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ABSTRACT

Reinforced concrete (RC) frame structures are commonly used in various parts of the world
for resisting lateral loads. Over the last few decades, the influence of extreme loads on structures
has received much attention by researchers and practicing engineers. In RC structures steel is
mainly used as reinforcing material where its major setback is associated with a high residual
deformation after yielding during an extreme load event, which may often result in structural
collapse or substantial damages to the structure. Superelastic shape memory alloy (SMA) is a
special material, which has the ability to undergo large deformation and recover its shape upon
unloading. In the present study, a numerical investigation has been carried out to determine the
potential application of SMA rebar in improving the performances of reinforced concrete (RC)

frames under extreme loads.

Nine RC ductile moment-resisting frames of different stories (3, 6 and 8) designed as per
CSA A23.3 located in western Canada are taken into consideration. For each storey type, three
different reinforcement detailings have been considered, namely: i) steel reinforcement only
(Steel RC); ii) SMA rebar used in the plastic hinge region of the beams and steel rebar in other
regions (Steel-SMA RC); and iii) the beams fully reinforced with SMA rebar (SMA RC). For all
3 cases, the columns were reinforced with steel rebars. Nonlinear static pushover analyses,
nonlinear incremental dynamic and linear dynamic time history analyses were performed on
these buildings to determine the overstrength factor (R,), ductility reduction factor (Rg) and the
response modification factor (R) of the considered buildings. In addition, the supply and demand
of the ductility reduction factor were also compared with different frame types. The results
indicated that the code proposed response modification factors can be used for the SMA and
Steel-SMA RC frames. Seismic vulnerability of the considered frames are also evaluated in
terms of peak global roof drift, maximum inter-story drift, maximum residual roof drift and
maximum residual inter-storey drift, which are considered as critical response parameters. In
addition, the progressive collapse performances of the considered frames have been evaluated as
per the General Service Administration (GSA, 2003) guideline by performing linear and
nonlinear static and dynamic, analyses. The results showed that the performance of the Steel RC

frame is better compared to that of the SMA RC frame under progressive collapse.
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CHAPTER 1: INTRODUCTION AND THESIS ORGANIZATION

1.1 GENERAL

Buildings are one of the most common and important civil engineering structures,
which are usually made from reinforced concrete (RC), steel or wood. Every year buildings
are subjected to extreme types of loads such as earthquakes, blast loads, accidental fires,
terrorist attacks and accidental car loads. Therefore when a reinforced concrete (RC)
structures are subjected to extreme loads, the energy is dissipated through yielding of
reinforcement and inelastic deformation. Conventional structures are designed mainly for
life safety. Although this will ensure the life safety, the structure may undergo excessive
deformation inducing severe damages, which may result in collapse or make the structure

unserviceable causing substantial economic losses.

In the present day mild steel is used as a reinforcing material for reinforced concrete
structures. The main problem associated with mild steel is its post-elastic high residual
strain under extreme loads and its high susceptibility to corrosion. In lieu of steel as
reinforcement, another robust material considered in this present study is Shape Memory
Alloy (SMA), which has the ability to come back to its original position after the removal
of loads and also has high resistance to corrosion. The mechanical properties of its material
play an important role when a structure is subjected to extreme loads. With the advanced
knowledge of science and technology, and a better understanding of the microstructure as
well as the thermo-mechanical treatment procedures to control the materials behaviour the
field of material science has significantly improved in the past decades. Shape Memory
Alloy (SMA) is a distinctive class of shape memory materials with the capability to recover

the shape of the material when the temperature is raised. A rise in temperature can result in



shape recovery even under large applied loads therefore, resulting in high actuation energy
densities (Kumar and Lagoudas, 2008). Under particular conditions, the SMAs can absorb
and dissipate mechanical energy by undergoing a reversible hysteretic shape change when
subjected to mechanical cyclic loading. These distinctive characteristics of SMAs attracted
scientists, researchers and engineers. The applications of SMAs are spread widely over
many industrial sectors, such as aerospace, automotive, biomedical, and oil exploration.
Over the last few decades, numerous researchers have investigated the microstructural
mechanisms, engineering effects, and applications of shape memory alloys. Jackson et al.
(1972) have performed experimental work in order to find out the physical metallurgy, the
properties and the applications of Nitinol SMAs. Duerig et al. (1990) have explored
engineering aspects of the SMA, while Perkins (1975) has discussed the shape memory
effect in alloys, and Funakubo (1987) and Otsuka and Wayman (1999) have also done

research on SMAs.

The most basic design criteria of structures incorporate the safety of human lives and
the serviceability of vital facilities. Recently, the seismic design of structures has evolved
towards a performance-based approach (Ghobarah, 2001) where there is a need for new
structural members and systems with enhanced deformation capacity and ductility, higher
damage tolerance, and/or reduced permanent deformations (Alam et al., 2009). Currently
owners and engineers do not want to sacrifice their structures during an extreme event.
Research on the use of SMA as reinforcement in reinforced concrete structures exhibited
that it can remarkably recover deformations after earthquakes (Saiidi and Wang, 2006).
Therefore, SMA rebars might have huge potential to be used in RC structures against

extreme load conditions. If such a RC structure can be constructed, this will allow



structural engineers to design with improved ductility, exhibiting little damage, and having
reduced post earthquake repairs. This could substantially reduce the infrastructure
management costs. It is hypothesized that this can be achieved by using SMAs as
reinforcements in the beams of concrete buildings. This research will assess the suitability
of this hypothesis by studying the performance of these new generation buildings under

extreme load conditions.

1.2 OBJECTIVES OF THE STUDY
The key objectives of the current research include:

1. Evaluate the seismic response modification factor for SMA RC frame and a hybrid
Steel-SMA RC frame and compare their performance with that of the Steel RC
frame designed according to the current seismic standard (CSA A23.3-04).

2. Determine the seismic vulnerability of the SMA RC and Steel-SMA RC frames and
compare their performance in terms of roof drift, maximum inter-storey drift,
residual roof drift, and maximum residual inter-storey drift with those of the Steel
RC frames designed according to current seismic standards (CSA A23.3-04).

3. Assess the performance of the SMA RC, Steel-SMA RC and Steel RC frames
designed according to the current seismic standards (CSA A23.3-04) under

progressive collapse.

1.3 SCOPE OF THE RESEARCH

In order to achieve the goals of the study, the properties and different techniques of
using SMAs in civil engineering structures were obtained from the literature review. The

study presents the state-of-the-art of possible applications of SMA for new construction, as



well as in retrofitting of existing civil engineering structures. The suitability of the use of
SMA as reinforcing bars for ductile low-rise to mid-rise moment resisting frame is
determined. The procedures to achieve the stated objectives of the study are shown in

Figure 1.1.

Design of the building

v

Analytical model

¥
v v v

Response modification Progressive collapse

Seismic vulnerability

factor analysis
-NSPA :I':[S)i
*IDA *IDA
*LDTA "NSA
*NDA

| y |

®» Resultsand discussions <€

Figure 1.1 Flow chart of analytical research

1. Design of three (3, 6, and 8 storey) ductile moments-resisting reinforced concrete
building was done as per NBCC-2005 and CSA A23.3-04 standard.

2. Analytical 2D models were generated by using software Seismostruct (2010) for
SMA, Steel-SMA, and Steel RC frames. In the case of SMA RC frame SMA was
used as longitudinal reinforcement in the beams, and steel in the other parts of the

frames whereas in the case of Steel-SMA RC frame SMA was used only in the



plastic hinge region of the beam and regular steel in other parts of the structures and
in the case of Steel RC frame only regular steel is used as reinforcement.

3. The seismic response modification factor (R) supply was computed by performing
nonlinear static pushover analyses (NSPA), Incremental dynamic time history
analyses (IDA), and linear dynamic time history analyses (LDTA). The response
modification factor (R) demand  was computed by using empirical equation, and
the performance was evaluated in terms of base shear capacity and inter-storey drift
capacity.

4. The seismic vulnerability of the SMA RC, Steel-SMA RC and Steel RC frames was
evaluated by performing incremental dynamic time history analyses (IDA).
Maximum roof drift, maximum inter-storey drift, residual roof drift, and maximum
residual inter-storey drift have been considered as the performance indicators.

5. The progressive collapse performance of the seismically designed SMA RC, Steel-
SMA RC and Steel RC frames were evaluated as per the General Services

Administration (GSA 2003) standard.

1.4 THESIS ORGANIZATION

This thesis is arranged in six chapters. In the present chapter a short preface to the
significance of SMAs as reinforcing bars was presented. The following five chapters

describe the objectives of the study as per the sequence mentioned in Section 1.2.

In Chapter 2, a thorough literature review on shape memory alloys is presented. This

chapter examines the special characteristics and constitutive material models of SMAs, as



well as the factors controlling their engineering properties and their role in civil engineering

structures.

In chapter 3, the seismic response modification factor (R) supply and demand, and the
performance of the considered buildings are described in terms of base shear capacity and
inter-storey drift. The seismic response modification factor plays a significant role for
designing any structure. The current NBCC (2005) allows the application of an equivalent
static load procedure to calculate the seismic force for regular buildings. In this study,
regular plan geometry and three different storeys are considered. To determine the seismic
response modification factor supply linear dynamic analyses were performed, followed by
the nonlinear incremental dynamic time history analyses. To calculate the seismic response
modification factor demand for each frame type, an empirical formula provided by Miranda
and Bertero (1994) was used. Finally, the seismic response modification factor (R) supply

and demand was compared for SMA RC, Steel-SMA RC and Steel RC frames.

Chapter 4 demonstrates the seismic vulnerability evolution of SMA, Steel-SMA and
Steel RC frames. In this study ten earthquake records have been considered to evaluate
their seismic vulnerability of these frames. The seismic intensity measurements were
expressed in terms of spectral acceleration, (S,), peak ground acceleration (PGA) and peak
ground velocity (PGV) and the demand parameters (DP) were expressed in terms of
maximum inter-storey drift, maximum roof drift, maximum residual roof drift, and
maximum residual inter-storey drift. Some important guidelines have been recommended in

this chapter regarding the seismic vulnerability of SMA RC frames.



Chapter 5 discusses the performance of the SMA RC, Steel-SMA RC and Steel RC
frames designed according to the NBCC (2005) and CSA A23.3-04 standard under
progressive collapse. The performance indicators here are set as per the GSA (2003)
standard. The performances have been evaluated by performing linear static and dynamic

as well as non linear static and dynamic analyses techniques.

Finally, Chapter 6 presents the summary and conclusions attained from this research

program. Few specific recommendations for future research have also been suggested.



CHAPTER 2: LITERATURE REVIEW
2.1 GENERAL

Reinforced concrete buildings constitute a significant portion of the national wealth in
most countries. Under strong earthquakes or extreme loads like blast loads, reinforced
concrete buildings may undergo large residual drift, causes permanent deformation and
therefore the need for major rehabilitation works. Under these circumstances, building
management can become an economic burden. However, if we can replace mild steel with a
smart material, which has the ability to reduce the permanent deformation, this will
significantly reduce the maintenance costs as well as the post disaster work (Ullakko,
1996). Researchers and scientists are introducing smart materials instead of mild steel as
reinforcing bars in reinforced concrete structures, so that they behave like smart structures.
Smart structures are those that can automatically adjust their structural characteristics in
response to external disturbance and/or unexpected severe loads, to maintain their structural
safety, and serviceability thus extending their lifetime (Otani et al., 2000; Alam et al.,
2007). To produce such smart structures, the development and introduction of smart
materials are mandatory (Song et al., 2006). Some examples of smart materials are shape
memory alloys (SMAs), magneto-rheological (MR) fluids, piezoceramics, and

electrorheological (ER) fluids (Song et al., 2006).

Shape Memory Alloys (SMASs) are smart materials that have the ability to undergo large
deformation and can return to a predetermined shape upon unloading or by heating (Alam
et al., 2007). Hardwicke (2003) and Alam et al. (2007) described the special and distinct

properties of SMAs that make them smart materials, and explained that they have the



potential to be used in constructing smart structures that can automatically respond and

adjust to external disturbance or unexpected severe loading.

Although SMA was first developed in the 1960s, the civil engineering application of
SMA has been introduced in the last 15-20 years (DesRoches et al., 2004). SMAs have
been used in the fields of medical equipment, aerospace, and different types of industry. In
the biomedical industry arterial stents, medical guidewires, catheters, orthodontic braces,
and orthopedic prostheses and other devices are made from shape memory alloys (Duerig et
al., 1990). In the aerospace industry, to increase the efficiency and reduce the noise and
vibration of aircraft wings and helicopter blades, shape memory alloys have been used
(Beauchamp, 1992; Chandra, 2001). Besides space technology, SMAs have been used for
instance as vibration dampers (Bauer et al., 1998). In addition to these uses, several
commercial and consumer uses of shape memory alloys are also well known, such as in
cellular telephone antennas, eye glass frames, golf clubs , and frames for brassiers, which
all take benefit of the superelastic properties of SMAs (Asai and Suzuk, 2000; Hsu et al.,
2000). Shape memory alloys are gradually gaining attraction and finding new applications
in all engineering fields such as civil engineering (Norton, 1998; Shirmohamadi ,2005;
Jung ,2006). There are several applications of SMAs in the civil engineering field, such
applications have been discussed by Janke et al. (2005). The applications of SMAs,
especially in the seismic field have been discussed by DesRoches and Smith (2004);
Wilson and Wesolowsky (2005); and Song et al. (2006). Wilson and Wesolowsky (2005)
and DesRoches and Smith (2004) provide a detailed information of experiments performed

by different researchers on the mechanical properties of SMAs. Alam et al. (2007) provided



descriptive information about the mechanical properties of SMAs and their various uses in

structural engineering applications.

This chapter covers the mechanical properties of SMAs, various applications of SMAs
in the field of civil engineering including its advantages and disadvantages. A general

description on the modelling feature of SMAs is also covered in this chapter.

2.2 SPECIAL PROPERTIES OF SMA

Different types of shape memory alloys have been developed in the past decades. The
most commonly used SMA is equiatomic Ni-Ti alloy commonly known as Nitinol. Nitinol
possesses superior thermo-mechanical and thermo-electrical properties compared to other
SMAs (Duerig et al., 1990). In this study, SMAs used are Nitinol based unless otherwise
stated. The two most important properties of SMAs are shape memory effects (SME) and
superelasticity (PE). These two properties and performances of the SMAs under cyclic

loading make them unique compared to other metals and alloys.

2.2.1 Shape memory effect (SME)

At low temperature the SMAs microstructures are in the martensite phase. This phase
exits when the temperature is less than the austenite starting temperature, As. A residual
strain is developed in the martensite SMA when it is deformed outside its elastic point. But
if the temperature of the martensite SMA is raised beyond the austenite finishing
temperature, As this residual strain is recovered. This phenomenon is well known as the
shape memory effect (SME), and it can be used to regain strains of up to 8% with minor
residual deformation. The stress-strain curve of a SMA that experiences the shape memory

effect is shown in Figure 2.1. If the SME strain regain is restrained, it is possible to generate
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a recovery stress up to 800 MPa (Vokoun and Stalmans, 1999). Maji and Negret (1998)
explained that due to the SME properties of SMA, this material can be used in prestressing
of concrete structures. It can also be used in the deployment of arterial stents used in
human arteries (Kuribayashi et al., 2006), and self deploying space structures (Todoroki et

al., 2009).

Stress.o

Strain, <

Figure 2.1 Stress-strain curve for SMA exhibiting the SME.

2.2.2 Superelasticity or pseudo elasticity (PE)

The other distinctive property of SMAs is called superelasticity or pseudo-elasticity
(PE). This characteristic explains how SMAs at a temperature greater than the austenite
finishing temperature (As) can be strained to its inelastic range (up to approximately 8%)
and upon unloading (at constant temperature) can return to its original shape with no
residual strain. Figure 2.2 shows the stress-strain hysteresis for superelastic SMA. The
stress-induced transformation of SMAs is highly controlled by the unloading temperature.
This unloading temperature also controls the residual martensite phase fraction. From

Figure 2.2 it can be observed that the total strain for any phase consists of three
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components; elastic strain, transformation strain and finally the plastic strain. When the
alloy is either fully in the austenite phase or martensite phase the result is elastic strain. The
elastic strain occurs at low strain (<1%) for the austenite phase but for the martensite phase
the elastic strain occurs at high strain, which would be greater than 8%. The transformation
strain is obtained when the alloy goes through the transformation process. The final stage is

the plastic strain, which occurs due to the stress above the martensite yield limit.
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Figure 2.2 Stress-strain hysteresis for superelastic SMA.

2.2.3 Characteristics under repetitive or cyclic loading

The distinctive properties of SMA under cyclic load have made it ideal for different
engineering applications. Many researchers have investigated the cyclic properties of SMA
under different loading condition such as tension, compression, shear and torsion. The
characteristics stress-strain behaviour of SMA under cyclic axial, shear and torsion forces
are presented in Figures 2.3 (a), (b) and (c), respectively, for the austenite phase. The stress-
strain behaviour of the martensite SMA under cyclic axial and torsion forces is shown in

Figures 2.4 (a) and (b), respectively. If the austenite SMA is subjected to a repetitive load it
12



dissipates a certain amount of energy without permanent deformation. If a load is applied
to the martensite SMA, it is yielded at a nearly constant stress after early elastic
deformation and shows strain-hardening at larger strains. If the loaded martensite SMA is
unloaded, there remains some residual strain even at a zero stress condition. From Figures
2.3 and 2.4 it is stated that the martensite SMA produces a full hysteresis loop around the
origin. Since the martensite SMA shows a grater hysteresis loop compared to the austenite
SMA, martensite SMA will dissipate higher amount of energy than austenite SMA. From
Figure 2.4 it is observed that if the martensite SMA is subjected to cyclic tension and
compression, the maximum stress will be achieved in compression at similar strain levels.
This is the difference in cyclic hardening and softening process in tension and compression
(Liu et al., 1999). Although martensite SMA dissipates a higher amount of energy
compared to the superelastic SMA, its main disadvantage is that it is not self-balanced. The
performance of the martensite-austenite co-existence phase is better than the individual
phase under repeated loads (Ma and Song, 2005). From Figure 2.3 it is observed that under
shear stress, the austenite SMA has some residual strain even after the complete removal of
the load, which might be due to the existence of some partially stabilized martensite
(Orgeas et al., 1997). The hysteresis behaviour of the austenite SMA under the cyclic
torsion load depends on the frequency of the applied load, but the martensite SMA is
independent of the frequency of the applied load. Under torsion, both austenite and

martensite SMA shows highly stable hysteresis (Dolce and Cardone, 2001a).

Normally, under successive loading cycles, the hysteresis loop gradually decreases, and

the residual strain increases for the superelastic SMA. As a result, the formation of stress-
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induced martensite is facilitated. Miyazaki et al. (1986) mentioned that this behaviour will

decrease and stabilize after a large number of cycles.
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Figure 2.3 Typical stress-strain curve of superelastic SMA under cyclic (a) axial, (b) shear
and (c) torsion forces (Adapted from Dolce and Cardone, 2001b; Vivet et al., 2001; Dolce

and Cardone, 2001a).
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Figure 2.4 Typical stress-strain curve of martensite SMA under cyclic (a) axial and (b)
torsion forces (Adapted from Liu et al., 1999; Dolce and Cardone, 2001a).
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2.3 MECHANICAL PROPERTIES OF SMAs

SMAs have distinct mechanical properties compared to mild steel. To get the full
benefits of such a unique material a better understanding of its mechanical properties is
essential. There are different types of SMA and their mechanical properties differ
considerably from each other. These properties of SMAs do not depend only on their
chemical composition, but also on their atomic arrangement in the martensite and austenite
phases. The atomic arrangement depends on the thermo-mechanical processing and heat
treatment. At a relatively low temperature SMAs are in the martensite phase, and when
heated they are transferred to the austenite phase. For an identical alloy, even a small
change in the relative quantity of the constitutive metals may considerably affect the
mechanical properties (Strnadel et al., 1995). Researchers have tested different types of
SMAs in the form of wires and bars, with various diameters under different loading
condition such as tension, compression, torsion and shear forces. Alam et al. (2007)
summarized the findings of these test results. The various mechanical properties for the
most widely used SMAs (Ni-Ti) summarized by Alam et al. (2007), are presented in Table

2.1.

2.3.1 Behavior under tension and compression

Properties of a material under tensile and compressive loads are important
characteristics for any reinforcing material. A typical tensile and compressive stress-strain
curve of SMAs is shown in Figure 2.5. This stress-strain curve consists of four different
segments. First segment is linear elastic response, and it could be either the austenite or
martensite phase. The modulus of elasticity in this phase is Eyand this is maintained until

the stress reaches fy. When the strain increases beyond ¢y, stage two begins.
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Table 2.1 Mechanical properties of Ni-Ti alloy (taken from Alam et al., 2007 with permission).

Studies Test types Property Phase Unit Range
Manach and Favier (1997 ) Young's modu|us’ Ey AUStemt_e GPa 30-98
Martensite GPa 21-52
Otsuka and Wayman (1999 . i -
yman (1999) Yield strength, , Austenite MPa 100-800
. Martensite MPa  50-300
vazzolani and Mandara Austenite MPa  800-1900
(2002 Tension  Uttmate strength, Martensite MPa__800-2000
Rej t al. (2002 . . ite 9 -
ejzner et al. (2002) Elengation at failure, &, Austenlt'e % 5-50
7ak L (2003 Martensite % 20-60
ak etal. ( ) Recovered pseudoelastic strain,sp;  Austenite % <8
DesRoches et al. (2004) Maximum recovery stress, fp; Austenite  MPa  600-800
Young's modulus, E, Austenlt_e GPa 56-69
Martensite GPa 20-80
Orgeas and Faiver (1995) Yield strength, f Austenite  MPa  550-800
Liu et al. (1998) Y Martensitt MPa  125-190
iuetal. ;
Compression Ultimate strength, f, Austenlt.e MPa 1500
Lim and Mcdowell (1999 ) Martensite MPa 1800-2120
. Elengation at failure, ¢ Austenite - % i
Fukuta and liba (2002) o Martensite % 17-24
Recovered pseudoelastic strain,sp;  Austenite % 3-6
Maximum recovery stress, fp; Austenite MPa  650-820
Shear modulus, G, Austenlt.e GPa 18-25
Martensite GPa 25-40
Manach and Favier (1997) Yield strength, z, f\/ll;sri:stie mgz 42181%0
I -
Liu and Favier (2000 ) Shear  Ultimate strength, 7, Austenlt_e MPa >515
Delaadillo-Holtfort et al Martensite MPa <515
elgadillo-Holtfort et al. S o
(2004) Elengation at failure, ¢, f/ll;ii:lstiie Of ijg
0 <
Recovered pseudoelastic strain, « p; Austenite % 3-6
Maximum recovery stress, zp; Austenite  MPa 300
Shear modulus, G, Austenlt_e GPa 6-28
Martensite GPa 4-9
Melton (1990) Yield strength, 7, Austenlt_e MPa  220-350
) Martensite MPa 88
Lim and Mcdowell (1999) Austenite  MPa >500
Torsion  Ultimate strength, z, )
Dolce and Cardone (2001 a) Martensite MPa  210-380
Elengation at failure, ¢ Austenite - % 10->24
McNaney et al. (2003) g Ted Martensite % -
Recovered pseudoelastic strain,ep;  Austenite % 1-6
Maximum recovery stress, zp; Austenite  MPa  270-500
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In this stage two the formation of stress-induced martensite occurs and the modulus of

elasticity of the specimen is reduced to 10 to 15% of E,. The modulus of elasticity for this
stage is denoted by Epi.When strain increases beyond ep;, a new stage will be initiated,

called stage three. Stage three is the elastic deformation of martensite with indications of
slip and dislocation motion. The modulus of elasticity for stage three is denoted as Ep,. This
modulus of elasticity is 50% to 60% of E,. The final stage indicates the plastic deformation
of the martensite phase, (Ford and White, 1996; and Duerig et al., 1990). The final modulus
of elasticity, E,, is 3% to 8% of E, and this modulus of elasticity will continue until failure.
The length to diameter ratio is reduced in the case of specimens tested under compression,
compared to those in tension, in order to avoid buckling. The value of the strains, stresses

and young modulus for the Ni-Ti SMA are given in Table 2.1.
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Figure 2.5 Typical stress-strain curve of SMA under tension/compression (Adapted from

Alam et al., 2007).
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2.3.2 Torsion and shear behaviour

The characteristic stress-strain curve of SMA under torsion and shear forces is shown in
Figure 2.6. Similar to the tension/compression curve, it also has four segments. The pattern

is also similar to the tension or compression curve. The characteristic parameters of shear

stress (t), shear strain (y), and shear modulus (G) are denoted by: 7y, Tpi, T p2, Tu, Yy, VeI,

Yp1, Yu » Gy, Gp1 Gpz and G,,. Typical values of these parameters are presented in Table 2.1,

g
5 (V) /_/_/‘/_/7
= Gy
3 Ty
R
g
3 o
L+ 2
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T Gp,
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Yy Ye1 Y2 Yy

Shear/torsional strain

Figure 2.6 Typical stress-strain curve of SMA under shear/torsion (Adapted from Alam et
al, 2007).

2.4 CONSTITUTIVE MATERIAL MODELLING OF SMAs

The development of exact and easily understandable constitutive models for SMAs is
necessary. The irregular thermo-mechanical characteristics of SMA, with super elasticity
and SME, have made SMA’s constitutive modelling complex. Two very well-known
approaches, known as phenomenological and thermodynamics models, are used to model

SMA.
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2.4.1 Phenomenological modelling

There are several phenomenological theories in the literature and these include:
polynomial models, models based on plasticity, models with assumed phase transformation
kinetics, and models with internal constraints. Falk (1980) proposes the polynomial model,
and considers the temperature-induced first order phase transition combined with
hysteresis. Muller and Xu (1991) stated that this model is one-dimensional model and they
consider both the superelasticity and SME in a simple way. The three-dimensional model
using the concepts of kinematics and isotropic hardening was proposed by Bertran (1982).
Silva (1995), Souza et al. (1998), and Motta et al. (1999), proposed a model which is able
to address the shape memory and pseudo-elastic effects. Auricchio and fellow workers also
introduced models using the concepts of kinematics and isotropic hardening. Auricchio and
Lubliner (1997) and Auricchio and Sacco (1997) proposed a one-dimensional model to
incorporate the analysis in the set of three-dimensional media (Auricchio et al., 1997).
Govindjee and Kasper (1997), Leclerqg et al. (1995) and Govindjee and Hall (2000) also
proposed a phenomenological model for SMA. Tanaka and Nagaki (1982) proposed the
first model based on the transformation kinetics. Liang and Rogers (1990), Brinson (1993),
Boyd and Lagoudas (1994), and Ivshin and Pence (1994) also proposed a model based on

this theory. Possibly, these are the most accepted models to explain SMA behaviour.

Generally civil engineering applications of SMA are associated with the use of bars and
wires, so one-dimensional phenomenological models are often considered suitable (Alam et
al. 2007). Uniaxial phenomenological models have been proposed by several researchers
like Tanaka and Nagaki (1982), Liang and Rogers (1990), Brinson (1993), Auricchio and

Lubliner (1997). A number of finite element software, incorporated the superelastic
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behaviour of SMA. Auricchio et al. (1997), Auricchio and Taylor (1996), and Auricchio
and Sacco (1997) models are implemented in ANSYS 10.0 (ANSYS Inc. 2005), ABAQUS

6.4 (Hibbitt et al. 2003), and Seismostruct (2010), respectively.

The 1-D superelastic SMA model that considered by the software SeismoStruct (20100
are shown in Figure 2.7. Normally, seven model-calibrating parameters must be defined in
order to fully describe the mechanical characteristics of the material in SeismoStruct
(2010). The seven model-calibrating parameters are the Modulus of elasticity, E,, austenite-
to-martensite starting stress, f,, austenite-to-martensite finishing stress, fp1, martensite-to-
austenite starting stress, fr; , martensite-to-austenite finishing stress, fr,, superelastic plateau

strain length, 1, and specific weight.
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Figure 2.7 1D-Superelastic model of SMA incorporated in FE Packages Seismostruct

(2010).

2.4.2 Thermodynamics-based modelling

Several Thermodynamic-based models have been developed by different researchers
such as Sun and Hwang (1993), Patoor et al. (1994, 1996), Goo and Lexcellent (1997), and

Huang and Brinson (1998) to explain one or more characteristics of SMA.
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Phenomenological models are less complicated and less computationally demanding than
thermodynamics-based models. But the thermodynamics-based models are more efficient
techniques to develop exact three dimensional constitutive models as they are based on the

exact examination of the physics of the materials (Brocca et al., 2002).

2.5 USES OF SMAs

The distinctive characteristics of SMAs have received much attention and have been
used in many civil engineering structures. In this section, the use of shape memory alloys
for newly build civil engineering structures and to rehabilitate the old structures are

explored.

2.5.1 SMASs in new constructions

A considerable amount of research has been carried out by various researchers for the
use of SMA in building new civil engineering structures. SMA has been used as reinforcing
bars, bracings member, joint connectors, and prestressing strands. In the following section

SMA for new constructions is discussed.

2.5.1.1 Reinforcing bars in concrete structures

Reinforced concrete buildings and bridges are the most common forms of structures.
Under a strong ground motion, these structures are often subjected to a large lateral
displacement, which may cause severe damages. It is not economically feasible to design
and build such types of structures damage free during an earthquake. In seismic design,
steel reinforcement in concrete is expected to yield in order to dissipate energy and thereby

IS subjected to permanent deformation during strong earthquakes. However when SMAs
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are used as reinforcement they will have the ability to undergo large deformations and
return to their original shape after an earthquake. Alam et al. (2008) performed an
analytical study to compare the performance of SMA and steel reinforced concrete frames
under earthquake loads. They considered two eight-storey concrete frames, one of which is
reinforced with regular steel and the other with SMAs at the plastic hinge regions of beams
and regular steel elsewhere. Their results illustrated that SMA RC frames are able to
recover most of their post-yield deformation, even after a strong earthquake. Saiidi and
Wang (2006) used SMA as reinforcement in the plastic hinge region of concrete columns,
which was subjected to simulated earthquake loads on a shake table. The performance of
SMA RC column was found better than that of regular Steel RC column to limit the column

top residual drift.

Since SMA rebars or wires have self-restoration capacity, they could be effectively used
in bridge decks and girders. To explore this idea, mortar beams reinforced with SMA wires
were tested by Sakai et al. (2003). Sakai et al. (2003) performed single-point loading tests
and compared the results with regular steel wire beams, by using the same loading
conditions. Their study concluded that the beam reinforced with SMA wires could regain
ten percent of its maximum deflection. Its deflection was seven times and its ductility was
25% higher than that of beams reinforced with steel wires. Czaderski et al. (2005) also
performed tests on beams reinforced with SMA wires and compared their performance with
regular steel reinforced beams. Janke et al. (2004) suggested that SMA rebars or wires can
be used as prestressing tendons in new concrete structures. Since SMA tendons do not
need an anchoring system, the use of SMA tendon can be the unique solution for extremely

thin concrete members.
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2.5.1.2 Bracing members

Shape memory alloys can be used as a bracing member for both steel and concrete
buildings. They can be used either as passive or active bracing members. Active control can
be achieved by applying heat to the austenite phase tendons by electrically resisting the
structural motion. Passive control can be achieved without applying an electric current
through the SMA tendons using superelasticity. Salichs et al. (2001) performed numerical
study where on the use of SMA bracings to suppress the vibration of a building structure.
They used SMA phenomenological models and applied harmonic load at a base of the one
storey building. SMA bracings reduced the building peak displacement compared to that of
steel bracing of similar stiffness. Shahin et al. (1997) utilized SMA tendons as bracing
members in a building model and analytically evaluated its performance. The numerical
results showed that the SMA tendons reduced the relative base displacement as well as the
floor displacement. McCormick et al. (2007) performed a numerical study for 3- and 6-
storey concentrically braced steel frames. They used SMA and steel bracing members and
compared their results in terms of inter-storey drifts and residual drifts during an
earthquake and suggested that SMA bracing performed better than steel bracing frames.
DesRoches and McCormick (2007) performed a comparative study between conventional
steel braced frames and SMA braced frames under cyclic loading, which proved the
superiority of SMA braced frames over steel. Sun and Rajapakse (2003) used pre-strained
SMA bracing elements in frame structures to improve its performance under harmonic
loading. Liao and Mo (2006) used SMA bars as a bracing for one-storey RC frame and
performed a shaking table test. They concluded that the use of SMA reduced the inter-

storey drift and base shear demand. Tamai and Kitagawa (2002) used SMA bracing and
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steel bracing and analytically compared their performance. They concluded that using SMA
reduced the response of the frame and the level of damage compared with a steel braced
frame. Since the damage can be reduced by using the SMA, consequently the repair cost

will be significantly reduced.

2.5.1.3 Joint connectors

The performance of frame structures under cyclic loads can be increased by improving
the performance of a beam-column joint and column-foundation joint (Alam et al., 2008).
The weakest link in structures under an earthquake load is its connection between a beam-
column and column-foundation. If SMA is used in the beam-column and the column-
foundation, the connection will dissipate more energy and seismic vulnerability will be
substantially reduced (Alam et al. 2008). Youssef et al. (2008) used SMA rebar at the
beam-column joint and compared its performance with a regular steel reinforced beam-
column joint. They compared the performances in terms of drifts, rotations, and the ability
to dissipate energy and concluded that SMA RC beam-column joint is able to recover most
of its post-yield deformation. They also concluded that if SMAs are used as reinforcement,
it will require a minimum amount of repair even after a strong earthquake. Tamai et al.
(2003) used SMA bolts to anchor a steel column connected with a steel base plate and
performed pulsating loading tests. The same tests were also performed by using
conventional mild steel bolts. The results indicated that the SMA anchoring system
improves the restoring force characteristics, which will not require major repair even after a

strong earthquake.
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2.5.1.4 Prestressed concrete

SMA tendons or wires can be used as an alternative to traditional steel tendons or wires.
The benefits of using SMA tendons or wires over conventional tendons or wires include: a)
overcoming various prestress losses due to elastic shortening, friction loss, and anchorage
loss, and b) no need for jacking and strand cutting. SMA tendons or wires can be used in

case of pre-tensioning and post-tensioning of prestressed concrete structures.

2.5.1.4.1 Pre-tensioning

In case of conventional prestressing of concrete, the pretensioning force is applied to the
tendon or wires before the casting of concrete where a jacking force is applied to the tendon
or wires. Then the jacking force is released once concrete hardens. This release of jacking
force may lead to the development of cracks or crushing of concrete at the end sections of
the girders, but for the SMA wires or tendons there is no need to apply such anchoring
forces, so there is no possibility of cracking or crushing. In case of SMA wires and tendons,
the pretensioning force is applied in different techniques. First martensite state wires or
tendons are embedded into the concrete and then these wires or tendons are heated by
applying an electric current. As a result, it changes its phase from martensite to austenite
and produces significant prestressing forces. There have been numerous investigations on
prestressed concrete using shape memory alloys. Maji and Negret (1998) were the first
researchers who tested a prestressing concrete beam by using SMA strands. In this study,
the strands were first elongated beyond their plastic limit and then embedded in model
concrete beams. Two SMA prestressed beams of rectangular shape having dimensions

305mm cm x 25 mm x 13 mm were considered in their study and they also used 0.64mm
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SMA strands. The test results indicated that the amount of prestressing can be adjusted as
required. Following Maji and Negret (1998), Deng et al. (2003, 2006) also tested
prestressed concrete beams using SMA wires, which showed the effect of applying a
variable initial pre-straining force using SMA wires. The modes of activating electrical
current and the actuation times on the behaviour of prestressed beams were also

investigated and the test results indicated that SMA improved the performance.

2.5.1.4.2 Post-tensioning

The conventional approach of post-tensioning is that prestressed force is applied against
the hardened concrete by stretching the tendon. This procedure includes anchoring, jacking,
and tendon cutting that create friction loss and anchorage losses. When SMA tendons or
wires are used in post-tensioned prestressed concrete, the techniques of post-tensioning are
completely different. In that case, pre-stretched SMA strands/tendons in the martensite
phase are passed through post- tensioning ducts after maturing of concrete, and a post-
tensioning force is applied by heating. In this system, anchoring is required, but there is no
need to apply jacking forces. Therefore, there are no prestressing losses due to jacking and
friction. Prestressing losses due to elastic shortening, creep, and shrinkage are also
negligible, and prestressing with SMA bars can overcome those losses by heating when
required. El-Tawil and Ortega-Rosales (2004), and Sawaguchi et al. (2006) observed
different experimental aspects of the post-tensioning procedure and concluded that
significant prestressing forces can be achieved through post-tensioning SMA bars. Moser et
al. (2005) suggest that embedment of SMA fibres for thin walled and small tension stress is

suitable. First, the SMA fibres were stretched and then embedded into the concrete mix at a
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low temperature and finally heating the composite for tensioning. This procedure is known

as activation prestressing.

2.5.2 SMA in retrofitting of existing structures

Retrofitting or strengthening of civil engineering structures is very common. The
reasons behind retrofitting of civil engineering structures are a change of codes or
standards, an increase of live loads, corrosion of steel, damage of concrete, inadequate
design, faulty construction, time dependent deformation, etc. The most common materials
used to retrofit civil engineering structures are fibre reinforced polymer (FRP) and steel.
SMA is another promising material that can be used to retrofit a deficient structure. SMAS
have several advantages over steel and FRP. SMA is less corrosive than steel, has less
residual drift than steel, and has less permanent deformation than steel. FRP is brittle and
less fire resistant than SMA. SMA can be used to retrofit a deficient structure in the form of
bracing members, prestressing tendons or wires, dampers and connecting devices

depending on the situation.

2.5.2.1 Bracing members

Some researchers have retrofitted existing reinforced concrete frame buildings with
SMA bracing and have found better performance under cyclic loading. Dolce et al. (2004)
retrofitted a 2-storey reinforced concrete frame with austenite Ni-Ti wire based bracings.
The results showed that austenite SMA bracing increased the displacement control at the
damage limit state and also increased the safety against the collapse of the reinforced

concrete frame.
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To reduce vibration of a one storey metal frame structure Ma et al. (2004) employed Ni-
Ti shape memory alloy based braces. To guarantee the shape recovery of the martensite
SMA braces, they maintained constant electrical current and periodically applied pulse
current. A shake table test simulating the 1994 Northridge earthquake was performed to
compare the performances of SMA braces and soft iron braces, which confirmed the

superiority of SMA braces compared to that of steel braces.

2.5.2.2 Prestressing

Choi et al. (2009) mentioned in their study that cracks in prestressed concrete beams
can be controlled by utilizing SMAs wires or cables as reinforcement. The prestressing of
wires or cables controls the crack width during the loading phase and closes the crack at the
unloading state. To control the bending cracks, horizontal SMA wires are used, and to
control diagonal cracks, the diagonal wires are used. To confine the RC columns, prestrain
SMA wires are also used. These confinements prevent the RC column from spalling off as
well as provide the passive control of the column by allowing additional deformation. Choi
et al. (2009) used the SMA wires for retrofitting RC columns and found that this increased

the ductile behaviour of columns without significant strength degradation.

Indirli et al. (2001) retrofitted the historic Trignano S. Giorgio Church in Italy, which
was severely damaged by a 4.8 Richter magnitude earthquake on October 15, 1996. The
church was built in 1302, which consisted of masonry columns and bell towers. After the
earthquake, this church was retrofitted by using four prestressing steel and four prestrained
SMA wire based devices. Another 4.5 magnitude earthquake hit the retrofitted church and

the structure survived the event without any form of damage.
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2.5.2.3 Dampers

Passive protection devices are widely used to control the seismic vibration of new and
existing deficient structures (Dolce, 1994). One of the most widely used passive protection
devices is dampers. In current practice, several dampers are used such as rubber based
dampers, metallic yield dampers, friction dampers, visco-elastic dampers, and viscous fluid
dampers. These materials, that are used to develop passive protection devices, have several
limitations.  For rubber based dampers ageing and durability problems reduce the
temperature based performance. For viscous fluid dampers, maintenance problems are
critical. For friction type dampers, the main problems are associated with its reliability to
run for a long time. For all types of dampers, a common problem is the geometric
restoration after strong vibration. Dolce et al. (2000) suggested that all these short comings
can be overcome by introducing shape memory alloys (SMAs). Several experimental and
analytical studies were conducted by numerous researchers by using SMAs. With the
increase of vibration magnitude or the magnitude of impact, the damping capacity of SMA
increased and they were not dependent on the frequency (Humbeeck and Liu, 2000).
Adachi et al. (2000) developed dampers by using shape memory alloys and performed a
series of shake table tests. They concluded that damping devices that are made by using
shape memory alloys were capable of absorbing the earthquake forces as well as reducing
the forces by their pseudo yield effect. Clark et al. (1995) used SMAs in energy dissipation
devices and performed both analytical and experimental studies. These devices showed
stable hysteresis behaviour with little reduction of yield stress. Mao and Li (2004)

developed an energy dissipation device by using the pseudo-elastic property of Ni-Ti SMA
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wires. They performed shake table tests and the results showed that the SMA dampers are

capable of reducing the seismic risk and reducing the inter-storey drift by up to 28%.

2.6 LIMITATION OF USING SMAs

Although there are many possibilities of utilizing SMAs in the civil engineering
structures, there are still many obstacles that need to be overcome. One of the biggest
obstacles in using SMA is its high cost. Although SMA is used widely in automotive
engineering and medical devices, the structural engineering applications of SMASs require
large volume of material due to their large magnitude of forces. As a result the size of
initial investment will be substantially higher. Frick et al. (2004) mentioned in their paper
the source of cost of high strength Ni-Ti SMA are fundamentally related to processing
procedures of Ni-Ti materials. These processing procedures increase the cost two to three
times more than the regular price. Although the cost of SMA has decreased about 10 times
in the last 12 years, the current price is still much higher compared to other reinforcing
materials. Without developing low-cost SMA, the large scale application in civil
engineering structures is not possible. Material engineers and scientists are trying to
introduce low-cost SMAs. Janke et al. (2005) stated that Fe-Mn-Si-Cr alloys can be used
as low-cost SMA, which will be about one-tenth to one twelve-th of the cost of Ni-Ti SMA
(Janke et al. 2005). Soroushian et al. (2001) successfully used a low-cost Fe-Mn-Si-Cr to
retrofit a bridge. Bruno and Valente (2002) investigated the possibility of using SMA
devices in full scale construction. They found that SMA devices for seismic protections
turn out to be a better choice compared to conventional devices considering the life-cycle-

benefit analysis.
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CHAPTER 3: RESPONSE MODIFICATION FACTOR OF
CONCRETE BUILDINGS REINFORCED WITH SHAPE MEMORY
ALLOY (SMA) REBAR

3.1 GENERAL

Generally, current seismic design codes including the National Building Code of
Canada (NBCC 2005) recommend a force-based design of structures. The technique is
based on the postulation that well-detailed structures be able to sustain lateral forces in
excess of their design strength and maintain large inelastic deformation without collapse
(Kim and Choi 2005). The force-based approach generally considers a reduction in the
elastic base shear so that the structure acquires considerable reserve strength (over-strength)
and ductility. These two properties are included in the structural design through a response
modification factor (R), which represents a ratio of the elastic base shear (V) of a structure
under a specified ground motion to the design base shear (Vg). The role of the response
modification factor is very important in designing the seismic load resisting structures. This
factor was first introduced in 1984 by the Applied Technology Council (ATC 3-06), and
there was no specific guideline about response modification factor. In 1995, ATC-19 and
ATC-34 provided a detailed guideline in calculating the response modification factor of a
structure by considering its overstrength, ductility reduction and redundancy factor. The
present Canadian code NBCC (2005) accounts for ductility and overstrength to compute
response modification factor. Besides NBCC (2005), US codes (FEMA 1997, UBC1997)
also accounts for reserve strength and ductility for calculating response modification factors
(ATC, 1995). Recent earthquakes in New Zealand (2010, 2011), Haiti (2010), Chile (2010)

and China (2008) highlighted the vulnerability of such reinforced concrete structures due to
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seismic related damages and their resulting impact on the economy. Conventional
reinforced concrete (RC) structures are designed for safety against collapse, where the
earthquake energy is dissipated through vyielding of reinforcement and inelastic
deformation. Though the life safety is ensured, however, the deformation of RC structures
induces significant damage and often the structure needs to be demolished causing
substantial economic losses. Although the present code of practice in North America for
building design is force based, nowadays the earthquake design of structures is evolving
towards a performance-based approach (Ghobarah 2001) where there are needs for robust
structural elements and systems that exhibit enhanced deformation capacity and ductility,
higher damage tolerance, and recovered and/or reduced permanent deformations (Alam et
al. 2009). Nevertheless, conventional Steel RC structures experience high residual drifts
during large earthquakes, which is often responsible for serviceability issues and structural

collapse of a building.

Shape Memory Alloys (SMAs) are distinctive materials that have the ability to
experience large deformation and return to its original position upon unloading or by
heating. The use of the SMAs is gradually gaining appreciation in different engineering
fields due to its unique properties (Alam et al, 2007). Recent experimental and analytical
investigations have reported its potential uses in mitigating seismic induced damages of
civil engineering structures (Dolce et al. 2004, and Wilde et al. 2000). Saiidi and Wang
(2006) used SMA bars in the plastic hinge regions of RC columns to reduce its permanent
deformation, and showed that the RC columns are capable of improving nearly all of their
post-yield deformation. Saiidi et al. (2007) experimentally investigated the ability of NiTi-

SMAs rebars for recovering deformation of a small scale concrete beam under half cycle-
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loads. They used different reinforcement ratios ranging from 0.1% to 0.9%, and found that
the residual deformation for SMA reinforced beam was only 20% to that of a steel
reinforced beam. Youssef et al. (2007) and Alam et al. (2007, 2008) performed
experimental and analytical study on SMA RC elements and found that SMA RC beam-
column joints can exhibit better performance compared to that of Steel RC beam-column
joints because of their capability of reducing permanent deformation after large inelastic
displacements with adequate energy dissipation. Soroushian et al. (2001) used iron-based
SMA bars to improve the shear strength of deficient bridge girders and concluded that the
SMA bars are effective in improving the shear performance of bridge girders. Elbahy et al.
(2009) conducted the stress block parameters for RC members reinforced with SMA rebar
under flexure loads. Elbahy et al. (2010) determined the accuracy and reliability of different
models for calculating the load-deflection behaviour of SMA RC beams. Although the
existing literature provides a number of numerical and experimental studies on the use of
SMA s in several components of RC frame structures, a little number of studies has been
carried out on the use of SMAs as reinforcement in the entire RC frame structures. Alam et
al. (2009) conducted a comparative study on the performance of two eight-storey RC
frames where one was reinforced with SMA rebars in the plastic hinge region of the beams
and steel in other regions, and the other was fully reinforced with steel. Static nonlinear
pushover analyses were performed to investigate their different failure mechanisms,
followed by a series of nonlinear dynamic time history analyses to determine the inter-
storey residual drift and top-storey residual drift. The results showed that the SMA RC
frames could recover most of their post-yield deformation. However, this study was only
limited to eight storey frame structure and did not provide any information about its

overstrength and ductility reduction factors. Due to the unique mechanical properties of
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SMAs compared to steel, its use as reinforcement in concrete frame structures of different
stories might significantly change their seismic responses, and therefore, has a practical

importance in their design (Alam et al., 2008).

The current version of NBCC (2005) recommends force-based seismic design methods
and provides a list of overstrength and ductility factors for different types of RC frames,
reinforced with mild steel (Mitchell et al. 2003). In NBCC (2005), there is no specific
guideline for RC frames reinforced with SMAs. Since SMAs have lower modulus of
elasticity compared to mild steel, it is postulated here that the overstrength factor (R,) and
ductility factor (Rq) will not be the same as provided in the NBCC (2005) for RC frames

reinforced with regular mild steel.

In this chapter, the effect of SMA as a reinforcement in concrete frame structures is
analytically investigated, where three different types of reinforced concrete (RC) buildings
of different stories (3, 6, and 8) are considered. For each type of frame, three different
reinforcement detailing are considered: i) only steel is used as reinforcing material (Steel
RC); ii) Steel-SMA hybrid reinforcement where SMA is used particularly in the plastic
hinge region of the beam and steel in other regions of the beam (Steel-SMA RC); and iii)
only SMA is used as reinforcement in the beams (SMA RC). For each type of frame
building, steel is used as the longitudinal and tie reinforcements in the columns. The current
study provides a detailed view of the response modification factor (R) for SMA induced
frame structures. Inelastic pushover analyses were performed to determine their
overstrength factors and ductility. Linear dynamic and nonlinear incremental dynamic time
history analyses were performed to determine the ductility reduction factor. Additionally,

ductility reduction factor and response modification factor demand for the investigated
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structures, were also computed by using empirical models. The ductility reduction factor

and response modification factor supply-demand ratio were also discussed in this chapter.

3.2 RESPONSE MODIFICATION FACTOR

Elastic analysis of structures under seismic loads can create base shear, which is
obviously greater than the actual response of the structures (Asgarian and Shokrgozar,
2009). Mazzolani and Piluso (1996) described a number of theoretical/analytical
procedures to compute the response modification factor, such as the maximum plastic
deformation, energy and low cycle fatigue approaches. The actual lateral base shear
capacity, Vy is observed by performing pushover analyses. The overstrength factor (R,) is

defined as the ratio of the actual lateral strength (V) to the design lateral strength (V).

Vv

Ro =
Vi [3.1]

The ductility reduction factor (Ry) is defined as the ratio of the maximum base shear for an

elastic system (V) to the maximum base shear (Vy) for an elastic perfectly plastic system.

_Ve
Vy [3.2]

Rd
Finally, the response modification factor (R) is obtained by dividing the elastic strength (V)
to the design strength (Vg) or by multiplying the ductility reduction factor (R4) to the over-
strength factor (Ro).

Ve

R=—_—
Vi [3.3]
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Base shear

Quantification of the actual overstrength is important as it can be employed to reduce the
forces used in the design, hence leading to more economic structures (Uang 1991, Mitchell

and Paulter 1994, Park 1996).

Figure 3.1 shows the actual nonlinear behaviour of a RC frame in terms of base shear
versus roof top displacement, which is idealized by a bilinear elastic-perfectly plastic
relationship. The idealized curve is developed as per FEMA 356. In the National Building
Code of Canada (NBCC 2005), the base shear for earthquake load is calculated by the
elastic strength demand divided by the strength reduction factor, known as the response
modification factor (R), which accounts for the ductility and the over strength (Lee et al.
1999). Here, the ductility () is defined as the ratio of displacement at actual capacity (4max)

to the displacement (4y) corresponding to (Vy) on the idealized bilinear curve as shown in

Figure 3.1.
4
.} sssssussnsamaaTe Elastic
: //- Strength A
4 Ve=R.V4
'
/
/
. // Ve:Rd.Vy
Ideallsedﬂn.\4 _ Actual
I i ‘Strenéthr f
I |
I Actual capacity Ve=Ro.Vy
| _// __lenvelope besion |
Va : : Strength I I
l : R
A, Dax Top Displacement

Figure 3.1 The relationships between force reduction factors (R), overstrength (R,),
ductility reduction factor (Ry), and displacement ductility factor (u). (Adapted from Mwafy

and Elnashai, 2002).
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The way to compute the elastic base shear is shown graphically in Figure 3.2. The
elastic base shear (V.) is computed by performing nonlinear incremental dynamic time
history analysis up to collapse and then performing the linear dynamic time history

analyses by using the collapse earthquake ground motion history.
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Figure 3.2 Comparison between the ductility reduction factor (Rq) and the definition of Ry,

supply (Adapted from Mwafy and Elnashai, 2002).

3.3 PROPERTIES OF SHAPE MEMORY ALLOYS AND ITS MODELLING

A classic stress-strain curve of superelastic SMA and mild steel under cyclic axial force
Is shown in Figure 3.3. When an SMA is subjected to a cycle of axial deformation within
its superelastic strain range, it dissipates a definite quantity of energy without permanent
deformation. This has resulted due to the phase transformation between austenite and
martensite during loading and unloading. Moreover, SMA has a benefit over steel material
in the sense that it has a negligible residual strain as shown in Figure 3.3 because of its

inherent property of superelasticity.
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Figure 3.3 Stress-strain behaviour of superelastic SMA and Steel.

The modelling technique for SMA material in finite element software is discussed in

section 2.4.1.

3.4 DESIGN OF FRAME STRUCTURES

In the present study 3, 6, and 8-storey frame buildings have been considered, where
each building has three different types of rebar in its beams, i.e. Steel, Steel-SMA and SMA
as described in Section 3.1. Each building has five bays in both directions with the same
bay length of 5m each. These RC buildings have been analyzed as per NBCC (2005) and
designed according to CSA A23.3-04 (2004) as ductile moment resisting frames. The
buildings are considered to be located in the city of Vancouver, and the seismicity of
Vancouver is obtained from NBCC (2005). Table 3.1 shows the material properties used

for the design and analysis of the buildings.
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Table 3.1 Material properties used in the finite element program.

Material Mechanical Property Value
Compressive strength (MPa) 35
Concrete Tensile strength (MPa) 3.5
Strain at peak stress (%) 0.2
Modulus of elasticity (MPa) 200,000
Steel Yield strength (MPa) 400
Strain hardening parameter 0.5
Modulus of elasticity (MPa) 60,000
Austenite to martensite starting stress (MPa) 400
SMAS Austenite to martensite finishing stress (MPa) 500
Martensite to Austenite starting stress (MPa) 300
Martensite to Austenite finishing stress (MPa) 100
Super elastic plateau strain length (%) 6

The plan of the investigated buildings is kept similar to each other and is shown in

Figure 3.4(a), and the elevation of the 3, 6, and 8-storey building is shown in Figures 3.4

(b), (c) and (d), respectively, and the storey height was 3 m for all buildings. The

reinforcement of the building has been detailed as per Canadian standards (CSA A23.3-04)

and Tables 3.2 and 3.3 show the member sizes and the reinforcement detailing of the

columns and the beams, respectively. The 20 columns located along the perimeter of the

buildings are designated as C2, and the remaining interior 16 columns are designated as C1.
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Figure 3.4 Building geometry (a) plan, (b) elevation of 3-storey, (c) elevation of 6-storey

and (d) elevation of 8-storey buildings.

In the case of Steel-SMA building, SMA bars have been used in the plastic hinge
regions of the beam, and steel reinforcements have been used in the remaining parts of the
beam. The plastic hinge length of the beam was estimated using an analytical expression
proposed by Paulay and Priestley (1992). In this study, it is assumed that the steel and the

SMA rebar are coupled together using mechanical anchorages/couplers (Alam et al. 2010).
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Table 3.2 Column size and reinforcement arrangements.

BU|IIg|ng Ilzéeglr Description Column ID
C1 C2
Size (mm x mm) 375x375 300x300
3-Storey building Up to roof
Main reinforcement 8-15M 4-20M
Size (mm x mm) 450x450 300x300
Up to 3rd floor
Main reinforcement 8-25M 6-20M
6 -Storey building
Size (mm x mm) 450x450 300x300
3rd floor to roof
Main reinforcement 8-20M 4-20M
Size (mm x mm) 500x500 300x300
Up to 3rd floor
Main reinforcement 8-25M 6-25M
8-Storey building
Size (mm x mm) 500x500 300x300
3rd floor to roof
Main reinforcement 6-25M 6-20M

Figure 3.5 shows the reinforcement detailing of a typical beam. For a 3-storey building,

beam B1 is used in all the storeys, where the longitudinal reinforcements for all the beams

are similar. For both the 6 and the 8-storey frames, beam B1 is used for the lower first

three storeys and beam B2 for upper part of the frame.
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Table 3.3 Beam reinforcement details.

Section Id.
(Figure 3.5)
- Beam _
Building Id. Size Section 1-1 Section 2-2 Section 3-3
Id. (Figure (mm x mm)
3.4
Top Bottom Top Bottom Top Bottom

3-storey Bl 300x450  3-20M  3-20M  3-20M  3-20M 3-20M 3-20M

Bl 300x500  3-25M 5-20M  3-25M  5-20M 3-25M+2-20M  3-20M

6-storey
B2  300x500 3-20m 3-20M  3-20M  3-20M 3-20M 3-20M
B1  300x500 3-25M 5-20M  3-25M  5-20M 3-25M+2-20M  3-20M
8-storey
B2  300x500 3-20M 3-20M  3-20M  3-20M 3-20M 3-20M
1500 1670 1670
pr— /l pr— k ,l
Fl ' T2 -3 Fs
=
10M Stimup 10M Stirrup ~ 10M Stirrup 10M Stirrop .
@125¢/c @200 ofo @125 ofe @125 ofe '
w L
60 60

L - - -

Figure 3.5 Typical longitudinal section of beam reinforcement.

From sectional analyses, moment curvature relationships have been developed for the
considered beam sections to determine the effective stiffness for the SMA reinforced and
the steel reinforced concrete sections. The effective stiffness is the slope of the straight line
between the origin and the first yield point in the moment curvature relationship (Elwood
and Eberhard 2006). The moment curvature relationships for SMA and steel reinforced

sections are illustrated in Figure 3.6. The effective stiffness for Steel RC section is 2.19 to
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2.77 times higher than that of the SMA RC section. The lower limit is obtained for section
3-3 of beam B1 for both the 6 and the 8-storey frames whereas the upper limit of 2.77 is
obtained for the beam of the 3-storey frame. This effective stiffness value is then used to
determine the fundamental period of the structures using SAP 2000 V14.0. Eigen value
analyses were performed by considering the uncracked section and the effective stiffness
method for all the frames to determine their fundamental periods (Table 3.4). The analyses
results show that the use of the SMA as reinforcement in beams increased the fundamental
period of the structure compared to mild steel, because of SMA’s lower modulus of
elasticity. As the stiffness decreases, the period of the structure increases. The fundamental
period obtained by considering the effective stiffness was used to calculate the revised
design base shear for different types of frames. The revised base shear is then used to
determine the forces in different elements of different frames, followed by calculating the
reinforcement of the beam and the column. From the analyses/design it is observed that
although the design base shear for SMA RC frame is lower compared to Steel RC frame, it
does not affect the number of bars used for the same beam of different framing systems.
The comparison of moment capacity and the percentage of reinforcement for SMA RC and
Steel RC beams are shown in Figure 3.7. From the figure it is observed that the balanced
steel ratio for SMA reinforcement is 0.023, whereas for steel it is 0.042. In the case of all
the different types of frames, the maximum allowable limit of reinforcement and the lower

limit of reinforcement have been satisfied.
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Figure 3.6 Moment curvature relationship for (a) B1 of 3-storey frame (b) Section 1-1 and
2-2 for beam B1 for both 6 and 8-storey frame, (c) Section 3-3 for beam B1 for both 6- and

8-storey frame and (d) beam B2 for both 6 and 8-storey frame.
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Table 3.4 Fundamental period of the structure.

Fundamental period, T, (sec)

Building Code Uncracked section Effective stiffness, Ke
Id prediction
Steel SMA  Steel-SMA Steel SMA Steel-SMA
3 0.39 0.26 0.26 0.26 0.39 0.42 0.41
6 0.66 0.49 0.49 0.49 0.67 0.74 0.70
8 0.81 0.68 0.68 0.68 0.86 1.00 0.93
8001 — — swarc 800 1 = = smaRc
] S
,éjOO — Steel RC £ 700 — Steel RC
2600 - Z 600 ——-—
=3 — = +r -
=500 T R = 500 - -
2400 - -7 £ 400 - I
S § K- p, for
@300 1 egb for § 300 1 I SMA | _p, for
2 I SMA = I Steel
= - - Pp for $ 200 A
g 200 : Sbteel OE) :
2100 1 | S 100 1 "
0 —! - - - 0 — ' ' '
0.000 0.020 0.040 0.060 0.080 0.000 0.020 0.040 0.060 0.080
Reinforcement ratio, p Reinforcement ratio, p
(@) (b)

Figure 3.7 Flexural strength versus reinforcement ratio of a singly reinforced concrete beam

having cross-sections of (a) 300mm x 450mm and (b) 300mm x 500mm.

Figure 3.7(a) and (b) are used to determine the reinforcement ratio required for the
SMA and steel reinforced beams. It can be observed from the figure that if the required
amount of reinforcement ratio is less than 0.023, the capacities for both the SMA and the
steel reinforced beams are similar. However, if the reinforcement ratio exceeds this 0.023,
the capacity will be different for SMA and steel. The serviceability limit states have also
been checked against deflection, which has been found satisfactory for all SMA RC

elements, as well as Steel-SMA RC frames as per CSA A23.3-04. For instance, the
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maximum allowable deflection limit for the frame beams is 10.4 mm. From analyses it has
been observed that the 8 storey SMA RC frame experienced the maximum deflection,

which is only 6.4 mm, well below the 10.4 mm limit as per CSA standards.

3.5 ANALYTICAL MODEL

SeismoStruct (2010) software has been used to perform pushover analysis, linear and
nonlinear dynamic time history analyses. Here, fibre modelling approach has been used to
clearly represent the distribution of material nonlinearity along the length and cross-
sectional area of the member. 3D beam-column elements have been used for modelling the
beam and the column where the sectional stress-strain state of the elements is obtained
through the integration of nonlinear uniaxial stress-strain response of the individual fibres
in which the section has been subdivided. For nonlinear, pushover and incremental
dynamic time-history analyses, inelastic displacement-based frame elements have been
used for beams and columns whereas elastic frame elements have been used for linear
dynamic analyses. Concrete has been represented using the constitutive relationship
proposed by Mander et al. (1988) and the cyclic response by Martinez-Rueda and Elnashai
(1997), and a bilinear kinematic strain hardening model is used for steel. SMA has been
modelled according to the model of Auricchio and Sacco (1997), and the parameters used
to define the material model were discussed in Section 3.4. The beam and column were
divided longitudinally into 8 and 4 elements, respectively, where two of the beam elements
represent the plastic hinge region of the beam at each beam-column joint region. Each

beam and column element was divided transversely into 200 by 200 fibre elements.
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3.6 PUSHOVER ANALYSIS

Nonlinear pushover analysis has been performed for each building using SeismoStruct
(2010) considering a 2D interior frame. A triangular lateral load distribution has been
considered to perform the analyses. The vertex of the triangular load is considered at the
roof level, whereas the apex of the load is considered at the base of the building. The
pushover response curves are shown in Figure 3.8 (a), (b) and (c) for the 3, 6, and 8-storey
buildings, respectively. The design base shear values for different storey frames are
presented in Table 3.5. In the case of the pushover response curves for the 3-storey frames
(Figure 3.8 a), the actual lateral capacities, (Vy) for Steel, Steel-SMA and SMA RC frames
are 1.45, 1.45 and 1.42 times the design base shear (Vg), which reached the capacity at a
roof drift of 1.9% (169 mm), 2.3% (205 mm) and 2.6% (230 mm), respectively. Here, the
roof drift corresponds to the global drift of the entire structure. For the 6-storey frames
(Figure 3.8 b), the capacities (Vy) for Steel, Steel-SMA and SMA RC frames are 1.52, 1.53
and 1.59 times the design base shear (V4) where the corresponding roof drifts are 1.2% (207
mm), 1.7% (297 mm) and 2.0% (351 mm), respectively. For the 8-storey frames (Figure
3.8 ¢) the lateral capacities are 1.55, 1.61 and 1.68 times the V4 where the corresponding
roof drifts are 1.6% (383 mm), 2.2% (538 mm) and 2.4% (586 mm) for Steel, Steel-SMA
and SMA RC frames, respectively. For each storey height, the initial stiffness of the Steel,
Steel-SMA and SMA RC frames were similar. Once the concrete cracks in beams, the
SMA rebars become effective in resisting tensile forces, which resulted in reduced stiffness
for Steel-SMA and SMA RC frames, compared to that of Steel RC frames. Similar results

were obtained in the experimental investigations of Youssef et al. (2008) and in the
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numerical investigations of Alam et al. (2007, 2008). This is the same reason why the post-

cracked stiffness of SMA RC frame is lower compared to that of Steel- SMA RC frames.

Figure 3.9(a), (b), and (c) show the distribution of inter-storey drift at collapse observed
from the pushover analyses over the different floor levels for the 3, 6, and 8-storey frames,
respectively. The inter-storey drift of the investigated frame is calculated when the base
shear of the frame reaches its maximum capacity. Here, the inter-storey drift capacity is
considered as the maximum inter-storey drift at collapse, which is the state when the beams
and the columns of different storeys have failed and the frame is not capable of taking any
further load, i.e. the point of maximum load. As expected, all SMA RC frames experienced
higher inter-storey drift compared to Steel-SMA and Steel RC frames. In all cases, Steel
RC frames exhibited the highest stiffness and lowest inter-storey drift. The maximum inter-
storey drift was observed as 3.1, 3.9 and 4.2 percent for the Steel, Steel-SMA and SMA RC

frames, respectively (for8-storey frames, Figure 3.9(c)).

Table 3.5 Seismic overstrength factor and ductility of different frames.

3 storey 6 storey 8 storey
Steel el SMA Steel Icck SMA Steel oy SMA
Design base shear, Vg4 (kN) 414 402 402 605 593 568 678 642 605
Base shear capacity, Vy (KN) 600 582 569 922 910 903 1050 1038 1019
Overstrength factor, R, 145 145 142 152 153 159 155 161 1.68

Maximum displacement, 4. (mm) 169 205 230 207 297 351 393 538 586
Global Yield displacement, 4, (mm) 77 107 123 112 185 225 185 275 336
Ductility, n 234 192 179 185 161 156 212 196 174
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Table 3.5 summarizes the base shear capacity of Steel, Steel-SMA and SMA RC
frames. It can be observed that the Steel RC frames reached their capacity at a relatively
smaller roof drift compared to Steel-SMA and SMA RC frames. First, local yield was
observed in the beams for all the frames where the corresponding base shear for each storey
frame was higher for Steel compared to that of the Steel-SMA and SMA RC frame. The
design base shear is also presented for all the frame types in Table 3.5, which is used to
determine the overstrength factors for different storeys of SMA, Steel-SMA and Steel RC
frames, with the ratio of V,/V4. The results show that SMA RC frames possess slightly
lower overstrength compared to those of the Steel RC frames (Table 3.5). Since SMA has a
lower modulus of elasticity, the SMA reinforced frames experienced higher flexibility and
reduced stiffness, which caused delay in achieving the capacity. This also caused a more
reduced capacity of the SMA frames than that of Steel and Steel-SMA frames, as the
column resistance gets diminished at higher storey drift. The displacements corresponding
to the peak base shear have also been presented in Table 3.5 as Amax. This Amax gradually
increases with the increasing storey numbers, where SMA RC frames experience 36%,
69% and 49% higher roof displacements at peak base shear for the 3, 6, and 8 storey
frames, respectively, compared to those of the Steel RC frames. The Steel-SMA RC frame
experienced 21%, 43% and 36% higher roof displacements at peak base shear for 3, 6, and
8-storey frames, respectively, compared to those of Steel RC frames. From the force-
displacement curve, a bilinear elastic perfectly plastic model has been used to obtain the
yield displacement value. In order to determine the equivalent bilinear curve from the
pushover results, the area under the curve was calculated, then a horizontal line is drawn
intersecting the peak base shear. Then an inclined line is drawn through the origin to

connect the horizontal line in such a way that the area under the two lines is equal to the
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area under the original curve up to Amax. Then the yield displacement is defined as the
point of intersection between the two lines, as shown in Figure 3.1. Yield displacements
(Ay) for SMA frames are 1.6, 2.1 and 1.8 times higher than those of the 3, 6, and 8-storey
Steel RC frames, respectively. The Steel-SMA frames’ yield displacements are 1.4, 1.65
and 1.5 times higher than those of the 3, 6, and 8-storey Steel RC frames. Ductility is also
calculated and presented in Table 3.5, which is a ratio of Apax/Ay. All the SMA RC frames
exhibit lesser ductility compared to those of Steel RC frames by 30%, 20% and 21% for the
3, 6, and 8-storey frames, compared to Steel-SMA fames by 22% 15% and 8% for,
respectively. Although SMA RC frames experienced much higher displacement compared
to the Steel RC frames, the overall ductility of the Steel RC frames was higher because of

the SMA frames’ higher yield displacement values resulting from their lower stiffness.

3.7 DYNAMIC TIME-HISTORY ANALYSIS

Incremental nonlinear dynamic time history analyses were performed for each frame
using nine real earthquake data and an artificial earthquake ground motion data developed
by Atkinson (2009) for the city of Vancouver. These accelerograms were chosen such that
they represent the seismic characteristics of the site of the structure. The ratio between the
peak ground acceleration (PGA) and peak ground velocity (PGV) is an indicator of the
frequency content of seismic motion. The characteristic seismic motions for the western
part of Canada have a PGA/PGV ratio around 1.0 (Naumoski et al. 1988). The selected
ensemble of earthquake records is presented in Table 3.6 where the PGA/PGYV ratio varies
between 0.8 and 1.2. A summary of the ground motion data is presented in Table 3.6. In

order to scale the earthquake records presented in Table 3.6, a 5% damping spectral
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Spectralacceleration S, (g)

acceleration spectrum of each of the 10 ensemble of records are generated and plotted with

respect to the NBCC (2005) spectral acceleration of VVancouver (Figure 3.10).
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Figure 3.10 Variation of spectral acceleration with period of structure.
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Table 3.6 Ensemble of ground motion records.

Ll
(]
.

Records Earthquake Station Magnitude ( ;)GA PGV Data Source
No. (sec™)

1 Artificial (ART) - 6.5 0.35 Atkinson (2009)

. i http://peer.berkel

2 AT Koceell, AL 7.8 067 093 ey.edu (PEER strong
’ ground motion
database 2007)

BTS. Kocaeli http://peer.berkel

: ! ey.edu (PEER stron

3 Turkey 1999/08/17 Botas 7.8 62 1.0 ey grou(nd ER St 9
database 2007)

Chi- CHY http://peer.berkel

4 Chi, Taiwan. 006 i 7.6 0.63 0.81 ey.edu (PEER strong
1999/09/20 ground motion
database 2007)

ChiChi- http://peer.berkel

5 longt, Taiwan. unknown 7.6 0.43 1.13 ey.edu (PEER strong
1999/09/21 ground motion
database 2007)

Chi- http://peer.berkel

6 Chi, Taiwan. CHYOLS 7.6 0.63 083 ey.edu (PEER strong
1999/09/20 ground motion
database 2007)

Chi- http://peer.berkel

7 Chi,Taiwan. C_HYOlQ 7.6 0.7 1.0 ey.edu (PEER strong
1999/09/20 ground motion
database 2007)

Victoria, VICT/H http://peer.berkel

8 Mexico 6/9/1980 PB00O 6.4 0.95 0.86 ey.edu (PEER strong
3:02 ground motion
database 2007)

. http://peer.berkel

Loma Prieta

9 i 16 LGPC 6.9 1.11 - ey.edu (PEER strong
1989/10/18 00:05 ground motion
database 2007)

Chi- http://peer.berkel

10 ChiTaiwan, TNz 76 065 10 eyedu(PEERstrong
1999/09/20 ground motion

database 2007)
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3.8 RESULTS AND DISCUSSIONS

In this study the supply and the demand of response modification factor (R) has been

computed for the different reinforced concrete frames.

3.8.1 Response modification factor (R) supply

Table 3.7 shows the elastic base shear (V,) for the considered frames. The arithmetic
average of the ten elastic base shear is used to compute the ductility reduction factor and
the response modification factor. From Table 3.7 it can be concluded that the elastic base

shear completely depends on the characteristic of the earthquake records.

Table 3.7 Elastic base shear V..

Types of ChiChi- Chy- Chy- Chy-

ART ~ATS  BTS “longt 006 O019E 019N

HBP LGP TTN Average
Frames

3SMA 3619 5328 8624 2332 6255 3013 3896 10104 28834 3822 7583

3oteel 3610 2420 4617 2332 7216 4645 7216 3932 20710 1433 5814

3 steel 3800 5808 8315 2332 6735 3658 6762 9782 17799 2866 6786

6 SMA 4102 10074 21222 2275 14980 4732 4690 9044 19045 8649 9881

g,\s/tli?l_ 5127 11230 20915 2225 10943 11603 10577 16137 25208 7842 12181

6 steel 6896 13112 18640 2543 10943 11853 10577 6926 18467 7842 10780

8 SMA 12402 17517 13740 2596 25546 17064 10636 9670 32167 7696 14904

g'f’/tli?l_ 9286 10789 17114 2714 6016 5958 7305 34712 43246 17927 15507

8 steel 11956 11071 14514 2784 23278 11153 15277 24518 36995 15780 16733

The elastic base shear observed for the earthquake record LGP is much higher than the
average value whereas that for the ChiChi-longt earthquake is much lower compared to the

average. Mwarfy and Elnashai (2002) mentioned in their studies that the ductility reduction
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factor (Rg) and the response modification factor (R) obtained in this way is called the

ductility reduction factor (Rq) supply, and the response modification factor (R) supply. The

summary for the response modification factor (R) supply is presented in Table 3.8.

Table 3.8 Response modification factor (R) supply.

3 storey 6 storey 8 storey

Steel- Steel- Steel-
Parameters Steel SMA SMA Steel SMA SMA Steel SMA SMA
Overstrength factor, R, 145 145 142 152 153 159 155 161 1.68
Ductility, p 234 192 179 185 161 156 212 19 1.74
Ductility reduction factor, Ry 11.3 100 133 11.7 134 109 159 149 146
Response modification factor, R 16.4 145 189 178 205 174 247 241 246

Figure 3.11 shows the comparison of the overstrength factor (R,) for the different types

of frames considered in this study. Although NBCC-2005 specifies (R,) as 1.7 for ductile

reinforced concrete buildings, the result of this study shows that the framing system offers a

lower overstrength factor in all cases. This might be due to neglecting the slab action

during the analysis. From Figure 3.11 it can be observed that although SMAs have lower

modulus of elasticity compared to regular steel, SMA RC frames offer almost a similar

overstrength factor (R,). The overstrength factors of the 6 and the 8-storey SMA RC frames

are slightly higher than those of the Steel and Steel-SMA RC frames, but in the case of the

3-storey frame these values are slightly lower for SMA RC frames.
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Figure 3.11 Over-strength factor, Ro.

The ductility reduction factor (Rq) supply obtained in this study is given in Figure 3.12.
NBCC (2005) proposes a ductility reduction factor (Rq) of 4.0 for ductile reinforced
concrete buildings, but in this study the minimum ductility reduction factor obtained was
10.0 for the 3-storey Steel-SMA RC frame. The ductility reduction factor (Rg) supply
obtained from this study is inconsistent in pattern. In the case of the 3-storey frames, the
SMA RC frame offers more ductility reduction factor compared to Steel-SMA and Steel
RC frames. While in the case of the 6 and the 8-storey the Steel-SMA and the Steel RC

frames a higher ductility reduction factor (Rq) was computed compared to SMA RC frames.
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Figure 3.12 Ductility reduction factor (Rq) supply.

The Response modification factor (R) supply obtained in this study is illustrated in
Figure 3.13. NBCC-2005 proposes a response modification factor of 6.8 for ductile
moment-resisting reinforced concrete buildings, but in this study the minimum response
modification factor (R) supply obtained was 14.5 for the 3-storey Steel-SMA RC frame.
There is no particular pattern in the response modification factor (R) supply obtained from
this study. The highest response modification supply is offered by the 8-storey Steel RC
frame. For 3-stories the SMA RC frame offers a higher response modification factor
compared to the Steel-SMA and the Steel RC frames. In the case of the 6-storey Steel-SMA
and the 8-storey Steel RC frames, they supply a greater response modification factor
compared to other frames respectively. The response modification factor (R) supply
depends on the elastic base shear obtained from the dynamic time history analyses. Since
the elastic base shear depends on the characteristics of the considered ground motion

records the R values also depend on it. Some of the considered earthquake records
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produced more elastic base shear that’s why the R supply obtained in this study is higher

compared to the code specified values.

B SMA

NBCC-2005 Value H Steel-SMA
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Figure 3.13 Response modification factor (R) supply.

3.8.2 Response modification factor (R) demand

The ductility factor (Rq) demand is calculated by using the system ductility factor () as
described by Miranda and Bertero (1994) and presented in Eq. 3.4 and 3.5 to calculate the
ductility reduction factor. They used 124 ground motion data to develop this equation and
they showed that the ductility factors depend on the fundamental period of the structures,

system ductility and soil condition.
R, =411 [3.4]
¢ -1 1 i e—1.5(ln(T)—0.6)2

+ —
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Where T is the fundamental period of a structure, p is the system ductility and @ is a
coefficient reflecting the soil condition. The system ductility is obtained by dividing the
maximum roof displacement and the system yield displacement (Mwafy and Elnashai
2002). The ductility reduction factor and the response modification factor are calculated by
using Equations 3.4 and 3.5 as demand, which are presented in Figure 3.15 and 3.15. The
results show that the ductility reduction factor demand increases with the increase of
number of stories. Although NBCC (2005) specifies ductility reduction factor at 4.0 for
ductile moment-resisting reinforced concrete buildings, the maximum demand obtained
from this study is 2.24 for the 8-storey Steel RC frame. The ductility reduction factor
demand is lower for SMA RC frames, compared to the Steel-SMA and Steel RC frames for

the 3, 6, and 8-stories.
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Figure 3.14 Ductility reduction factor (R4) demand.
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Figure 3.15 Response modification factor (R) demand.

3.8.3 Ductility reduction factor (Rq) supply-demand ratio

The ductility reduction factor supply-demand ratio is presented in Figure 3.16. The
ductility reduction supply demand ratio for SMA RC frames is higher compared to the

Steel RC frames of different stories.

10 ~ 5 SMA
B Steel-SMA

1 Steel

Ductility reduction factor (Ry)
supply-demand ratio

3 6 8
Number of storey

Figure 3.16 Ductility reduction factor (Rq) supply-demand ratio.
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3.9 SUMMARY

The results obtained from this chapter indicated that although SMAs have low modulus
of elasticity, it provided similar seismic overstrength factor, ductility reduction factor
supply and response modification factor supply. The response modification factor demand
was calculated for different frame types, which showed that the values obtained for SMA

RC frames were less than those of Steel RC frames.
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CHAPTER 4: SEISMIC VULNERABILITY ASSESSMENT OF SHAPE
MEMORY ALLOY REINFORCED CONCRETE FRAMES

4.1 GENERAL

Earthquake is now the most common type of natural disaster, which is being felt in
different parts of the world. An earthquake can cause substantial damage to civil
infrastructure and devastation to a society. Many civil engineering structures like buildings,
bridges, and roads may collapse or get damaged severely during an earthquake as observed
in the 2011 Christchurch Earthquake in New Zealand. The most recent high magnitude
earthquake in the northeastern coast of Japan on March 11", 2011 triggered a tsunami and
washed away many houses and damaged the nuclear power plant buildings at Fukushima.
The magnitude of damages largely depends on numerous factors like the geometry of the
building, the dynamic characteristics of the building, and finally the characteristics of the
earthquake (Anan et al. 2009). For particular ground motion parameters, the seismic
vulnerability indicates the possibility of multiple damages to the building through graphical
representation (Jian and Ping, 2009). In the past, different researchers proposed various
vulnerability relationships such as earthquake intensity in terms of Peak Ground
Acceleration (PGA), Spectral Acceleration (S;), Peak Ground Velocity (PGV) versus
damages in terms of roof drift, inter-storey drift or base shear for reinforced concrete (RC)
buildings, which were completely based on analytically simulated building damage
statistics (Rossetto and Elnashai, 2005). There is no unique approach for the derivation of
these relationships since different analysis techniques, structural idealizations, seismic

hazard, and damage models are being used.
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Several researchers evaluated the seismic vulnerability for different structures using
different methods. Erduran and Yakut (2007) performed both analytical and experimental
investigation to assess the vulnerability of reinforced concrete moment resisting frame
buildings with masonry infill wall. They considered the member damage functions in terms
of inter-storey drift ratios and developed member functions for the primary components
like beams, columns, and infill walls. Rossetto and Elnashai (2005) proposed a new
analytical procedure to assess the vulnerability of reinforced concrete structures. They
developed displacement based vulnerability curves for populations of RC structures. El
Howary and Mehanny (2010) evaluated the seismic vulnerability of reinforced concrete frame
buildings located in moderate seismic zones by performing incremental dynamic analyses.
Annan et al. (2009) assessed the seismic vulnerability of modular steel buildings by performing
nonlinear incremental dynamic analyses in terms of maximum inter-storey drift and peak global
roof drift. It is vital to simulate these reasons as close to reality as possible in order to
appropriately forecast seismic performance or vulnerability of a given structural system by
experimental and/or analytical procedures. When the response is predominantly inelastic,
uncertainties and randomness in many of these cases pose a severe challenge in the analysis
technique (Annan et al. 2009). Vulnerability of a structure under seismic loading largely
depends on its inelastic behaviour, such as energy dissipation and strength degradation. For
instance, building systems with high energy dissipation capacity are likely to undergo
excessively large inelastic deformations than those systems with comparatively low energy
dissipation capacity. According to modern building codes like the National Building Code
of Canada (NBCC 2005), it is expected that under a severe earthquake, the building system
will undergo large inelastic deformation and dissipate substantial amount of energy, and

will be able to sustain load.
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The forces resulting from an idealized elastic response spectrum, representing site
seismicity, are reduced by a force modification factor or response behaviour factor, R. This
factor is also used to intensify the calculated elastic drift, which provides an estimate of the
potential seismic damages. Generally, the building codes impose drift limits based on their
storey heights. Each building code prescribes different R values for different structural
frame systems, which represent the capability of a particular type of structure to dissipate
energy through inelastic behaviour. The R factor is partially attributed to system’s ductility
and to the increase in strength beyond the design strength as a result of strain hardening of
steel, larger dimensions than standard, higher yield strength than specified values, design
assumptions, and redistribution of internal forces in the inelastic range of response and
failure mechanism (Mitchell et al. 2003). In the National Building Code of Canada (NBCC
2005), the R factor is the result of the ductility-related force modification factor, Rqy, and the
overstrength-related force modification factor, R,. Therefore, it is essential to determine
appropriate R values for designing new types of structures to estimate their seismic design

base shear and assess their structural drift demands.

Since SMAs have lower modulus of elasticity compared to mild steel, it is postulated
here that the overstrength factor R,, ductility factor, Ry, and structural drift demand will not
be the same as presented in NBCC (2005) for regular Steel RC frame structures. The
overstrength factor R, and ductility factor Ry are discussed in Chapter 3. In the current
chapter, roof drift demand and maximum inter-storey drift demand, residual roof drift
demand and maximum residual inter-storey drift demand is computed for shape memory
alloy reinforced concrete frames. The effect of SMA as reinforcement in concrete frame

structures has been analytically investigated where three different types of reinforced
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concrete (RC) buildings of different stories (3, 6 and 8) were considered. For each type of
building, three different reinforcement detailings are considered, i) only steel is used as
longitudinal reinforcement (Steel RC), ii) Steel-SMA hybrid reinforcement where SMA is
used particularly in the plastic hinge region of the beams as longitudinal reinforcement and
steel in other regions (Steel-SMA RC), and iii) SMA is used as longitudinal reinforcement
in beams (SMA RC). For each type of considered frame structures steel is used as

longitudinal reinforcement in columns and tie reinforcement in each element.

The current study focuses on computing seismic inelastic demands and capacities for 3,
6, and 8-storey SMA RC, Steel-SMA RC and Steel RC frames located in western Canada
and designed for ductile moment resisting frames according to NBCC (2005) and Canadian
standards CSA A-23.3-04. The performance and response of these structures were
evaluated by developing nonlinear analytical models of the frames to an ensemble of 10
earthquake ground motions scaled to different intensity levels. The spectral acceleration at
the structure’s fundamental mode period was used to scale each record, thus allowing a
reduction in record-to-record variability. The corresponding peak ground acceleration
(PGA) was also used as a seismic hazard representation for comparison in order to

determine the more consistent intensity measure for the SMA RC frame system.

4.2 DESIGN OF THE BUILDINGS AND ITS ANALYTICAL MODELING
4.2.1 Design of the building

The details in the design procedure for these buildings have been described in Section

3.4.
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4.2.2 Analytical modeling of the building

The details about the analytical model for these buildings have been described in

Section 3.5.

4.3 EIGEN VALUE ANALYSIS

Eigen value analyses were performed using SAP 2000 V14.0 considering effective
stiffness method for all the frames to determine their fundamental period (T1) of vibration.
Depending on this fundamental period, design spectral acceleration for the considered
frames has been calculated. The fundamental period and design spectral acceleration values
are given in Table 4.1. Form this table it was observed that the use of SMA as
reinforcement in beam increases the fundamental period of the structure compared to steel
because of SMA’s lower modulus of elasticity compared to steel. As the stiffness
decreases, the period of the structure increases. As the fundamental period of the structure

increased for SMA RC frames, the design spectral acceleration values decreased.

Table 4.1 Fundamental Period and design spectral acceleration of the structure.

Fundamental period, T; (sec) and Spectral Acceleration, S,

RC Frame Effective stiffness, K
Types 3-Storey 6-Storey 8-Storey
T, Sa Ty Sa T, Sa
SMA 0.42 0.7 0.74 0.47 1 0.33
Steel-SMA 0.41 0.71 0.7 0.49 0.93 0.35
Steel 0.39 0.72 0.67 0.51 0.86 0.39
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4.4 SELECTION OF GROUND MOTION RECORDS AND ANALYSIS
CHARACTERISTICS

The selection of ground motion records has been described elaborately in Chapter 3

under section 3.7.

4.5 RESULTS AND DISCUSSIONS

Nonlinear incremental dynamic time history analyses have been performed to
determine the seismic vulnerability of the SMA, the Steel-SMA and the Steel RC frames.
Almost all the current seismic design codes and recommendations specify seismic hazard in
terms of a single intensity measure, such as the peak ground acceleration (PGA), or a
spectral ordinate at a given period (Sa). In the current version of NBCC (2005), the seismic
hazard is defined by spectral acceleration values at periods of 0.2, 0.5, 1.0, and 2.0 s.
Spectral acceleration (S,) is an assessment of ground motion that takes into consideration
the sustained shaking energy at a specific period. For a selected site of a chosen reinforced
concrete buildings, the 2% in 50-year intensity of ground motion (expressed as spectral
accelerations, S,(T) that correspond to the fundamental period of the building frame), were
evaluated as 0.72g, 0.51g, and 0.39g for the 3, 6, and 8-story Steel RC frames, respectively.
For the Steel-SMA RC frames the spectral acceleration values are 0.71g, 0.49g and 0.35¢g
for 3, 6 and 8storey frames, and in the case of 3, 6 and 8 storey SMA RC frames the

spectral acceleration values are 0.7g, 0.47g and 0.33g, respectively (Table 4.1).

It is well-recognized that dissimilar ground motion records scaled to the same PGA do
not persuade the same level of response, and do not cause the same quantity of damage to a
given structure. This is due to differences in other seismic hazard parameters, such as the

frequency content, the event duration, and the effective number of loading cycles. Hence,
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the response found using one ground motion record may not grant sufficient assurance that
the structure will yield a similar response if subjected to another ground motion record
which has the same PGA. Shome and Cornell (1999) proved that sufficient precision can be
earned in the estimation of seismic demands of mid-rise buildings if 10-20 ground motion
records are considered. The Federal emergency management agency (FEMA2000a)
suggests selecting a suite of 10-20 accelerograms to represent the site and the hazard level

to attain the collapse prevention level.

The seismic inelastic demands of the chosen building systems were determined by using
the incremental dynamic analysis (IDA) procedure. IDA was introduced by Luco and
Cornell (1998) and has been explained in detail in Vamvatsikos and Cornell (2002) and
Yun et al. (2002). This analysis procedure has also been included in a modern seismic
design recommendation (FEMA, 2000a). Determining the seismic demand with an
adequate accuracy requires the selection of competent analysis characteristics. Shome et al.
(1998) showed that by scaling ground motion records to the target spectral acceleration at
the fundamental-mode period of a structure, the seismic demands at this intensity can be
efficiently determined. The spectral acceleration at 5% damping, Sa (T1, 5%), was

principally used as an intensity measure (IM) in this study.

Seismic performance can be calculated using fracture life, energy dissipation capacity,
maximum inter-storey drift, maximum roof drift, and ductility capacity. Maximum inter-
story drift is frequently used as a prime damage intensity factor in the vulnerability
assessment of moment resisting frames (Sabelli, 2001; Uriz and Mahin, 2004). The
maximum peak inter-story drift ratio (fmax), and peak roof drift ratio (6r00r) Were selected as

global Demand Parameters (DP) to study the structural response of the selected frames
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during the ground motion’s duration. The inter-story drift ratio is calculated as the
difference in displacements of the adjacent stories divided by the inter-story height, and the
peak roof drift ratio is computed from the ratio of the peak roof drift to the overall height of
the structural frame. The IDA curves are then obtained for each record from a plot of the

demand parameters against their corresponding intensity measure parameters.

To evaluate the seismic vulnerability of the considered frames using inelastic dynamic
analyses, an assessment of their dynamic response characteristics is necessary. Incremental
nonlinear dynamic time history analyses have been performed for each frame using nine
real earthquake data and an artificial earthquake ground motion data developed by Atkinson

(2009) for the city of Vancouver (see Section 3.7).

4.5.1 IDA curves for roof drift

Results of nonlinear incremental dynamic time history analyses, performed on the 9
nonlinear numerical models of the SMA RC, Steel-SMA RC and Steel RC frame for the
selected ten ground motion records, were plotted as IDA curves in terms of roof drift and
are shown in Figure 4.1 and Figure 4.2. To develop the IDA curves, a structural Demand
Parameter (DP) like roof drift resulting from a scaled ground motion record for a known
Intensity Measure (IM) is set on the horizontal axis and the corresponding intensity
measure is set on the vertical axis. The different IM values for a particular ground motion
record produce different DP values. The spline connecting all the points for a particular

ground motion record produces a fit line. Each IDA curve contains ten fit lines.

In Figure 4.1 the earthquake record’s IM was the 5% damped spectral acceleration of
the scaled earthquake records at the fundamental mode period of the structure, S, (T1, 5%).
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Figure 4.1 shows the variation of the engineering DP, and the roof drift, 8y, With respect to
the demand spectral acceleration. Figure 4.2 was constructed by keeping those DP on the
horizontal axis and their corresponding PGA of the damped spectral acceleration on the
vertical axis. The diversity and scattering of the results obtained for different ground
motions and different frames, as shown by these curves, is large. All curves, however,
display an individual linear elastic behaviour before the first sign of a considerable
nonlinearity has occurred. Comparing Figure 4.1 against Figure 4.2, which has been
constructed for roof drift demand, it is observed that the Su(Ti, 5%) is a more regular
intensity measure than the PGA. It can be observed from the IDA curves that the intensity
measure (IM) is high for the 8-storey compared to that of the 3 and 6-storey frames. From
the IDA curves it is concluded that the demand parameter not only depends on the
magnitude of the intensity measure (IM) but it also depends on the pattern and timing of the

records. In some cases, a higher intensity measure produced a lower demand parameter.

Although each of the IDA curves is a distinct deterministic unit, the natural random
variability within the earthquake records requires a statistical assessment for demand. The
IDA curves developed for the considered ground motion records need to be summarized by
defining the 16%, 50% and 84% IDA curves (Vamvatsikos and cornell, 2002, 2004). This
summary produces more reliable data to use and analyse. Normally, engineering design is
based on the median, mean or 84%. The fractile curves were developed by calculating the
16%, 50% and 84% fractile values of the demand parameters for a specific ground motion
intensity measure. Figure 4.3 shows the 16%, 50% and 84% fractile IDA curves for the 3, 6
and 8-storey frames in terms of roof drift. The fractile IDA curves can also signify the

seismic demand curves of the frames and may be used to evaluate their performance by
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comparing them with the permissible drift demand at any specified intensity and
probability level. For example, given the design level ground motion intensity of S, (T,
5%) = 0.72g, 0.71g and 0.70g for the 3-storey Steel RC, Steel-SMA RC and SMA RC
frame at the 2.0% in a 50-year probability level the 16% fractile of the records would
produce Groor < 0.33%, 0.54%, 0.36%; the 50% fractile would produce 6ot < 0.88%, 0.96
% and 0.72%; and the 84% fractile of the records would produce 6ot < 1.55%, 1.84% and
1.4% for Steel, Steel-SMA and SMA RC frames, respectively. For the 6-storey SMA RC,
Steel-SMA RC and Steel RC frame at its design level intensity, 16% of the records would
produce Groor < 0.52%, 0.45%, 0.52%; the 50% of the records would produce Grpor <
1.09%, 1.22 % and 0.96% ; and 84% of the records would yield G0t < 2.19%, 2.23% and

1.78%, respectively.

For the 8-storey SMA RC, Steel-SMA RC and Steel RC frame at its design level
intensity, the 16% of the records would produce G0 < 0.87%, 0.79%, and 0.38%; the 50%
of the records would produce o< 1.57%, 1.46 % and 0.87%; and the 84% of the records
would yield Gror < 3.03%, 2.88% and 1.62%, respectively. From this probabilistic analysis,
it can be concluded that the SMA RC and Steel-SMA RC frames exceed the limiting value
of 2.5% for the 8-storey frame for a high intensity earthquake. However at the median
level, the SMA RC and Steel-SMA RC frame are safe. From the fractile IDA curves in
terms of roof drift, it is also concluded that with the increase of the height of the frame the
demand parameter increases. The summary of the IDA curves in terms of roof drift at the

design level intensity is given in Table 4.2.
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Figure 4.1 IDA curves of “first mode” spectral acceleration, S; (T1, 5%), plotted against
peak roof drift ratio G0, for 3-storey (a) SMA RC, (b) Steel-SMA RC, (c) Steel RC
frames; 6-storey (d) SMA RC, (e) Steel-SMA RC, (f) Steel RC frames; and 8-storey (g)
SMA RC, (h) Steel-SMA RC, (i) Steel RC frames.
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Figure 4.2 IDA curves of peak ground acceleration (PGA), plotted against peak roof drift
ratio, Oroof, for 3-storey (a) SMA RC, (b) Steel-SMA RC, (c) Steel RC frames; 6-storey (d)
SMA RC, (e) Steel-SMA RC, (f) Steel RC frames; and 8-storey (g) SMA RC, (h) Steel-
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Figure 4.3 Summary of maximum roof-drift IDA curves into 16", 50", and 84" fractile, for
the 3-storey (a) SMA RC, (b) Steel-SMA RC, (c) Steel RC frames; 6-storey (d) SMA RC,
(e) Steel-SMA RC, (f) Steel RC frames; and 8-storey (g) SMA RC, (h) Steel-SMA RC, (i)
Steel RC frames.
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Table 4.2 Summary of maximum roof drift at design level intensity

Building ID
RC Frame 3-Storey 6-storey 8-storey
Types 161h . 84th 16th . 84'[h 16th . 84th
Fractile Median Fractile Fractile Median Fractile Fractile Median Fractile
SMA 0.33 0.88 1.55 0.52 1.09 2.19 0.87 1.57 3.03
Steel-SMA 0.54 0.96 1.84 0.45 1.22 2.23 0.79 1.46 2.88
Steel 0.36 0.72 1.40 1.40 1.84 1.55 0.38 0.87 1.62

4.5.2 IDA curves for maximum inter-storey drift

Besides the maximum roof drift, the maximum inter-storey drift is also considered an
important parameter for building structures in order to evaluate the vulnerability. In this
study from the nonlinear incremental time history analyses, the IDA curves are plotted in
terms of the maximum inter-storey drift and are shown in Figures 4.4 and 4.5. In Figure 4.4
the earthquake record’s IM was the 5% damped spectral acceleration of the scaled
earthquake records at the fundamental mode period of the structure, S, (T1, 5%). Figure 4.4
shows the variation of the engineering DP, and the maximum inter-storey drift max with
respect to IM, spectral acceleration. Figure 4.5 is constructed by keeping those DP on the
horizontal axis and the corresponding PGA of the damped spectral acceleration on the

vertical.

A statistical assessment is also performed for demand calculation. This statistical
assessment produces more reliable data to use and understand the application of
vulnerability assessment. Figure 4.6 shows the 16%, 50% and 84% fractile IDA curves for

the 3, 6, and 8-storey frames in terms of maximum inter-storey drift.
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The fractile IDA curves can also signify seismic demand curves of the frames and may
be used to evaluate their performance by comparing with permissible drift demands at any
specified intensity and probability level. For example, given the design level ground motion
intensity at the 2.0% in a 50-year probability level for the 3-storey SMA RC, Steel-SMA
RC and Steel RC frame, the 16% of the records would produce Gna< 0.42%, 0.17%,
0.49%; the 50% would produce Omax < 1.08%, 1.19 % and 0.96%; and the 84% of the
records would yield Onax < 2.02%, 2.51% and 2.20%, respectively. Figure 4.6 (d), (e) , and
(f) shows the fractile IDA curve for the 6-storey SMA RC, Steel-SMA RC and Steel RC
frame, respectively and from these figures it is concluded, that at its design level intensity,
the 16% of the records would produce Gnax < 0.85%, 0.68%, 0.72%; the 50% would
produce Onax < 1.8%, 2.03 % and 1.91%; and the 84% of the records would yield Omax <
5.18%, 5.75% and 3.58%, respectively. For the 8-storey SMA RC, Steel-SMA RC and
Steel RC frame, Figure 4.6 (g), (h), and (i) presents the fractile IDA curve, respectively and
from these figures it is observed that at its design level intensity the 16% of the records
would produce Gnax < 1.35%, 0.8%, 1.05%; the 50% would produce Onax < 2.65%, 2.27 %
and 1.64%; and the 84% of the records would generate Omax < 5.18%, 3.84% and 3.34% for
SMA, Steel-SMA and Steel RC frames, respectively. In the NBCC (2005), drift limits are
based on the median 2% in a 50-year seismic hazard level and are given as 1% for post-

disaster buildings, 2% for school and other important buildings, and 2.5% for other

buildings types.
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Figure 4.4 IDA curves of “first mode” spectral acceleration, S, (T1, 5%), plotted against
maximum inter-storey drift ratio, fmax, for 3-storey (a) SMA RC, (b) Steel-SMA RC, (c)
Steel RC frames; 6-storey (d) SMA RC, (e) Steel-SMA RC, (f) Steel RC frames; and 8-
storey (g) SMA RC, (h) Steel-SMA RC, (i) Steel RC frames.
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Figure 4.5 IDA curves of peak ground acceleration (PGA), plotted against maximum inter-
storey drift ratio, Gnax, for 3-storey (a) SMA RC, (b) Steel-SMA RC, (c) Steel RC frames;
6-storey (d) SMA RC, (e) Steel-SMA RC, (f) Steel RC frames; and 8-storey (g) SMA RC,
(h) Steel-SMA RC, (i) Steel RC frames.
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Figure 4.6 Summary of maximum inter-storey drift IDA curves into 16", 50", and 84"
fractile for 3-storey (a) SMA RC, (b) Steel-SMA RC, (c) Steel RC frames; 6-storey (d)
SMA RC, (e) Steel-SMA RC, (f) Steel RC frames; and 8-storey (g) SMA RC, (h) Steel-
SMA RC, (i) Steel RC frames.
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From these probabilistic analyses it can be observed that the SMA RC frame exceeds
the limiting value of 2.5% for 8-storey frames. Therefore the SMA can be used for low rise
buildings up to 6-storey safely and the Steel-SMA RC frames perform safely up to 8-storey.
From the fractile IDA curves it can also be concluded that, with the increase of the height of
the frame, the demand parameter increases for the SMA RC frames significantly. However
for the Steel RC and Steel-SMA RC frames, the demand for the 8-storey frame is less
compared to the 6-storey frame. The summary of the IDA curves in terms of inter-storey

drift at the design level intensity is given in Table 4.3.

Table 4.3 Summary of maximum inter-storey drift at design level intensity

Building ID
RC Frame 3-Storey 6-storey 8-storey
Types 16th . 84th 16th . 84'[h 16'[h . 84th
Fractile Median Fractile Fractile Median Fractile Fractile Median Fractile
SMA 0.42 1.08 2.02 0.85 1.80 5.18 0.87 1.57 3.03
Steel-SMA 0.17 1.19 2.51 0.68 2.03 5.75 0.79 1.46 2.88
Steel 0.49 0.96 2.20 0.72 1.91 3.58 0.38 0.87 1.62

4.5.3 IDA curves for residual roof drift

One of the main reasons of excessive repair costs for reinforced concrete structures after
a high intensity earthquake is its high residual deformation. The IDA curves plotted in
terms of residual roof drift are shown in Figure 4.7 and Figure 4.8. An IDA curve, for
residual roof drift is developed by keeping residual roof drift on a horizontal axis, and the
corresponding spectral acceleration values on the vertical axis. The different IM values for
a particular ground motion record produce different DP values. Figure 4.7 shows the
variation of engineering DP (residual roof drift) with respect to IM (spectral acceleration).

Figure 4.8 is constructed by keeping those DP on the horizontal axis and the corresponding
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PGA of the damped spectral acceleration on the vertical axis. A large scatter in the results
obtained for different ground motions and different frames is observed as shown by these
curves. However, all the IDA curves displayed an individual linear elastic behaviour before

the first sign of a considerable nonlinearity occur.

Comparing Figures 4.7 and 4.8 which have been constructed for residual roof drift
demand it can be observed that the Sa (T, 5%) is a more regular intensity measure than the
PGA. From the IDA curves it can be concluded that the intensity measure (IM) is high for
the 3-storey and comparatively lower for the 6 and 8-storey frames. Therefore, with the
increase in height of the building the intensity measures decrease. It is also concluded from
the IDA curves that the demand parameter not only depends on the magnitude of the

intensity measure (IM) but it also depends on the frequency and duration of the records.

The fractile IDA curves can also imply seismic residual demand curves of the frames
and can be used to compare the performance among the framing systems. For example,
given the design level ground motion intensity at 2.0% in a 50-year probability level for the
3-storey SMA RC, Steel-SMA RC and Steel RC frame, the 16% of the records would
produce oot < 0.03%, 0.03%, 0.004%; the 50% would produce Oroof < 0.05%, 0.04 % and
0.03%; and the 84% of the records would generate Orroor < 0.12%, 0.09% and 0.16%,
respectively (Figure 4.9). From the fractile curves (Figure 4.9) of a 6-storey frame it is
observed that the SMA RC, Steel-SMA RC and Steel RC frame, at its design level intensity
the 16% of the records would create Gyt < 0.01%, 0.002%, and 0.01%; the 50% would
produce oot < 0.04%, 0.03 % and 0.03%; and the 84% of the records would generate Orroof
< 0.11%, 0.03% and 0.30%, respectively. Figure 4.9 also shows the fractile curve for 8-

storey SMA RC, Steel-SMA RC and Steel RC frame. From this figure it is observed that at
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its design level intensity the 16% of the records would produce 6ot < 0.01%, 0.002%,
0.01%; the 50% would generate Orroor < 0.05%, 0.02 % and 0.12% ; and the 84% of the
records would produce Orreer < 0.23%, 0.15% and 0.23%. For all frames the residual drift
percentage for the case of 50% is less for Steel-SMA frame. The amount of residual roof
drift increased for steel RC frame with increase of number of storey. The summary of the

IDA curves in terms of residual roof drift at the design level intensity is given in Table 4.4.

Table 4.4 Summary of maximum residual roof drift at design level intensity.

Building ID
RC Frame 3-Storey 6-storey 8-storey
Tvpes th th th th th th
P pile Median (S0 10 Median (S 200, Median S0
SMA 0.03 0.05 0.12 0.01 0.04 0.11 0.01 0.05 0.23
Steel-SMA 0.03 0.04 0.09 0.00 0.03 0.08 0.00 0.02 0.15
Steel 0.00 0.03 0.16 0.01 0.03 0.30 0.01 0.12 0.22
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Figure 4.8 IDA curves of peak ground acceleration (PGA), plotted against residual roof drift
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4.5.4 1DA curves for maximum residual inter-storey drift

The IDA curves plotted in terms of the maximum residual inter-storey drift are shown in
Figure 4.10 and Figure 4.11. To develop an IDA curve, the maximum residual inter-storey
drift, Ormax is obtained from a scaled ground motion record is set on the horizontal axis and
the corresponding intensity measure is set on the vertical axis. For a particular ground
motion record, the different IM values produced different DP values. A fit line of an IDA
curve connecting all the points that are observed for a particular ground motion record and

each IDA curve contained ten fit lines.

Figure 4.10 shows the variation of the engineering DP maximum residual inter-storey
drift with respect to demand spectral acceleration. Figure 4.11 is constructed by keeping
this DP on the horizontal axis and the corresponding PGA of the damped spectral
acceleration on the vertical axis. It is observed from the IDA curves that the intensity
measure (IM) is high for the 3-storey and comparatively lower for the 6 and 8-storey
buildings. With the increase in height of the buildings, the intensity measure decreases.
From the IDA curves it is observed that the demand parameter not only depends on the
magnitude of the earthquake but also on the pattern and the duration of the records. Like
the previous demand parameters, it is also observed that a higher intensity measure

produces a lower demand parameter.

In order to compare the performance of the framing systems in terms of maximum
residual inter-storey demand, a fractile IDA curve can be used. The fractile IDA curve is
presented in Figures 4.12 (a), (b) and (c) for the 3-storey SMA RC, Steel-SMA RC and

Steel RC frame. From this figure it can be observed that at the design level intensity the
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16% of the records would produce Oymax < 0.15%, 0.08%, and 0.05%; the 50% would create
Ormax < 0.17%, 0.15 % and 0.1%; and the 84% of the records would yield Ormax < 0.26%,
0.49% and 0.51%, respectively. From the fractile curve, for the 6-storey SMA RC, Steel-
SMA RC and Steel RC frame, at its design level intensity the 16% of the records would
produce Grmax < 0.08%, 0.06%, and 0.07%; the 50% would produce Omax < 0.14%, 0.12 %
and 0.31%; and the 84% of the records would yield Omax < 0.33%, 0.35% and 0.78%,
respectively. However for the 8-storey SMA RC, Steel-SMA RC and Steel RC frame, at its
design level intensity the 16% of the records would be Grmax < 0.09%, 0.05%,and 0.27%;
the 50% would be Grmax < 0.18%, 0.15 % and 0.41%:; and the 84% of the records would be

Ormax < 0.31%, 0.38% and 0.67%, respectively. The summary of the IDA curves in terms of

residual inter-storey drift at the design level intensity is given in Table 4.5.

Table 4.5 Summary of residual maximum inter-storey drift at design level intensity

Building ID
RC Frame 3-Storey 6-storey 8-storey
Tvpes th th th th th th
P pile Median (S0 10 Median (S 200, Median S0
SMA 0.15 0.17 0.26 0.08 0.14 0.33 0.09 0.18 0.31
Steel-SMA 0.08 0.15 0.49 0.06 0.12 0.35 0.05 0.15 0.38
Steel 0.05 0.10 0.51 0.07 0.31 0.78 0.27 0.41 0.67
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Figure 4.10 IDA curves of “first mode” spectral acceleration, S, (T1, 5%), plotted against
maximum residual inter-storey drift ratio, for 3-storey (a) SMA RC, (b) Steel-SMA RC, (c)
Steel RC frames; 6-storey (d) SMA RC, (e) Steel-SMA RC, (f) Steel RC frames; and 8-
storey (g) SMA RC, (h) Steel-SMA RC, (i) Steel RC frames.
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Figure 4.11 IDA curves of peak ground acceleration, (PGA), plotted against maximum
residual inter-storey drift ratio for 3-storey (a) SMA RC, (b) Steel-SMA RC, (c) Steel RC
frames; 6-storey (d) SMA RC, (e) Steel-SMA RC, (f) Steel RC frames; and 8-storey (Q)
SMA RC, (h) Steel-SMA RC, (i) Steel RC frames.
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Figure 4.12 Summary of maximum residual inter-storey drift IDA curves into 16", 50", and
84" fractile for 3-storey (a) SMA RC, (b) Steel-SMA RC, (c) Steel RC frames; 6-storey (d)
SMA RC, (e) Steel-SMA RC, (f) Steel RC frames; and 8-storey (g) SMA RC, (h) Steel-
SMA RC, (i) Steel RC frames.
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4.5.5 Inelastic distribution along height of the frame

Figure 4.13 shows a storey-to-storey profile of the peak inter-storey drift ratios at
different intensity levels, for the selected ground motion records, for the 3 storey SMA,

Steel-SMA and Steel RC frames respectively.

For the 6-storey SMA, Steel-SMA, and Steel RC frames, a storey to storey profile of the
peak inter-storey drift ratios at different intensity level is shown in Figure 4.14. Figure 4.15
displays a storey-to-storey profile of the peak inter-storey drift ratios at different intensity,
Sa (T1, 5%), levels for the selected ground motion records for the 8-storey frames. Figure
4.16 (a), (b) and (c) shows the median peak inter-story drift ratios of the selected ground
motion records at some selected ground motion intensities for the 3-storey SMA RC, Steel-
SMA RC and Steel RC frames and it is observed that for all the types of frames the
maximum storey drift occur in the 1st storey level. The median peak inter-storey drift ratios
over the selected ground motion records at some selected ground motion intensities for the
6-storey frames are shown in Figure 4.16 (d), (e) and (f) and it is observed that for all the
types of frames, inter-storey drift distribution is non uniform in nature. For the 6-storey
SMA RC and Steel-SMA RC frames it is observed that the highest demand is at floor level
4 whereas the demand is high at floor level 5 for the Steel RC frame. Figure 4.16 (g), (h)
and (i) shows the median peak inter-storey drift ratios of the selected ground motion
records at some selected ground motion intensities. It can be observed that, in the case of
SMA RC frame at a higher intensity the maximum demand is concentrated at floor level 4,
whereas in the case of the Steel-SMA and the Steel RC frames, the maximum demands are
concentrated between floor level 4 and 6. The median demand observed from Figure 4.16 at

design intensity are the same as the demand observed from the fractile curves.
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Figure 4.13 Peak inter-storey drift along the height of the 3-storey frames under selected
ground motion records at different intensity levels, for SMA RC (a) S, =0.7 g, (b) Sa=1.4
0, (c) S; = 2.1g; for Steel-SMA RC (d) S =0.71 g, (e) S =142 g, (f) Sa =2.13 g and for
Steel RC () Sa=0.72 9, (h) Sa=1.44 ¢, (i) Sa=2.16 g.
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Figure 4.14 Peak inter-storey drift along the height of the 6-storey frames under selected
ground motion records at different intensity levels for SMA RC (a) S, = 0.47 g, (b) Sa=
0.94 g, (c) Sy = 1.41 g; for Steel-SMA RC (d) S; =0.49 g, (e) S, =0.98g, (f) S, = 1.47g; and
for Steel RC (g) Sa=0.51 ¢, (h) S;=1.02 g, (i) Sa =1.53 g.
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Figure 4.15 Peak inter-storey drift along the height of the 8-storey frames under selected
ground motion records at different intensity levels, for SMA RC, (a) S; =0.33 g, (b) S, =
0.66 g, (c) Sa=0.99 g.; for Steel-SMA RC, (d) S4=0.35¢, (e) Sa=0.70 g, (f) S, =1.05 g.;
for Steel RC, (9) Sa=0.39¢, (h) S=0.78 g, (i) S =1.17 g.
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Figure 4.16 Median peak inter-storey drift ratios for all storey levels at different ground
motion intensities, for 3-storey (a) SMA RC, (b) Steel-SMA RC, (c) Steel RC; for 6-storey
(d) SMA RC, (e) Steel-SMA RC, (f) Steel RC; for 8-storey (g) SMA RC, (h) Steel-SMA

RC, (i) Steel RC.
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4.6 SUMMARY

The results of this chapter indicated that the inter-storey drift and maximum roof drift
demand for SMA reinforced concrete frames was higher than those of the Steel RC frames.
This higher inter-storey drift and roof drift may lead to non structural damage and shows
that the SMA RC frames will be more vulnerable during a seismic event compared to Steel-

SMA and Steel RC frames.
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CHAPTER 5: PERFORMANCE OF SHAPE MEMORY ALLOY
REINFORCED CONCRETE FRAME UNDER PROGRESSIVE
COLLAPSE

5.1 GENERAL

After the collapse of the Ronan Point apartment in England due to a gas explosion in
1968, the progressive collapse phenomenon was identified as a critical component in
structural analysis and design (Sasani and Kropelnicki 2008). Since the terrorist attack on
the Twin Tower and the Pentagon building in the US in 2001, the security and safety of a
structure and its occupants has become a major concern among engineers, building owners,
and government organizations. It has received much attention in the structural engineering
practice and research. Nowadays the consideration of the progressive collapse phenomenon
has become an integral part of structural analysis and design for any important structure.
The term progressive collapse generally refers to the extent of an initial local failure within
a structure. The local failure is triggered by the loss of one or more load carrying members,
leading to a partial or total collapse of the structure in a manner similar to a chain reaction
(Ellingwood 2006). Following the initial event, the structure seeks alternative load paths to
transfer the load, originally carried by the adjacent damaged portions. Since the latter may
or may not have adequate resistance to withstand the additional loads, further failures of
overloaded structural elements are likely to occur, which in turn will cause more
redistribution of loads until a state of equilibrium is reached. However, due to the
magnitude of the loads involved and the dynamic nature of the entire process, equilibrium
may only be achieved when a substantial part of the structure has already collapsed (Vlassis

2007). Research is going on to increase the resistance of structures against progressive
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collapse (Sasani and Kropelnicki 2008). Ellingwood and Dusenberry (2005) highlighted
the challenges for further improvement of design practices to prevent progressive collapse.
Most codes stipulate that structures are designed with continuity and structural integrity so
that there might be a partial collapse, but not a total collapse (CSA A23.3-04). Some
researchers have shown that seismic design improves the resistance of a structure against
progressive collapse (Baldridge and Humay 2003). In a study done recently by loani and
Cucu (2010), they analytically assessed the wvulnerability to progressive collapse of
seismically designed reinforced concrete (RC) frame structures and illustrated that seismic
design reduces the possibility of progressive collapse. Researchers are also investigating
how to reduce the progressive collapse failure of structures by strengthening and also
incorporating new members into an existing structure. Yagob et al. (2009) performed a
thorough review on progressive collapse analyses of structures and emphasized the

development of new techniques for protecting structures against progressive collapse.

Superelastic SMAs are unique materials with the ability to undergo large deformation
and return to a predetermined shape upon unloading (Alam et al. 2007), which makes SMA
a smart material. Although the superelasticity of SMA may have a great potential to resist a
progressive collapse failure of a frame structure, the use of such material to prevent
progressive collapse remains unexplored. Therefore, the objective of this research is to
explore the possibility of utilizing superelasticity of SMA bar in resisting any partial or full
collapse of a RC frame structure. Numerical analyses are carried out to determine and
compare the failure modes and behaviours of different types of frame (reinforced with and
without SMA reinforcement) buildings under progressive collapse. The description of the

considered frames was given in Chapter 3.
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5.2 PREVIOUS WORK

In the recent years, especially after the terrorist attack on the Twin Towers and the
Pentagon, progressive collapse behaviour of structures has become an important subject not
only within the structural engineering community and industry, but also among politicians,
governments and even the general public. Since 2001 experimental and analytical research
on progressive collapse has increased substantially. Several researchers have conducted
experimental studies on the progressive collapse behaviour of frame structures; for
instances, Yi et al. (2008) investigated the progressive collapse behaviour of a 4-bay, 3-
story RC frame due to the loss of the interior lower storey column, and Sasani et al. (2007)
experimentally and analytically evaluated the potential progressive collapse in a 10-storey
RC structure following the explosion of an exterior column. Likewise, Sasani and
Kropelnicki (2008) conducted experimental and analytical studies to evaluate the
progressive collapse of a 7-storey reinforced concrete (RC) frame building. Tsitos et al.
(2008) conducted an experimental investigation on a seismically designed 3-storey special
moment-resisting steel frame and a post tensioned energy dissipating steel frame to
determine their resistance against progressive collapse by quasi-static push-down tests.
Both frames exhibited sufficient strength and ductility after the central column was
removed. Razagpur et al. (2007) retrofitted a concrete slab with glass fibre reinforced
polymer, then applied a blast load, and concluded that the performance of the retrofitted
slab was better compared to that of the original one. Fujikura et al. (2008) proposed a
multi-column pier-bent with concrete filled steel tube columns for highway bridge type
structures for preventing its potential progressive collapse under blast loading. Luccioni et

al. (2004) conducted an analytical study to simulate a real blast-induced damaged RC
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building. Hayes Jr. et al. (2005) performed an analytical study on seismically retrofitted
buildings and observed that their progressive collapse resistance increased significantly.
Pilehchianlangroodi et al. (2008) performed an analytical investigation on the blast
resistance of a RC building with a front wall as a fuse, which proved to be very effective in
resisting blast loads. Saatcioglu et al. (2009) analytically evaluated the progressive collapse
performance of a 10-storey seismically designed RC moment resisting frame with and
without a shear wall. They suggested that seismic design detail of beams, columns, and
existence of shear walls provide substantial progressive collapse resistance against blast
loads. Marjanishvili (2004) and later Marjanishvili and Agnew (2006) systematically
demonstrated four successively more sophisticated procedures to perform progressive
collapse evaluation of frame structures with examples and step by step analysis procedures.
Tsai and Lin (2008) constructed capacity curves from a nonlinear static analysis, which is
capable of predicting the progressive collapse resistance of an RC building. Khandelwal
and EI-Tawil (2008) presented a pushdown analysis technique to determine the collapse
modes and ultimate load carrying capacity of a frame structure with lost or damaged critical
members. Ellingwood et al. (2007) developed a guideline to prevent the progressive
collapse of buildings. Khandelwal et al. (2008) developed a macro model-based simulation
procedure to evaluate the performance of steel frames under progressive collapse. Grierson
et al. (2005) described the procedure of progressive failure analyses of buildings subjected

to abnormal loading.

There are several building codes and specifications that provide guidelines to protect
buildings against progressive collapse. The National Building Code of Canada (NBCC) has

addressed progressive collapse in some form in its 1975 edition. The recent edition of
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NBCC (NBCC-2005) has addressed progressive collapse in the commentary B under the
title “Structural Integrity.” Although NBCC-2005 has addressed progressive collapse, it
has failed to provide any firm guideline regarding progressive collapse resistance design.
Detailed information regarding the methodology to resist progressive collapse is provided
by the US General Service Administration (GSA 2003) and the US Department of Defense
(DoD 2005). Besides GSA (2003) and DoD (2005), progressive collapse analysis
procedures are also addressed by the U.S. Department of Army (DA) FM 3-19.30, the
Federal Emergency Management Agency (FEMA) (426,427,428 [2003]), the British
Standards Institution (BSD 8110: Part 2:1985), and the unified facilities criteria (UFC4-
023-03, 2005). In the current study the GSA (2003) standard has been considered to
evaluate the progressive collapse behaviour of the seismically designed SMA RC, Steel-
SMA RC and Steel RC buildings. The GSA standard is appropriate for evaluating the
progressive collapse performance of buildings up to 10-storey, a condition which is
satisfied in this study. The definition of progressive collapse is presented here in a

schematic diagram (Figure 5.1).
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Figure 5.1 Definition of progressive collapse of a structure (Adapted from GSA 2003).

From this figure it can be observed that the progressive collapse can either be the total
collapse or partial collapse of a structure. If the failure occurs like a chain reaction then the
failure is called progressive collapse. If the total structure fails but there is no chain reaction
then the failure is known as collapse, but not progressive collapse. GSA (2003)
recommends performing both linear and nonlinear analyses as well as static and dynamic

analyses to evaluate the performance of buildings under progressive collapse.

5.3 PROGRESSIVE COLLAPSE ANALYSIS METHOD

The objective of this research is to explore the possibility of utilizing superelasticity of
SMA bar in resisting any partial or full collapse of a building. In order to acheive the

objectives the steps taken into consideration include: designing a building considering
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earthquake load and wind load as per NBCC-2005 and CSA A23.3-04, modeling an
exterior 2D frame in SeismoStruct (2010), and conducting linear and nonlinear static and

dynamic analyses as per GSA 2003 for evaluating the performance.

5.4 FRAME CHARACTERISTICS AND MODELLING

Three different frame stories (3, 6 and 8) have been considered in this study where each
building has three different types of rebar arrangements in their beams, i.e. Steel, Steel-
SMA and SMA, as described in Chapter 3 Detailed design procedures for these buildings
have been described in chapter 3. The plan of each building is kept similar and is shown in
Figure 5.1(a), and the elevation of 3, 6, and 8-storey buildings are shown in Figure 5.1(b),
(c) and (d), respectively. The storey heights are 3m for all the buildings. The reinforcement
of the building has been detailed as per Canadian standards (CSA A23.3-04). Table 3.2 and
3.3 show the member sizes and the reinforcement detailing of columns and beams. Figure

3.5 illustrates the reinforcement detailing of a typical beam.

In order to predict the progressive collapse behaviour of RC frame structures all
analyses have been performed using a FE program (SeismoStruct 2010). The fibre
modelling approach has been considered to perform both static and dynamic linear
analyses. For linear analyses the beam column element has been assigned as an elastic
frame element. The fibre modelling approach has also been implemented to represent the
distribution of material nonlinearity along the length and cross-sectional area of the
member for nonlinear analyses. Here, inelastic displacement-based 3D beam-column
elements have been used for modelling the beam and column. The sectional stress-strain

state of the elements is obtained through the integration of the nonlinear uniaxial stress-
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strain response of the individual fibres in which the section has been subdivided. Concrete
has been represented using the Mander et al. (1988) constitutive relationship and the cyclic
response by Martinez-Rueda and Elnashai (1997), and a bilinear kinematic strain hardening
model was used for steel. SMA has been modelled according to the model of Auricchio and
Sacco (1997). The parameters used to define the material model were discussed in the
Section 3.4. In the case of the Steel-SMA RC frame, the beam-column joint is represented

by the model of Alam et al. (2008) to consider the slippage of the SMA rebar inside the

coupler.
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Figure 5.2 Configuration of building geometry: (a) Plan, (b) Elevation of 3-storey, (c)

Elevation of 6-storey and (d) Elevation of 8-storey building.
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5.5 PROGRESSIVE COLLAPSE ANALYSES

To evaluate the vulnerability of a progressive collapse in a regular building structure,
GSA 2003 recommends performing structural analyses in which the instantaneous loss of

one of the following first floor columns at a time is assumed:

e A column located at the corner of the building.

e An exterior column near the middle of the longer side of the building.

e An exterior column near the middle of the shorter side of the building.

e A column interior to the perimeter column lines for facilities that have underground

parking and/or uncontrolled public ground floor areas.

The buildings considered in this study have symmetric plan geometry and have the
same number of bay in each direction. Therefore, a bottom storey corner column removal
was considered (Figure 5.3 a). The other case considered in this study was the bottom
storey exterior bay intermediate column removal (Figure 5.3 b). Although GSA 2003
recommends evaluating the performances of structures using linear elastic static analysis or
non-linear dynamic analysis, this study also considers nonlinear static and linear dynamic

analysis.

For any structure the flexural demand capacity ratio (DCR), in terms of moment plays
an important role in its performance evaluation when the structure is in the elastic state.
When the structure undergoes into nonlinear phase, support rotation, 6, and vertical
ductility, y, play critical roles to evaluate its performance. The rotation, 6, is the ratio of the
maximum vertical displacement of the point from which the column is removed to the
horizontal distance of the adjacent column (Table 5.1). The vertical ductility, y, is the ratio

of the maximum inelastic vertical displacement of the point from which the column is
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removed to the yield displacement of this point (Table 5.1). Here the yield displacement
() is defined as the displacement occurring at the time of a local yield of any adjacent
member from which the column is removed. The GSA (2003) has provided some analyses
response limits to evaluate the progressive collapse. These limiting values are given in

Table 5.1.

Table 5.1 Response Limit.

Analysis Types Performance Indicator

Linear DCR<2.0

Support rotation, 6< 12

Nonlinear

Ductility, p <20

The GSA guidelines recommend static analysis under the following load combination

(Eqg. 5.1), which would be applied to the structure in the gravity direction:

Load = 2* (DL +0.25LL) [5.1]

In the case of dynamic analysis the following load combination (Eg. 5.2) is applied to

the structure in the gravity direction:

Load = DL +0.25LL [5.2]
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Here, the dead load (DL) includes self weight of the column, beam and slab as well as
the load of floor finish (FF), partition wall (PW) and machine load. The floor finish is
assumed 1.0 kN/m? and the partition wall and machine load are assumed to be 1.0 kN/m?.

The slab thickness is considered as 0.15 m. The live load (LL) is assumed to be 2.4 kN/m?.
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Figure 5.3 Typical column removal for 8-storey (a) exterior bay corner column and (b)

exterior bay intermediate column.

5.5.1 Linear static analyses

To perform linear static analyses the beam and column elements have been assigned as
elastic frame elements. The material linearity has been considered by utilizing an elastic
material model for the steel and the SMA. Linear static analyses were performed by using
an amplified combination of service loads, such as dead and live load, as per Eq. 5.1. For
each type of frame the exterior bay was considered for this comparative study. Two

scenarios were considered: In the first scenario, the corner column of the bottom storey was
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removed, and in the second scenario a bottom storey intermediate column closer to the
middle column of the exterior bay was removed, as shown in Figure 5.3 (a) and (b). After
completing the analyses, the DCR values for flexure were computed. DCR is the ratio of the
maximum negative moment of the beam at its supports due to column removal and
amplified DL and LL to the ultimate negative moment capacity of the corresponding beam.
DCR values are also calculated for the positive moment of the beam. After calculating the
DCR values for both the negative and positive moments, the largest value was considered

to evaluate the performance of the frame (Table 5.2).

Table 5.2 DCR values for corner column removal from linear static analyses.

Corner Column Removal

Positive  Negative Positive  Negative

Building RC Frame Moment Moment Moment Moment
ID Types Beam ID Demand Demand Capacity Capacity DCRpos - DCRieg
(kN-m)  (kN-m)  (kN-m)  (kN-m)
SMA 1B1 144 231 134 134 1.07 1.72
3 Steel-SMA 1Bl 144 231 134 134 1.07 1.72
Steel 1B1 144 231 134 134 1.07 1.72
SMA 1B1 145 255 245 335 0.59 0.76
4B2 134 216 151 151 0.89 1.43
6 Steel-SMA 1B1 147 236 245 335 0.6 0.70
4B2 134 217 151 151 0.89 1.44
Steel 1B1 147 236 245 335 0.60 0.70
4B2 134 217 151 151 0.89 1.44
SMA 1B1 144 238 245 335 0.59 0.71
4B2 137 221 151 151 0.91 1.46
8 Steel-SMA 1B1 141 238 245 335 0.58 0.71
4B2 137 221 151 151 0.91 1.46
Steel 1B1 141 238 245 335 0.58 0.71
4B2 137 221 151 151 0.91 1.46
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Table 5.2 presents the DCR values for corner column removal cases obtained from
linear static analyses where the values are less than 2.0 for all different frame types and
stories. Except the 3-storey frame, for each frame type 2 maximum values have been

reported for two different beam types B1 and B2 as shown in Figure 5.2.

The maximum DCR value is observed for the 3-storey frames, which is 1.72
irrespective of the frame type. In the case of the 6 and 8-storey frames, the DCR values for
beam 1Bls are less than those of beam 4B2s because of 4B2s’ has lower capacity. The
SMA, Steel-SMA and Steel RC frames performed in similar fashion. In the case of the 3-
storey frames the DCR value is slightly higher for the SMA RC frame compared to those of
the Steel-SMA and Steel RC frames. From the results of linear static analyses it can be
concluded that the reinforcement type is not a governing issue for progressive collapse
prevention. Although SMAs may have greater recovering capabilities, simple the linear
static analyses will not be able to capture the advantages of utilizing SMA in the case of
progressive collapse. The DCR values obtained from the linear static analyses by removing
exterior bay intermediate columns are presented in Table 5.3. The DCR values are
comparatively lower for interior column removal than those for a corner column removal
(Figure 5.4). Figure 5.4 depicts that the loss of the corner column increases the possibility

of progressive collapse failure of a structure more than that of the intermediate column.
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Figure 5.4 Comparison of DCR values due to (a) corner column removal and (b) exterior

bay interior column removal from linear static analyses.

Table 5.3 DCR values for exterior bay intermediate column removal for linear static analyses.

Exterior bay intermediate column removal

Positive  Negative Positive Negative

Building RC Frame Beam Moment  Moment Moment Moment DCRyos DCRugg

ID Types ID Demand Demand Capacity Capacity
(KN-m) (KN-m)  (kN-m)  (kN-m)
SMA 1B1 95 166 134 134 0.71 1.24
3 Steel-SMA 1Bl 95 166 134 134 0.71 1.24
Steel 1B1 95 166 134 134 0.71 1.24
SMA 2B1 104 179 245 335 0.42 0.53
4B2 93 164 151 151 0.62 1.09
2B1 104 179 245 335 0.42 0.53
6 Steel-SMA
4B2 93 164 151 151 0.62 1.09
Steel 2B1 104 179 245 335 0.42 0.53
ee
4B2 93 164 151 151 0.62 1.09
SMA 2B1 109 186 245 335 0.44 0.56
4B2 98 171 151 151 0.65 1.13
2B1 109 186 245 335 0.44 0.56
8 Steel-SMA
4B2 98 171 151 151 0.65 1.13
Steel 2B1 109 186 245 335 0.44 0.56
ee
4B2 98 171 151 151 0.65 1.13
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5.5.2 Nonlinear static analyses

To perform nonlinear static analyses, both material and geometric nonlinearity have
been considered. The beam column elements were modeled as an inelastic displacement
based frame element. To evaluate the performance, the maximum load resisted by the
frames as well as the maximum rotation and vertical ductility, are determined by applying
the load as per Eq. 5.1. The results obtained from the nonlinear static analyses by removing
the bottom storey corner column and the intermediate column are presented in Table 5.4
and 5.5, respectively. From Table 5.4 it can be observed that in the case of the 3-storey
SMA RC frame, the vertical deflection of the point from which the corner column is
removed is 261 mm and the adjacent column distance is 5000 mm, thus the maximum

rotation is 2.99 degrees.

Table 5.4 Ductility and support rotation due to corner column removal from nonlinear static

analyses.
Corner Column Removal

Building RC Frame o O Omax u % load at

ID Types (mm) (mm) collapse
SMA 2.99 40.0 261.0 6.5 90%

3 Steel-SMA 2.51 42.0 219.0 5.2 90%
Steel 2.43 40.0 212.0 53 80%
SMA 0.88 20.0 77.0 3.9 91 %

6 Steel-SMA 0.74 40.0 65.0 1.6 100%
Steel 0.45 38.0 39.0 1.0 100
SMA 0.76 30 66 2.2 100%

8 Steel-SMA 0.70 30 61 2.0 100%
Steel 0.22 19 19 1.0 100%
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Figures 5.5 (a) and (b) show the ductility of various frame types from the nonlinear

static analyses due to the corner and the intermediate column removal, respectively. In the

case of the 3-storey Steel RC frame the maximum vertical displacement of the point is

212mm, and the yield displacement is 40mm. Therefore the vertical ductility for the 3-

storey Steel RC frame is 5.3. The results obtained from the nonlinear static analyses by

removing the ground floor intermediate column are presented in Table 5.5. From Table 5.4

and Table 5.5 it is evident that none of the 3-storey RC frames could carry the amplified

loads (Eqg.5. 2) before collapse. Among the 6 and 8-storey buildings, only the 6-storey

SMA RC frame was unable to carry the applied loads before collapse.

Table 5.5 Ductility and support rotation due to exterior bay intermediate column removal from

nonlinear static analyses.

Intermediate Column Removal

Building RC Frame o Je Smax % load
ID Types (mm)  (mm) at collapse
SMA 161 300 830 29 77 %
3 Steel-SMA 151 450 1320 29 7%
Steel 115 400 1000 25 100%
SMA 074 300 650 22 100%
6 Steel-SMA 060 200 520 26 100%
Steel 029 210 250 12 100%
SMA 076 30 66 2.2 100%
8 Steel-SMA 060 30 50 17 100%
Steel 030 29 26 0.9 100%
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Figure 5.5 Comparison of ductility from nonlinear static analyses due to (a) corner column

removal, and (b) exterior bay intermediate column removal.
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Figure 5.6 Comparison of rotation due to (a) corner column removal, and (b) exterior bay

intermediate column removal.

Figure 5.5 and 5.6 show the variation of ductility and rotation, respectively. According
to GSA-2003 if the ductility value is larger than 20 then the structure is susceptible to
progressive collapse. The SMA RC frame suffered more ductility compared to that of the

Steel-SMA and the Steel RC frames, which indicates that the SMA RC frame is more
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susceptible to progressive collapse compared to the others. For all types of frames the value
of the vertical ductility is higher for the corner column removal than that for the

intermediate column removal.

The rotation value permitted by the GSA (2003) is 12. From nonlinear static analyses it
is observed that the support rotation value did not exceed the limiting value for all cases.
One interesting observation is, with the increase of storey numbers, the support ration
values decrease. As the storey number increases the loads can be redistributed over a larger
path in the building frame during a column removal event, and thus, it can experience lesser

deformation compared to those frames which have a lower number of storeys.

5.5.3 Linear dynamic analyses

To perform the linear dynamic analyses, the models developed for linear static analyses
have been used. First the dynamic load combination was applied, as mentioned in Eq. (5.2).
The loading (reaction at the removed column) for the linear dynamic analyses to simulate

column removal is shown in Figure 5.7.
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Figure 5.7 Time history loading (reaction at removed column) for linear and nonlinear
dynamic analyses.
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After conducting the dynamic time history analyses, the performance of various frames

were evaluated by calculating the flexural demand to capacity ratio (DCR). The demand

observed from the time history analyses are presented in Table 5.6 and Table 5.7 for the

corner column and exterior bay intermediate column removal cases, respectively. Figure

5.8(a) and (b) show the DCR values obtained from the linear dynamic analyses for corner

and intermediate column removal, respectively.

Table 5.6 DCR values for corner column removal from linear dynamic analyses.

Corner Column Removal

Positive Negative Positive  Negative
Building RC Frame Beam Moment Moment Moment Moment DCR DCRyeq
ID Types ID Demand Demand Capacity Capacity pos
(KN-m)  (kN-m)  (kN-m)  (kN-m)
SMA 1B1 184 276 134 134 1.37 2.06
3 Steel-sSMA 1Bl 184 276 134 134 1.37 2.06
Steel 1B1 184 276 134 134 1.37 2.06
1B1 191 286 245 335 0.78 0.85
SMA
4B2 167 252 151 151 111 1.67
1B1 191 286 245 335 0.78 0.85
6 Steel-SMA
4B2 167 252 151 151 111 1.67
Steel 1B1 191 286 245 335 0.78 0.85
ee
4B2 167 252 151 151 111 1.67
1B1 188 283 245 335 0.77 0.84
SMA
4B2 177 266 151 151 1.17 1.76
1B1 188 283 245 335 0.77 0.84
8 Steel-SMA
4B2 177 266 151 151 1.17 1.76
- 1B1 188 283 245 335 0.77 0.84
ee
4B2 177 266 151 151 1.17 1.76
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Table 5.7 DCR values for exterior bay intermediate column removal from linear dynamic analyses.

Intermediate column removal

Positive Negative  Positive  Negative

Building RC Frame Beam Moment Moment Moment  Moment DCR DCR
ID Types ID Demand Demand Capacity Capacity pos e
(KN-m)  (kN-m) (KN-m) (KN-m)

SMA 1B1 104 169 134 134 0.78 1.26
3 Steel-SMA 1B1 104 169 134 134 0.78 1.26
Steel 1B1 104 169 134 134 0.78 1.26
SMA 2B1 107 174 245 335 0.44 0.52
4B2 102 166 151 151 0.68 1.10
2B1 107 174 245 335 0.44 0.52

6  Steel-SMA
4B2 102 166 151 151 0.68 1.10
Steel 2B1 107 174 245 335 0.44 0.52
4B2 102 166 151 151 0.68 1.10
SMA 2B1 114 182 245 335 0.47 0.54
4B2 106 172 151 151 0.70 1.14
8 Steel-SMA 2B1 114 182 245 335 0.47 0.54
4B2 106 172 151 151 0.70 1.14
Steel 2B1 114 182 245 335 0.47 0.54
4B2 106 172 151 151 0.70 1.14

It can be observed that the DCR values obtained from the dynamic analyses are more
than those from the static analyses. Although the DCR values observed from the static
linear analyses for the 3-storey SMA, Steel-SMA, and Steel RC frames were less than 2.0
for both the positive and the negative moments, in the case of the linear dynamic analyses
the DCR valued slightly exceeded 2.0 for negative moment while removing the corner
column. Similar to the static analyses results, linear dynamic analysis also indicates that the
corner column is a more critical location than the intermediate column for progressive
collapse failure. Figure 5.8 also illustrates that the vulnerability of progressive failure for

low rise building is higher compared to mid-rise buildings.
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Figure 5.8 Comparison of DCR values from linear dynamic analyses due to (a) corner

column removal, and (b) exterior bay intermediate column removal.

5.5.4 Nonlinear dynamic analyses

The previously developed model for the nonlinear static analyses was used to perform
nonlinear dynamic analyses where both geometric and material nonlinearity were
considered and the load was applied as per Eq. (5.2). The loading used to perform the
nonlinear dynamic analyses is shown in the Figure 5.7. From the nonlinear dynamic time
history analyses, the support rotation and ductility are calculated, and the results are
provided in Table 5.8 and 5.9, for the corner column and the exterior bay intermediate
column removal cases, respectively. The support rotation and the ductility observed from
the dynamic analyses are comparatively less than the values obtained from the static
analyses. It has been observed that for all frame types, the ductility and rotation values are

within the GSA (2003) limits (Figure 5.9 and 5.10).
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Table 5.8 Ductility and support rotation due to corner column removal from nonlinear dynamic

analyses.
Corner column removal
Bl»gilding $C Frame o O Omax u
ypes (mm) (mm)
SMA 2.21 92.0 193.0 2.1
3 Steel-SMA 2.01 95.0 175.0 1.8
Steel 0.20 9.3 17.5 1.9
SMA 0.92 60.0 80.0 1.3
6 Steel-SMA 0.86 50.0 75.0 1.5
Steel 0.52 35.0 45.0 1.3
SMA 0.89 72 78 1.1
8 Steel-SMA 0.83 39 72 1.8
Steel 0.40 29 35 1.2

Table 5.9 Ductility and support rotation due to intermediate column removal from dynamic

analyses.
Intermediate column removal
I|3Duilding $C Frame o Je Srmax U
ypes (mm) (mm)
SMA 1.72 39.0 150.0 3.8
3 Steel-SMA 0.89 36.0 78.0 2.2
Steel 0.58 33.0 51.0 1.5
SMA 0.80 37.0 70.0 1.9
6 Steel-SMA 0.71 36.0 62.0 1.7
Steel 0.31 19.0 27.0 14
SMA 0.86 26 75 2.9
8 Steel-SMA 0.72 25 63 2.5
Steel 0.33 19 29 1.5
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Figure 5.9 Comparison of ductility due to (a) corner column removal, and (b) exterior bay

intermediate column removal.
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Figure 5.10 Comparison of rotation due to (a) corner column removal, and (b) exterior bay

intermediate column removal.

The results indicate that the SMA RC frames are more prone to progressive collapse

failure than the Steel RC frames.
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5.5.4.1 Vertical displacement

In addition to the GSA evaluation techniques, the performance of the SMA RC, Steel-
SMA RC and Steel RC frames are also compared by considering the vertical deflection of
the joint at which the column is removed. The vertical deflection results are shown in
Figures 5.11, 5.12, and 5.13 for the 3, 6, and 8-storey frames, respectively. For all cases,
the SMA RC frames were subjected to larger deflections compared to those of the Steel-
SMA and Steel RC frames. The residual drifts were also higher for the SMA RC frames.
However, the percentage of recovering the deflection is higher for the SMA RC frames
compared to the other framing systems. In the case of the 3-storey frames, the recovery
rates are 17%, 18% and 12% for the SMA, Steel-SMA and Steel RC frames, respectively,
when the corner column is removed. In the cases of the 6 and 8-storey frames, the recovery
rates are 33% 31%, 28% and 32%, 31% and 25% for the SMA, Steel-SMA and Steel RC
frames, respectively. When an exterior bay intermediate column is removed from the SMA,
Steel-SMA, and Steel RC frames, the recovery rates are 46%, 39%, and 22% for the 3-
storey frames, 41%, 42% and 36% for the 6-storey frames, and 36%, 42%, and 32% for the

8-storey frames, respectively.
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Figure 5.11 Vertical displacement of the point at which the bottom storey column is
removed from 3-storey frames due to: (a) corner column removal, and (b) exterior bay

intermediate column removal.
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Figure 5.12 Vertical displacement of the point at which the bottom storey column is
removed from 6-storey frames due to: (a) corner column removal, and (b) exterior bay

intermediate column removal.
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Figure 5.13 Vertical displacement of the point at which the bottom storey column is
removed from 8-storey frames due to: (a) corner column removal, and (b) exterior bay

intermediate column removal.

When an exterior bay intermediate column is removed from the SMA, Steel-SMA, and
Steel RC frames, the recovery rates are 46%, 39%, and 22% for the 3-storey frames, and
41%, 42%, 36% for the 6-storey frames, and 36%, 42%, 32% for the 8-storey frames,

respectively.

5.5.4.2 Variation of axial forces

The variations in axial forces in columns due to the sudden removal of a column have
been observed the from nonlinear dynamic time history analyses. The results are presented
in Figures 5.14, 5.15 and 5.16 for the 3, 6, and 8-storey frames, respectively. It can be
observed that the axial force in the adjacent column of the removed corner column is higher
for the 3-storey Steel RC frame compared to that of the SMA and Steel-SMA RC frames.

However, in the case of the intermediate column removal, the 3-storey SMA RC frame
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Axial Force (KN)

experienced higher axial force (Figure 5.14b). In the case of the 6 and 8-storey frames, the

Steel RC frames experienced lesser axial forces compared to the other framing systems.

-150 T T T T 1 -150 T T T T 1
——SMARC —— SMARC
— — —SMA-Steel RC = = = SMA-Steel RC
......... Steel RC . 2 Steel RC
-300 é -300 3
[}
2
o
o
i £ s
- i X -
450 i %
-600 -600 -
0 2 4 6 8 10 0 2 4 6 8 10
Time (sec) Time (sec)
(@) (b)

Figure 5.14 Column axial force variation adjacent to the removed column (bottom storey
B1) for 3-storey frames due to: (a) corner column removal, and (b) exterior bay
intermediate column removal.
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Figure 5.15 Column axial force variation adjacent to the removed column (bottom storey of
B1l) for 6-storey frames due to: (a) corner column removal, and (b) exterior bay

intermediate column removal.
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Figure 5.16 Column axial force variation adjacent to the removed column (bottom storey of
B1) for 8-storey frame due to (a) corner column removal, and (b) exterior bay intermediate

column removal.

Figures 5.17 shows how the axial forces along the height of the frame change for the 3,
6, and 8-storey frames when the corner and intermediate columns are removed under
nonlinear dynamic analyses. From these results it is observed that for all cases column B1
has adequate capacity to carry the increased axial load due to the removal of the corner or
intermediate column. In the case of the corner column removal of the 3-storey frame, the
SMA RC frame is subjected to less axial force compared to that of the Steel RC frame
along the height of the frame. But when the intermediate column was removed, the SMA
RC frames (except for the 6-storey) are subjected to higher axial forces compared to those
of other frames. However, in most cases the results are comparable except for the 3-storey
frames (Figures 5.17 a and b) where there was no particular trend in the axial force
variations at different storey levels for different frame types (Figures 5.17 ¢ to f). During a
sudden column removal event, the response of a 3-storey structure is different compared to

a 6 and 8-storey frame structures because of its smaller path along its height for uniform
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distribution of forces. The variations in results were also because of SMA’s lower modulus

of elasticity compared to steel.
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Figure 5.17 Variation of axial forces in column B1 due to: (a) corner column removal from

3 storey, (b) intermediate column removal from 3-storey, (c) corner column removal from

6-storey, (d) intermediate column removal from 6-storey, (e) corner column removal from

8-storey, and (f) intermediate column removal from 8-storey frames.
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5.5.4.3 Variation of maximum shear forces

The variations in shear forces in the first floor beams at the joint locations of the column

removal are also presented in Figures 5.18, 5.19 and 5.20, for the 3, 6, and 8-storey frames,
respectively.
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Figure 5.18 Shear forces in beams for 3 storey frames due to: (a) corner column removal,
and (b) exterior bay intermediate column removal.
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Figure 5.19 Shear forces in beams for 6 storey frames due to: (a) corner column removal,
and (b) exterior bay intermediate column removal.
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Figure 5.20 Shear forces in beams for 8 storey frames due to: (a) corner column removal,

and (b) exterior bay intermediate column removal.

5.6 PERFORMANCE COMPARISON AMONG DIFFERENT ANALYSES
TECHNIQUES

Tables 5.10 and 5.11 show the variations in the axial forces for the 3, 6, and 8-storey
frames using the different analysis techniques. For all the frames it is observed that the
axial force demand is higher when the corner column is removed compared to the
intermediate column removal. When the corner column is removed the common scenario is
that column B1 of the Steel RC frames are subjected to more axial forces compared to the
SMA RC frames. The results obtained by removing an intermediate column of an exterior
bay are not consistent like the corner column removal condition. The maximum variations
of the axial forces are obtained for the 3-storey frame when the corner column is removed
under linear static analyses. This variation is 6.06 times the initial condition for the SMA
RC, Steel-SMA and Steel RC frames. For the 6 and 8-storey frames the maximum variation

is also obtained when linear static analyses are performed.
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Table 5.10 Ratio of the maximum axial force to its initial condition in column B1 due to corner

column removal.

. Building RC Frame Type
Analysis type
ysistyp ID  SMARC  SteelSMARC  Steel RC

3 6.06 6.06 6.06

Linear static analyses 6 5.92 6.26 6.26
8 3.74 3.74 3.74
3 5.02 5.06 4.67

Nonlinear static analyses 6 5.18 5.52 5.57
8 3.51 3.52 3.67
3 3.86 5.52 5.52

Linear dynamic analyses 6 5.15 5.10 5.47
8 3.23 3.23 3.23
3 4.06 4.05 5.69

Nonlinear dynamic analyses 6 4.46 4.70 4.69
8 2.89 2.98 2.98

Table 5.11 Ratio of the maximum axial force to its initial condition in column B1 due to an exterior

bay intermediate column removal.

Analysis type Building RC Frame Type
ID SMA RC Steel-SMA RC Steel RC
3 2.56 2.56 2.11
Linear static analyses 6 2.31 2.05 2.49
8 1.60 1.60 1.60
3 2.02 2.39 2.44
Nonlinear static analyses 6 2.38 2.34 2.40
8 1.68 1.67 1.68
3 2.11 2.11 2.11
Linear dynamic analyses 6 1.96 1.92 2.00
8 1.39 1.39 1.39
3 2.12 1.87 1.96
Nonlinear dynamic analyses 6 1.98 2.03 1.98
8 1.78 1.44 1.36

The variations of shear forces for the different frames which are obtained from different
analyses are presented in Tables 5.12 and 5.13. Tables 5.12 and 5.13 present the variations

in shear forces when the corner and intermediate columns are removed, respectively using
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different analysis techniques. In almost every case the Steel RC frames are subjected to a

large shear forces ratio compared to the SMA RC frames.

Table 5.12 Ratio of the beam maximum shear force to its initial condition due to corner column

removal.
. Building RC Frame Type
Analysis type
yeISyp ID " SMARC  SteellSMARC  Steel RC

3 2.25 2.25 2.25

Linear Static Analyses 6 1.37 1.37 1.38
8 1.40 1.40 1.40
3 1.98 2.00 1.81

Nonlinear Static Analyses 6 1.51 1.62 1.63
8 1.61 1.71 1.74
3 2.00 2.46 2.46

Linear Dynamic Analyses 6 1.53 1.53 1.61
8 1.53 1.53 1.53
3 1.80 1.70 1.93

Nonlinear Dynamic Analyses 6 1.57 1.73 1.46
8 1.59 1.68 1.62

Table 5.13 Ratio of the beam maximum shear force to its initial condition due to an exterior bay

intermediate column removal.

Analysis type Building RC Frame Type
ID SMARC Steel-SMA RC Steel RC
3 1.87 1.87 1.87
Linear Static Analyses 6 1.14 1.08 1.19
8 1.16 1.16 1.16
3 1.60 1.73 1.94
Nonlinear Static Analyses 6 1.49 1.47 1.50
8 1.49 1.50 1.52
3 1.75 1.75 1.75
Linear Dynamic Analyses 6 1.05 1.04 1.09
8 1.06 1.06 1.06
3 1.89 154 1.64
Nonlinear Dynamic Analyses 6 1.49 1.57 1.43
8 1.58 157 1.46

In the current study linear and nonlinear static and dynamic analyses are performed. The

buildings considered here are regular in nature. The linear static analyses are suitable when
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both the nonlinear response and dynamic effects can be predicted. In order to estimate the
dynamic influence, an amplified load factor of 2 [Eq. (5.1)] is used. The linear dynamic
analyses can be used when the nonlinear behaviour of structures are easily predicted. The
DCR values obtained from the linear dynamic analyses are higher than the values obtained
from the linear static analyses. By analyzing the results from Tables 5.10 to 5.13, it can be
observed that linear dynamic analyses are more reliable than other analyses techniques in
predicting the variation in axial forces of different types of frames under progressive
collapse. For instance, in the case of corner column removal, the ratio of the maximum
axial force to its initial reaction values obtained from nonlinear static analyses are on an
average 15% higher when compared to the nonlinear dynamic analyses whereas this
prediction in the case of linear dynamic analyses were within 5% to those of nonlinear
dynamic analyses. However, while predicting the vertical displacement during progressive
collapse, nonlinear static analyses produced more accurate predictions compared to other
techniques. For instance, the vertical displacement values obtained from nonlinear static
analyses were on an average only 3% offset from those obtained from nonlinear dynamic

analyses.

5.7 SUMMARY

The results of this chapter indicated that the resistance to progressive collapse of
seismically designed Steel RC frames are much better compared to SMA RC frames during

a progressive collapse load event.
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CHAPTER 6: CONCLUSIONS

6.1 SUMMARY

This thesis explores the possibility of utilizing shape memory alloys (SMAS) as
longitudinal reinforcement in beams in reinforced concrete frame buildings. This study
provides literature review on shape memory alloys where its mechanical behaviour, various
factors influencing their mechanical properties and its constitutive material models has
been discussed. The use of SMAs in repairing deficient structures and constructing new

civil engineering structures has been broadly presented.

This study determines the seismic response modification factor (R) supply and demand
for the Steel RC, Steel-SMA RC and SMA RC frame buildings designed as per NBCC
(2005) and CSA A23.3-04. The performance of these building in terms of seismic response
modification factors supply and demand ratio has been evaluated. This study also evaluates
the seismic vulnerability of these buildings and their resistance against progressive

collapse.

6.2 LIMITATIONS OF THIS STUDY

The main limitations of the current study are

e The slab and transverse beams contribution were not considered.

e Vertical irregularity and Irregularity in bay length were not considered.

e Two out of the ten earthquake records considered in this study produced elastic base
shear, which were having large deviation from the other records, however, no

statistical analyses were performed except the arithmetic mean.
132



e To evaluate the progressive collapse performance only the exterior bay bottom

storey corner and intermediate column were removed in this.

6.3 CONCLUSIONS

A major part of this study examines the overstrength factor, the ductility reduction
factor supply and demand, and the response modification factor supply and demand for
Steel-SMA and SMA RC frames. The results are then compared to those obtained from a
regular Steel RC frames. Three different (3, 6 and 8) storey RC frames have been designed
where each frame has three different types of reinforcement configurations in their beams.
All the buildings are located in a high seismic zone in Vancouver, and are designed
according to CSA standards (A 23.3-04). Nonlinear static pushover analyses have been
performed to determine the overstrength factor and the ductility of all the frames. All the
frames have been analyzed under selected and scaled seismic loading using a finite element
program. Nine real and one artificial earthquake record have been considered in this study.
Nonlinear incremental dynamic time history analyses and linear dynamic time history
analyses have been performed to obtain the ductility reduction factors and the response

modification factors.

From the pushover analyses it is observed that

e The lateral base shear capacities for Steel-SMA and SMA RC frames are similar to
those of Steel RC frames. For each storey type, the initial stiffness of the Steel RC,
the Steel-SMA RC and the SMA RC frame was similar. Once concrete cracked, the

SMA RC frame shows much reduced stiffness compared to the Steel RC frames
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because of SMA’s lower modulus of elasticity compared to steel, which is also the

cause of SMA’s higher inter-storey drift compared to Steel RC frames.

The overstrength factor was also calculated for the Steel, the Steel-SMA and the

SMA RC frames, which is found to be very close to each other.

The displacement ductility for each frame type was calculated from the pushover
analyses based on the idealized elasto-plastic behaviour. From this study it was
observed that the Steel RC frames are more ductile for all 3, 6, and 8-storey frames

by at least 20%.

Nonlinear incremental dynamic time-history analyses and linear dynamic time history

analyses were also performed for all the frames to determine their ductility reduction factor

and their response modification factor supply.

The ductility reduction factor increased with the increase of storey numbers.

The ductility reduction factor demand and the response modification factor demand

were also calculated by using empirical equations.

The supply-demand ratio for the ductility reduction factor was also compared

among the considered frames.

From the results of this study it can be concluded that the response modification
factor supply and demand for the SMA RC frames are similar to the Steel RC

frames.
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e The NBCC (2005) provided response modification factor can be used for the SMA

RC and Steel-SMA RC frames.

Seismic vulnerability of the considered frames is also assessed in this study. The
vulnerability of a building can be a function of plastic rotations, member forces and inter-
storey drift, which can be controlled by controlling the overall capacity of the building. The
building subjected to an earthquake ground motion causes a building response resulting in
drifts and member forces, all of which can express demands. If both the ground motion
demand and the building’s capacity to resist this demand could be estimated with some
confidence, then buildings could be designed with some level of assurance in performing as

desired.

The performance and response of the considered frames have been evaluated by
developing nonlinear analytical models of the frames and performing seismic analyses with
an ensemble of 10 earthquake ground motions scaled to different intensity levels. The
spectral acceleration at the structure’s fundamental mode period was used to scale each
record, thus allowing a reduction in record-to-record variability. The corresponding peak
ground acceleration (PGA) was also used as a seismic hazard representation for comparing
the performance of the SMA RC frame system. The height-wise distribution and record-to-
record variability of the maximum drift demands were also studied. The general

conclusions drawn from the results of this study are summarized below:

e At the design level ground motion intensity for the 3 and 6-storey SMA RC frames,

the calculated roof and maximum inter-storey drift demands based on the median
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ground motions provide satisfactory performance on the basis of the NBCC drift
limits. The 8-storey SMA RC frame exceeded the NBCC drift limit.

The allocation of the inter-storey drift demand along the height of the frames differs
from record to record in terms of magnitude, but follows a very similar pattern. The
maximum drift demands in the elastic range of response normally occur at the
upper-story levels. In the inelastic range of response, there is a high concentration of
inelasticity, mainly in the 4™-storey level for the 8-storey SMA RC frames.

The median capacities for the Steel RC frames in terms of maximum inter-storey
drift based on collapse prevention levels are between 1.5 to 3.3 times the NBCC
drift limit.

The median capacities for the Steel-SMA RC frames in terms of the maximum
inter-story drift based on collapse prevention levels are between 1.1 to 2.1 times the
NBCC drift limit.

The median capacities for SMA RC frames in terms of the maximum inter-storey
drift based on collapse prevention levels are between 0.94 to 2.31 times the NBCC
drift limit.

When residual roof drift and maximum residual inter-storey drift were considered,
the SMA and the Steel-SMA RC frames performed better than the Steel RC frames.
SMA RC frames can be used for low-rise buildings of up to 6-storeys. With the
increase in building height, SMA RC frames become unsafe. The main reason
behind this was the low modulus of elasticity of the SMA material. Therefore, the

current reinforced concrete design approach is not applicable for medium rise SMA
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RC frames. New design methodology is necessary for SMA RC frames that are 8-

storeys or higher.

To evaluate the performance of 9 frames, four different analysis techniques were used:
linear static and dynamic, and nonlinear static and dynamic analyses. GSA 2003 guidelines
were followed for performance comparison. From the results of the linear static analyses

the following observations were made:

e Irrespective of the frame type and storey height, the DCR value in each case was
less than 2.0.

e The maximum DCR value was observed for 3 storey frames where the value was
1.72.

e For the 6 and 8-storey frames the DCR value for beam B1 was less than beam B2
where beam B2 is located at the 4th floor level for both the 6 and 8-storey frames.
This is due to the lower reinforcement ratio of beam B2 compared to that of beam
B1, which reduced the capacity of beam B2 compared to its demand.

e The DCR values for the SMA RC, Steel-SMA and Steel RC frames were similar for

all stories.

From the results obtained from linear static analyses it was observed that the
reinforcement types did not affect the behaviour of the frame structures significantly under
progressive collapse. The seismically designed building as per CSA A23.3-04 and NBCC-
2005, exhibited satisfactory performance in preventing progressive collapse, when

performing the static linear analysis.
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On the
drawn:

basis of the nonlinear static analyses results the following conclusions can be

Steel RC frames offer less ductility than the other frame systems during sudden
removal of a column. In the case of the SMA RC frame, it offered more ductility
compared to the Steel-SMA and the Steel RC frames, which implies more
susceptibility to progressive collapse compared to others.

When the exterior bay intermediate column was removed, the Steel RC frame could

carry the full load where as the other frames could not.

The following conclusions were drawn on the basis of the linear dynamic analyses results:

The DCR values observed from the linear dynamic analyses were more than those
from the linear static analyses. Although the DCR values obtained from the linear
static analyses for the 3-storey SMA, Steel-SMA, and Steel RC frame are less than
2.0 for both positive and negative moments, in the case of linear dynamic analyses
the DCR values for these frames exceeded 2.0 for the negative moment when the
corner column was removed.

The DCR values are always greater when the corner column is removed, which
implies that the corner columns are more critical than the exterior bay intermediate

columns for progressive collapse.

From the nonlinear dynamic time history analyses the following conclusions are drawn:

The support rotation and the ductility observed from the nonlinear dynamic analyses
are comparatively less than those obtained from the static analyses.
For all types of frames the ductility and the rotation values are less than the GSA

(2003) recommended values.
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e From the nonlinear dynamic analyses it is observed that the SMA RC frames are

more susceptible to progressive collapse than the Steel RC frames.

Although SMAs have unique properties like superelasticity, their performance under
progressive collapse is similar to regular Steel RC frames. In most cases their performance
was rather inferior as they experienced larger vertical displacement, axial and shear forces
for 6 and 8-storey frames compared to those of the regular Steel RC frames. All the
analyses results showed that the corner columns are more vulnerable to progressive
collapse. Therefore, care should be taken by engineers while designing new structures and
strengthening the existing structures against progressive collapse. From the static linear
analyses it was observed that all types of frame structures are safe under progressive
collapse. However, the linear dynamic analyses showed that the 3-storey frames are not
safe against progressive collapse, which clearly indicates that more rigid guidelines should

be incorporated in building design codes for preventing progressive collapse.

6.4 RECOMMENDATIONS FOR FUTURE RESEARCH

Further research is necessary to investigate the seismic performance of SMA and Steel-
SMA RC frames under shake table loading. Different moment resisting frames can be
considered for the test, for instance, ductile, moderately ductile and gravity load designed
frames with regular and irregular framing. Such experimental investigations will confirm
the results demonstrated in this study on the seismic performance of the ductile SMA and
Steel-SMA RC frames. Research is also needed to study the effect of slab and transverse
beams on the performance of SMA and Steel-SMA frames under seismic loading (i,e 3-

Daimensional analyses). Design code provisions for the seismic design of Steel RC
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structures need to be re-examined for SMA and Steel-SMA RC structures considering its
relatively lower modulus of elasticity and energy dissipation capacity, large deformation
capability, negligible residual strain, and recentering capability. Future research may
include understanding the behaviour of SMA RC shear walls, interior SMA RC beam-
column joint, top storey interior and top-storey corner joint. Since the strength and failure
mechanisms of interior and top-storey corner joints might be different than that of an
exterior beam-column joint, it is important to carry out further research on these particular
elements. Such elements can substantially affect the overall seismic performance of a
structure, which may consequently change the force modification factors for seismic

design.
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