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used for Structural and Non-structural applications

Abstract
The European earthquake design standard: Eurocode 8 does not
address the seismic design of lightweight steel (LWS) buildings. This has
limited the use of LWS buildings in the earthquake prone regions of the
European continent, where Eurocodes are enforced by law as the
mandatory design reference documents. Moreover, architectural nonstructural building components made with the LWS framing are also
finding it hard to penetrate in the building markets of such regions due to
the absence of the documented data on their seismic performance. In this
context, the main objective of the research presented in this thesis is to
develop a scientific database to assist engineers in achieving a rational
performance based seismic design (PBSD) of LWS buildings. The
scientific database includes the numerical and statistical tools for
estimating the in plane seismic performance of LWS walls and a set of
seismic design guidelines that can be proposed for the inclusion in the next
edition of Eurocodes. Different objectives have been pursued for the
structural components, which include the lateral force resisting systems
(LFRS) for providing the earthquake resistance in the LWS buildings i.e.
strap braced and shear walls and for the non-structural architectural LWS
components i.e. partition walls and façades. The approach for the structural
components involves the checking of collapse fragility of strap-braced and
shear walls using the iterative procedures of FEMA P695, while the
approach for non-structural architectural components focuses on
developing the numerical models for the most widely used architectural
components: partition walls and façades assisted with an extensive
experimental campaign.
1
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Behaviour factor for the two most commonly used LWS LFRS
systems: CFS strap braced walls and CFS shear walls with gypsum or
wood sheathing is evaluated through FEMA P695 methodology. For each
type of system, a set of archetypes, which represent a range of design
parameters and building configurations is designed following the capacity
design approach and their response is idealized by nonlinear models in
OpenSees software. The performance of archetype models is evaluated
systematically through the static pushover and the incremental dynamic
analysis under a suite of forty-four normalized and scaled earthquake
records, representing the probable seismic hazard to the buildings. Finally,
by calculating the collapse probability while also considering the
uncertainties from various sources, the suitability of trial value of
behaviour factor used in the design phase of archetypes is evaluated. Based
on the results, it is concluded that a behaviour factor of 2.5, 2.0 and 2.5 for
CFS strap-braced walls, CFS gypsum sheathed shear walls and CFS wood
sheathed shear walls is appropriate.
Seismic performance of infilled façades made of LWS drywall
systems is investigated via in plane quasi-static cyclic tests on eight
different configurations of façades. Eight specimens are built following the
common European construction practices and are infilled in a steel
pendulum structure. The specimens differ from each other in terms of
construction details: dual or single metal framed façades; types of boards
used on different faces of the façades; presence of the cladding; fixed or
sliding connections to the surrounding structural elements; profile
dimensions of the frame elements. The effect of these construction details
is examined through the comparison of strength and secant stiffness of the
2
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tested specimens. The main types of damages observed during the tests are
examined and associated to three damage limit states. Subsequently,
fragility curves are developed for the assessment of seismic fragility of the
tested façades and compliance is checked with the inter storey drift limits
for architectural non-structural elements required by Eurocode 8.
Finally, a set of simplified numerical models are proposed for LWS
indoor partition walls, to simulate their in-plane seismic response, that can
be easily integrated with the building models and possess the ability to
better estimate damages in them, when linked to their fragility information.
The models are developed in OpenSees software by using a single
discretized spring to simulate the lumped behavior of the walls for the
twelve individual different configurations of the tested partitions. The
accuracy of model is demonstrated by comparing the experimental and the
numerical results in terms of the hysteretic response curves and the
cumulative energy dissipated.
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1. Introduction
1.1. Overview
Increased vulnerability of the world population to the rising global
seismic hazard [1] and the growing number of structurally obsolete
constructions is fuelling the research for more innovative structural
systems that combine the benefits of lower cost with higher strength and
make use of more sustainable technologies. Lightweight steel (LWS)
buildings made with cold formed steel (CFS) profiles are one such type of
innovative structural systems, whose application has been steadily
increasing over the years due to their greater economic feasibility and
ecological performance [2]. LWS building allows to solve a range of
“built-in” issues associated to common constructional systems, providing,
at the same time, earthquake safety relevant properties and without making
any compromise on the performance requirements of the building.
Nevertheless, the ultimate objective of research on these innovative
systems, whether inventing a system or improving the functioning of
existing system is its proper representation in building codes through
availability of robust guidelines, hence making the research findings more
accessible to the practicing engineers.
Earthquake codes follow a different approach for the design of
structural and non-structural elements. For the design of structural
elements, they provide rules for main lateral force resisting elements along
with the rules governing the overstrength in rest of the structural elements.
These rules ensure the development of dissipative mechanism only in the
lateral force resisting elements, while keeping rest of the elements
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essentially in an elastic state. The so-called approach is called capacity
design approach. On the other hand, rules for non-structural element are
mainly preventive in nature, hence focused only on limiting the damages
in them through proposing proper anchorage details. These rules are
fundamentally based on assumption that non-structural components can be
considered dynamically uncoupled from the structural system to which
they are connected [3].
Eurocodes provide the regulatory framework for new and existing
constructions for buildings in Europe. The Eurocode 8 part 1 [4] covers the
seismic design guidelines for new constructions. These guidelines include
the definition of seismic loads, building acceptable performance goals and
the construction typology related design requirements. The current edition
of EN 1998-1 does not provide any rules for the common Lateral Force
Resisting System (LFRS) used in LWS buildings while there is a need to
check the compliance of current damage limitation requirements given for
non-structural components on the components fabricated with CFS
profiles.
Another important focus among the structural engineering
community is to better accommodate the current shift in the seismic design
philosophy, which has its emphasis changing from strength to
performance-based design to achieve better predictable results in the event
of an earthquake. Even if the structural elements of a building are able to
achieve an immediate occupancy performance level after an earthquake,
the damages in non-structural elements may lower the performance level
of whole building [5]. This demands the harmonization of the performance

-5-
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levels between structural and non-structural, which can be achieved
through the availability of robust numerical tools and guidelines.
Given the absence of guidelines for LWS building in Eurocodes
and the need to better accommodate the performance based seismic design
for LWS buildings, this doctoral thesis attempts to fill these gaps through
the numerical and experimental in plane seismic performance evaluation
of LWS wall components. The investigated wall typologies include the
lateral force resisting walls, which include strap-braced walls and shear
walls, indoor partition walls and outdoor façades.

1.2. LWS buildings
A typical LWS building is made by erecting walls on a reinforced
concrete foundation and covering them on top with a lightweight floors or
roof (Figure 1-1). The walls in LWS building are made of studs, fastened
at their ends to tracks. The studs and track of wall frame are the coldformed steel (CFS) C or Z shaped members spaced usually 300 to 600 mm
apart. For studs, the cross sections of the member profile are usually
stiffened with the edge stiffeners called lips (Figure 1-2). There are several
fastening methods available to join together studs and tracks depending
upon the wall function. They could be either joined together with the
connections made with screws or by simple mechanical techniques such as
clinching or punching the flanges of studs and tracks. Usually, CFS frames
of walls are sheathed with wood, gypsum, cement boards or steel panels
(Figure 1-3a). The result is a sandwich element, where the internal cavity
is ideal for inserting cables, pipes and insulation. An unlimited range of
materials can be used as finishing of both the inner and the outer surfaces
such as paint, wallpaper, coating, fabric, etc.
-6-
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Figure 1-2 C shaped CFS profile (with and without lips) [4]
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track
Stud
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a)
Joist

Track

Sheathing

b)
Figure 1-3 a) Wall framing; b) Floor framing.

Walls can serve different functions in any LWS construction. They
can be either used to resist actions of different forces (structural
applications) or can serve different architectural demands (non-structural
applications). In case of structural applications of the walls, they are
designed to withstand the gravity loads or lateral loads from wind or
earthquake actions. The lateral force resisting walls are different than the
gravity load resisting walls in a sense that special hold down devices are
placed at the wall ends to transfer the uplift forces to the foundation. The
studs, the type of sheathing and the spacing of sheathing connections to
studs and tracks could be different depending upon the intensity of seismic
or wind actions. Different types of lateral force resisting walls can be used:
-8-
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CFS strap-braced wall or CFS shear walls. In strap-braced walls, the main
resistance is provided by the steel straps placed in an X configuration
(Figure 1-4), while in case of shear walls, the resistance is mainly provided
through the interaction between the steel frame and the wall sheathing
panels (Figure 1-4). The hysteretic response of strap-braced walls is
characterized by strength degradation, stiffness degradation and pinching
behaviour (Figure 5 a), whereas in the case of shear walls laterally braced
with steel sheets or other sheathing boards the response is also affected by
a strong nonlinearity even at the lower load levels (Figure 5 b). However,
despite the strength and stiffness degradation observed in their pinched
hysteretic response, LWS framed system can be a very competitive
solution for low to medium rise buildings thanks to their lightness, which
allows satisfactory structural performances for applications in seismic
zones.

Figure 1-4 A LWS building equipped with CFS strap-braced walls (left)-( The Elan
Westside building in Atlanta); CFS steel sheathed shear walls (right)-(Photo courtesy of J. Ellis,
Simpson Strong-Tie Co. Inc.)

-9-
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Figure 1-5 Typical hysteretic response curves of seismic resistant LWS walls under inplane cyclic loads [7]. a) Solution with strap-bracing; b) Solution with sheathing boards [8]

The floors are made in a similar manner as gravity load resisting
walls except they are oriented in a horizontal direction and are covered
with panels or composite steel trapezoidal sheathing-concrete deck. In
addition to lateral force resisting walls, floor elements have also proven to
provide reasonable amount of seismic resistance [9].
Apart from the structural walls, a typical LWS building also
constitutes non-structural walls like partition walls, façades and curtain
walls, which are not designed nor anticipated to contribute to the primary
load-bearing system of the building [10].
There are two different possibilities to design the structural wall
and floor components: all-steel design and sheathing-braced design. In allsteel design of an LWS building, the actions are only assumed to be
- 10 -
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resisted by the steel frame members, hence neglecting the presence of
sheathing boards. Therefore, the generic profile is assumed as an isolated
(free-standing) element, by neglecting the interaction between profiles and
sheathing. In case of sheathing-braced design, the load bearing capacity is
evaluated by taking into account the presence of the sheathing.
As far as the non-structural walls are concerned, partition walls are
mainly frames made of the cold-formed steel (CFS) C or Z shaped
members (usually 0.6 mm thick). For studs, the cross sections of the
member profile are usually stiffened with the edge stiffeners called lips
(Figure 1-2). Stud profiles are generally installed with a spacing equal to
a half width of the sheathing board (about 600 mm). Usually the sheathing
panels are gypsum boards screwed to the steel frame. Insulation material
is inserted into the cavities between the cladding in order to achieve the
expected safety and serviceability requirements related to non-structural
performances, e.g. the fire and acoustic performances (Figure 1-6 a, b, c).
The use of metal stud partitions allows to achieve high performances in
terms of wall height (up to 12 m), sound insulation (up to 80 dB), fire
protection (up to 120 minutes, fire resistance), and the seismic response
can be fulfilled as well with very flexible and light solutions.
Most common solutions of façades can be grouped in two main
typologies: “Integrated” and “Curtain” walls (Figure 1-6 d, e, f).
“Integrated” façades can be made of single or double CFS frames. They
are placed on the load-bearing slab and the surrounding perimeter
connections are attached directly to the supporting frame. “Curtain”
façades are made of a double LWS frame, in which only the interior frame
is connected to the ceiling slab of the main structure. Usually, a specific
- 11 -
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thermal insulation material is applied in the wall cavity in order to
guarantee the desired energetic performance. The exterior face of façade
walls is generally cladded with cement boards and finished with glass fibre
tape with an alkaline-resistant coating and cement-based plaster.

a)

b)

c)

d)

e)

f)

Figure 1-6 Typical application of LWS drywall elements in non-structural architectural
systems. a) Single stud partition; b) Double stud partition; c) Double stud partition, braced; d)

“Integrated” façade with single frame; e) “Integrated” façade with double frame; f)
“Curtain” façade with double frame [11].
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1.3. Research objectives
The main goal of the PhD research is to create a scientific database
for assisting engineers in achieving a rational performance based seismic
design of lightweight steel (LWS) constructions. The scientific database
includes the numerical and statistical tools for estimating the in plane
seismic performance of LWS walls and a set of seismic design guidelines
that can be proposed for the inclusion in next edition of Eurocodes.
Different objectives have been pursued for the structural components: strap
braced and shear walls and for the non-structural architectural components:
partition walls and façades. The approach for the structural components
involves the checking of collapse fragility of strap-braced and shear walls
using the iterative procedures of FEMA P695 [12], while the approach for
non-structural architectural components focuses on developing the
numerical models for the most widely used architectural components:
partition walls and façades assisted with an extensive experimental
campaign. The outline of the research work has been drawn to achieve
following particular objectives.
Structural components:
1. To develop and calibrate numerical models for individual units of
strap braced and shear walls that are capable of simulating the
response until collapse, are representative of the physical
characteristics of wall and are simple enough to be used in
complete building models.
2. To make the numerical model of LWS buildings using strap braced
and shear walls for conducting incremental dynamic analysis
following the procedures of FEMA P695, so that the acceptability
- 13 -
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of proposed design guidelines can be established by measuring the
collapse fragility of wall systems under the set of earthquake
records.
Non-Structural components:
3. To test the lateral in plane performance of lightweight steel façades
under quasi-static cyclic load for investigating their contribution to
global building lateral resistance and develop a fragility database.
4. To develop simplified models for partition walls in plane behaviour
using the test results to have a more complete numerical realization
of LWS building seismic performance and have a better estimate
of damages in them under different intensities of earthquake
hazard, hence to have a realistic picture on building performance
levels after an earthquake event.

1.4. Scope of the thesis
In order to achieve the aforementioned objectives, the research on
the structural wall systems is limited to three very common LFRS used in
LWS buildings i.e. CFS strap braced walls, CFS gypsum sheathed shear
walls and CFS wood sheathed shear wall. For these three LFRS-s, a series
of experimental campaign including the tests at micro, meso and macro
levels have already been carried out in past. Using the test results, a
numerical model is developed for each LFRS, which are then used in a
series of building archetype models. These archetype models are then
analysed using Incremental Dynamic Analysis (IDA) procedures
following the methodology outlined by ATC-63 “Quantification of
Building Seismic Performance Factors” in FEMA P695 [12] to evaluate a
behaviour factor and the collapse fragility of each system. Additionally, a
- 14 -
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method to predict the design strength of each LFRS is also proposed.
Concerning the objectives related to the seismic performance of LWS nonstructural components, this thesis reports a series of in plane quasi-static
cyclic test results of façades made with CFS profiles. Additionally, in line
with the need to have complete set of tools for the performance based
seismic design (PBSD) of LWS buildings, numerical models of the
partition walls are also developed. The tests on façades are part of a major
experimental campaign, which when complete would have results
available from tests on twenty different specimens of façades. Until now
only eight specimens have been tested and results are reported here. Once
the experimental campaign on façades will be finished, numerical models
would also be developed for them in future. Nevertheless, this thesis marks
an important step towards the PBSD of LWS buildings by making
available the numerical and statistical tools for them and would pave the
path for further research in this arena. The terms used in this thesis refer to
the terminologies used by Eurocode, if not specified at a particular
instance.

1.5. Thesis Outline
This thesis is organized to give an overview of the studies available
in literature on LWS wall systems including both structural and nonstructural categories in Chapter 2, which then is followed by the seismic
performance evaluation of LWS structural wall systems in Chapter 3 (CFS
strap-braced walls) and Chapter 4 (CFS shear walls). Then, Chapter 5
summarizes the results from the experiments carried out on the façades and
Chapter 6 describes the numerical models developed for LWS indoor
partition walls, which is then followed by the conclusions in Chapter 7.
- 15 -
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Each chapter presenting the portion of research conducted in this thesis has
its also accompanying Annex, which shows further detailed results.
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2. Literature review
This Chapter covers the present state of the art concerning the
design guidelines in building earthquake standards along with the relevant
numerical and experimental studies on LWS wall systems. The approach
proposed by different standards around the globe for the seismic design of
buildings made with LWS wall systems for both structural and nonstructural applications is summarized (Section 2.1 and 2.2). Experimental
studies reviewed in this chapter includes the cyclic and monotonic tests
carried out on the individual wall specimens and the shake-table tests
conducted on the building representations of the LWS wall systems
(Section 2.3, 2.4 and 2.5). Likewise, the numerical studies examined in this
chapter includes the numerical models with different levels of complexity
developed for the individual wall units and the building representations
(Section 2.3, 2.4 and 2.5). Moreover, an overview of the numerical studies
using the statistical approaches like FEMA P695 [12] to evaluate the
building seismic performance factors for LWS structural wall system is
also provided (Section 2.6).

2.1. Earthquake Codes for LWS wall systems-structural
applications
Earthquake resilience in the structures is guaranteed through
different structural control techniques. Seismic energy can either be
dissipated by allowing the development of the plastic mechanism in certain
parts of the structure (LFRS) while keeping the rest of structure in an
elastic state, or by using the active control devices to modify the structural
response. The former approach is implemented in building codes through
the adaption of the Capacity design rules at structure, member and
- 17 -
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connection level in the design process. Ductility is the fundamental
requirement of dissipative structure. Capacity design rules ensure the
ductile behaviour of certain pre-defined ductile members or connections
through proper over strength in brittle parts of structure. As a result of the
development of this inherent ductility in the structure, a reduced value of
seismic action can be considered in the design process. This reduction of
seismic action is obtained by dividing the forces obtained from a linear
analysis by a factor (greater than 1). This factor accounts for the non-linear
response of structure associated with the material and the structural system
itself and is expressed as ‘Behaviour factor (q)’ in European earthquake
standard Eurocode 8 Part 1 EN 1998-1 [4] and ‘Response modification
coefficient (R)’ in United States earthquake standard ASCE/SEI 7 [13] .
Extensive research and product development in the past has led to
well-advanced national design specifications for LWS structural systems
in many countries [14–16]. On the contrary, only the North American
Codes [13,17,18] cover properly the design of LWS buildings in seismic
areas, whereas in Oceania and Europe specific rules for seismic design of
this structural typology are not available. In particular, seismic
performance factors (R-response modification coefficient, Ωo-over
strength factor and Cd- deflection amplification factor) are provided for
different typologies of LWS LFRS in ASCE 7 [13] for USA and Mexico,
and in NBCC [17] for Canada (Table 2-1), whereas capacity design rules
are provided in AISI S400 [18] for USA, Canada and Mexico. These
capacity design rules are provided in the form of limitations on the
geometrical and the mechanical characteristics of the different components
of the wall systems. Design with a compliance of these limitations would
lead to the development of plastic mechanism in the main energy
- 18 -
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dissipating components of the wall. AISI 400 also specifies the main
energy dissipating mechanism and provides the design capacities
associated to the mechanism for certain predefined wall configurations.
Except for the CFS steel sheathed shear walls, for which a procedure [19]
for evaluating the design strength is also formulated, AISI S400 permits to
use only the certain predefined wall configurations for any type of LFRS,
whose design strengths are listed in a tabulated form. Furthermore, the
application of any LFRS in a building is also limited by its height and the
maximum seismic demand, which are provided in ASCE 7 [13] for USA
and Mexico and in NBCC [17] for Canada. It must be noted that the
seismic performance factors given in codes [13,17,18] are mostly
evaluated experimentally, or on the basis of experiences learned from the
past earthquakes. One the other hand, FEMA P695 [12] provides a more
coherent methodology to evaluate these factor by using nonlinear analysis
techniques and explicitly considering uncertainties in ground motion,
modelling, design, and test data to achieve an acceptably low probability
of collapse of the seismic-force resisting system. The methodology is used
in this thesis to evaluate the behaviour factor for the investigated structural
wall systems for their application in Europe. More details on the seismic
performance evaluation through the FEMA methodology and studies
conducted following this methodology on LFRS common to LWS
buildings are provided in Section 2.6.
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Table 2-1 Seismic performance factors given by North American Codes for different
typologies of lightweight steel seismic resistant systems.

Typology of
LFRS
CFS wood
sheathed shear
walls
CFS steel
sheathed shear
walls
CFS strapbraced walls
CFS special
bolted moment
frames
CFS shear walls
with wood
sheathed on one
side and
gypsum
sheathed on the
other side
CFS gypsum or
fibreboard panel
sheathed shear
walls shear
walls
CFS strapbraced walls 4

ASCE 7 [13] (USA and Mexico)
R

Ωo

6.51
7.02

3.01
2.52

Cd
4.01
4.52

6.51
7.02

3.01
2.52

4.01
4.52

4.0

2.0

3.5

3.5

3.0

3.5

no provisions

2.01
2.52

2.51
2.52
no provisions

NBCC [17]
(Canada)
Rd
Ro
2.5
2.63
1.9

1.3

no provisions

1.5

2.01
2.52

1.7

1.7

no provisions

1.56

1

Bearing wall systems
Building wall systems
3
System not yet adopted in NBCC [17], value is product of Rd and R0 given in
AISI S400[18] for Canada
4
Conventional constructions
2

In Oceania, earthquake loading standard AS/NZ 1170.4 [20] does
not cover LWS structures. However, the Australian standard for CFS
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structures AS/NZS 4600-05 [16] provides a response modification factor
no greater than 2, if CFS members are used as primary seismic loadbearing elements. Similarly, currently in practice edition the European
seismic code EN 1998-1 [4] also does not provide any behaviour factor or
capacity design rules for LWS structures. Though as explained in the
proceeding paragraphs, there is a possibility to design LWS structures by
considering them as common steel structures made of Class 4 crosssections [4].
EN 1998-1 [4] defines two fundamental requirements for structures
designed to withstand seismic loads, which should be met with appropriate
degree of reliability: Damage limitation requirement and No-collapse
requirement. In order to fulfil damage limitation requirement, structure
must be able to resist seismic action having 10% probability of exceedance
in 10 years (return period of 95 years) without occurrence of damage and
the associated limitations of use. While, for a structure to meet the nocollapse requirement, it should be able to resist seismic action having 10%
probability of exceedance in 50 years (return period of 475 years), while
keeping its structural integrity and residual load bearing capacity. In light
of these fundamental requirements, EN 1998-1 [4] defines two limit states
for which structures must be checked: Damage limit state, related to
damage beyond which specified service requirements are no longer met,
and Ultimate limit state associated with the collapse or with other forms of
structural failure which might compromise the safety of people. Seismic
hazard is defined in terms reference peak ground acceleration, 𝑎𝑎𝑔𝑔,𝑅𝑅 ,

corresponding to no-collapse requirement of EN 1998-1 [4], as stated
earlier. Seismic action is defined in terms of design response spectrum,
which depends on the design ground acceleration, 𝑎𝑎𝑔𝑔 , (𝑎𝑎𝑔𝑔 = 𝑎𝑎𝑔𝑔,𝑅𝑅 ∙ 𝛾𝛾𝐼𝐼 ,
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where 𝛾𝛾𝐼𝐼 is importance class of building), soil type and the behaviour factor

(q). These guidelines are used in conjunction with other relevant parts of
Eurocodes, which provide rules for the gravity design of buildings.

For the seismic design of buildings, EN 1998-1 [4] provides
guidelines specific to the material and elements used in building. In
particular, Section 6 of EN 1998-1 gives rules for the steel buildings. It
classifies the structures in two categories based on their ability to dissipate
seismic energy: low dissipative or dissipative. Low dissipative structures
are classified as low ductile structures with a behaviour factor less than or
equal to 1.5. For dissipative structures being classified as medium to high
ductile, code provides values of behaviour factor greater than 2.0
depending upon the choice of seismic force resisting system.
Hence, according to the current European provisions, seismic
design of shear walls sheathed with steel sheets or strap-braced walls could
be possible by considering them as common steel structures made of Class
4 cross-sections belonging to low Ductility Class and adopting a behaviour
factor no greater than 1.5. Moreover, EN 1998-1 also limits the use of low
Ductility Class structures to low seismicity regions, which should have
design ground acceleration not greater than 0.08g. On the contrary, seismic
design of shear walls sheathed with materials other than steel is not covered
by the EN 1998-1.

2.2. Earthquake Codes for LWS wall systems-nonstructural applications
The first inclusion of the seismic prescriptions for non-structural
components were in the 1967 Uniform Building Code [21]. Subsequently,
seismic design provisions were included in a wide variety of seismic codes
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covering a large number of non-structural components and systems, even
if the prescriptions were focused only on the safety of critical equipment
in essential facilities. Only in the last three decades, several guidelines and
standards have developed more accurate seismic design provisions and
evaluation procedures for non-structural components, in order to ensure
proper performance during earthquakes.
Currently, the approach of the building codes, namely the European
seismic code EN 1998-1 [4], and the American codes for new buildings
ASCE 7 [13] and for existing buildings ASCE/SEI 41-13 [22] regarding
the design of non-structural systems follow three different paths. The first
code category is involved in providing prescriptive requirements for
common products, such as suspended ceilings, by means of seismic
protection details and specifications. The second code category assumes
that the non-structural components should be designed for lateral seismic
forces that are proportional to the element weight. In this regard, the
equivalent lateral force method is used for acceleration-sensitive
components, so that the anchorages and bracing systems should be able to
withstand the earthquake accelerations. The third code category requires
that the deformation-sensitive components should be designed to
accommodate the design inter-storey drifts of the primary structure.
However, all of the above-mentioned standards and their prescribed
approaches address the problem in a generic way, without providing any
specific rules for non-structural components made with LWS framing. On
the other hand, FEMA E-74 [3] is a practical guide towards reducing
seismic damages in different types of non-structural building components
such as architectural, mechanical, electrical, plumbing, furniture fixtures,
etc. In particular, Sections 6.3.2 and 6.3.4 FEMA E-74 provide guidelines
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for LWS interior partition walls and ceilings, respectively by identifying
various type of damages and proposing mitigation details for the
components made with LWS. The report also provides connection details
for LWS partition walls in order to avoid connection of stud and sheathing
to track and bracing details for the suspended ceiling systems.
The two investigated typologies of LWS wall systems for nonstructural applications investigated in thesis are indoor partition walls and
outdoor façades, which can be characterized as deformation sensitive
components. As per current requirements of EN 1998-1 [4] under seismic
design situation, these walls systems should fulfil the damage limitation
requirement for non-structural building elements. A common approach to
check the compliance of LWS wall systems to the damage limitation
requirement is to test their representative specimens under different types
of loading protocol. In this regard, in-plane quasi-static reversed cyclic
tests of LWS infilled façades are also carried out and results are presented
(Section 5) in this thesis.
EN 1998-1 [4] defines the displacement demands on the
deformation-sensitive elements by imposing an inter-story drift ratio (IDR)
limit. The damage limitation requirements for non-structural elements,
which corresponds to the serviceability limit state, should be satisfied by
limiting the design IDR of the main structure to the code-specific values.
Specifically, EN 1998-1 defines the IDR as following:
(2-1)

𝑑𝑑𝑟𝑟 ∙ 𝑣𝑣
ℎ

where 𝑑𝑑𝑟𝑟 is the design inter-storey drift evaluated as the difference

of the average lateral displacements at the top and bottom of a storey and
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are obtained by a structural analysis of the system based on the design
response spectrum (i.e. for a rare seismic event having 475-year return
period); 𝑣𝑣 is the reduction factor, which takes into account the lower return
periods of the seismic action associated with the damage limit state and
ranges between 0.4 and 0.5, depending on the importance class of

buildings; and ℎ is the storey height. For ensuring the non-structural

damage limitation requirement, the inter-storey drift ratio should be
limited to the following values according to EN 1998-1:
•

0.5% for buildings having non-structural components made of
brittle materials and attached to structure;

•

0.75% for buildings having ductile non-structural components;

•

1.0% for buildings having ductile non-structural components fixed
in a way so as not to interfere with structural deformations.

2.3. CFS strap-braced walls
CFS strap-braced stud wall is an all-steel solution against the action
of lateral forces on low to mid-rise LWS buildings (see Figure 2-1). A pair
of CFS straps placed in X configuration connected to the external frame
provides the main lateral load resistance. Straps are only considered active
in tension due to their slenderness. Thus, any lateral load applied on the
wall is absorbed only by the strap in tension, transmitting significant axial
compression force to studs at the end of wall. These walls are made of
series of studs, which are fitted on the horizontal tracks. External studs also
called as chord studs, can usually either be back to back lipped C-channel
or box cross section, in order to avoid buckling due to the compression
force transmitted by the straps. Track members are usually made of unlipped U cross sections. Generally self-drilling screws are used to attach
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the straps to the gusset plates placed at the four corners of wall. Hold-down
devices and shear anchors are used to connect the wall to foundation or to
other floors. The wall uses the steel strap to dissipate the energy through
their tensile plastic elongation, whereas the rest of the wall components are
expected to remain elastic (capacity design approach).

Figure 2-1 Typical Configuration of CFS strap-braced wall

2.3.1. Experimental studies
2.3.1.1.

Tests on wall specimens

Most of the experimental studies conducted in past to characterize
the seismic response of CFS strap-braced walls used monotonic and quasistatic cyclic tests (Figure 2-2). The results from these experiments are often
represented in the form of force drift hysteretic curves. Figure 2-3 shows a
typical hysteretic response curves of CFS strap-braced wall from the inplane quasi-cyclic test. Besides, evaluating the hysteretic curves, these
experiments were mostly aimed at enhancing the wall performance by
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improving the different geometrical details. In the following paragraphs,
major outcomes from these researches are highlighted.

Figure 2-2 In plane quasi static cyclic test on strap-braced wal1 [7]

Figure 2-3 Typical hysteretic response of CFS strap-braced wall [7]

Fülöp and Dubina[23] showed the importance of following the
capacity design philosophy in the wall design from their test results, in
which strap-braced walls experienced brittle failures at the corner areas of
the specimens like local buckling of tracks in the walls ,which were not
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designed following the capacity design philosophy. Cyclic experiments
were conducted on both sheathed and strap-braced CFS shear wall
solutions, which showed that braced walls depict more stable hysteresis
loops than sheathed shear walls but on the other hand, they also show
severe pinching of the hysteretic loops.
Al-Kharat and Rogers in [24] and [25] also demonstrated the
importance of capacity design approach for the design of CFS strap-braced
stud walls. They tested walls designed with and without capacity design
approach. In case of walls designed without following capacity design
approach [24], lower values of R were reported and walls were unable to
maintain ductile behaviour. In particular, R values of 3.65, 2.11 and 1.72
for low to high strength walls were obtained, which were considerably
lower than ASCE 7 [13] value of 4 for USA. However, they mentioned
that it was not even possible to achieve a value of 4 for R factor even if
capacity design approach was followed for tested walls. In the later phase
of their experimental campaign [25], they tested fifteen CFS strap-braced
stud wall specimens designed following a capacity design approach. A
value of 2.6 for 𝑅𝑅 = 𝑅𝑅𝑑𝑑 ∙ 𝑅𝑅𝑜𝑜 (𝑅𝑅𝑑𝑑 = 2.0 𝑎𝑎𝑎𝑎𝑎𝑎 𝑅𝑅𝑜𝑜 = 1.3) was obtained based

on the experimental results where, 𝑅𝑅𝑑𝑑 and 𝑅𝑅𝑜𝑜 are the ductility and over

strength related response modification factors. Velchev et al. [26] tested a
series of weld and screw-connected CFS strap-braced stud wall specimen
of various length and brace sizes in order to verify AISI S213 [27] seismic
provisions for them. They found a value of R equal to 2.6 suitable for walls
with aspect ratio 2:1 and 1:1 in AISI S213 [27], which was code of practice
for seismic design guidelines for LWS buildings in North America at that
time. They also cautioned on the use of walls with higher aspect ratios
(height to width ratio) than 4:1, which could develop flexural forces in
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chord studs, as also shown by Mirzaei et al. in [28]. In fact, the latest North
American standard for seismic design of CFS systems addressed this issue
by requiring a frame analysis of the wall using an assumption of joint
fixity.
Various other research studies investigated different geometrical
options for bracing and corner connection details. Moghimi and Ronagh
[29] tested twenty full-scale wall specimens under quasi-static cyclic
loading according to different position of bracings (connecting bracing at
intermediate studs instead of chord studs) and using a bracket or gusset
plates at corners. Their results indicated the improvement of lateral
performance of the walls by using brackets, which removed slackness in
bracing, whereas a modified bracing configuration resulted in a reduction
of lateral load resistance of the wall. Zeynalian and Ronagh [30] reported
higher values for R factor (greater than 4 as in ASCE 7 [13]) for CFS strapbraced stud walls with brackets based on the analysis of finite element
models of walls having varying bracket lengths. Casafont et al. [31]
conducted tests on connections made at different locations in strap-braced
walls. Based on the test results it was found that net section failure is the
only failure mode in bracing which allows them to utilize their full plastic
capacity, and screws are much better option than bolts and other
connecting devices due to their smaller diameters, which in turn increase
the net section area.
Fiorino et al [32] proposed a seismic design method for the design
of CFS strap-braced stud walls, which matches the current framework of
EN 1998-1 [4] in terms of behaviour factor definition and capacity design
rules prescriptions. They validated the design method through monotonic
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and cyclic tests [7] on elastic and dissipative walls. Their experimental
results [7] were also in good agreement with the results obtained from other
researchers [24,25].
2.3.1.2.

Tests on building specimens

A more rational approach for investigating the seismic response of
any LFRS is through the shake-table test of it building representations
(Figure 2-4), which are conducted out under the action of acceleration time
histories representative of the seismic hazard exposed to the building.
These tests not only reveal the hysteretic response curves and different
failure mechanism as by the quasi-static cyclic tests but also give useful
information on building dynamic characteristics and the interaction of
LFRS with different components of the building.

Figure 2-4 Shake-table test on building representation of CFS strap braced walls [33]

Kim et al. [34] tested a double storey strap-braced bare CFS frame
structure with box shaped columns. The test results highlighted the
- 30 -

Sarmad Shakeel

Doctoral thesis

2020

effectiveness of strap-bracings as a reliable seismic force resisting systems
in the LWS buildings. Another key takeaway from the tests was using a fix
end connected studs of the strap-braced wall, which also contributed to the
shear resistance and providing energy dissipation during regions of the
earthquake response where the braces provided no strength or stiffness due
to their slenderness. Furthermore, the experimental results were also used
to validate the R=4 provided in ASCE 7 [13] for strap-braced walls using
the methodology of FEMA report 355F [35], which uses IDA procedures
to evaluate system performance. Experimental result [34] were used to
calibrate the numerical models of one to six storey buildings. It was
recommended to use 𝑅𝑅 = 4 for LWS buildings with strap-braced walls

provided that these structures should have the top story lateral resistance
more than the design value of resistance. This exception was due to the

fact that top stories of four and six storey buildings experienced excessive
story drifts in dynamic analysis.
Very recently, the performance of strap-walls designed with an
elastic concept, i.e. capacity design philosophy not being followed and the
behaviour factor is 1.5 as per current prescriptions [4] for LWS LFRS in
Europe, was analysed by performing the shake-table tests [36] on two
reduced-scale (1:3) three-storey two-bay prototypes. Two prototypes
differed with each other with respect to the floor typology: composite steelconcrete floors (Concrete solution) or floors made of wood-based panels
(Wood solution). Preliminary results of this research showed that the
global response was almost linear for both mock-ups, with maximum interstorey drifts recorded at the 3rd level (3.62% for Concrete solution and
2.44 % for Wood solution) and the observed damages were strap yielding
and bolt loosening for both solutions, whereas local buckling of chord
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studs occurred only for mock-up with wood-based floors. Floors behaved
as rigid in their plane according to the ASCE 7 [13] definition for both
solutions.
2.3.2. Numerical studies
In the past, several researchers developed numerical models of CFS
strap-braced walls. Numerical modelling is often done to not only, further
explore the experimental results but to also to serve as a benchmark for the
parametric studies. Models developed in the past ranged from simple
analytical to very complex finite element representations. This section
summarizes the main intent behind the development of these models and
their main features.
Pastor and Rodríguez-Ferran [37] presented a differential model of
hysteretic behaviour for CFS strap braced walls, which can capture the
slackness due to buckling of braces as well as strength and stiffness
degradation. However, their model assumes that wall is able to maintain
its load carrying capacity under excessive lateral displacements without
ever reaching to failure.
Kim et al. [38] also developed the analytical models for CFS strap
braced stud walls in DRAIN-2DX [39] program. In their model, they used
beam column element with plastic hinges lumped at both end for the studs.
Addition of plastic hinges at the end of studs was due to the fact that they
had fixed connections in earlier tested specimen of walls [34] and it
accounted for additional bending stiffness of studs. For straps, they used
inelastic truss bar elements. However, original hysteretic model of this
element in DRAIN-2DX [39] did not capture severe pinched behaviour of
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CFS strap braced stud walls, therefore they added a gap property to truss
element to capture the complete behaviour.
Comeau et al. [40] evaluated the seismic performance factors for
CFS strap braced stud walls using Incremental Dynamic Analysis (IDA)
based on FEMA P695 [12] methodology. Bilinear spring elements with
strain hardening and slackness characteristics were used to model
hysteretic response on walls in Ruaumoko [41] software. Mirzaei et al. [28]
developed an elastic analytical model with fixed connections except for the
end of braces, in order to study the effect of wall aspect ratio on the
moment generated in chord studs due to frame action.
In addition to above mentioned analytical models, several finite
element models were also developed. Gad et al. [42] developed FE models
in ANSYS [43] for Plasterboard lined CFS frame without bracing in order
to study effect of presence of different boundary conditions and aspect
ratio on ultimate capacity of wall using nonlinear static analysis. Later on,
they combined these models with models of braced frame developed by
Barton [44]. In the combined model, straps were modelled as series of three
nonlinear springs: strap-frame connection, solid strap and strap tensioner
unit system.
Zeynalian and Ronagh [30] developed finite element models of
CFS strap braced stud walls with additional brackets at corner of walls. A
nonlinear static analysis was conducted in ANSYS [43] with varying the
length of brackets for each model in order to optimize their seismic
response.
To sum up, numerical models presented in Pastor and RodríguezFerran [37], Kim et al. [38] and Comeau et al. [40] lacked the ability to
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capture brittle failure modes for CFS strap braced stud walls. Available
models develop for CFS strap braced stud walls did not represent all wall
structural components, except models presented in Kim et al. [38]. In
addition, finite element models presented in Gad et al. [42] and Zeynalian
and Ronagh [30] only represented the static behaviour of CFS strap braced
stud walls and cannot be used in analysis of complete buildings due their
complexity. In this context, there is a need to develop a numerical model
which can capture brittle and ductile failure modes, can properly represents
the contribution of all components to lateral force resistance under
dynamic and cyclic loads and is computationally efficient to be used in
models of complete 3D buildings. Such type of model is developed within
the work presented in this thesis.

2.4. CFS shear walls
Shear wall is one of the most common type of structural system to
provide the lateral resistance in LWS buildings, which resists lateral forces
through the interaction between steel frame and sheathing panels. These
shear walls are essentially composed of a CFS frame sheathed with panels
and connected with the tensile and shear anchorage for transmitting lateral
forces to the floor or foundation. Gypsum and wood based panels are
among one of the many types of panels used in such constructions
[8,23,45,46], which can be either nailed or screwed to the main steel frame
(Figure 2-5). CFS gypsum sheathed shear walls are normally used in
conjunction with other primary seismic force resisting system in buildings,
whereas their use as unique seismic force resisting system is limited to low
rise buildings [18] due to their limited ductility arising from the brittle
behaviour of gypsum panels [18] in comparison with the wood-based
panels or the steel sheets. Since the scope of this thesis is limited to the
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seismic performance evaluation of LWS buildings braced with CFS
gypsum or wood sheathed shear walls, this section only explains the
experimental and numerical studies conducted on these types of LFRS-s.

Figure 2-5 Typical Configuration of CFS shear wall

2.4.1. Experimental studies
2.4.1.1.

Tests on wall specimens

CFS shear walls are essentially made of sheathing panels or boards
connected via screws or other type of connectors to the main steel frame
and dissipate energy mainly through tilting or bearing at sheathing
connections. Over the time, a huge number of experimental studies on the
seismic response of CFS shear walls braced with sheathing board or panels
have been carried out. The diversity of these experimental studies comes
from the range of sheathing material: gypsum or wood panel, sheathing
connections, wall geometry, etc, being used in different parts of the world.
One of the outlining goals behind these experiments is always to evaluate
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the design strength values for different wall configurations. Besides this,
tests are also used to judge the ductility and energy dissipation capacity of
the wall and propose new geometrical details based on the test results to
improve the wall seismic response. Due to highly diverse and huge
experimental database, only few studies are explained here, whereas others
[47–53] are explained elsewhere [54].

Figure 2-6 In plane quasi static cyclic test on CFS gypsum sheathed shear walls
(Deformed shape) [8]

Pioneer studies on wood and gypsum sheathed shear walls were
conducted by Serrette and his colleagues, which also served as the
background documents concerning guidelines of the these shear walls in
North American standard for seismic design of CFS structural systems
AISI S400 [18]. These studies [55–60] included the monotonic and cyclic
test on full or small-scale wall assemblies with varying connection
spacings, studs spacing and combination of sheathing materials on
different faces of the wall. In his subsequent work, Serrette and Chau [61]
also proposed formulation to estimate deflection of the shear walls that
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incorporates empirical factors to account for nonlinear behaviour of
different wall components.
Apart from these researches, various other researchers also
explored the lateral in plane response of individual wood and gypsum
sheathed shear wall specimens with double [8,62,63] or single [29,64] side
sheathed or in some cases the gypsum panel combined with another type
of the panel [8,29,62,65] through the monotonic [8,62–64,66] or the cyclic
[8,29,62,65–67] tests. Furthermore, these experimental investigations on
the seismic response of CFS gypsum sheathed shear walls revealed that the
wall strength is not affected by the aspect ratio [62] and that it remains
constant per unit length up until an aspect ratio of 2:1 [18] and it is a
function of the individual sheathing connection strength, and it can be
reasonably predicted through the analytical methods [68–70] already
present in the literature for timber shear walls [65]. Moreover, the strength
of the wall can be increased by increasing the thickness of the panel or by
sheathing the both faces of the frame [63] and by increasing the number of
sheathing connections.
A reasonable amount of research [23,52,53,71] using the
monotonic or cyclic tests to predict the response of long walls with an
aspect ratio (height to length ratio) as low as 0.2 has also been carried out.
In some cases [52,71], wall capacities obtained from the tests on long shear
walls with opening are also compared against an empirical design method
known as “Perforated Shear walls” [72] for wood frame shear walls to
check the method validity for CFS frame shear walls. The calculated shear
capacities of walls using the empirical design method [72] appeared valid,
but conservatively estimates the ultimate capacity. It was also concluded
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from these tests that long, fully-sheathed shear walls were significantly
stiffer and stronger but less ductile than walls with openings
One of the most significant work was done by Fülöp and Dubina
[23] on the investigation of the effect of loading type (monotonic or cyclic
loading), the presence of openings and interior gypsum cladding on the
lateral response of shear walls. The key highlights of the research were the
definition of acceptable damage levels corresponding to various
performance objectives for the different configurations of tested walls.
Another important work was presented by Serrette and Nolan [73], on the
cyclic performance of CFS shear walls sheathed with wood panel using
pins. The experimental results provided reasonable evidence on the
acceptable seismic performance of this system, which supported the
argument of standardizing the use of steel pins as a connecting system in
CFS shear walls.
Peck et al. [62] studied the effects of blocking, intermediate
fastener spacing, aspect ratio, and loading pattern on a lateral response of
gypsum sheathed shear walls through monotonic and cyclic testing. They
concluded that the reduction of intermediate fastener spacing can
significantly improve unblocked wall capacity and enhance the post peak
response of wall. Similarly, Ye et al. [45,74] studied the effect of
combining layers of gypsum board with other type of board panels and the
use of reinforced end studs. The results indicated that use of double layer
of wall board panels significantly improves the shear capacity, and the
difference in sheathing material can influence the shear behaviour of screw
connections. The screws normally experience a tilting failure mechanism,
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which can be restrained by the concrete in reinforced end studs, hence
leading to an improved seismic behaviour.
As mentioned earlier, gypsum panels are normally combined with
other type of sheathing material to have much improved seismic behaviour.
Mohebi et al. [75] combined single sided steel sheathed shear walls with
layers of either gypsum or fibre cement board panels, which resulted in an
almost 80% increase in shear strength of the wall. Tests conducted under
CFS NEES project [76] also included an extensive in plane testing program
of wood (OSB) sheathed shear walls with gypsum panels present on the
interior face of walls in some cases. More information on the CFS NEES
project [76] is given in next section.
2.4.1.2.

Tests on building specimens

Shake-table tests provide a rational means of investigating the
seismic response of any type of LFRS. Unlike the case of CFS strap braced
walls which had the building specimens made entirely of the LFRS, the
building specimens tested in past for CFS shear walls not only include the
LFRS but also other structural elements of LWS building like gravity load
bearing walls, and non-structural elements like partitions and ceiling
systems.
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Figure 2-7 Shake-table test on building representation of CFS gypsum sheathed shear
walls [77]

A North American research project called as CFS-NEES [76]
focused on how to improve the understanding and performance of CFS
buildings with wood structural panels and floors was in progress for last
couple of years and finished recently. The key highlight of the project was
the shake-table testing of a two-storey commercial building, which
demonstrated eighteen times stiffer response, due to the presence of gravity
load resisting and non-structural components, than the actual designed
response, calculated only considering the contribution of shear walls. In
particular, the presence of gravity load resisting systems caused an increase
of 4 times and the addition of non-structural elements increased further 4.5
times the lateral stiffness of the building. Another outcome from the
project was the use of a ledger framing system, in which the frame of shear
walls also includes a ledger track which increases the shear wall resistance
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by approximately 10%, but modestly decreases its energy dissipation
capacity [66].
In Europe, shake-table tests were also conducted within the
ELISSA project, which included the experimental seismic performance
evaluation of modular lightweight steel buildings sheathed with gypsum
panels [78] (Figure 2-7). Shake-table tests on a full-scale two-storey 2.7 m
× 4.7 m (plan dimensions) × 5.3 m (high) building was carried out [77].
The building was designed with a behaviour factor of 3.0 and an over
strength factor of 1.8. The building was tested in two different conditions.
In the first condition (bare construction), it included mainly structural
components of walls, floors and roof, whereas in the second condition
(complete construction) it was completed with all non-structural
components. In order to evaluate the dynamic properties (fundamental
vibration period and damping ratio), white-noise tests were carried out on
both the bare structure and complete construction, whereas earthquake
tests were conducted on the complete construction in order to evaluate the
seismic performance. The main findings of this experimental activity
showed that the characteristics of the building were significantly altered
by the non-structural systems, with a decrease of the fundamental period
of about 20%, corresponding to an increase of the lateral stiffness equal to
about 4 times. The maximum inter-storey drift was very small (0.80% for
1st level and 0.52% for 2nd level) and the residual inter-storey drifts were
negligible, evidencing a very modest inelastic behaviour. Floors behaved
as rigid in their plane, according to the ASCE 7 [13] definition. The
damage was very small in both structural parts and finishing materials. In
particular, only after the earthquake tests with scaling factor more than
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100%, presence of gypsum dust and small detachment of cover paper at
some corner joints on the internal faces of walls was observed.
2.4.2. Numerical studies
The dynamic behaviour of CFS shear walls is characterized by a
remarkable nonlinear response with a strong pinching of the hysteresis
loops and degradation of the strength and stiffness in subsequent loops as
shown in Figure 2-8. In past, various researchers proposed numerical
models to simulate this type of response. They can be broadly categorized
into equivalent truss, equivalent shell and detailed finite element (FE)
models based on the approach used in their development and the resulting
inherent complexity. An equivalent truss model [79–84] relies on
equivalent nonlinear truss elements or linear truss elements combined with
nonlinear springs to simulate the behaviour of a shear wall. A shell model
[85] uses shell elements with equivalent mechanical and physical
properties, which are representative of complete wall behaviour, to
simulate the nonlinear behaviour of a shear wall. Detailed FE models [86–
90] follow a more realistic approach by simulating the nonlinear response
of a complete shear wall through modelling of main structural elements,
including all individual sheathing connections, which are the main energy
dissipating mechanism in walls. Following paragraphs highlight the
modelling approach used in different studies for developing the numerical
models for CFS shear walls.
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Figure 2-8 Typical hysteretic response of CFS shear wall [8]

Fülöp and Dubina [79] developed an equivalent truss model using
DRAIN-3DX [91] software for CFS shear walls sheathed with corrugated
steel sheets or OSB (wood) panels. They represented the nonlinear
behaviour of the shear wall through pair of diagonal trusses having a fibrehinge accommodating the desired hysteretic behaviour, which was
calibrated using the experimental results [23].
Within the CFS-NEES project [76] explained in previous section,
Leng at al [81] developed the computational models for the tested building
structure. The models developed for the shear walls used nonlinear truss
elements in a X configuration paired with an elastic wall frame, to
represent the wall response under dynamic loading. In particular,
Pinching4 material [92] was used for nonlinear truss elements, which
possess the ability to simulate the pinched hysteretic response typical of
CFS shear walls. In addition to using piching4 material for truss elements,
they also tried to use an Elastic Perfectly Plastic material, which failed to
provide better results than pinching4 material model. Moreover, for
modelling the response of complete building they divided the shear walls
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into the sub panels. The lateral stiffness of each individual sub panel was
modelled by pair of two diagonal truss elements having a picnhing4
material.
Kechidi and Bourahla [82] presented an equivalent truss model
developed in Opensees [93] software for wood and steel sheathed CFS
shear walls. They used a pair of rigid truss elements in a X configuration
with an equivalent non-linear Zero Length element in the mid of truss
elements having user-defined material to represent the wall behaviour. The
user defined material was a uniaxial material, which used only the physical
and mechanical characteristics of the wall as input to simulate the wall
hysteretic response. The criteria governing the hysteretic behaviour of the
uniaxial material was selected based on relevant experimental results.
Bourahla et al. [83] presented a simple model to account for the
overall lateral stiffness and strength of the shear walls in the complete
building models in SAP2000 software [94]. Model used a nonlinear
equivalent shear link having a pivot hysteretic model connected to rigid
triangular shell elements. They achieved a quite good match in terms of
comparison of dynamic properties of numerical model of complete
building with the results obtained from its ambient vibration testing.
The nonlinear hysteretic response of shear walls can also be
represented by a set of differential equations which define the material rule
for a nonlinear spring representing the behaviour of the shear wall. One
such model was presented by Nithyadharan and Kalyanaraman [84], which
used Bouc-Wen-Baber-Noori [95] smooth differential model in order to
simulate the response of CFS shear walls braced with calcium silicate
panels.
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Martinez et al. [85] followed a more simplified modelling approach
by simulating the behaviour of CFS wood sheathed shear walls using an
equivalent orthotropic shell elements in SAP2000 software [94]. The
equivalent properties of shell elements were adjusted to account for the
global behaviour of the shear wall.
Buonopane et al. [86] presented a detailed finite element model
developed in OpenSees software [93] representing the main energy
dissipating component (sheathing connections) in CFS wood sheathed
shear walls through radially-symmetric nonlinear spring elements placed
at each sheathing connection location. Rigid behaviour of OSB or gypsum
sheathing panels was modelled through the rigid diaphragm, whereas the
CFS frame was modelled using elastic beam column elements. Pinching4
material [92] was used for the nonlinear spring elements, which was
calibrated based on the experimental results of sheathing connection tests.
Zhou et al. [88] developed a detailed finite element model for CFS
wood sheathed shear walls in ANSYS software [43] and compared their
performance against the results of monotonic tests on shear walls. They
modelled the frame and sheathing with the Shell181 element and used
coupling methods to handle the panel-to-steel profile connections that
allowed only rotation in connections, restricting any translation.
Telue and Mahendran [89] also developed detailed finite element
models for CFS wood sheathed shear walls for the evaluation of their
monotonic response using ABAQUS [96] software. They used ABAQUS
S4R5 shell to model the CFS frame and B31 beam elements to model
sheathing connections.
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Chu Ding [90] at Virginia Tech developed a user element (UEL)
for sheathing connections in ABAQUS based on the pinching4 material
available in OpenSees. Then using the developed UEL for connections, a
high-fidelity model of CFS OSB (wood) sheathed shear was developed.
Frame and sheathing were both modelled as shell elements. Performance
of models was quite good under the monotonic loading while for cycling
loading, models experienced divergence in the solution. In order to
overcome this, they locked the direction of faster deformation once it
enters the plastic zone, which lead to the convergence of solution.
To sum up, the models explained earlier are able to predict the inplane static and dynamic response of CFS shear walls with good accuracy.
Models developed following an equivalent truss or shell approach
[79,80,84,85] use the shear wall test results for the calibration purposes.
Although these equivalent models require full scale wall test data as input,
their modelling simplicity allows to use them in simulating the nonlinear
dynamic response of whole buildings [86,87,97,98] under given ground
motions. On the other hand, detailed FE models allow the simulation of
the shear wall response using the results of sheathing connection tests, but
due to their high computational complexity, they cannot be used for whole
building modelling.

2.5. LWS wall systems for non-structural applications
Partition walls made with a CFS frame are one of most common
type of system for dividing the floor space for different functional
requirements. They are normally made by attaching the gypsum-based
panels to CFS frame through screws in a similar manner as of shear walls
used in LWS buildings. Though in contrast to the shear walls, the metal
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frame of partition walls is made of relatively thinner profiles, screws are
widely spaced and the tensile anchorage is absent. Likewise, façade walls
made with LWS frame elements follow a similar construction arrangement
as of partitions. The main difference between the façade and the partition
walls is the type of wall boards used on the exterior faces of the wall.
Usually, cement-based boards which can offer improved environmental
performance are used. In some cases, the façade wall can also be made of
two parallel steel frames separated by a vacuum for improved
environmental performance, resulting in an overall thicker façade wall
(Figure 2-9).
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a)

b)
Figure 2-9 a) Single frame partition wall b)Dual frame façade [99]

This section provides a summary of current studies available in
literature on the experimental and numerical seismic characterization of
LWS indoor partitions and façade. There are no studies available in
literature, which use either experimental and numerical approach to
characterize the seismic behaviour of individual units of LWS façades. The
experimental study presented in this thesis on LWS façades is a pioneer
study on this topic.
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2.5.1. Experimental studies
In past, most of the researchers used quasi static cyclic and shaketable testing to characterize the seismic response of LWS indoor partition
walls. The tests include the experiments on individual specimens of
partitions or complete building specimens equipped with various type of
non-structural components including the partitions. Tests using the shaketable or the special floor acceleration simulator (Table 2-2) on full-scale
single or multi-storey buildings were carried out on the systems made of
LWS indoor partition walls, outdoor façades and suspended ceilings, while
in plane tests (Table 2-3) under the action of quasi-static reversed cyclic
and dynamic loading protocols were carried out on wall specimens or wall
specimens combined with out of plane façades. The main objectives of
these studies addressed following issues: (i) dynamic identification
(evaluation of fundamental frequency and damping ratio); (ii) evaluation
of dynamic amplification; (iii) assessment of force vs drift curve response;
(iv) effect of non-structural components on the response of the structure;
(v) comparison among different constructional arrangements; (vi) damage
description; (vii) comparison between experimental and analytical
response; (viii) assessment of fragility curves by correlating damage states
(DS) to the drift.
Very recently, with an aim to expand and improve the knowledge
of seismic response of non-structural LWS drywall components, an
experimental study was also conducted at University of Naples Federico
II, Italy with in a project carried out with an Industrial partner: Knauf. The
results from the experimental study are also used to calibrate the numerical
models of partition developed in this thesis. In particular, the main
objective of the study was to investigate the seismic performance of
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drywall components, i.e. LWS indoor partition walls, outdoor façades and
suspended ceilings. The research activity covered different topics: tests on
materials and components [100,101]; in-plane [102] and out-of-plane
[103] tests on partition walls; dynamic shake table tests on prototypes
made of partition walls, façade walls and suspended continuous ceilings
[99] (Figure 2-10).

b)

c)

d)
Figure 2-10 Knauf project. a) Out-of-plane partition wall tests (tall partition wall); b)
In-plane partition wall tests (Type 1 specimen); c) In-plane partition wall tests (Type 2 specimen)
d) Shake-table tests
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Table 2-2 Existing studies using the shake table or floor acceleration simulators

Study

No. of
specimens
2

No. of
storey
1

1

4

[106]
[107]

1

1

1

1

[108]
[109]
[110]

16
1

1
5

1

2

[99]

5

1

[104]
[105]

(1)

Type of test (1)
Shake-table: X
Shake-table:
X+Y
UB-NCS (2): X
Shake-table: X,
X+Y
UB-NCS (2): X
Shake-table: X
Shake-table:
X+Y
Shake-table: X

Fragility
DS-IDR
curves correlation
No
No
No

No

No

Yes

No

No

Yes
No

Yes
Yes

Yes

Yes

Yes

Yes

X, Y: horizontal directions, (2 UB-NCS: Floor acceleration simulator [106]
Table 2-3 Existing studies on the in-plane behaviour

Authors
[111]
[112]
[113]
[114]
[115]
[116]
[102]

No. of
specimens
54
4
16
2
2
6
12

Dimensions
(width x
height mm)

Type of
loadings

Quasi-static
reversed cyclic
and dynamic
Quasi-static
3950 or 2975 x
reversed cyclic
2800 or x 2800
and dynamic
Quasi-static
4880 x 2440
reversed cyclic
Quasi-static
2400 x 2400
reversed cyclic
Quasi-static
3400 x 2550
reversed cyclic
Quasi-static
5100 x 5000
reversed cyclic
Quasi-static
2400 x 2700
reversed cyclic
2400 x 2400
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No

Yes
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The current state of the art on LWS façades is very limited. In fact,
the only relevant study in the literature was conducted by Wang et al.
[117], which included the shake table tests on five-storey reinforced
concrete building equipped with LWS façades. The tested façades were
not infilled in the structural elements and were connected to the floor slabs
through steel clips. Different types of damages in the façades were
identified along with the drifts they occurred and are classified in to
different Damage states (DS-s). The study was only limited to the one type
of façades, with the same type of panels, wall steel frame and connection
to the surroundings on all stories. Contrarily to the study of Wang et al.
[117] on façades that are not infilled, the experimental study on façades
presented in this thesis explicitly focuses on the in plane seismic
performance of infilled façades, and investigate the effect of different
construction parameters on their performance.
It is also worth mentioning, that there are only slight differences
between the LWS façades and the partitions, if they are completely infilled
in a structural frame. In such cases, the only difference could be an
additional finishing layer or the type of panels on the exterior faces, which
are usually made of materials more resistant to outdoor environment in
case of façades. To this end, one can also compare the behaviour of façades
with the partitions. However, most of the studies on LWS partitions do not
also focus on the individual geometrical parameters of the walls to study
their effect on wall seismic performance, as it is done in this thesis for
façades. The geometrical parameters investigated in the presented
experiments are explained in Section 5.
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2.5.2. Numerical studies
Prominent advances in the numerical modelling of hysteretic
behavior of LWS partition walls made with thin steel profiles and gypsumbased panels have taken place in past to support the prediction of their
seismic response. The hysteretic response of these partitions is
characterized by severe pinching of force displacement cycles and
degradation of strength and stiffness in subsequent loading cycles as
shown in Figure 2-11.

Figure 2-11 Typical LWS partition hysteretic response [118]

The models developed for the LWS partition walls in past can be
grouped in two categories: simplified spring model and the detailed FE
models. Simplified spring models usually relied on a single spring element
lumped with the global hysteretic behaviour of the wall while the detailed
FE models represented the different components of the partition wall with
individual nonlinear elements of various types. The two groups of models
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serve the different purpose. Simplified spring models are useful for the
building level simulations and assist in a more rational building
performance based seismic design (PBSD). This is mainly due to their
simplicity, which allows an easy integration of them in a building model
for even a large number of non-structural components. Contrarily, the
detailed FE model have proven themselves handy in predicting the
different damage mechanism of the walls, which subsequently can be used
to develop the fragility curves of the walls for different damage states.
Moreover, FE models are also used to perform parametric analyses, that
can be used by researchers to invent new construction details for improving
the damage fragility of the walls.
Simplified spring type models were developed by Tasligedik et al.
[119], Wood and Hutchinson [120], Davies et al. [121] and Magliulo et al.
[122]. The model developed by Tasligedik et al. [119] used Ruaumoko2D
software [41] to simulate the experimental results of the LWS partition
walls tested infilled in a special pinned reinforced concrete frame. A
similar approach was followed by Davies et al. [121] in Ruaumoko2D
software for the LWS partition walls tested with the out of plane return
walls [123] on specially design non-structural component simulator. One
of the key highlight of the study by Davies et al. [121] was the
demonstration of the influence of partition walls on the dynamic properties
of building through a simulation of four-story steel moment-resisting
frame medical facility model equipped with the calibrated partition wall
models. These analyses of the building showed that including the
contribution of LWS gypsum partition walls to the lateral force resisting
system increases the building collapse safety margin by 32%. Building on
the same experimental database [123] as used by Davies et al. [121], Wood
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and Hutchinson [120] also developed a simplified spring model in
OpenSees software. In their work, they also introduced different error
metrics to evaluate the accuracy of the models. The model developed by
Magliulo et al. [122] was used to predict the shake-table response one
storey mock-up fitted with LWS partitions.
One of the most detailed model developed ever to date was
presented by Rahmanishamsi et al. [124] for LWS partition walls
considering all the critical components using the OpenSees software [93].
In that model, the nonlinear behaviours of the connections were
represented by hysteretic load-deformation springs, which have been
calibrated using the component-level experimental data. The studs and
tracks were modelled adopting beam elements with their section properties
accounting for nonlinear behaviour. The gypsum boards were simulated
by linear four-node shell elements. A relatively less complicated model
was also developed by Petrone et al. [125] using the SAP2000 software for
the LWS partitions tested by them. The frame to sheathing connections
were modelled as nonlinear link elements, which was calibrated using the
test results on the sheathing connections. However, the model [125] did
not possess as far reaching capabilities to predict the damage mechanism
in the walls as the model presented by Rahmanishamsi et al. [124].
Simplified spring model for LWS partition walls are also presented
in thesis. These partitions were tested under in plane quasi-static cyclic
loading in the past [102] at University of Naples “Federico II”, Italy. The
presented model differs with the already existing models in literature in a
sense that, it also provides a set of particular parameters for the different
groups of walls, which vary in terms of construction details: sliding/fixed
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connections of the wall to the surrounding structural elements or the
presence/absence of out of plane return walls. Though the work presented
by Wood and Hutchinson [120] and Davies et al. [121] also showed
simplified models for the walls with similar groups as in this case, but the
principal difference is the presence of the building structural elements on
the sides of the tested partitions, which were not present for the walls tested
in [120,121] and used for subsequent model calibration. Sliding
connections to the surrounding structural elements [102] are usually
provided in the walls to allow them to accommodate lateral drifts in
earthquakes without causing major damages. A typical practice is to
provide these connection only on the wall top, while the walls tested in
[102] and modelled here as shown in Section 6 also had the sliding
connections on the sides to accommodate much higher wall drifts, which
makes the models presented in this thesis also different from the other
models [119–122], which do not have the modelled wall configurations
with sliding connections on sides too.

2.6. FEMA methodology
Behaviour factor plays a vital role in the seismic design of a building
following the capacity design approach. It allows the designer to reduce
the seismic actions by a factor greater than one, which accounts for
building inherent ductility and over strength. Behaviour factor for any
structural system can be evaluated preliminary through either a test-based
approach or a numerical analysis. However, as highlighted by Macillo et
al. [8], test-based methodology does not explicitly consider the loaddeformation hysteresis "shape", characterized by the pinching for CFS
wall systems. A more elaborate methodology to evaluate the behaviour
factor is outlined by FEMA document P695 [12], which uses nonlinear
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analysis techniques, and explicitly considers uncertainties in ground
motion, modelling, design, and test data to achieve an acceptably low
probability of collapse of the building equipped with the LFRS.
Methodology has been used in past for different LWS structural
typologies, like CFS steel sheathed shear walls [97,98], CFS special bolted
moment frames [126] and CFS strap-braced walls [40]. The use of this
methodology is extended to CFS strap-braced walls, CFS gypsum sheathed
shear walls and CFS wood sheathed shear walls in this thesis to evaluate
their behaviour factor according to European design philosophy. The
methodology has already been applied to CFS strap braced walls to
evaluate their response modification factor for Canadian design by
Comeau et al. [40]. However in [40], the design approach used to design
archetypes followed the Canadian design philosophy, which is different
than the European design philosophy and hence the evaluated value of R
cannot be used as behaviour factor in Eurocodes. Moreover, the model
developed by Comeau et al. [40] were stick model which neglected the
overall three dimensional building behavior having CFS strap braced walls
both at perimeter and inside the building, gravity studs, floors etc.
ATC 63 Federal Emergency Management Agency (FEMA) report
entitled P695 “Quantification of Building Seismic Performance Factors”
[12] provides the standard procedural methodology to quantify the seismic
performance of a lateral force resisting systems. Figure 2 shows the general
framework of the methodology. This methodology has been written in
compatibility with the United States construction standards therefore it is
tailored, wherever necessary, to be used with European construction
standards: Eurocodes in this thesis. Methodology (Figure 2-12) follows an
iterative approach by assuming an initial value of behaviour factor (q) for
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the design of set of archetypes, whose performance is quantified through
non-linear static analysis and non-linear dynamic collapse simulations
under a suite of earthquake records and their safety is evaluated in terms
of acceptable collapse margin ratios. Methodology then defines the
acceptable performance criteria for the archetypes, which must be fulfilled
in order to confirm the initial assumption of behaviour factor and the
adopted design method. Chapter 3 and 4 explain in detail each step of the
methodology followed for the investigated LFRS-s.
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Building

Type of
Occupancy
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Assumed value of behavior factor
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NO

Figure 2-12 General framework of FEMA P695 methodology (Section numbers are the
corresponding numbers in [12])
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The last step in the methodology is the performance evaluation of
the archetypes, which is used to establish the acceptability of trial value of
behaviour factor used in the design. This step uses the input parameters
from various previous steps of the methodology, hence making it more
complex to understand. Therefore, this step is further illustrated with an
in-depth diagram (Figure 2-13) showing the function of different
parameters used in the step.

Figure 2-13 Overview of performance evaluation process
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3. Seismic performance evaluation of
LWS buildings with CFS strap-braced
walls
CFS strap-braced stud wall (Figure 3-1) is an all-steel solution against the
action of lateral forces on low to mid rise LWS buildings. Current edition
of European earthquake design standard: EN 1998-1 [4] does not provide
any seismic design guidelines for LWS buildings with CFS strap-braced
walls as the main LFRS. Though there is an alternative approach to design
such buildings by considering them a traditional hot rolled X-braced frame
as explained in Section 2.1.1 but that approach certainly does not make use
of any energy dissipation capacity of the building and will result in a
structure with a limited ductility. This section judges the suitability of the
proposed design method and a behaviour factor for CFS strap-braced walls
using the FEMA P695 methodology [12], which is explained in Section
2.6. The arrangement of subsections in this chapter follows the order of
different steps in the methodology (see Figure 2-12). The initial step of the
methodology involves the development of system concept, which focuses
on understanding the functioning of the investigated LFRS and is
explained in Section 2.3. The next step involves the explanation of the
experimental data and the design method. The utilized test data is
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explained alongside the modelling of single wall response (Section 3.2.1),
while the design method is illustrated in Section 3.1.4.

Figure 3-1 Typical Configuration of CFS strap-braced stud wall

3.1. Archetypes selection and design
FEMA P695 [12] methodology requires to define a set of structural
system archetypes. An archetype is a “Prototypical representation of a
seismic force resisting system”. A set of archetypes which represent a
range of design parameters and building configurations is called Archetype
design space. Furthermore, methodology requires to divide the Archetype
design space into performance groups based on the major differences in
Structural configuration and gravity loads.
An Archetype design space comprising of 14 archetype buildings
differing in location, height, plan configuration and type of occupancy is
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defined. Complete design space is considered as one performance group
because archetypes do not represent significant changes in the structural
configuration and gravity loads, that could affect the behaviour of LFRS
(CFS strap-braced walls). Table 3-1 lists all of the archetypes included in
the design space. The difference of archetypes in terms of occupancy,
height and the intensity of seismic loads are further explained in upcoming
subsections.
Table 3-1 Archetype design space CFS strap-braced walls (q=2.5)

Archetype
Type of
Number of
ID
Occupancy
Storeys
R2L
R2M
2
R2H
R3L
Residential
R3M
3
R3H
R4L
4
R4M
O1L
O1M
1
O1H
Office
O2L
O2M
2
O2H
3.1.1. Type of Occupancy

Seismic Loads
Intensity
Low
Medium
High
Low
Medium
High
Low
Medium
Low
Medium
High
Low
Medium
High

Archetypes are categorized in to residential or office type
occupancies. The choice of occupancy affects the live load acting on the
floors. In Europe, EN 1991-1-1 [127] provides live loads for different type
of occupancies of buildings. A value of 2.0 𝐾𝐾𝐾𝐾/𝑚𝑚2 and 3.0 𝐾𝐾𝐾𝐾/𝑚𝑚2 is

prescribed for floors of residential and office buildings respectively. In
case of roof, live loads depend on the accessibility of roof. In case of
residential archetype, roof is considered accessible, which resulted in a live
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load of 2.0 𝐾𝐾𝐾𝐾/𝑚𝑚2 . For office archetypes, roof is considered not

accessible except for normal maintenance and repair, which resulted in
lower value of 0.4 𝐾𝐾𝐾𝐾/𝑚𝑚2 for live loads on roof. Figure 3-2 shows the

typical plan of residential and office archetypes designed for medium

intensity seismic loads. The number and position of CFS strap-braced stud

walls corresponds to three storeys residential and two storeys office
archetypes.

Figure 3-2 Plan and Elevation of a) Three storey residential archetype designed for
medium intensity seismic design loads b) Double storey office archetype designed for medium
intensity seismic loads

3.1.2. Height of buildings
Cold-formed steel elements are used in low to mid rise LWS
buildings. This trend is reflected in the selection of archetypes in current
study by limiting the maximum height of archetype to 12 m. Maximum
height limitation is confirmed later in the design process of archetypes,
when a 12 m archetype situated in a high seismic location resulted in an
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excessive base shear, which could not be resisted by the highest strength
CFS strap-braced walls used in this study. Keeping in view the height
limitations, one, two, three and four storey archetypes are defined. The
total storey height is 3.0 m, including 2.7 m high walls and 0.3 m thick
floors.
3.1.3. Intensity of Seismic loads
Archetypes buildings are assumed to be located in three locations
with low, medium and high seismicity. Low, Medium and High seismic
locations have a reference peak ground acceleration (𝑎𝑎𝑔𝑔,𝑅𝑅 ) with 10%
probability of exceedance in 50 years of 0.15g, 0.25g and 0.35g,

respectively. Soil class C is assumed for all locations. Archetype design
space comprised of only residential and office buildings which can be
classified as ordinary buildings according to EN 1998-1 [4]. Therefore, an
important class of II is assigned to all archetypes. Design peak ground
acceleration (𝑎𝑎𝑔𝑔 ) for each location was computed using equation (3-1):

(3-1)

𝑎𝑎𝑔𝑔 = 𝑎𝑎𝑔𝑔,𝑅𝑅 ∙ 𝛾𝛾𝐼𝐼

where 𝛾𝛾𝐼𝐼 is importance class of building and has a value of 1.0 for

ordinary buildings. An initial assumption of a value of 2.5 for the

behaviour factor is made based on experimentally evaluated q values by
Iuorio et al. [7]. Finally, design response spectrum is defined based on the
guidelines of EN 1998-1 [4].

FEMA P695 [12] is written in consensus with United States
Loading provisions for Building structures (ASCE 7 [13]), which defines
the earthquake loading in terms of Seismic Design Category (SDC). In
contrast to seismic loads defined according to No-collapse and Damage
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Limitation requirement of EN 1998-1 [4], ASCE 7 [13] defines two levels
of earthquake: Design Earthquake (DE) and Maximum Considered
Earthquake (MCE). DE is defined in ASCE 7 [13] as 2/3 times of MCE,
while MCE is defined as the earthquake having 2% probability of
exceedance in 50 years, i.e. a return period of 2475 years. According to
some studies [128], DE can be considered as an earthquake of 10%
probability of exceedance in 50 years for some areas in United States,
which corresponds to No-collapse requirement of EN 1998-1 [4]. Since
FEMA P695 methodology uses MCE in its formulations, therefore it is
necessary to define a level similar to MCE for locations used here for the
archetypes, which can be obtained by simply multiplying the elastic
response spectrum of EN 1998-1 by 1.5. Figure 3-3 shows the three design
response spectrums of EN 1998-1 used in this study and the Seismic
Design categories (SDC) of ASCE 7 based on the Design Earthquake
(DE). All three seismic loads intensities in this study can be categorized as
SDC D (min) to SDC D (max).
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Low Seismic Design Situation (PGA 0.15g, Soil class C)
Medium Seismic Design Situation (PGA 0.25g, Soil class C)
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Figure 3-3 Comparison of the Elastic Design Response Spectrum of EN 1998-1 and the
Seismic Design Categories based on Design Earthquake of ASCE 7 for archetypes with CFS
strap-braced walls

3.1.4. Design of Archetypes
Design of all archetypes is carried out according to the relevant
parts of Eurocodes. Gravity loads comprised of dead load of the structure
itself (Table 3-2), live loads due to the occupancy of the structure stated in
Section 3.1.1, a constant snow load of 1.0 𝐾𝐾𝐾𝐾/𝑚𝑚2 and a constant suction

wind load of 0.35 𝐾𝐾𝐾𝐾/𝑚𝑚2 on roof. Gravity loads are then combined

according to the fundamental combinations of EN 1990 [129]. In order to
resist the gravity loads, a composite structural scheme made of cold-

formed steel trapezoidal sheathing with light weight concrete and a steel
mesh reinforcement is adopted for the roof and floors. Lipped channel
cross sections made of Continuous hot dip zinc coated carbon steel sheet
of structural quality S350GD+Z (𝑓𝑓𝑦𝑦 : 350MPa;𝑓𝑓𝑢𝑢 : 420MPa) are used for
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joists and studs, which are spaced 600 mm apart. Table 3-3 lists the
dimension of cross sections used for the joist and stud elements. Design of
all gravity load resisting elements is carried out in accordance with the
prescriptions of EN 1993-1-1 [130] and EN 1993-1-3 [14].
Table 3-2 Dead loads for archetypes

DEAD LOADS (kN/m2)
Floor Loads
Concrete and Cold-Formed profile for slab
Flooring (0.2 kN/m2)
Finishes
Floating Concrete (0.48 kN/m2)
Internal Partitions (0.8 kN/m2)
Joist
Ceiling
Total
Roof Loads
Concrete and Cold-Formed trapezoidal sheathing for slab
Flooring (0.2 kN/m2)
Floating Concrete (0.48 kN/m2)
Finishes
Isolation and Roofing Water Proof
(0.2 kN/m2)
Joist
Ceiling
Total
Wall Internal
Stud and Track
Gypsum Wall board
Insulation
Total
Wall External
Stud and Track
Insulation and Plaster
Cover Plaster board
Gypsum wall board
Total
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Table 3-3 Cross section dimensions of gravity load resisting elements

Structural
Element
Joists
Studs

a.

Cross section dimensions a
Residential Archetypes
Office archetypes
Residential
1st and
Archetypes
2nd
storey
3rd and
4th storey
Office archetypes
1st storey
2nd
storey

C 300x50x10x3 mm
C 300x50x10x3.5 mm
C 150x50x20x3 mm
C 150x50x20x1.5 mm
C 150x50x20x3 mm
C 150x50x20x1.5 mm

C-section: outside-to-outside web depth x outside-to-outside flange size x outside-to-outside
lip size x thickness

For the earthquake design of Archetypes, EN 1998-1 [4] is used in
conjunction with design formulas for CFS strap-braced stud walls
presented in [131]. Lateral loads on the archetypes compose of earthquake
loading and a wind load of 0.7 𝐾𝐾𝐾𝐾/𝑚𝑚2 acting on the outside walls.

Earthquake loads were always the leading action and hence were never

combined with wind actions. EN 1990 [129] combination of actions for
seismic design situation (equation (3-2)) is used for earthquake design of
archetypes.
(3-2)

𝐺𝐺𝑘𝑘 + 𝜓𝜓𝐸𝐸,𝑖𝑖 ∙ 𝜑𝜑 ∙ 𝑄𝑄𝐾𝐾 + 𝐴𝐴𝐸𝐸𝐸𝐸

where, 𝐺𝐺𝑘𝑘 is the dead load of building; 𝜓𝜓𝐸𝐸,𝑖𝑖 and 𝜑𝜑 are the

combination coefficients having a value of 0 and 1 for roof and 0.3 and 0.5

for floors, respectively; 𝑄𝑄𝐾𝐾 is the variable action, which is a live load for

all archetypes, and 𝐴𝐴𝐸𝐸𝐸𝐸 is the design value of seismic action. Since all of

the archetypes followed the criteria of regularity in plan and elevation of
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EN 1998-1 [4], therefore lateral force method is used to compute
equivalent earthquake horizontal forces. Design base shear (𝑉𝑉𝑑𝑑 ) for each
archetype is calculated according to equation (3-3)

(3-3)

𝑉𝑉𝑑𝑑 = 𝑆𝑆𝑑𝑑 (𝑇𝑇1 ) ∙ 𝑚𝑚 ∙ 𝜆𝜆

where 𝑇𝑇1 is the fundamental period of vibration of building

approximated according to equation 4.6 of EN 1998-1 [4] (𝑇𝑇1 =
3

𝐶𝐶𝑡𝑡 𝐻𝐻 4 , with 𝐶𝐶𝑡𝑡 = 0.05 and H = building height); 𝑆𝑆𝑑𝑑 (𝑇𝑇1 ) is the ordinate of
the elastic design spectrum (see Figure 3-3) at period 𝑇𝑇1 ; 𝑚𝑚 is the total

seismic mass of building; 𝜆𝜆 is a correction factor. Fundamental period of

vibration 𝑇𝑇1 was equal to 0.11, 0.19, 0.26 and 0.32 seconds for one, two,
three and four storey archetypes, respectively. Design base shear was then
distributed over the height of building using equation (3-4).
𝐹𝐹𝑖𝑖 = Vd ∙

(𝑧𝑧𝑖𝑖 𝑚𝑚𝑖𝑖 )

(3-4)

Σ𝑧𝑧𝑗𝑗 𝑚𝑚𝑗𝑗

where 𝐹𝐹𝑖𝑖 is the horizontal force acting on 𝑖𝑖𝑡𝑡ℎ storey; 𝑚𝑚𝑖𝑖 and 𝑚𝑚𝑗𝑗 are

the seismic masses of 𝑖𝑖𝑡𝑡ℎ and 𝑗𝑗𝑡𝑡ℎ storeys respectively; 𝑧𝑧𝑖𝑖 and 𝑧𝑧𝑗𝑗 are the

heights of the masses 𝑚𝑚𝑖𝑖 and 𝑚𝑚𝑗𝑗 above the level of application of the
seismic action, respectively. In order to account for the accidental torsional
effects in buildings, EN 1998-1 [4] requires to multiply the forces obtained
from equation (3-4) by a factor 𝛿𝛿 computed according to equation (3-5).
𝛿𝛿 = 1 + 0.6 ∙

𝑥𝑥

(3-5)

𝐿𝐿𝑒𝑒

where 𝑥𝑥 is the distance between walls located at the perimeter of

building to the centre of mass of the building in plan, measured

perpendicularly to the direction of the seismic action and 𝐿𝐿𝑒𝑒 is the distance
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between the two outermost walls, measured perpendicularly to the
direction of the seismic action. The computed value of 𝛿𝛿 was 1.3.

Lateral resistance to seismic loads is provided through CFS strap-

braced walls. Three wall configuration of low (W1), medium (W2) and
high (W3) dissipative capacity are designed following the formulations
proposed in [131] and listed in Table 3-4.
Table 3-4 Design wall strength associated to each wall component

Strength of the wall
component
𝑯𝑯𝒄𝒄,𝒄𝒄 - wall strength
associated to the diagonal
to strap connection
𝑯𝑯𝒄𝒄,𝒅𝒅 -wall strength
associated to the yielding of
the diagonal strap
𝑯𝑯𝒄𝒄,𝒈𝒈 - wall strength
associated to the net section
failure of the gusset plate
𝑯𝑯𝒄𝒄,𝒔𝒔 - wall strength
associated to the buckling
of the studs
𝑯𝑯𝒄𝒄,𝒕𝒕 - wall strength
associated to the buckling
of the track
𝑯𝑯𝒄𝒄,𝒂𝒂 - wall strength
associated to the tension
and shear anchors

Failure modes

Design Formula

Bearing failure in the strap𝐹𝐹𝑏𝑏,𝑅𝑅𝑅𝑅
Shear failure of a screw𝐹𝐹𝑣𝑣,𝑅𝑅𝑅𝑅
Yielding of a steel strap𝑁𝑁𝑝𝑝𝑝𝑝,𝑅𝑅𝑅𝑅
Net section failure of a
strap-𝑁𝑁𝑢𝑢,𝑅𝑅𝑅𝑅
Net section failure of a
gusset plate-𝐹𝐹𝑛𝑛,𝑅𝑅𝑅𝑅

𝑛𝑛𝑑𝑑 ∙ 𝑛𝑛𝑠𝑠
∙ min�𝐹𝐹𝑏𝑏,𝑅𝑅𝑅𝑅 , 𝐹𝐹𝑣𝑣,𝑅𝑅𝑅𝑅 � 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Buckling of a chord stud𝑁𝑁𝑠𝑠,𝑅𝑅𝑅𝑅
Buckling of a track-𝑁𝑁𝑡𝑡,𝑅𝑅𝑅𝑅

𝑛𝑛𝑑𝑑

∙ min�𝑁𝑁𝑝𝑝𝑝𝑝,𝑅𝑅𝑅𝑅 , 𝑁𝑁𝑢𝑢,𝑅𝑅𝑅𝑅 � 𝑐𝑐𝑐𝑐
𝑛𝑛𝑑𝑑 ∙ 𝐹𝐹𝑛𝑛,𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑁𝑁𝑠𝑠,𝑅𝑅𝑅𝑅 − 𝑁𝑁𝐸𝐸𝐸𝐸,𝐺𝐺
𝐿𝐿
ℎ
𝑁𝑁𝑡𝑡,𝑅𝑅𝑅𝑅

𝑁𝑁𝑎𝑎,𝑅𝑅𝑅𝑅 + 𝑁𝑁𝐸𝐸𝐸𝐸.𝐺𝐺
Strength of a tension
min (
𝐿𝐿;
anchor-𝑁𝑁𝑎𝑎,𝑅𝑅𝑅𝑅
ℎ
𝑛𝑛𝑎𝑎 𝑉𝑉𝑎𝑎,𝑅𝑅𝑅𝑅 )
Strength of a shear anchor𝑉𝑉𝑎𝑎,𝑅𝑅𝑅𝑅
𝒏𝒏𝒅𝒅 is the total number of straps in tension; 𝒏𝒏𝒔𝒔 is the total number of screws in a
strap-to-frame connection; 𝑵𝑵𝑬𝑬𝑬𝑬,𝑮𝑮 is the axial force due to gravity loads; 𝜽𝜽 is the
angle of strap with respect to horizontal; 𝑳𝑳 is the length of the wall; 𝑯𝑯is the height
of the wall
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For each wall component, one or more failure mechanism can be
identified and then strength associated with the weakest failure mode
define the design lateral strength of the wall. Therefore, the lateral design
strength of the wall (𝐻𝐻𝑐𝑐 ) can be computed according to Equation (3-6):
𝐻𝐻𝑐𝑐 = min (𝐻𝐻𝑐𝑐,𝑐𝑐 , 𝐻𝐻𝑐𝑐,𝑑𝑑 , 𝐻𝐻𝑐𝑐,𝑔𝑔 , 𝐻𝐻𝑐𝑐,𝑠𝑠 , 𝐻𝐻𝑐𝑐,𝑡𝑡 , 𝐻𝐻𝑐𝑐,𝑎𝑎 )

(3-6)

Same lateral resistance was provided in both directions of
archetypes through use of same number and type of walls. Table 3-5 lists
the structural elements used for W1, W2 and W3 walls, while Table 3-6
lists the design values of lateral wall strength associated to each wall
component. Table 3-7 summarizes the number and type of wall
configuration placed in both directions per storey of each archetype.
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Table 3-5 Structural elements used for W1, W2 and W3 CFS strap-braced stud walls

W1
Width
x 2400x2700 mm
Height
Chords studs Back to back
channel section
(S350)
C150x50x20x1.5
mm a
Straps
70x2mmb (S235)

W2
2400x270 0mm

Back to back
channel section
(S350)
C150x50x20x3
mm a
140x2mmb
(S235)
Diagonal to No.15 4.8 x 16 No.25 6.3 x 40
frame
mm screws c
mm screws d
connection
Tension
M24 class 8.8 bolt M24 class 8.8
anchors
rods
bolt rods
Shear
M8 class 8.8 bolts M8 class 8.8
anchors
spaced at 300 mm bolts spaced at
on centre
300 mm on
centre
Hold down to 4 M16 class 8.8 4 M16 class 8.8
chord stud bolts
bolts
fastener

a.
b.
c.
d.

W3
2400x270 0mm
Back to back
channel section
(S350)
C150x50x20x3
mm a
170x2.5mmb
(S235)
No.35 6.3 x 40
mm screws d
M24 class 8.8
bolt rods
M10
class8.8
bolts spaced at
300mm on centre
4 M20 class8.8
bolts

C-section: outside-to-outside web depth x outside-to-outside flange size x outside-to-outside
lip size x thickness.
Width x thickness.
Nominal diameter x length, modified truss head self-drilling screws.
Nominal diameter x length, hexagonal flat washer head self-drilling screws.
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Table 3-6 Design values of lateral wall strength associated to each wall component of
CFS strap-braced stud wall

Strength
W1
Associated
with Design
each component
Resistance
(kN)
Hc,da
42.84
b
Hc,c
74.07
Hc,gc
110.13
d
Hc,s
137.53
Hc,de
110.50
f
Hc,a
69.77
g
Hc
42.84

a.
b.
c.
d.
e.
f.
g.

W2

Design
Resistance
(kN)
85.68
146.80
173.29
346.81
323.98
112.44
85.68

wall strength associated to the yielding of steel straps.
wall strength associated to the diagonal to strap connection
wall strength associated to the net failure of strap connections
wall strength associated to the buckling of studs
wall strength associated to the buckling of tracks
wall strength associated to the tension and shear anchors
Design wall strength
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Table 3-7 Number and type of wall configuration placed in both directions per storey of
each archetype

High Seismic Loads

1
2
3
4
10
10

1
2

6

1

1
2

8
8
8

1
2
3

10
10
10
10

1
2
3
4

6
6

1
2

6

1

R2L
291 W2
170 W1
R3L
469 W2
377 W2
193 W1
R4L
643 W2
570 W2
424 W2
205 W1
O2L
475 W2
274 W2
O1L
212 W1

No. of walls

1
2
3

6
6

Wall
Configuratio
Storey Shear
(KN)

10
10
10

Storey

1
2

R2M
486 W2
284 W1
R3M
783 W3
629 W2
323 W1
R4M
1072 W3
951 W3
707 W2
342 W1
O2M
792 W3
457 W2
O1M
353 W2

No. of walls

8
8

Wall
Configuratio
Storey Shear
(KN)

1

O2H
1108 W3
639 W2
O1H
495 W2

Storey

1
2

No. of walls

1
2
3

Wall
Configuratio
Storey Shear
(KN)

Storey
1
2

R2H
681 W2
398 W2
R3H
1096 W3
881 W3
452 W2

Medium Seismic Loads Low Seismic Loads

4
4
6
6
6
8
8
8
8
6
6
6

3.2. Non-linear Model Development for Archetypes
OpenSees [93] software is used to develop the non-linear models
for the designed archetypes. A 3D model for each archetype was
developed. Initially, models of single walls are developed based on already
available experimental data [7] and their ability to accurately capture
hysteretic behaviour was evaluated. Then, these models are used to
develop complete 3D model of archetypes and analysed using Incremental
dynamic analysis procedures [132] for performance evaluation.
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3.2.1. Models of Single walls
A non-linear model was developed for each configuration of CFS
strap-braced stud wall shown in Table 3-5. W1 and W2 walls have the
same design characteristics as that of WLD (Figure 3-4 a) and WHD
(Figure 3-4 b) walls tested by Iuorio et al. [7]. Therefore, their
experimental results are relied on to calibrate the models. Iuorio et al. [7]
tested three configurations (twelve tests) of CFS strap braced stud walls
designed according to elastic (non-dissipative) and dissipative design
approaches. Walls lateral response is investigated by carrying out tests
under monotonic and cyclic loading. Additionally, they performed several
tests on steel materials, elementary connections and joints between strap
and gusset plate in order to study the component influence on global wall
behaviour.
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a): WLD

b): WHD
Figure 3-4 general view and corner detail of walls tested by Iuorio et al.[7].

Figure 3-5 shows the generic OpenSees model developed for the
walls. Truss element with a Uniaxial elastic material is used to represent
the chord studs. Chord stud failure due to tension or global buckling is
simulated using OpenSees MinMax material in conjunction with uniaxial
elastic material. Threshold values of strains in MinMax material, which
govern the occurrence of failure of studs in tension (εt,Rk ) and compression
(εb,Rk ) are calculated using equation (3-7) and (3-8).
𝜀𝜀𝑡𝑡,𝑅𝑅𝑅𝑅 =

𝑁𝑁𝑡𝑡,𝑅𝑅𝑅𝑅
𝐴𝐴∙𝐸𝐸
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(3-8)

𝐴𝐴∙𝐸𝐸

where, Nt,Rk and Nb,Rk are the nominal resistances corresponding

to the tensile and buckling failure of chord studs., respectively, E is the
Young’s modulus of steel and A is gross cross section area. Nt,Rk and Nb,Rk

are obtained according to prescriptions given in EN 1993-1-1 [130] and
EN 1993-1-3 [14]. The buckling resistance of chord studs Nb,Rk is
calculated considering the minimum of in plane and out of plane flexural,
and flexural-torsional buckling resistance.

Figure 3-5 Generic OpenSees model for CFS strap-braced stud wall

Truss elements having Pinching4 material is used to model straps,
which are the main source of energy dissipation in CFS strap-braced walls.
More details about the calibration of strap’s pinching4 material will follow
in Section 3.2.2. Zerolength elements of a unit area are modelled at the
bottom of stud’s end in order to add stiffness contribution of the hold down
anchors to foundation or floor. ElasticMultiLinear material with a stiffness
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of 30 kN/mm in tension, defined on the basis of experimental results [7]
and a very high stiffness (10,000 kN/mm) in compression is used for
Zerolength elements. Tensile failure of anchors is captured by using
OpenSees MinMax material in conjunction with ElasticMultiLinear
material. Tensile strain in MinMax material for anchors is set to not exceed
the nominal tensile strain εa,Rk of anchors preventing any tensile rupture

in them while there is no strain limit in compression. Nominal tensile strain
in anchors εa,Rk is calculated using equation (3-9):
𝜀𝜀𝑎𝑎,𝑅𝑅𝑅𝑅 =

𝑁𝑁𝑎𝑎,𝑅𝑅𝑅𝑅
𝑘𝑘𝑎𝑎

(3-9)

where 𝑁𝑁𝑎𝑎,𝑅𝑅𝑅𝑅 is the nominal tensile resistance of anchors and 𝑘𝑘𝑎𝑎 is

the stiffness of tension anchor equal to 30kN/mm. In order to check
consistency of the developed model against the test results, non-linear
quasi static analysis using cyclic load is performed. Same cyclic protocol
as used in the reference tests [7] is imposed at the top of walls. Figure 3-6
shows the force vs displacement response curves and cumulative energy
dissipation of developed single wall models for W1, W2 and W3
configuration against their respective experimental results.
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Figure 3-6 Comparison of hysteretic behaviour and cumulative energy dissipation of
numerical models against their respective experimental results along with their backbone envelopes
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3.2.2. Hysteretic characterization
Behaviour of CFS strap-braced stud walls is characterized by
pinched hysteretic response which is captured using pinching4 material
[92]. Pinching4 material is a uniaxial material that can represent pinched load
deformation response with an ability to exhibit degradation under cyclic
loading, defined through a set of 39 parameters. These parameters include 16
parameters for the definition of the backbone envelope (ePf1, ePd1, ePf2,
ePd2, ePf3, ePd3, ePf4, ePd4, eNf1, eNd1, eNf2, eNd2, eNf3, eNd3, eNf4,
eNd4), 6 parameters for defining the cyclic behaviour (uForceP, uForceN,
rDispP, rDispN, rForceP, rForceN), which are the ratios of the deformation at
which unloading/reloading occurs to the maximum (dmax)/minimum (dmin)
historic deformation demand, 5 parameters for governing the strength
degradation (gF1, gF2, gF3, gF4, gFLim), 5 parameters for controlling the
unloading stiffness degradation (gK1, gK2, gK3, gK4, gKLim), 5 parameters
for controlling the reloading stiffness degradation (gD1, gD2, gD3, gD4,
gDLim), and 2 parameters for limiting the maximum degradation in each
cycle (gE, dmgType). In particular, the 4-point backbone envelope is

defined considering an average envelope curve obtained considering the
positive and the negative branches. Therefore, symmetric values of these
parameters are used for both the positive and the negative branches and
only 8 independent parameters are defined (ePdi=eNdi, ePfi=eNfi).
Similarly, symmetric values of the parameters defining the cyclic behaviour
are also used for both the positive and negative branches of hysteretic path.
The key parameters of the material are illustrated in Figure 3-7. These

parameters are selected based on the available experimental results [7]. In
particular, experimentally calibrated 4-points multi-linear backbone
envelope in both positive and negative directions define the material law.
Cyclic parameters are selected and calibrated in a way to achieve good
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match with respect to experimental results [7], in terms of force vs.
displacement relationship and dissipated energy.

Figure 3-7 OpenSees definition of Pinching4 material

Since there is no experimental data available for W3 wall
configurations, therefore its backbone curve is predicted theoretically
based on the wall strength and the stiffness, evaluated according to the
procedure described in [131] and using the experimental mechanical
properties of materials and components obtained in [7]. In particular, the
first point of the theoretical backbone curve is positioned at the middle of
the elastic branch defined by the theoretical predicted stiffness, whereas
the second point is positioned at the end of elastic branch, defined by the
theoretical predicted wall strength. The third point is defined by the
theoretical predicted wall strength and a displacement corresponding to the
5% of the inter-storey drift ratio. Finally, the fourth point defines the
- 82 -

Sarmad Shakeel

Doctoral thesis

2020

vertical drop of strength after the displacement corresponding to the 5%
inter-story drift ratio. The parameters governing cyclic behaviour of W3
wall (uForce, rForce and rDisp) are same as that of W2 wall. The accuracy
of the theoretical procedure to predict wall response is validated by
applying the same procedure to W1 and W2 wall, for which there were
experimental results [7] already available. Table 3-8 shows the comparison
of theoretical stiffness and strength for W1, W2 and W3 wall in
comparison with their available experimental values.
Table 3-8 Comparison of theoretical and experimental wall strength and stiffness

Wall type 𝑯𝑯𝒄𝒄,𝒆𝒆𝒆𝒆𝒆𝒆 a 𝑯𝑯𝒄𝒄,𝒕𝒕𝒕𝒕 b 𝑯𝑯𝒄𝒄,𝒕𝒕𝒕𝒕 /𝑯𝑯𝒄𝒄,𝒆𝒆𝒆𝒆𝒆𝒆 𝒌𝒌𝒆𝒆𝒆𝒆𝒆𝒆 c
𝒌𝒌𝒕𝒕𝒕𝒕 d
𝒌𝒌𝒕𝒕𝒕𝒕
(kN/mm)
/𝒌𝒌𝒆𝒆𝒆𝒆𝒆𝒆
(kN)
(kN)
(kN/mm)
W1
60
56
0.93
5.11
4.37
1.16
W2
120
112
0.93
8.38
7.52
1.13
W3
170.5
9.72
a
Experimental wall strength
b
Theoretical wall strength, associated with the yielding of steel straps
c
Experimental wall stiffness
d
Theoretical wall stiffness computed according to formulations in [131]
Theoretical backbone envelopes for W1, W2 and W3 wall models
are also shown in Figure 3-6. It must be noted that the maximum
displacement that the theoretical model of W3 wall could achieve is set to
not exceed the 5% inter storey drift. For this reason, in Figure 3-6 the total
cumulative energy dissipated by wall W2 (at cycle 52) is more than that
dissipated by wall W3 (at cycle 40), while for the same cycle 40 the
cumulative energy dissipated by wall W2 is less than that dissipated by
wall W3 (12 kJ for wall W3 vs 18 kJ for wall W3. This 5% drift is the
minimum drift that other two wall configurations (W1 and W2) achieved
in the experiments [7]. This limit is reflected in the model parameters by
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strain at the 3rd point of backbone curve (ePd3). Table 3-9 summarizes the
properties of Pinching4 material used for W1, W2 and W3 wall
configurations. A more detailed description of model of single wall is also
presented in [133].
Table 3-9 Pinching04 Material properties for W1, W2and W3 configuration of CFS strap-braced
stud wall

Wall ID
ePf1 (N/mm2)
ePf2 (N/mm2)
ePf3 (N/mm2)
ePf4 (N/mm2)
ePd1 (mm/mm)
ePd2 (mm/mm)
ePd3 (mm/mm)
ePd4 (mm/mm)
uForce
rDisp
rForce

W1
W2
Parameters for backbone curve
45150
90301
89548
180601
97826
186621
7525
7525
0.00092
0.00147
0.00276
0.00405
0.02851
0.03623
0.02869
0.03642
Parameters for cyclic behaviour
0
0
0.8
0.7
0.01
0.01

W3
128302
256604
256604
7525
0.0016
0.0032
0.02483
0.02501
0
0.7
0.01

3.2.3. 3D non-linear model of Archetype
After modelling the single walls, complete three-dimensional
models of archetypes are created. Elastic beam column elements are used
to model gravity load carrying studs. Floor elements (joist, tracks and
composite floor) behave as rigid elements in model due to their very high
stiffness. Moment releases are created between studs and rigid floors in
order avoid any transfer of moments from floor. Figure 3-8 shows a 2D
schematic representation of a braced bay in double storey residential
building designed for low intensity seismic loads.
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Figure 3-8 2D Schematic representation of a braced bay in Double storey residential
building designed for low intensity seismic loads

Building total lateral displacement is composed of displacement
due to the action of seismic loads and the global lateral displacement of
building due to gravity loads also known as P-delta effect. To capture Pdelta effect, a rigid frame is connected to the building in the direction of
seismic action. In particular, P-delta frame is composed of columns made
of axially rigid elastic beam column elements with low flexure stiffness
having co-rotational coordinate transformation. Columns are pinned at
both top and bottom and are linked to the main building using rigid truss
elements. A similar detail is adopted for the inclusion P-delta effects in the
model of CFS buildings with steel sheathed braced shear walls by Shamim
and Rogers in [98]. Gravity load computed according to loading
combination in equation (3-2) is applied to the P-delta columns at floor
level. Preliminary non-linear static analysis performed on two storey
archetypes revealed that inclusion of P-delta effects in model results in a
reduced base shear. Therefore, it is decided to add P-delta frame in all
subsequent archetype models.
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Gravity loads are computed according to loading combination of
equation (3-2). Gravity load is applied on the chord studs of walls and the
gravity load carrying columns based on the proportion of their tributary
areas. Seismic mass is applied at the four corners of the building.
Additionally, a conservative Rayleigh damping of 2% is adopted in the
model. This assumption is based on the data provided by Shamim and
Rogers [98], although a value of 5% was used in other studies by Kechidi
et al. [97], Dubina [134] and Shamim and Rogers [80]. Before proceeding
to the non-linear analyses, gravity analysis is performed to check the
internal forces in members and modal analysis is conducted to investigate
the mode shapes and their respective time periods for each archetype.

3.3. Non-linear Analysis
3.3.1. Non-linear Static Analysis
FEMA P695 [12] methodology requires to perform non-linear
static analysis to estimate archetype over-strength and to compute period
based ductility, which is used to evaluate the effect of spectral shape of
different earthquake records on the building performance. Non-linear static
analysis is conducted for each archetype under the gravity load
combination of equation (3-2) and lateral forces distributed over the height
of building using the equation (3-4) or (3-10).
Fi = Vd ∙

(si mi )

(3-10)

Σsj mj

Where si and sj are the displacements of seismic masses mi and

mj in the fundamental mode shape, respectively.
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Archetype over strength (Ω) is computed according to equation (311), which is the ratio of design base shear (Vd ) to the maximum base shear

resistance (Vmax ) of archetype obtained through non-linear static analysis.
Ω=

Vmax

(3-11)

V

Period based ductility (μT ) is defined as the ratio of ultimate roof

displacement (δu ) to the effective roof yield displacement (δy.eff ) (equation
3-12). Ultimate roof displacement (δu ) was taken as the roof displacement

at the point of 20% strength loss (0.8Vmax ) in non-linear static analysis,

while effective roof yield displacement (δy.eff ) is computed according to
equation (3-13).
μT =

δu

δy.eff

δy.eff = C0 ∙

(3-12)
Vmax
W

∙�

g

4π2

where, where C0

� (max(T, T1 ))2

(3-13)

relates the fundamental-mode (SDOF)

displacement to roof displacement obtained according to equation 6-8 of
FEMA P695 [12]; Vmax /W is the maximum base shear normalized by

building weight W; g is the gravity constant; T is the fundamental period
of archetype expressed as a function of height of building and computed in

Section 3.1.4; and T1 is the fundamental period of the archetype model

computed using linear static analysis and summarized in Table 3-10.

Since the models of archetypes are three dimensional, therefore a
non-linear static analysis is carried out in both directions under the
respective distribution of lateral forces. Subsequently, over strength and
period based ductility of each archetype is obtained by taking the average
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of values obtained for both directions based on FEMA P695 [12]
recommendation. Figure 3-9 shows the different pushover curves of the
two-storey archetype designed to withstand high seismic load. It is evident
that models behaved almost similar in both directions under lateral force
distribution computed according to equation (3-4) or (3-10). Pushover
curves for the rest of archetypes are shown in Annex A. The steep decline
in the shear strength after peak (Vmax ) can be attributed to the shape of
backbone curve. Table 3-10 summarises the fundamental time period

obtained through linear dynamic analysis, the design base shear (Vd), the
maximum base shear resistance in X and Y direction under lateral force
contribution computed according to equation (3-4) or (3-10) (A or B)
(Vmax,X,A , Vmax,X,B , Vmax,𝐘𝐘,A , Vmax,𝐘𝐘,B ) , average ultimate roof displacement

(δu ), average effective roof yield displacement (δy.eff ) the average over

strength factor Ω and the period based ductility μT obtained through nonlinear static analysis for each archetype.

Table 3-10 Results from linear dynamic and non-linear static analysis

Arch T
etype (sec)
ID
R2L 0.46
R3L 0.50
R4L 0.68
O1L 0.32
O2L 0.38
R2M 0.36
R3M 0.47
R4M 0.48
O1M 0.25
O2M 0.31
R2H 0.37
R3H 0.35
O1H 0.25
O2H 0.33

Vd 𝐕𝐕𝐦𝐦𝐦𝐦𝐦𝐦,𝐗𝐗,𝐀𝐀 𝐕𝐕𝐦𝐦𝐦𝐦𝐦𝐦,𝐗𝐗,𝐁𝐁
(kN) (kN)
(kN)
292 415
470 724
644 998
212 381
475 730
486 650
783 1180
1073 1800
352 749
792 1081
681 1000
1096 1790
494 749
1108 1800

415
724
996
381
730
650
1160
1795
749
1081
998
1780
749
1800

𝐕𝐕𝐦𝐦𝐦𝐦𝐦𝐦,𝐘𝐘,𝐀𝐀 𝐕𝐕𝐦𝐦𝐦𝐦𝐦𝐦,𝐘𝐘,𝐁𝐁 Over 𝛅𝛅𝐲𝐲.𝐞𝐞𝐞𝐞𝐞𝐞
strength (mm)
(kN)
(kN)
Ω
413
413
1.42
17
719
718
1.54
22
996
997
1.55
41
381
381
1.80
9
730
730
1.54
12
648
648
1.33
16
1180
1150
1.49
31
1780
1785
1.67
37
749
749
2.13
11
1081
1081
1.37
12
990
990
1.46
26
1770
1770
1.46
26
749
749
1.52
11
1800
1800
1.62
23
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𝛅𝛅𝐮𝐮
(mm)
182
209
197
281
142
202
208
222
315
162
172
187
315
159

𝛍𝛍𝐓𝐓

10.7
9.5
4.8
31.2
11.8
12.6
6.7
6
28.6
13.5
6.6
7.2
28.6
6.9
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Figure 3-9 Pushover curves of a two-storey archetype designed to withstand high
seismic load (R2H)

3.3.2. Non-linear Incremental Dynamic Analysis (IDA)
After completing the non-linear static analysis, the next step is to
perform non-linear dynamic analysis to assess the median collapse
capacities, SCT , and collapse margin ratios, CMR, for each archetype.

Methodology [12] prescribes to use Incremental dynamic analysis

procedures [132], in which individual ground motions are scaled to
increasing intensities until the archetype model reaches a collapse point.
The collapse point is a damage measure, which essentially represents a
local or global collapse. Damage measure in a CFS structure with strapbraced stud walls can either be defined by buckling of studs, tensile rupture
of anchors, excessive yielding elongation of straps in walls, net section
failure at connections or excessive inter story drifts. An archetype model
is considered collapsed on the occurrence of any of these aforementioned
damages. Brittle failure modes of buckling of studs and tensile rupture of
anchors are already incorporated in the wall model (see Section 3.2.1). In
order to avoid excessive elongation of straps, the displacement at third
- 89 -

Sarmad Shakeel

Doctoral thesis

2020

point of the backbone curve of all walls was limited to 5% drift. This 5%
drift reflects the minimum drift level that W1 and W2 walls are able to
achieve in the experiments [7]. Also, archetype global collapse is defined
in terms of maximum inter storey drift ratio of 5%.
Table 3-11 Far field ground motion records of FEMA P695
ID

Location, Year Epicentral Site to PGAmax Magnitu Component Component 2 Normalization
Source distance
de
1
Factor
(g)
(km)

1

Northridge, 1994

13.3

0.52

6.7

2

Northridge, 1994

26.5

0.48

6.7

3

Duzce, Turkey,
1999
Hector Mine,1999

41.3

0.82

7.1

26.5

0.34

7.1

33.7

0.35

6.5

29.4

0.38

6.5

7

Imperial Valley,
1979
Imperial Valley,
1979
Kobe, Japan, 1995

8.7

0.51

6.9

8

Kobe, Japan, 1995

46

0.24

6.9

9

98.2

0.36

7.5

53.7

0.22

7.5

11

Kocaeli, Turkey,
1999
Kocaeli, Turkey,
1999
Landers. 1992

86

0.24

7.3

12

Landers, 1992

82.1

0.42

7.3

13 Loma Prieta, 1989

9.8

0.53

6.9

14 Loma Prieta, 1989

31.4

0.56

6.9

15

Manjil, Iran, 1990

40.4

0.51

7.4

16

Superstition Hills,
1987
Superstition Hills,
1987
Cape Mendocino,
1992
Chi-Chi, Taiwan,
1999
Chi-Chi, Taiwan,
1999
San Fernando,
1971
Friuli, Italy, 1976

35.8

0.36

6.5

11.2

0.45

6.5

22.7

0.55

7

32

0.44

7.6

77.5

0.51

7.6

39.5

0.21

6.6

20.2

0.35

6.5

4
5
6

10

17
18
19
20
21
22
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NORTHR/M NORTHR/MU
UL009
L279
NORTHR/L NORTHR/LOS
OS000
270
DUZCE/BO DUZCE/BOL0
L000
90
HECTOR/H HECTOR/HEC
EC000
090
IMPVALL/H IMPVALL/H-DLT262
DLT352
IMPVALL/H IMPVALL/H-E11140
E11230
KOBE/NIS0 KOBE/NIS090
00
KOBE/SHI0 KOBE/SHI090
00
KOCAELI/D KOCAELI/DZ
ZC180
C270
KOCAELI/A KOCAELI/AR
RC000
C090
LANDERS/ LANDERS/YE
YER270
R360
LANDERS/C LANDERS/CL
LW-LN
W-TR
LOMAP/CA LOMAP/CAP0
P000
90
LOMAP/G03 LOMAP/G030
000
90
MANJIL/AB MANJIL/ABB
BAR--L
AR--T
SUPERST/B- SUPERST/BICC000
ICC090
SUPERST/B- SUPERST/BPOE270
POE360
CAPEMEND CAPEMEND/
/RIO270
RIO360
CHICHI/CH CHICHI/CHY1
Y101-E
01-N
CHICHI/TC CHICHI/TCU0
U045-E
45-N
SFERN/PEL SFERN/PEL18
090
0
FRIULI/A- FRIULI/ATMZ000
TMZ270

0.65
0.83
0.63
1.09
1.31
1.01
1.03
1.1
0.69
1.36
0.99
1.15
1.09
0.88
0.79
0.87
1.17
0.82
0.41
0.96
2.1
1.44
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Two sets of ground motion records for collapse assessment are
provided in FEMA P695: Far-Field record set and the Near-Field record
set. Methodology prescribes to use the Far-Field record set for structures,
which are designed for Seismic Design Category (SDC) B, C and D
according to ASCE 7 [13]. The three seismic design levels defined
according to EN 1998-1 [4] in this study can be related to SDC D of ASCE
7 [13] (see Figure 3-3 ). Therefore Far-Field record set is used for the
performance evaluation, which consists of twenty-two component pairs of
horizontal ground motions from sites located greater than or equal to 10
km from fault rupture. Table 3-11 lists the 22 pair of strong ground motions
(44 records) provided by FEMA P695 [12]. The records given by FEMA
have only one record from Italy and four in total from Europe and can
represent collapse in buildings founded on any type of soil across all
seismic regions of the world. The record set given by FEMA do not
represent much higher difference with the European Seismic hazard map
[135] in terms of PGA of records. Therefore, the use of these records is
valid for Europe.
All 22 earthquake records are normalized based on Peak Ground
Velocity (PGV) using the normalization factors, which are provided in [12]
and listed in Table 3-11. These normalization factors are intended to
remove the unwarranted variability between records due to inherent
differences in event magnitude, distance to source, source type and site
conditions, without eliminating overall record-to-record variability.
Normalized ground motions are then matched to the archetype design
response spectrum through the scaling of median response spectrum of all
records within the range of their fundamental periods. As a result, a scaling
factor for each archetype is obtained.
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Following Incremental Dynamic Analysis approach, all 44 scaled
records are applied to archetype models in both directions with the
intensity increasing from 20% (Scaling factor (SF) = 0.2) to 600% (Scaling
factor = 6.0) with increments of 20%. Since median of all records is already
matched to the design response spectrum, therefore SF = 1.0 is associated
with the design earthquake level. As explained in section 3.1.3, maximum
considered earthquake of ASCE 7 [13] can be obtained by multiplying
design earthquake of EN 1998-1 [4] by 1.5, therefore SF = 1.50 is
associated to the Maximum Considerer Earthquake (MCE) level. Collapse
Margin Ratio (CMR) is the ratio of median collapse intensity 𝑆𝑆𝐶𝐶𝑇𝑇 to the
maximum considered earthquake 𝑆𝑆𝑀𝑀𝑀𝑀 . The median collapse intensity 𝑆𝑆𝐶𝐶𝐶𝐶

is defined in terms of Scaling Factor of the earthquake intensity, at which
half of the ground motions in the record set cause collapse of an archetype

model while, 𝑆𝑆𝑀𝑀𝑀𝑀 is taken as 1.50. Figure 3-10 shows the IDA curves for

three-storeys residential (R3M) and double storey office (O2M) archetypes
designed for medium intensity seismic loads.
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a)

b)
Figure 3-10 IDA curves for a: three storeys residential (R3M) and b: double storey
office (O2M) archetypes designed for medium seismic loads

3.4. Performance Evaluation of Archetypes
Using the results of non-linear analyses on archetype models, the
acceptability of trial value of behaviour factor (𝑞𝑞 = 2.5) used in design is
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evaluated using the performance evaluation criteria of FEMA P695 [12].
The Adjusted Collapse Margin Ratio (ACMR) for each archetype is
computed using equation (3-14).
(3-14)

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝑆𝑆𝑆𝑆𝑆𝑆

where SSF is a Spectral Shape Factor, which is the function of
period based ductility (𝜇𝜇 𝑇𝑇 ), Fundamental period (T) of an archetype model
and seismic design category and can be calculated according to Table 7-1a

and 7-1b of FEMA P695 [12]. Different sources of uncertainty are also
accounted for the performance evaluation process that could contribute to
variability in collapse capacity. In particular, the main source of
uncertainty includes: record to record uncertainty (𝛽𝛽𝑅𝑅𝑅𝑅𝑅𝑅 ), design
requirements uncertainty (𝛽𝛽𝐷𝐷𝐷𝐷 ), test data uncertainty (𝛽𝛽𝑇𝑇𝑇𝑇 ) and modelling
uncertainty (𝛽𝛽𝑀𝑀𝑀𝑀𝑀𝑀 ). The total uncertainty is then computed using equation
(3-15).

2
2
2
2
𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇 = �𝛽𝛽𝑅𝑅𝑅𝑅𝑅𝑅
+ 𝛽𝛽𝐷𝐷𝐷𝐷
+ 𝛽𝛽𝑇𝑇𝑇𝑇
+ 𝛽𝛽𝑀𝑀𝑀𝑀𝑀𝑀

(3-15)

Record to record uncertainty (𝛽𝛽𝑅𝑅𝑅𝑅𝑅𝑅 ) is due to variability in the

response of archetypes model to different ground motion records. FEMA

P695 recommends to use 𝛽𝛽𝑅𝑅𝑅𝑅𝑅𝑅 equal to 0.40 for structures that have period-

based ductility,𝜇𝜇 𝑇𝑇 , greater than 3. Since, all of the archetype models have

period-based ductility, 𝜇𝜇 𝑇𝑇 , greater than 3, therefore, 𝛽𝛽𝑅𝑅𝑅𝑅𝑅𝑅 , is taken as 0.4.
The other uncertainty parameters 𝛽𝛽𝐷𝐷𝐷𝐷 , 𝛽𝛽𝑇𝑇𝑇𝑇 and 𝛽𝛽𝑀𝑀𝑀𝑀𝑀𝑀 , are the qualitative

measures. FEMA P695 [12] provides the following qualitative scale to
quantify them: (a) Superior, 𝛽𝛽 = 0.10; (b) Good, 𝛽𝛽 = 0.20; (c) Fair, 𝛽𝛽 =

0.35; and (d) Poor, 𝛽𝛽 = 0.50. Design procedure for CFS strap-braced stud
walls presented in [131], and validated against the experimental results in
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[7] is adopted. This design procedure provide safeguard against
unanticipated failure modes. However, confidence in these design
requirements is medium because they are only validated via single wall
cyclic tests. On this basis, design requirements used in this study are rated
as ‘Good’ (𝛽𝛽𝐷𝐷𝐷𝐷 = 0.2). Tests conducted in [7] are used as the experimental

evidence for CFS strap-braced walls and rated as ‘Good’ (𝛽𝛽𝑇𝑇𝑇𝑇 = 0.2).

These tests are conducted at material, component and assembly level and

provided evidence on the seismic behaviour of CFS strap-braced stud walls
and all relevant failure modes. Archetype modelling is also rated as ‘Good’
((𝛽𝛽𝑀𝑀𝑀𝑀𝑀𝑀 = 0.2) because all models are calibrated based on the experimental

results and have the ability to simulate post peak shear strength and the
brittle failure mechanisms. Internal forces arising in members due to P-

delta effects are also accounted for in them. Finally, total uncertainty,
𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇 , is computed using equation (3-15) to be 0.53.

In order to evaluate the collapse fragility of each archetype for

performance evaluation, fragility curves are generated using lognormal
probability distribution [136]. Fragility curves are then adjusted to account
for the effect of spectral shape of different earthquake records using SSF
and the total uncertainty 𝛽𝛽𝑇𝑇𝑂𝑂𝑂𝑂 . In Figure 3-11, the scatter plot represents

the simple probability of collapse at a particular scaling factor computed
using equation (3-16).
𝑃𝑃(𝐶𝐶|𝑥𝑥) =

𝑛𝑛(𝑥𝑥)

(3-16)

𝑛𝑛

Where 𝑃𝑃(𝐶𝐶|𝑥𝑥) is the probability of collapse of building at a scaling

factor 𝑥𝑥, 𝑛𝑛(𝑥𝑥) is the number of ground motion at scaling factor 𝑥𝑥 that

caused collapse and 𝑛𝑛 is total number of ground motions. Basic Fragility
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curve is obtained by fitting lognormal cumulative distributive function to
scatter plot of simple probability [136]. Shifted fragility curve is obtained
by multiplying the Basic curve with SSF and uncertainty adjusted fragility
curve is calculated using 𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇 as the standard deviation in lognormal

cumulative distributive function.

a)

b)
Figure 3-11 Fragility curves for a) three storeys residential (R3M) and b): double
storey office (O2M) archetypes designed for medium seismic loads

The last step in the performance evaluation process is to measure
the acceptability of Adjusted Collapse Margin Ratios (ACMR) of
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archetypes based on the total system collapse uncertainty, and established
values of acceptable probabilities of collapse. Table 7-3 of FEMA P695
[12] provides acceptable values of adjusted collapse margin ratio,
𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅10% and 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅20% of 1.97 and 1.57, respectively based on total

collapse uncertainty 𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇 . Using acceptable values of adjusted collapse

margin ratio, two performance criteria are defined: the average value of
adjusted collapse margin ratio, 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 , for each performance group
should be greater than 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅10% , and the individual values of adjusted
collapse margin ratio, 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅𝑖𝑖 , for each archetype within a performance
group should be greater than 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅20% . All of the archetypes have the

𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅𝑖𝑖 greater than 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅20% = 1.57, except single storey office
archetype designed for high seismic loads (𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅𝑂𝑂1𝐻𝐻 = 1.53) which has

a ACMR value close to 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅20% . Overall, the average adjusted collapse

margin ratio 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 of complete design space, which is taken as
one

performance

group,

is

greater

than

𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅10% = 1.97

(𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 2.05). Accordingly, it can be concluded the initial

assumption of behaviour factor, 𝑞𝑞 = 2.5, and the design method is
appropriate for archetype buildings. Table 3-12 summarizes the
performance evaluation of complete archetype design space.
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Table 3-12 Performance evaluation of Archetype design space according to FEMA P695
Archetype ID SCT SCT SSF CMR ACMR
R2L
R3L
R4L
O1L
O2L
R2M
R3M
R4M
O1M
O2M
R2H
R3H
O1H
O2H

3.4
3.67
3.7
2.87
3.4
2.27
2.18
2.53
2.4
2.5
1.95
1.94
1.72
2.16

1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5

1.14
1.14
1.13
1.14
1.14
1.14
1.13
1.12
1.14
1.14
1.3
1.31
1.33
1.3

2.27
2.45
2.47
1.91
2.27
1.51
1.45
1.69
1.6
1.67
1.3
1.29
1.15
1.44

2.58
2.79
2.79
2.18
2.58
1.73
1.64
1.89
1.82
1.9
1.69
1.69
1.53
1.87

ACMR
20%

1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57
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4. Seismic performance evaluation of
LWS buildings with CFS shear walls
CFS Shear wall is one of the most common type of structural
system to provide the lateral resistance in LWS structures, which provides
the resistance through the interaction between the steel frame and the
sheathing panels. These shear walls are essentially composed of a CFS
frame sheathed with panels and connected with the tensile and shear
anchorage for transmitting lateral forces to the floor or foundation. Current
edition of the European earthquake design standard: EN 1998-1 [4] does
not provide any seismic design guidelines for LWS buildings with CFS
shear walls as the main LFRS. In order to bridge this gap, this chapter
explains the probabilistic seismic performance evaluation, following the
FEMA P695 methodology, of LWS building archetypes equipped with
CFS wood or gypsum sheathed shear wall as the main LFRS, which are
designed following a particular value of a behaviour factor and a proposed
design method. The successful evaluation of the LWS building archetypes
against the performance evaluation criteria of FEMA P695 will build the
confidence in the used design method and the value of behaviour factor,
which subsequently can become part of the new edition of EN 1998-1.
Similar to Section 3, the arrangement of subsections in this chapter also
follows the order of different steps in the FEMA P695 methodology (see
Figure 2-12). The initial step of the methodology involves the development
of system concept, which focuses on understanding the functioning of the
investigated LFRS and is explained in Section 2.4. The next step involves
the explanation of the experimental data and the design method. The
utilized test data is explained alongside the modelling of single wall
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response (Section 4.1.5), while the design method is illustrated in Section
4.1.5.

4.1. Archetypes selection and design
A set of 14 archetypes (Table 4-1) are selected for the seismic
performance evaluation of the LWS buildings with the CFS gypsum
sheathed shear walls as the primary lateral force resisting system. All of
these archetypes are designed according to relevant parts of the Eurocode
[4,137], while using a trial value of 2.0 for the behaviour factor.
Table 4-1 Archetype design space CFS gypsum sheathed shear walls (q=2.0)

Archetyp
e ID

Type of
Occupanc
y

Type of
Floor/
Roof

H
[m
]

ag,R1
[ms-2]

R1L
R2L
R3L
R4L
R1M
R2M

T2

q

Vd3

No of
walls in
each
directio
n
4
6
11
16
9
12

0.98
2
Composite 3
0.11
129
0.98
2
Composite 6
0.19
175
0.98
2
Composite 9
0.26
322
0.98
2
Composite 12
0.32
469
1.96
2
Composite 3
0.11
258
Residential
1.96
2
Composite 6
0.19
350
Light
9
1.96
2
18
0.26
528
R3M
weight
2.94
2
13
R1H
Composite 3
0.11
387
2.94
2
18
R2H
Composite 6
0.19
525
0.98
2
4
O1L
Composite 3
0.11
101
0.98
2
11
O2L
Composite 6
0.19
332
1.96
2
7
O1M
Composite 3
0.11
203
Office
Light
6
1.96
2
17
0.19
504
O2M
weight
Light
3
2.94
2
11
O1H
0.11
304
weight
1 reference peak ground acceleration [4]
2 fundamental period of vibration of building [4], T=C H3/4, with C =0.05 and H = building
t
t
height
3 design base shear [4]

Unlike the case of CFS gypsum sheathed shear walls, two sets of
archetypes are designed for CFS wood sheathed shear walls. Initially a set
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of 18 archetypes (Table 4-2) is designed with a trial value of behaviour
factor equal to 4.0. However, this set of 18 archetypes failed the
performance evaluation criteria as shown in Section 4.4, which led to the
development of second set of archetypes with a lower value of behaviour
factor. The second set of archetypes has 12 cases (Table 4-3) designed with
a trial value of behaviour factor equal to 2.5. This iteration of behaviour
factor is in line with the methodology of FEMA P695, which prescribes to
keep doing these iterations until an archetype design space having a
particular value of behaviour factor passes its performance evaluation
criteria.
Table 4-2 Archetype design space CFS wood sheathed shear walls (q=4.0)

Archetype
ID

Type of
Occupancy

Type of
Floor/
Roof

H
[m]

ag,R1
[ms ]
-2

T2

q

Vd3

No. of
Walls
A (1:1)

No. of
Walls B
(2:1)

R2L

Light weight

0.98

0.19

4.0

75.58

4

0

R2M

Light weight

1.96

0.19

4.0

151.17

2

6

R2H (1)

Light weight

2.94

0.19

4.0

226.75

6

2

R2H (2)

Light weight

2.94

0.19

4.0

226.75

0

14

Light weight

0.98

0.32

4.0

173.40

4

4

Light weight

1.96

0.32

4.0

346.80

12

0

2.94

0.32

4.0

520.19

14

4

2.94

0.32

4.0

520.19

0

32

0.98

0.44

4.0

271.42

8

0

1.96

0.44

4.0

542.84

14

4

1.96

0.44

4.0

542.84

0

32

0.98

0.11

4.0

41.84

0

4

1.96

0.11

4.0

83.67

4

0

R4L
R4M

Residential

R4H (1)

Light weight

R4H (2)

Light weight

R6L

Light weight

R6M (1)

Light weight

R6M (2)

Light weight

O1L

Light weight

O1M

Light weight

O1H
O2L

Office

6

12

18

3

Light weight

2.94

0.11

4.0

125.51

4

0

Light weight

0.98

0.19

4.0

121.53

4

0

1.96

0.19

4.0

243.06

8

0

2.94

0.19

4.0

364.59

12

0

O2M

Light weight

O2H (1)

Light weight

6

O2H (2)
2.94
0.19
4.0
364.59
0
Light weight
1
reference peak ground acceleration [4]
2
fundamental period of vibration of building [4], T=CtH3/4, with Ct =0.05 and H = building height
3
design base shear [4]
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Table 4-3 Archetype design space CFS wood sheathed shear walls (q=2.5)
Archetype
ID

Type of
Occupancy

Type of
Floor/ Roof

H
[m]

ag,R1
[ms2
]
0.98
1.96
2.94
0.98
1.96
0.98
0.98
1.96
2.94
0.98
1.96
2.94

T2

q

Vd3

No. of
Walls A
(1:1)

R2L
0.19 2.5
118.93
0
Light weight
R2M
6
0.19 2.5
237.86
4
Light weight
R2H
0.19 2.5
356.79
4
Light weight
Residential
R4L
0.32 2.5
277.43
8
Light weight
12
R4M
0.32 2.5
462.39
14
Light weight
R6L
18
0.44 2.5
434.27
14
Light weight
O1L
0.11 2.5
55.74
0
Light weight
O1M
3
0.11 2.5
111.49
0
Light weight
O1H
0.11 2.5
167.23
2
Light weight
Office
O2L
0.19 2.5
191.22
6
Light weight
O2M
6
0.19 2.5
382.45
12
Light weight
O2H
0.19 2.5
573.67
6
Light weight
1
reference peak ground acceleration [4]
2
fundamental period of vibration of building [4], T=CtH3/4, with Ct =0.05 and H = building height
3
design base shear [4]

No. of
Walls B
(2:1)
8
8
14
0
0
0
4
8
8
2
0
28

The archetypes differ with each other in terms of the occupancies,
building heights (H) and seismic hazards. For CFS wood sheathed shear
walls, an additional parameter: aspect ratio of the wall is also considered,
since it is found to have significant impact on the building performance.
The choice of these design parameters certainly reflects the probable use
of the investigated structural system in a building and are recommend
parameters by the FEMA P695 methodology. Though, there could be some
resemblance in terms of kind of design parameters to the other studies
[97,98], but they are the key governing parameters for any type of
structural system. The resulting archetypes are also unique in their floor
plans, different intensity of seismic loads and a completely different set of
guidelines used for designing them. The complete design space is
considered as one performance group for both LFRS-s due to the fact that
the changes in structural configuration and gravity loads among different
archetypes will not alter the behaviour of seismic force resisting system,
significantly. The differences among the archetypes and reason behind the
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selection of different parameters is further explained in following
subsections.
4.1.1. Type of occupancy
Two type of occupancies are considered for the archetypes:
residential and office. The major differences among the two occupancies
is different intensity of live loads they cause. In particular, Eurocode EN
1990 [138] defines a live load of 2.0 kN/m2and 3.0 kN/m2 for residential
and office type of occupancies, respectively. The two occupancies also
differ with each other in terms of accessibility to roof. In case of the
residential occupancy, roof is considered accessible with an expected live
load equal to the floors i.e. 2.0 kN/m2, while the roof of office archetype is
considered inaccessible except for normal maintenance and repair, which
resulted in 0.4 kN/m2 expected live load defined based on EN 1990 [138]
4.1.2. Height of buildings
The height of the archetypes reflected the current trend of LWS
buildings use in the seismic areas, which is only limited to the low-rise
buildings. In case of gypsum sheathed shear walls, 3.0 to 12.0 m high
archetypes are selected for the residential buildings, while the maximum
height of archetype is limited to 6.0 m for the office buildings. On the other
hand, the archetypes with CFS wood sheathed shear walls have the heights
ranging from 6.0 to 18.0 m for residential buildings, while for office
archetypes maximum height is limited to 6.0 m. Total height of each storey
for both type of occupancies is 3.0 m including a floor depth of 0.3 m.
One of the most important factors limiting the application of CFS shear
walls as the primary LFRS in LWS buildings is the building height. Even
the North American standard S400 [13,17] currently stipulates a height
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limit of 20 m for CFS wood sheathed shear walls for the buildings designed
to resist high seismic hazard. To verify this height limit and to check
whether this limit can be further relaxed, a 12.0 m high archetype is also
designed for CFS gypsum sheathed shear walls. However, the design of
the 12.0 high archetype is only limited to site with low seismic hazard due
to the large base shear calculated in case of the high or medium seismic
hazard, which demanded to have a larger number of shear walls, more than
the maximum viable number considering architectural demands. The
maximum number of walls limited by architectural demands in case of
CFS gypsum sheathed shear walls, that could be placed on each storey, is
eighteen per direction of the application of seismic actions. For wood
sheathed shear walls, the building heights are limited to 18 m for the
similar reason as of gypsum sheathed shear walls. In fact, an 18 m high
archetype located in a location with high seismic hazard is not present in
the archetype design space (Table 4-2), primarily due to its large design
base shear. The office building archetypes have always building height
limited to 6 m due to the large design base shear for building heights
beyond this limit.
As mentioned earlier, a second set (Table 4-3) of archetype design
space is also designed for CFS wood sheathed shear wall with a lower
value of behaviour factor. However, two archetypes case (R4H and R6M)
are omitted in the second design space (Table 4-3), if it is compared with
the design space shown in Table 4-2. The primary reason for omitting these
cases is also the large design base shear, which is increased after reducing
the value of behavior factor (from 4.0 to 2.5) and cannot be resisted even
if the maximum number of shear walls is used. More information on the
calculation of design base shear is given in Section 4.1.5.
- 104 -

Sarmad Shakeel

Doctoral thesis

2020

4.1.3. Intensity of seismic loads
Three anonymous geographical sites with low, medium and high
seismic intensity levels representative of the type of the seismic hazard
exposed to European continent are assumed as location of the archetypes.
The main European earthquake standard EN 1998-1 [4] defines seismic
hazard as a reference peak ground acceleration ag,R with a 10 % probability
of exceedance in 50 years corresponding to ultimate limit state. According
to European seismic hazard map [135], the Low, Medium and High
seismic hazard are assigned with ag,R

level

of 0.1g, 0.2g and 0.3g,

respectively. All the archetypes are assumed to be built on Soil class C and
belong to an Importance class II according to EN 1998-1 [4]. Figure 4-1
shows the 5 % damped elastic design response spectrum of the three sites.
It also shows that the SDC Bmax, Dmin and Dmax according to ASCE 7 can
be associated to Low, Medium and High seismic intensity levels used in
this study, respectively. More explanation on the association of respective
SDC-s to the seismic intensity levels used in this study can be found in
Section 3.1.3.
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Figure 4-1 Comparison of the Elastic Design Response Spectrum of EN 1998-1 [6] and
the Seismic Design Categories based on Design Earthquake of ASCE 7 [9] for archetypes with
CFS shear walls

4.1.4. Aspect ratio of walls
In case of wood sheathed shear walls, two walls with an aspect ratio
(height to width ratio) equal to 1.0 (Wall A) and 2.0 (Wall B) [66] are
selected in the design phase to resist the seismic loads. While in case of
gypsum sheathed shear walls, only one wall with an aspect ratio equal to
1.0 is selected. This is primarily due to the absence of experimental data
on gypsum sheathed shear walls with aspect ratio 2.0, which can be used
to calibrate the wall model. Though there are experimental results available
on the gypsum sheathed shear wall with an aspect ratio of 0.5 [8] that can
be used for calibrating the wall model, but the wall had few imperfect
sheathing connections, which resulted in the reduction of wall in plane
resistance. Therefore, it was decided to avoid such experimental results
and only use one gypsum sheathed shear configuration wall with an aspect
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ratio equal to 1.0. More information on the selection of wall configurations
and their design is provided in next section.
In practice, LWS building could have walls with many aspect ratios
spread across its plan. A similar practice is adopted in the design of
archetypes with wood sheathed shear walls. In order to understand the
effect of aspect ratio on the building performance, few special cases are
also designed in the archetype design space of wood sheathed shear walls
(R2H (2), R4H (2), R6M (2) and O2H (2)), which have only Wall B (aspect
ratio 2) spread across their plan. In fact, from the examination of hysteretic
envelopes of walls with aspect ratio 1.0 and 2.0, the wall with aspect ratio
2.0 appears to show better load carrying capacity up to higher drifts in
comparison with the wall with aspect ratio of 1.0. In order to further
confirm this trend of increase in the wall deformation capacity with an
increase in the wall aspect ratio, experimental results from other researches
[58,139] on the similar wall configuration are also investigated, which also
revealed a similar trend as shown in Figure 4-2 and Table 4-4. Figure 4-2
compares the hysteretic envelopes of the experimental tested walls used
here [66] to other similar tested specimens while Table 4-4 shows a
quantitative comparison between the experimental results used here and
the results from other researchers. Table 4-4 shows that by increasing the
wall aspect ratio, the ultimate displacement (du) of wall increases by 4248% while the post peak ductility defined as the ratio of ultimate
displacement (du) to the displacement at the peak strength (dp) increases by
14-19%. However, in case of the conventional definition of the ductility,
which is taken as the ratio between the ultimate displacement (du) and the
elastic displacement (de), a decrease of 20-37% is observed with increase
in wall aspect ratio. This opposite trend for the conventional definition of
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ductility may be attributed to far higher decrease in the elastic
displacement with the decrease in wall aspect ratio. Nonetheless, for the
LFRS seismic performance evaluation, the most important parameter is
wall’s ultimate displacement (du), as it controls building global drift. The
du and de are the displacement at the 80 % post peak and 20 % pre peak
strength on the wall experimental backbone envelope. The four special
cases of archetypes: R2H (2), R4H (2), R6M (2) and O2H (2), compare the
performance of building archetypes with only aspect ratio 2.0 wood
sheathed shear wall against the archetypes having both aspect ratio 1.0 and
2.0 wall. These four special cases investigate, how the use of only aspect
ratio 2.0 wall (Wall B) in building can improve its collapse performance
as it as better load carrying capacity beyond peak strength.
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a) Aspect ratio 1.0 (Wall A)

b) Aspect ratio 2.0 (Wall B)
Figure 4-2 Comparison of hysteretic envelopes for wall A and B (blue-used in this study
[66]
Table 4-4 Quantitative comparison of aspect ratio 1 and 2 tested specimens of CFS wood
sheathed shear wall

Wall Aspect
ratio
2.0 [66]
1.0 [66]
2.0 [58]
1.0 [139]

Fe
[kN]
7.27
14.84
6.82
11.12

de
[mm]
10.62
5.83
9.93
4.45

Fp
[kN]
18.18
37.11
17.05
27.80

dp
[mm]
61.00
49.23
48.26
37.47
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Fu
[kN]
14.54
29.68
13.64
22.24

du
[mm]
77.56
54.20
69.85
47.63

du/dp
[-]
1.30
1.09
1.45
1.27

du/de
[-]
7.39
9.25
7.04
11.84
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Figure 4 shows the architectural plan with maximum number of shear
walls for both residential and office type archetypes.

4.1.5. Design of archetypes
Figure 4-3 Plan of a) two storey office archetype designed for medium intensity seismic design
loads (O2M); b) double storey residential archetype designed for high intensity (R2H) for CFS gypsum

The archetypes are structurally designed according to the relevant parts

of Eurocodes. Two different types of floors are used in case of gypsum
sheathed shear walls: a lightweight steel floor sheathed with panels (light
solution) and a composite steel concrete deck (ordinary solution). The use
of lightweight floors is only limited to the archetypes which resulted in
excessive design base shear, if an ordinary floor is used in them. The use
of light floor also allowed to expand the number of archetypes, which
would otherwise not be possible if a composite steel concrete deck is used
as the only solution for floors. In case of wood sheathed shear walls, a
lightweight steel floor is used for all archetypes. The resulting dead loads
on the floors due to light or ordinary floor solutions, ceilings and vertical
partitions are 1.30 or 1.80, 0.10 and 0.80 kN/m2, respectively, while on the
roof dead loads due to light or ordinary roof solutions and ceilings are 1.40
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or 2.30 and 0.10 kN/m2, respectively. In addition to dead loads, a snow
load of 1.00 kN/m2 and a suction wind load of 0.35 kN/m2 is assumed to
be acting on the roof of archetypes. Fundamental load combinations of EN
1990 [138] are used to add up all of the gravity loads. The design of
archetypes against the gravity load is carried out using EN 1993-1-3 [14],
which provides supplementary rules for CFS members and sheathing. In
particular, C 150 × 50 × 20 × 1.5 mm or C 150 × 50 × 20 × 3 mm (Csection: outside-to-outside web depth × outside-to-outside flange size ×
outside to-outside lip size × thickness) profiles spaced 600mm on centre
made of continuous hot dip zinc coated carbon steel sheets of structural
quality S350GD + Z (yield nominal stress: 350 MPa; ultimate nominal
stress: 420 MPa) are used for studs.
The lateral loads acting on the archetypes included a wind load of 0.70
KN/m2 and earthquake loads as explained earlier, among which
earthquake loads were always the leading action and hence were never
combined with wind actions. The prescription of EN 1998-1 [4] are used
to obtain the design seismic loads acting on the building. In seismic design
situation, load combination given in expression (4-1) according to EN
1998-1 [4] and 1990 [138] is used to combine gravity and earthquake
loads.
(4-1)

𝐺𝐺𝑘𝑘 + 𝜓𝜓𝐸𝐸,𝑖𝑖 ∙ 𝜑𝜑 ∙ 𝑄𝑄𝑘𝑘 + 𝐴𝐴𝐸𝐸𝐸𝐸

where, 𝐺𝐺𝑘𝑘 is the dead load of building; 𝜓𝜓𝐸𝐸,𝑖𝑖 and 𝜑𝜑 are the combination

coefficients having a value of 0 and 1 for roof and 0.3 and 0.5 for floors,
respectively; 𝑄𝑄𝑘𝑘 is the leading variable action among live, snow and wind

loads, which is live load, as it is greater than the wind and snow loads for
all archetypes; and 𝐴𝐴𝐸𝐸𝐸𝐸 is the design value of the seismic action, which in
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this case is the seismic design base shear 𝑉𝑉𝑑𝑑 . Lateral force method in EN

1998-1 [4] is used to compute the design base shear, because all of the
archetypes meet the criteria of regularity in structural plan and elevation.

The mass of archetypes is the sum of first two terms in the expression (41). The seismic design base shear (Vd ) is distributed over the height of

structure corresponding to seismic mass of each floor according to
Equation (4-2).

𝐹𝐹𝑖𝑖 = Vd ∙

(𝑧𝑧𝑖𝑖 𝑚𝑚𝑖𝑖 )

(4-2)

Σ𝑧𝑧𝑗𝑗 𝑚𝑚𝑗𝑗

where 𝐹𝐹𝑖𝑖 is the horizontal force acting on 𝑖𝑖𝑡𝑡ℎ storey; 𝑚𝑚𝑖𝑖 and 𝑚𝑚𝑗𝑗 are the
seismic masses of 𝑖𝑖𝑡𝑡ℎ and 𝑗𝑗𝑡𝑡ℎ storeys respectively; 𝑧𝑧𝑖𝑖 and 𝑧𝑧𝑗𝑗 are the heights

of the masses 𝑚𝑚𝑖𝑖 and 𝑚𝑚𝑗𝑗 above the level of application of the seismic
action, respectively. Distribution of design base shear corresponding to the
first modal shape according to Equation (4-3) is also calculated, which has
linearly increasing displacement over the height of archetype.
𝐹𝐹𝑖𝑖 = Vd ∙

(𝑠𝑠𝑖𝑖 𝑚𝑚𝑖𝑖 )

(4-3)

Σ𝑠𝑠𝑗𝑗 𝑚𝑚𝑗𝑗

where 𝑠𝑠𝑖𝑖 and 𝑠𝑠𝑗𝑗 are the displacements of seismic masses 𝑚𝑚𝑖𝑖 and 𝑚𝑚𝑗𝑗 in the

fundamental mode shape, respectively. Both types of lateral force
distribution are used in pushover analysis of archetypes as explained in
upcoming sections in order to obtain the worst-case scenario response.
Moreover accidental torsional effects in archetypes are also considered,
which are taken into account as per EN 1998-1 [4] requirements of
multiplying the forces obtained from Equation (4-2) or (4-3) by a factor 𝛿𝛿
computed according to Equation (4-4).
𝛿𝛿 = 1 + 0.6 ∙

𝑥𝑥

(4-4)

𝐿𝐿𝑒𝑒
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where 𝑥𝑥 and 𝐿𝐿𝑒𝑒 are the distances measured perpendicularly to the direction
of the seismic action between walls located at the perimeter of archetypes

to the centre of mass in plan and between the two outermost walls,
respectively. The computed value of 𝛿𝛿 is 1.3.

To resist the lateral loads, CFS gypsum sheathed shear walls or CFS

wood sheathed shear walls are used as the primary LFRS in each direction
of application of the earthquake loads. The design process involves
selecting the configuration and the length of shears walls and eventually
the total number of walls that would be needed to resist the design base
shear. A 2.40 m wide and 2.30 m high shear wall configuration (Figure 44 a) which is already tested by author (Figure 4-5 a) and has shown
acceptable performance under the both cyclic [8] and shake-table [140]
testing is selected as the only configuration used for archetypes with
gypsum sheathed shear walls. While in case of archetypes with wood
sheathed shear walls, two walls with an aspect ratio equal to 1.0 (height x
width: 2.74 x 2.44) (Figure 4-4 b) and 2.0 (height x width: 2.74 x 1.22) are
selected. These 2 walls have been tested by the researchers [66] in USA
within the CFS NEES project [76]. The only difference between wood
sheathed shear walls of aspect ratio 1.0 and 2.0 is their geometry. Figure
4-4 shows the mechanical and material details for both types of shear walls
while Figure 4-5 show these walls, while they were being tested.
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a) CFS gypsum sheathed shear wall [8]

b) CFS wood sheathed shear wall [66]
Figure 4-4 Shear wall configurations

- 114 -

2020

Sarmad Shakeel

Doctoral thesis

2020

a) CFS gypsum sheathed shear walls aspect ratio 1.0

b) CFS wood sheathed shear walls: Wall A (left), Wall B (right)
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Figure 4-5 Shear walls being tested [8,66]

The reason behind the selection of these configurations of shear walls
is the presence of experimental evidence which would be needed in
calibrating its numerical response. However, it must be noted that the
selected wall configurations are not the strongest possible wood sheathed
shear wall configurations. Strength of the shear wall can be increased by
reducing the sheathing connections spacing at the wall perimeter, thickness
of the steel frame elements and diameter of the screws. Anyhow, the
selection of shear wall configurations in this paper is strictly linked to the
availability of their experimental data. Once the configuration of wall is
selected, the number of shear wall needed in each direction of application
of earthquake load can be obtained by dividing the seismic design base
shear with the design strength of the wall. Equal number of walls are
provided on each floor of the archetype in order to avoid irregularity in the
stiffness along the height of archetypes.
The design of the walls is carried out following the capacity design
approach, which ensures the ductile behaviour of structural system by
providing appropriate over-strength in non-dissipative components of the
system. Sheathing connections are the main dissipative components, and
the strength of walls associated with sheathing connections can be
evaluated through various formulations available in literature for timber
shear walls [68–70]. Authors used the lower bound method proposed by
Källsner and Girhammar [68] for timber shear walls, which estimates the
lateral strength per wall unit length (𝐹𝐹𝑅𝑅𝑅𝑅 ) according to Equation (4-5).
𝑛𝑛

(4-5)

𝐹𝐹𝑅𝑅𝑅𝑅 = 𝐹𝐹𝑅𝑅𝑅𝑅,𝑐𝑐
𝑠𝑠
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where, 𝐹𝐹𝑅𝑅𝑅𝑅,𝑐𝑐 is design shear strength of single panel-to-steel connection
and can be evaluated according to Equation (4-6), n is the number of sides
sheathed with structural panels and s is the spacing of panel-to-steel
connections along the wall top track. In case of gypsum sheathed shear
walls, the selected configuration of the shear wall is sheathed on both sides
(n=2) with a 15 mm thick gypsum board and connected to the steel frame
via 2.2 mm diameter nails spaced at 150 mm on centre (s=150mm), while
in case of wood sheathed shear walls, the selected wall configurations are
sheathed on one side (n=1) with a 11.1 mm thick oriented standard board
(OSB) and connected to the steel frame via 4.2 mm diameter screws spaced
at 152 mm on centre at the panel edges (s=152 mm).
𝐹𝐹𝑅𝑅𝑅𝑅,𝑐𝑐 =

𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚 𝐹𝐹𝑅𝑅𝑅𝑅,𝑐𝑐

(4-6)

𝛾𝛾𝑀𝑀

where, 𝐹𝐹𝑅𝑅𝑅𝑅,𝑐𝑐 is the characteristic strength of single panel-to-steel

connection, which can be evaluated from tests on individual connections,
𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚 is a coeﬃcient dependent on loading duration and moisture content,

assumed equal to 1.10 for instantaneous loading according to EN 1998-1

[4] and Service class 1 of EN 1995-1-1 [141]; γM is the partial safety factor

assumed equal to 1.00 considering the seismic actions as an accidental load
combination, as suggested for dissipative structures by EN 1998-1 [4] and
EN 1995-1-1 [141]. It must be noted that Equation (4-6) is given in EN
1995-1 [141] which covers mainly wood structures. Characteristic shear
strength of single gypsum panel-to-steel connection is evaluated to be 0.83
kN using cyclic shear tests [100] while the same is evaluated to be 1.89 kN
[142] for a single connection made between OSB panel and the steel frame.
Subsequently, 𝐹𝐹𝑅𝑅𝑅𝑅 is evaluated to be 12.1 kN/m and 13.72 kN/m for CFS

gypsum and wood sheathed shear wall, respectively. Hence, the strength
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of one gypsum sheathed shear wall is evaluated to be 29.0 kN, which is
close to the peak strength of 33.0 kN observed during the cyclic test [8] on
a similar specimen. While, the shear strengths of aspect ratio 1.0 and 2.0
wood sheathed shear walls is evaluated to be 33.49 and 16.74 kN,
respectively, which are close to the experimentally evaluated strength
values of 36.35 and 17.93 kN [66] for walls with aspect ratio 1.0 and 2.0,
respectively. An over-strength factor of 1.2 is used for the non-dissipative
elements including chord studs, tracks, sheathing panels, hold-downs and
shear anchorage. The design strength of these non-dissipative element can
be evaluated from other relevant parts of Eurocodes.

4.2. Non-linear Model Development for Archetypes
Numerical modelling of the archetypes is needed for their seismic
performance evaluation. It is expected from the building using CFS shear
walls as the primary seismic force resisting system, that it would mainly
develop the nonlinear mechanism only at the sheathing connections, while
rest of the elements would remain elastic. Thus, the simulation of response
of the shear walls is the single most important factor in the modelling of
complete building response. OpenSees software [93] is used for
developing the numerical models. A two-stage modelling approach is
adopted. At first, numerical model for single wall is developed and
calibrated based on the experimental result and then in the later stage, the
model of single wall is incorporated in a complete building representing
the global response of the archetypes. The choice of the type of model for
single wall and different modelling options available in literature are
explained in detail in Section 2.4.2. Here only the significant details and
fewer comments on the efficiency of single wall models is provided.
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4.2.1. Models of Single walls
A simplified model (Figure 4-6), which relies on a pair of nonlinear
diagonal truss elements is used to simulate the response of a shear wall.
Simplified models have already been used by researchers in similar studies
[97,98,143] to simulate the response of typical LWS structural systems due
to the ease through which they can be integrated with the complete building
models. Another option is to model the response through a detailed FE
model [86,87] which requires the modelling of individual sheathing
connection, but the integration of such wall models with building models
would be more complex and prone to convergence problems due to the
increased complexity.

Figure 4-6 Simplified Truss model using Pinching4material

Figure 4-6 shows a typical hysteretic response of CFS wood and
gypsum sheathed shear wall, which is characterized by severe pinching.
The pinching of hysteresis loops is produced by tilting and bearing of nails
or screws against the sheathing material in one loading direction then upon
the load reversal they do not experience an equal level of tilting or bearing
forces due to the loosening of sheathing connection. The loosening of
sheathing connections is primarily responsible for the pinched response.
Pinching4 material [92] is used to represent the nonlinearity in truss
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elements having a unit area, which are the representative of the behaviour
of walls as a whole. Choice of Pinching4 material is motivated by
appreciable results obtained by other researchers who used it to simulate
the response of CFS shear walls [80,133]. Pinching4 material is a uniaxial
material that can represent pinched load deformation response with the ability
to exhibit degradation under cyclic loading, defined through a set of 39
parameters. These parameters include 16 parameters for the definition of the
backbone envelope (ePf1, ePd1, ePf2, ePd2, ePf3, ePd3, ePf4, ePd4, eNf1,
eNd1, eNf2, eNd2, eNf3, eNd3, eNf4, eNd4), 6 parameters for defining the
cyclic behaviour (uForceP, uForceN, rDispP, rDispN, rForceP, rForceN),
which are the ratios of the deformation at which unloading/reloading occurs
to the maximum (dmax)/minimum (dmin) historic deformation demand, 5
parameters for governing the strength degradation (gF1, gF2, gF3, gF4,
gFLim), 5 parameters for controlling the unloading stiffness degradation
(gK1, gK2, gK3, gK4, gKLim), 5 parameters for controlling the reloading
stiffness degradation (gD1, gD2, gD3, gD4, gDLim), and 2 parameters for
limiting the maximum degradation in each cycle (gE, dmgType). In

particular, the 4-point backbone envelope is defined considering an
average envelope curve obtained considering the positive and the negative
branches. Therefore, symmetric values of these parameters are used for
both the positive and the negative branches and only 8 independent
parameters are defined (ePdi=eNdi, ePfi=eNfi). Similarly, symmetric
values of the parameters defining the cyclic behaviour are also used for both
the positive and negative branches of hysteretic path. The key parameters
of the material are illustrated in Figure 4-6 and their values are provide in
Table 4-5. which are calibrated on the basis of experimental results [8,144].
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Table 4-5 Parameters for pinching4 material
CFS gypsum sheathed shear walls
Parameters for backbone curve
ePf1

ePf2

[kN]

[kN]

4.8

19.1

ePf
3
[kN
]
23.
8

ePf4

ePd1

ePd2

ePd3

ePd4

[kN]

[m/m]

[m/m]

[m/m]

[m/m]

9.8

0.0002

0.0024

0.005

0.0161

Parameters for cyclic behaviour

uFo
rce

rDis
p

rFo
rce

gF,
1,2

gF,
3,4

gF,
Lim

gK,
1,2

gK,
3,4

gK,Li
m

gD,
1,2

gD,
3,4

gE

dmgT
ype

[-]

gD,
Li
m
[-]

[-]

[-]

[-]

[-]

[-]

[-]

[-]

[-]

[-]

[-]

[-]

[-]

0

0.45

0.1

0

0

0

1.2

1.2

0.9

0.2

1.2

0.4

10

energ
y

CFS wood sheathed shear walls
Parameters for backbone curve (Walls 1:1)
ePf1

ePf2

[kN]

[kN]

5.5

22.3

ePf1

ePf2

[kN]

[kN]

4.4

17.9

uFo
rce

rDis
p

ePf
3
[kN
]
27.
9

ePf4

ePd1

ePd2

ePd3

ePd4

[kN]

[m/m]

[m/m]

[m/m]

[m/m]

7.5

0.00023

0.0027

0.009

0.0122

Parameters for backbone curve (Walls 2:1)

ePf
3
[kN
]
22.
4

ePf4

ePd1

ePd2

ePd3

ePd4

[kN]

[m/m]

[m/m]

[m/m]

[m/m]

11.0

0.00020

0.0039

0.008

0.0138

Parameters for cyclic behaviour

rFo
rce

gF,
1,2

gF,
3,4

gF,
Lim

gK,
1,2

gK,
3,4

gK,Li
m

gD,
1,2

gD,
3,4

[-]

[-]

[-]

[-]

[-]

[-]

[-]

[-]

[-]

[-]

[-]

gD,
Li
m
[-]

0

0.5

0.1

0

0

0

0

0

0

0

0

0

gE

dmgT
ype

[-]

[-]

10

energ
y

Rest of the wall elements, including chord studs and hold down devices
are also modelled, which are necessary for the transfer of forces to the rest
of building. However, in case of wood sheathed shear walls, hold down
devices are not modelled explicitly, due to the absence of data on their
response from the experiments [66]. In fact, the hysteretic response curves
provided by the in plane quasi static cyclic tests [66] on wood sheathed
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shear walls already had the force and deformations of hold down devices
lumped in the global wall response. The chord studs present at ends of the
wall transmitting the axial forces are modelled using the Truss elements
with a Uniaxial elastic material, having modulus of elasticity of 210 GPa.
Due to the axial forces being transmitted through them, they can either
collapse due to tension or can have buckling under the compression.
Moreover, the hold devices could also show brittle failure modes under the
action of tensile force coming from chord studs. Though, these brittle
failure modes are not deemed to happen before the ductile failure of wall
due to the adoption of capacity design approach, but their inclusion in
models could help in to evaluate the functionality of capacity design
approach.
Opensees MinMax material is used in conjunction with Uniaxial elastic
material in order to simulate the chord stud failure due to tensile rupture or
the local or global instabilities. Opensees MinMax material is always used
in conjunction with another material, which define its stress-strain
behaviour, and it enforces the threshold values of strain, beyond which
strength and stiffness of an element are set to zero. In the specific case,
threshold values, which govern the occurrence of failure of studs in tension
(εt,Rk ), and compression (εb,Rk ), were calculated using Equation (4-7) and
(4-8).

𝜀𝜀𝑡𝑡,𝑅𝑅𝑅𝑅 =

𝜀𝜀𝑏𝑏,𝑅𝑅𝑅𝑅 =

𝑁𝑁𝑡𝑡,𝑅𝑅𝑅𝑅

(4-7)

𝐴𝐴∙𝐸𝐸

𝑁𝑁𝑏𝑏,𝑅𝑅𝑅𝑅

(4-8)

𝐴𝐴∙𝐸𝐸

where: Nt,Rk = 247kN and Nb,Rk = 123kN are the nominal resistances
obtained according to prescriptions given in EN 1993-1-1 [130] and EN
1993-1-3 [14] corresponding to the tensile and buckling failure of chord
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studs , respectively; E is the Young’s modulus of steel; A is gross cross
section area. Of course, the Nb,Rk takes into account both the strength
reduction due to the local buckling of cross section and the global member

instabilities. In case of wood sheathed shear walls, the threshold limit in
tension is the minimum of tensile strength of chord stud or hold down
devices because their wall model does not have the hold down device
modelled explicitly.
Hold-down devices in case of gypsum sheathed shear walls are
modelled by using Zerolength elements having ElasticMultiLinear
material with a stiffness k a = 37kN/mm in tension defined based on the

experimental results [8]. MinMax material is used in conjunction with
ElasticMultiLinear material in order to consider brittle tensile failure of the
devices. For this purpose, tensile strain in MinMax material is set to not
exceed the nominal tensile strain εa,Rk of the hold downs, whereas there is

no strain limit in compression. In particular, nominal tensile strain in
anchors εa,Rk is calculated using Equation (4-9).
𝜀𝜀𝑎𝑎,𝑅𝑅𝑅𝑅 =

𝑁𝑁𝑎𝑎,𝑅𝑅𝑅𝑅
𝑘𝑘𝑎𝑎 ∙𝑙𝑙𝑎𝑎

(4-9)

where 𝑁𝑁𝑎𝑎,𝑅𝑅𝑅𝑅 = 43kN is the nominal tensile resistance of anchors and

𝑙𝑙𝑎𝑎 represents the unit length of the hold down device.

To verify the model’s ability to simulate the response of CFS shear

walls, it is analysed under the same cyclic loading protocol as used in the
tests [8,144]. Figure 4-7 shows the comparison of hysteretic response of
the wall model and test along with the comparison in terms of cumulative
energy dissipated. It can be noticed that numerical models are able to
capture the experimental hysteretic response in terms of overall shape and
location of peaks and are able to dissipate energy in a similar manner to
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the experimental tests. Though in case of wood sheathed shear wall with
an aspect ratio 1.0, there is an overestimation of energy and forces in last
few cycles. However, this overestimation is due to the few abnormal
hysteretic envelopes in the negative direction of the experimental force
displacement response of the wall. Such type of experimental response in
not typical to the wood sheathed shear walls, as one can see from the
comparison of available experimental results on aspect ratio 1 wall as
shown in Figure 4-2.

a)

b)
CFS gypsum sheathed shear wall

a)

b)
CFS wood sheathed shear walls (Aspect ratio 1:1, Wall A)
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b)
CFS wood sheathed shear walls (Aspect ratio 2:1, Wall B)
Figure 4-7 Comparison of numerical and experimental results: Hysteretic response (a),
Cumulative energy dissipation (b)

4.2.2. 3D non-linear model of Archetype
A three-dimensional model representing the most important structural
elements that would have significant implications on the global seismic
response of the building is created for each archetype. The skeleton of a
typical CFS building is made by joining the wall elements, such as studs
and wall tracks, to the floor elements, such as floor tracks and joists. The
gravity load bearing studs are modelled using truss elements. Not all of the
gravity load bearing studs are modelled, because the presence of gravity
load bearing studs does not affect much the seismic performance of the
archetypes since they cannot resist any bending moments. Moreover,
adding all the studs in model would make the model unnecessarily
complex. Floor diaphragm could either be modelled as rigid or semi rigid
depending upon its in plane stiffness. Both floor solutions are considered
to offer rigid in plane behaviour owing to their high in plane stiffness. A
realistic modelling approach for modelling the floors is dividing it into
subpanels and calibrating their hysteretic response, as done in [9]. This
approach however would require wider experimental database on floor
diaphragm behaviour, is outside the scope of this study and would not
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affect much the value of the behaviour factor, as it is strictly linked to
collapse simulation of the seismic force resisting system. Therefore, floor
elements (joist, tracks and composite floor) are modelled as the rigid
elastic beam column elements. The assumption of rigid floor is also in
accordance with the test results obtained from shake-table tests [140],
which showed a rigid in plane response for a floor configuration similar to
the light solution used in this study. Figure 4-8 shows a 3D schematic
representation of a double storey residential archetype braced with gypsum
sheathed shear walls.
In addition to the earthquake loads causing the lateral displacements,
the gravity loads also tend to produce global lateral displacements in
building due to commonly known P-delta effect, which are also resisted by
the seismic force resisting system. To capture the lateral displacement
arising from P-delta effect, a frame made of axially rigid Elastic beam
column elements with the low flexure stiffness and having a Co-rotational
coordinate transformation is connected to the building in the direction of
seismic action. The axial stiffness of the columns represents the aggregate
stiffness of gravity studs at a particular storey, while the flexure stiffness
is 1/1000 times the axial stiffness. Nevertheless, flexure stiffness does not
affect the response due to pinned end columns of the P-delta frame. P-delta
effect can be simulated in OpenSees using the elastic beam column
elements with the co-rotational coordinate transformation. In the actual
building, the studs are truss elements, and with the truss elements, it’s not
possible to simulate the P-delta effect. This is the main reason of using a
separate frame. Moment releases are created at the ends of columns of the
P-delta frame and are linked to the main building frame using the Rigid
truss elements. Moment releases at the ends of columns are intended to
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avoid any transfer of moments from P-delta fame to main frame and hence
only transmitting the axial force, which induce an equivalent lateral
displacement in the main frame. A similar approach is also adopted for the
inclusion P-delta effects in model of CFS buildings with steel sheathed
braced shear walls by Shamim and Rogers in [98]. Gravity load computed
according to loading combination given in Equation (4-1) is applied to the
P-delta columns at floor levels.

Figure 4-8 3D schematization of different elements in a model

The total gravity load divided based on the tributary area of each stud
is applied as vertical point load positioned at its top. The seismic mass is
distributed at the four corner nodes of each floor. In case of pushover
analysis, the equivalent lateral force on each floor is applied at a single
node in centre of floors. For dynamic analysis, a 2% damping ratio is used
based on the Rayleigh damping model in case of archetypes braced with
CFS gypsum sheathed shear walls, while a value of 5% is used for
archetypes with CFS wood sheathed shear walls. These values of damping
ratio reflected the measured damping values during the shake-table
experiments [140,145].
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4.3. Non-linear Analysis
Before proceeding to the non-linear analyses, gravity analysis is also
performed to recheck the internal forces in the members and modal
analysis is conducted to investigate the mode shapes and their respective
vibration periods for each archetype. All of the archetypes exhibited the
first mode of vibration with horizontal displacements increasing linearly
along the heights. Numerical fundamental vibration period (T1) associated
with this mode shape are listed in Table 4-6, 4-7 and 4-8 along with their
ratio to estimated fundamental vibration period (T) obtained from EN
1998-1 [4], which are listed in Table 4-1, 4-2 and 4-3. Numerical
fundamental vibration periods (T1) obtained from the modal analysis are
1.7 to 4.0 times higher than the estimated fundamental vibration period (T)
obtained from EN 1998-1 [4], which confirms the well-known importance
for evaluating vibration periods using detailed procedures such as
numerical models, which take into account both the correct mass and
stiffness properties, while the code estimated fundamental vibration
periods (T) are just an estimate based on height and structural typology.
4.3.1. Non-linear static analysis
The ratio between the actual and the design strength of building is an
over-strength factor. This factor is then used in the linear static equivalent
lateral force analyses to increase the magnitude of earthquake forces in
seismic standards, and hence eliminating the need for designer to perform
the nonlinear analysis to calculate the ultimate response. Currently only
the North American standards [13] propose a value of 2.5 for this factor,
which is based on coarse estimate due to the absence of the specific
research on this topic. FEMA P695 [12] methodology relies on the nonlinear static (pushover) analysis to estimate archetype over-strength. The
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lateral forces used in the pushover analysis are computed according to
design base shear distribution given in Equation (4-2) and (4-3). Before
the application of lateral force on the models, gravity loads are applied
according to load combination in expression (4-1). Finally, the archetype
over-strength is computed as the ratio of maximum base shear resistance
(Vmax ) of archetype obtained through pushover analysis to the design base

shear (Vd ). Figure 4-9 shows the pushover curves of archetypes, which are

the base shear (V) normalized by the design base shear (Vd) plotted against
the root drift.. After achieving the maximum base shear resistance, all the
archetype models have the concentration of damage at a ground storey. It
is also evident that models behaved almost similar under design base shear
distribution computed according to Equation (4-2) and (4-3). The shape of
pushover curve can be related to the shape of backbone curve used in
Pinching4 material for shear walls. Moreover, the pushover analysis is

conducted in both planar directions of archetypes. The response in two
planar directions do not differ much in terms of 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 in most of the cases,

while the ultimate roof displacement (𝛿𝛿𝑢𝑢 ) presented slight differences.

Ultimate roof displacement (𝛿𝛿𝑢𝑢 ) is taken as the roof displacement at the
point of 20% strength loss (0.8𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 ) in the pushover analysis [12].
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a)

b)
Figure 4-9 Pushover curves a: CFS gypsum sheathed shear walls archetypes; b: CFS
wood sheathed shear walls archetypes

Additionally, the pushover analysis is also used to compute the periodbased ductility, which is used to evaluate the effect of spectral shapes of
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different earthquake records, used for the dynamic analysis, on the
archetype performance. Period-based ductility (𝜇𝜇 𝑇𝑇 ) is defined as the ratio

of ultimate roof displacement (𝛿𝛿𝑢𝑢 ) to the effective roof yield displacement

(𝛿𝛿𝑦𝑦,𝑒𝑒𝑒𝑒𝑒𝑒 ), where effective yield roof displacement (𝛿𝛿𝑦𝑦.𝑒𝑒𝑒𝑒𝑒𝑒 ) is computed
according to Equation (4-10).

𝛿𝛿𝑦𝑦,𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐶𝐶0 ∙

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚
𝑊𝑊

∙�

𝑔𝑔

4𝜋𝜋2

� (max(𝑇𝑇, 𝑇𝑇1 ))2

(4-10)

where, where 𝐶𝐶0 relates fundamental-mode (SDOF) displacement to roof
displacement obtained according to Equation 6-8 of FEMA P695 [12];

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 /𝑊𝑊 is the maximum base shear normalized by building seismic

weight 𝑊𝑊; 𝑔𝑔 is the gravity constant; 𝑇𝑇 is the fundamental vibration of

archetype expressed as a function of height of building and given in Table

4-1, 4-2 and 4-3; and 𝑇𝑇1 is the fundamental vibration period of the

archetype model computed using linear dynamic analysis and summarized
in Table 4-6, 4-7 and 4-8.

Subsequently, the final value of the over-strength and the period-based
ductility for each archetype is computed based on its average response in
both directions and under both types of the load distribution patterns based
on FEMA P695 [12] recommendations. Table 4-6, 4-7 and 4-8 summarize
for each archetype: the design base shear (Vd), the maximum base shear
resistance in both planar directions, i.e. X (long direction) and Y (short
direction) under the design base shear distribution computed according to
Equation (4-2) and (4-3) (A and B) (𝑉𝑉𝑚𝑚𝑚𝑚𝑥𝑥,𝑋𝑋,𝐴𝐴 , 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚,𝑋𝑋,𝑩𝑩 , 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚,𝒀𝒀,𝐴𝐴 , 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚,𝒀𝒀,𝑩𝑩 ),

the average ultimate roof displacement (𝛿𝛿𝑢𝑢 ), average effective roof yield
displacement (𝛿𝛿𝑦𝑦.𝑒𝑒𝑒𝑒𝑒𝑒 ) the average over-strength factor Ω and the period

based ductility 𝜇𝜇 𝑇𝑇 obtained through non-linear static analysis.
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Table 4-6 Results from modal and pushover analysis for CFS gypsum sheathed shear
walls (q=2.0)
𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎,𝑿𝑿,𝑨𝑨 [
kN]

𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎,𝑿𝑿,𝑩𝑩
[kN]

𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎,𝒀𝒀,𝑨𝑨
[kN]

𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎,𝒀𝒀𝒀𝒀𝒀𝒀
[kN]

Vd
[kN]

Ω

137

129

1.06

2.0

204.3

204

205

205

175

0.48

1.8

408

408

408

408

0.65

2.0

545

545

545

545

O1L

0.35

3.2

137

137

130

Archetype T1
ID
(sec)

T1/T

R1L

0.28

2.5

R2L

0.38

R3L
R4L

136

136

137

𝜹𝜹𝒖𝒖
[mm]

𝜹𝜹𝒚𝒚.𝒆𝒆𝒆𝒆𝒆𝒆
[mm]
6.40

6.9

1.17

50.0

7.90

6.3

322

1.27

66.3

13.9

4.8

469

1.16

48.5

23.2

1.9

130

101

1.33

48.5

6.10

7.0

44.5

𝝁𝝁𝑻𝑻

O2L

0.48

2.5

408

408

404

404

332

1.23

58.0

12.8

4.0

R1M

0.22

2.0

341

341

338

338

258

1.32

44.5

9.40

4.6

R2M

0.34

1.8

410

410

409

409

350

1.17

49.8

12.6

3.9

R3M

0.44

1.7

615

614

614

613

528

1.16

59.3

21.4

2.7

O1M

0.31

2.8

273

273

246

246

203

1.31

52.5

9.40

4.5

O2M

0.37

1.9

614

614

599

600

504

1.21

57.3

14.9

3.3

R1H

0.20

1.8

410

410

470

470

387

1.10

51.0

10.3

4.6

R2H

0.32

1.7

616

616

616

616

525

1.17

53.3

16.3

3.0

O1H

0.27

2.5

409

409

398

398

304

1.34

58.5

10.7

4.1

Table 4-7 Results from modal and pushover analysis for CFS wood sheathed shear
walls (q=4.0)
Archetype T1
ID
(sec)

T1/T 𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎,𝑿𝑿,𝑨𝑨 [kN] 𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎,𝑿𝑿,𝑩𝑩
[kN]

𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎,𝒀𝒀,𝑨𝑨
[kN]

𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎,𝒀𝒀𝒀𝒀𝒀𝒀

Vd
[kN]

Ω

[kN]
73

𝜹𝜹𝒖𝒖
[mm]

𝜹𝜹𝒚𝒚.𝒆𝒆𝒆𝒆𝒆𝒆
[mm]

𝝁𝝁𝑻𝑻

O1L

0.46

4.0

73

73

42

1.73

O1M

0.29

2.5

148

148

148

148

84

1.77

55.60

8.1

6.8

O1H

0.29

2.5

148

148

148

148

126

1.18

55.60

8.1

6.8

R2L

0.56

2.9

147

147

147

147

76

1.94

74.01

16.3 4.5

73

73.00

10.1 7.3

R2M

0.57

3.0

175

175

166

166

151

1.14

69.00

19.6 3.5

R2H (2)

0.61

3.2

253

253

253

253

227

1.12

89.79

33.3 2.7

R2H (1)

0.37

1.9

252

252

250

250

227

1.11

76.50

12.1 6.3

O2L

0.55

2.9

144

144

147

147

122

1.19

55.38

9.7

5.7

O2M

0.45

2.3

291

291

294

294

243

1.20

61.20

13.1 4.7

O2H (2)

0.44

2.3

430

430

430

426

365

1.18

83.88

18.3 4.6

O2H (1)

0.49

2.6

434

434

434

434

365

1.19

60.55

23.0 2.6

R4L

0.99

3.1

215

215

194

194

173

1.21

81.50

30.8 2.6

R4M

0.72

2.2

441

441

441

441

346

1.27

92.25

35.1 2.6

R4H (2)

0.77

2.4

578

578

570

570

520

1.11 136.02

52.3 1.9

R4H (1)

0.77

2.4

582

582

582

582

520

1.12 102.60

53.0 2.6
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R6L

1.28

2.9

290

290

290

290

271

1.07

99.46

55.2 1.8

R6M (2)

0.93

2.1

575

575

575

575

543

1.06 152.97

58.2 1.7

R6M (1)

1.01

2.3

584

584

584

584

543

1.07 119.50

69.7 2.6

Table 4-8 Results from modal and pushover analysis for CFS wood sheathed shear walls (q=2.5)
Archetype ID T1/T 𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎,𝑿𝑿,𝑨𝑨 [kN]𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎,𝑿𝑿,𝑩𝑩 [kN]
O1L
O1M
O1H
O2L
O2M
O2H
R2L
R2M
R2H
R4L
R4M
R6L

4.0
3.2
2.7
2.5
2.3
1.9
2.8
2.6
1.9
2.3
2.9
2.4

73
145
182
255
436
698
145
282
392
294
516
516

73
145
182
255
436
698
145
282
392
294
516
516

𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎,𝒀𝒀,𝑨𝑨
[kN]

𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎,𝒀𝒀𝒀𝒀𝒀𝒀

Vd [kN]

Ω

73
145
207
255
436
698
145
282
381
294
516
516

55
111
167
191
382
573
118
237
356
277
462
434

1.32
1.30
1.13
1.33
1.14
1.22
1.23
1.19
1.09
1.06
1.12
1.19

73
145
207
255
436
698
145
282
381
294
516
516

[kN]

𝜹𝜹𝒖𝒖 [mm]
76.0
77.0
70.5
62.1
61.8
73.3
87.0
68.5
88.5
88.8
85.8
126.0

𝜹𝜹𝒚𝒚.𝒆𝒆𝒆𝒆𝒆𝒆
[mm]
10.1
12.8
12.2
12.5
18.5
20.6
15.0
23.9
18.7
24.1
67.1
68.7

𝝁𝝁𝑻𝑻

7.6
6.0
5.8
5.0
3.3
3.6
5.8
2.9
4.7
3.7
1.3
1.8

4.3.2. Non-linear incremental dynamic analysis (IDA)
The collapse performance of archetypes in terms of the Collapse
Margin Ratio

(CMR) can be assessed through incremental dynamic

analysis (IDA) [132], which uses a set of ground motions scaled with
increasing scaling factors to reach a magnitude that will cause the collapse.
CMR is the ratio between median collapse intensity (𝑆𝑆𝐶𝐶𝐶𝐶 ) and maximum

considered earthquake intensity (𝑆𝑆𝑀𝑀𝑀𝑀 ). CMR can also be perceived as a
capacity to demand ratio, in which capacity and demand are represented

by 𝑆𝑆𝐶𝐶𝐶𝐶 and 𝑆𝑆𝑀𝑀𝑀𝑀 , respectively. The 𝑆𝑆𝐶𝐶𝐶𝐶 is defined as the intensity at which
half of the ground motions in the record set cause collapse of an archetype

model, while 𝑆𝑆𝑀𝑀𝑀𝑀 is the intensity associated to the maximum considered
earthquake.
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The collapse of archetypes can be defined in terms of the exceedance
of a threshold value of a particular damage measure representing the
behaviour at either local member level or global building level. The local
damage measures include buckling of studs, tensile rupture of anchors, etc,
while the global building damage can be judged through checking the
excessive inter storey drift levels. Most of these local type damages are not
expected to happen before the failure of seismic force resisting system, due
to the adoption of capacity design approach. Nonetheless, a few of local
failure mechanism are modelled inherently in the model as explained
earlier. The 4% inter storey drift ratio (IDR) is used as a threshold value
causing the collapse at global level. In case of gypsum sheathed shear
walls, the 4% IDR is selected based on a similar study on shear walls with
the fibre cement board panels [146], which exhibit a comparable behaviour
as walls with gypsum board panels and are classified under the same
category in AISI S400 [18]. It must be noted that since the floors are rigid
in plane and the archetypes are symmetrical in each direction, therefore the
shear walls at any storey had equal drifts as the storey drift. The gypsum
sheathed shear wall configuration used in this study was also able to
sustain load carrying capacity until 6% during the experiments [8], even
though the ultimate displacement was 2% defined based on its
conventional definition, i.e. point corresponding to the 20% drop in
strength after the peak. In case of wood sheathed shear walls, the 4% IDR
is the drift level until which the individual units of shear walls had not
experienced collapse during the tests [66]. By looking into similar studies
[97,98,143] conducted on different types of seismic force resisting systems
used in LWS building, values of IDR in a range of 2.5 to 5% can also be
found.
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FEMA P695 also provides the two sets of ground motion records for
collapse assessment: far-field record set and the near-field record set.
Methodology prescribes to use the far-field record set for structures, which
are designed for Seismic Design Category (SDC) B, C and D according to
ASCE 7 [13]. All of the archetypes in this study belonged to either of these
categories. Far-Field record set (Table 3-11) comprises of twenty-two
component pairs of horizontal ground motions (in total 44 records) from
sites located greater than or equal to 10 km from fault rupture having a
magnitude (Richter scale) and peak ground acceleration (PGA) greater
than 6.5 and 0.2g, respectively. All 22 earthquake record pairs are
normalized to remove the unwarranted variability between records due to
the inherent differences in the event magnitude, distance to source, source
type and site conditions, without eliminating the overall record-to-record
variability based on the Peak Ground Velocity (PGV) using the
normalization factors, which are already provided in [12] and listed in
Table 3-11. Normalized ground motions are then matched to the archetype
design response spectrum through the scaling of median response spectrum
of all records within the range of fundamental vibration periods of
archetypes. In particular the peak of median response spectra of all records
is matched with design response spectra of archetype at its estimated
fundamental vibration period (T) according to EN 1998-1 [4] and listed in
Table 4-1, 4-2 and 4-3.
Finally, all the 44 scaled records are applied to archetype models in the
both planar directions with a 20% increment in intensity starting from a
20% (Scaling factor (SF) = 0.2) to 600% (Scaling factor = 6.0). The SF=1.0
is the representative of design level earthquake, while SF=1.5 corresponds
to MCE. This is due to the fact that the maximum considered earthquake
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of ASCE 7 [13] can be obtained by multiplying the design earthquake of
EN 1998-1 [4] by 1.5, as explained earlier.
The results from the analysis are represented in the form of IDA curves,
in which each curve represents the response of the archetype under a
particular record. The curve is made of several points, with each point
representative of the maximum inter storey drift ratio achieved at a
particular scaling factor. Figure 4-10 shows the IDA curves for the
archetypes. From the examination of IDA curves in Figure 4-11, it can be
seen that one or two record are not able to cause the collapse, even at the
very high scaling factors. This problem is caused due to the scaling process
explained earlier, in which median of record set is scaled to match the
design response spectrum of building. However, some records could have
larger variance from the median. When such records are scaled with the
scaling factor obtain based on the meadian, there could be a significant
mismatch between the spectral acceleration of record and design response
spectral acceleration at building fundamental period of vibration, which
resulted in this response.

a)
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b)
Figure 4-10 IDA curves a: CFS gypsum sheathed shear walls archetypes; b: CFS wood
sheathed shear walls archetypes

4.4. Performance evaluation of archetypes
The fundamental premise of the performance evaluation process is that
an acceptably low, yet reasonable, probability of collapse can be
established as a criterion for assessing the collapse performance of the
proposed system [12]. This is realized by checking the acceptability of the
trial value of behaviour factor used in the design phase. Acceptability is
measured by comparing the CMR-s against the acceptance criteria, which
are based on the quality of the information used to define the system, total
system uncertainty, and established limits on collapse probability.
The CMR-s obtained from the IDA analysis are adjusted to take into
the spectral shapes of different records used for the analysis. The adjusted
CMR (ACMR) is the product of CMR and a spectral shape factor (SSF).
The SSF is a function of the period based ductility (𝜇𝜇 𝑇𝑇 ), numerical

fundamental vibration period (T1) of an archetype model, seismic design
category and, can be calculated according to Table 7-1a and 7-1b of FEMA
P695 [12].
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Once the ACMR of each archetype is obtained, their acceptability can
be evaluated by comparing them against the performance criteria of FEMA
P695. Two performance criteria are defined by the methodology [12]: the
average value of adjusted collapse margin ratio, 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎 , for each

performance group should be greater than 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅10% , and the individual

values of the adjusted collapse margin ratio, 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅𝑖𝑖 , for each archetype
within a performance group should be greater than 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅20% . 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅10%

and 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅20% values are the 10% and 20% threshold values for the

probability of collapse, respectively. A higher threshold value of 20% for
the probability of collapse of individual archetypes reflects the recognition
of potential outliers by the FEMA methodology. The value of 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅10%

and 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅20% are given in Table 7-3 of FEMA P695 and are function of
total collapse uncertainty 𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇 .

The total collapse uncertainty 𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇 takes into account the different

sources of uncertainty that could contribute to variability in collapse
capacity. In particular, the main sources of uncertainty include: record to
record uncertainty (𝛽𝛽𝑅𝑅𝑅𝑅𝑅𝑅 ), design requirements uncertainty (𝛽𝛽𝐷𝐷𝐷𝐷 ), test data
uncertainty (𝛽𝛽𝑇𝑇𝑇𝑇 ); and modelling uncertainty (𝛽𝛽𝑀𝑀𝑀𝑀𝑀𝑀 ). The total uncertainty

is then coupled from these different sources using the Equation (4-11).
2
2
2
2
𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇 = �𝛽𝛽𝑅𝑅𝑅𝑅𝑅𝑅
+ 𝛽𝛽𝐷𝐷𝐷𝐷
+ 𝛽𝛽𝑇𝑇𝑇𝑇
+ 𝛽𝛽𝑀𝑀𝑀𝑀𝑀𝑀

(4-11)

Record to record uncertainty (𝛽𝛽𝑅𝑅𝑅𝑅𝑅𝑅 ) is due to variability in the response

of the archetypes model to different ground motion records, which could
have different frequency content and dynamic characteristic. 𝛽𝛽𝑅𝑅𝑅𝑅𝑅𝑅 can be
computed according to Equation (4-12).

𝛽𝛽𝑅𝑅𝑅𝑅𝑅𝑅 = 0.1 + 0.1 ⋅ 𝜇𝜇 𝑇𝑇 , with 𝛽𝛽𝑅𝑅𝑅𝑅𝑅𝑅 > 0.2 and 𝛽𝛽𝑅𝑅𝑅𝑅𝑅𝑅 ≤ 0.4
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Most of the archetypes have 𝛽𝛽𝑅𝑅𝑅𝑅𝑅𝑅 equal to 0.40, except for few cases

which showed limited ductility and resulted in a lesser 𝛽𝛽𝑅𝑅𝑅𝑅𝑅𝑅 values. The

rest of the uncertainty parameters 𝛽𝛽𝐷𝐷𝐷𝐷 , 𝛽𝛽𝑇𝑇𝑇𝑇 and 𝛽𝛽𝑀𝑀𝑀𝑀𝑀𝑀 , are the qualitative

measures provided by FEMA P695 [12] on the basis of following scale:

(a) Superior, 𝛽𝛽 = 0.10; (b) Good, 𝛽𝛽 = 0.20; (c) Fair, 𝛽𝛽 = 0.35; and (d)

Poor, 𝛽𝛽 = 0.50. The design process used in this study ensures the ductile

behaviour of seismic force resisting system, while safeguarding against the
unanticipated brittle failure mechanisms and predicted the design strength
in a close match to the experimental results [8,66]. Hence, the design
requirements are rated as “Good” (𝛽𝛽𝐷𝐷𝐷𝐷 = 0.2). In authors opinion, the
rating could be excellent only if the seismic force resisting system is

already codified in seismic standards, which in this case is not true for the
Eurocodes. The test data on the performance of seismic force resisting
system is rated as “Superior” (𝛽𝛽𝑇𝑇𝑇𝑇 = 0.1), based on the fact that the
different components [8,66,100,142] of the shear wall were already tested,

the wall itself was tested under the both monotonic and cyclic type
loadings [8,66], and last but not the least, seismic performance of the shear
walls was also validated via the shake-table tests [140,147]. Archetype
modelling is rated as “Good” (𝛽𝛽𝑀𝑀𝑀𝑀𝑀𝑀 = 0.2) because all the models are
calibrated based on the experimental results and have the ability to exhibit

post peak shear strength deterioration and to simulate the brittle failure
mechanisms. Moreover, models also accounted for the internal forces
arising in the members due to the P-delta effects. Finally, the total
uncertainty, 𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇 , computed using Equation (4-11) is 0.49 and 0.48 for

CFS gypsum and wood sheathed shear walls respectively, considering an

average value of 𝛽𝛽𝑅𝑅𝑅𝑅𝑅𝑅 , as it differs for few cases. Based on the value of

𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇 , 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅10% and 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅20% are obtained from Table 7-3 of FEMA
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P695 [12] equal to 1.88 and 1.51, respectively in case of gypsum sheathed
shear walls and 1.84 and 1.49 in case of wood sheathed shear walls.
Table 4-9 summarizes the results from the performance evaluation
process of gypsum sheathed shear walls. Except three archetypes, which
have 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅𝑖𝑖 less than the 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅20% , rest of the archetypes have 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅𝑖𝑖

greater than the 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅20% . These three archetypes: R3M, R2H and O1H

are listed as “Near Pass” based on the fact that they still meet the
acceptance criterion with an accuracy of at least 94%. In the current study,
if an archetype meets the acceptance criterion by at least 90%, it is
considered as “Near Pass”. Similar criterion is also used for Near Passing
archetypes in [97,98]. Moreover, this level of accuracy can be further be
justified based on the fact that the shake-table tests of gypsum sheathed
braced specimen [140] showed quite stiffer response even under an
earthquake with peak ground acceleration of 1.0g. These specimens had
all the finishing layers, which certainly contributed to the improved
seismic performance. If the near passing archetypes are also to account for
these additional finishes, their seismic response would certainly have been
far better. Nonetheless, the 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎 of complete performance group

clearly meets the acceptance criteria. This concludes that the initial value

of behaviour factor equal to 2.0 used in design is appropriate for gypsum
sheathed shear walls.
Table 4-9 Collapse performance evaluation process of CFS gypsum sheathed shear
walls (q=2.0)

Archetype
SCT
ID
R1L
R2L
R3L
R4L

2.70
2.80
3.10
3.33

SCT

SSF

CMR

1.50
1.50
1.50
1.50

1.12
1.11
1.10
1.08

1.80
1.87
2.07
2.22

ACM ACMR
R
20%
2.02
2.07
2.27
2.39
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1.51
1.51
1.51
1.51

Pass
/Fail
Pass
Pass
Pass
Pass

ACMR
avg

1.91

ACMR Pass
/Fail
10%
1.88

Pass

Sarmad Shakeel
O1L
O2L
R1M
R2M
R3M
O1M
O2M
R1H
R2H
O1H

2.47
2.90
3.60
2.25
2.00
2.09
2.23
2.57
1.80
1.83

Doctoral thesis
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50

1.13
1.09
1.13
1.09
1.07
1.10
1.08
1.25
1.18
1.23

1.64
1.93
2.40
1.50
1.33
1.39
1.49
1.71
1.20
1.22

1.86
2.11
2.71
1.64
1.43
1.53
1.61
2.13
1.42
1.50

1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51

2020
Pass
Pass
Pass
Pass
Near Pass
Pass
Pass
Pass
Near Pass
Near Pass

In case wood sheathed shear walls, two archetype design spaces are
designed. Initially, archetypes are designed using a trial value of behaviour
factor equal to 4.0. However, the archetypes in that design space failed the
performance evaluation criteria of FEMA P695 as shown in Table 4-10.
Most of the archetypes have 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅𝑖𝑖 less than the 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅20% while

𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎 of complete performance is also less than the 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅10% . Hence,
a value of 4.0 for behaviour of wood sheathed shear walls is not suitable
and will result in an unsafe design. Subsequently, as the FEMA P695
methodology guides, if an archetypes design space fails the performance
evaluation criteria, it should be redesigned and analysed again with a lower
value of behaviour factor. The second archetype design is then designed
using a trial value of behaviour factor equal to 2.5. Table 4-11 summarizes

the results from the performance evaluation process of this second design
space. All of the archetypes have 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅𝑖𝑖 greater (Pass) or slightly lower

(Near Pass) than the 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅20% while 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎 is also slightly lower

(Near Pass) than the 𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅10% . The definition of near passing archetypes
is same as that of gypsum sheathed shear walls. Therefore, based on these

results it can be concluded that the behaviour factor of 2.5 is suitable for
wood sheathed shear walls.
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Table 4-10 Collapse performance evaluation process of CFS wood sheathed shear walls
(q=4.0)

Archetype ID SCT SCT SSF CMR ACMR
O1L
O1M
O1H
R2L
R2M
R2H (2)
R2H (1)
O2L
O2M
O2H (2)
O2H (1)
R4L
R4M
R4H (2)
R4H (1)
R6L
R6M (2)
R6M (1)

(q=2.5)

3.02
1.63
1.09
2.60
1.65
1.46
1.23
1.53
1.33
1.40
1.10
2.40
1.77
1.66
1.28
2.84
2.60
2.00

1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50

1.13
1.13
1.30
1.10
1.09
1.16
1.29
1.12
1.10
1.24
1.15
1.07
1.07
1.16
1.13
1.06
1.07
1.05

2.01
1.09
0.73
1.73
1.10
0.97
0.82
1.02
0.89
0.93
0.73
1.60
1.18
1.11
0.85
1.89
1.73
1.33

ACMR

2.28
1.23
0.94
1.91
1.19
1.13
1.05
1.14
0.98
1.16
0.84
1.71
1.26
1.28
0.96
2.01
1.85
1.39

20%

1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49

Pass
ACMR ACMR Pass
/Fail
/Fail
avg
10%
Pass
Fail
Fail
Pass
Fail
Fail
Fail
Fail
Fail
1.35
1.84 Fail
Fail
Fail
Pass
Fail
Fail
Fail
Pass
Pass
Near Pass

Table 4-11 Collapse performance evaluation process of CFS wood sheathed shear walls

Archetype ID SCT SCT SSF CMR ACMR
O1L
O1M
O1H
O2L
O2M
O2H
R2L
R2M
R2H
R4L
R4M
R6L

3.02
2.10
1.60
2.45
1.60
1.67
3.40
2.08
1.74
3.00
2.11
3.70

1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50

1.14
1.12
1.28
1.11
1.09
1.21
1.12
1.08
1.24
1.09
1.03
1.05

2.01
1.40
1.07
1.63
1.07
1.11
2.27
1.39
1.16
2.00
1.41
2.47

2.29
1.57
1.37
1.81
1.38
1.35
2.54
1.50
1.44
2.18
1.45
2.59

ACMR
20%

1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49

- 142 -

Pass
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Pass
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avg
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Pass
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Near Pass
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In order to understand the effect of aspect ratio of wood sheathed shear
walls on the building seismic performance, few special cases are also
designed in the archetype design space designed with a behavior factor of
4.0. As explained earlier, experiments have shown that the shear walls with
an aspect ratio 2.0 have shown better ductility capacity than the walls with
an aspect ratio 1.0. In particular archetypes: R2H (2), R4H (2), R6M (2)
and O2H (2) have only shear wall with an aspect ratio 2.0 spread across
their plan. To understand the effect of the better ductility of walls with an
aspect ratio 2.0 walls, these building archetypes can be compared with the
similar archetypes: R2H (1), R4H (1), R6M (1) and O2H (1), which have
both aspect ratio 2.0 and 1.0 walls spread across their plan. In fact, by
comparing the ACMR of these cases of archetypes with each other, R2H
(2), R4H (2), R6M (2) and O2H (2) have shown on average a 28% higher
ACMR’s than the respective archetypes: R2H (1), R4H (1), R6M (1) and
O2H (1).
The collapse probability of each archetype is further examined via
fragility curves generated through lognormal probability distribution [136]
applied on the IDA results. Fragility curves also provide useful means of
quantifying the vulnerability of the building. Though, collapse fragility
evaluation not integrally the part of the FEMA P695 methodology,
however it is shown here to serve as a reference for future studies, which
could relate these fragility curves to different performance levels of
building and henceforth could be useful in the performance based seismic
design. In Figure 4-11, the scatter plot represents the simple probability of
collapse at a particular scaling factor computed using Equation (13).
𝑃𝑃(𝐶𝐶|𝑥𝑥) =

𝑛𝑛(𝑥𝑥)

(13)

𝑛𝑛
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where 𝑃𝑃(𝐶𝐶|𝑥𝑥) is the probability of collapse of the building at a scaling

factor 𝑥𝑥, 𝑛𝑛(𝑥𝑥) is the number of ground motion at a scaling factor 𝑥𝑥 that

caused the collapse and 𝑛𝑛 is the total number of ground motions. Basic
Fragility curve is obtained by fitting the lognormal cumulative distributive
function the scatter plot of simple probability [136]. Fragility curves are

also adjusted to account for the effect of spectral shapes of different
earthquake records through spectral shape factor (SSF) and the total
collapse uncertainty (𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇 ). Hence, shifted fragility curve is obtained by

multiplying the basic fragility curve with SSF and uncertainty adjusted

fragility curve is calculated using 𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇 as the standard deviation in

lognormal cumulative distributive function. Total collapse uncertainty has
the effect of flattening the basic fragility curve and therefore reduces the
probability of collapse as shown in Figure 4-11.

a)
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b)
Figure 4-11 Fragility curves a: CFS gypsum sheathed shear walls archetypes; b: CFS
wood sheathed shear walls archetypes
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5. In plane quasi-static cyclic test on LWS
façades
The recent seismic events have shown that the non-structural
elements of a building can hamper the ability of building to have an
immediate occupancy after the earthquake and can cause substantial
economic losses. The collapse of non-structural elements can pose
significant hazard to human life, causing a comparable damage to those
caused by the collapse of structural elements. Despite the fact, that a
correct seismic design ensures an adequate structural performance,
buildings can still lose their functionality due to the damages in the nonstructural elements. This is particularly due to the fact that the study of the
seismic response of non-structural systems has received a lesser attention
than the structural systems in past, which has led to a lack of specific
requirements for individual non-structural systems. However, observations
on their performance during the earthquakes in recent years is now
promoting the interest to better understand their seismic response. The
prediction of the seismic response of these systems is a complex problem
that cannot be easily solved by traditional methods such as detailed FE
simulations or analytical approaches. In this context, an experimental
campaign to predict the in-plane response of non-structural infilled façades
made of lightweight steel (LWS) drywall systems is conducted at
University of Naples “Federico II” in collaboration with Knauf Gips KG.
These experiments are also carried out to check their compliance with the
Eurocode 8 EN 1998-1 [4] damage limitation requirements for nonstructural building elements (see Section 2.2). This chapter shows the
results

of

these

experiments,
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November/December 2018 at Department of Structures for Engineering
and Architecture, University of Napoli Federico II, Italy.

5.1. Experimental program
Eight full-scale infilled façade specimens with varying geometrical
details are tested under the in-plane quasi static cyclic loading protocol.
The configurations are selected to study the effect of following parameters
on the global behaviour of façade walls:
•

The use of single or dual Cold Formed Steel (CFS) frame.

•

Variation of the type of gypsums sheathing panels: standard
gypsum boards (GKB) or Impact resistant gypsum boards
(Diamant)

•

Variation of the type of connection to the surrounding structural
elements (fixed or sliding)

•

Variation of CFS frame profile dimensions (web height and
thickness)

•

Presence of the exterior cladding
Based on these parameters, eight different wall configurations have

been defined for testing. More information on the difference between
tested configuration is shown in Table 5-1.
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Table 5-1 Test program
Test
No.

Wall frames properties
Connection
Board properties
to
External Frame
Internal Frame
External Frame Internal Frame
Stud
Web Claddings Stud
Web surroundings Interior Exterior Interior Exterior
thickness height
thickness height
face
face
face
face
(mm)
(mm)
(mm)
(mm)
1
0.6
75
NP*
0.6
50
Fixed
Diamant Aquapanel NP*
2x
1
2
Diamant 1
2
0.6
75
NP*
NP*
NP*
Fixed
Diamant Aquapanel NP*
NP*
1

2

NP*

NP*

3

NP*

NP*

NP*

0.6

50

Fixed

4

0.6

75

NP*

NP*

NP*

Sliding

GKB 3 Aquapanel NP*

2x
Diamant 1
NP*

5

1

150

Yes

NP*

NP*

Fixed

GKB 3 Aquapanel NP*

NP*

6
7

NP*
1

NP*
150

NP*
NP*

0.6
NP*

50
NP*

Fixed
Fixed

NP*
NP*
NP*
GKB 3 Aquapanel NP*

2 x GKB 3
NP*

8

0.6

75

NP*

NP*

NP*

Fixed

GKB

NP*

2
2

2

3

Aquapanel NP*
2

NP*

*NP- Not Present; 1 Impact resistant gypsum board; 2 Outdoor cement board; 3 Standard gypsum board

5.2. Specimen description
All the configurations have the dimensions of 2400mm x 2700 mm
(length x height). Figure 5-1 shows the generic configuration of the tested
façades. Façades are infilled in a hot rolled steel testing frame. More
information on the test setup is provided in next section. An infilled façade
is the one which is surrounded by the building structural element on all
sides. The façade could also be placed with an offset to the building
structural elements (Figure 5-1) to accommodate wider inner space
requirement in few cases. However, such special cases are not addressed
explicitly in this study.

- 148 -

Sarmad Shakeel

Doctoral thesis

2020

Figure 5-1 Generic configuration

Façades can be made of dual or single frame. In case of dual frame
facades, the internal frame is sheathed with two 12.5 mm thick gypsum
boards (GKB or Diamant) on its exterior face and it is not sheathed in its
interior face, while the external frame is sheathed with 12.5 mm cementbased board (Aquapanel) on its exterior face and with a 12.5 mm thick
gypsum board (GKB or Diamant) on its interior face. Except in the test 1
as shown in Table 5-1, rest of the facade walls are only made with either
an external frame or an internal frame. The total wall thickness depends on
the type of configuration as in some cases, there is only internal (test 3 and
6) or external frame (test 2, 4, 5, 7, and 8). The CFS frames of the façade
are made by C-shaped profiles attached to the top and bottom with the Ushaped tracks spaced at 600 mm on the centre. All CFS members are
fabricated with DX51D+Z steel grade. There exists also a construction
practice to not use wall tracks for the higher thickness of CFS studs. In
such cases (test 5 and 7), the studs are connected to the supporting structure
by using L-profiles (Figure 5-2). A cladding layer is also applied in one
wall specimen (test 5) to investigate its effect on wall performance. The
cladding is made of slotted Ω vertical profiles spaced at about 600 mm on
the centre, sheathed with 12.5 mm thick cement-based board (Aquapanel).
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The use of cladding allows the walls to achieve higher hygrothermal
performances through better ventilation.

Figure 5-2 - Detail of the configuration with absence of tracks: plan view (top) and
section (bottom)

The stud to track fixings are made by punching (Figure 5-3), while
the panel to steel fixings are made by screws of different kinds, depending
on the type of panels (cement based or gypsum based). The façade walls
are connected to the surrounding structural elements through fixed
connections made with self-drilling screws. In case of a “sliding”
connections in a wall, (test 4), the studs and sheathing panels are not
connected to the upper track and a gap between panels and surrounding
structure is kept. This detail is commonly adopted to accommodate the
building lateral deformations in case of the seismic events, by providing
an in-plane sliding joint at the top connection, while the walls are fixed at
the base. Figure 5-4 shows different type of connection details adopted in
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the tested configurations while Table 5-2 shows a list of the materials used
in the tested configurations.

Figure 5-3 Realization of punching between tracks and studs

Figure 5-4 Different type of connection details
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Table 5-2 Details of the materials used for the walls.
Steel
elements
(shape
flange width
(mm)/ web
width (mm)/
flange width
(mm)
Sheathing
panels
Frame
fixings

Panel-toframe
fixings

Wall
track/studtosurrounding
structure
connections

Wall joint
Finishes

Cladding

Track: U 40/50/40
Track: U 40/75/40

Materials

Studs: C 50/50/50
Studs: C 50/75/50 (Figure on the
right)
Studs: C 45/150/45
12.5 mm thick gypsum board,
Diamant or GKB
12.5 mm thick outdoor cement
board, Aquapanel (Figure on the
right)
Punching
3.9 ×23 mm self-tapping screws
spaced at 600 mm in case of the first
layer of gypsum board
TN 3.9×38 mm self-tapping screws
spaced at 250 mm in case of the
second layer of gypsum board
Maxi SN25 self-tapping screws
spaced at 200 mm in case of
Aquapanel (Figure on the right)
Punta TEKS screws to fix gypsum
board to C 45/150/45 profiles
spaced at 200 mm
Hilti S-MD 53 S5.5x25 dowel
spaced at 500 mm on centre at the
top and bottom wall tracks and at
800 mm on centre at the wall studs
L KAW profiles and 4.8x20 mm
screws for configurations without
tracks (Figure on the right)
Paper joint tape (Figure on the
right) with gypsum-based plaster on
the faces of wall made with gypsum
boards.
Glass mesh with an alkali-resistant
coating and cement-based plaster
the faces of wall made with
Aquapanel
Omega profiles (Figure on the right)
and 12.5 mm thick Aquapanel
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The general procedure for the specimen’s construction is
summarized in following steps:
1) The lower and upper tracks are connected to the supporting structure
through steel dowels;
2) The studs are positioned at 600 mm spacing, while connecting the end
ones to the surrounding structure and the intermediate ones to the tracks
by punching in the case of fixed connections or leaving them unattached
in case of sliding connections. In the configurations without tracks, the
studs are positioned by connecting them directly to the surrounding
structure using L-profiles;
3) The first layer of panel is connected: the outdoor cement board and the
gypsum board are positioned respectively on the front and the rear sides of
the walls;
4) The possible second layer of panel is attached with longer screws, which
or more densely spaced; or, if provided, an internal frame is made;
5) Joint finishes are completed (Figure 5-5).
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Figure 5-5 - Specimen at the end of the construction: a) Front side (Exterior face); b)
Rear side (inner face)

Once the construction is finished, at least 2 days must pass before
the tests are carried out, so that the finishes can dry completely. The weight
of each tested walls is calculated considering the sheathing panels and the
steel elements (studs and tracks) and neglecting the screws and dowels.
Furthermore, an additional weight of 1 kg/m2 was considered to take into
account all the finishes.

5.3. Test set-up, instrumentation and loading protocol
5.3.1. Test setup
A specific 2D hinged steel frame is adopted for in-plane cyclic tests
on infilled façades. The test set-up is a bidimensional frame made of
S350JR [4] grade hot‐rolled steel profiles and is designed for simulating
the interface of a steel building surrounding structure. The walls are
constrained to the laboratory floor using the bottom beam of the testing
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frame. Lateral force is applied to the top beam of testing frame. Two
hinged rectangular hollow vertical columns are placed at the two ends of
the façades in order to simulate the columns behaviour of a building
structure. The out-of-plane displacements are constrained by two steel
portal frames equipped with roller wheels. Moreover, a sliding-hinge is
placed between the loading actuator and the loading beam, in order to
avoid any vertical load transfer. For each façade to be tested, new holes
should be drilled in the beams and columns. To avoid excessive number of
holes in beams and columns of the test set-up, steel box profiles are used.
Steel box profiles are attached to façade facing ends of the beams and
columns of the test set up and the studs and tracks of facades are attached
to steel box profiles. The tests are performed by using a hydraulic load
actuator having 500 mm stroke and 500 kN load capacity. The described
test set up structure is shown in the following figures.

Figure 5-6 - Test set-up for in-plane tests (Elevation on top and plan on bottom)
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Figure 5-7 Test set-up realized in laboratory

5.3.2. Instrumentation
The instrumentation for cyclic tests on façades include: one
potentiometer (P1) for measuring the wall top horizontal displacement (i.e.
lateral drift), four linear variable differential transducers (named L1, L2, L3
and L4) for measuring the relative horizontal displacements between wall
tracks and test set-up and four more (named L5, L6, L7 and L8) for
measuring the relative vertical displacements between wall boundary studs
and test set-up. A load cell is used to measure the applied loads. The
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following figures provides further detail about the instrumentation,
adopted for all tests.

Figure 5-8 Potentiometer P1

a)

b)

c)

d)
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Figure 5-9 LVDT: a) L1 and L5; b) L2 and L6; c) L3 and L7; d) L4 and L8

Figure 5-10 Schematization of used instrumentation

5.3.3. Loading protocol
The in-plane quasi static reversed cyclic tests are performed by
subjecting the wall specimens to the loading protocol defined by FEMA
461 [2]. FEMA provides a loading history that consists of repeated cycles
of step-wise increasing deformation amplitudes. In particular, two cycles
for each amplitude (or step) and a specific relationship between
consecutive step amplitudes is provided. The loading history, with a step
number n generally greater than 10, is defined by several parameters:
•

∆0 , that is the targeted smallest deformation amplitude, and its

recommended value in terms of inter-storey drift ratio (∆=d/h, in
which d is the lateral displacement at the wall top and h is the wall
height set equal to 2700 mm) is 0.0015;
•

∆𝑚𝑚 , that is the targeted maximum deformation amplitude and its
recommended value in terms of inter-storey drift ratio according to

Eurocode EN 1998-1 [4] Section 4.4.3.2 is 0.03 (calculated based

on 𝑣𝑣 = 0.5 for Importance class I or II building with the storey
height of 3.00 m);
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𝑎𝑎𝑖𝑖 , that is the inter-storey drift amplitude of the cycles in the step
ith

•

𝑎𝑎𝑖𝑖+1 that is the inter-storey drift amplitude of the cycles in the step

i+1th, given by:

𝑎𝑎𝑖𝑖+1 = 1.4𝑎𝑎𝑖𝑖

According to FEMA 461, the first amplitude 𝑎𝑎1 should be equal to

∆0 and the last one should be equal to ∆𝑚𝑚 . The loading history should be

continued by using increments of amplitude of 0.3∆𝑚𝑚 until reaching the
load capabilities of test setup. By imposing that 𝑎𝑎𝑛𝑛 is exactly equal to ∆𝑚𝑚 ,

the code provides the ratio 𝑎𝑎𝑖𝑖 /𝑎𝑎𝑛𝑛 as shown in Table 5-3. In particular, the

loading protocol used for performing the cyclic tests on the investigated

walls is defined by imposing 𝑎𝑎1 = ∆0 = 0.15% and 𝑎𝑎10 = ∆𝑚𝑚 = 3% for a

total number of steps equal to 16. Figure 5-11 shows the adopted cyclic
protocol.

The

displacement-controlled

test

procedure

involved

displacements at rates of 0.50 mm/s up to displacements of 10.74 mm, 1.00
mm/s for displacements from 10.74 mm to 29.48 mm, 1.50 mm/s for
displacements from 29.48 mm to 80.89 mm, 3.00mm/s for displacements
from 80.89 to 153.75 and 4.00 mm/s for displacements higher than 153.75
mm.
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Figure 5-11 Cyclic loading protocol
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Table 5-3 Adopted loading protocol

Step No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

No. of
Cycles
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

drift Δ (%)

ai/an

d [mm]

v [mm/s]

0.15%
0.20%
0.28%
0.40%
0.56%
0.78%
1.09%
1.53%
2.14%
3.00%
3.89%
4.79%
5.69%
6.59%
7.49%
8.39%

0.05
0.07
0.09
0.13
0.19
0.26
0.36
0.51
0.71
1.00
1.01
1.02
1.03
1.04
1.04
1.05

3.92
5.48
7.67
10.74
15.04
21.06
29.48
41.27
57.78
80.89
105.15
129.45
153.75
178.05
202.35
226.65

0.50

1.00

1.50

3.00

4.00

5.4. Test results
5.4.1. Force displacement hysteretic response
Data recorded by load cell and potentiometer are interpreted for
analysing the global wall behaviour. Typical experimental response in
terms of load vs. inter-storey drift curve obtained by quasi-static cyclic
tests on façade configurations is shown in Figure 5-12. This response is
pinched in nature and depicts degradation of strength and stiffness with
increasing amplitudes of displacements. Detail test results along with the
data recoded by different instruments are shown in Annex C.
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Figure 5-12 Typical experimental Load – IDR curve

The different behaviours exhibited by the walls are compared in
terms of force drift backbone envelopes for all the configurations tested
(Figure 5-13). For each specimen, the strength is evaluated considering
maximum and minimum values of the load reached during the test (Figure
5-14), whereas the stiffness is obtained considering the secant stiffness
evaluated at the 40% of the maximum or minimum load reached during
the test (Figure 5-15).

Figure 5-13 Backbone envelopes of the force drift curves for all tested configurations
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Figure 5-14 - Values of strength evaluated for both positive and negative loading
directions

Figure 5-15 - Values of stiffness evaluated for both positive and negative loading
directions

In order to study the effect of construction parameters, which are
used to define the experimental program, comparison between different
tested walls is made based on their strength and stiffness.
5.4.1.1.

Effect of dual or single frame

The dual metal frame façades (Test 1) showed higher values of
strength and stiffness compared to configurations with single metal frame.
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The walls in test 2 and 3 individually represented the external and internal
frame, respectively, that made up the wall of test 1. Despite the fact that
the sum of strength and stiffness of wall in test 2 and 3 should be equal to
the strength and stiffness of wall in test 1, this was not the case. In fact,
wall in test 2 (external frame of wall in test 1) has rather comparable values
of strength and stiffness to wall in test 1, while the addition of the second
internal frame (test 3) slightly increases the values of resistance and
stiffness, but overall does not provide a significant contribution.
5.4.1.2.

Effect of type of gypsum board

From the examination of the backbone envelopes and values of
strength and stiffness for single frame walls, it can be noticed that the
constructive parameter which mainly affected the wall response is the type
of gypsum board. In fact, the specimens with the impact resistant gypsum
board show greater strength values than those built with standard gypsum
board (by comparing test 2 vs test 8).
5.4.1.3.

Effect wider and thicker profiles

Another important parameter worth observing is the different types
of steel framing used for the walls. For example, wall in tests 5 and 7 are
built, in fact, with different profiles having a web height of 150 mm,
thickness of 1 mm and without the tracks in comparison with the other
cases, which had profiles having a web height of 75 mm, thickness of 0.6
mm and with the tracks. Though, the stiffness of façades should increase
with the increase in the thickness of frame but it is not true due to the fact
that the façades with the thicker profiles are connected to surrounding
structure using the L profiles and do not have any tracks. The absence of
tracks in test 5 and 7 might have resulted in the reduction of the wall
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stiffness. This reduction in stiffness of walls with thicker profiles but
without the tracks can be observed by comparing walls in test 7 and Wall
8.
5.4.1.4.

Effect of claddings

Adding a cladding to the exterior faces does not does not affect the
response much as it can be seen by comparing the strength and stiffness of
walls in test 7 and 5. The reason behind this is the position of the second
layer of outdoor cement board of cladding (see Figure 5-16), which has a
bit out of plane position with respect to the columns and beams of the setup due to it large overall thickness of the wall and, consequently, the
external board is not constrained equally as the rest of the wall by the
surrounding structural elements.

Figure 5-16 cross section of wall 5

5.4.1.5.

Effect of sliding connections

The effect of sliding connections on wall response can be examined
by comparing results of test 4 and 8. If the comparison is made in terms of
strength and stiffness, the two walls exhibited almost similar behaviour.
However, the major role of the use of sliding connections is to improve
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wall fragility to damages, which in fact they did by delaying the occurrence
of damages to higher drifts.
5.4.2. Test results in fragility curves
The evaluation of the physical damages that the walls suffered
during the tests is carried out through the observation of specimens, by
making two pauses at each new amplitude achieved during the application
of the loading protocol: the first pause corresponds to the achievement of
the second positive peak of a particular amplitude and the second pause at
the end of two cycles of a particular amplitude.
Under the action of lateral in plane loads, different type of damage
mechanisms can appear in the drywalls, which range from superficial
damages limited only to the face of panels or severe damages like the
deformations in frame elements or complete detachment of panels from the
steel frame. The main damage phenomena observed during the tests are
summarized in the Table 5-4 and represented in Figure 5-17.
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Table 5-4 Types of damage

Sheathin
g panels

Finishes
Connecti
ons
Steel
elements

Global
level

1.
2.
3.
4.
5.
6.
7.
8.

Drop of gypsum dust
Rupture of panel portions or spalling
Crushing of panel
Buckling of panel
Crack in panel (cm2)
Slip between adjacent panels
Out of plane collapse of panels
Detachment of joint cover

9.
10.
11.
12.
13.
14.
15.

Screw tilting (%)
Screw breaking on panel edge (%)
Screw pull out/trough (%)
Pull out of dowels (%)
Local plastic deformation of studs/tracks
Stud to track connection failure (%)
Buckling failure of a stud/track and plastic hinges in
studs
16. Bending of boundary studs/detachment from panel/
detachment from top track
17. Detachment between façades wall and surrounding
structural element (mm)
18. Wall out of plane collapse
19. Falling down of panels

a) Drop of gypsum
dust

b) Rupture of panel
portion or spalling
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d) Buckling of panel

e) Crack in panel

f) Slip between
adjacent panels

g) Out of plane
collapse of panels

h) Detachment of the
joint cover

i) Screw tilting

l) Screw breaking
on panel edge

m) Screw pull
out/trough
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q) Detachment
between wall and
surrounding structural
element

r) Falling down of
panel
Figure 5-17 Main damage reported from the specimens during the test

In all types of tested walls, damage began with the drop of gypsum
dust gathering at the bottom of wall, which is followed by the cracking in
joints between panels and the detachment of joint cover tape. With the
further increase in drift demands (0.8-1.5%), the corners of panel
experienced crushing against the surrounding elements, which is usually
followed or accompanied by the rupture of panel portion or spalling.
Panels developed cracks and buckle depending on the type of panel being
used. At higher drifts, complete detachment of panels from the frame has
also been observed (4-6%). The panel to frame connection initially
experienced tilting of screws (0.3-0.5%), which is followed by them
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breaking at the panel edge or a complete pull out or pull through from the
panel.
Similarly, frame elements have also shown various types of failure
mechanisms. Initially, stud to track connections failed, which are usually
made by a single clinching point. The failure is usually noticed by a sharp
sound during the experiments as it is generally not to possible to see this
mechanism at lower drift levels, when panels are intact on the frame. Only
for the configuration made of solely internal frame, it has been possible to
observe the frame elements on the rear side. Additionally, the frame
elements experienced bending and buckling depending on different
constraints from surrounding elements and applied actions (2-3%). A more
severe damage is the wall detachment from the surrounding structural
element and sometimes it resulted in wall collapsing in the out of plane
direction. The occurrence of these phenomena during the application of the
load history affects the response curve of the wall, resulting in a significant
degradation of resistance and stiffness
The damage observations during the tests are associated to 3 DS-s
defined according to the damage level and the required repair action. The
DS-s are defined based on the available definitions in some relevant studies
on partitions [99,148] as following:
•

The first DS (DS1) is characterized by superficial damage to walls
and it can be repaired with plaster, tape, and paint;

•

The second DS (DS2) is characterized by local damage of
sheathing panels and/or steel frame component and it requires the
removal and replacement of sheathing panels and/or local repair of
steel frame components;
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the third DS (DS3) is characterized by severe damage to walls and
it requires the replacement of part or whole wall.
Table 5-5 correlates observed the damage phenomena (Figure 5-

16) in the tested façades to the defined DS-s. For some type of damage
phenomena, i.e. detachment between indoor facade walls and surrounding
structural elements, crack in panel, screw pull out/trough, screw breaking
on panel edge and pull out of dowel, the triggered DS depends on the level
of produced damage; e.g, the detachment between wall and surrounding
structural element can corresponds to DS1 or DS2 on the basis of the
amount of detachment (DS1 if the detachment is ≤5 mm or DS2 if the
detachment is >5 mm).
The tested façades are non-structural elements sensitive to the
deformations; therefore, the in-plane behaviour is governed mainly by the
IDR. For each test specimen, the drift value for which the single damage
phenomenon occurred is noted and given in Table 5-6. The minimum
value, for which a defined DS is triggered for each specimen, is also given
in Table 5-6.
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Table 5-5 Correlation between observed damage phenomena and DSs

Sheath
ing
panels

Finish
es
Conne
ctions
Steel
eleme
nts

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

Global
level

17.
18.
19.

Observed damage phenomena
Drop of gypsum dust
Rupture of panel portions or spalling
Crushing of panel
Buckling of panel
Crack in panel (cm2) a
Slip between adjacent panels
Out of plane collapse of panels
Detachment of joint cover
Screw tilting (%)
Screw breaking on panel edge (%) b
Screw pull out/trough (%) b
Pull out of dowels (%) b
Local plastic deformation of
studs/tracks
Stud to track connection failure (%)
Buckling failure of a stud/track and
plastic hinges in studs
Bending of boundary studs/detachment
from panel/ detachment from top track
Detachment between façades walls and
surrounding structural element (mm) c
Wall out of plane collapse
Falling down of panels

a≤ 50 cm2 for DS2; >50 cm2 for DS3
b≤ 5% for DS2; >5% for DS3
c≤ 5 mm for DS1; >5 mm for DS3

- 172 -

DS1

DS2

DS3

Sarmad Shakeel

Doctoral thesis

2020

Table 5-6 - IDR level recorded for each tested configuration and each damage
phenomena

DSs

DS1

Type of
Damage
Detachment of
joint cover paper
Drop of gypsum
dust
Detachment
between facade
walls
and
surrounding
structural
element
Screw tilting
Min
Rupture of panel
portions
or
spalling
Crushing of wall
corners
Buckling
of
panel
Crack in panel

DS2

Slip
between
adjacent panels
Detachment
between façades
wall
and
surrounding
structural
element
Screw breaking
on panel edge
Screw
pull
out/through
panels (%)

1

2

3

4

5

6

7

8

-

0.4

-

0.2
8
0.4

0.5
6
0.4

1.5
3
0.2
8
0.4

-

0.2
8
0.5
6

0.7
8
0.2
8
0.5
6

0.5
6
0.4

0.5
6
0.2

0.2
8

0.2

0.4

0.4

-

0.4

0.2
8
1.0
9

0.4

0.2
8
0.7
8

0.2
8
0.2
8
1.0
9

0.4

0.2
8
0.7
8

0.2
8
0.2
8
1.5
3

0.2
8
0.2

1.0
9
-

1.5
3
1.5
3
1.5
3
-

1.5
3
2.1
4
1.5
3
-

1.0
9
-

1.5
3
-

1.0
9
3

-

1.0
9
3

1.5
3
4.7
9
-

1.0
9

1.0
9

1.0
9
3.8
9
1.0
9

1.5
3
1.5
3
1.5
3
-

1.0
9

2.1
4

0.7
8

0.5
6

-

1.5
3
0.7
8

0.5
6
0.5
6

0.7
8
1.5
3

1.5
3
1.0
9

1.5
3
0.7
8

1.0
9
0.5
6

1.0
9
1.5
3
0.7
8

1.0
9
0.5
6

1.0
9

1.5
3

- 173 -

0.7
8
0.2
8

0.2
8
0.7
8

0.7
8

-

Sarmad Shakeel
Pull
out
of
dowels (%)
Local
plastic
deformation of
studs/tracks
Min
Crack in panel

DS3

Out of plane
collapse
of
panels
Screw breaking
on panel edge
Screw
pull
out/through
panels
Pull
out
of
dowels
Stud to track
connection
failure
Buckling failure
of a stud/track,
and
plastic
hinges in studs
Bending
of
boundary studs/
detachment from
panel/detachmen
t from top track
Falling down of
panels
Wall out of plane
collapse
Min
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-

-

-

-

-

-

-

-

3

3

2.1
4

2.1
4

3.8
9

2.1
4

-

4.7
9

0.5
6
-

1.0
9
3

0.5
6
-

0.7
8
-

2.1
4

3

3

1.0
9
4.7
9
-

0.7
8
2.1
4
2.1
4

0.5
6
-

2.1
4

0.7
8
3.8
9
3

1.5
3
1.5
3

2.1
4
2.1
4

3

-

3

3

1.0
9

1.5
3
1.5
3

-

1.5
3

1.5
3

1.5
3
0.7
8

-

-

-

-

-

-

-

-

3.8
9

3

1.0
9

2.1
4

-

1.5
3

-

2.1
4

3.8
9

3

2.1
4

4.7
9

1.5
3

3.8
9

-

5.6
9

-

-

-

-

-

-

-

-

5.6
9
-

-

-

-

-

3.8
9
1.0
9

-

-

3.8
9
-

-

4.7
9
2.1
4

4.7
9
-

1.5
3

1.5
3

1.5
3

1.5
3

0.7
8

1.5
3

4.7
9

-

In order to do the fragility analysis, at least a group of 2 specimens
are required to evaluate different statistical parameters. More the number
of specimens in a group, better will be the quality of fragility data.
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However, in the current study all of the specimens are distinct with each
other in at least one construction parameter and it is not possible to have
two or more exactly identical specimens in currently investigated
experimental program. Therefore, in order to do the fragility analysis, the
8 tested specimens are divided into five groups based on one significant
construction parameter that is common between the group of façades, i.e.
type of construction (walls with dual metal frame, only external frame and
only internal frame) or the type of connections with the structural support
and the type of gypsum board used (GKB or Diamant). Based on these
parameters, the tested façade specimens are divided in to following groups
for the fragility analysis:
-

Group I: façades with only external frame with fixed upper
connections (Walls in test 2, 5, 7 and 8);

-

Group II: façades with only internal frame with fixed upper
connections (Walls in test 3 and 6);

-

Group III: façades with GKB (Walls in test 4, 5, 6, 7 and 8);

-

Group IV: façades with Diamant (Walls in test 1, 2 and 3);

-

Group V: façades with fixed connections (Walls in test 1, 2, 3, 5,
6, 7, 8).
Finally, the fragility curves are developed following a procedure

proposed by Porter at al. [149]. The fragility function Fdm (edp) is

represented by a log-normal distribution (Equation 5-1) and it is defined
as the probability of the non-structural element to reach or exceed a certain
limit state of damage (dm), given a particular demand value.
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(5-

�

Where Φ is the standard normal distribution function; 𝑒𝑒𝑒𝑒𝑒𝑒

(engineering parameter demand) is the considered demand parameter, 𝑥𝑥𝑚𝑚

and 𝛽𝛽 are the median and standard deviation of the log-normal distribution
respectively. 𝑒𝑒𝑒𝑒𝑒𝑒 is the relative inter-floor displacement (IDR).

The study by Porter et al. [149] proposes different methods for the

creation of fragility functions according to the type of experiments and the
data that derived from it. Here, Method A is used.
The median and standard deviation values are calculated using
following expressions:
1

2)

𝑥𝑥𝑚𝑚 = exp � ∑𝑀𝑀
𝑖𝑖=1 𝑙𝑙𝑙𝑙 𝑟𝑟𝑖𝑖 �

3)

𝛽𝛽 = �

(5-

𝑀𝑀

1

𝑀𝑀−1

2
2
∑𝑀𝑀
𝑖𝑖=1(ln (𝑟𝑟𝑖𝑖 ⁄𝑥𝑥𝑚𝑚 )) + 𝛽𝛽𝑢𝑢

(5-

Where 𝑀𝑀 is the number of tested specimens present in a group, 𝑟𝑟𝑖𝑖

is the minimum IDR at which a particular DS is triggered in a specimen i
of a group and is given in Table 5-6 and 𝛽𝛽𝑢𝑢 is equal to 0.25, because all
specimens are subjected to the same loading history [149].

The fragility curves are developed for the three limit states defined
above (DS1, DS2, DS3) and for each group of specimens with similar
characteristics. The fragility parameters are given in Table 5-7 and the
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fragility curves are shown in the following figures, in which the IDR limits
imposed by the Eurocode 8 (see Section 2.2.1) are also marked.
Table 5-7 Fragility parameters

Group

DS1
𝑥𝑥𝑚𝑚
0.26

𝛽𝛽
0.30

DS2
𝑥𝑥𝑚𝑚
0.78

Group III

0.26

0.29

Group IV

0.32

Group V

0.28

Group I
Group II

0.33

)

Probbility of exceedence

a

1

𝛽𝛽
0.37

DS3
𝑥𝑥𝑚𝑚
1.41

𝛽𝛽
0.49

0.73

0.37

1.34

0.39

0.32

0.78

0.42

1.53

0.42

0.32

0.78

0.37

1.39

0.41

0.36

0.92

0.34

1.29

0.35

Group I

0.8
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DS1
DS2
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0.4
0.2
0

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
IDR [%]
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1
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Figure 5-18 Fragility curves :a) Group I; b) Group II; c) Group III; d) Group IV; e)
Group V

By observing the fragility curves, it is evident that the group II
shows the best behaviour with the mean of the log-normal distribution
highest for DS1 and DS2: 0.33% for DS1, 0.92% for DS2. Comparing the
fragility curves of group III and IV, better fragility to DS-s is obtained for
group IV. Instead, for DS3, the highest average value of 1.53 is shown by
the group IV. Comparing the values obtained for groups III and IV, we
note a slightly better behaviour for group IV: 0.26% for DS1, 0.73% for
DS2, 1.34% for DS3 (Group III) and 0.32% for DS1, 0.78% for DS2,
1.53% for DS3 (Group IV). This shows that the use of high-performance
Diamant board can improve the overall seismic behaviour of the wall
slightly.
Considering the IDR limits for buildings imposed by Eurocode 8
for the relative displacement values of 0.75% and 1.00%, the probabilities
of exceeding these limits is also evaluated for each defined group as shown
in Table 5-8. Therefore, a 1% inter storey drift limit can be considered as
an acceptable limit for façades based on the fact that for all groups of
façades have around 0.2 probability of exceeding this limit
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Table 5-8 - Probability of exceeding the limit provided by Eurocode 8

Group I
Group II
Group III
Group IV
Group V

Probability of exceeding the limit
of 0.75%
DS1
DS2
DS3
1.00
0.46
0.10
0.99
0.27
0.06
1.00
0.53
0.07
1.00
0.46
0.05
1.00
0.50
0.05

- 180 -

Probability of exceeding the limit
of 1.00%
DS1
DS2
DS3
1.00
0.75
0.24
1.00
0.59
0.23
1.00
0.80
0.23
1.00
0.72
0.16
1.00
0.78
0.19
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6. Numerical modelling of LWS indoor
partition walls
Building codes around the globe are in a transition to update their
design guidelines to meet the objectives of performance based seismic
design (PBSD). The fulfilment of the objectives of PBSD requires number
of collapse simulations of a building equipped with a certain type of lateral
force resistant system and the non-structural elements. Numerical models
with an ability to simulate post peak deteriorating behaviour are essential
for these collapse simulations. Such type of models for the LFRS of a
building are common among engineers and are also by-default built-in in
most structural analysis software-s. Contrarily, it’s quite rare to model the
non-structural components for the advanced nonlinear analysis under the
seismic actions, particularly due to absence of specific models for the
individual components. Furthermore, as shown by Whittaker and Soong
[150], the non-structural building components make up almost half of the
investment cost in building construction, which makes their inclusion in a
building model even more vital due to an increased economic risk
associated to them.
Partition walls are one of the most common type of non-structural
building component, used to divide the building’s space to meet its
functional requirements. There are different alternatives available for the
construction of these partitions, among which LWS drywall partitions are
one of the most commonly encountered partition types. Idealizing the
hysteretic behaviour of partition walls, i.e. devising rules capable of
describing the response under the cyclic actions, is an efficient strategy to
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facilitate the development of a model that can be easily implemented in a
building model, which takes into account of the effect of non-structural
elements. This chapter expands on the notion of having simplified models
for LWS partitions by first providing a description of the experimental
database used to calibrate the model and then the explanation of different
building blocks of the model. Subsequently, the ability of model to predict
the wall response is gauged using different quantitative and qualitative
parameters.

6.1. Description of modelled partition walls
A research project [99] was conducted at University of Naples
“Federico II” over the last few years with an aim to overcome the lack of
information on seismic behaviour of architectural non-structural
lightweight steel (LWS) drywall components, i.e. indoor partition walls,
outdoor façades and suspended continuous ceilings. The tested nonstructural components were made of LWS frames sheathed with gypsumbased or cement-based boards. The research activity was organized in three
levels: ancillary tests, component tests and assembly tests. Ancillary tests
were carried out for evaluating the local behaviour of partitions, façades
and ceilings. Component tests involved out of plane quasi-static monotonic
and dynamic identification tests and in-plane quasi-static reversed cyclic
tests on partitions. Finally, the dynamic behaviour was investigated
through shake-table tests on different assemblages of partitions, façades
and ceilings. The in-plane quasi-static cyclic tests conducted within this
research project were used to calibrate the partition wall models presented
here. In particular, cyclic tests were conducted on 12 configurations of
internal partitions (Figure 6-1 a and b) infilled in a supporting structural
frame, while, also considering the interaction with other non-structural
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elements, such as external facades (Figure 6-1 c). The investigated
construction parameters during the experimental campaign were the type
of connection of wall to the surrounding structural elements (fixed or
sliding), the distance between the steel studs of the wall, the type of panels
and the type of finishes. In normal construction practices, the studs and
tracks are fastened together (fixed connection) while in case of sliding
connections the studs are not fastened to tracks and a gap is left between
them allowing to accommodate wall lateral drifts. More information on the
differences between the geometrical details of fixed and sliding
connections can be found in [102]. Table 6-1 shows the geometrical and
material characteristics of the tested specimens.

a)

b)

c)

Figure 6-1 Configuration of partition wall type: a) plan view; b) 3D view; c) 3D view of
the facades at the ends
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Table 6-1 Dimensions and properties of the materials of the modelled partitions

Wall
Dimensions
Lightweight
steel profiles
Sheathing
panels
Frame fixings
Panel-toframe fixings

Jointing
finishing

Wall-tosurrounding
connections
Connections
to outdoor
façade wall

2400 mm Long, 2700 mm High, and 125 mm Thick
Steel grade

DX51D + Z
75 × 50 × 7.5 × 0.6 mm (outside‐to‐outside web
depth × outside‐to‐outside flange size × outside‐
Studs
to‐outside lip size × thickness) lipped channel
sections spaced at 300 or 600 mm on centre
Double layer of 12.5‐mm‐thick standard gypsum boards or gypsum‐
fibre boards for each wall face
Punching
3.5 × 25 mm (nominal diameter × shank length) bugle head
phosphated self‐piercing screws spaced at 700 mm on centre for the
installation of the internal panel layer
3.5 × 35‐mm bugle head phosphated self‐piercing screws spaced at
250 mm on centre for the installation of the external panel layer
Glass fibre tape with an alkaline‐resistant
Joints in the field coating fixed with gypsum-based plaster or
paper tape fixed with gypsum‐based plaster
Joints at the
Glass fibre tape with an alkaline‐resistant
perimeter (only
coating fixed with gypsum-based plaster or self‐
for
fixed
adhesive paper tape
connections)
6 × 35 mm (drilling hole diameter × minimum anchorage length)
plastic dowels for fixed connections or 8 × 80‐mm plastic dowels for
sliding connections, spaced at 500 mm on centre at the wall top and
bottom and 600 mm on centre at the wall ends
4.3 × 65‐mm wafer head with partial thread phosphated self‐piercing
screws spaced at 500 mm on centre

The 12 configurations can be subdivided as follows: 8 partition
walls completely infilled in the structural elements (Prototype 1) and 4
partitions connected to structural elements at top and bottom, while at the
ends connected to the facades (return walls) placed in a transverse direction
(Prototype 2). Table 6-2 summarizes the main features of the tested
configurations under in-plane quasi static cyclic loading protocol, whose
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results were used to develop simplified numerical models. Based on the
test results on the 12 tested configurations [102], the two most governing
construction parameters, that significantly affect the response are the type
of surrounding elements (Figure 6-2) and the type of connections to the
surrounding (Figure 6-3). These two parameters are later used to group the
partitions in subsequent sections of this chapter.
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a)

b)

Figure 6-2 Cases of application of non-structural components: a) Prototype 1; b)
Prototype 2
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b)
Figure 6-3 Fixed (a) and sliding (b) connections

Table 6-2 Main features of the tested configurations

ID

Prototype

Connection Connection Studs
on top1
to
the spacing
1
sides
(mm)
#1
1
F
F
600
#2, #3
1
F
F
600
#4
1
F
F
300
#5
1
F
F
600
#6
1
S
F
600
#7, #8
1
S
S
600
#9, #10
2
F
600
#11, #12
2
S
600
1
F = fixed connections; S = sliding connections
2
GWB = standard gypsum boards; GFB = gypsum-fibre boards

Type of
panels
GWB
GWB
GWB
GFB
GWB
GWB
GWB
GWB

6.2. Model Description
A zerolength spring element lumped with the global hysteretic
behaviour of the wall is developed in OpenSees [151] software for all of
12 tested partitions. A two-phase modelling approach is followed. In the
first phase named “individual wall models”, a model for each tested wall
is developed with the material properties of the spring calibrated based on
the respective wall test results. Subsequently, in the second phase named
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“group models”, models are created for 12 walls divided in 5 groups based
on the key construction parameters common in them, which are defined in
previous section. Pinching 4 material is used for the zerolength [92]
element. Choice of Pinchinng4 material is motivated by the appreciable
results obtained by other researchers, who also used it to simulate the
response of LWS drywall partitions [120,124]. Pinching4 material is a
uniaxial material that can represent pinched load deformation response
with the ability to exhibit degradation under cyclic loading. In particular,
the material rule can be defined through the set of 39 parameters. It
includes 16 parameters for the definition of the backbone curve (ePf1,
ePd1, ePf2, ePd2, ePf3, ePd3, ePf4, ePd4, eNf1, eNd1, eNf2, eNd2, eNf3,
eNd3, eNf4, eNd4), 6 parameters for defining the cyclic behaviour
(uForceP, uForceN, rDispP, rDispN, rForceP, rForceN), 5 parameters for
governing the strength degradation (gF1, gF2, gF3, gF4, gFLim), 5
parameters for controlling the unloading stiffness degradation (gK1, gK2,
gK3, gK4, gKLim), 5 parameters for controlling the reloading stiffness
degradation (gD1, gD2, gD3, gD4, gDLim), and 2 parameters for limiting
the maximum degradation in each cycle (gE, dmgType). The key
parameters used in the study to define Pinching4 material are illustrated in
Figure 6-4. More information on the calibration of the pinching4 material
is provided in next sections.
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Figure 6-4 OpenSees definition of Pinching4 material

In order to transfer the load to the springs, it is connected via four
truss elements to the surrounding structural frame elements as shown in
Figure 6-5. The structural frame elements i.e. beam and columns are pin
connected and hinged at the base as it was in the case of testing set up
[102]. The complete model has 3 degrees of freedom: the horizontal and
vertical translations and the rotation in the plane.

Figure 6-5 Model schematization
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The columns and beams of the test set-up are modelled as elastic
beam column and truss elements, respectively, using the same mechanical
and geometrical characteristic as in the actual test set-up [102]. The use of
truss elements for columns can cause the pin restraint to be imposed two
times: once due to the external pin restraint and twice due to the pin
restraint built-in within the truss elements. This is the main reason behind
using different types of elements for beam and columns of the set-up. An
alternate option is to use beam column elements for both beams and
columns, but that would require to have two additional nodes at beam ends
to release the bending moments between the nodes. However, this
approach is not followed here to keep the integration of spring with
building model simpler by not adding any new nodes. Nonetheless, the
beam column elements of the columns also behave as the truss elements,
because they are pinned at the base and connected to truss elements at top.
The four diagonal truss elements connecting the spring to the frame have
additional constraints at their ends to ensure the transfer of complete load
applied from top beam to the spring. Subsequently, a deformed shape
shown in Figure 6-6 is obtained, in which the total global lateral
displacement of the wall is accommodated by the spring, only.
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Figure 6-6 Deformed shape of the wall model under an in-plane load

6.3. Individual wall model
6.3.1. Hysteretic characterization
As mentioned earlier, the hysteretic response of LWS partition
under in-plane loadings is characterized by severe pinching and the
degradation of strength and stiffness in subsequent cycles. A four-point
backbone curve (Figure 6-7) of pinching4 material is used to capture the
envelope of experimental hysteretic response along with the strength
degradation observed during the tests, after the wall had achieved its peak
strength. The criteria used to select the four points of the backbone curve,
which were equal and opposite for the positive and negative directions of
hysteretic envelope, are as follows:
•

Point 1 (ePd1, ePf1): the force is calculated considering 20% of the
peak force recorded during the test (Fp) while the displacement is the
corresponding displacement at that point;

•

Point 2 (ePd2, ePf2): the force is calculated considering 80% of the
peak force and the displacement is chosen through an energy balance
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in such a way that the area below the experimental hysteretic envelope
up to the peak point is equal to the area below the numerical backbone
curve;
•

Point 3 (ePd2, ePf2): the force is set equal to the peak force recorded
during the test (Fp) while the displacement is the corresponding
displacement at that point;
Point 4: the force is calculated through an energy balance to have an
area below the third and fourth points, of the experimental hysteretic
envelope and the numerical backbone curve, equal. The displacement
is fixed at a value 3.5% of IDR for the configurations having single
partitions with fixed or partially sliding connections on top, 4.7% of
IDR for the configurations having partitions connected to the return
walls with fixed or sliding connections on top and 6.5% of IDR for the
configurations having partitions sliding connections top and sides too.
The differences in IDR-s for the configurations with and without
sliding connections highlight the capability of sliding connections to
accommodate higher drifts.
100
Force (kN)

•

50

Experimental Envelope
backbone curve-Positive
backbone curve-Negative

0
-50

-100
-150

-100

-50
0
50
Displacement (mm)

100

Figure 6-7 Backbone curve for Configuration 1
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The unloading and reloading paths in hysteretic response curves
are controlled by a series of parameters that govern the cyclic behaviour
(rDispP, rForceP, uForceP, rDispN, rForceN, uForceN). As regards to the
positive branches, uForceP defines the ratio between the strength
developed upon unloading and maximum strength of the positive backbone
curve. rDispP and rForceP mark the strength and displacement at which
reloading occurs. In particular, rForceP is the ratio between the strength
of reloading point and strength at maximum positive displacement of
preceding cycles. rDispP is the ratio between the displacement of the
reloading point and maximum positive displacement of preceding cycles.
Obviously, same definitions apply for negative branches (uForceN,
rDispN, rForceN). Symmetric values of these parameters are used for both
positive and negative branches of hysteretic path. Therefore, only 3
independent parameters are defined (uForceP=uForceN, rDispP=rDispN
and rForceP=rForceN). The experimental results showed that the points
of unloading and reloading are characterized by very a low force values
for all specimens of prototype 1, therefore the parameters uForceP and
rForceP are taken equal to 0.01 and 0.1. This is not the case for prototype
2 configurations, that have less pronounced pinching. As far as rDispP in
concerned, a best fit value is obtained by varying its value from 0.1 to 1.0
until a value is selected, with which minimum difference in the energy
dissipated by the experimental and numerical results is obtained.
Additionally, rest of the parameter were taken as zero except in some cases,
where a value is used for them to achieve a best fit. Table 6-3 list the values
of parameters of pinching4 material used for all tested configurations.
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Table 6-3 Pinching 4 material properties
#2

#3

#4

#5

#6

#7

#8

#9

#10

#11

#12

12.3

13.0

11.8

13.8

17.6

8.9

9.6

11.2

4.3

3.3

1.5

1.8

ePd1[mm]

3.0

3.0

5.0

4.0

5.0

7.0

31.0

29.0

3.0

3.0

1.5

3.0

ePf2[kN]

49.1

52.0

47.3

55.3

70.4

35.4

38.3

45.0

17.2

13.4

6.1

7.2

ePd2[mm]

12.0

21.0

34.0

41.0

37.0

66.0

94.2

111.0

16.0

10.0

6.7

10.0

ePf3[kN]

61.4

64.9

59.1

69.1

88.0

44.3

47.8

56.2

21.5

16.7

7.7

9.0

ePd3[mm]

57.0

56.0

58.0

77.0

56.0

80.0

151.0 128.0

41.0

22.0

57.0

30.0

ePf4[kN]

44.8

39.4

49.3

39.6

5.9

30.2

47.2

6.6

10.8

7.0

6.3

ePd4[mm]

95.0

95.0

95.0

95.0

95.0

95.0

175.0 175.0

129.0 129.0 129.0

129.0

eNf1[kN]

-11.5

-12.4

-11.5

-12.3

-16.9

-9.5

-9.8

-10.9

-3.8

-3.2

-1.7

-1.9

eNd1[mm]

-3.0

-2.0

-5.0

-4.0

-5.0

-13.0

-35.0

-40.0

-3.0

-2.0

-2.0

-2.0

eNf2[kN]

-46.1

-49.8

-46.0

-49.0

-67.6

-38.2

-39.0

-43.7

-15.4

-12.8

-6.8

-7.6

eNd2[mm]

-11.0

-18.0

-22.0

-28.0

-32.0

-57.0

-90.0

-104.0 -14.0

-11.0

-12.0

-14.0

eNf3[kN]

-57.6

-62.2

-57.5

-61.3

-84.5

-47.7

-48.8

-54.7

-19.2

-16.0

-8.5

-9.5

eNd3[mm]

-40.0

-57.0

-57.0

-57.0

-57.0

-75.0

-130.0 -130.0 -30.0

-20.0

-30.0

-26.0

eNf4[kN]

-42.2

-30.2

-39.6

-50.0

-35.0

-18.3

-36.5

-11.9

-8.9

-4.9

eNd4[mm]

-95.0

-95.0

-95.0

-95.0

-95.0

-95.0

-175.0 -175.0 -129.0 -129.0 -129.0 -129.0

rDispP
rForceP

0.75
0.10

0.75
0.10

0.65
0.10

0.70
0.10

0.85
0.10

1.00
0.10

1.00
0.10

0.90
0.10

0.70
0.10

0.60
0.70

0.90
0.20

1.00
0.30

uForceP

0.01

Backbone curve parameters

#1
ePf1[kN]

42.0

-17.8

-5.2

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.06

0.03

0.02

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

gFi with i=3,4 0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

gFlim

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

gDi with i=1,2 0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

gDi with i=3,4 0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

gDlim

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

gKi with i=1,2 0.0

0.0

0.0

0.0

0.0

-0.5

-1.1

-1.1

0.0

0.0

0.0

0.0

gKi with i=3,4 0.0

0.0

0.0

0.0

0.0

-0.4

-1.2

-1.2

0.0

0.0

0.0

0.0

gKlim

0.0

0.0

0.0

0.0

0.0

-0.2

-0.8

-0.8

0.0

0.0

0.0

0.0

gE

10.0

10.0

10.0

10.0

10.0

10.0

10.0

10.0

10.0

10.0

10.0

10.0

Cyclic parameters

0.01

gFi with i=1,2 0.0

dmgType

Energy

6.3.2. Model validation
The developed model is used to simulate the results of in-plane
quasi-static cyclic tests conducted on LWS partition walls. The model is
analyzed under the same cyclic loading protocol as used in the tests [102].
The loading protocol (Figure 6-8) in the tests is defined by FEMA 461
[152] “Interim testing protocols for determining the seismic performance
characteristic of structural and non‐structural components”. FEMA 461
- 194 -

Sarmad Shakeel

Doctoral thesis

2020

provides a loading history that consists of repeated cycles of step‐wise
increasing deformation amplitudes.

Figure 6-8 Loading protocol used for testing LWS partitions [148]

Figure 6-9 shows the comparison of hysteretic response curves of
numerical models and the tested specimens for the two tested
configurations: a partition wall with all fixed connections (Configuration
1): a partition walls with sliding connection on the top and side
(Configuration 8). The results for rest of the wall models are shown in
Annex D.
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Figure 6-9 Comparison of numerical and experimental hysteretic response curves

As it can be seen from the preceding figures that the numerical
model is effective in capturing the experimental response both in terms of
the overall shape of the diagram and the position of the peaks for each
cycle for two very distinct configurations of walls. To have a clear
judgement on the accuracy of wall models in some quantitative manner, a
comparison between the experimental and the numerical results is also
made based on the dissipated energy using the following equations:
𝑗𝑗

(6-1)

𝑗𝑗

(6-2)

𝐶𝐶𝐸𝐸𝑒𝑒,𝑗𝑗 = ∑𝑖𝑖=1 𝐸𝐸𝑒𝑒,𝑖𝑖 , [𝑖𝑖, 𝑗𝑗 ≤ 𝑛𝑛

𝐶𝐶𝐸𝐸𝑛𝑛,𝑗𝑗 = ∑𝑖𝑖=1 𝐸𝐸𝑛𝑛,𝑖𝑖 , [𝑖𝑖, 𝑗𝑗 ≤ 𝑛𝑛]
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𝐸𝐸𝑛𝑛,𝑖𝑖 −𝐸𝐸𝑒𝑒,𝑖𝑖

∆𝐶𝐶𝐶𝐶,𝑗𝑗 =

𝐸𝐸𝑒𝑒,𝑖𝑖

× 100, [𝑖𝑖 ≤ 𝑛𝑛]

𝐶𝐶𝐸𝐸𝑛𝑛,𝑗𝑗 −𝐶𝐶𝐸𝐸𝑒𝑒,𝑗𝑗
𝐶𝐶𝐸𝐸𝑒𝑒 ,𝑗𝑗

× 100, [𝑗𝑗 ≤ 𝑛𝑛]

2020
(6-3)
(6-4)

where: 𝐶𝐶𝐸𝐸𝑒𝑒,𝑗𝑗 and 𝐶𝐶𝐸𝐸𝑛𝑛,𝑗𝑗 represent the cumulative energy dissipated

for jth cycle of the loading protocol obtained in experimental and numerical
results, respectively; 𝐸𝐸𝑒𝑒,𝑖𝑖 and 𝐸𝐸𝑛𝑛,𝑖𝑖 represent the energy dissipated in ith

cycle of experimental and numerical results, respectively; ∆𝐸𝐸,𝑖𝑖 is the
percentage difference of the energy dissipation for ith cycle of loading

protocol between numerical and experimental results; ∆𝐶𝐶𝐶𝐶,𝑗𝑗 is the

percentage difference of the cumulative energy for the jth cycle of loading
protocol between numerical and experimental results; n is the last cycle of
the loading protocol. Figure 6-10 shows the comparison of energy
dissipated in each cycle of experimental and numerical hysteretic response
curve along with value of ∆𝐸𝐸,𝑖𝑖 for last six cycles of higher amplitude of the
loading protocol.
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Figure 6-10 Comparison of numerical and experimental energy dissipated in each cycle
of loading protocol

It can be seen from Figure 6-10 that the analytical model follows
the trend of the experimental results in predicting the energy dissipated in
different cycles of loading protocol. Though for some configurations (e.g.
Configuration 1), it can be observed that the cycle of experimental
hysteretic response for which there is the higher energy dissipation does
not coincide with the cycle in numerical hysteretic response with the
highest energy dissipation. This could be attributed to the points of
backbone curve, which are selected through energy balances.

- 198 -

Sarmad Shakeel

Doctoral thesis

2020

Using the equations (6-1) and (6-2), the cumulative energy
dissipated is calculated for numerical and experimental hysteretic response
curves and represented for some configurations in Figure 6-11.

Figure 6-11 Comparison of numerical and experimental cumulative energy dissipated

The trend of the cumulated energy dissipated in numerical and
experimental hysteretic responses is also consistent At the last loading
cycles of the configuration 1 to 5 with fixed connection to the surrounding
structural elements, the difference in cumulative energies of numerical and
- 199 -

Sarmad Shakeel

Doctoral thesis

2020

experimental hysteretic responses is negligible, which confirms the
validity of the developed model, while the difference ranges between -3%
and 0%; for configuration 6 to 8 characterized by sliding connections and
between -2% and -1% for the configuration 9 to 12.

6.4. Group models
6.4.1. Hysteretic characterization
The hysteretic characterization of the partition walls presented in
Section 6.3 varied for each tested configuration and is entirely dependent
on the test results. In order to limit the dependence of numerical models on
the experimental data for partitions with particular construction
parameters, certain groups of partitions are identified. These parameters
include type of connections to the surrounding and the type of surrounding
elements. The hysteretic characteristics of the model, that can simulate the
response of group of partitions, are obtained by taking the mean of the
parameters (pinching4 material) selected for individual partition walls
(Section 6.3) in a group.
• Group I: partition walls with fixed connections to the surrounding
structural elements (Configuration 1, 2, 3, 4 and 5)
• Group II: partition walls with sliding connections at top to the
surrounding structural element (Configuration 6)
• Group III: partition walls with sliding connections at top and sides to the
surrounding structural elements (Configuration 7 and 8)
• Group IV: partitions walls with transverse facades at their ends and
connected at top with a fixed connection to surrounding structural element
(Configuration 9 and 10)
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• Group V: partitions walls with transverse facades at their ends and
connected at top with a sliding connection to surrounding structural
element (Configuration 11 and 12).
Figure 6-12 shows the backbone curve of the group model (average
backbone curve) along with the curves of individual partitions in a group,
while Table 6-4 shows the rest of parameters governing the cyclic
behavior, which are also obtain by averaging the values of the partitions in
a group.
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Figure 6-12 Backbone curves of group models
Table 6-4 Cyclic parameters for the group models

rDisp
rForce
uForce

Average values for the cyclic parameters
Group 1
Group 2
Group 3
Group 4
0.74
1.00
0.95
0.65
0.10
0.10
0.10
0.09
0.01
0.01
0.01
0.01
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6.4.2. Model validation
Once the parameters are defined, a comparison is made between
the results of the group numerical model with the experimental data using
the indicators introduced in previous section. Figure 6-13 evaluates the
performance of group models in terms of cumulative energy dissipation. It
can be seen that the difference between the group models and experimental
results in terms of cumulative energy dissipation at the last cycle is never
higher than 20%. Comparison is not made for the group 2 model since it
has only one configuration within the group.
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Figure 6-13 Cumulative energy dissipated by group models

Additionally, following figures also show the hysteretic response
of all 5 group models while comparing them with one configuration with
in the group.

- 204 -

Sarmad Shakeel

Doctoral thesis

- 205 -

2020

Sarmad Shakeel

Doctoral thesis

Figure 6-14 Hysteretic response curves of group models
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Future

work

recommendations
Developing numerical and statistical tools for estimating the in
plane seismic performance of LWS walls and a set of seismic design
guidelines for LWS buildings that can be proposed for inclusion in next
edition of Eurocodes was the main goal of this thesis. CFS framed
structural walls which can used to provide resistance against the lateral
loads in LWS building and CFS framed non-structural walls, which can
used to fulfil different architectural demands in a building were studied.
The study on the structural walls involves checking of the collapse
fragility of strap-braced and gypsum or wood sheathed shear walls using
the iterative procedures of FEMA P695. Several residential and office
archetypes, representing various heights are designed to withstand low,
medium and high seismic loads. The design of archetypes follows the
capacity design approach, which ensured that the plastic mechanism would
only occur in the designated energy dissipative component. Numerical
models of the archetypes are developed in two stages. Initially, a nonlinear
FE model is developed for individual walls (LFRS) in OpenSees software.
The model is a simplified truss model with diagonal truss elements
representing the wall global force displacement hysteretic behaviour
associated to the main ductile energy dissipating mechanism. The failure
(local buckling/rupture of studs or rupture of hold down devices) of nondissipative brittle elements of the wall is modelled implicitly by
introducing limits on the strain in those elements. The limits on the strain
correspond to relevant ultimate stress in the elements associated with
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different modes of failure in non-dissipative elements. The reason behind
not modelling the failure mechanism in non-dissipative elements in a more
explicit manner is to keep the simplicity of model, so that it can be used
with building model easily. In the next stage, wall models are merged with
global building model developed in OpenSees software and analysed under
the action of 44 earthquake records given in FEMA P695 [12] far-field
record set. The analysis of models followed an incremental dynamic
analysis approach until the collapse happens. Finally, by gauging the
collapse performance of models against the FEMA P695 acceptance
criteria for adjusted collapse margin ratios, the acceptability of a trial value
of behaviour factor used in design of archetypes is established. A value of
2.5, 2.0 and 2.5 for behaviour factor of CFS strap-braced stud walls, CFS
gypsum sheathed shear walls and CFS wood sheathed shear walls is found
appropriate. Moreover, the proposed design method for the three
investigate LFRS-s is able to predict their experimentally recorded peak
strength with good accuracy. Design method is based on the capacity
design philosophy, which allows the formation of designated energy
dissipative mechanism in the walls through an overstrength in nondissipative components. The method uses the formulations given in
different part of Eurocodes or literature to evaluate the strengths of
different wall components.
On the other hand, study on non-structural architectural components
focuses on developing the numerical models for the most widely used
LWS architectural components, i.e. partition walls and conducting in-plane
quasi static cyclic test on façades. Simplified models using a single spring
element lumped with the global hysteretic response of the wall are
developed for LWS drywall partitions. The model is calibrated using
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experimental data on the in-plane behavior of the partitions, which was
obtained from the quasi-static cyclic tests conducted on them in past. The
individual model for each partition is able to simulate its experimental
hysteretic response. The model ability to simulate the experimental
response is gauged through visual comparison of the experimental and the
numerical hysteretic responses and quantitative comparisons in terms of
the energy dissipation. In order to limit the dependence of numerical
models on the experimental data, certain groups of partitions with
particular construction parameters are identified and a model for each
group is also developed. These parameters include type of connections to
the surrounding and the type of surrounding elements. The hysteretic
characteristics of group models are derived by taking the mean of the
hysteretic parameters of the partitions within the group. Subsequently,
accuracy of group models is also evaluated by comparing them against the
individual partition wall tested specimens, which is found to be acceptable.
In-plane quasi static cyclic test tests are conducted to check the
fragility of façades made with LWS frame elements to different damage
states, to validate their compliance with the inter storey drift limits for nonstructural components given in Eurocode 8 and to understand the effect of
different construction parameters on their performance. Results reveal that
adding an internal frame slightly increases the values of strength and
stiffness, but overall does not provide a significant contribution to the wall.
The façades with impact resistant gypsum boards showed much higher
strength than the standard gypsum boards, while the behavior is not
affected much by the type of frame (with or without tracks and thicker
profiles). Moreover, the presence of cladding in one test did not change the
response significantly due the fact that adding a cladding layer on the face
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of façades increased the total thickness of the façade, resulting in a part of
it not infilled within the testing frame. The use of sliding connections on
top did not improve much the response in terms of strength and stiffness,
while slight improvements are observed in terms of the fragility to different
damage states. From the examination of the fragility data collected from
the cyclic tests on façades, it should be noted that the minimum drift levels
triggering DS1 in specimens with all fixed joints are in the range from
0.28% to 0.40%, minimum drift levels triggering DS2 in specimens with
all fixed joints are in the range from 0.56% to 1.09% and minimum drift
levels triggering DS3 in specimens with all fixed joints are in the range
from 0.78% to 2.14%.
Future work recommendations
•

The archetype design space used in this study is only comprised of the
most probable building configurations that can adopt CFS walls as
main seismic force resisting system. The design space is limited to
archetypes that have regularity in plan and elevation. Nonetheless,
earthquake standards around the world traditionally promotes the use
regularity in plan and elevation of building but irregularities cannot be
completely avoided in design due to the random nature of functional
requirements of buildings. Such special cases should also be treated as
part of behaviour factor evaluation process, which could be done in
future studies.

•

As shown by researchers based on their numerical studies [153] on
CFS strap braced walls, that the few geometrical enhancements in
walls can lead to an increase in behaviour factor. A topic of future
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studies could also be to revaluate the behaviour factor for CFS strap
braced walls considering these enhancements.
•

In contrast with the value of 2.0 for behaviour factor of CFS gypsum
sheathed shear walls, which is evaluated is this thesis, a value of 3.0
was used for the design of two storey CFS building prototype tested on
the shake-table in a past research [140]. The tested prototype made
with CFS gypsum sheathed shear walls showed a quite stiffer response
even under an earthquake with 1.0g of PGA. In fact, the peak interstorey drift of 0.80% for the 1st storey and 0.52% for the 2nd storey
was observed. However, in case of shake-table tests, the specimens had
all the finishes which could have resulted in the better seismic
performance. This highlights the important contribution of nonstructural finishes, which can enhance the performance of CFS gypsum
sheathed shear walls as it was also shown by Macillo et al. [8], that a
wall with finishes has a 50% more strength than the one without them.
In this context, the studies involving seismic performance evaluation
of LFRS-s in this thesis can be further expanded in future to consider
also these finishes during the modelling process.

•

Another important modelling consideration for LWS buildings is the
floor response, which can show a semi rigid behaviour and could
significantly alter the response of building. Moreover, sheathed floors
similar to the light solution used in this study can assist in resisting a
significant portion of seismic loads. This demands to adopt for a more
detailed modelling approach for floor systems as the one used by Leng
et al [9].

•

Local buckling in chord studs of the walls is modelled using a much
simpler approach of introducing limits on the strain in stud elements.
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However, this approach requires to use truss elements for chord studs,
which cannot resist any bending actions. In case of walls with larger
aspect ratio (greater than 2.0), bending moment are acted upon the
studs. In such case, beam column elements are the right choice. Yet,
limit on strain cannot be enforced on beam column elements in
OpenSees. Therefore, more research is also needed on explicit
modelling of local buckling in studs.
•

The presented models for LWS partitions can be used in future to
conduct a case study to evaluate the effects of architectural nonstructural components on the building seismic performance.

•

Fragility curves for LWS façades are generated as a function of
maximum inter storey drift ratios. A further expansion would be to
associate these different inter storey drift levels to the building
performance levels, which can assist in achieving a more rational
performance based seismic design.
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