC provisions.

4.8 Conclusion

This study has extensively investigated the effect of building height and nonlinearity on
seismic demands of acceleration sensitive NSCs. Elastic and inelastic time-history analyses
were performed on four code compliant RC moment-resisting frame buildings with limited
ductility. Synthetic ground motion records compatible with Montreal site Class C uniform

hazard spectra corresponding to 475 and 2475 return periods were used in this study.
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Considering the nonlinearity of the benchmark structure led to a reduction in PFA/PGA ratio
along the building height. This reduction is more pronounced when using ground motions with
a higher return period. In the inelastic cases, almost no PGA amplification was observed along
the height of the building, except for the rooftop of the buildings, with maximum amplification
of 1.32 for the 3-storey building. This is primarily due to the buildings' relatively higher
ductility capacity than the ductility assumed in the design phase. Therefore, the linearly
increasing acceleration profile along the building height as proposed in NBC 2015 turns out to
be overly conservative. On the other hand, the ATC profile that accounts for the building
inelasticity is unconservative in the lower half and adequate in the upper half of the buildings.
Furthermore, it was observed that the peak component amplification factor occurred either
around the fundamental period of the low-rise buildings (3-storey) or in the vicinity of the
higher modes for the medium-rise buildings (6 to 12 stories) with maximum values ranging
from 4.27 in the elastic range to 3.89 in the 2% inelastic buildings. Therefore, it was deemed
that a considerable alleviation in the component amplification factor was attributed to the
nonlinearity in the supporting structures. This reduction is more pronounced for the
components with periods tuned around the modal periods of the supporting structure. In
addition, the effect of nonlinearity is less tangible for components with periods away from the

resonating periods of the host structures.

Comparison between the numerical results and the various code provisions has shown that
except for ECS, all the provisions have extended the peak component amplification value to
Tp/T1piang = 1.0. However, almost all the building codes underestimate the component
amplification factor for NSCs tuned to the higher modes of the supporting structure except for
ATC, which generally overestimates the acceleration demands on NSCs nearly over the entire
component period range. As for the components with a period close to the fundamental period
of the supporting structure, the code formulations overestimate the component amplification
factor on the lower floors while remarkably underestimating it on the higher floor levels of the

3 and 6-storey buildings.
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The overall seismic acceleration demands on NSCs were evaluated by estimating the force
factor while assuming a ductile NSC attachment. The maximum values occur in the higher
modes tuning region, especially for the medium rise buildings. Also, the inelasticity of the
supporting building is highly impactful on decreasing the amplitude of the component force
factor. Furthermore, an optimized profile of the Sp factor has been proposed based on the
numerical results obtained from the elastic and inelastic buildings, considering the ductility of

the components.



CONCLUSION

The main objective of this study is to evaluate the seismic acceleration demands on NSCs in
RC moment-resisting frame buildings designed according to NBC 2015. Four benchmark
structures with varying heights and limited ductility are selected. Also, a set of 24 synthetic
ground motion records with 2% and 10% probabilities of exceedance are selected for each
structure and scaled based on the methodology proposed by NBC 2015. Elastic and inelastic
time-history analyses are performed, and the results are discussed in the forms of height factor,

FRS, the component dynamic amplification factor, and the component force factor.

A moderate reduction in the seismic demands on NSCs is observed using synthetic ground
motion records with 10% probability of exceedance per 50 years, owing to the nonlinearity in
the reference structure. However, the reduction in the seismic response of NSCs is more
remarkable considering ground motions with a 2% probability of exceedance per 50 years.
Moreover, due to considering ground motions with PGA range between 0.1g to 0.3g, no
significant amplification is observed in the PFA/PGA ratio which is in compliance with the

observations of Berto et al. (2020).

The comparison between the numerical results and the various code provisions shows that for
the NSCs with period around the higher modes, specifically the second mode of the supporting
structure, selected provisions underestimated the component dynamic amplification factor.
However, provisions overestimated the A, factor for the NSCs with period tuned to the

fundamental period of the host structure and attached to the lower floor levels.

The overall seismic acceleration demand on NSCs is investigated through estimating the
component force factor (Sp) equal to the product of height factor and component amplification
factor divided by the component force modification factor. The maximum values occur in the
vicinity of the higher modes of the supporting structures. Also, a significant reduction in the
values of Sp factor is resulted owing to the nonlinearity of the supporting structure. Finally, an
optimized profile of the component force factor with a peak value of 2.0 extended to

Tp/Tipiang = 1.0 was deemed adequate for evaluating the seismic acceleration demands on
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NSCs on the rooftop level of the frame buildings with limited ductility and located in the

moderate seismic zones.
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RECOMMENDATIONS

Considering the limitations of this research, following attempts are recommended for further

investigations:

1.

Investigating the effect of considering various lateral force-resisting systems or any
combination of them, since this research only investigated the seismic acceleration
demands on NSCs in RC-MRF buildings.

Considering the effect of ductility levels of the different buildings on seismic
acceleration demands on NSCs.

Investigating the seismic demands on displacement-sensitive NSCs.

Investigating the effect of considering various NSC damping ratio on the component
dynamic amplification factor.

Evaluating the effect of considering different parameters on the nonlinear behavior of
the concrete structures, specifically considering various hysteretic models to implement
material nonlinearity to the concrete sections.

Investigating the effect of utilizing historical ground motion record to perform dynamic
analysis.

Investigating the effect of considering Method B proposed in the commentary J of NBC

2015, for the selection and scaling the ground motions.






ANNEX I

DETERMINATION OF MODAL PERIODS AND SEISMIC BASE-SHEAR OF THE
FRAME BUILDINGS

The gravity loading considered for both design and analysis procedures includes the dead, live,
and mechanical loads for roofs and typical floors. The loads due to partitions, exterior walls,
snow load, and self-weight of beams, columns, and slabs are also considered in calculating

gravity loads. The gravity loads are listed in Table A-I.1.

Modal analysis has been performed utilizing SAP2000 to obtain the modal periods of the
structures, considering a 2D model of the studied buildings in which the 6-storey building
model has been illustrated in Figure A-I.1. Concrete material with compressive strength of 35
MPa is considered for all elements. The modulus of elasticity of the concrete material is
determined as per CSA A23.3-14, equal to 26622 MPa. Since the self-weight of elements is
considered in calculating applied gravity loads, the weight per unit volume of the concrete is
neglected in the modeling to avoid duplication in considering the self-weight of the
components. Moreover, steel material with a yield stress of 400 MPa and modulus of elasticity

of 200 GPa is used for the reinforcing material.

Table A 1.1 The gravity loads considered in the design and analysis

Dead Live Snow Self-weight
(KPa) (KPa) (KPa) (KN)
Roof Floors Roof | Floors | Roof | Beam | Column | Slab

W-finishing 0.7 | W-finishing 0.5 | 1.0 | 2.4 | 248 | 2826 | 2471 |29.03
Mechanical 0.5 Mechanical 0.5

Partitions 1.0

Exterior

Walls 1.2
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Figure A 1.1 2D model of the 6-storey building with sections

The gravity loads, including dead load, live load, and snow load, considered for the analysis
of the 6-storey building are calculated and applied to the structure as shown in Figure A-1.2.
Columns at the structure's base are considered fixed support, and diaphragm constraints are
defined and assigned to each floor level. Diaphragm constraint can link all the joints located
within a plane, so they can move together and are rigid against in-plane deformation.

Therefore, by assigning diaphragm constraints to each floor, all elements are deforming

monotonically.

The seismic weight of the structure is calculated as the dead load plus 25 percent of the snow
load and is assigned to the frame at each floor level. The effect of cracking in the concrete

sections is also taken into account by considering the reduced gross moment of inertia of the

beams and columns.
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Figure A 1.2 Gravity loads considering in the analysis of the building including (a) Dead
load, (b) Live load, and (c) Snow load
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In modeling, all the sectional properties of the members are assigned to the line objects.
However, in reality, the dimensions are cross-sectional finite, such that beams, and columns
may have an overlap of the cross-sections at joints. To account for the finite dimensions of
members, the end offset along the length of the members is assigned with a rigid zone factor
of 0.5, which is recommended for the reinforced concrete structures. The first three
fundamental periods of the buildings are obtained and shown in Table A-1.2. Also, the

fundamental periods of the 6-storey frame building are shown in Figure A-1.3.

Table A 1.2 Fundamental periods of the studied buildings

Number of
T T T3
Storeys
3 0.972 0.264 0.128
6 1.07 0.324 0.165
9 1.364 0.426 0.229
12 1.463 0.469 0.260

Units are in Second

[ Deformed Shape (MODAL) - Mode 1; T = 1.07213; f = 093272 L | 32 Deformed Shape (MODAL) - Mode 2; T = 0.32413; f = 3.08515 L |32 Deformed Shape (MODAL) - Mode 3; T = 0.16565; f = 6.03699 L

T, = 1.07 sec T, = 0.324 sec T; = 0.165 sec

Figure A 1.3 Fundamental periods of the first three modes of the 6-storey building

From the modal analysis, the fundamental period of the first mode of the 6-storey building is
1.07 sec. However, the empirical equation of the fundamental period of the reinforced concrete

moment-resisting frame is proposed by NBC 2015, as follows:
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T, = 0.075(h,,)3/* (A-L.1)
Where: hn, is the total height of the building. For the studied building Th is:
T, = 0.075(18)3/* = 0.6554 sec

However, as per NBC 2015, the fundamental period of the building used in seismic design
purposes shall not be taken greater than 1.5T, ¢mpiricar- Therefore, the fundamental lateral

period of the studied building can be calculated as follows:

{ 5 n.empirical 5% 0.655 0.983 sec N Tn = (0.983 sec

Ty sap2000 = 1.07 sec

As per NBC 2015, the seismic shear force can be calculated as follows:

S(TyM,I
_ STa)Myl ;jRO” £ (A-1.2)
Where: V is the minimum lateral earthquake load, S(T,) is the design spectral acceleration
value, M,, is to account for the higher modes of the structure, I is the importance factor of the
structure which is considered 1 for the building with normal importance category, W is the
seismic weight of the building, R is the ductility related force modification factor and, R, is
the overstrength factor. For the moderately ductile reinforced concrete moment-resisting
frame, the ductility and overstrength factors are 2.5 and 1.4, respectively. The studied buildings
are located in Montreal, QC, founded on soil class “C”. The acceleration-based (F,) and
velocity-based (F,) site coefficients are 1.0, and the reference peak ground acceleration is

0.3016 g.

The site-specific Uniform hazard spectrum (UHS) with a two percent probability of

exceedance in 50 years is adopted from the website of the Natural Resources of Canada. Also,
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the design spectral acceleration is calculated considering the site coefficient values (Fy) for
different spectral acceleration as per NBC 2015 and by using linear interpolation as is shown
in Table A-1.3. The 5% damped spectral acceleration responses at different periods are
obtained and plotted within the UHS curve versus the design spectral acceleration shown in
Figure A-1.4. The higher mode factor (M,) can also be calculated as per NBC2015. The
spectral accelerations at the periods of 0.2 and 5.0 sec are 0.594 and 0.018, respectively. In this

case, the higher mode factor is 1.0 as the calculation is shown in Table A-1.4.

The fundamental period of the structure is equal to 0.983 sec so that by using linear
interpolation the corresponding spectral acceleration can be calculated as 0.1535. Also, the
seismic weight of the structure is equal to 22031.31 KN. So, by considering the different

parameters and using Equation A-1.2, the seismic base shear can be calculated as follows:

_ S(T)M, I W _ 1535x1.0x 1.0

14 x 22031.31 = 966.08 KN
R4R, 2.5 x 1.4

Two thresholds for the seismic base shear force are defined in NBC2015, in which the base
shear of the structures located on a site other than Class F and having a seismic force-resisting
system (SFRS) with an R; equal to or greater than 1.5, should not exceed the larger of the
product of Equation A-1.3 and need not be less than the product of Equation A-1.4:

2
Vg = Max §S(O-Z)IE W /(R4Ro) (A-13)
S(0.5)15 W/(RgRo)
S(2.0)M, I,
mn=—""7n n» N (A-I4)
(RdRO)
V... = max {iggi g% S Vo, =2492KN , V. =428KN

Viin = 428 KN < V=966 KN < Vjur = 2492 KN



Table A 1.3 Calculation of the design spectral acceleration

F(T) for PGA ;
T (sec) S.(T) S4«(D)
0.3 0.3016 0.4
0.00 0.377 1.000 1.000 1.000 0.594
0.05 0.631 1.000 1.000 1.000 0.594
0.10 0.722 1.000 1.000 1.000 0.594
0.20 0.594 1.000 1.000 1.000 0.594
0.30 0.446 1.000 1.000 1.000 0.446
0.50 0.310 1.000 1.000 1.000 0.310
0.983 0.153 1.000 1.000 1.000 0.153
1.00 0.148 1.000 1.000 1.000 0.148
2.00 0.068 1.000 1.000 1.000 0.068
4.00 0.035 1.000 1.000 1.000 0.035
5.00 0.018 1.000 1.000 1.000 0.018
10.00 0.0061 1.000 1.000 1.000 0.0061
0.8
e P - UHS (NBCC 2015)
0.6 —— DSA (NBCC 2015)
0.5
Cly
7]
03
02

T (sec)

Figure A 1.4 Uniform hazard spectrum and the design
spectral acceleration curves for Montreal site class C
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Table A 1.4 Calculation of the higher mode factor

M
5027560 T, <05 T,=1.0 | T,=2.0
5 1 1 1
20 1 1 1
33 1 1 1
40 1 1 1
65 1 1 1.03

The seismic base shear for one frame obtained from SAP2000 is 240 KN as is shown in Figure

A-L5, in which by dividing the calculated seismic base shear by the number of frames the same

value has resulted.

‘ B3¢ Base Reactions - a X
.‘ File View Edit Format-Filter-Sort Select Options

Units: As Noted Base Reactions v
Fitter:

OutputCase CaseType GlobalFX GlobalFY GlobalFZ X Y Z GlobalX GlobalY GlobalZ XC¢q
Text KN KN KN KN-m KN-m KN-m m m m

4 “ LinStatic -239.342 0 -9.948E-14 0 -3186.8259 0 0 0 0

Figure A 1.5 The base reaction of the 6-storey building model obtained from SAP2000

For one frame: V= % =241 KN =~ 240KN

The calculated seismic lateral force is distributed along with the building height and the portion

of each floor can be calculated using Equation A-1.5:

W,.h,
F, = (V—F) = > 1
x=( t) Wi, (A-L5)
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Where, F; is the concentrated force at the top of the structure, which is calculated using

Equation A-1.6, h, is the floor height relative to the ground, and W, is the seismic weight of
the floor.

_ {0.07TV <025V, T>07s (A-L6)
t= 0 , T<07s

The calculated seismic base shear and seismic lateral loads applied at each floor level are

presented in Table A-L.5.

Table A I-5 Distribution of lateral load at each floor level

h, W, Wh, F, \/ M, T

1 1 1 1 1 1

Floor
(m) (kN) (kN.m) (kN) (kN) (kN.m) (kN.m)

6 (roof) | 18 3 572.70 64 308.56 319.49 0.00 5750.80 | 690.10
5 15 3652.19 54 782.78 215.53 319.49 | 323294 | 465.54

4 12 3652.19 43 826.23 172.42 535.02 | 2069.08 | 372.43
3 9 3652.19 32 869.67 129.32 707.44 | 1163.86 | 279.33
2 6 3 652.19 21913.11 86.21 836.76 517.27 186.22
1 3 3652.19 10 956.56 43.11 922.97 129.32 93.11
0 0 197.68 0.00 0.00 966.08 0.00 0.00

Total - 2203131 | 228 656.91 | 966.08 - 12 863.26 | 2 086.73







ANNEX II

SELECTION AND SCALING OF GROUND MOTION RECORDS

In this section, the parameters corresponding to the UHS at 2% and 10% probability of

exceedance per 50 years in Montreal, for 6, 9, and 12-storey buildings are presented.
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Figure A II.1 Spectral accelerations of the selected GMRs of 6-storey building scaled to the
UHS with 2% probability of exceedance per 50 years in Montreal, a) TR1, b) TR2
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Figure A I1.2 a) Mean spectral acceleration for scenarios 1 and 2 for 6-storey frame
compared with target spectrum, b) Difference of the mean spectral acceleration with the
target spectrum at 2% probability of exceedance per 50 years, within TR1 and TR2
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Figure A I1.3 Spectral accelerations of the selected ground motion records of 6-storey
moderately ductile frame scaled to the UHS with 10% probabiliy of exceedence per 50 years
in Montreal, a) TR1, b) TR2
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Figure A I1.4 a) Mean spectral acceleration for scenarios 1 and 2 for 6-storey frame
compared with target spectrum, b) Difference of the mean spectral acceleration with the
target spectrum at 10% probablity of exceedence per 50 years, within TR1 and TR2
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Figure A 11.5 Spectral accelerations of the selected ground motion records of 9-storey
moderately ductile frame scaled to the UHS with 2% probabiliy of exceedence per 50 years
in Montreal, a) TR1, b) TR2
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Figure A 11.6 a) Mean spectral acceleration for scenarios 1 and 2 for 9-storey frame
compared with target spectrum, b) Difference of the mean spectral acceleration with the
target spectrum at 2% probablity of exceedence per 50 years, within TR1 and TR2
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Figure A I1.7 Spectral accelerations of the selected ground motion records of 9-storey

moderately ductile frame scaled to the UHS with 10% probabiliy of exceedence per 50 years

in Montreal, a) TR1, b) TR2
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Figure A I1.8 a) Mean spectral acceleration for scenarios 1 and 2 for 9-storey frame
compared with target spectrum, b) Difference of the mean spectral acceleration with the
target spectrum at 10% probablity of exceedence per 50 years, within TR1 and TR2
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Figure A I1.9 Spectral accelerations of the selected ground motion records of 12-storey

moderately ductile frame scaled to the UHS with 2% probabiliy of exceedence per 50 years
in Montreal, a) TR1, b) TR2
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Figure A 11.10 a) Mean spectral acceleration for scenarios 1 and 2 for 12-storey frame
compared with target spectrum, b) Difference of the mean spectral acceleration with the
target spectrum at 2% probability of exceedance per 50 years, within TR1 and TR2
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Figure A II.11 Spectral accelerations of the selected ground motion records of 12-storey
moderately ductile frame scaled to the UHS with 10% probability of exceedance per 50 years
in Montreal, a) TR1, b) TR2




0.3 30

——Mean - Scenario 1 ——Difference - Scenario 1

. ——Difference - Scenario 2
——Mean - Scenario 2 20

——NBC Limit

—ST(e)
0.2

10

V
-10

Differnce %

spectral Acceleration (g)

0 0.5 1 1.5 2 Period (sec)
Period (sec)

(a) (b)

Figure A I1.12 a) Mean spectral acceleration for scenarios 1 and 2 for 12-storey frame
compared with target spectrum, b) Difference of the mean spectral acceleration with the
target spectrum at 10% probability of exceedance per 50 years, within TR1 and TR







Following details have been utilized for the sectional analysis (Frame B):

ANNEX III

SECTION ANALYSIS USING RESPONSE2000

-~ 7.00m -~ 7.00m

7.00m.

©)

®

7.00m

@

‘ 7.00m

7.00m ‘

Figure A III.1 Typical plan view of the selected buildings

Table A III-1 Flexural design of the beams — 3-storey frame

Storey &E) Bars loc. 1-2 2-1 2-3 3-2
rd | 350400 | pol s |3 a0 |3 1o |3 1w |3 s
00| 3505400 | g |3 asm |3 s |3 2w |3 25w
IS | 35040 | pouebs |4 25 |3 oM |3 2w |3 25w




Table A III-2 Shear design of the beams — 3-storey frame

Beam 1-2
Beam's end Middle Beam's end
S L S L S L
Bar (mm) (mm) Bar (mm) (mm) Bar (mm) (mm)
IOM 75 800 1I0OM 200 5000 IOM 75 800
IOM 75 800 I0OM 200 5000 IOM 75 800
IOM 75 800 1I0OM 200 5000 IOM 75 800
Beam 2-3
Beam's end Middle Beam's end
S L S L S L
Bar (mm) (mm) Bar (mm) (mm) Bar (mm) (mm)
1 10M 75 800 [ 1 10M 200 5000 IOM 75 800
I 10M 75 800 [ 1 10M 200 5000 IOM 75 800
1 10M 75 800 [ 1 10M 200 5000 IOM 75 800

Table A III-3 Column’s reinforcement details — 3-storey frame

Storey | Dim. (mm) Bl - B4 B2 -B3
3rd 400 x 400 8 20M 8 20M
2nd 400 x 400 8 20M 8 20M
Ist 400 x 400 8 20M 8 20M




Table A III-4 Shear design of the columns — 3-storey frame
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B1-B4 B2 -B3
Locati Stirrup
ocation S L S L
Storey Type | Num. Bar Num. Bar
(mm)  (mm) (mm)  (mm)
squared 1 10M 1 10M
top end 135 450 135 450
lozenge 1 10M 1 10M
‘ squared 1 10M 1 10M
3rd middle 135 1700 135 1700
lozenge 1 10M 1 10M
squared 1 10M 1 10M
bot. end 135 450 135 450
lozenge 1 10M 1 10M
squared 1 10M 1 10M
top end 135 450 135 450
lozenge 1 10M 1 10M
squared 1 10M 1 10M
2nd middle 135 1700 135 1700
lozenge 1 10M 1 10M
squared 1 10M 1 10M
bot. end 135 450 135 450
lozenge 1 10M 1 10M
squared 1 10M 1 10M
top end 135 450 135 450
lozenge 1 10M 1 10M
squared 1 10M 1 10M
1 middle 135 1700 135 1700
lozenge 1 10M 1 10M
squared 1 10M 1 10M
bot. end 135 450 135 450
lozenge 1 10M 1 10M
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Table A III-5 Flexural design of the beams — 6-storey frame

Storey | Dim. (mm) Bars loc. 1-2 2-1 2-3 3-2

Top Bars |2 ISM |2 ISM |2 I5SM |2 I5M

6t 400 x 600
BottomBars |3 20M |3 20M |3 20M |3 20M
TopBars |3 20M |3 20M |3 20M |3 20M

5th 400 x 600
Bottom Bars |4 20M |4 20M |4 20M |4 20M
TopBars |4 25M |3 25M |3 25M |3 25M

4th 400 % 600
BottomBars |4 25M |4 25M |4 25M |4 25M
TopBars |5 25M |8 20M |5 25M |5 25M

3rd 400 x 600
BottomBars |5 25M |5 25M |5 25M |5 25M
TopBars |6 25M |6 25M |6 25M |6 25M

2nd 400 x 600
BottomBars |6 25M |6 25M |6 25M |6 25M
Top Bars 5 25M |5 25M |5 25M |5 25M

I 400 % 600
BottomBars |5 25M |5 25M |5 25M |5 25M




Table A III-6 Shear design of the beams — 6-storey frame
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Beam 1-2
Beam's end Middle Beam's end
s L s L S L

Bar # Bar # Bar

(mm)  (mm) (mm)  (mm) (mm)  (mm)
I0OM 125 1200 |1 10M 250 4000 (1 10M 125 1200
I0OM 125 1200 |1 10M 250 4000 (1 10M 125 1200
I0OM 125 1200 |1 10M 250 4000 (1 10M 125 1200
1I0M 125 1200 |1 10M 250 4000 (1 10M 125 1200
I0OM 125 1200 |1 10M 250 4000 (1 10M 125 1200
I0OM 125 1200 |1 10M 250 4000 (1 10M 125 1200

Beam 2-3
Beam's end Middle Beam's end
S L s L S L

Bar # Bar # Bar

(mm)  (mm) (mm) (mm) (mm) (mm)
1I0M 125 1200 |1 10M 250 4000 (1 10M 125 1200
I0OM 125 1200 |1 10M 250 4000 (1 10M 125 1200
I0OM 125 1200 |1 10M 250 4000 (1 10M 125 1200
I0OM 125 1200 |1 10M 250 4000 (1 10M 125 1200
10M 125 1200 |1 10M 250 4000 (1 10M 125 1200
I0OM 125 1200 |1 10M 250 4000 (1 10M 125 1200
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Table A III-7 Column’s reinforcement details — 6-storey frame

Storey | Dim. (mm) B1-B4 B2 - B3
o 600 x 600 16 20M 16 20M
5t 600 x 600 16 20M 16 20M
4th 600 x 600 16 20M 16 25M
3rd 600 x 600 16 20M 16 25M
2nd 600 x 600 16 20M 16 25M
I 600 x 600 16 20M 16 25M




Table A III-8 Shear design of the columns — 6-storey frame

107

Storey Location Stirrup Bl-B4 B2-BS
Type | Num. Bar s(mm) L (mm)| Num. Bar s(mm) L (mm)
top end 152;‘:;22 } }gﬁ 100 600 i igﬁ 100 600
6" middle fg;‘:;;g } }gﬁ 100 1200 i igﬁ 100 1200
bot. end 152;‘:;;2 i igﬁ 100 600 1 igﬁ 100 600
top end fg;:;;: i 1% 100 600 i igﬁ 100 600
50 middle ISSE;Z: i igﬁ 100 1200 i igﬁ 100 1200
bot. end fg;:;;: i 1% 100 600 i igx 100 600
top end fg;:;;j } }gﬁ 100 600 1 igﬁ 100 600
4% middle 152;1:;;2 i }gﬁ 100 1200 1 igﬁ 100 1200
bot. end 152;‘:;;2 i igﬁ 100 600 1 igﬁ 100 600
top end fg;:;;: i 1% 100 600 i igﬁ 100 600
34 middle ISSE;Z: i igﬁ 100 1200 i igﬁ 100 1200
bot. end fg;:;;: i 1% 100 600 i igx 100 600
top end fg;:;;j } }gﬁ 100 600 1 igﬁ 100 600
2 middle 152;1:;;2 i }gﬁ 100 1200 1 igﬁ 100 1200
bot. end 152;‘:;;2 i igﬁ 100 600 1 igﬁ 100 600
top end fg;:;;: i 1% 100 600 i igﬁ 100 600
1% middle ISSE;Z: i igﬁ 100 1200 i igﬁ 100 1200
bot. end fg;:;;: i 1% 100 600 i igx 100 600
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Table A II1-9 Flexural design of the beams — 9-storey frame

Storey | D™ Bars loc. 1-2 2-1 2-3 3-2
(mm)
TopBars |4 20M 4 20M 4 20M 4 20M
th
O% 300650 Bgt;fsm 4 20M 4 20M |4 20M 4 20M
TopBars |4 20M 4 20M 4 20M 4 20M
th
8% | 500650 ngf:n 4 20M 4 20M |4 20M 4 20M
TopBars |4 20M 4 20M |4 20M 4 20M
th
7300650 Bgatf;n 6 20M 6 20M |6 20M 6 20M
TopBars |5 20M 5 20M 5 20M 5 20M
th
67 | 500x630 | Bottom 5 oo s asM |5 25M 5 25M
Bars
TopBars |5 25M 5 25M |5 25M 5 25M
th
ST |900x650 | Bottom | oo 5 sy |7 25M 7 25M
Bars
TopBars |5 30M 5 30M |5 30M 5 30M
th
4% | 500x650 Bgatf;’ 6 30M 6 30M |6 30M 6 30M
TopBars |6 30M 6 30M |6 30M 6 30M
rd
3T 500650 Bg;fsm 7 30M 7 30M |7 30M 7 30M
TopBars |7 30M 6 30M 6 30M 6 30M
nd
2713002650 | Bottom | o Sy g 30m (7 30M 7 30M
Bars
TopBars |6 25M 6 25M |6 25M 6 25M
st
1% 500650 Bgatf;’ 6 30M 6 30M |6 30M 6 30M




Table A III-10 Shear design of the beams — 9-storey frame (a)
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Beam 1-2
Beam's end Middle Beam's end
S L S L S L

# Bar # Bar Bar

(mm) (mm) (mm) (mm) (mm) (mm)
1 1I0M 145 1300 1 10M 350 3700 1I0M 145 1300
1 I0OM 145 1300 1 10M 350 3700 10M 145 1300
1 1I0M 145 1300 1 10M 350 3700 10M 145 1300
1 1I0M 145 1300 1 10M 350 3700 1I0M 145 1300
1 I0OM 145 1300 1 1I0M 350 3700 10M 145 1300
1 1I0M 145 1300 1 10M 350 3700 1I0M 145 1300
2 1I0M 145 1300 2 10M 300 3700 10M 145 1300
2 I0OM 145 1300 2 1I0M 350 3700 10M 145 1300
2 1I0M 145 1300 2 10M 350 3700 1I0M 145 1300
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Table A III-11 Shear design of the beams — 9-storey frame (b)

Beam 2-3
Beam's end Middle Beam's end
S L S L S L

# Bar Bar Bar

(mm) (mm) (mm) (mm) (mm) (mm)
1 1I0M 350 1300 1I0M 145 3700 10M 145 1300
1 I0M 350 1300 10M 145 3700 10M 145 1300
1 1I0M 350 1300 10M 145 3700 10M 145 1300
1 1I0M 350 1300 1I0M 145 3700 10M 145 1300
1 I0M 350 1300 10M 145 3700 1I0M 145 1300
1 1I0M 350 1300 1I0M 145 3700 10M 145 1300
2 10M 300 1300 10M 145 3700 10M 145 1300
2  10M 350 1300 10M 145 3700 1I0M 145 1300
2  10M 350 1300 1I0M 145 3700 10M 145 1300




Table A III-12 Column’s reinforcement details — 9-storey frame

Storey | Dim. (mm) B1-B4 B2 -B3
9th 700 x 700 [20  20M 20 20M
gth 700 x 700 |20  20M 20 20M
7th 700 x 700 |20  20M 20 20M
6 700 x 700 [20  20M 20 20M
5th 700 x 700 |20  20M 20 25M
4th 700 x 700 |20  20M 20 25M
3rd 700 x 700 [20  20M 20 25M
2nd 700 x 700 |20  20M 20 25M
1 700 x 700 {20  20M 20 25M
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Table A III-13 Shear design of the columns — 9-storey frame

i B1-B4 B2 -B3
Storey Location Stirrup
Type | Num. Bar s(mm) L(mm) | Num. Bar s(mm) L (mm)
squared 3 I5M 3 15M
top end 150 700 150 700
lozenge 0 15M 0 15M
) squared 3 15M 3 15M
gth middle 150 950 150 950
lozenge 0 15M 0 15M
squared 3 15M 3 15M
bot. end 150 700 150 700
lozenge 0 I5M 0 15M
squared 3 15M 3 15M
top end 150 700 150 700
lozenge 0 15M 0 15M
gth . squared 3 15M 3 I5M
middle lozenge 0 15M 150 950 0 1SM 150 950
squared 3 15M 3 15M
bot. end lozenge 0 15M 150 700 0 1SM 150 700
squared 3 15M 3 15M
t d 150 700 150 700
op &t lozenge 0 15M 0 15M
d 3 I5M 3 15M
th . square
middle lozenge 0 15M 150 950 0 15M 150 950
squared 3 I5M 3 15M
bot. end lozenge 0 15M 150 700 0 15M 150 700
squared 3 15M 3 15M
t d 150 700 150 700
op el lozenge 0 I5M 0 15M
d 3 15M 3 15M
Gih . square
middle lozenge 0 15M 150 950 0 15M 150 950
squared 3 15M 3 15M
bot. end lozenge 0 15M 150 700 0 15M 150 700




Table A III-14 Shear design of the columns — 9-storey frame - Continue
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Storey Location Stirrup Bl - B4 B2 - B3
Type | Num. Bar s(mm) L (mm)| Num. Bar s(mm) L (mm)
o e |y s
S middle (ERT 0 e S0 9% | g SR 1S 080
i B VI I B VIR L
o] e | s
4% middle fg;:;;‘: (3) Eﬁ 150 950 (3) Eﬁ 150 950
ond lopenge | 0 i 10 00 | 2N 150 0
oo e e e | s
o midde (O G w090 | g Gy s es0
R I N
o e | s
o mae SN e |0 N e
i B VI L B VI L
i ovemee | 0 s 10 0|02l 1000
e I AR B
ond lopenge | 0 i 1000 | 2N 150 0
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Table A III-15 Flexural design of the beams — 12-storey frame

Storey | Dim. (mm) Bars loc. 1-2 2-1 2-3 3-2

Top Bars 7 20M 7 20M | 7 20M 7 20M

12t 600 x 750
Bottom Bars 5 20M 5 20M 5 20M 5 20M
Top Bars 7 20M 7 20M | 7 20M 7 20M

11t 600 x 750
Bottom Bars 5 20M 5 20M 5 20M 5 20M
Top Bars 7 20M 7 20M 7 20M 7 20M

1ot 600 x 750
Bottom Bars 5 20M 6 20M 6 20M 6 20M
Top Bars 7 20M 7 20M | 7 20M 7 20M

gth 600 x 750
Bottom Bars 5 25M 5 25M 5 25M 5 25M
Top Bars 5 25M 4 25M 5 25M 5 25M

gth 600 x 750
Bottom Bars 6 25M 6 25M 7 25M 7 25M
Top Bars 6 25M 6 25M | 6 25M 6 25M

7th 600 x 750
Bottom Bars 8 25M 8 25M 8 25M 8 25M
Top Bars 6 30M 5 30M 6 30M 6 30M

6 600 x 750
Bottom Bars 7 30M 7 30M 7 30M 7 30M
Top Bars 7 30M 7 30M | 7 30M 7 30M

5th 600 x 750
Bottom Bars 8 30M 8 30M 8 30M 8 30M
Top Bars 8§ 30M & 30M | &8 30M 8§ 30M

4th 600 x 750
Bottom Bars 9 30M 9 30M 9 30M 9 30M
Top Bars 9 30M 9 30M 9 30M 9 30M

3 600 x 750
Bottom Bars 10 30M 10 30M |10 30M 10 30M
Top Bars 9 30M 9 30M 9 30M 9 30M

ond 600 x 750
Bottom Bars 10 30M 10 30M |10 30M 10 30M
Top Bars 7 30M 6 30M | 6 30M 6 30M

& 600 x 750
Bottom Bars 8 30M 8 30M 8 30M 8 30M




Table A III-16 Shear design of the beams — 12-storey frame (a)
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Beam 1-2
Beam's end Middle Beam's end
s L s L s L

#  Bar Bar Bar

(mm) (mm) (mm) (mm) (mm)  (mm)
1 10M 150 1500 10M 300 3200 10M 150 1500
I 10M 150 1500 10M 300 3200 1I0OM 150 1500
1 10M 150 1500 10M 300 3200 10M 150 1500
1 10M 150 1500 10M 300 3200 10M 150 1500
I 10M 150 1500 10M 300 3200 1I0OM 150 1500
1 10M 150 1500 10M 300 3200 10M 150 1500
1 10M 150 1500 10M 300 3200 10M 150 1500
2 10M 150 1500 10M 300 3200 1I0OM 150 1500
2 10M 150 1500 10M 300 3200 10M 150 1500
2 10M 150 1500 10M 300 3200 1I0M 150 1500
2 10M 150 1500 10M 300 3200 1I0OM 150 1500
2 10M 150 1500 10M 300 3200 10M 150 1500
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Table A III-17 Shear design of the beams — 12-storey frame (b)

Beam 2-3
Beam's end Middle Beam's end
S L S L S L
# Bar # Bar # Bar
(mm) (mm) (mm) (mm) (mm) (mm)

1 10M 300 1500 1 10M 150 3200 1 IOM 150 1500

1 10M 300 1500 1 I0M 150 3200 1 I0M 150 1500

1 10M 300 1500 1 IOM 150 3200 1 IOM 150 1500

1 10M 300 1500 1 10M 150 3200 1 IOM 150 1500

1 10M 300 1500 1 I0M 150 3200 1 I0M 150 1500

1 10M 300 1500 1 10M 150 3200 1 IOM 150 1500

1 10M 300 1500 1 I0OM 150 3200 1 I0M 150 1500

2 10M 300 1500 2 I0M 150 3200 2 I0M 150 1500

2 10M 300 1500 2 10M 150 3200 2 IOM 150 1500

2 10M 300 1500 2 I0OM 150 3200 2 I0M 150 1500

2 10M 300 1500 2 I0M 150 3200 2 I0M 150 1500

2 10M 300 1500 2 IOM 150 3200 2 IOM 150 1500




Table A I1I-18 Column’s reinforcement details — 12-storey frame

Storey | Dim. (mm) B1-B4 B2 - B3
12 800 x 800 | 24 20M 24 20M
1o 800 x 800 | 24 20M 24 20M
10t 800 x 800 | 24 20M 24 20M
9th 800 x 800 | 24 20M 24 20M
gth 800 x 800 | 24 20M 24 25M
7t 800 x 800 | 24 20M 24 25M
6 800 x 800 | 24 20M 24 25M
5t 800 x 800 | 24 20M 24 25M
4th 800 x 800 | 24 20M 24 25M
3rd 800 x 800 | 24 20M 24 25M
2nd 800 x 800 | 24 20M 24 25M
1 800 x 800 | 24 20M 24 25M
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Table A III-19 Shear design of the columns — 12-storey frame

B1-Cl1-B4-C4

B2-C2-B3-C3

Storey - Location s{"lynl;l;p Num Bar s (mm) L (mm) | Num Bar s (mm) L (mm)
top end fg;j;;‘; } }gﬁ 125 800 } }% 125 800
12" middle fg;:;;‘el AR b 650 SV b 650
bot. end fg;;;‘; } }zﬁ 125 800 } }gﬁ 125 800
top end fg;:;;‘el i igﬁ 125 800 i igﬁ 125 800
1" middle fg;j;;‘; } }gﬁ 125 650 } i% 125 650
bot. end f;‘;:;;‘ei } igﬁ 125 800 i }gﬁ 125 800
top end fg;:;;‘i } }% 125 800 } gx 125 800
10" middle f;‘;:;;‘ei } igﬁ 125 650 i }gﬁ 125 650
bot. end fg;:;;‘ei i igﬁ 125 800 i igﬁ 125 800
top end fg;;;‘; } }zﬁ 125 800 } }gﬁ 125 800
o"  middle fg;:;;‘el S b 650 S b 650
bot. end fg;:;;g } }gﬁ 125 800 } gx 125 800
top end f;‘;:;;‘ei } igﬁ 125 800 i }gﬁ 125 800
8" middle fg;:;;‘i } }% 125 650 } gx 125 650
bot. end f;‘;:;;‘ei } igﬁ 125 800 i }gﬁ 125 800
top end fg;:;;‘ei i igﬁ 125 800 i igﬁ 125 800
7" middle fg;;;‘; } }zﬁ 125 650 } }gﬁ 125 650
bot. end fg;:;;‘el i igﬁ 125 800 i igﬁ 125 800




Table A III-20 Shear design of the columns — 12-storey frame - Continue
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B1-Cl1-B4-C4

B2-C2-B3-C3

Store L . Stirrup
y ocation
Type | Num. Bar s (mm) L (mm) | Num Bar s (mm) L (mm)
squared 1 15M 1 15M
top end 125 800 125 800
lozenge 1 15M 1 15M
d 1 15M 1 15M
6" middle A 125 650 125 650
lozenge 1 15M 1 15M
d 1 15M 1 15M
bot.  square 125 800 125 800
end lozenge 1 15M 1 15M
squared 1 15M 1 15M
top end 125 800 125 800
lozenge 1 15M 1 15M
d 1 15M 1 15M
S% middle o 125 650 125 650
lozenge 1 15M 1 15M
d 1 15M 1 15M
bot.  square 125 800 125 800
end lozenge 1 15M 1 15M
squared 1 15M 1 15M
top end 125 800 100 800
lozenge 1 15M 1 15M
d 1 15M 1 15M
A% middle T 125 650 125 650
lozenge 1 15M 1 15M
d 1 15M 1 15M
bot. square 125 800 100 800
end  lozenge 1 15M 1 15M
squared 1 15M 1 15M
top end 125 800 100 800
lozenge 1 15M 1 15M
d 1 15M 1 15M
3 middle 125 650 125 650
lozenge 1 15M 1 15M
d 1 15M 1 15M
bot.  square 125 800 100 800
end lozenge 1 15M 1 15M
d 1 15M 1 15M
topend - alare 125 800 100 800
lozenge 1 15M 1 15M
d 1 15M 1 15M
2 middle oo 125 650 125 650
lozenge 1 15M 1 15M
d 1 15M 1 15M
bot. square 125 800 100 800
end  lozenge 1 15M 1 15M
squared 1 15M 1 15M
top end 125 800 125 800
lozenge 1 15M 1 15M
d 1 15M 1 15M
I middle ST 125 650 125 650
lozenge 1 15M 1 15M
d 1 15M 1 15M
bot. - square 125 800 125 800
end  lozenge 1 15M 1 15M
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One example of determining the moment capacity of 400 mm x 600 mm concrete beam using

Response2000.

Geometric Properties
Gross Conc.  Trans (n=7.97)
Area (mm?2) x 103 240.0 274.9
Inertia (mm?#) x 108 7200.0 9143.5 P o © ——5-25M
Y, (mm) 300 300 A
¥p, (mm) 300 300
S, (mm3) x 103 24000.0 30478.4 § ——10M @ 125 mm
S, (mm3) x 103 24000.0 30478.4
Crack Spacing y 0 0 0 ¢ [—5-25m
2 x dist+ 0.1 dp /p -
400
Loading (N.M.V + dN.dM.dV)
00,-0.0,00 +00,10,00 All dimensions in millimetres
Clear cover to transverse reinforcement = 40 mm
Concrete Rebar
fe'= 30.0MPa___— fu= 400 MPa
/‘// a= 19;1; i k-t
// fi = 1.75 MPa (auto) A
T £, = 1.96 mm/m £, = 100.0 mm/m
(a)
Cross Section Longitudinal Strain Shrinkage & Thermal Strain
Nine Graphs top top
poste & 256 13.22
Auto Range
bot bot
y Control M-ex
Crack Diagram Long. Reinforcement Stress Long. Reinf Stress at Crack
—ltop top
0.24
1.89 -149.4 340.0 +149180000000000000000000.0
3.19
‘ 2.66 = =
JOU DOU
304
COntrol M-Phi Longitudinal Concrete Stress Internal Forces N+M
top Mg 414 kNm
Cr. 850 kN
251 mm
-18.0 09
E e Ne O kN
= . Tt 850 kN
bot 3 I

Figure A III.1 Section analysis using Response 2000: a) Input geometry and material of the
section, b) Output of the moment-rotation relationship of the section



ANNEX IV

PLASTIC HINGE PROPERTIES AND ACCEPTANCE CRITERIA FOR BEAMS
AND COLUMNS

Table IV.1 Acceptance criteria of plastic hinges in beams of the 3-storey frame

Hinge a b C 10 LS CP
PHBO1+ | 0.025 0.05 0.2 0.01 0.025 0.05
PHBO1- 0.02 0.03 0.2 0.005 0.02 0.03
PHBO2+ | 0.025 0.05 0.2 0.01 0.025 0.05
PHBO02- 0.02 0.03 0.2 0.005 0.02 0.03
PHBO3+ | 0.0181 0.0272 0.2000 0.0050 0.0181 0.0272
PHBO3- | 0.0192 0.0289 0.2000 0.0050 0.0192 0.0289
PHBO4+ | 0.025 0.05 0.2 0.01 0.025 0.05
PHBO04- 0.02 0.03 0.2 0.005 0.02 0.03
PHBO5+ | 0.025 0.05 0.2 0.01 0.025 0.05
PHBOS- 0.02 0.03 0.2 0.005 0.02 0.03
PHBO6+ | 0.0192 0.0289 0.2000 0.0050 0.0192 0.0289
PHBO06- | 0.0192 0.0289 0.2000 0.0050 0.0192 0.0289

Table IV.2 Properties of plastic hinges in beams of the 3-storey frame

Hinge My Oy Mc/My  6c/6y MD/My 6D/By  ME/My 0E/0y
PHBO1+ | 198.7  0.004953 1.1 6.0480 0.2 6.0480 0.2 11.0959
PHBO1- 198.7  0.004953 1.1 5.0384 0.2 5.0384 0.2 7.0575
PHBO2+ | 152.5  0.004953 1.1 6.0480 0.2 6.0480 0.2 11.0959
PHBO02- 152.5  0.004953 1.1 5.0384 0.2 5.0384 0.2 7.0575
PHBO03+ 96.7 0.004953 1.1 4.6581 0.2 4.6581 0.2 6.4872
PHBO03- 50.7 0.004953 1.1 4.8863 0.2 4.8863 0.2 6.8294
PHBO4+ | 152.5  0.004953 1.1 6.0480 0.2 6.0480 0.2 11.0959
PHBO04- 152.5  0.004953 1.1 5.0384 0.2 5.0384 0.2 7.0575
PHBOS5S+ | 152.5  0.004953 1.1 6.0480 0.2 6.0480 0.2 11.0959
PHBOS- 152.5  0.004953 1.1 5.0384 0.2 5.0384 0.2 7.0575
PHBO06+ 83.7 0.004953 1.1 4.8863 0.2 4.8863 0.2 6.8294
PHBO06- 61.6 0.004953 1.1 4.8863 0.2 4.8863 0.2 6.8294

Units are in kKN, m
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Table IV.3 Acceptance criteria of plastic hinges in columns of the 3-storey frame

Hinge a b c 10 LS Cp
PHCEO1 | 0.04255 0.08216 0.2 0.005 0.04108 0.05751
PHCEO2 | 0.04255 0.08222 0.2 0.005 0.04111 0.05756
PHCEO3 | 0.04255 0.08498 0.2 0.005 0.04249 0.05949
PHCEO4 | 0.04255 0.08505 0.2 0.005 0.04252 0.05953
PHCEOS | 0.04255 0.08777 0.2 0.005 0.04388 0.06144
PHCEO6 | 0.04255 0.08784 0.2 0.005 0.04392 0.06149
PHCIO1 | 0.04255 0.08231 0.2 0.005 0.04116 0.05762
PHCIO2 | 0.04255 0.08238 0.2 0.005 0.04119 0.05767
PHCIO3 | 0.04255 0.08482 0.2 0.005 0.04241 0.05937
PHCIO4 | 0.04255 0.08489 0.2 0.005 0.04244 0.05942
PHCIOS | 0.04255 0.08749 0.2 0.005 0.04375 0.06124
PHCIO6 | 0.04255 0.08756 0.2 0.005 0.04378 0.06129

Table IV.4 Properties of plastic hinges in columns of the 3-storey frame

Hinge My Oy Mc/My 6c/6y MD/My 6D/6y ME/My  6E/0y
PHCEO1 | 170.30 0.0062 1.1 7.919 0.2 7.919 0.2 14.3593
PHCEO2 | 169.90 0.0062 1.1 7.919 0.2 7.919 0.2 14.3696
PHCEO3 | 155.00 0.0062 1.1 7.919 0.2 7.919 0.2 14.8179
PHCEO4 | 154.70 0.0062 1.1 7.919 0.2 7.919 0.2 14.8288
PHCEOS5 | 139.80 0.0062 1.1 7.919 0.2 7.919 0.2 15.2713
PHCEO6 | 138.90 0.0062 1.1 7.919 0.2 7.919 0.2 15.2829
PHCIO1 169.50 0.0062 1.1 7.919 0.2 7.919 0.2 14.3843
PHCIO2 | 169.20 0.0062 1.1 7.919 0.2 7.919 0.2 14.3949
PHCIO3 | 155.90 0.0062 1.1 7.919 0.2 7.919 0.2 14.7919
PHCIO4 | 155.50 0.0062 1.1 7.919 0.2 7.919 0.2 14.8028
PHCIOS | 141.30 0.0062 1.1 7.919 0.2 7.919 0.2 15.2264
PHCIO6 | 140.90 0.0062 1.1 7.919 0.2 7.919 0.2 15.2379

Units are in kN, m




Table IV.5 Acceptance criteria of plastic hinges in beams of the 6-storey frame

Hinge a b c 10 LS CP
PHBO1+ | 0.025 0.05 0.2 0.01 0.025 0.05
PHBO1- 0.02 0.03 0.2 0.005 0.02 0.03
PHBO02+ | 0.025 0.05 0.2 0.01 0.025 0.05
PHBO02- | 0.025 0.05 0.2 0.01 0.025 0.05
PHBO3+ | 0.025 0.05 0.2 0.01 0.025 0.05
PHBO03- | 0.0197  0.0296 0.2 0.005 0.0197  0.0296
PHBO4+ | 0.025 0.05 0.2 0.01 0.025 0.05
PHBO04- 0.02 0.03 0.2 0.005 0.02 0.03
PHBO5S+ | 0.0192  0.0288 0.2 0.005 0.0192  0.0288
PHBO5- | 0.0192  0.0288 0.2 0.005 0.0192  0.0288
PHBO6+ | 0.0187  0.0281 0.2 0.005 0.0187  0.0281
PHBO6- | 0.0187  0.0281 0.2 0.005 0.0187  0.0281
PHBO7+ | 0.025 0.05 0.2 0.01 0.025 0.05
PHBO7- 0.02 0.03 0.2 0.005 0.02 0.03
PHBOS+ | 0.025 0.05 0.2 0.01 0.025 0.05
PHBO08- | 0.025 0.05 0.2 0.01 0.025 0.05
PHBO09+ | 0.025 0.05 0.2 0.01 0.025 0.05
PHBO09- 0.02 0.03 0.2 0.005 0.02 0.03
PHB10+ | 0.0244  0.0474 0.2 0.0094  0.0244  0.0474
PHB10- | 0.0187  0.0281 0.2 0.005 0.0187  0.0281
PHB11+ | 0.0192  0.0288 0.2 0.005 0.0192  0.0288
PHB11- | 0.0192  0.0288 0.2 0.005 0.0192  0.0288
PHBI12+ | 0.0187  0.0281 0.2 0.005 0.0187  0.0281
PHB12- | 0.0187  0.0281 0.2 0.005 0.0187  0.0281
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Table IV.6 Properties of plastic hinges in beams of the 6-storey frame

Hinge My Oy Mc/My 0c/0y Mbp/My Op/0y  ME/My  Og/0y
PHBO1+ | 414.4  0.003302 1.1 8.5719 0.2 8.5719 0.2 16.1439
PHBO1- | 414.4  0.003302 1.1 7.0575 0.2 7.0575 0.2 10.0863
PHBO02+ | 496.6  0.003302 1.1 8.5719 0.2 8.5719 0.2 16.1439
PHBO02- | 496.6  0.003302 1.1 8.5719 0.2 8.5719 0.2 16.1439
PHBO3+ | 414.4  0.003302 1.1 8.5719 0.2 8.5719 0.2 16.1439
PHBO03- | 4144  0.003302 1.1 6.9910 0.2 6.9910 0.2 9.9865
PHBO04+ | 336.7  0.003302 1.1 8.5719 0.2 8.5719 0.2 16.1439
PHBO04- | 336.7  0.003302 1.1 7.0575 0.2 7.0575 0.2 10.0863
PHBO5+ | 208.8  0.003302 1.1 6.8579 0.2 6.8579 0.2 9.7869
PHBO05- 160.2  0.003302 1.1 7.0575 0.2 7.0575 0.2 10.0863
PHBO6+ | 159.5  0.003302 1.1 6.7248 0.2 6.7248 0.2 9.5873
PHBO06- 79.3 0.003302 1.1 6.7248 0.2 6.7248 0.2 9.5873
PHBO7+ | 4144  0.006603 1.1 4.7860 0.2 4.7860 0.2 8.5719
PHBO7- | 4144  0.006603 1.1 4.0288 0.2 4.0288 0.2 5.5432
PHBO8+ | 496.6  0.006603 1.1 4.7860 0.2 4.7860 0.2 8.5719
PHBOS- | 496.6  0.006603 1.1 4.7860 0.2 4.7860 0.2 8.5719
PHB09+ | 4144  0.006603 1.1 4.7860 0.2 4.7860 0.2 8.5719
PHBO09- | 4144  0.006603 1.1 4.0288 0.2 4.0288 0.2 5.5432
PHB10+ | 336.7  0.006603 1.1 4.7028 0.2 4.7028 0.2 8.2392
PHB10- | 256.1  0.006603 1.1 3.8624 0.2 3.8624 0.2 5.2936
PHB11+ | 208.8  0.006603 1.1 3.9290 0.2 3.9290 0.2 5.3934
PHBI11- 160.2  0.006603 1.1 3.9290 0.2 3.9290 0.2 5.3934
PHBI12+ | 159.5  0.006603 1.1 3.8624 0.2 3.8624 0.2 5.2936
PHBI12- 79.3 0.006603 1.1 3.8624 0.2 3.8624 0.2 5.2936

Units are in kKN, m
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Table IV.7 Acceptance criteria of plastic hinges in columns of the 6-storey frame

Hinge a b c 10 LS CP
PHCEO1 | 0.0373 0.0681 0.2 0.005 0.0340 0.0476
PHCEO02 | 0.04255 0.0682 0.2 0.005 0.0341 0.0477
PHCEO3 | 0.0373 0.0716 0.2 0.005 0.0358 0.0501
PHCEO4 | 0.0373 0.0717 0.2 0.005 0.0358 0.0502
PHCEO5 | 0.0373 0.0758 0.2 0.005 0.0379 0.0530
PHCEO6 | 0.0373 0.0759 0.2 0.005 0.0379 0.0531
PHCEO7 | 0.0373 0.0800 0.2 0.005 0.0400 0.0560
PHCEOS8 | 0.0373 0.0801 0.2 0.005 0.0400 0.0561
PHCEO09 | 0.0373 0.0838 0.2 0.005 0.0419 0.0587
PHCE10 | 0.0373 0.0840 0.2 0.005 0.0420 0.0588
PHCEI11 | 0.0373 0.0872 0.2 0.005 0.0436 0.0611
PHCE12 | 0.0373 0.0874 0.2 0.005 0.0437 0.0612
PHCIOL | 0.0373 0.0743 0.2 0.005 0.0371 0.0520
PHCIO2 | 0.0373 0.0744 0.2 0.005 0.0372 0.0521
PHCIO3 | 0.0373 0.0765 0.2 0.005 0.0383 0.0536
PHCIO4 | 0.0373 0.0767 0.2 0.005 0.0383 0.0537
PHCIOS | 0.0373 0.0789 0.2 0.005 0.0395 0.0553
PHCIO6 | 0.0373 0.0791 0.2 0.005 0.0395 0.0553
PHCIO7 | 0.0373 0.0815 0.2 0.005 0.0408 0.0571
PHCIO8 | 0.0373 0.0816 0.2 0.005 0.0408 0.0571
PHCIO09 | 0.0373 0.0843 0.2 0.005 0.0421 0.0590
PHCI10 | 0.0373 0.0844 0.2 0.005 0.0422 0.0591
PHCII1 | 0.0373 0.0872 0.2 0.005 0.0436 0.0610
PHCI12 | 0.0373 0.0873 0.2 0.005 0.0437 0.0611
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Table IV.8 Properties of plastic hinges in columns of the 6-storey frame

Hinge My 0y  Mc/My  6c¢/0y MD/My  6D/6y ME/My OE/0y

PHCEOI | 612.8  0.0038 1.1 10.9027 0.2 10.9027 0.2 19.0703
PHCEO2 | 611.9  0.0062 1.1 7.9187 0.2 7.9187 0.2 12.0827
PHCEO3 | 5794  0.0038 1.1 10.9027 0.2 10.9027 0.2 20.0035
PHCEO4 | 578.5  0.0038 1.1 10.9027 0.2 10.9027 0.2 20.0308
PHCEOS | 5393  0.0038 1.1 10.9027 0.2 10.9027 0.2 21.1159
PHCEO6 | 538.3  0.0038 1.1 10.9027 0.2 10.9027 0.2 21.1461
PHCEO7 | 499.8  0.0038 1.1 10.9027 0.2 10.9027 0.2 22.2313
PHCEO8 | 498.6  0.0038 1.1 10.9027 0.2 10.9027 0.2 22.2645
PHCEO09 | 464.1 0.0038 1.1 10.9027 0.2 10.9027 0.2 23.2606
PHCE10 | 462.8  0.0038 1.1 10.9027 0.2 10.9027 0.2 23.2967
PHCEI1 | 4339 0.0038 1.1 10.9027 0.2 10.9027 0.2 24.1593
PHCEI2 | 432.6 0.0038 1.1 10.9027 0.2 10.9027 0.2 24.1981

PHCIOI 7774  0.0038 1.1 10.9027 0.2 10.9027 0.2 20.7139
PHCIO02 776.5  0.0038 1.1 10.9027 0.2 10.9027 0.2 20.7430
PHCIO3 759.7  0.0038 1.1 10.9027 0.2 10.9027 0.2 21.3195
PHCI04 758.7  0.0038 1.1 10.9027 0.2 10.9027 0.2 21.3502
PHCIO5 740.5  0.0038 1.1 10.9027 0.2 10.9027 0.2 21.9592
PHCIO06 739.5  0.0038 1.1 10.9027 0.2 10.9027 0.2 21.9916
PHCIO7 719.9  0.0038 1.1 10.9027 0.2 10.9027 0.2 22.6400
PHCIO8 7189  0.0038 1.1 10.9027 0.2 10.9027 0.2 22.6743
PHCIO09 460.4  0.0038 1.1 10.9027 0.2 10.9027 0.2 23.3679
PHCII0 | 459.1  0.0038 1.1 10.9027 0.2 10.9027 0.2 23.4044
PHCI11 4342 0.0038 1.1 10.9027 0.2 10.9027 0.2 24.1493
PHCI12 4329  0.0038 1.1 10.9027 0.2 10.9027 0.2 24.1881

Units are in kKN, m




Table IV.9 Acceptance criteria of plastic hinges in beams of the 9-storey frame

Hinge a b c 10 LS CP
PHBO1+ | 0.0240  0.0461 0.2 0.0090  0.0240  0.0461
PHBOI1- | 0.0181 0.0271 0.2 0.0050  0.0181 0.0271
PHBO02+ | 0.0244  0.0477 0.2 0.0094  0.0244  0.0477
PHBO02- | 0.0244  0.0477 0.2 0.0094  0.0244  0.0477
PHBO3+ | 0.0244  0.0477 0.2 0.0094  0.0244  0.0477
PHBO03- | 0.0244  0.0477 0.2 0.0094  0.0244  0.0477
PHBO4+ | 0.0244  0.0477 0.2 0.0094  0.0244  0.0477
PHBO04- | 0.0244  0.0477 0.2 0.0094  0.0244  0.0477
PHBO5+ | 0.0242  0.0468 0.2 0.0092 0.0242 0.0468
PHBOS- | 0.0184  0.0276 0.2 0.0050  0.0184  0.0276
PHBO6+ | 0.0184  0.0276 0.2 0.0050  0.0184  0.0276
PHBO06- | 0.0184  0.0276 0.2 0.0050  0.0184  0.0276
PHBO7+ | 0.0190  0.0285 0.2 0.0050  0.0190  0.0285
PHBO07- | 0.0190  0.0285 0.2 0.0050  0.0190  0.0285
PHBO8+ | 0.0200  0.0300 0.2 0.0050  0.0200  0.0300
PHBOS- | 0.0200  0.0300 0.2 0.0050  0.0200  0.0300
PHB09+ | 0.0200  0.0300 0.2 0.0050  0.0200  0.0300
PHBO09- | 0.0200  0.0300 0.2 0.0050  0.0200  0.0300
PHB10+ | 0.0240  0.0461 0.2 0.0090  0.0240  0.0461
PHB10- | 0.0181 0.0271 0.2 0.0050  0.0181 0.0271
PHB11+ | 0.0244  0.0477 0.2 0.0094  0.0244  0.0477
PHBI11- | 0.0244  0.0477 0.2 0.0094  0.0244  0.0477
PHBI12+ | 0.0250  0.0500 0.2 0.0100  0.0250  0.0500
PHB12- | 0.0250  0.0500 0.2 0.0100  0.0250  0.0500
PHBI13+ | 0.0244  0.0477 0.2 0.0094  0.0244  0.0477
PHB13- | 0.0244  0.0477 0.2 0.0094  0.0244  0.0477
PHB14+ | 0.0242  0.0468 0.2 0.0092 0.0242 0.0468
PHB14- | 0.0184  0.0276 0.2 0.0050  0.0184  0.0276
PHBI15+ | 0.0184  0.0276 0.2 0.0050  0.0184  0.0276
PHB15- | 0.0184  0.0276 0.2 0.0050  0.0184  0.0276
PHB16+ | 0.0190  0.0285 0.2 0.0050  0.0190  0.0285
PHB16- | 0.0190  0.0285 0.2 0.0050  0.0190  0.0285
PHB17+ | 0.0200  0.0300 0.2 0.0050  0.0200  0.0300
PHB17- | 0.0200  0.0300 0.2 0.0050  0.0200  0.0300
PHB18+ | 0.0200  0.0300 0.2 0.0050  0.0200  0.0300
PHB18- | 0.0200  0.0300 0.2 0.0050  0.0200  0.0300
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Table IV.10 Properties of plastic hinges in beams of the 9-storey frame

Hinge My Oy Mc/My 6c/6y MD/My 6D/6y ME/My  OE/By
PHBOI+ | 758.1  0.003048 1.1 8.8835 0.2 8.8835 0.2 16.1283
PHBO1- 551.2  0.003048 1.1 6.9236 0.2 6.9236 0.2 9.8853
PHB02+ | 987.1  0.003048 1.1 9.0166 0.2 9.0166 0.2 16.6606
PHBO02- 886.3  0.003048 1.1 9.0166 0.2 9.0166 0.2 16.6606
PHBO3+ | 879.4  0.003048 1.1 9.0166 0.2 9.0166 0.2 16.6606
PHBO03- 759.2  0.003048 1.1 9.0166 0.2 9.0166 0.2 16.6606
PHBO04+ | 758.1  0.003048 1.1 9.0166 0.2 9.0166 0.2 16.6606
PHBO04- 637 0.003048 1.1 9.0166 0.2 9.0166 0.2 16.6606
PHBO5+ | 635.7  0.003048 1.1 8.9368 0.2 8.9368 0.2 16.3412
PHBO5- | 461.1  0.003048 1.1 7.0300 0.2 7.0300 0.2 10.0450
PHBO06+ 461 0.003048 1.1 7.0300 0.2 7.0300 0.2 10.0450
PHBO06- 284 0.003048 1.1 7.0300 0.2 7.0300 0.2 10.0450
PHBO7+ | 337.5  0.003048 1.1 7.2429 0.2 7.2429 0.2 10.3644
PHBO7- | 231.8  0.003048 1.1 7.2429 0.2 7.2429 0.2 10.3644
PHBO8+ | 231.6  0.003048 1.1 7.5623 0.2 7.5623 0.2 10.8435
PHBOS- | 231.6  0.003048 1.1 7.5623 0.2 7.5623 0.2 10.8435
PHB09+ | 231.6  0.003048 1.1 7.5623 0.2 7.5623 0.2 10.8435
PHBO09- | 231.6  0.003048 1.1 7.5623 0.2 7.5623 0.2 10.8435
PHB10+ | 758.1  0.003048 1.1 49418 0.2 49418 0.2 8.5641
PHBI10- 551.2  0.003048 1.1 3.9618 0.2 3.9618 0.2 5.4427
PHBI11+ | 987.1  0.003048 1.1 5.0083 0.2 5.0083 0.2 8.8303
PHBI1- 886.3  0.003048 1.1 5.0083 0.2 5.0083 0.2 8.8303
PHBI12+ | 879.4  0.003048 1.1 5.1015 0.2 5.1015 0.2 9.2029
PHBI12- 759.2  0.003048 1.1 5.1015 0.2 5.1015 0.2 9.2029
PHB13+ | 758.1  0.003048 1.1 5.0083 0.2 5.0083 0.2 8.8303
PHBI13- 637 0.003048 1.1 5.0083 0.2 5.0083 0.2 8.8303
PHB14+ | 635.7  0.003048 1.1 4.9684 0.2 4.9684 0.2 8.6706
PHBI14- | 461.1  0.003048 1.1 4.0150 0.2 4.0150 0.2 5.5225
PHBI15+ 461 0.003048 1.1 4.0150 0.2 4.0150 0.2 5.5225
PHB15- 284 0.003048 1.1 4.0150 0.2 4.0150 0.2 5.5225
PHB16+ | 337.5  0.003048 1.1 4.1215 0.2 4.1215 0.2 5.6822
PHBI16- | 231.8  0.003048 1.1 4.1215 0.2 4.1215 0.2 5.6822
PHB17+ | 231.6  0.003048 1.1 42812 0.2 42812 0.2 5.9218
PHBI17- | 231.6  0.003048 1.1 42812 0.2 42812 0.2 5.9218
PHBI18+ | 231.6  0.003048 1.1 42812 0.2 42812 0.2 5.9218
PHBI18- | 231.6  0.003048 1.1 4.2812 0.2 42812 0.2 5.9218

Units are in kKN, m




Table IV.11 Acceptance criteria of plastic hinges in columns of the 9-storey frame

Hinge a b c 10 LS CP
PHCEO1 | 0.0425 0.0753 0.1850  0.005 0.0377 0.0527
PHCEO2 | 0.0425 0.0754 0.1852  0.005 0.0377 0.0528
PHCEO3 | 0.0433 0.0770 0.1923  0.005 0.0385 0.0539
PHCEO4 | 0.0433 0.0771 0.1925  0.005 0.0385 0.0539
PHCEO5 | 0.0441 0.0789 0.2 0.005 0.0394 0.0552
PHCEO6 | 0.0441 0.0789 0.2 0.005 0.0394 0.0552
PHCEO7 | 0.0429  0.0789 0.2 0.005 0.0394 0.0552
PHCEO8 | 0.0429  0.0789 0.2 0.005 0.0394 0.0552
PHCEO09 | 0.0410 0.0789 0.2 0.005 0.0394 0.0552
PHCE10 | 0.0409 0.0789 0.2 0.005 0.0394 0.0552
PHCEI11 | 0.0347 0.0748 0.2 0.005 0.0374 0.0524
PHCE12 | 0.0345 0.0748 0.2 0.005 0.0374 0.0524
PHCE13 | 0.0316 0.0748 0.2 0.0047 0.0374 0.0524
PHCE14 | 0.0316 0.0748 0.2 0.0047 0.0374 0.0524
PHCE15 | 0.0316 0.0748 0.2 0.0047 0.0374 0.0524
PHCE16 | 0.0316 0.0748 0.2 0.0047 0.0374 0.0524
PHCE17 | 0.0316 0.0748 0.2 0.0047 0.0374 0.0524
PHCE18 | 0.0316 0.0748 0.2 0.0047 0.0374 0.0524
PHCIO1 | 0.0435 0.0789 0.2 0.005 0.0394 0.0552
PHCIO2 | 0.0434 0.0789 0.2 0.005 0.0394 0.0552
PHCIO3 | 0.0428  0.0789 0.2 0.005 0.0394 0.0552
PHCIO4 | 0.0427  0.0789 0.2 0.005 0.0394 0.0552
PHCIOS | 0.0419 0.0789 0.2 0.005 0.0394 0.0552
PHCIO6 | 0.0418  0.0789 0.2 0.005 0.0394 0.0552
PHCIO7 | 0.0406 0.0789 0.2 0.005 0.0394 0.0552
PHCIO8 | 0.0406 0.0789 0.2 0.005 0.0394 0.0552
PHCI0O9 | 0.0389 0.0789 0.2 0.005 0.0394 0.0552
PHCI10 | 0.0388 0.0789 0.2 0.005 0.0394 0.0552
PHCII1 | 0.0363 0.0789 0.2 0.005 0.0394 0.0552
PHCI12 | 0.0361 0.0789 0.2 0.005 0.0394 0.0552
PHCI13 | 0.0349 0.0789 0.2 0.005 0.0394 0.0552
PHCI14 | 0.0349 0.0789 0.2 0.005 0.0394 0.0552
PHCI15 | 0.0349 0.0789 0.2 0.005 0.0394 0.0552
PHCI16 | 0.0349 0.0789 0.2 0.005 0.0394 0.0552
PHCI17 | 0.0349 0.0789 0.2 0.005 0.0394 0.0552
PHCI18 | 0.0349 0.0789 0.2 0.005 0.0394 0.0552
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Table IV.12 Properties of plastic hinges in columns of the 9-storey frame

Hinge My Oy Mc/My O0c/6y MD/My 6D/6y ME/My 0OE/Qy

PHCEOI | 1081.4 0.00316 1.1 14.4648  0.1850 14.4648 0.1850 24.860
PHCEO2 | 1080.3 0.00316 1.1 14.4712  0.1852 14.4712 0.1852 24.873
PHCEO3 | 1037.9 0.00316 1.1 147142 0.1923 14.7142 0.1923 25.398
PHCEO4 | 1037 0.00316 1.1 147197  0.1925 14.7197 0.1925 25.410
PHCEOS | 978.1 0.00316 1.1 14.9756 0.2 14.9756 0.2 25.987
PHCEO6 | 976.5 0.00316 1.1 14.9687 0.2 14.9687 0.2 25.987
PHCEO7 | 910.1 0.00316 1.1 14.5837 0.2 14.5837 0.2 25.987
PHCEO8 | 908.5 0.00316 1.1 14.5725 0.2 14.5725 0.2 25.987
PHCEOQ9 | 844.9 0.00316 1.1 13.9869 0.2 13.9869 0.2 25.987
PHCE10 | 843.5 0.00316 1.1 13.9697 0.2 13.9697 0.2 25.987
PHCEI1I | 783.7 0.00316 1.1 11.9788 0.2 11.9788 0.2 24.706
PHCE12 782 0.00316 1.1 11.9404 0.2 11.9404 0.2 24.706
PHCE13 | 727.6 0.00316 1.1 11.0136 0.2 11.0136 0.2 24.706
PHCE14 | 725.7 0.00316 1.1 11.0136 0.2 11.0136 0.2 24.706
PHCEI1S | 679.2 0.00316 1.1 11.0136 0.2 11.0136 0.2 24.706
PHCEl6 | 677.1 0.00316 1.1 11.0136 0.2 11.0136 0.2 24.706
PHCE17 | 638.6 0.00316 1.1 11.0136 0.2 11.0136 0.2 24.706
PHCEI18 | 636.5 0.00316 1.1 11.0136 0.2 11.0136 0.2 24.706
PHCIOL | 1205.5 0.00316 1.1 14.7731 0.2 14.7731 0.2 25.987
PHCIO2 | 1203.9 0.00316 1.1 14.7617 0.2 14.7617 0.2 25.987
PHCIO3 | 1179.8 0.00316 1.1 14.5478 0.2 14.5478 0.2 25.987
PHCIO4 | 1178.2 0.00316 1.1 14.5331 0.2 14.5331 0.2 25.987
PHCIOS | 1152.6 0.00316 1.1 14.2590 0.2 14.2590 0.2 25.987
PHCIO6 | 1151.4 0.00316 1.1 14.2395 0.2 14.2395 0.2 25.987
PHCIO7 | 1125.1 0.00316 1.1 13.8724 0.2 13.8724 0.2 25.987
PHCIO8 | 1123.6 0.00316 1.1 13.8454 0.2 13.8454 0.2 25.987
PHCIO9 | 1100.1 0.00316 1.1 13.3286 0.2 13.3286 0.2 25.987
PHCI10 | 1098.3 0.00316 1.1 13.2887 0.2 13.2887 0.2 25.987
PHCII1 | 7323 0.00316 1.1 12.5073 0.2 12.5073 0.2 25.987
PHCI12 | 730.4 0.00316 1.1 12.4434 0.2 12.4434 0.2 25.987
PHCI13 | 700.7 0.00316 1.1 12.0622 0.2 12.0622 0.2 25.987
PHCI14 | 698.8 0.00316 1.1 12.0622 0.2 12.0622 0.2 25.987
PHCI1S | 668.7 0.00316 1.1 12.0622 0.2 12.0622 0.2 25.987
PHCI16 | 666.8 0.00316 1.1 12.0622 0.2 12.0622 0.2 25.987
PHCI17 | 636.5 0.00316 1.1 12.0622 0.2 12.0622 0.2 25.987
PHCI18 | 634.5 0.00316 1.1 12.0622 0.2 12.0622 0.2 25.987

Units are in kKN, m




Table V.13 Acceptance criteria of plastic hinges in beams of the 12-storey frame

Hinge a b c 10 LS CP
PHBO1+ | 0.0246 0.0484 0.2 0.0096 0.0246 0.0484
PHBO1- | 0.0250 0.0500 0.2 0.0100 0.0250 0.0500
PHBO02+ | 0.0246 0.0484 0.2 0.0096 0.0246 0.0484
PHBO02- | 0.0246 0.0484 0.2 0.0096 0.0246 0.0484
PHBO3+ | 0.0246 0.0484 0.2 0.0096 0.0246 0.0484
PHBO03- | 0.0246 0.0484 0.2 0.0096 0.0246 0.0484
PHBO04+ | 0.0246 0.0484 0.2 0.0096 0.0246 0.0484
PHBO04- | 0.0246 0.0484 0.2 0.0096 0.0246 0.0484
PHBO5+ | 0.0246 0.0484 0.2 0.0096 0.0246 0.0484
PHBO5- | 0.0246 0.0484 0.2 0.0096 0.0246 0.0484
PHBO6+ | 0.0246 0.0484 0.2 0.0096 0.0246 0.0484
PHBO6- | 0.0184 0.0275 0.2  0.0050 0.0184 0.0275
PHBO7+ | 0.0244 0.0477 0.2 0.0094 0.0244 0.0477
PHBO7- | 0.0188 0.0282 0.2 0.0050 0.0188 0.0282
PHBO8+ | 0.0194 0.0291 0.2 0.0050 0.0194 0.0291
PHBO8- | 0.0188 0.0282 0.2 0.0050 0.0188 0.0282
PHBO09+ | 0.0195 0.0293 0.2 0.0050 0.0195 0.0293
PHB09- | 0.0195 0.0293 0.2 0.0050 0.0195 0.0293
PHB10+ | 0.0200 0.0300 0.2 0.0050 0.0200 0.0300
PHB10- | 0.0200 0.0300 0.2 0.0050 0.0200 0.0300
PHB11+ | 0.0200 0.0300 0.2 0.0050 0.0200 0.0300
PHBI11- | 0.0200 0.0300 0.2 0.0050 0.0200 0.0300
PHB12+ | 0.0200 0.0300 0.2 0.0050 0.0200 0.0300
PHBI12- | 0.0200 0.0300 0.2 0.0050 0.0200 0.0300
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Table V.14 Acceptance criteria of plastic hinges in beams of the 12-storey frame - continue

Hinge a b c 10 LS CP

PHB13+ | 0.0242 0.0467 0.2 0.0092 0.0242 0.0467
PHB13- | 0.0242 0.0467 0.2 0.0092 0.0242 0.0467
PHB14+ | 0.0246 0.0484 0.2 0.0096 0.0246 0.0484
PHB14- | 0.0246 0.0484 0.2 0.0096 0.0246 0.0484
PHB15+ | 0.0246 0.0484 0.2 0.0096 0.0246 0.0484
PHB15- | 0.0246 0.0484 0.2 0.0096 0.0246 0.0484
PHB16+ | 0.0246 0.0484 0.2 0.0096 0.0246 0.0484
PHB16- | 0.0246 0.0484 0.2 0.0096 0.0246 0.0484
PHB17+ | 0.0246 0.0484 0.2 0.0096 0.0246 0.0484
PHB17- | 0.0246 0.0484 0.2 0.0096 0.0246 0.0484
PHB18+ | 0.0246 0.0484 0.2 0.0096 0.0246 0.0484
PHBI18- | 0.0192 0.0288 0.2 0.0050 0.0192 0.0288
PHBO019+ | 0.025 0.05 0.2 0.01 0.025 0.05
PHBO019- 0.02 0.03 0.2 0.005 0.02 0.03
PHB20+ | 0.018828 0.028242 0.2  0.005  0.018828 0.028242
PHB20- | 0.018828 0.028242 0.2  0.005 0.018828 0.028242
PHB21+ | 0.019531 0.029297 0.2  0.005  0.019531 0.029297
PHB21- | 0.019531 0.029297 0.2  0.005 0.019531 0.029297

PHB22+ 0.02 0.03 0.2  0.005 0.02 0.03
PHB22- 0.02 0.03 0.2 0.005 0.02 0.03
PHB23+ 0.02 0.03 0.2  0.005 0.02 0.03
PHB23- 0.02 0.03 0.2 0.005 0.02 0.03
PHB24+ 0.02 0.03 0.2  0.005 0.02 0.03

PHB24- 0.02 0.03 0.2  0.005 0.02 0.03




Table IV.15 Properties of plastic hinges in beams of the 12-storey frame
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Hinge My Oy Mc/My  6¢c/6y MD/My 6D/6y ME/My  0OE/0y
PHBO1+ | 1197.1 0.002641 1.1 10.3097 0.2 10.3097 0.2 19.3088
PHBO1- | 1053  0.002641 1.1 10.4649 0.2 10.4649 0.2 19.9298
PHBO02+ | 1489.6 0.002641 1.1 10.3097 0.2 10.3097 0.2 19.3088
PHBO02- | 1346.3 0.002641 1.1 10.3097 0.2 10.3097 0.2 19.3088
PHBO3+ | 1489.6 0.002641 1.1 10.3097 0.2 10.3097 0.2 19.3088
PHBO03- | 1346.3 0.002641 1.1 10.3097 0.2 10.3097 0.2 19.3088
PHBO4+ | 1343.8 0.002641 1.1 10.3097 0.2 10.3097 0.2 19.3088
PHBO04- | 1200.1 0.002641 1.1 10.3097 0.2 10.3097 0.2 19.3088
PHBO5S+ | 1197.1 0.002641 1.1 10.3097 0.2 10.3097 0.2 19.3088
PHBO5- | 1053  0.002641 1.1 10.3097 0.2 10.3097 0.2 19.3088
PHBO6+ | 1052.3 0.002641 1.1 10.3097 0.2 10.3097 0.2 19.3088
PHBO6- | 907.2  0.002641 1.1 7.9509 0.2 7.9509 0.2 11.4263
PHBO7+ | 864.1 0.002641 1.1 10.2431 0.2 10.2431 0.2 19.0426
PHBO7- | 655.4 0.002641 1.1 8.1283 0.2 8.1283 0.2 11.6925
PHBOS+ | 655.3 0.002641 1.1 8.3501 0.2 8.3501 0.2 12.0252
PHBO8- 550 0.002641 1.1 8.1283 0.2 8.1283 0.2 11.6925
PHBO09+ | 550.1 0.002641 1.1 8.3945 0.2 8.3945 0.2 12.0917
PHB09- | 465.6 0.002641 1.1 8.3945 0.2 8.3945 0.2 12.0917
PHB10+ | 3394 0.002641 1.1 8.5719 0.2 8.5719 0.2 12.3579
PHBI10- | 465.8 0.002641 1.1 8.5719 0.2 8.5719 0.2 12.3579
PHB11+ | 3394 0.002641 1.1 8.5719 0.2 8.5719 0.2 12.3579
PHBI11- | 465.8 0.002641 1.1 8.5719 0.2 8.5719 0.2 12.3579
PHB12+ | 3394 0.002641 1.1 8.5719 0.2 8.5719 0.2 12.3579
PHBI12- | 465.8 0.002641 1.1 8.5719 0.2 8.5719 0.2 12.3579

Units are in kKN, m
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Table IV.16 Properties of plastic hinges in beams of the 12-storey frame - continue

Hinge My Oy Mc/My  6c/6y MD/My 6D/6y  ME/My OE/0y
PHB13+ | 1196.1 0.002641 1.1 5.5772 0.2 5.5772 0.2 9.8439
PHBI13- | 907.3 0.002641 1.1 5.5772 0.2 5.5772 0.2 9.8439
PHB14+ | 1489.6 0.002641 1.1 5.6548 0.2 5.6548 0.2 10.1544
PHB14- | 1346.3 0.002641 1.1 5.6548 0.2 5.6548 0.2 10.1544
PHBI15+ | 1489.6 0.002641 1.1 5.6548 0.2 5.6548 0.2 10.1544
PHBI15- | 1346.3 0.002641 1.1 5.6548 0.2 5.6548 0.2 10.1544
PHB16+ | 1343.8 0.002641 1.1 5.6548 0.2 5.6548 0.2 10.1544
PHB16- | 1200.1 0.002641 1.1 5.6548 0.2 5.6548 0.2 10.1544
PHB17+ | 1197.1 0.002641 1.1 5.6548 0.2 5.6548 0.2 10.1544
PHBI17- | 1053 0.002641 1.1 5.6548 0.2 5.6548 0.2 10.1544
PHBI18+ | 1052.3 0.002641 1.1 5.6548 0.2 5.6548 0.2 10.1544
PHBI18- | 907.2 0.002641 1.1 4.6307 0.2 4.6307 0.2 6.4461
PHB19+ | 864.1 0.002641 1.1 5.73246 0.2 5.732458 0.2 10.46492
PHBI19- | 6554 0.002641 1.1 4.78597 0.2 4.785967 0.2 6.67895
PHB20+ | 759.9 0.002641 1.1 4.56416 0.2 4.564164 0.2 6.346246
PHB20- | 549.9 0.002641 1.1 4.56416 0.2 4.564164 0.2 6.346246
PHB21+ | 550.1 0.002641 1.1 4.69725 0.2 4.697246 0.2 6.545868
PHB21- | 465.6 0.002641 1.1 4.69725 0.2 4.697246 0.2 6.545868
PHB22+ | 402  0.002641 1.1 4.78597 0.2 4.785967 0.2 6.67895
PHB22- | 465.6 0.002641 1.1 4.78597 0.2 4.785967 0.2 6.67895
PHB23+ | 339.4 0.002641 1.1 4.78597 0.2 4.785967 0.2 6.67895
PHB23- | 465.8 0.002641 1.1 4.78597 0.2 4.785967 0.2 6.67895
PHB24+ | 339.4 0.002641 1.1 4.78597 0.2 4.785967 0.2 6.67895
PHB24- | 465.8 0.002641 1.1 4.78597 0.2 4.785967 0.2 6.67895

Units are in kKN, m




Table IV.17 Acceptance criteria of plastic hinges in interior columns
of the 12-storey frame

Hinge a b c 10 LS CP
PHCIO1 | 0.042827  0.0789 0.2 0.005 0.0394  0.0552
PHCIO2 | 0.042725  0.0789 0.2 0.005 0.0394  0.0552
PHCIO3 | 0.042327  0.0789 0.2 0.005 0.0394  0.0552
PHCIO4 | 0.042287  0.0789 0.2 0.005 0.0394  0.0552
PHCIOS | 0.041729  0.0789 0.2 0.005 0.0394  0.0552
PHCIO6 | 0.041682  0.0789 0.2 0.005 0.0394  0.0552
PHCIO7 | 0.040995  0.0789 0.2 0.005 0.0394  0.0552
PHCIO8 | 0.040938  0.0789 0.2 0.005 0.0394  0.0552
PHCIO9 | 0.04007 0.0789 0.2 0.005 0.0394  0.0552
PHCI10 | 0.039999  0.0789 0.2 0.005 0.0394  0.0552
PHCI11 | 0.038872  0.0789 0.2 0.005 0.0394  0.0552
PHCI12 | 0.03878 0.0789 0.2 0.005 0.0394  0.0552
PHCI13 | 0.037263  0.0789 0.2 0.005 0.0394  0.0552
PHCI14 | 0.037138  0.0789 0.2 0.005 0.0394  0.0552
PHCI15 | 0.034994  0.0789 0.2 0.005 0.0394  0.0552
PHCI16 | 0.034925  0.0789 0.2 0.005 0.0394  0.0552
PHCI17 | 0.030988  0.0737 0.2  0.00465 0.0369  0.0516
PHCI18 | 0.030988  0.0737 0.2  0.00465 0.0369  0.0516
PHCI19 | 0.030988  0.0737 0.2  0.00465 0.0369  0.0516
PHCI20 | 0.030988  0.0737 0.2  0.00465 0.0369  0.0516
PHCI21 | 0.030988  0.0737 0.2  0.00465 0.0369  0.0516
PHCI22 | 0.030988  0.0737 0.2  0.00465 0.0369  0.0516
PHCI23 | 0.030988  0.0737 0.2  0.00465 0.0369  0.0516
PHCI24 | 0.030988  0.0737 0.2  0.00465 0.0369  0.0516
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Table IV.18 Acceptance criteria of plastic hinges in exterior columns
of the 12-storey frame

Hinge a b c 10 LS CP
PHCEO1 | 0.035964  0.0622  0.1607  0.005 0.0311 0.0435
PHCEO2 | 0.035983  0.0622  0.1609  0.005 0.0311 0.0436
PHCEO3 | 0.036843  0.0643  0.1689  0.005 0.0322  0.0450
PHCEO4 | 0.036863  0.0644  0.1691  0.005 0.0322  0.0451
PHCEOS5 | 0.0379 0.0670  0.1787  0.005 0.0335  0.0469
PHCEO6 | 0.037918  0.0671  0.1789  0.005 0.0335  0.0470
PHCEO7 | 0.038951  0.0700  0.1885  0.005 0.0350  0.0490
PHCEO8 | 0.03897 0.0700  0.1887  0.005 0.0350  0.0490
PHCEO09 | 0.039938  0.0729  0.1977  0.005 0.0365  0.0511
PHCEI10 | 0.039957  0.0730  0.1979  0.005 0.0365  0.0511
PHCEI11 | 0.039314  0.0737 0.2 0.005 0.0369  0.0516
PHCE12 | 0.039285  0.0737 0.2 0.005 0.0369  0.0516
PHCEI13 | 0.037773  0.0737 0.2 0.005 0.0369  0.0516
PHCE14 | 0.037725  0.0737 0.2 0.005 0.0369  0.0516
PHCEI1S5 | 0.035451  0.0737 0.2 0.005 0.0369  0.0516
PHCE16 | 0.035367  0.0737 0.2 0.005 0.0369  0.0516
PHCE17 | 0.031726  0.0737 0.2  0.00476  0.0369  0.0516
PHCEI18 | 0.031569  0.0737 0.2  0.00474 0.0369  0.0516
PHCE19 | 0.030988  0.0737 0.2  0.00465 0.0369  0.0516
PHCE20 | 0.030988  0.0737 0.2  0.00465 0.0369  0.0516
PHCE21 | 0.030988  0.0737 0.2  0.00465 0.0369  0.0516
PHCE22 | 0.030988  0.0737 0.2  0.00465 0.0369  0.0516
PHCE23 | 0.030988  0.0737 0.2  0.00465 0.0369  0.0516
PHCE24 | 0.030988  0.0737 0.2  0.00465 0.0369  0.0516
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Table IV.19 Properties of plastic hinges in interior columns of the 12-storey frame

Hinge My Oy Mc/My 6c/6y MD/My  6D/Oy ME/My  OE/0y
PHCIO1 | 1772.3 0.002638 1.1 17.238 0.2 17.23776 0.2 30.9105
PHCIO2 | 1765.9 0.002638 1.1 17.199 0.2 17.1991 0.2 30.9105
PHCIO3 | 1746.3 0.002638 1.1 17.048 0.2 17.04809 0.2 30.9105
PHCIO4 | 1744.7 0.002638 1.1 17.033 0.2 17.03309 0.2 30.9105
PHCIOS | 1716.5 0.002638 1.1 16.821 0.2 16.82148 0.2 30.9105
PHCIO6 | 1714  0.002638 1.1 16.804 0.2 16.80354 0.2 30.9105
PHCIO7 | 1686.9 0.002638 1.1 16.543 0.2 16.54318 0.2 30.9105
PHCIO8 | 1684.5 0.002638 1.1 16.521 0.2 16.52148 0.2 30.9105
PHCIO9 | 1652.4 0.002638 1.1 16.193 0.2 16.19258 0.2 30.9105
PHCI10 | 1650.1 0.002638 1.1 16.165 0.2 16.16532 0.2 30.9105
PHCII1 | 1619.2 0.002638 1.1 15.738 0.2 15.73816 0.2 30.9105
PHCI12 | 1617.1 0.002638 1.1 15.703 0.2 15.70318 0.2 30.9105
PHCI13 | 1584.1 0.002638 1.1 15.128 0.2 15.12834 0.2 30.9105
PHCI14 | 1581.5 0.002638 1.1 15.081 0.2 15.08074 0.2 30.9105
PHCI15 | 1545.6  0.002638 1.1 14.268 0.2 14.26784 0.2 30.9105
PHCI16 | 1543.2 0.002638 1.1 14.242 0.2 14.24171 0.2 30.9105
PHCI17 | 1025.9 0.002638 1.1 12.749 0.2 12.74882 0.2 28.9511
PHCII8 | 1023  0.002638 1.1 12.749 0.2 12.74882 0.2 28.9511
PHCI19 | 981.9 0.002638 1.1 12.749 0.2 12.74882 0.2 28.9511
PHCI20 | 979.3  0.002638 1.1 12.749 0.2 12.74882 0.2 28.9511
PHCI21 | 936.5 0.002638 1.1 12.749 0.2 12.74882 0.2 28.9511
PHCI22 | 933.7 0.002638 1.1 12.749 0.2 12.74882 0.2 28.9511
PHCI23 | 889.7 0.002638 1.1 12.749 0.2 12.74882 0.2 28.9511
PHCI24 | 886.7 0.002638 1.1 12.749 0.2 12.74882 0.2 28.9511

Units are in kKN, m
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Table IV.20 Properties of plastic hinges in exterior columns of the 12-storey frame

Hinge My Oy Mc/My 6c/6y MD/My  6D/y ME/My  6E/0y
PHCEO1 | 1714.5 0.002638 1.1 14.6355 0.1607 14.63546 0.1607 24.5748
PHCEO02 | 1714  0.002638 1.1 14.6427 0.1609 14.64266 0.1609 24.5918
PHCEO3 | 1680.7 0.002638 1.1 14.9691 0.1689 14.96909 0.1689 25.3841
PHCEO4 | 1679.8 0.002638 1.1 149764 0.1691 1497637 0.1691 25.4023
PHCEOS | 1621.7 0.002638 1.1 15.3695 0.1787 15.3695 0.1787 26.4208
PHCEO6 | 1620.6 0.002638 1.1 15.3767 0.1789 15.37668 0.1789  26.44
PHCEO7 | 1541.2 0.002638 1.1 15.7682 0.1885 15.76825 0.1885 27.5319
PHCEOS8 | 1539.8 0.002638 1.1 15.7755 0.1887 15.77552 0.1887 27.5529
PHCEO09 | 1450.4 0.002638 1.1 16.1423  0.1977 16.14235 0.1977  28.654
PHCEI10 | 1448.5 0.002638 1.1 16.1496 0.1979 16.14963 0.1979 28.6766
PHCEI11 | 1354.5 0.002638 1.1 15.9059 0.2 15.90594 0.2 28.9511
PHCE12 | 1352.3 0.002638 1.1 15.895 0.2 15.89497 0.2 28.9511
PHCE13 | 1256.3 0.002638 1.1 15.3214 0.2 15.32144 0.2 28.9511
PHCE14 | 1253.7 0.002638 1.1 15.3034 0.2 15.3034 0.2 28.9511
PHCEILS5 | 1162.6 0.002638 1.1 14.4413 0.2 14.44127 0.2 28.9511
PHCE16 | 1160.2 0.002638 1.1 14.4092 0.2 14.40924 0.2 28.9511
PHCE17 | 1078.9 0.002638 1.1 13.0289 0.2 13.02892 0.2 28.9511
PHCEI18 | 1076.4 0.002638 1.1 12.9692 0.2 12.96918 0.2 28.9511
PHCE19 | 1004.1 0.002638 1.1 12.7488 0.2 12.74882 0.2 28.9511
PHCE20 | 1001.1 0.002638 1.1 12.7488 0.2 12.74882 0.2 28.9511
PHCE21 | 940  0.002638 1.1 12.7488 0.2 12.74882 0.2 28.9511
PHCE22 | 936.9 0.002638 1.1 12.7488 0.2 12.74882 0.2 28.9511
PHCE23 | 887.3 0.002638 1.1 12.7488 0.2 12.74882 0.2 28.9511
PHCE24 | 884.1 0.002638 1.1 12.7488 0.2 12.74882 0.2 28.9511

Units are in kKN, m
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