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Extended Abstract

This keynote address makes the argument that the seismic design of nonstructural
components represents the next frontier of earthquake engineering and discusses WHY
that is, HOW this frontier can be crossed and WHO should lead the earthquake
engineering community in crossing it successfully.

WHY

Nonstructural components and systems are not part of a building’s structural load-
bearing system but are nonetheless subjected to the same dynamic environment during
an earthquake. With the development and implementation of performance-based
earthquake engineering, harmonization of seismic performance levels between
structural and nonstructural components becomes vital. Even if the structural
components of a building achieve a continuous or immediate occupancy performance
level after a seismic event, failure of architectural, mechanical or electrical components
can lower the performance level of the entire building system. This reduction in
performance caused by the vulnerability of nonstructural components has been
observed during recent earthquakes worldwide. Moreover, nonstructural damage has
limited the functionality of critical facilities, such as hospitals, following major seismic
events. The investment in nonstructural components and building contents is far greater
than that of structural components and framing (Miranda and Taghavi 2003).

Considering the above and the fact that damage to nonstructural components occurs at
seismic intensities much lower than those required to produce structural damage, it is
not surprising that in many past earthquakes, losses from damage to nonstructural
components have exceeded losses from structural damage. Furthermore, the failure of
nonstructural components can become a safety hazard or can hamper the safe
movement of occupants evacuating buildings, or of rescue workers entering buildings.
In comparison to structural components and systems, there is relatively limited
information on the seismic design of nonstructural components. Basic research work in
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this area continue to remain sparse, and the available seismic design provisions in codes
and guidelines are usually, for the most part, based on past experiences, engineering
judgment and intuition, rather than on objective experimental and analytical results.
Often, design engineers are forced to start almost from square one after each earthquake
event: to observe what went wrong and to try to prevent repetitions. This is a
consequence of the empirical nature of current seismic regulations and guidelines for
nonstructural components.

HOW

Building codes generally classify nonstructural building components into three broad
categories: (1) architectural components; (2) mechanical and electrical equipment; and
(3) building contents.

Architectural components are built-in nonstructural components that form part of the
building. They include interior partition walls, parapets, chimneys, penthouses,
suspended ceilings, appendages and ornamentation, signs and billboards, egress
stairways that are independent of the building, cladding systems, window systems and
lighting systems.

Mechanical and electrical components are built-in nonstructural components that form
part of the building. They include HVAC equipment, engines, turbines, pumps,
compressors, pressure vessels, generators, batteries, motors, transformers, panel
boards, switch gears, instrumentation cabinets, communication equipment, computers,
cooling towers, piping systems, ductwork and electrical conduits.

Building contents are nonstructural components belonging to tenants or occupants of
the building. They include filing cabinets, bookshelves and all pieces of furniture found
inside buildings.

The most detailed guidelines for the practical seismic assessment and mitigation of
nonstructural components are those provided in FEMA E-74 (2012). The document is
aimed to assist a wide audience, from the general public and building owners to
architects, engineers and facilities and planning personnel. By first reviewing the
behaviour of nonstructural components, as observed from past earthquakes, the
document provides readers with a clear sense of nonstructural components that typically
perform poorly in earthquakes and highlights the potential need for damage mitigation
measures. Distinction is made between three broad types of nonstructural components:
(1) architectural components, (ii) mechanical, electrical and plumbing (MEP)
components, and (iii) furniture, fixtures and equipment (FF&E) and contents.
Guidelines are then provided for the survey and assessment of such nonstructural
components in existing buildings with the aim to: (i) compile an inventory of
nonstructural components, (ii) identify high-risk components, and (iii) identify and
prioritize damage mitigation strategies. The creation of an inventory of non-structural
components is useful because it clearly identifies the nonstructural components in a
facility, provides quantities against which loss measures can be assigned as part of a
loss assessment, and will facilitate prioritization of possible interventions. Using a
checklist, the surveyor then answers questions about the possible hazard posed by each
nonstructural component identified. In compiling the nonstructural inventory, FEMA

E-74 also prompts the user to assign a risk rating to the nonstructural component. This
is done considering the exposure, gauged from shaking maps (provided in FEMA E-74
for the United States only) and the potential hazard posed by the component. To this
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extent, the guidelines prescribe that the risk be assessed as low, medium or high for
three different performance factors: (i) life safety, (ii) property loss, and (iii) functional
loss. Note that damage to a certain nonstructural component might represent a large
potential for monetary (property) loss but low risk to life safety, whereas for other
nonstructural components (such as a heavy bookshelf beside a bed) the opposite might
be true. By assigning risk ratings to each of the nonstructural components identified
during the survey, a prioritized inventory can then be developed, identifying those
components that pose the greatest risk for the various performance measures. This
prioritized inventory of nonstructural components can be a very useful tool for decision
makers aiming to identify the most effective interventions and risk mitigation measures
to implement. Chapters 4 and 5 of the FEMA E-74 (2012) document provide general
guidelines for the nonstructural risk reduction for existing and new buildings,
respectively. Efforts are made to clearly identify what the objectives of retrofit should
be and how achieving these objectives will require planning and may require the
involvement of various personnel, each having different responsibilities in the retrofit
process. A range of design options are identified for potential retrofit, from non-
engineered interventions that could be implemented by in-house personnel, to
prescriptive and engineered solutions that are developed by a professional engineer and
could be required for important facilities such as hospitals and schools. A wide range
of informative and practical mitigation strategies for nonstructural components are
provided in Chapter 6 of the FEMA E-74 (20112) guidelines. Descriptions, illustrated
with photos and drawings, of typical types of failure and retrofit measures for
architectural, MEP components and furniture, fixtures, equipment and contents are
detailed over some 500 pages, thus providing a very useful resource for risk reduction.
For new buildings, the FEMA E-74 guidelines also recommend that a designated
nonstructural coordinator develops a specification document containing in one place
the aggregate requirements for seismic restraint of nonstructural components and a
responsibility matrix for assigning responsibility for design, construction, and
inspection of nonstructural installations.

In the last half century, much effort has been devoted to developing rational methods
for conducting the seismic analysis of nonstructural building components. The hope
was to develop rational analytical methods that could be used in specific seismic design
situations. Unfortunately, except for very simple nonstructural building components,
none of these proposed seismic analysis methods have found their way into industry
standards and seismic provisions. As a consequence, there is currently no general
guidance in seismic design provisions on how to consider interactions between primary
structural and secondary nonstructural systems. In the vast majority of practical design
situations, decoupled analyses are conducted using a “cascading” approach. In this
approach, the dynamic properties and the floor responses of the primary structure are
estimated without considering the interaction with the nonstructural component. The
structural response at the attachment level is then considered as the input motion for the
estimation of the response of the nonstructural component. One of the most popular of
these cascading methods is the Floor Response Spectrum (FRS) method.

A response spectrum can be obtained not only for a ground motion, but also for the
acceleration time-history measured or calculated at any point in a structure. The Floor
Response Spectrum (FRS) method consists of first obtaining the response spectrum at
the location in the structure where a nonstructural component is attached (the floor
response spectrum) and then using this response spectrum to estimate its seismic
response. The traditional technique used to calculate a floor response spectrum is first
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to conduct a dynamic analysis of the supporting structure by itself under a ground
motion to calculate the horizontal acceleration time-history of the floor on which the
nonstructural component is attached, and then to compute the response spectrum of this
floor acceleration. If a simplified floor design spectrum needs to be constructed for a
given structure, then the process needs to be repeated for an ensemble of ground
motions representative of the selected design seismic hazard level at the construction
site.

Because of the large number of calculations required to generate a design floor response
spectrum, alternative methods are often employed. For example, an artificial ground
motion that envelops a design ground response spectrum can be used to limit the
number of dynamic analyses. However, caution must be exercised in the selection of
this artificial ground motion because widely different acceleration time-histories may
envelop the same design ground response spectrum, but produce widely different floor
response spectrums. Another approach is to generate the floor response spectrum
directly using approximate methods such as those recently developed by Sullivan et al.
(2013), Calvi and Sullivan (2014), Welch (2017), Merino et al. (2019), Vukobratovi¢
and Fajfar (2015, 2016).

The primary intent of current building code seismic design requirements for
nonstructural components in North America, Europe and Australia (ASCE 2016, NRC
2015, CEN 2004, AS 1170.4 2007) is to maintain life-safety. This is attempted by
limiting large displacements of nonstructural components by anchoring them to the
supporting structure and by minimizing the potential for internal damage to
nonstructural components, particularly in critical facilities. Current seismic design
requirements are based on the fundamental assumption that nonstructural components
can be considered dynamically uncoupled from the structural system to which they are
connected, thereby justifying the cascading design approach, discussed earlier.

In current North American, European and Australian design standards, the seismic
design of nonstructural components starts by the calculations of equivalent static design
forces in the horizontal and/or vertical directions, and applying these forces to the
component's centre of mass. The equivalent static design forces are calculated by
multiplying the mass of the nonstructural component by the corresponding peak
horizontal and/or vertical accelerations anticipated at its centre of mass during the
design seismic event. Similar to building structures, the equivalent static forces for the
design of essential (critical) nonstructural components are multiplied by an importance
factor larger than unity. In addition, to account for the over-strength and nonlinear
response of nonstructural components, the equivalent static design forces are divided
by a response modification factor larger than unity. The support reactions due to the
equivalent static design forces are usually calculated based on the mass distribution of
the nonstructural component. Finally, the connections and restraints must be designed
to withstand these equivalent static forces. For nonstructural components required for
life-safety or continuous operation of important facilities, the components themselves
must be designed also for these same equivalent static forces.

In the ASCE 7-16 (ASCE 2016) Standard in the United States, the following special

certification requirements are included for Seismic Design Category C to F (ASCE
2016) to ensure that nonstructural components designated as seismic systems will
perform as intended: 1) Essential active mechanical and electrical equipment is required
to demonstrate and certify compliance by either shake table testing or experience data;
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and 2) Components containing hazardous material are required to demonstrate and
certify compliance by shake table testing, experience data or analysis. In practice, most
certification compliances of nonstructural components designated as seismic systems
are conducted through shake table testing. For this purpose, special seismic
qualification testing procedures have been developed for nonstructural building
components (ICC-ES 2012).

Finally, the incorporation of nonstructural components within the framework of
performance-based earthquake engineering and seismic loss estimation requires the
development of scientifically-based fragility curves, relating proper engineering
demand parameters with the probabilities of entering certain damage stages, and
consequence functions, relating each assessed damage state to possible consequences
(e.g. dollars, downtime, deaths). Recently, scientifically-based fragility curves for
sprinkler piping systems have been developed (Tian et al. 2014, 2015a, 2015b,
Soroushian et al. 2015) through the following five steps: 1) Cyclic testing of sprinkler
piping joints; 2) Hysteretic modelling of sprinkler piping joints; 3) Seismic testing of
sprinkler piping subsystems; 4) Numerical modelling of sprinkler piping subsystems;
and 5) Fragility analysis of sprinkler piping systems.

WHO

Close collaboration between architects and structural engineers understood to be highly
desirable has now become practice within Europe, North America and Australia.
Unfortunately, this collaboration has not been successful for the design and installation
of nonstructural components. The seismic design and installation of nonstructural
components remains a controversial issue in terms of expertise and responsibility. Often
the question arises during the course of a construction project as to who should be
responsible for the integration of structural and nonstructural seismic designs and
installations. Within current construction practices, the answer to this question is not
always clear. The main stakeholders in a construction project that could be involved in
the seismic design and proper installation of the nonstructural components are the
building owner, the architect, the structural, mechanical and electrical engineers and a
variety of specialty contractors. Looking at the specific competences of each
stakeholder, one can argue that architects, mechanical and electrical engineers in many
cases do not have sufficient specific knowledge to seismically design and properly
install nonstructural components or are not sufficiently trained in that role. At the same
time, structural engineers are often not interested in the design of nonstructural
components and believe this issue is not inherent with their responsibility and fee
structures. The architects often entrust the task to subcontractors that apply the codes
and standards seismic prescriptions to the best of their abilities but often do not have
adequate expertise, particularly if some engineering design calculations are required. It
seems to be necessary that a new professional discipline of “nonstructural coordinator”
be introduced within the building professions to ensure that the nonstructural
components achieve the level of system reliability in meeting the demands caused by a
design earthquake. The nonstructural coordinator should be familiar with the basic
principles of structural design and earthquake engineering. At the same time, a good
background regarding the architectural aspects involved in the design process is
required (MEP systems, furniture, architectural components, etc.). The knowledge of
the applicable codes and standards providing prescriptions for the seismic protection of
nonstructural components as well as the ability to quantity and optimize the costs
involved in the design process is also of paramount importance for a nonstructural
coordinator. The author believes that structural engineers, familiar with the seismic
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provisions for the various typologies of nonstructural components, would be the most
suited professionals to serve as nonstructural coordinators in a construction project.

The advancements in Building Information Modelling (BIM) technology have
significantly enhanced several aspects of the planning, design and construction
processes along with numerous aspects of the project management. To assess building
performance in the early design stage, access to a comprehensive set of data regarding
a building's geometry, contents, use, and mechanical equipment allows improving the
accuracy of information to be incorporated throughout the design process. The
combination of sustainable design strategies (e.g. performance-based seismic design)
and BIM technology has the potential to change the traditional design practices and to
efficiently produce a high-performance facility design. The capability of BIM to
organize and export information to external software could greatly increase the
feasibility of conducting comprehensive and automatic seismic design and risk
assessment. The development of seismic assessment/design software for specific
nonstructural component typologies that are able to read the data provided by Building
Information Models and provide output files that can be uploaded in the original
Building Information Models could represent a new frontier in the seismic design of
nonstructural components.

Building Information Models could be very useful in the seismic design of buildings to
identify performance targets both, for structural and nonstructural components. The
integration of structural and nonstructural components in Building Information Models
would allow identifying optimum seismic design solutions. Nonstructural components
can be sensitive to story drifts and/or floor accelerations. By increasing the strength of
the structure, the story drift demand may be decreased but, at the same time, the floor
accelerations along the height of the building may be increased. The integration of the
structural and nonstructural components in the same Building Information Model and
the clear understanding of all components present in the building are very useful in
order to improve the seismic performance of the building. The seismic design can be
optimized in order to limit drift or acceleration based on the nonstructural components
intended for the building. A correct application of performance-based seismic design
by integrating structural and nonstructural components not only allows the definition
of a single serviceability limit state, but the assessment of various performance levels.
This strategy permits to take into account a range of possible seismic demands and to
investigate the damage consequences related to structural and nonstructural
components for various limit states. The accuracy of Building Information Models in
terms of details and quantities is also of paramount importance to perform accurate
seismic loss estimation analyses or to develop detailed models in external software in
order to perform more sophisticated analyses. The nonstructural coordinator in
collaboration with BIM software developers could be responsible to verify the accuracy
of Building Information Models. If the details required for the analysis of nonstructural
components are not available in the Building Information Models, the nonstructural
coordinator should ask the particular BIM software developer to improve their models
or should be able to directly improve the Building Information Model by introducing
the information that are considered essential for the seismic analysis.

Recently, Perrone and Filiatrault (2017) developed a conceptual framework to perform
the automatic seismic design of nonstructural components using information available
in Building Information Models. The use of the framework was illustrated through a
proof-of-concept case study on the automatic seismic design of sway braces for
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pressurized fire suppressant sprinkler piping systems using a Building Information
Model.
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Abstract

This paper is aimed at evaluating the seismic performance of representative limited ductile
Australian RC buildings for considerations of applying cost effective retrofitting measures. The
structural performance of a case study RC building was analysed to study the behaviour under time
history loading. SeismoStruct software has been employed for performing nonlinear analysis of
the structure. Modelling of limited ductility structures is not straightforward, thus the modelling
techniques and material properties used for the limited ductile RC buildings have been heavily
verified using experimental test results from literature, with modelling recommendations presented
in this paper. The overall research aim of this paper was to determine if the behaviour predictions
of such building match with the analysis results.

Keywords: existing structures; seismic evaluation; limited ductility buildings; performance
validation; non-linear time history analysis
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1. INTRODUCTION

Due to the lack of historical perspective on seismic design, existing Australian reinforced concrete
(RC) buildings can be extremely vulnerable and brittle. That is due to lack of adequate structural
design and detailing for those buildings designed prior to the publishing of the earthquake loading
standard in 1995. Several existing literatures has touched on this topic in more detail, specifically
for structures in Australia, such as Amirsardari et al. (2020) and Menegon (2018). Thus, the first
step towards making calculated risk mitigation decisions regarding those structures is to undertake
seismic analysis and identify the specific vulnerabilities in representative structures. This current
paper aims to further that research by undertaking seismic analysis, nonlinear time history analysis,
on a case study building with several vulnerable features, with the aim of confirming whether the
behavior displayed by the structure matches the predicted behavior at failure. This leads to the
focus on reliable modelling techniques for these vulnerable criteria of structures.
Recommendations of modelling techniques, which have been validated, are provided to act as a
modelling framework for limited ductile RC structures.

2. CASE STUDY BUILDING

Before the methodology and modelling techniques are approached, it is important to understand
the features and properties of a building that these modelling recommendations are applicable to
i.e. limited ductile buildings. Weak column-strong beam, inadequate confinement, poor anchorage
and lap splices, low reinforcement percentages, torsional eccentricity and other features of these
buildings have been covered by Amirsardari (2018) in detail. In a paper published by Menegon et
al. (2019), limited ductility buildings are categorized into 3 general categories: Soft-storey
buildings, vertically irregular buildings, and horizontally irregular buildings. Based on these
categories, different case study buildings, which are simplified adaptations of real buildings, were
developed for more clarity. These include RC wall buildings with symmetrical & asymmetrical
wall configurations, RC Wall buildings with high strength columns not designed for drift, RC wall
building with ground storey transfer columns, and RC frame dominated building. One of these
buildings, Case Study Building 3, is adopted for the analysis in this paper. Case study building 3
is a 6-story RC wall building with asymmetric wall configuration (torsionally eccentric). The
proposed building analysed in this paper was assumed to be:

e Located in Melbourne, on a shallow soil site (Class C)

e Typical importance level (level 2)

e Designed and detailed in accordance with AS3600 (Standards Australia, 2009) and
AS1170.4 (Standards Australia, 2007), based on industry standards (rather than more
advanced analysis and design methods)

e The critical elements of the lateral load resisting system were deemed to be close to the
minimum required design actions

e Earthquake actions were the critical load scenario

As aresult of the torsional eccentricity of this building, the exterior perimeter columns are expected
to have larger inter-story drifts than the walls, and the cores are expected to have large magnitudes
of torsional actions. Note that the interior gravity system was not modelled since it was expected
that the perimeter frames fail prior to the interior gravity system. Some of the design properties
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and building layouts are presented below, but more details can be found in the Menegon et al.

(2019) paper.
Table 1: Design Properties for building Elements
Slab | Beams | Columns | Core walls | Shear Walls
f’e(MPa) 40 40 50 50 50
fy (MPa) 500 500 500 500 500
diongtiudinal (mm) | 32 24-20 24-20 20-12 24-16
(varying) | (varying) (varying) (varying)
dtransverse (mm) | 12 12 10 16-12 16-12
(varying) (varying)

Figure 1: Typical floor framing plan for levels 1-6 (Menegon ,2019)

Figure 2: Shear and Wall Building Core Dimensions (Menegon ,2019)

11




Australian Earthquake Engineering Society 2020 Virtual Conference, Nov 18-20

(a) Shear Wall (Right side is mirror image of left)

(b) Core Wall (Right side is mirror image of left)
Figure 3: Typical design and detailing of (a) Shear Wall (b) Core Wall (Menegon ,2019)

2. METHODOLOGY AND MODELLING

SeismoStruct software was utilised for the seismic assessment of the case study building.
SeismoStruct (Seismosoft, 2020a) is a finite element software that is capable of predicting
displacement behaviour of structures under static/dynamic loading, as well as allowing the
visualisation of the extent of damage under seismic events and excitations. The program has been
used in a range of previous research investigating the seismic performance of RC buildings
(Almeida et al., 2016; Bolea, 2016; Carvalho et al., 2013; Hoult, (2017), Dias-Oliveira et al., 2016;
Belejo et al., 2012).

For this paper, a nonlinear time history analysis was performed on the structures. The initial
modelling techniques adapted were based on literature (Martini,2007; Beyer et al., 2008;
Seismosoft, 2020a; Seismosoft, 2020b; Yu, 2006) that analysed similar structures, i.e., existing
RC buildings. From there, using experimental data from literature, the modelling parameters were
refined and calibrated to provide the best results for typical Australian limited ductile structures.

Consistency in the modelling, especially in highly nonlinear analysis such as the buildings being
considered, is very important. This is because those structures have a stiffness that is close to zero,
making them very sensitive to even the smallest changes in the inputs, or even project settings,
and possibly causing large differences in the results.
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2.1. MATERIAL PROPERTIES

Both material properties chosen were previously recommended for use by Belejo et al. (2012)
limited ductility buildings. For the concrete, the Mander et al. (1988) nonlinear concrete model -
con_ma was utilised. It is a unified stress-strain model for confined concrete member subjected to
uniaxial cyclic loading. However, the model does have a few shortcomings which include: (1)
shows a uniform degree of strength degradation which may not always be the case (depends on
magnitude of strain reversal) (2) the initial stiffness of the unloading branches predicted is
overestimated ( as shown in the verification section of this paper). Nonetheless, it is accurate
enough for the purpose of this research, also recommended for use by Amirsardari (2018) for
limited ductile buildings. The definition of this material is straightforward as it depends on the
concrete properties of the elements to be modelled. It is important to note that SeismoStruct does
not model column shear degradation unless a code-based capacity check is applied in the software.
Thus, the required residual strength was specified to the corresponding limit state in the code
checks.

Figure 4: Concrete model input screen in SeismoStruct

For the steel, the Menegotto-Pinto steel model - stl_ mp was applied, as shown in Figure 5. The
Menegotto model with isotropic hardening enhancement is based on a relatively simple
formulation and its efficiency has been verified experimentally.
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Figure 5: Menegotto-Pinto Steel Model

For this model, a few parameters must be specified. The curvature parameter R is considered
dependent on the strain difference between the current asymptote intersection point and the
previous load reversal point with maximum or minimum strain depending on the corresponding
steel stress. Ro is the value of the parameter R during the first loading, and a1, a; are experimentally
determined parameters to be defined together with Ro. R influences the shape of the transition
curve, as shown in Figure 6, and allows a good representation of the Bauschinger effect and
pinching of the hysteretic loop (Yu, 2006). As R increases, the curve becomes sharper, whereas a
smoother curve is obtained with a lower R value.
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Figure 6: Influence of R on the shape of the curve

a3 defines the isotropic hardening and a4 defines the value beyond which isotropic hardening
occurs, and these values can also be experimentally evaluated and calibrated. However, the
contribution of isotropic hardening is significantly smaller than that of kinematic and thus the
values adopted would not considerably alter the response. This agrees with a sensitivity study done
as part of the modelling research for this paper, in which the set of values for those coefficients
that has been proposed by Monti et al. (1996 ), shown in Table 1, was used a starting set of data
and then refined. Each coefficient value was varied while the others remained constant to study
the effect of the change on the hysteresis curve. The findings showed that altering the values of a,
a3, and as had a negligible effect, at least on the low ductility elements and buildings being
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considered in this study, and thus they were kept the same. The coefficient a; had the most
significant effect, in which increasing it to a value close to R increased the pinching of the
hysteresis significantly, whereas reducing that value reduced the pinching. Limited ductile
elements usually experience high pinching, so the recommend coefficients proposed in Table 1
reflect that.

Table 1: Recommended coefficients for sti mp model

Ry | a; a as a4
Monti et al. (1996) Recommendation | 20 | 18.5 | 0.15 | 0.025 | 2
Refined and Calibrated Set 20 | 20 0.15]0.025| 2

The inputs for strain hardening parameter (esn= 0.01) and fracture buckling strain (esu= 0.05) were
utilised based on mean values for steel bars tested by Menegon et al (2015), also utilised by Hoult
(2017).

2.2. ELEMENT CLASSES

The element class deemed to be most suitable for this analysis is the infrmFBPH - fibre based
plastic hinge model. This is used to model column, beams, and wall elements. This model features
a distributed inelasticity displacement- and forced-based formulation but concentrating such
inelasticity within a fixed length of the element. The advantages of this include reduced analysis
time (since fibre integration is carried out for the two-member end section only), as well as full
control/calibration of the plastic hinge length (or spread of inelasticity), which allows the
overcoming of localisation issues. (SeismoSoft, 2020a).

A plastic hinge length, in terms of percentage of wall/column height or beam length also needs to
be specified. The plastic hinge length equation was adopted from Priestley et al. (2007) with a
minor adaptation as suggested by Hoult (2017). The adaptations based on Hoult (2017) include
adding an additional term to allow for effects of tension shifts ( 0.1[,,), as well as considering the
effective height (L, = 0.7H). Thus, the plastic hinge equation used is as show in Equation 1 (refer
to Priestly et al. , 2007 for parameter definitions). This equation was used to calculate all the plastic
hinge lengths for the columns, walls, and beams.

L, =kL,+0.1l,+Lgp Equation 1
2.3. WALL MODELLING

The walls have been modelled using the Wide-Column Model (WCM) proposed by Beyer et al.
(2008). This method utilises modelling of each planar component of the wall with an individual
line element, assigned to rectangular-fibre wall section. Then, these individual components are
joined using horizontal links. It is advisable to apply structural nodes at the corners of the wall so
that all the nodes can be joined by the links, which are to be applied at every half storey height.
Note that the images in Figure 7 are that of a C section, however, this method has been applied for
other wall shapes, such as the rectangular and block shape. When applying this concept in
SeismoStruct, an elastic frame element with a stiffness of 1E+008 kN and torsional rigidity of
9893.58 kNm? should be created, as recommended by Hoult (2017). Then, this element should be
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used to connect the structural nodes of the wall, as opposed to using links in the constraint part of
SeismoStruct to link the wall. The usage of a rigid elfrm element ensures that the model is

sufficiently constrained.
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Figure 7: (a) Wide Column Model (Beyer et al., 2008) (b) Rigid Horizontal links on C shaped

wall (Hoult, 2017)

2.4. JOINT MODELING

It is common in the design of RC frames to assume rigid joints. However, this assumption cannot
be applied for limited ductile buildings due to their detailing deficiencies, such as inadequate
confinement. Thus, they are susceptible to joint shear failure or bond failure (brittle failure
mechanisms), this can lead to joint failure at low displacement demands and may be followed by
global collapse of the frame (Amirsardari, 2018). Thus, accurate modelling of the joint inelastic
behaviour is crucial, especially if the global cause of failure is related to the joints. In these
instances, the Lowes et. Al (2003) model, as shown in figure 8, is recommend, also utilized by Yu
(2006) and Amirsardari (2018) to model limited ductile RC joints.
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(c) (d)

Figure 8: (a) Beam-Column Joint Model (Lowes et al., 2003) (b) Proposed SeismoStruct Joint
Model (c) Joint model in SeismoStruct (d) Joint model in SeismoStruct showing how it connects
to the beams and columns

In SeismoStruct, all kinds of springs are modelled by defining a Joint Element. The Joint Element
is a 3D element with uncoupled axial, shear and moment actions that can be used to model, for
instance, pinned or flexible beam-colu