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Summary

Earthquake engineering has progressed significantly in the last few
decades. However, a high proportion of the building stock located in
earthquake-prone regions still exhibits serious seismic deficiencies. In
fact, many of these buildings were designed before the appearance of
seismic codes, in view of rudimentary anti-seismic design criteria
and/or by using obsolete seismic hazard maps. A significant number
of the structures that still remain under-designed have reinforced
concrete (RC) frames as the main system of lateral resistance. Recent
seismic events revealed the poor performance of under-designed RC
frame structures (L’Aquila 2009, Lorca 2011 and Emilia 2012),
accentuating the need for seismic assessment and retrofitting. In this
sense, it is necessary to develop retrofitting strategies that increase
the seismic capacity of existing structures and that control the level
of structural and non-structural damage, within the framework of
performance-based seismic design. To this end, the addition of energy
dissipation devices is an effective technique that provides not only the
strength and deformation capacity required to protect human life, but

also the supplemental energy dissipation capacity necessary to reduce



structural and non-structural damage. Among the different types of
energy dissipation devices that are commercially available or under
development, the so-called “hysteretic” dampers are particularly
popular because of their low cost, in comparison with viscous fluid
dampers or viscoelastic solid dampers. For this reason, the use of
brace-type hysteretic dampers for the seismic upgrading of existing
frames has increased exponentially in the past two decades.
Nevertheless, adding hysteretic dampers to an under-designed RC
frame structure is not straightforward and some important issues
must be addressed. On one hand, the connection of the hysteretic
dampers to the existing frame requires special attention. The brace
may develop high axial loads and the design of the anchoring system
to the existing beam-column joint may be costly and difficult to
execute. On the other hand, the dampers require the frame to have a
minimum lateral deformation capacity, in order to develop their
inherent energy dissipation capacity. Under-designed RC frames may
not posses this minimum deformation capacity required for an
efficient combination of frame and dampers. For this reasons, this
Thesis is focused on investigating two main issues: (i) a solution for
connecting brace-type hysteretic dampers to the existing RC frame;
and (ii) a hybrid retrofitting solution with hysteretic dampers that
considers the possibility of including local strengthening procedures
(e.g. FRP/SRP), in order to increase the lateral deformation capacity

of the main frame.
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Regarding the first issue, a new solution for connecting concentric
braces to beam-column joints of existing RC frames is investigated in
Chapter 3. This solution is suitable for connecting either a
conventional concentric steel brace or a brace-type hysteretic damper.
It consists of (i) two shear-key steel plates fixed to the concrete with
anchor bolts —which restrain the displacements of the end-plates of
the steel brace— and (ii) a device for minimizing friction forces
between the shear-key plates and the end-plates. Minimizing friction
produces the effect of eliminating tension forces on the anchor bolts
and of reducing the bending moments on the shear-key plates.
Consequently, this solution allows using thin plates without stiffeners
and avoids brittle failure modes on the anchors, thus reducing the
number of anchors, as well as the required effective anchorage depth.
To clarify the influence of some parameters (such as the initial gaps
between the steel plates and the thickness of the Teflon sheets) a 3D
finite element model is developed. As a result, execution provisions
and design criteria of the brace-frame connection are proposed.
Finally, the efficiency and wvalidity of the proposed brace-frame
connection is evaluated through shaking-table tests conducted on a
3x3x3 m® scaled RC frame retrofitted with brace-type hysteretic
dampers. Experimental results show that the braces installed with the
proposed brace-frame connection successfully controlled the damage
on the main frame and that the hysteretic dampers dissipated most of

the energy input by the earthquake. Thus, the proposed brace-frame
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connection was effective in mobilizing the energy dissipation capacity

of the hysteretic dampers.

Second, a retrofitting solution with hysteretic dampers is
presented in Chapter 4, which considers the addition of local
strengthening procedures (e.g. FRP/SRP) to enhance the flexural
strength and/or the lateral deformation capacity of the main frame.
As explained above, a minimum lateral deformation capacity of the
main RC frame is required for the hysteretic dampers (displacement-
based devices) to develop their intrinsic energy dissipation capacity.
An energy-based method proposed by Benavent-Climent in past
research for retrofitting RC frame structures with hysteretic dampers,
is extended in this Thesis to consider the possibility of locally
strengthening the main frame (e.g. adding FRP/SRP). In this way,
the proposed procedure ensures the existence of a solution for the
design of the dampers that meets the inter-story drift requirements at
each floor. In addition, this procedure is capable of predicting the
maximum inter-story drift for different mean return periods, thus
being possible to evaluate the solution for different performance
objectives. Finally, the energy-based seismic design procedure is
tested by means of nonlinear time history analysis, as described in
Chapter 5. For this purpose, a retrofitting solution is designed for
each earthquake scenario (near-fault and far-field) to upgrade a six-
story prototype RC frame structure —representative of pre-70

residential buildings. The performance of these solutions is evaluated

VIII



for three levels of seismic hazard (corresponding to mean return
periods 95, 475 and 2475 years). Later, a numerical model is
developed, and subjected to two sets of 20 natural acceleration
records —far-field and near-fault. Results show good agreement
between the overall performance obtained from the dynamic response
analysis, and the behavior anticipated in the design. As intended in
the design procedure, there was no concentration of damage and the

dampers dissipated most of the energy input by the earthquake
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Resumen

La ingenieria sismica ha evolucionado significativamente en las
dltimas décadas. Sin embargo, una elevada proporcién de las
construcciones existentes, ubicadas en zonas de riesgo sismico, todavia
presenta serias deficiencias en cuanto a su disefio sismorresistente. De
hecho, muchos de estos edificios se construyeron con anterioridad a la
aparicion de cédigos sismicos, siguiendo criterios de disefo
sismorresistente rudimentarios, y/o utilizando mapas de peligrosidad
sismica que han quedado obsoletos. Un ntmero elevado de estas
estructuras existentes fue construido con pérticos de hormigdn
armado (HA), que constituyen su principal sistema de resistencia
lateral. Recientemente, varios eventos sismicos han puesto de
manifiesto el mal comportamiento de este tipo de estructuras de HA
(L’Aquila 2009, Lorca 2011 y Emilia 2012), enfatizando la necesidad
de evaluar su comportamiento sismico y de llevar a cabo las medidas
necesarias para su reacondicionamiento. En este sentido, se deben
desarrollar estrategias de reacondicionamiento capaces de mejorar la
capacidad sismorresistente de las estructuras existentes, pero también

de controlar el nivel de daifio, tanto estructural como no-estructural,
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en el marco del disefio sismorresistente basado en prestaciones. Para
ello, la instalaciéon de dispositivos de disipaciéon de energia se revela
como una técnica efectiva que proporciona la resistencia y la rigidez
lateral necesarias para asegurar la proteccién de vidas humanas, pero
también la capacidad adicional de disipacién de energia necesaria para
reducir el dafio tanto estructural como no-estructural. Entre los
distintos tipos de dispositivos de disipacion de energia que estan
disponibles en el mercado o en desarrollo, los llamados disipadores
“histeréticos” son especialmente populares debido a su bajo coste, en
comparacién con los disipadores de fluido viscoso o con los disipadores
visco-elasticos sélidos. Por este motivo, el uso de disipadores
histeréticos para el reacondicionamiento sismico de estructuras
existentes, que se instalan como barras de arriostramiento
convencionales en el interior de estructuras porticadas, ha aumentado
exponencialmente en las ultimas dos décadas. No obstante, anadir
disipadores histeréticos a una estructura porticada de HA carente de
la necesaria capacidad sismorresistente, requiere tener en cuenta
algunos aspectos importantes. Por un lado, la conexién de disipadores
histeréticos a la estructura porticada existente requiere especial
atenciéon. Los disipadores tipo barra pueden desarrollar fuerzas axiles
elevadas y el diseno de su sistema de anclaje a la unién viga-columna
de HA existente puede ser cara y dificil de ejecutar. Por otro lado, los
disipadores requieren que el pértico existente posea una minima
capacidad de deformacion lateral para que puedan desarrollar

adecuadamente su inherente capacidad de disipacién de energia. Las
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estructuras porticadas de HA que no cumplen la normativa
sismorresistente pueden no poseer esta minima capacidad de
deformacién lateral, necesaria para que la soluciéon estructural que
combina pértico y disipadores sea eficiente. Por estas razones, la
presente Tesis se centra en investigar dos cuestiones importantes: (i)
una soluciéon para conectar disipadores histeréticos tipo barra a
estructuras existentes porticadas de HA; y (ii) una solucién de
reacondicionamiento hibrida con disipadores de tipo histerético que
considera la posibilidad de reforzar localmente el portico principal
(por ejemplo, mediante materiales tipo composite FRP/SRP), para

incrementar su capacidad de deformacién lateral.

En primer lugar, en el Capitulo 3 se investiga una solucién nueva
para conectar barras de tipo concéntrico a las uniones viga-columna
de porticos existentes de HA. Esta solucién es adecuada tanto para
conectar una barra de acero de arriostramiento convencional, como
para conectar un disipador histerético tipo barra. Consiste en (i) dos
placas de cortante de acero (shear-key plates), fijadas a la superficie
de hormigén con tornillos de anclaje, que restringen el desplazamiento
de las placas soldadas en el extremo de la barra de acero (end-plates);
y (i) un dispositivo que permite minimizar las fuerzas de friccién
entre las placas de cortante y las placas extremas. De esta manera, al
minimizar la friccién entre las placas se consigue eliminar las fuerzas
axiles de tensién en los tornillos de anclaje y reducir el momento

flector en las placas de cortante. En consecuencia, esta solucién
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permite emplear placas delgadas sin rigidizadores y evita el desarrollo
de modos de fallo fragiles en los anclajes, reduciendo asi el nimero de
tornillos de anclaje y la profundidad de anclaje efectiva necesaria.
Para determinar la influencia de algunos parametros (tales como la
separacion inicial entre las placas de acero o el grosor de las laminas
de Teflon) se ha desarrollado un modelo de elementos finitos en 3D.
Como resultado, se proponen disposiciones de ejecucién y criterios de
disefio para la solucién de conexiéon propuesta. Finalmente, la
eficiencia y validez de esta conexién barra-pértico se evaliia mediante
ensayos dindmicos en mesa sismica de un espécimen a escala, formado
por una estructura porticada de HA con dimensiones 3x3x3 m?® y
reacondicionado con disipadores histeréticos tipo barra. Los resultados
experimentales muestran que las barras diagonales instaladas con la
solucién de conexién propuesta controlaron satisfactoriamente el dafio
en el portico principal y que la mayor parte de la energia introducida
por el terremoto fue disipada por los disipadores histeréticos. Por
tanto, la solucién de conexién propuesta fue efectiva en movilizar la

capacidad de disipacién de energia de los disipadores histeréticos.

En segundo lugar, en el Capitulo 4 se presenta una solucién de
reacondicionamiento con disipadores histeréticos que considera la
posibilidad de reforzar localmente el poértico principal (p. ej.
FRP/SRP) para mejorar su resistencia a flexién y su capacidad de
deformacién lateral. Como se ha explicado anteriormente, el portico

principal debe poseer una minima capacidad de deformacién lateral
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para que los disipadores histeréticos (dispositivos basados en el
desplazamiento) desarrollen su capacidad intrinseca de disipaciéon de
energia. Esta Tesis extiende el método basado en energia propuesto
por Benavent-Climent en investigaciones previas, para el
reacondicionamiento de estructuras porticadas de HA con disipadores
de tipo histerético, incluyendo la posibilidad de reforzar localmente el
pértico existente (p. ej. FRP/SRP). De esta manera, el procedimiento
propuesto asegura la existencia de una solucién para el diseno de los
disipadores que permita controlar el valor de la desviacién entre
plantas (inter-story drift) en todas las plantas del edificio. Ademas,
este procedimiento es capaz de predecir la maxima desviacién entre
plantas para niveles de peligrosidad sismica correspondientes a
distintos periodos de retorno medio, siendo posible alcanzar diferentes
objetivos de prestaciones. Finalmente, este procedimiento de disefio
sismorresistente basado en energia se valida mediante analisis
dindmicos directos, como se describe en el Capitulo 5. Para ello, se
disefia una solucién de reacondicionamiento para un prototipo de
pértico de HA de 6 plantas, representativo de edificios residenciales
construidos con anterioridad a 1970, para dos escenarios sismicos
distintos: cerca y lejos de falla. La respuesta de estas soluciones se
evaltia bajo tres niveles de peligrosidad sismica (correspondientes a
periodos de retorno medio de 95, 475 y 2475 anos). Para ello, se
realizan calculos dindmicos directos con dos conjuntos de 20
acelerogramas historicos —cerca y lejos de falla. Los resultados

muestran una buena correspondencia entre la respuesta global
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obtenida en los andlisis numéricos y el comportamiento predicho por
el procedimiento propuesto. Tal como pretendia el procedimiento de
disefio, los resultados muestran que no hubo concentracién de dano y
que los disipadores disiparon la mayor parte de la energia introducida

por el terremoto.
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Introduction

Seismic design is a relatively recent development that has evolved
constantly in the last few decades. As a result, a high proportion of
the building stock located in earthquake-prone regions (such as the
Mediterranean area) was designed before the appearance of seismic
codes or in view of rudimentary anti-seismic design criteria (Masi,
2003). Recent earthquakes have revealed the poor performance of
existing reinforced concrete (RC) buildings, accentuating the need for
seismic assessment and retrofitting, e.g. L’Aquila (Italy 2009,
M,=6.3), Lorca (Spain 2011, M,=5.1) and Emilia (Italy 2012,
M,=6.0). At the same time, the seismic hazard of some
Mediterranean countries has been updated, as indicated in the official
Italian hazard data (available at http://essel-gis.mi.ingv.it) and in
the updated seismic hazard map of Spain (Instituto Geografico
Nacional, 2012). The latter increases by up to about three times the

seismic hazard in some regions. Consequently, a large number of
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structures have probably become under-designed and need to be
retrofitted. Retrofitting strategies should focus not only on increasing
the seismic capacity of existing buildings, but also on attaining the
corresponding performance objectives described in the latest
standards published in Europe (EN 1998-3:2005, 2005; NTC 2008,

2008).

1.1 Seismic vulnerability of RC frame structures
in Spain

Seismic assessment of existing structures is a difficult task that
was considered in few standards (FEMA 178, 1992; JBDPA, 1977)
before the appearance of the Eurocode 8-Part 3 (EN 1998-3:2005,
2005). A major challenge is linked to the uncertainty about the
configuration and the structural data of the existing structure (e.g.
material strength, localization of reinforcement, quality of the
execution process, etc.), since technical documentation is not always
available and most of the data is based in limited field investigations.
For this purpose, the age of construction is considered a key-aspect to

determine the structural characteristics of a building.

The age of the existing building stock is a useful parameter to
quantify the amount of structures that remain under-designed
nowadays. In Italy, Crowley et al. (2009) used the data from the 13™
General Census of Population and Dwellings (Istituto Nazionale di
Statistica, 1991) to study the vulnerability of the building stock. They
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concluded that, although the vulnerability of the masonry buildings is
clearly superior to the RC structures, the wvulnerability of non-
seismically designed RC structures is also a concern. In Spain, the
Census of Population and Dwellings 2011 (Instituto Nacional de
Estadistica, 2013), gives the percentage rate of primary dwellings for
each period of construction, as shown in Table 1.1. It can be observed
that 60.3% of the primary dwellings were built between 1941 and
1991. It is precisely in the 1940s when masonry structures started to
be progressively substituted by frame structures and the use of
reinforced concrete became widespread (Monjo Carrié, 2005). In
particular, 26.2% of primary dwellings were built between 1941 and
1970, approximately before the publication of the first seismic codes
in Spain (PDS-1, 1974; PGS-1, 1968). A percentage of 34.1% were
built between 1970 and 1991, before the appearance of modern seismic
codes (NCSE-02, 2002; NCSE-94, 1994). Only 15% of primary

dwellings were built after 2002 (with the current seismic code).

Period Primary residence

(%)

2002-2011 15.0
1991-2001 16.0
1981-1990 13.0
1971-1980 21.1
1961-1970 15.3
1951-1960 7.8
1941-1950 3.1
Before 1941 8.6

Table 1.1: Primary residence in Spain classified by year of construction
(Instituto Nacional de Estadistica, 2013)
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The data described for Spain are representative of the situation in
many Spanish cities, such as the city of Lorca, recently affected by
the earthquake in 2011 (Alvarez Cabal, Diaz-Pavén Cuaresma, &
Rodriguez Escribano, 2013). However, the proportion of old buildings
constructed before the publication of the first Spanish seismic code
PGS-1 (1968), can be greater in big and historical cities such as
Barcelona, where this percentage reaches 80% (Barbat, Pujades, &

Lantada, 2006).

1.1.1 Evolution of seismic provisions in Spain

The first seismic code was published in Spain in 1968, PGS-1
(1968), as provisional. In 1974, the publication of the definitive code
PDS-1 (1974) lead to the repeal of the 7™ chapter about seismic
actions of the standard MV 101-1962 (1963). These standards were
based on pure-strength methods and did not pay attention to the
plastic deformation capacity of the structural elements. Furthermore,
the equivalent lateral seismic forces prescribed by these codes were
quite low, resulting in a poor lateral strength design (Benavent-

Climent, Akiyama, Lopez-Almansa, & Pujades, 2004).

In the 90s, significant regulatory changes produced an
improvement of the lateral strength and lateral deformation capacity
of the mnew buildings. The new seismic code NCSE-94 (1994)
introduced important modifications in both the definition of seismic
actions and structural design (Blazquez Martinez, 1997). First, the
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seismic hazard map was represented in terms of horizontal ground
acceleration associated with a return period of 500 years, instead of
macroseismic intensity (MKS). Second, the elastic response spectrum
is defined in the body of the code, depending on the ground type.
Third, although the design method is still strength-based, the concept
of ductility was included for the first time (Benavent Climent, 2010b).
The ductility factor, u, reduced the elastic forces obtained from the
elastic response spectra to obtain the design forces. Finally, the use of
wide beams was banned in seismic areas with design PGA, a.>0.16g,
and the ductility factor was limited to a value of 2 in regions with

a.< 0.16g.

It is also worth mentioning that the appearance of the code on
structural concrete, EH-98 (1998), enhanced the concrete strength by
increasing its minimum design strength, fek, from 17.5 (EH-91, 1991)

to 25 MPa. Before 1998, concrete with fox = 17.5 MPa was frequently

used due to its lower cost.

In 2002, the current code NCSE-02 (2002) was published. In this
code, different limit states —as contained in Eurocode 8-Part 3 (EN
1998-3:2005, 2005)— are still not explicitly considered, although they
are implicitly taken into account through the specification of the
maximum ductility factor (Benavent Climent, 2010b). In case very
high ductility is considered (y=4), this code enforces the formation of

stable energy dissipation mechanisms (such as beam-sway
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mechanisms). To this end, the strong-column/weak-beam principle is
applied to prevent a soft-story mechanism. Later, this principle was
explicitly included in the current version of the code on structural
concrete, EHE-08 (2008), which requires that the sum of column
ultimate flexural-strengths, M., exceed the sum of beam ultimate
flexural-strengths,  M,, at each  beam-column  connection

(ZMW Zj/SRZMbu ). The factor ysr accounts for possible overstrength,

and is equal to 1.35 in EHE-08 and to 1.3 in Eurocode 8. The current
seismic code, NCSE-02, also changed the restriction adopted by the
former code for wide beams, by allowing their use in regions with a. >
0.16g. However, it imposed several restrictions to such structures, by
limiting the ductility factor to p=2, and prescribing special
requirements about the dimensions of the beams and the location of
the reinforcement. In addition, the current seismic code also included
the consideration of the amplification effect of the ground type on the

seismic design acceleration.

Finally, an updated version of the seismic hazard maps in Spain
has been published (Instituto Geogréafico Nacional, 2012). It modifies

the design PGA in some regions by increasing it up to three times.

1.1.2 Evolution of concrete construction practice in Spain

Several studies describe the structural characteristics of the

Spanish building stock in earthquake-prone regions, such as the
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recently affected city of Lorca (Alvarez Cabal et al., 2013; Feriche,
Vidal, Alguacil, Navarro, & Aranda, 2012; Cabanas et al., 2011). The
construction practices observed in Lorca are representative of the ones
that can be found in other Spanish earthquake-prone cities. The data
exposed by (Alvarez Cabal et al., 2013) confirm that most of the
buildings were constructed between the 1940s and the 1990s. In
addition, they analyzed the distribution of buildings by type of
structure, showing that most of the buildings used RC moment
resisting frames with deep beams, followed by masonry structures and

RC frames with wide beams.

A detailed description of the evolution of structural practices can
be found in (Alvarez Cabal et al., 2013) and is summarized below.
The use of RC frame structures for residential buildings became
widespread in the 1940s, gradually replacing masonry structures
(Monjo Carri6é, 2005). In the early years, RC buildings were
constructed with confined masonry technology. It consists of masonry
walls confined by horizontal and vertical RC members. The confining
elements resist only gravity loads, while the masonry walls provide
most of the earthquake resistance (although they were not designed
for that purpose). These buildings ranged in height from four to five
stories. Story heights were not much greater than 2 meters and beam-
span lengths were not longer than 4 meters. These buildings were
constructed with poor quality materials, smooth reinforcement bars

and usually with poor quality control.
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In a short time, the number of stories increased, as well as the
length of the beam span and the story height. At the end of the
1970s, buildings were more than 8-story height and most of them used
RC frames in one direction with wide beams supporting one-way
slabs, without compression layer. They were designed only for gravity
loads. Thus, they did not have any lateral resistance elements in the
direction perpendicular to the frames, apart from the masonry infill

walls, which were designed as partitions.

In the 1980s, the use of wide beams and compression layer became
widespread. However, the seismic code NCSE-94 banned the use of
wide beams in regions with a. > 0.16g (which was not the case of
Lorca, with a. = 0.11g at that time). It was not until 2002, that the
use of wide beams was allowed in seismic regions with a. > 0.16g, but
with some restrictions, as explained in previous section 1.1.1.
Regarding the seismic criteria that lead to stable energy dissipation
mechanisms (such as the strong-column/weak-beam principle), they
have not been incorporated in most cases to the construction practice,
although it is compulsory according to current codes (EHE-08, 2008;
NCSE-02, 2002). Today a considerable amount of buildings also have
deficiencies in seismic design, such as plan and vertical irregularities,

discontinuities in the load path, under-designed squat-columns, etc.
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1.1.3 Observed damage to RC frames

The performance of RC buildings have been analyzed from the
data extracted in field campaigns carried out after recent seismic
events, which affected several Mediterranean earthquake-prone
regions (e.g. Molise 2002, L’Aquila 2009, Emilia 2012 and Lorca

2011).

In the case of Molise earthquakes (31 October and 1 November
2002, M,=5.8), only 10% of the affected buildings were RC frame
structures. Most of them suffered none to slight damage, although few
of them were severely damaged (Decanini et al., 2004). These
structures had been built in the absence of seismic codes and with
poor quality materials, thus showing several deficiencies (poor
concrete, smooth  reinforcing  bars, insufficient transverse
reinforcement, etc.). In the Emilia area, most of the buildings
affected by the earthquake (20 May 2012, M,=6.0) had also been
designed only for gravity loads. In this case, RC frame structures
suffered slight to moderate damage and only rare situations of
collapse in the epicentral area (Ioannou et al., 2012; Verderame, De
Luca, Ricci, & Manfredi, 2011; Verderame, Ricci, De Luca, Del
Gaudio, & De Risi, 2014). In the area affected by L’Aquila
earthquake (6 April 2009, M,=6.3), most of the damaged RC
structures had been designed according to old seismic codes, not
aimed at providing the proper energy dissipation capacity and were

ineffective to prevent brittle failure mechanisms (Ricci, De Luca, &
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Verderame, 2011). Furthermore, plan and vertical irregularities, as
well as the interaction between infills and frame structures, played a

key role in documented building collapses.

In Spain, a recent seismic event hit the city of Lorca (11 May
2011, M,=5.1). In a narrow range of vibration periods, this event
exceeded by about four times the energy input implicit in the Spanish
seismic code NCSE-02 (Benavent-Climent, Escobedo, Donaire-Avila,
Oliver-Saiz, & Ramirez-Mérquez, 2013), affecting 80% of the building
stock (Donaire—Avila et al., 2011). In this case, a significant part of
the buildings that had to be demolished after the earthquake (Feriche
et al., 2012), were RC frame structures (in particular, 150 out of 328).
The distribution of damage level by the seismic code in force (De
Luca, Verderame, Goémez-Martinez, & Pérez-Garcia, 2013) showed
that the majority of the buildings that suffered heavy and very heavy
structural damage were designed according to the old code PDS-74,
although the design codes did not affect significantly the attained
level of damage. Again, a substantial part of damage was related to
vertical irregularities (open-plan ground floors, squat columns) and to
the interaction between infills and frame structures. In addition, old
RC buildings were usually constructed with smooth reinforcing bars,
poor quality construction materials and insufficient transverse
reinforcement (Alvarez Cabal et al., 2013; De Luca et al., 2013;
Feriche et al., 2012; Cabanas et al., 2011). Finally, Benavent-Climent

et al. (2013) studied the influence of masonry infills and the proneness
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of the frames to concentrate damage in a specific story. To this end,
they performed nonlinear dynamic response analyses of two prototype
RC frame structures with wide beams, designed in two time periods
(1994-2002 and 2003-2008) with the seismic codes in force at that
time. Results corroborated the extremely negative effect of vertical
irregularities caused by an uneven distribution of masonry infills,
which made the structure very prone to damage concentration. These
authors stated that this negative effect can be avoided by establishing
special gaps between structural and non-structural elements
(Architectural Institute of Japan, 1994) or by providing sufficient
energy dissipation capacity at the story where damage concentration
is expected, e.g. by adding energy dissipators (Benavent-Climent,
2011). They also pointed out the importance of controlling the
damage distribution among the stories. In the case of conventional
RC frames this can be accomplished by adopting the strong-
column/weak-beam principle (EHE-08, 2008), or by providing a
lateral strength distribution close to the “optimum” one that makes
the normalized cumulative plastic strain energy, 7, approximately

equal in all stories (Akiyama, 1985).

1.2 Seismic assessment

Earthquake engineering research and seismic provisions has
mainly been focused on new construction, although under-designed

existing buildings are considered to be the major earthquake threat to
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human life and property (Fardis, 2009). A possible explanation is that
many policy makers expect the problem to be solved by urban
renewal, which is a tolerable solution in case the rate of building
renewal was higher than the rate of occurrence of moderate
earthquakes. However, this is not the case of many European cities,
which tend to consolidate the existing urban fabric. One of the main
drawbacks is the cost of retrofitting an existing building, even
comparable to the cost of constructing a new one because seismic
design increases very little the cost of a new structure. Furthermore,
the cost of retrofitting should consider not only the cost of the
structural measures, but also should take into account other factors
such as the disruption in use and the relocation of occupants. For this
reasons, the existence of seismic risk mitigation policies is of major
importance, to assess the building stock and promote the application
of retrofitting strategies that ensure the safety of existing buildings.
These programs can be classified between “active” —if the assessment
and possible retrofitting of an existing building is required by a
specific deadline—, and “passive” —if assessment and retrofitting
measures are motivated by an event, such as a change in use or the
need of repairing the damage caused by a seismic event— (Fardis,

2009).

In Spain, the Royal Decree-Law 8/2011 established the obligation
of assessing the residential buildings that are more than 50 years old.

Among other aspects, this mandatory inspection evaluates the

12
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structural safety, in global terms. The ITE Observatory (iteweb.es)
publishes statistics about the outcome of the inspections performed.
The annual statistical reports for 2013 and 2014 (Observatorio ITE,
2013, 2014) shows that only 1.9% and 5.6% —respectively— of the
buildings inspected obtained a negative outcome due to structural
causes. These report also show that the number of buildings under
the obligation of being inspected that year is similar to the number of
inspected buildings (thus indicating that most of the inspected
buildings were older than 50 years). Clearly, there is a lack of
accurate data, which explicitly quantify the number of buildings in
seismic regions and the proportion of them that need to be retrofitted
due to seismic deficiencies. Nevertheless, it is worth mentioning that
the percentages provided by the cited reports seem to be quite low,
noting that buildings older than 50 years were constructed in the

absence of seismic codes, and before the publication of PGS-1 (1968).

1.2.1 Assessment provisions

A detailed seismic assessment is the first step towards determining
the convenience of retrofitting an existing building, as well as
selecting the correct retrofitting strategy. The assessment of an
existing structure is a complicated task that involves many aspects
(Villaverde, 2007): (1) the characteristics of the ground motion; (2)
the geometry and constructive details of the existing structure, (3)

the mechanical properties of the elements; (4) the dynamic properties
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of the existing structure; (5) the postelastic and cyclic degradation
behavior of the elements; (6) the interaction of the structure with
non-structural elements; (7) second order effects; and (8) soil-
structure interaction. For this purpose, it is essential to develop
specific seismic provisions focused on the assessment of existing
structures. An old under-designed structure is unlikely to meet the
rigorous requirements of modern codes (such as vertical and
horizontal regularity, continuity of the load path, member detailing,
etc.). Thus, the acceptance criteria should be less stringent for
existing structures than for the construction of new ones, in order to

avoid magnifying the cost of retrofitting measures (Fardis, 2009).

Rapid screening procedures are a useful guide in seismic risk
mitigation programs to assess the seismic risk of a certain area and
identify the priority buildings (Fardis, 2009). The FEMA 154 (2002)
handbook provides a rapid visual screening procedure aimed at
identifying the buildings that are potentially seismic hazardous and
need further study. Following, the ASCE 41-13 (ASCE/SEI 41-13,
2014; Pekelnicky & Poland, 2012), which combined the ASCE 31-03
Seismic Evaluation of Existing Buildings and the ASCE 41-06 Seismic
Rehabilitation of Existing Buildings, provides a procedure to inspect
in detail a given building and to assess its seismic performance. This
standard retains the three—tier assessment approach of ASCE 31-03
(2002): (1) Tier 1 Screening, is the first step towards the assessment

but it is not valid for retrofit design; (2) Tier 2 Deficient-Based, to
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study in detail the deficiencies identified in the previous Tier 1 and/or
chose a retrofit strategy; and (3) Tier 3, to systematically analyze the
building through different types of analysis (Linear Static, Linear
Dynamic, Nonlinear Static, and Nonlinear Dynamic), useful either for
assessment or retrofitting. A three-tier approach is also described in

the Japanese standard JBDPA (2001).

In Europe, the Eurocode 8-Part 3 (EN 1998-3:2005, 2005) is the
first standard focused on the assessment and retrofitting of existing
buildings. It describes the performance requirements and criteria, the
information required for structural assessment, the applicability and
criteria for the use of the different methods of analysis, and provides
guidance on the selection and design of the structural intervention.
This code establishes different knowledge levels (KL1-Limited
knowledge, KL2-Normal knowledge, and KL3-Full knowledge)
depending on the structural data available of the existing building
(geometry, structural details, mechanical properties of the materials,
etc.). It also relates the knowledge level to the type of analysis that
can be performed, by limiting the analysis of buildings with
knowledge level KL1 to the use of the Lateral Force and Modal
Response Spectrum (MRS) analysis methods. For the rest of
knowledge levels, other analysis methods are also accepted: Non-linear

static (pushover) analysis and non-linear time history analysis.
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1.3 Evolution of the analysis methods
1.3.1 From strength-based to displacement-based design

Traditionally, the application of seismic provisions has been the
responsibility of legal authorities, for whom the main purpose was the
protection of human life (Fardis, 2010). Hence, seismic design was
focused on preventing the collapse of buildings under a rare seismic
event. In the early years, design codes prescribed lateral inertia forces,
corresponding to value of about 10% of the building weight. During
the 1940s and 1950s, a better understanding of dynamic properties led
the definition of period-dependent design lateral force levels. From
around 1960, a growing concern on the inelastic behavior of the
buildings was developed. This concept explained that many structures
with a reduced strength, resisted earthquakes of certain intensity
(Priestley, 2007b). Thus, the concept of ductility gained importance.
Allowing the development of inelastic deformations, led to more
economic solutions by reducing the demanded elastic strength. To
this end, some researchers (Veletsos & Newmark, 1960) studied the
relation between the maximum deformation attained by an elastic
system, and the maximum deformation attained by an elastoplastic
system with similar initial stiffness and damping ratio. Based on these
results, they derived the relation between the displacement ductility
ratio and the force-reduction factor. Veletsos & Newmark studied two

approaches: the “equal displacement approximation”, which considers

16



Ch. 1: Introduction

that maximum deformations of both elastic and elastoplastic systems
are equal, and the “equal energy approximation”, which considers
that the absorbed energy is equal in both systems. Recent studies
(Ruiz-Garcia & Miranda, 2003), validated the first approach for

SDOF systems with certain values of fundamental period and lateral

strength ratio, (R=m5a/Qy, where m is the mass of the system, S, is

the acceleration spectral ordinate and @), is the lateral yielding
strength). For a lateral strength ratio of 2, Ruiz-Garcia & Miranda
(2003) state that the equal displacement rule is approximately correct
for periods longer than 0.45, 0.65 and 0.8s for structures on NEHRP
site classes (FEMA 302, 1997) B (rock), C (very dense soil and soft
rock) and D (stiff soil), respectively. For greater lateral strength
ratios (up to 6), the equal displacement rule is applicable for periods

longer than 1.2 s.

During the 1970s and 1980s, extensive research was carried out to
determine the ductility factor of different structural systems, and the
concept of capacity design became a fundamental part of seismic
design (Park & Paulay, 1975). Although seismic design was focused
on displacement capacity, the calculation procedure was still made in
terms on strength, and displacement capacity was only checked at the

end of the process (Priestley, 2007b).

In the last decades, some authors have reviewed the fundamentals

of displacement-based design, and developed an approach that
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requires little or no iteration, termed “Direct Displacement Based
Design” (DDBD). This approach was introduced in 1993 (Priestley,
1993) and it is fully described in (Priestley, Calvi, & Kowalsky, 2007).
Unlike force-based seismic design, which of characterizes the structure
by its elastic properties (initial stiffness, elastic damping), DDBD uses
the secant stiffness at maximum displacement and the equivalent
viscous damping. The equivalent viscous damping represents ductility
and energy dissipation capacity, by using relationships based on time-

history analyses.

1.3.2 Performance-based seismic design (PBSD)

From the 1960s, earthquake-engineering researchers became
concerned about the economic losses caused by frequent earthquakes.
In 1968, the Structural Engineers Association of California (SEAOC)
proposed a number of recommendations, which laid the foundations
for the performance-based seismic design (PBSD). These
recommendations connected the earthquake intensity level —minor,
moderate or major— with the level of damage attained by the
structure —without damage, without structural damage but possibly
with some nonstructural damage, or without collapse but with some

structural and nonstructural damage, respectively— (Fardis, 2010).

In the 1980s and 1990s, several seismic events took place in developed
countries (Loma Prieta 1989, Northridge 1994 and Kobe 1995),
emphasizing the need for controlling the level of structural and

18
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nonstructural damage. These events caused severe damage in code-
compliant buildings and produced substantial material losses. The
Loma Prieta earthquake in 1989, was considered to be a moderate
event but caused $8 billion in direct damage (Bertero, 2000). For this
reason, the SEAOC Board of Directors founded the Vision 2000
Committee in 1992, to establish the framework for a new seismic code
based on performance-based design. This committee assumed the
assignment of publishing a final document that contained a set of
seismic design provisions by the year 2000. In 1994, a new seismic
event caused extensive losses (Northridge earthquake), being
recognized as the most expensive earthquake of U.S. history (FEMA
445, 2006). Therefore, performance-based seismic design was brought
to the forefront, and the SEAOC developed the SEAOC Vision 2000
Committee report (SEAOC Vision 2000 Committee, 1995) to be used
immediately (Bertero, 2000). Later, the FEMA 273 (1997) Report was
published, focused on reducing the seismic hazards of existing
buildings. This report provided the guidelines for the seismic
rehabilitation of buildings according to performance-based seismic

design philosophy.

In this way, traditional seismic design (focused only on preventing
collapse) was replaced by a multi-level design that defined the
performance objectives by coupling the expected maximum damage
state of a building (performance level) with a specific level of seismic

demand (ground-motion hazard level) that corresponded to a
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particular annual probability of exceedance. FEMA 273 (1997)
defined four building performance levels: Operational, Immediate
Occupancy, Life Safety and Collapse Prevention. In particular,
damage suffered by vertical elements of concrete frames was
associated with maximum transient-drift values for each structural
performance level: 1% (Immediate Occupancy), 2% (Life Safety) and
4% (Collapse Prevention). These building performance levels were
related to different earthquake hazard levels through a matrix, so that
each cell represented a single rehabilitation objective. Rehabilitation
Objectives were classified in Basic Safety Objectives (BSO) —for
which buildings were expected to suffer little damage under frequent
to moderate earthquakes and severe damage for the most infrequent
earthquake that could occur—, Enhanced Rehabilitation Objectives
—superior than BSO— and Enhanced Rehabilitation Objectives —
inferior than BSO—. Ground-motion hazard levels were defined in
terms of the probability that a more demanding seismic event occured
in a 50-year period (probability of exceedance). In particular, two
levels of earthquake hazard were defined as especially useful: the
Basic Safety Earthquake 1 (BSE-1) —typically with a probability of
exceedance of 10% in a 50-year period— and the Basic Safety
Earthquake 2 (BSE-2) —usually 2%/50 year—. Finally, the first
generation of PBSD procedures, also defined four different analysis
methods (Linear Static, Linear Dynamic, Nonlinear Static and
Nonlinear Dynamic procedures) for which they provided specific

guidance and acceptance criteria.
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Based on the experience gained with the application of FEMA 273
(1997) and the case studies contained in FEMA 343 (1999), a
reviewed document for the rehabilitation of existing buildings was
published: FEMA 356 (2000). This is considered the second
generation of PBSD procedures, and is widely accepted in engineering

practice nowadays.

In FEurope, PBSD was introduced for new and existing buildings
through the Eurocode 8 (EN 1998-1:2004, 2004; EN 1998-3:2005,
2005), which identify the performance levels as limit states. EN 1998-
1 asks explicitly for two levels of seismic design: Damage Limitation
(DL) requirement and No-Collapse (NC) requirement. Additionally,
EN 1998-1 requires the satisfaction of a number of pertinent measures
that are implicictly equivalent to the specification of a thrid
performance requirement, which intends to guarantee the No-Global
Collapse (NGC) during a very strong and rare earthquake. On the
other hand, EN 1998-3 defines three limit states: Damage Limitation
(DL), similar to Immediate Occupancy; Significant Damage (SD),
similar to Life Safety; and Near Collapse (NC), similar to Collapse
Prevention. It does not determine the return period for the design
seismic action corresponding to each limit state, which should be
determined in the National Annex. However, Eurocode 8 recommends
some values. For new buildings (EN 1998-1), DL limit state is
associated with 95 years of return period, while NC limit state is

associated with 475 years and NGC with 1500-2000 years. For
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existing buildings (EN 1998-3), DL limit state is associated with 225
years, SD limit state with 475 years and NC limit state with 2475
years. As cited in the previous section, the Eurocode 8-Part 1
addresses two types of linear-elastic analysis: lateral force method
(restricted to buildings whose response is mainly governed by the
fundamental mode) and modal response spectrum analysis. In
addition, it also defines two non-linear methods: non-linear static

(pushover) analysis and non-linear time history (dynamic) analysis.

In recent years, researchers and practitioners have highlighted the
limitations of the second generation of PBSD procedures (FEMA 445,
2006): concerns about the accuracy of analysis methods, the
conservatism of the acceptance criteria, the difficulties to adapt these
procedures to the design of new buildings and the difficulties in
communicating engineering decisions to the stakeholders. For these
reasons, the Applied Technology Council (ATC) was contracted by
FEMA in 2001 for the development of a next-generation of
performance-based seismic design guidelines for new and existing
buildings, under the projects designed as ATC-58/ATC 58-1. The
planning phase document was published in 2006 as the FEMA 445
(2006) Report, which defined the framework for the new
methodology. This probabilistic approach quantified the uncertainties
associated to the prediction of the response and allowed to assess its
behavior in terms that also fit the necessities of the decision-making

skateholders (such as disruption of use, repairing and reconstruction
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costs, environmental impact, etc.). The response is evaluated in terms
of: human losses, direct economic losses (e.g. repair and replacement
costs) and indirect losses (e.g. repair time). The basis of this
methodology was developed between 1997 and 2010 by researchers of
the Pacific Earthquake Engineering Research Center (PEER). Moehle
and Deierlein defined the framework of this methodology by applying
the total probability theorem to the PBSD and structuring the design
process in logical elements (Moehle & Deierlein, 2004): IM, Intensity
Measures (which define in probabilistic terms the main characteristics
of the seismic hazard); EDP, Engineering Demand Parameters (which
describe the structural response), DM, Damage Measures (which
describe the state of the structure) and DV, Decision Variables
(which express the damage in probabilistic terms that enter into risk
management decisions). Earthquake performance is calculated as a
multi-level integral of “the probability of incurring earthquake effects
of differing intensity, over all intensities; the probability of
experiencing building response of different levels, given an intensity of
shaking; the probability of incurring damage of different types, given
building response; and the probability of incurring specific
consequences given that damage occurs” (FEMA P-58-1, 2012).
Finding a closed form solution of the multi-level integral is difficult
for real buildings, and a modified Monte Carlo approach was

developed for that purpose.
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The completion of the first phase of the project ended with the
publication of the document FEMA P-58 for the seismic assessment of
buildings, which contains a description of the new methodology
(FEMA P-58-1, 2012), an implementation guide (FEMA P-58-2,
2012) and supporting electronic materials (FEMA P-58-3). Currently,
the second phase of the project is in process, which consists on the
development of the performance-seismic design guidelines and

stakeholder guidelines.

1.3.3 Energy-based approach

Several authors have highlighted the shortcomings of
displacement-based design methods (Bertero & Bertero, 2002),
highlighting the necessity to develop a rational seismic design that
includes a more general definition of damage. On one hand, although
a direct relation can be established between ductility demand and
damage, the former does not yet give an appropriate idea about the
amount of energy that a structure will dissipate through the
hysteretic behavior during an earthquake. Park and Ang expressed
the level of damage as a linear function of the maximum deformation
and the repeated cyclic loading effect (Park & Ang, 1985). On the
other hand, though it may at first seem that designing structures with
the maximum ductility lead to the most economic solution, there are
several reasons for limiting the drift and ductility of a structure: (1)

prevent structural damage, (2) reduce non-structural damage, (3)
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reduce second order effects, (4) reduce the concentration of damage in
a critical story, which is greater as the structure goes deeper inelastic
deformations and (5) avoid human discomfort under frequent seismic
events of a reduced intensity level (Bertero & Bozorgnia, 2004;
Bertero, 1992a). For this reasons, it is important to consider not only
the demand of strength and deformation, but also their combined

effect on the energy dissipation capacity of the whole structure.

The energy-based method was first proposed by Housner (1956)
and gained wide attention with the contributions of Akiyama (1985),
who developed the current theoretical framework of energy-based
methods (Bertero, 1995). This method is based on the assumption
that the energy input by an earthquake can be reliable predicted, and
must be lower that the energy dissipation capacity of the structure to

attain a satisfactory performance.

Furthermore, the characterization of the potential damage caused
by an earthquake can be done in terms of the energy input by the
earthquake. The total input energy F of an MDOF damped inelastic
system (Akiyama, 1985; Housner, 1956), is a very stable parameter
that approximately coincides with that of an equivalent elastic SDOF
system with mass M equal to the total mass of the MDOF system
and period T equal to that of the fundamental mode. This has been
proved in numerical (Akiyama, 1999) and experimental (Uang &

Bertero, 1990) studies.
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The nonlinear behavior of a structure excited by an earthquake can
be know by solving the highly nonlinear equation of motion for an

MDOF system:

My +Cy+Q=-MrzZ (1.1)

where M is the mass matrix, C the damping matrix, Q(¢) is the
restoring force vector, Y(t) and y(t) are the velocity and
acceleration vectors relative to the ground, and r is the displacement

vector y(t) resulting from a unit support displacement. An effective

way to reduce the complexity of this process consists of transforming
Eq. (1.1) into an equation of energy balance (Akiyama, 1985), by
integrating over the duration of the ground motion (from ¢=0 to

t:t()) :

W+ W, +W =E (1.2)

where Wj is the kinetic energy, W; the damping energy, W the

absorbed energy, and E is the (relative) input energy, given by:
tO t(] t(] t(]
W, =[y'Myde;w, = [y'Cyds; W, = [y'Qdt; E=—[y™Mrz dt (1.3)
0 0 0 0

On the other hand, the absorbed energy, W,, can be expressed as
the sum of the recoverable elastic strain energy, W,, and the

irrecoverable plastic energy, W,, (W,=W,+W,). The sum of the
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kinetic energy W) and the elastic strain energy, W, is the elastic
vibrational energy W. (= Wi + W..). Therefore, Eq. (1.2) can be

rewritten as follows:

W +W,+W =E (1.4)

Housner (1956) defined We+Wp =E —W5 as the energy attributable

to damage. This definition is very useful to illustrate that the energy
input by the earthquake can be compensated by just the elastic
behavior of the structure (strength-based approach) or by dissipating
as much energy as possible in the form of plastic energy, W,.
Nowadays, a common practice is to increase the amount of W, by
increasing the ductility of a structure, which implies damaging the
main structure. A possible alternative consists of concentrating the
dissipation of energy in specific parts of the structure, such as energy
dissipation devices (EDDs). In this way, the structure is composed by
two parts: the flexible part (which remains elastic) and the stiff part
(which absorbs most of the energy input). This solution is known as
flexible-stiff mixed structure. Another option is to concentrate the
dissipation of energy through base isolation techniques, which reduce
the energy demand of the main structure. Therefore, the energy-
based approach is considered a rational and clear methodology for the

selection of retrofitting strategies (Bertero, 1992b).
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1.4 Retrofitting techniques

As explained above, the energy-based approach is a powerful tool
for evaluating the effect of upgrading seismic techniques. Form this
point of view, different main strategies can be defined: (1) reduce the
earthquake demand of the main structure, (2) improve the elastic
properties of the existing structure (strength and stiffness), (3)
improve the inelastic properties of the existing structure, increasing
the energy dissipation capacity of the structure (e.g. provide higher
ductility, install EDDs, etc.) and (4) any combination of the previous
options (Bertero, 1992b). Traditional techniques have been usually
focused on improving the strength and stiffness of the existing
structure, by adopting either a global (e.g. adding structural walls or
steel braces) or a local (e.g. concrete o steel jacketing) modification
scheme (Moehle, 2000). However, besides life safety, there are a
number of objectives that must be considered in the choice and design
of the seismic upgrading within the framework of the Performance
Based Design (PBD): (i) control of damage; (ii) minimum disruption
of building use during upgrading; (iii) proper performance of the
building after upgrading; and (iv) minimum cost. Control of damage
means protecting structural and non-structural components and
building contents, to protect investment, or to maintain building
function following an earthquake. Damage control is often a major
consideration and involves the control of displacements of the (i.e.

story drift) to values that can be tolerated by non-structural
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components, and the reduction of seismic building absolute
accelerations (which might damage special machinery or artifacts).
For these purposes, innovative techniques have undergone recent
development; because they can not only enhance the inelastic
deformation capacity of the elements (e.g. FRP jacketing), but also
can directly increase the energy dissipation capacity of the structure
(i.e. by installing energy concentration devices). Thus, innovative
techniques can reduce the cost of retrofitting, making the new and
existing components to act compositely and eliminating the need for

foundation upgrading or extensive structural upgrading.

1.4.1 Traditional techniques

Traditional techniques have been applied for many years and their
performance is demonstrated by this large experience of use. They use
conventional materials (steel, concrete) and conventional construction
procedures that do not require particularly qualified manpower.
Despite these advantages, traditional techniques normally do not lead
to optimized design solutions, since they are usually focused on
increasing the strength and stiffness of the structure —i.e. as shown
by the energy balance equation Eq. (1.4) this means increasing only
W.. Thus, this approach presents important shortcomings: (1) the
severe disruptions of the activity of the building that they can cause,
and (2) the significant reduction of the net floor area, jeopardizing of

the use of the building. In addition, increasing strength and stiffness

29



Seismic behavior of existing RC frames and its seismic upgrading using EDDs

means also increasing the response acceleration, and thus producing
nonstructural damage (e.g. damage suffered by building facilities,
machines, etc.). This is a problem which specially affects buildings
that are less than 30-stories height (Akiyama, 1999). A more rational
solution consists on providing ductility by improving the confinement
pressure of concrete elements, which can be attained through different
jacketing systems. However, increasing ductility implies allowing a
certain level of damage in the main structure. A description about the
application of these techniques on concrete structures can be found in

(Moehle, 2000).

These techniques include the in-filling with shear walls —cast in
place (Jirsa & Kreger, 1989) or precast (Frosch, Li, Jirsa, & Kreger,
1996)—, the addition of conventional bracing systems —X-type or K-
type steel braces (Goel & Masri, 1996)— or side-walls, and the
strengthening of columns and beams with concrete (Karayannis,
Chalioris, & Sirkelis, 2008) and wire jacketing, with steel jacketing

(Aboutaha, Engelhardt, Jirsa, & Kreger, 1996) or with wire winding.

1.4.2 Innovative techniques

The innovative techniques provide a wider range of possibilities.
Advanced composite materials allow improving the elastic and
inelastic properties of the elements without increasing the stiffness or
adding mass. In particular, Fibre Reinforced Polymer laminates
(FRP) mainly improve the ductility, while the addition of Steel
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Reinforced Polymer spikes (SRP) also increases the flexural strength.
Another solution consists on supplementing energy dissipation
capacity by installing energy dissipating devices such as viscous,
friction or hysteretic dampers. In addition, base isolation systems can
also represent an interesting retrofitting option. This solution can be
costly for conventional buildings but specially useful for historical
buildings, since their original uniqueness and aesthetic value remain

unaltered (Matsagar & Jangid, 2008).

1.4.2.1 FRP/SRP

Innovative strengthening techniques based on the use of FRP
have strongly grown due to their numerous advantages: easy and fast
installation procedure, durability, light weight, high strength, high
elastic modulus, corrosion and environmental resistance, and impact
resistance (ACI 440R-96, 1996). In particular, ease of installation and
minimum space requirements make the solution with FRP sheets a
very efficient alternative in the seismic retrofit of existing buildings.
There are several types of FRP products (GFRP, AFRP, CFRP, etc.)
whose common link is the use of continuous fibers (glass, aramid,
carbon, respectively) embedded in a resin matrix that makes the
fibers to work together. The resin matrix can be made of thermoset
(polyester, vinyl ester, etc.) or thermoplastic (nylon, PET, etc.).
Analytical and experimental results (Di Ludovico, Prota, Manfredi, &
Cosenza, 2008; Galal, Arafa, & Ghobarah, 2005; Karabinis &

Rousakis, 2002; Mirmiran & Shahawy, 1997) have shown that,
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wrapping structural components with FRP sheets improve their shear

strength and ductility without adding stiffness to the elements.

However, the implementation of a flexural strengthening
technique that requires less intensive labor than the traditional ones
(such as concrete or steel jacketing) still remains a challenging task
(Fardis, 2010). For this purpose, two techniques of similar nature
have been recently proposed. On one hand, a combined solution with
FRP laminates and SRP spikes allows a global improvement of the
performance of the structure under both gravity and seismic loads.
SRP spikes increase the bending capacity of RC columns without
enlarging their cross section, while FRP wrapping prevents existing
steel vertical reinforcement and SRP spikes from buckling (Cuzzilla,
Di Ludovico, Prota, & Manfredi, 2011; Huang, Birman, Nanni, &
Tunis, 2005). Also, FRP improves the concrete compressive strength
owing to the passive confinement generated by the FRP jacket as the
concrete dilates under axial, shear and moment load combination. On
the other hand, the use of a near-surface mounted (NSM) technique
has been also recently developed (Bournas & Triantafillou, 2010).
NSM reinforcement consists on cutting of grooves into the concrete
cover and bonding rebars (CFRO strips, GFRP bars, stainless steel
rebars) inside them by using a specific filler (epoxy resin, cement-
based mortar). Nevertheless, the main shortcoming of these
FRP/SRP techniques is the cost that is typically high due to both the

materials used and the need of qualified manpower.
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1.4.2.2  Energy Dissipation Devices (EDDs)

Innovative strengthening techniques based on the installation of
Energy Dissipation Devices (EDDs) seek to transfer most of the
energy input by the earthquake to the dampers in order to reduce the
inelastic energy dissipation demands and to limit the damaging
deformations on the main framing system. This passive control
system is an effective upgrading strategy for existing RC frame
structures that has gained considerable attention in recent years (Di
Sarno & Manfredi, 2012; Khampanit, Leelataviwat, Kochanin, &
Warnitchai, 2014; Oviedo, Midorikawa, & Asari, 2010; Di Sarno &
Manfredi, 2008). Although great effort has been carried out in high
seismicity countries such as Japan, USA and New Zealand (JBDPA,
2005; Symans et al., 2008), passive systems are still rarely applied in
low-to-moderate earthquake-prone countries other than Italy. Some
examples of installing passive structural control systems in the

Mediterranean area are described in (Benavent-Climent, 2008).

A number of mechanisms have been used for dampers in seismic
retrofitting (Soong & Spencer Jr, 2002): phase transformation of
metals, friction sliding, fluid orificing, deformation of viscoelastic
solids or liquids, and yielding of metals. Among them, the so-called
“hysteretic” dampers are particularly popular because of their low
cost in comparison with viscous fluid dampers or viscoelastic solid
dampers. In particular, metallic dampers based on the yielding of

metals are one of the most popular that have been proposed and
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installed. This is due to their stable hysteretic behavior, low-cycle
fatigue property, and long-term reliability regardless of the ambient
temperature (Soong & Spencer Jr, 2002). In hysteretic dampers,
yielding of metals can be achieved by different ways (Martinez-Rueda,
2002). Some of the most popular are the X-shaped added damping
and stiffness (ADAS) damper (Bergman & Goel, 1987) or its
triangular-plate variant the TADAS damper (Tsai, Chen, Hong, &
Su, 1993). They consist on yielding metallic plates by out-of-plane
bending. Other devices consists of a metallic plate with a several
openings that is subjected to in-plane shear deformations. Some
examples of this type are the honeycomb damper (Kobori et al.,
1992), the slit damper (Benavent-Climent, Oh, & Akiyama, 1998;
Chan & Albermani, 2008; Oh, Kim, & Ryu, 2009) and the recently
developed tube-in-tube (TTD) damper (Benavent-Climent, 2010a). In
other devices energy is dissipated through plastic shear deformations
of a metallic panels, welded inside an inclosing steel frame
(Nakashima et al., 1994). Finally, one of the most common metallic
devices is the Buckling Restrained Brace (Watanabe, Hitomi, Saeki,
Wada, & Fujimoto, 1988; Xie, 2005) that is installed as a
conventional concentric brace. The BRB damper is based on the
yielding of a metal core encased in a concrete-filled steel tube, which
avoids buckling when the brace is subjected to axial deformations.
One of the advantages of the hysteretic dampers is the cost that can
be markedly lower than that of friction or viscous dampers. In the

recent years, new brace-type hysteretic dampers (Benavent-Climent,

34



Ch. 1: Introduction

Morillas, & Vico, 2011) have been developed with the aim of lowering
their cost as much as possible so that they can be used in earthquake-

prone developing countries.

1.5 Seismic retrofitting of existing RC frames by
adding hysteretic dampers

The design of EDDs for the seismic retrofit of existing RC
structures must address several aspects. First, the main structure
should remain elastic or suffer light damage, unless the configuration,
design details and mechanical properties of the existing frame were
completely known, being possible to carry out a reliable collapse
assessment. Second, it is important to account for the consequences of
the mass added, the need of new foundations, and the possibility of
causing damage to the existing structural and non-structural

components (Fardis, 2009).

In particular, two specific problems arise when designing a
retrofitting solution with hysteretic dampers: (i) the forces transferred
by the dampers to the existing frame may require strengthening the
existing frame in the connection region, and (ii) the main frame must
have a minimum lateral deformation capacity so that the dampers
can deform in the plastic range and develop efficiently their intrinsic

energy dissipation capacity.
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First, the study of the connection between the EDDs and the
existing frame is particularly important in hysteretic dampers that are
installed as conventional concentric braces (FEMA 547, 2006). In
fact, the connection between the old RC beam-column joints and the
damper devices has been pointed out as the key challenge of this
retrofitting technique (Fardis, 2009). For this reason, a new
connection is proposed in Chapter 3, and its performance is evaluated
with numerical and experimental tests. A revision of the solutions
proposed in the past for brace-frame connections is described in the
Introduction of Chapter 3, which justifies the need of developing of

the new connection.

Second, the main frame requires a minimum lateral deformation
capacity to remain elastic, while the EDDs develop plastic
deformations and dissipate enough amount of energy. In this way, the
frame and the new hysteretic dampers act compositely as a “flexible-
stiff mixed structure” (FSMS). The FSMS mixed structures are
composed of two parts that work in parallel: the flexible part and the
stiff part. The former has low lateral stiffness and is designed to
remain basically elastic (i.e. main frame). The later has high lateral
stiffness, low strength, and large energy dissipation capacity through
plastic deformations (i.e. EDDs). Past research (Akiyama, 1999) has
shown that under seismic actions, the flexible part stabilizes the
response of the stiff part and as a result the efficiency of the entire

system in terms of energy absorption with respect to maximum

36



Ch. 1: Introduction

deformation is high, and the residual deformation on the structure
after the earthquake is very small. In addition, damage is
concentrated in the EDDs (which must be designed to be easily
inspected and replaced) while minimum damage is caused to the
existing frame (whose seismic performance is usually known with a
considerable degree of uncertainty and is expected be very limited).
To this end, a hybrid retrofitting technique is proposed in Chapter 4
of the present Thesis, which combines the addition of hysteretic
dampers with a limited strengthening of the existing frame with
FRP/SRP. The level of strengthening with FRP/SRP is the
minimum necessary to ensure that the existing frame has enough
lateral deformation capacity. In this way, the strengthened existing
frame is able to play the role of the “flexible part” in the FSMS, while
the new hysteretic dampers constitute the “stiff part”. Chapter 4
presents an energy-based method to design the proposed solution, and
points out the main parameters that control the response. Finally, the
proposed hybrid retrofitting technique is validated through numerical

simulations in Chapter 5.

1.5.1 Design of hysteretic EDDs for the seismic retrofit of

existing RC structures

The design of energy dissipation devices (EDDs) for the seismic
retrofit of existing structures was first introduced in the guidelines
FEMA 273 (1997) and commentary FEMA 274 (1997). After, an

updated version was published as FEMA 356 (2000). These
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documents address several aspects: (1) spatial distribution of the
EDDs, (2) redundancy of the EDDs, and (3) the condition that the
EDDs and their connections must remain elastic (FEMA 273, 1997;
Symans et al., 2008). In addition, these documents describe four
analysis methods, which directly or indirectly consider the
contribution of EDDs: (1) Linear Static procedure, (2) Linear
Dynamic procedure, (3) Nonlinear Static procedure and (4) Nonlinear
Dynamic procedure. Only the fourth method explicitly considers the
supplemental dissipated energy, the cumulative damage and load-

history effects.

The linear procedures apply very restrictive conditions to the use
of EDDs, since they tend to oversimplify the highly nonlinear
response of the structure (Benavent-Climent, 2011). They are
applicable only if the framing system exclusive of the EDDs remains
elastic, and limit the effective damping afforded by the EDDs to 30%
of the critical damping in the fundamental mode (FEMA 273, 1997;
FEMA 356, 2000). The linear procedures indirectly account for the
energy dissipation capacity supplemented by the EDDs, by reducing
the design seismic loads or the response spectrum through a factor
that depends on an equivalent effective viscous damping. Further
requirements are imposed for the design of displacement-dependent
devices (e.g. hysteretic dampers): (1) the ratio of the maximum
resistance in each story to the story shear demand, must range

between 80% and 120% of the average value of the ratio for all stories
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and; (2) the total resistance of the EDDs in a story, must be lower

than 50% of the resistance of the main frame.

The Nonlinear Static procedure (pushover analysis) accounts for
the contribution of EDDs either (1) by increasing the global stiffness
of the structure and by reducing the target displacement as a result of
reducing the effective fundamental period of the structure, or (2) by
defining an equivalent effective viscous damping. Benavent-Climent
(2011) described the shortcomings of using this procedure for the
design of a retrofitting solution with EDDs. First, they substitute the
hysteretic damping provided by the EDDs by an equivalent viscous
damping, although no physical evidence supports that relationship,
especially for highly inelastic systems. Second, cyclic degradation is
considered in an implicit way. Since no explicit criteria is given to
determine the relation between the number of cycles at a given design
ductility, it is difficult to include the effect of duration-related
cumulative damage. In fact, Kunnath & Chai (2004) demonstrated
that inelastic cyclic demand depends not only on the ductility-based
force reduction factor, but also on the earthquake characteristics and

the force-deformation characteristics of the structure.

Recently, the European Norm on Anti-seismic EN 15129:2009
(2009) devices came officially into force (1 August, 2011). It is focused
on standardization of the seismic hardware, since design is must be
done in accordance to Eurocode 8 (EN 1998-1:2004, 2004). However,

the latter gives specific guidance for base isolation devices but not for
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EDDs. The EN 15129 is the most up-to-date document in this field at
present, and a description of its development process can be found in
(Medeot, 2014). This standard provides two types of requirements for
anti-seismic devices: (1) no failure requirement and (2) damage
limitation requirement. These requirements are referred to the seismic
intensities defined in Eurocode 8-Part 1 (EN 1998-1:2004, 2004):
Ultimate Limit State and Damage Limitation State, respectively. The
first one is intended to avoid failure while the second one focuses on
limiting the damage to avoid disproportionately high costs of
repairing or replacement. In addition, specific emphasis is made on
the ease of inspecting and replacing the devices and their connections
to the structure. Finally, specific guidance is provided about the
technical validation procedure and about the type tests required for

acceptance.

In the past, several studies have proposed methods for designing
RC frame structures with supplemental EDDs. Uetani, Tsuji, &
Takewaki (2003) presented an optimum structural design method for
new building frames with hysteretic dampers. This method was able
to find the minimum weight design such that satisfied member-end
strain and interstory-drift constraints. However, the retrofitting of
existing structures must consider a specific RC frame design as a
starting point, usually with poor seismic performance. In the
literature there are several methods that can be used for retrofitting.

Gluck, Reinhorn, Gluck, & Levy (1996) proposed a design method for
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the design of supplemental passive dampers, based on optimal linear
control theory. They proved the efficiency of this method for
structures dominated by a single mode of vibration. Mazza (2014)
applied the displacement-based design method (Priestley, 2007a) for
the retrofitting of RC frame structures with hysteretic dampers. They
extended this method to structures with in-elevation irregularities, to

obtain an even distribution of strength and stiffness.

Other authors proposed computational design approaches.
Although these approaches require performing several time-consuming
nonlinear time-history analyses, they rely on the advance of parallel
computing. Moreschi & Singh (2003) determined the optimal design
parameters for yielding-metallic and friction dampers. In the case of
metallic dampers, they stated that the optimum parameters were: the
yield displacement of the device, the stiffness of the device and the
stiffness of the bracing system that supports the device. They also
proposed a method based on nonlinear time-history analyses that uses
a genetic algorithm, which obtained the optimal solution that
satisfied a specific performance objective. Karami Mohammadi, El
Naggar, & Moghaddam (2004) proposed an iterative method for shear
buildings with hysteretic dampers, based on time-history nonlinear
dynamic analyses, to find the optimum strength (and stiffness)
distribution pattern that could lead to a wuniform story-drift
distribution. It depended on the number of stories, design ground

motion, strain-hardening ratio and viscous damping ratio. Dargush &
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Sant (2005) also employed a genetic algorithm for the optimization of
passive devices. They studied several cases with three different types
of passive dampers (metallic plate dampers, viscous fluid dampers and

viscoelastic dampers).

Recently, some authors have developed energy-based procedures
that avoid the use of intensive nonlinear time history analyses, and
directly account for the energy dissipation capacity supplemented by
the EDDs. They are based on the energy-based methods proposed by
Housner (1956) and developed by Akiyama (1985). This energy-based
design methodology has been widely accepted (Fajfar, Vidic, &
Fischinger, 1992; Uang & Bertero, 1990) and has been recently
included in the Japanese seismic code (BSL, 2009). Benavent-Climent
(2011) proposed a practical energy-based design method, for the
seismic upgrading of conventional low to medium-rise existing
structures by adding hysteretic EDDs. This method determined the
lateral stiffness, the lateral strength and the energy dissipation
capacity of the EDDs, so that the existing frame does not exceed a
specific limit of drift, beyond which the existing RC frame would
develop plastic deformations. This method wuses the parameters
proposed by Manfredi, Polese, & Cosenza (2003) and Manfredi (2001)
to characterize the ground motion. Manfredi et al. 2003 characterized
the seismic input through the Ip index and established a relation
between this index and the equivalent number of plastic cycles, 7.

The equivalent number of cycles, n., is defined as the number of
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plastic cycles at the maximum value of plastic excursion, that the
structure must develop to dissipate the total amount of hysteretic

energy Fu.

An extension of the method proposed by Benavent-Climent is
presented in Chapter 4 of the present Thesis. As discussed later, for
some under-designed RC frames with low lateral deformation
capacity, it may not be sufficient to add EDDs for controlling the
drift response at each story. For this reason, it may be convenient to
strength the existing frame (e.g. by adding SRP/FRP) in order to
increase the lateral deformation capacity at a specific floor. Thus, the
previous method is modified such that a minimum strengthening of
the existing frame is considered and the dampers succeed in
controlling the drift response at each floor. In addition, the maximum
inter story drift at each story can be predicted, for different return
periods, being possible to evaluate the retrofitting solution for

different performance objectives.
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Objectives

Recent seismic events in the Mediterranean area have revealed the
vulnerability of the building stock located in moderate earthquake-
prone regions and the poor performance of RC frame under-designed
buildings, accentuating the mneed for seismic assessment and
retrofitting. New retrofitting techniques should focus not only in life
safety, but also in controlling the damage and the economic cost of
repairing measures after the earthquake. For this reasons, the present
Thesis proposes a retrofitting technique based on the use of hysteretic
dampers that also considers the possibility of locally strengthening the
main frame. This aims to increase the flexibility of the retrofitting
measures and to reduce the cost of the final solution. The
performance of the proposed solution is evaluated for different seismic
hazard levels, within the framework of performance-based seismic

design.
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objectives:

46

To this end, the Thesis addresses the following particular

Investigate a solution for connecting brace-type hysteretic
dampers to the existing RC frame. The proposed brace—
frame connection is suitable for connecting either a
conventional concentric steel brace or a brace-type
hysteretic damper. The steel brace may develop high axial
loads, and its influence on a possibly damaged frame is a
matter of major concern. For this reason, an alternative
solution is investigated, aimed at reducing the number and
anchorage height of the anchors and the dimensions of the
shear-key plates (Chapter 3).

Propose execution provisions and design criteria based on
numerical analyses of the brace-frame connection that
determine the influence of specific parameters on its
performance (Chapter 3).

Evaluate the efficiency and validity of the proposed brace-
frame connection by means of shaking-table tests
conducted on a 3x3x3 m?® scaled reinforced concrete frame
retrofitted with brace-type hysteretic dampers. In
particular, the following main aspects are studied: the level
of damage suffered by the main frame, the effects of the
brace-frame connection in the efficiency of the hysteretic

damper and the effectiveness of the new connection in
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reducing tension forces on the anchor bolts and bending
moments on the shear-key plates (Chapter 3).

Develop an energy-based seismic design procedure, based
on a previous method proposed by Benavent-Climent
(2011) for retrofitting existing RC frame structures with
hysteretic dampers that includes the possibility of locally
strengthening the main frame (e.g. by adding FRP/SRP).
In this way, the retrofitting design process is more flexible,
opening the range of retrofitting measures. This ensures the
existence of a solution for the design of the dampers that
meets the drift requirements at each floor, for different
performance objectives (Chapter 4).

Validate the new energy-based seismic design procedure
and the proposed retrofitting solution by means of
nonlinear time history analysis. To this end, a retrofitting
solution will be designed for a six-story prototype RC
frame structure —representative of pre-70 residential
buildings— and three levels of seismic hazard, through the
addition  of  hysteretic =~ dampers and FRP/SRP
strengthening at particular locations. Afterward, a
numerical model capable of reproducing the performance of
the under-designed RC frame structure upgraded with the
proposed solution will be developed, and subjected to two
sets of natural acceleration records —far-field and near-

fault. In particular, this numerical study will be focused
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not only on evaluating the agreement between the overall
performance obtained from the dynamic response analyses
and the behavior anticipated in the design, but also on
paying particular attention to the concentration of damage

and the distribution of dissipated energy (Chapter 5).



New connection between RC
building frames and concentric

braces

Part of the contents of this Chapter has been recently published in

(Benavent-Climent, Oliver-Saiz & Donaire-Avila, 2015).

This Chapter investigates a solution for connecting concentric
steel braces and brace-type dampers to existing reinforcing concrete
frames subjected to lateral loads. These braces may develop high axial
tension forces, and transferring them appropriately to the existing
beam-column joints is a key challenge. The proposed solution
connects the end-plate of the steel brace with the frame, using (1)
shear-key plates fixed to the concrete with anchor bolts, and (2) a low

friction material inserted between the end-plates and the shear-key
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plates. The addition of a low friction material impedes the
development of tension forces in the anchor bolts and ensures that
they are basically subjected to shear forces. This prevents brittle
types of failure (concrete cone failure, pull-out/pry-out failure), and
results in a reduction of the number of anchors required as well as
anchorage height. The efficiency and validity of the proposed brace-
frame connection is studied with (1) FEM numerical simulations and
(2) shaking table tests conducted on a 3x3x3m?® scaled reinforced

concrete frame retrofitted with brace-type hysteretic dampers.

3.1 Introduction

One of the key challenges of retrofitting reinforced concrete frames
with concentric steel braces is the connection between the ends of the
steel braces and the existing frame (Fardis, 2009), briefly referred to
as “brace-frame connection” herein. The steel brace may develop high
axial loads, and its influence on a possibly damaged frame is a matter

of major concern.

Several solutions have been proposed for the brace-frame
connection in the past. The simplest one consists of using steel
anchors to connect the end-plate of the brace directly to the concrete,
as shown in Fig. 3.1.a. The anchors are thereby subjected to shear V;
and tension forces N, A second proposal (Ichikawa, Okayasu,

Nakamura, Yamada, & Wada, 2005; Ozaki, Harada, & Murakami,
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2008) is to use shear-key plates to fasten the end-plate of the brace,
as shown schematically in Fig. 3.1.b. The shear-key plate is adhered
to the surface of the concrete with epoxy resin and fixed with anchor
bolts. In this second solution, there is a direct metal-to-metal contact
between the end-plate of the brace and the shear-key plate. When the
brace is in tension, the direct metal-to-metal contact induces forces
perpendicular to the plane of the shear-key plate (denoted by V. in
Fig. 3.1.b) that tend to uplift and detach it from the concrete surface.
Because these contact forces also induce large tension forces N; in the
anchors and bending moments in the shear-key plates, there is a need
for thicker plates or the addition of stiffeners. Sustaining high tension
forces with bolts anchored in the concrete calls for considerable
anchoring height and a greater number of anchors. Hence, this
solution can prove costly or technically unfeasible. In addition, the
typical failure modes exhibited by anchor bolts subjected to tension

loads (concrete cone failure, pull-out/pry-out failure) are brittle.

This chapter investigates an alternative solution for the brace-
frame connection that improves upon the one shown in Fig. 3.1.b,
reducing the number and anchorage height of the anchors and the
dimensions of the shear-key plates. The proposed solution aims to
minimize or cancel the tension forces N; acting on the anchor bolts,
and the subsequent bending moments developed on the shear-key
plates. The proposed brace-frame connection is suitable for connecting

either a conventional concentric steel brace or a brace-type hysteretic
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damper. The validity and efficiency of the new connection is assessed
through (1) FEM numerical analyses and (2) shaking table tests
conducted on a one-story one-bay frame structure. Shaking table tests
can capture the strain-rate effects associated with dynamic loading, as
well as the cumulative damage to the anchoring system caused by the
successive cycles of deformation that take place in structures actually
subjected to seismic motions. Past research has shown (Otani,
Kaneko, & Shiohara, 2003) that strain rates anticipated in earthquake
excitation (about 0.3 mm/mmxs) produce the following effects: (i) a
conspicuous enhancement of the yield stress of steel materials (about
13%), and (ii) an increase of the flexural resistance of members (by

7%~20%) in comparison with the strength under static loading.

end-plate of brace [ [ end-plate of brace| ~ 7e7poxy
(not adhered to (not adhered to L
anchor oncrete — [resin
bolts , Ll W
shear-k/e late N’ '$
—column Y P ¢
; (adhered to
i concrete \_ Stiffen —column
| pocpcncs | | !
; 1 1 I |
| ‘ | epoxy’ ‘ |
Y |
1 i | resin | —
I
‘ beam { ‘ ‘beam metal-to-metal
a) R b) contact | | _
end-plate of brace| ~ [ shear-key
, (not adhered to q|= plate (not
concret = adhered to
7 concrete)
shear-key —  llow-friction
plate (not interface

adhered to
—column

beam  low-friction
C) interface _

Fig. 3.1: Existing (a, b), and proposed (c¢) solutions for brace-frame

connections
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3.2 Proposed brace-frame connection

Fig. 3.1.c illustrates the proposed brace-frame connection. It
consists of two shear-key plates fixed to the concrete only with anchor
bolts (i.e. without epoxy resin), plus a device for reducing the friction
between the end-plates and the shear-key plates. This device forms a
low friction interface intended to minimize the contact forces (denoted
with V. in Fig. 3.1.b), the subsequent tension forces N; on the anchor
bolts, and the bending moments on the shear-key plates. The device
consists of two sheets of polytetrafluoroethylene (simply Teflon
hereafter), or else one sheet of Teflon in contact with a stainless steel
surface polished to mirror finish (i.e. with less than 0.1um surface
roughness). Past experimental investigations (Dolce, Cardone, &
Croatto, 2005) have shown that the friction coefficient . of this type
of device decreases along with an increase in the contact pressure. For
contact pressures of about 25MPa, . is between 0.03 and 0.1. This
range of i, can be further reduced to about 0.01-0.02 if the interface
is lubricated. By limiting p., the proposed brace-frame connection

ensures that the anchors are basically subjected to shear forces.

Using anchors subjected basically to shear loads makes the
proposed solution (Fig. 3.1.c) less demanding than the conventional
ones (Fig. 3.1.a and b) in terms of the number and effective
anchorage depth he of the anchors, as explained next. The guidelines

for metal anchors in concrete —ETAG 001-Annex C (1997) in
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Furope, for example— distinguish several modes of failure and
provide equations for estimating the resistance limited by each one of
them. The following failure modes are considered for anchors
subjected to tension loads: (i) steel failure; (ii) pull-out failure; (iii)
concrete cone failure; and (iv) splitting failure. For anchors subjected
to shear loads, the failure modes are: (i) steel failure; (ii) concrete
pry-out failure; and (iii) concrete edge failure. According to the
above-mentioned guidelines, the resistance of an anchor governed by
steel failure depends on the anchor cross-section area A, and on the
steel“s ultimate tensile strength fu, and it is two times larger under
tension loads than under shear loads. For the proposed brace-frame
connection the failure of the steel is not a concern, however, because
fu: and A, can be made large enough to prevent this mode of failure.
The splitting failure under tension loads and the concrete edge failure
under shear loads can also be avoided by using appropriate edge
distances for the shear-key plates. The failure modes of concern with
the proposed brace-frame connection would be those that depend on
the concrete compression strength fu: pull-out failure and concrete
cone failure under tension loads, and concrete pry-out failure under
shear loads. For these failure modes the resistance of an anchor
subjected to shear loads is twice that of an anchor subjected to
tension loads. In addition, minimizing the contact forces V. (see Fig.
3.1.b) makes it possible to use thinner shear-key plates without

stiffeners. Since the proposed solution entails anchor bolts that are
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subjected basically to shear forces, brittle modes of failure such as

anchor pull out/through failure or concrete cone failure are prevented.

The installation process of the proposed connection is schematized
in Fig. 3.2. It necessarily involves the occurrence of initial gaps of
width t, between the end-plates of the dampers and the shear-key
plates (t,1, and t,, in Fig. 3.3). In turn, the mechanism to transfer
tension forces from the end-plates of the brace to the reinforced
concrete members is activated by the geometric relationship between
the thickness of the shear-key plate ¢, and the relative distance %, It
is clear from Fig. 3.3.a that for the above transfer mechanism to
develop the width ¢, in both the horizontal, t,, and vertical, %,

directions, it must satisfy the following;:
tg'h<(tp,h/tan(x); tg‘v<(tp'v/tan(x) (3.1)

where t,, and t,, are the thickness of the horizontal and vertical
shear-key plates, and « is the angle that the axis of the brace forms
with the horizontal. ¢, should be much smaller than the limit given in
Eq. (3.1) to control (minimize or cancel) the amount of lateral
displacement required on the frame to mobilize axial forces in the
brace. Besides t,, the thickness t; of the Teflon sheets might also have

some influence on the effectiveness of the proposed solution.
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3.3 Finite element analysis of the brace-frame

connection

To clarify the influence of ¢, and ¢ on the effectiveness of the
proposed solution, a numerical study was conducted with the Finite
Element Model shown in Fig. 3.4 by using the software ANSYS
(2007). The values of t, investigated are 0, 1 and 2 mm, and those for

t; are 4 and 8mm.

3.3.1 Description of the FEM model

The model was subjected to a lateral force F of increasing
magnitude and the corresponding lateral displacement & was
computed (see Fig. 3.4). The nodes at the base of the column and at
the base of the brace were fully constrained. The nodes at half-length
of the beam were constrained only in z-direction. To save CPU-time,

half of the frame was modeled, enforcing symmetry in the X7 plane.

Fig. 3.4: Overall view of the FEM model
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As shown in Fig. 3.5, the frame was modeled by using an eight-
node solid element (SOLID65) for concrete, capable of cracking in
tension and crushing in compression. Steel reinforcement was modeled
with beam elements (BEAMI188). Damper and joint structure were
also modeled with the eight-node solid element (SOLID65). Mesh size
equal to 20 mm was used for the concrete frame and for the brace
damper, and finer mesh for the joint structure (5mm). Large

deformation effects were taken into account.

Fig. 3.5: Element discretization in joint structure: (a) overall view and
(b) detail of the upper connection. Note: translucency was activated to show

the steel reinforcement.

A bilinear isotropic hardening constitutive model was used for the
steel reinforcement, the brace and the Teflon sheets, with the
parameters described in Table 3.1. The properties of the Teflon
material were defined according to past experimental tests (Rae &
Dattelbaum, 2004). Part of the brace of 1m length was defined with a
damper material such that the resulting yield strength, @, tangent
stiffness K4, and yield displacement, J,4, matched the experimental
results of  the  hysteretic  brace-damper  (Q,,=39.4 kN,
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Ki=(1/30)(Qyi/0y), 6,=1.88 mm) obtained in previous tests
(Benavent-Climent, Morillas, & Vico, 2011). The rest of the brace-
damper and the plates of the joint structure were defined with a

linear elastic material model.

The frame was modeled by using the concrete material model with
the parameters described in Table 3.1 and the compressive uniaxial
stress-strain relationship defined in Table 3.2. As recommended by
Kachlakev, Miller, Yim, Chansawat, & Potisuk (2001), the crushing
capability was turned off to attain convergence. For the same reason,
the shear transfer coefficient for open cracks was assumed to be 0.3
and 1.0 for closed cracks. The stress-strain curve was determined by
using the uniaxial compression model for cracked concrete proposed
by Maekawa, Pimanmas, & Okamura (2003), with uniaxial
compressive strength f.=35MPa and uniaxial strain at f. equal to

e.~=0.002.

As shown in Fig. 3.6, surface-to-surface contact was created at the
areas between the Teflon sheet and the shear-key plates, with friction
coefficient ©.=0.03 and pairs of elements TARGE170 (for target
surfaces) and CONTA174 (for contact surfaces). To save CPU time,
the minimum number of contact areas was defined, where significant
normal forces between the contact surfaces were expected. Thus,
surface-to-surface contact was also defined at the areas between the

end-plate and the RC frame, with friction coefficient u,=0.57.
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Table 3.1: Material properties of the FEM model

Poisson’s Yield Tangent

Constitutive Part of the Elastic
Model FEM model modulus ratio stress modulus
(MPa) (MPa) (MPa)
Linear Steel plates and
) 210000 0.3
Elastic brace
Steel
Bilinear . 210000 0.3 500 21000
reinforcement
isotropic
. Teflon 1000 0.47 15 30.93
hardening
Damper 18712 0.3 35.18 623.73
Ultimate Ultimate
Shear
Constitutive Elastic Poisson’s uniaxial uniaxial
transfer
Model modulus ratio compressive tensile .
coefficient
strength strength
Concrete 33796 MPa 0.2 35 MPa 7 MPa 0.3

Table 3.2: Compressive uniaxial stress-strain relationship for concrete

0.001 0.00125 0.0015 0.00175 0.002

Strain ~ 0.00025  0.0005  0.00075
Stress
(Mpa) 8.45 15.96 2220  27.10 30.68 33.09 34.50 35.08
pa
Contact Elements Steel
(u._=0.57) “-reinforcement .
sc <
\ Anchors
(Coupled DOFs
at nodes)

Teflon sheets \

Contact Elements
(u=0.03)

Fig. 3.6: Detail of the upper connection of the FEM model

60



Ch. 3: New connection between RC building frames and concentric braces

3.3.2 Results of the FEM analysis

The overall deformation pattern of the FEM model is shown in
Fig. 3.7. Fig. 3.8 shows a detail of the deformation pattern of the
connection and the distribution of axial compressive stresses along the

thickness of the bolted plates.

R
SUB =542
TIME=1000
DMX =.014017

UNION3Dparam

Fig. 3.7: Deformed shape of the FEM model

Detail 1

. -40.0
Detail 1 _34.4 I
-28.9

Detail 2 -233
-17.8

-12.2
-6.7

-1
44 I
10.0

. Detail 2 units in MPa

Fig. 3.8: Detail of the brace-frame connection of the FEM model:
deformation pattern and axial compressive stresses along the thickness of the
bolted plates
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Fig. 3.9 shows the normalized curves F-Fy vs. 6/H for several
combinations of ¢, and t,. Here F,is the lateral force corresponding to
the yielding of the brace, and H the total height of the frame. As is
seen in Fig. 3.9: (i) the thickness # of the Teflon sheets has no
influence on the behavior of the proposed connection; and (ii) the
lateral displacement required to mobilize the damper increases with ¢,
but it is relatively small (about 0.1%) even for the largest value of ¢,

that can be reasonably tolerated (2mm).
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Fig. 3.9: Results of the numerical analyses

3.4 Proposal of execution provisions and design

criteria

Based on numerical results and in order to facilitate execution, it
is proposed to observe the following provisions when connecting the
brace to the frame applying the proposed solution. First, to facilitate
the installation of the shear-key plates, a clearance of up to 2 mm

shall be allowed between the diameter of the holes and the diameter
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of the anchor bolts, and this clearance should be filled with epoxy or
high strength cement grout to prevent relative movements between
the shear-key plates and the concrete, as shown in Fig. 3.3.b. Second,
the width ¢, of the initial gap between the shear-key plates and the
end-plate of the brace must satisfy the limits given by Eq. (3.1), and

should be less than 2mm.

The following design criteria of the brace-frame connection is
proposed. The maximum axial force to be developed by the brace, Fl,
is decomposed into the horizontal Vy=F,cosa and vertical Vy=F,sinx
components. Each component applies to each shear-key plate a shear
force V (see Fig. 3.3.b) that is transferred to the concrete through a
group of m anchors. Since relative movements between the shear-key
plate and the concrete are prevented by filling the possible clearance
with epoxy or cement grout, it can be assumed that V is distributed
equally among the anchors and therefore the shear force acting in
each anchor is V/n. The anchors are also subjected to (small) tension
loads due to the force u.V (normal to the shear-key plate; see Fig.
3.3.b) and the bending moment u.Vey acting on the fixture. Here ey is
the eccentricity of the normal force u.V measured as prescribed by
the guideline in use, i.e. ETAG 001 (1997) in Europe. The relevant
guideline is also used to determine the characteristics of the anchors
required, the dimensions of the shear-key plate and the position of the
holes. For this purpose, the design method A, as described in the

cited ETAG 001-Annex C (1997), was followed. It implies considering
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all loading directions (tension, shear) as well as all failure modes
(steel failure, pull-out failure, concrete cone failure, splitting failure,
concrete edge failure and concrete pry-out failure). The geometrical
restrictions due to the escalation of the specimen, forced us to use
different anchoring system: HSC-A M10X40, in beams and, HILTI

HIT-RE 500-SD with HIT-V (8.8) M10, in foundations.

The proposed beam-frame connection cannot be applied when the
quality of the concrete is too poor, because a reliable anchorage of the
shear-key plates with anchors cannot be guaranteed. This limits the
applicability of the proposed solution in (old) existing structures with
very low-strength concrete. Regarding the integrity of the contact
surfaces of the low-friction interface during and after seismic events,
past research (Dolce et al., 2005) concluded that: (i) the wear is not a
problem under seismic conditions, as an earthquake produces only a
few cycles at the maximum displacement amplitudes; (ii) the wear of
nonlubricated Teflon surfaces does not significantly affect their
frictional behavior; and (iii) the wear of lubricated Teflon surfaces is
practically negligible. Finally, it is worth noting that the risk of the
brace “running away”, when it is subjected to high-tension forces, can
be eliminated by making the thickness of the shear-key plates large
enough. Also, the flexural deformations of beams and columns when
the damper is in tension have a beneficial fastening effect that reduces

this risk.
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3.5 Experimental study: shake table tests

3.5.1 Design of the prototype building and test structure

A prototype reinforced concrete frame structure consisting of a
three-story 3x3 bay was designed to support only gravity loads, as
shown in Fig. 3.10. The prototype represented an existing structure
not designed for seismic loads, and thus lacking the ductile
reinforcement details and the strength hierarchy between beams and
columns prescribed by modern seismic codes. The floor system
consisted of one-way joists spaced 800mm apart. These joists were
supported by the main beams (joist-band floor system) and in turn,
the joists supported a thin concrete slab 60mm thick. The weight of
one square meter of this floor system was 2.1kN/m? To this value,
the self-weight of ceramic flooring (1 kN/m?) and the self-weight of a
light plaster ceiling (0.12 kN/m?) were added to obtain the total dead
load of the floor 3.22 kN/m? In the case of the roof, the self-weight of
the coating considered was 0.85 kN/m2, giving a total dead load of
2.95 kN/m?. Additional dead loads of 1 kN/m?* were considered for the
partitions. The self-weight of beams and columns was also included,
assuming a specific weight for reinforced concrete of 25 kN/m®. These
loads were multiplied by factor 1.35 for dead loads and by 1.5 for live
loads. The concrete compressive strength f; assumed in calculations

was 25MPa, and the yield strength for reinforcing steel was 500MPa.
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The prototype structure was retrofitted with brace-type hysteretic
dampers. The overall view, geometry and details of the dampers used
are shown in Fig. 3.11. They were constructed by assembling
segments of steel I-sections (European I-beam type IPE-140), which
constitute the energy-dissipating device, and steel U-section members
(European channel type U-140) that remain elastic and function as
auxiliary bars. The assemblage is arranged in such a way that when
the brace is subjected to forced deformations in the axial direction,
the web of the I-shape section undergoes out-of-plane flexural
deformations. A detailed description of this type of brace can be
found in reference (Benavent-Climent et al., 2011). The mechanical
properties, lateral stiffness & and lateral strength ,Q), of the dampers
were determined by applying an energy-based method (Benavent-
Climent, 2011). This method calls for characterizing the ground
motion in terms of input energy expressed by an equivalent velocity
Vb, and fixing the maximum allowed inter-story drift Ome. In this
study, Vp,=80cm/s and 6,.,=0.01h (h being the story height) were
adopted. The value Vp,=80cm/s, proposed in the past (Benavent-
Climent, Pujades, & Lopez-Almansa, 2002) for Spain, corresponds to
a peak ground acceleration of @=0.23g (here g is the gravity
acceleration) and soft soil conditions. It is worth noting that a,=0.23¢
is the reference peak ground acceleration prescribed by the current
Spanish seismic code NCSE-02 (2002) in stiff soil for a design
earthquake having a 500-year mean return period Tk According to

NCSE-02, for soft soil and for a building of ordinary importance, a;
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must be multiplied by 1.34 to obtain the design peak ground
acceleration, PGA, giving 1.34a,=0.31g. 0mee=0.01~ is the limit
proposed by ATC-40 (1996) and FEMA-356 (2000) to guarantee a

performance of the frame within the “Immediate Occupancy” level.

From the prototype structure a partial structural model was
separated (shaded area in Fig. 3.10). Fig. 3.12 shows the partial
structural model with the brace dampers. The partial structural
model is one bay and a half, in the direction of the main beams. It
consists of two frames connected by the joists, by the thin slab
reinforced with a steel mesh, and by perpendicular secondary beams.
From the partial structural model, a reduced-scale test structure was
defined by applying scale factors that were obtained as follows. The &
Buckingham theorem states that any dimensionally homogeneous
equation F=(X;,X,..X,)=0 involving a set of n physical quantities
X1, Xs... Xy, can be reduced to an equivalent equation G(7,7...7,)=0
involving a complete set of mi,M...Mwm independent dimensionless
products of the physical quantities (Harris & Sabnis, 1999). Here, the
number of dimensionless products is m=n-r, where r is the number of
fundamental measures involved. Physical systems that differ only in
the magnitudes of the units used to measure the X, quantities, e.g.
the quantities for a prototype structure and its reduced-scale model,
will have identical functionals G(m,m,..T,)=0, that can be also
expressed as m;=0(m.... ;). Similarity requirements for modeling result

from forcing the m; terms to be equal in the model and prototype as
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follows. The functional m=¢(7,..7m,) can be written once for the

prototype and once for the model to form the following ratio:
— == (3.2)
)
mm

Here, the second subindex p in 7w, refers to the prototype and the
second subindex m in 7, refers to the model. Complete similarity is
defined to be the condition in which m,=m;, for all of the m; terms.
The similarity relations can be derived from m;,=:, by solving for the
scaling factor S; of each quantity 7. The scale factor §; is defined as
the quotient between the value of quantity 7 in the prototype and the
value of quantity ¢ in the model. The experimental investigation
conducted in this research addresses a dynamic mechanical problem,
thus r=3. The development of scaling factors for structural dynamics
under seismic motions can be based on the following physical
quantities (Dove & Bennett, 1986): (i) the response acceleration at
any point on the structure a; (ii) the stress strain characteristic of the
material given by the modulus E; (iii) the mass m; (iv) the length I
(v) the acceleration input to the base ay; (vi) the time ¢ (vii) and the
force f. These quantities can be gathered together (Dove & Bennett,

1986) in the following 7; terms:

£:¢[E12 Ii] 33)
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Given that the maximum number of dimensionally independent
quantities equals r, only three scale factors (i.e. for only three
quantities) may be arbitrarily chosen. In this experimental study, the
quantities selected were [, EF and a, and the corresponding scale
factors are denoted by S=I,/l., Se=F,/E, and S.=a,/an, respectively.
Here [,, E, and a, are the quantities for the prototype, and [, F, and
an are the quantities for the model. The scale factors S; for the rest of

quantities are obtained by making m;,=m;, and solving for S;, giving:

a a
mo=m, 1 L= L= 8 =S (3.4)

T o=n LR
2p 2m ma, ma, E ' ma, 35)
mmeman 3.5
) S,S,
—>SES[ :SmSa —>Sm=
i 1 I a t* ,
3 :”3m: p2: m2 %_p: pl; %SI:S St
P at: at I at % 3.6
bp~p bm m m bm m ( )
_ ¢ 2 _
—5,=55"—5=.S/S
T, =T, : f” = S AQ:%—A =SS
4 4m "’ f m”a,
g’ mpabp mmabm fm mmabm (37)

2
—5,=5 8,58 =55

In this experimental study, the scale factors adopted were S=5/2,
Sg=1, and S,=1. The scaling factor for length was set to S=5/2 in
order to make the dimensions of the test model compatible with the
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size of the shaking table. The scale factor for the stress strain
characteristic of the material was set to Sg=1, because it is considered
(Harris & Sabnis, 1999) the only practical way to conduct true
modeling of reinforced concrete structures. More precisely, bond
stresses developed between concrete and reinforcing steel in the model
must be identical to those developed in the prototype for true models,
and this is only possible when Sp=1 (Zia, White, & Van Horn, 1970).
Sg=1 results automatically when the same material is used in the
model and prototype (as in the present study). The scale factor for
response acceleration was set to S,=1 to have equal scale factors for
force and mass and not distort the gravity force. Substituting S=5/2,
Sy=1, and S,=1 in Equations (4)-(7) gives the scaling factors for the
input acceleration Su=1, for mass S,=(5/2)* for time S=(5/2)"" and

for force S=(5/2)

The geometry and reinforcing details of one of the two identical
main frames that formed the test structure are shown in Fig. 3.13.
The test structure was built at the Laboratory of Dynamics of
Structures of the University of Granada. The total mass was
m=11295kg, which is the sum of the mass of the floor diaphragm with
its added weight, plus the added weight put on top of the columns.
The yield stress of the steel obtained from tension tests was 551MPa
for the longitudinal bars and 636MPa for the stirrups. The concrete
strength at the 28" day, obtained by means of compression tests, was

35MPa. The brace-frame connections of the test specimen were
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designed as described in Section 2 for F,=64kN, a=0.61rad, u.=0.03
and the actual strength of the concrete f;=35MPa. This resulted in
shear-key plates of 210x120x15mm fixed with four anchors of cross

section area A,=78.5mm? and effective anchorage depth h,=40mm.
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Fig. 3.10: Prototype structure (units: mm): a) plan; b) elevation
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Fig. 3.11: Brace-type damper (units: mm): (a) section; (b) elevation
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Fig. 3.12: 3D representation of the partial structural model (units: mm)
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Fig. 3.13: Test structure before retrofitting (units: mm)
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3.5.2 Test set-up

The tests conducted in this investigation were meant to reproduce
the actual stress and deformation conditions on a real brace-frame
connection subjected to seismic actions. Figs. 3.14 and 3.15 show the
test structure placed on the uniaxial MTS 3x3m? shaking table. Steel
blocks were attached to the top of the slab and to the top of half
columns of the second story (indicated in Fig. 3.15.a as “added
weight”). In order to simplify the experimental set-up, the upper half-
story of the test structure was stiffened with diagonal bars (Fig.
3.15.a), so that the lateral displacement was concentrated in the first
(lower) story. The seismic retrofit consisted of installing two brace-
type hysteretic dampers in the first story, referred to as “Damper 17
and “Damper 2”7 in Fig. 3.15.b. In order to investigate the influence of
the presence of a low-friction material between the shear-key plates
and the end-plates of the damper, the Teflon sheets were not inserted
in all connections. More precisely, the Teflon sheets were inserted in
the brace-frame connection of the lower end of Damper 1 and in the
upper end of Damper 2. For the upper end of Damper 1 and for the
lower end of Damper 2 the brace-frame connection shown in Fig. 3.1.c
was also used, but without the low friction material (i.e. with direct
metal-to-metal contact). In Fig. 3.15.b the brace-frame connections
with Teflon sheets are identified as “w/ Teflon”, and those without
Teflon as “w/o Teflon”. The reason for inserting Teflon sheets only in
one end of each brace damper, instead of using one brace damper
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with Teflon in both ends and another brace damper without Teflon
sheets, was to maintain the symmetry of the test structure in the
direction of loading. The horizontal and vertical shear-key plates were

anchored to the concrete with anchor bolts.

3.5.3 Instrumentation

Several longitudinal bars were instrumented with strain gauges
located at member end sections where potential plastic hinges might
develop, as shown in Fig. 3.13. Strain gauges were also attached to
the shear-key plates of the four brace-frame connections, and to the
ends of the braces in order to calculate the axial force sustained by

each one of them, as shown in Fig. 3.15.a.

Fig. 3.15.a also shows: (i) the transducer (LVDT2) that measured
the horizontal displacements of the floor mass; (ii) the accelerometers
that measured the absolute accelerations of the floor mass and of the
steel blocks added on the top of the specimen; (iii) the transducers
(LVDTs 6 to 15) that measured the relative displacements of the
shear-key plates and of the end-plates of the dampers with respect to
the reinforced concrete elements to which they were attached; and
(iv) the transducer that measured the axial deformations of the brace
(LVDT 5). The data acquisition system was initialized to 0 before the
onset, of the first seismic simulation conducted on the retrofitted test

structure.
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3.5.4 Seismic simulations

The ground motion recorded at Calitri (Italy) during the
Campano-Lucano earthquake (1980) was chosen for the seismic
simulations. This record corresponds to an earthquake of intensity VII
in the MSK scale and a moment magnitude of 6.9. The accelerogram
is the horizontal NS component of the ground motion recorded at a
distance of 16 km from the epicenter, in stiff soil (shear wave velocity
v;=529 m/s), and the maximum acceleration was 0.16g. Fig. 3.16.a
shows the time history and Fig. 3.16.b the normalized response
spectrum of the original (unscaled) Calitri record for 5% damping.
Also shown in Fig. 3.16.b is the design spectrum prescribed by the
Spanish seismic code for stiff soil with 400<v,<750m/s, together with

the unscaled fundamental period of the tested structure.

The Calitri record was chosen because, as seen in Fig. 3.16.b: (i)
in a wide range of periods Calitri’s response spectrum is close to the
design spectrum of the Spanish seismic code, and (ii) the corner
periods of the Calitri spectrum enclose the range of possible periods of
vibration of the test structure, thus guaranteeing maximum
amplification of motion as the period elongates during testing. For the
tests, the Calitri record was scaled in time by the scale factor
S=(5/2)" to fulfill the similarity laws. Further, to guarantee
progressive damage to the test structure, it was subjected to six

seismic simulations, referred to as C50, C100, C200, C300, C350 and
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C400, in which the Calitri record was scaled in amplitude multiplying
by 0.5, 1, 2, 3, 3.5 and 4, respectively. The corresponding PGAs are
shown in the second column of Table 3.3. Each PGA represents a
different seismic hazard level at the site (Granada), and can be
associated with mean return periods Ty of 17, 97, 500, 1435, 2032 and
2828 years, respectively. For relating Tr with PGA the following
expression taken from the Spanish seismic code NCSE-02 (2002) was
used: PGAm=PGAs(Tr/500)"*. Here, PGAsp is the peak ground
acceleration of an earthquake with Tk=500 years, and PGArz is the
peak ground acceleration for an earthquake with a given return period

T'r.

Before and after each simulation, free vibration tests were
conducted to determine the period 7T; and damping fraction & of the
first vibration mode. It is worth noting that the PGA of seismic
simulation C200 represents the design PGA (0.31g) at the site
(Granada). As explained in Section 3.1, the difference between 0.31g
and the reference peak ground acceleration 0.23g is justified through
the influence of the soil type, characterized in terms of the shear-wave
velocity v, s averaged in the layers existing in the top 30 m. The value

0.31g corresponds to a soft soil with v, 5<200m/s.

Table 3.3 shows the values of relevant parameters used to
characterize ground motions. They were calculated for the scaled
record used in each seismic simulation. In Table 3.3, D, is the

significant duration (Trifunac & Brady, 1975), Al is Arias intensity
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(Arias, 1970), ams the root-mean square acceleration, and SI is

Housner’s spectrum intensity, defined by:

Al= %J?ai(t)dt; a = \/U:Saj(t)dt)/(t% -t,);

si=["sv(r.£)dr

(3.8)

where a,(t) is the acceleration time history of total duration #; t; and
tg; are the instants that define the interval between 5% and 95% of AT
(Trifunac & Brady, 1975); SV is the velocity spectrum; T is the
period of vibration; and & the damping ratio. It can be seen that the
values of these parameters in all seismic simulations are realistic, that
is, they fall within the range of real earthquake motions. Finally, in
Fig. 3.16.b the response spectrum of Calitri record scaled in time
(dash lines) is superimposed on the response spectrum of the original
(unscaled) record. The obtained spectrum is seen to retain the
characteristics of real records, and it is close to the design spectrum of

the Spanish seismic code.

Finally, it is worth noting that prior to retrofitting with brace-
type hysteretic dampers, the frame of the test structure was damaged
by subjecting it to several shakings with the Calitri record (Benavent-
Climent, Morillas, & Escolano-Margarit, 2014). The health of the
frame at the end of these preliminary seismic simulations can be
summarized as follows. Plastic hinges developed at the base of the

columns of the first story, and the index of Park & Ang (1985) ranged
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between 0.19 and 0.43, which corresponds to moderate (reparable)
damage (Park & Ang, 1985). The average strains at member end
sections of the rest of the frame ranged from 0.4 to 0.9 times the yield
strain in columns, and from 0.16 to 0.23 times the yield strain in
beams. The width of the concrete cracks ranged between 0.08 and 0.2

mm. The permanent drift displacement was 0.1%.

Fig. 3.14: Overview of the test set-up

3.5.5 Test results and interpretation

3.5.5.1 QOwerall response

For the sake of convenience in the forthcoming discussions, the
test structure was idealized with a single degree of freedom system of

mass m, whose dynamic equilibrium is governed by:
mj‘ +Cy+Q, =0 (3.9)
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where j' is the absolute acceleration, C is the damping coefficient, j
is the relative velocity and @p is the restoring force exerted by the
structure. Since m is known and J° was measured with the
accelerometers, the total shear force Fp exerted by the inertial force,

i.e. FLBzmj}'tz—(cy+Q3), can be readily calculated and is shown in

Figs. 3.17 and 3.18 against the horizontal displacement of the center
of mass of the floor diaphragm Jr, for each seismic simulation. The
figure reflects a stable energy dissipation behavior with minor
pinching in the loops. In the instants of zero velocity (i.e. y=0), the
damping force ¢y is null and F;p coincides with the restoring force
carried out by the structure Qp. Values of Fip when y=0 and thus
Frp=Qp were calculated for each seismic simulation and are plotted
with solid symbols in Figs. 3.17 and 3.18. An approximate bilinear
envelope of these points is drawn with thin dotted lines in the figure;
it can be interpreted as the "capacity curve" of the structure obtained

from the dynamic tests.

79



Seismic behavior of existing RC frames and its seismic upgrading using EDDs

| 2000 | 1000 {
Tz _
/ A Added weight

Accelerometers t L
SHP 6 %fi‘\ ——=

= S

T (@ Pin joint C;OSSWB Pin joint
I

620 Teflon Lweight

1 ‘ = H ‘ =2 ] =2 2R =2 iE]
g vl 8 i i v

1 S
FLVDT-11

i3

T —
LVDT-12 LVDT'15 LVDT-2
Teflon f /.\ Strain gauges

Strain Gauges

=

1400

& Strain Gauges
LVDT-6
‘ X

. VD17 |
Strain gauges
L i}
Accelerometer P4

MAAAAAHR\

Jhaking TablL

30]?0 x 3000 mrz

a)

Damper 2

w/o Teflon

o

N
1920 i \ @:@ 3000
| \
I |
| |
! Damper 1 X }
4= - -+ = }::{3
P1 | C
b) | w/oTeflon w/ Teflon |
\ 1

2000

3000

Fig. 3.15: Test structure; set-up and instrumentation (units: mm): a)
elevation; b) plan

80



Ch. 3: New connection between RC building frames and concentric braces

0.151 Acceleration (g)

0.10 A

0.05 A

s MMI Ll

i HWMMH {H”'""“" i “ Mnh L fims ().

"\I [H\HH‘ ""1 l"]l‘wl"ﬂ e |"

-0.05 A

-0.10 A

a)-0.15 -

Calitri record unscaled
m— S pain seismic code
******** Calitrirecord scaled in time

407Sa/PGA
3.5 1
3.0

2.5

2.0 1

1.5 1
Unscaled period of test structure
._T,5=0.205 =0.32s

1.0

0.5

Period (s)
0.0 T T T T T T T
b) 0.0 0.1 0.2 03 04 05 0.6 0.7
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Table 3.3: Parameters that characterize the records used for tests

Seismic simulation ~ PGA (g) SI(m) ams(g) Al (m/s) Ds(s)

C50 0.08 0.40 0.02 0.17 30.07
C100 0.16 0.75 0.03 0.67 30.07
C200 0.31 1.50 0.08 2.7 30.07
C300 0.47 2.26 0.11 6.1 30.07
C350 0.54 2.64 0.13 8.2 30.07
C400 0.62 3.01 0.15 10.8 30.07

The overall response of the specimen is summarized in Table 3.4
and Table 3.5. For each seismic simulation, Table 3.4 shows, in
columns two to six, the fundamental period T, the damping ratio ¢,

. . oot .
the maximum absolute response acceleration y_ ., the maximum
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inter-story drift ratio ID, and the residual inter-story drift ratio ID..
The seventh column indicates the seismic performance level
determined according to the IDs established by ATC-40 (1996) and
FEMA-356 (2000) that are shown in columns eight and nine. T; and &
were determined from free vibration tests conducted at the end of the
seismic simulations. Table 3.5 summarizes the normalized maximum
strain &pq. measured in the longitudinal bars located at the member
end sections of columns and beams identified in Fig. 3.19. The yield
strain of the steel &, was 2625 wm/m. For seismic simulations C50,
C100 and C200, the structure exhibited IDs below 1%, ID,s were zero
or negligible, and &, was in general below &, at the base of the
columns. This corresponds to a performance level of “immediate
occupancy” according to ATC-40 and FEMA-356 criteria, and a light
or very light level of damage in the structure. For the seismic
simulations C300, C350 and C400, the structure exhibited IDs
between 1.05% and 1.5%, ID,s between 0.12% and 0.16%, and &
ranged from g, to 5.1g, at the base of the columns. According to
ATC-40 and FEMA-356 criteria for reinforced concrete frames, this
corresponds to a seismic performance level of “life safety” and a
moderate level of damage. This indicates that the addition of braces
with the proposed brace-frame connection was effective in controlling

the response of the retrofitted structure.
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Fig. 3.17: Base shear force vs. top displacement, with indication of points
with zero velocity, for simulations: a) C50, b) C100, ¢) C200.
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Fig. 3.18: Base shear force vs. top displacement, with indication of points
with zero velocity, for simulations: a) C300, b) C350, ¢) C400
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Table 3.4: Overall response

it ID ID
T r AT FEMA
Seismic ! s Y max Seismic ¢
simulation 8 %0 g % % performance [D)(% ID(%)

c50 0.20 1.26 0.21 0.18 0.00 Immediate Occupancy <1 <1
c100 0.20 0.96 044 0.35 0.00 Immediate Occupancy <1 <1
c200 0.21 1.04 0.72 0.66 0.03 Immediate Occupancy <1 <1

c300 0.21 131 117 105 0.12 Life Safety 1-2 1-2
c350 0.21 130 121 132 0.16 Life Safety 1-2 1-2
c400 021 134 132 150 0.12 Life Safety 1-2 1-2

Fig. 3.19: Identification of potential plastic hinges in members

Table 3.5: Strains in longitudinal rebars

Seismic simulation: C50 C100 €200 C300 €350 €400

Hinge &naw/€y Emas/€y  Emar/Ey  Emas/Ey  Emar/Ey  Ema/Ey

10 0.21 0.35 0.87 1.3 1.3 1.6
BASE 20 0.29 0.40 0.67 1.0 1.1 2.9
COLUMN 30 0.28 0.48 0.82 1.4 3.1 5.1
40 0.31 0.50 1.09 2.0 2.8 3.6

11 0.10 0.20 0.55 0.84 0.93 2.0
21 0.07 0.14 0.41 0.58 0.72 0.83
31 0.08 0.16 0.53 0.77 0.94 1.0
41 0.04 0.13 0.40 0.56 0.66 0.69

UPPER END COLUMN

50 0.13 0.25 0.47 0.65 0.73 0.81
51 0.04 0.07 0.13 0.16 0.17 0.25
60 0.16 0.28 0.49 0.73 0.84 0.89
61 0.08 0.12 0.17 0.20 0.22 0.24

BEAMS
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3.5.5.2 Modal Analysis

A numerical elastic model was developed in OpenSEES and
subjected to a modal analysis, in order to compare some parameters
obtained from experimental data with the ones obtained from
numerical analysis. These parameters are: (1) the initial fundamental
period, T, computed from free vibration tests conducted at the end of
the seismic simulations, (2) the initial lateral stiffness of the global
structure, Kr, obtained from the base shear-top displacement curves
shown in Figs. 3.17 and 3.18 and, (3) the initial stiffness of the
dampers, Kp, calculated from the load-displacement curves of the
dampers shown in Fig. 3.23. Further, the initial stiffness of the
reinforced concrete frame (without dampers), Kj; was numerically
estimated through linear static analysis (LSA). As shown in Table
3.6, there is a good agreement between the numerical and the
experimental data. The experimental value of K; cannot be directly
obtained from the test measures and consequently it is not included

in Table 3.6.

Table 3.6: Comparison of experimental and numerical results

Ti (s) K; (kN/mm)  Kp (kN/mm) Kr (kN/mm)

Tests Numerical = Numerical Tests Numerical Tests Numerical
(MA) (LSA) (MA) (K154 Kp,ua)

0.20 0.21 1.78 8.87  8.32 10.60  10.10
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3.5.5.8 Damage in the RC frame

3.5.5.3.1 Damage at a global level

As introduced in section 3.5.5.1, the dynamic equilibrium of an
inelastic SDOF system subjected to a unidirectional horizontal ground

motion is controlled by the following equation:
my+Cy+Q,=-mZ, (3.10)

where m is the mass, C the damping coefficient, (Jp the restoring

force, y the relative displacement, y and j its first and second
derivates with respect to time, and 2y the ground acceleration.
Multiplying Eq. (3.10) by dy = ydt and integrating over the duration

of the earthquake, i.e. from ¢t=0 to t=t, the equilibrium of forces of

Eq. (3.10) is transformed in an equation of energy balance:
W A+W +W =E (3.11)

where W, is the kinetic energy, W; the damping energy, W, the
absorbed energy, and E is (by definition) the (relative) input energy,

given by:

W, =[yMydt; w.=[cy’de; W =[q,ydt; E=[-Mz ydt (3.12)
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W, is composed of the recoverable elastic strain energy, W, and

the irrecoverable plastic energy, W,, i.e. W= W+ W,:

E=W +W +W_+W, (3.13)

The sum of the kinetic and the elastic strain energies gives the

elastic ~ vibrational  energy W =W +W_.  The difference

E—W§:Wp+We is what Housner (1956) called the energy that

contributes to damage and will be denoted by E =E —W5 hereafter.

According to Eq. (3.13), the total input energy E can be split in

two parts: the so-called total absorbed energy (W§+Wp), and the

energy “stored” by the system (W _+W )=W . The former represents
the energy that is cumulatively dissipated by the system, and
therefore its time history is always a monotonically increasing curve

(i.e. Wé+Wp at a given instant t is always larger than at previous

instants). The other part, W , is the energy stored by the system in
the form of vibrational elastic energy, and its time history —in a
system subjected to forced vibrations— is typically an oscillating
curve. Therefore, the total absorbed energy (Wé+Wp) can be easily
estimated from the time history of E by taking a lower bound curve,
as shown in Fig. 3.20. The difference between the curve E-t and the

lower bound curve is the history of W . Fig. 3.20 shows the histories

of total input energy FE, the sum of the plastic and elastic strain
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energy Wp' d+WSE_ , dissipated by the dampers, the sum of the plastic
and elastic strain energy Wp,f+Wse'f of the RC frame (without

dampers), and the total absorbed energy Wé +Wp accumulated in the

sequence of seismic simulations. The initial energies (i.e. when the
pseudotime is 0) are the values accumulated in previous tests, prior to
the installation of the hysteretic dampers, and described in
(Benavent-Climent et al., 2014). Damping energy was estimated with

Eq. (3.14), where y is the relative horizontal velocity of the SDOF
system and C =§2mwn is the damping coefficient. The damping ratio

¢ was obtained for each simulation, as described in Table 3.4. These
values of ¢ are similar to the values recommended by Martinelli &

Filippou (2009).
t
w,=| vyt (3.14)

Finally, Table 3.7 summarizes the cumulated energy input in the

test specimen, F; at the end of each simulation j, in terms of
equivalent velocity Vi (defined by V, =42E / m) and calculated with

Eq. (3.15). The corresponding equivalent velocity in the prototype,

Vep, was computed by dividing by the scaling factor for velocity

A
/lvzf 0.63. Table 3.7 shows also the energy that contributed to
t

damage, Ep, expressed in terms of equivalent velocity for both the
test specimen, Vp, and for the prototype, Vp,. The values of Vg, Vp,
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Ve, and Vp, were computed at the end of the tests conducted prior
to retrofitting with brace-type hysteretic dampers, already mentioned
in section 3.5.4 —see reference (Benavent-Climent et al., 2014). As
described previously, in estimating W; with Eq. (3.14), the damping

ratio ¢ measured during the tests, for each simulation, was used (see

(3.15)

Table 3.4).
V,=2>, _E /m
225000 E”erQSI’_:(N ™ : Total Input Ener
200000 w.+Ww ' Total As bed Ey
[ R —— + -
175000 | ‘ o . lota - sSorpe nergy
150000 W§ : Damping energy
125000 1~~~ Wp’d + Wse’d : Dampers energy
100000 =~ Wpyf + Wse,f : RC frame energy, 112000
75000;________________'_______./‘- w, B **" 110000
50000 7 85600 - ;5800 BSM
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Fig. 3.20: Histories of accumulated energy
Table 3.7: Cumulative input energy
Simulation Test Specimen (cm/s) Prototype (cm/s)
Ve Vb Ve » Vb, »
Previous tests 340 285 537 450
C50 358 300 568 476
C100 362 304 575 483
C200 380 320 603 508
C300 427 363 678 576
C350 490 424 778 673
C400 562 491 892 779
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3.5.5.3.2 Damage at a local level

The elastic and plastic strain energy absorbed by a given plastic

hinge k of the structure during the cyclic loading, Wse'k+Wp is the

ko
sum of the energy dissipated by the concrete, W¢;, and the energy
dissipated by the longitudinal reinforcement, Wy, (Park & FEom,
2006). The stress in the steel reinforcement, os(t), is approximated
from the corresponding strain data €s(¢f) measured by the strain
gauges, by using the steel model described in (Benavent et al. 2011).
The strain at each fiber of the concrete section, &c(t), is approximated
from the strain measured by the gauges at the steel rebars, by
considering the well-known assumption of plane sections remaining
plane (Bernoulli's principle). The corresponding stress oc(t) is
approximated from &¢(¢) by wusing the uniaxial material model

developed by Maekawa et al. (2003), by assuming no tensile strength.

The plastic hinge length was calculated using the empirical
formulae for cyclic loading proposed by Fardis (2009), as detailed in

Chapter 5 (section 5.2.1.2).

Finally, the elastic and plastic strain energy absorbed/dissipated
by the existing RC structure is computed as the sum of the

contributions of the p plastic hinges:

p
M/se,k+Wp,k :;(Ws,k-i'wc,k) (3~16)
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Fig. 3.21 shows the energy absorbed/dissipated accumulated in
the successive seismic simulations by the hinges of the RC frame.
This energy was grouped and summed up as follows: energy
absorbed /dissipated at the base of the columns (i.e. hinges 10, 20, 30,
40 in Fig. 3.19), energy absorbed/dissipated at the upper ends of the
columns of the first story (i.e. hinges 11, 21, 31, 41 in Fig. 3.19) and,
energy absorbed/dissipated at the beams ends (i.e. hinges 50, 51, 60,
61 in Fig. 3.19). It is worth emphasizing that the initial values when
the pseudotime is 0 are the accumulated energies attained at the end
of the tests conducted prior to the installation of the dampers, as

described in (Benavent-Climent et al., 2014).

4000

, Wp + Wse (N'm)

3500 ] Base columns 1% story (hinges 10,20,30,40)

3000 - Beam ends (hinges 50,51,60,61)

2500 J— Upper end columns 1%t story (hinges 11,21,31,41)

2000 -

1500

1000 -
500
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0 20000 40000 60000 80000 100000 120000
| | | | | |
C50 C100 C200 C300 C350 C400

Fig. 3.21: Energy absorbed/dissipated by the hinges of the RC frame

The damage at the level of each individual hinge k£ of the columns
was estimated in terms of maximum chord rotation demand 6, in

relation to chord rotation at ultimate capacity 6, that is,

92



Ch. 3: New connection between RC building frames and concentric braces

6,/6,

Qm/Ou =max{

proposed by Darwin and Nmai (1986) and the well-known index of

,9;/9;”, the energy-based damage index D;

damage DIps developed by Park and Ang (1985). Results are shown

in Table 3.8.

The chord rotation demand 6, was estimated from the
measurements provided by displacement transducers. The chord
rotation capacities at ultimate 6, and the chord rotation at yielding 6,
were predicted using the equation recommended by Fardis (2009).
The damage index D;, and the Park and Ang index of damage Dpa at

a given hinge k were calculated as follows:

D = W (3.17)
0.5(M;9; - 9;\)
D, =max 9’;_9; 6;'H9;| +ﬁ W (3.18)
mo e lelHel) T os(me;+|m e

The parameter B was taken S = 0.1. The yielding moments under

positive and negative bending, M; and M; were estimated

according to the formula proposed by Fardis (2009):

; &(1-d /d &) E[(1-d /d
My:bd (py{Ec?[T/_?]+¥[(l—§y)pl

+(&,-d,/d)p +—(1 d/d)}}

(3.19)
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where ¢, is the yielding curvature proposed by Fardis (a detailed
description is given in Chapter 5, section 5.2.1.3); &, is the neutral
axis depth at yielding (normalized to the section effective depth, d); b
is the width of the section, F. is the moduli of the concrete; d; equal
to the distance from the centre of the compression reinforcement to
the extreme compression fibres; the set p;, p. and p, are the geometric

reinforcement ratios of the tension, compression and web
1/2
reinforcement. The variable &, is defined as fyz(c PA*+2C B) -CA

where =E_ /EC with FE, the steel strain moduli; A and B are

variables which depend on the reinforcement ratios stated before, the
yield strength of the reinforcement f, and the axial load N in the

column.

The results of Table 3.8 indicate that the RC frame remained
basically elastic (i.e. the rotation demand was far below yielding and
the Park and Ang damage index was very small (below 0.2 during
seismic simulations C50, C100, and C200). During seismic simulations
C300, C350 and C400, the rotation demand slightly exceeded the
yield rotation (up to 81%) and the Park and Ang damage index was
very small, except at the bottom end of the columns when this index
reached 1.29. In general, and excepting the bottom ends of the
columns, the RC frame experienced minor plastic deformations (small

damage).
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Table 3.8: Rotation demand 6,,/0u, 0m/0, and damage indexes of

column hinges.

C50 C100
Hinge Om/0y  Om/0u D; DIpa Om/0y  Om/0u D; DIpa
10 0.25 0.06 1.29 0.03 0.41 0.09 2.05 0.04
20 0.28 0.06 3.54 0.08 0.44 0.10 4.61 0.10
30 0.25 0.05 1.03 0.02 0.41 0.09 1.62 0.04
40 0.28 0.06 3.40 0.07 0.44 0.10 3.52 0.08
11 0.25 0.05 0.05 0.00 0.41 0.09 0.05 0.00
21 0.28 0.06 0.05 0.00 0.44 0.10 0.05 0.00
31 0.25 0.05 0.08 0.00 0.41 0.09 0.09 0.00
41 0.28 0.06 0.05 0.00 0.44 0.10 0.05 0.00
C200 C300
Hinge  Om/0y Om/0u D. DIrs  6Om/8y Om/6u Di  Dlpa
10 0.87 0.19 459 0.10 1.25 027 873 0.26
20 0.87 0.19 6.56 0.14 1.17 0.26 8.02 0.23
30 0.87 0.19 8.87 0.19 1.25 0.27 2572 0.64
40 0.87 0.19 4.02 0.09 1.17 0.26 491 0.16
11 0.87 0.19 0.06 0.00 1.25 0.27  0.06 0.07
21 0.87 0.19 0.07 0.00 1.17 0.26 0.11 0.05
31 0.87 0.19 0.17 0.00 1.25 0.27 040 0.08
41 0.87 0.19 0.06 0.00 1.17 0.26  0.07 0.05
C350 C400
Hinge  Om/0, Om/0u D:  DIrs  On/0y On/0u Di  Dirs
10 1.43 0.31 17.14 0.50 1.78 0.39 30.10 0.88
20 1.50 033 9.89 0.36 1.81 0.40 2392 0.75
30 1.43 0.31 3938 0.99 1.78 0.39 4878 1.29
40 1.50 0.33 696 0.29 1.81 0.40 11.55 048
11 1.43 0.31 0.09 0.12 1.78 0.39 0.21  0.22
21 1.50 0.33 0.16 0.14 1.81 0.40 0.23  0.23
31 1.43 0.31 0.70 0.14 1.78 0.39 1.07 0.24
41 1.50 0.33 0.17  0.15 1.81 0.40 0.32  0.23

3.5.5.3.8 Section forces

The section forces developed during the seismic simulations at the
hinges located in the columns were estimated. Table 3.9 shows the

values for each simulation at the time step corresponding to
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maximum moment in each column. To this end, the cross-section
response was obtained by integrating the stress—strain response of the
materials (Spacone, Filippou, & Taucer, 1996), as defined in previous
section 3.5.5.3.2. The strain at each fiber of the section was calculated
from the strain measures at the steel rebars and, regarding the plane

sections-remain-plane assumption.

Table 3.9: Internal forces at the hinges

C50 C100 C200
M 1% M 1% M 1%
kKNm kN kKNm kN kKNm kN
10 3.68 5.09 6.92
11 -0.37 289 -0.26 382 0.00 .94
20 3.47 5 90 5.21 394 6.13 360
21 0.27 0.68 0.97
30 1.94 3.97 5.04
31 -0.80 1.95 -1.09 3.61 -0.46 393
40 1.89 L6 2.29 L6 3.77 5 58
41 0.12 -0.05 0.16
C300 C350 C400
M 1% M 1% M 1%
kKNm kN kNm kN kKNm kN
10 7.98 5 68 8.60 6.16 8.78 6.92
11 0.03 -0.01 0.08
20 6.37 361 -4.95 480 -7.71 6.66
21 1.32 1.77 1.62
30 5.37 4.64 5.29
31 -0.84 143 1.06 2:56 2.57 1.94
40 3.52 5 35 -1.23 0,96 -5.77 e
41 0.23 0.11 0.87

On the other hand, the design shear resistance of the columns
without shear reinforcement, Vgs. was evaluated by following art.
6.2.1. of EN 1992-1-1:2004 (2004). Results obtained are 10.76 kN for

the exterior columns and 12.64 kN for the interior columns. As shown
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in Table 3.9, the shear wvalues attained during the tests were
considerably lower than the shear resistance of the global member
without shear reinforcement, showing that there was no need to
increase the global shear resistance of the existing column. As
explained in 5.4.3.2.1 of EN 1998-1:2004 (2004), this requirement is

applicable also for medium and high ductility sections.

However, the concentrated action at the top of the external
columns during the severest seismic simulation C400, probably caused
a diagonal crack shown in Fig. 3.22. These diagonal cracks can be
prevented, if necessary, by retrofitting the existing joint with mono-
directional steel fibre fabric placed in the same direction of the
damper. Details for the design of a convenient reinforcement can be
found in (Dolce & Manfredi, 2011), considering the horizontal action
applied by the damper similar to the diagonal one applied by a wall

on the existing external beam-column joint.
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Fig. 3.22: Crack pattern in the connection of dampers at the end of c400

3.5.5.4 Response of the braces

In contrast to the frame, the braces underwent severe plastic
deformations. Fig. 3.23 shows the axial force N measured in one of the

braces (Damper 2) versus the horizontal displacement of the floor
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mass expressed in percentage of story height. The shape of the
hysteretic loops for large plastic deformations is close to a rhomboid,
thus indicating that the proposed brace-frame connection is effective
in mobilizing the inherent energy dissipation capacity of the damper.
The histories of horizontal displacements of the floor mass measured
by transducer LVDT-2 (see Fig. 3.15.a) were compared with the
histories of the horizontal component of the displacement measured
along the axis of the brace by the transducer LVDT-5 (see Fig.
3.15.a). Table 3.12 summarizes the peak values and the residual
values at the end of each seismic simulation. Both histories followed
the same pattern and the minor differences are attributable to: (i) the
elastic (axial) deformations of the auxiliary parts of the braces that
were not captured by LVDT-5, and (ii) possible relative movements
between the ends of the brace and the frame. This means that the
proposed brace-frame connection was effective in preventing or
minimizing relative movements between the ends of the dampers and

the frame.

To corroborate the experimental data shown in Fig. 3.23,
characteristic parameters of the dampers were calculated using the
formula described in (Benavent-Climent et al., 2011). In this way, the
axial yield load was @,=39.83kN, the axial maximum apparent load
was @p=51.67kN and, the axial yield displacement was J,,=1.88mm.
The total lateral stiffness was calculated from the unloading part of

the experimental load-lateral displacement curves Kp,=4.97kN/mm,
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for the damper 1, and Kp,=3.90kN/mm, for the damper 2. It can be
seen that the actual maximum axial force endured by the dampers
(about 60 kN) is above the predicted maximum apparent strength
(Qps=51.67kN), which was calculated by using the yield stress of the
steel obtained from static tests. This increment of strength (about

16%) can be attributable, at least partially, to strain rate effects.
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40 40
204 20
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Fig. 3.23: Axial force in damper 2 vs. lateral displacement of the
structure for seismic simulations (a) ¢50, (b) ¢100, (c) ¢200, (d) ¢300, (e)
¢350, (f) c400
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3.5.5.4.1 Damage evaluation at local level in the EDDs

The damage in the hysteretic-type EDDs was characterized by the
index ID proposed by Benavent-Climent (2007) which was
experimentally evaluated with shake-table tests. The damage index
ID measures the level between 0 (no damage) and 1 (failure). It is
important to note that the index ID is calculated for the positive
ID* and negative ID” domain. Benavent-Climent (2007) proposed to
take the maximum value between the two values, as the global
damage index ID . In order to calculate the damage index ID, the N-
axial displacement curves corresponding to damper 2 (similar to the
curves shown in Fig. 3.23, expressed in terms of lateral displacement,
Or, in percentage of story height) were decomposed into the so-called
“Skeleton Part” and “Bauschinger Part”. The area enveloped by each

domain of loading in the Skeleton curve was called W* and W~ for

positive and negative domain, respectively. Similarly, the area
enveloped by each domain of loading in the Bauschinger curve was

called W' and W~ . Maximum displacements attained in Skeleton
Part are noted as 6 and .6 . These parameters were expressed in

nondimensional form as follows:
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where .7 is the apparent ultimate cumulative plastic deformation
ratio on the Skeleton Part; gy is the ultimate cumulative plastic
deformation ratio on the Skeleton Part; gy is the ultimate cumulative
plastic deformation ratio on the Bauschinger Part and # is the
ultimate total cumulative plastic deformation ratio, as defined by
Benavent-Climent et al. (2011). Resulting ratios for damper 2 are

shown in Table 3.10.

Table 3.10: Nondimensional ratios

7= 7.51 = 3.62 = 1

ST = 649.36 L1 = 20781 = BT
= - T = 570 RE 12.85
n'= 65687 N = 21143 nN= 86830

A/ A= o 77.03

86.47

57.41

SN/ n=

Table 3.11 shows the results of the damage index at the end of
each simulation i, which are computed as ID*=7" / ﬁ:, ID” =7~ / n,

for each loading domain. The ultimate limit state points 7,7, were

determined with the equations described by Benavent-Climent (2007)
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and the parameters corresponding to the type of hysteretic damper

(WPD) obtained by Benavent-Climent et al. (2011).

Table 3.11: Damage index ID in damper 2

C50 C100 C200 C300 C350 C400
ID* 0.02 0.08 0.30 0.62 0.89 1.07
1D 0 0.01 0.03 0.05 0.26 0.58

m=max{m+;m_} 0.02 0.08 0.30 0.62 0.89 1.07

Furthermore, the load path in the .#-# space obtained from the
test and the predicted failure curve is shown in Fig. 3.24. It was
calculated by following the procedure described in (Benavent-Climent
et al., 2011). It is worth mentioning that this figure represents the
values of . and 5 corresponding to the sum of the positive and

negative domains of loading.
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Fig. 3.24: Energy consumption path in the ,#-7 space obtained from the

test and predicted failure curve for damper 2.
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3.5.5.5 Behavior of the brace-frame connection

The following sub-sections analyze the effect of inserting a low
friction material (Teflon) between the shear-key plates and the end-
plates of the brace in terms of: (i) the normal stress distributions
along the shear-key plates and their relative displacement with
respect to the reinforced concrete members; and (ii) movements of the
end-plates of the braces relative to the reinforced concrete members

to which they are fastened.

3.5.5.5.1 Stress distribution along the shear-key plates

As shown in Fig. 3.15.a, each brace has two ends (referred to as
“upper” and “lower” ends hereafter), and each end is connected to the
frame with two shear-key plates (referred to as “horizontal” and
“vertical” shear-key plates in the following discussion). The normal
stresses Owpuae (see Fig. 3.3.b) in several cross-sections of each shear-
key plate were measured by gauges located at midpoint between the

anchor bolts as shown in Fig. 3.15.a.

Figs. 3.25 and 3.26 compare the distributions of O in the
shear-key plates of the upper end of Damper 1 (without Teflon
sheets), with those in the shear-key plates of the upper end of
Damper 2 (with Teflon sheets). Fig. 3.25 refers to the horizontal
shear-key plates and Fig. 3.26 to the vertical ones. The values of
Onpiate are taken at the instant of maximum axial force in Damper 2,

Npe. At this instant, the axial force in Damper 1, Np;, was in general
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similar to Nps. The horizontal axis in Figs. 3.25 and 3.26 represents
the distance z measured from the contact surface of the shear-key
plate. As seen in Fig. 3.25, in the proximity of the contact surface
(z=0) Owpiate is larger for the horizontal shear-key plate with Teflon
sheet than for the horizontal shear-key plate without Teflon. In
contrast, it is seen in Fig. 3.26 that in the vertical shear-key plates,
Onplate T€mains approximately constant or decreases in the vicinity of
the contact surface when Teflon sheets are inserted. This means that
the inclusion of Teflon sheets causes the in-plane forces (named V in
Fig. 3.1.c) acting in the horizontal shear-key plates to increase, and
those in the vertical shear-key plates to decrease or to remain
approximately constant. Figs. 3.25 and 3.26 show the results for the
seismic simulations C200, C300, C350, C400; similar trends were

found for simulations C50 and C100.

3.5.5.5.2  Displacements of the horizontal shear-key plates

For Damper 2, Figs. 3.27 and 3.28 compare the horizontal
displacements, relative to the concrete, of the horizontal shear-key
plate located at the upper end (with Teflon sheets), with that of the
horizontal shear-key plate at the lower end (without Teflon). These
displacements were measured by the displacement transducers LVDT
15 and LVDT 10 in Fig. 3.15.a. Both histories of displacement start
from zero at the onset of simulation C50 (Fig. 3.27.a) but develop in
a different way in the successive seismic simulations. The range of

displacements experienced by the shear-key plate with Teflon sheets
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is wider than that of the shear-key plate without Teflon, but the
residual deformation of the former at the end of seismic simulations
following C50 is about one half that of the latter. In any case, the
maximum displacements are small (less than 1mm) and very similar
for both horizontal shear-key plates (i.e. with and without Teflon
sheets). Hence, the effect of including a low friction material on the
maximum relative displacements experienced by the horizontal shear-
key plates is negligible.

Table 3.12: Horizontal frame displacement and horizontal component of

brace displacement

SimulationMaximum horizontal displacementResidual horizontal displacement

Frame (mm) Brace (mm) Frame (mm)  Brace (mm)
c50 -2.69 -2.98 0.00 0.00
c100 -4.30 -4.77 0.00 -0.03
c200 -8.47 -10.09 0.56 0.54
¢300 -11.39 -15.03 1.69 3.10
¢350 -13.08 -17.00 2.40 4.46
c400 17.67 20.95 2.23 4.47
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Fig. 3.25: Distribution of normal stresses in the upper horizontal shear-key
plates, for seismic simulations: a) C200; b) C300; c¢) C350; d) C400
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For Damper 2, Figs. 3.29 and 3.30 compare the vertical
displacements, relative to the concrete, of the vertical shear-key plate
located at the upper end (with Teflon), with that of the vertical
shear-key plate at the lower end (without Teflon). These
displacements were measured by LVDTs 14 and 9, respectively, in
Fig. 3.15.a. It can be seen that the residual deformations at the end of
each seismic simulation are smaller than those observed in the
horizontal shear-key plates in the previous sub-section. Also, similarly
to the horizontal shear-key plates, in any case the maximum
displacements are small (less than 1.5mm) and in the same range for
both shear-key plates. Again, the presence of the low friction material
does not seem to significantly affect the minor maximum relative
displacements of the vertical shear-key plates. The results of sub-
sections 3.5.5.5.2 and 3.5.5.5.3 are relevant, as they indicate that the
presence of the low friction material does not jeopardize the behavior
of the brace-frame connection in terms of the relative displacements

of the shear-key plates.

3.5.5.5.4 Displacement of the ends of the damper in the direction of

its aris

Figs. 3.31 and 3.32 compare the displacement of the upper end-
plate of Damper 2 relative to the beam-column joint, with the

displacement of the lower end-plate of the same damper relative to
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the foundation-column connection. Both displacements are measured
in the direction of the axis of the damper and are taken as positive
when the end-plate moves away from the beam-column joint, or from
the foundation-column connection. Referring to Fig. 3.15.a, these
axial displacements were obtained from the readings provided by
LVDTs 11, 12 and 13 for the upper end-plate, and from LVDTs 6, 7
and 8 for the lower end-plate. It is worth recalling that the brace-
frame connection that fixed the upper end of the damper had Teflon
sheets and that of the lower end of the damper did not. As seen in
Figs. 3.31 and 3.32, for the low and design levels of the seismic action
(simulations C50, C100 and C200), the displacement of the upper
end-plate (with Teflon) is small (up to about 1mm), yet larger than
that of the lower end-plate (without Teflon). However, the trend
reverses as the severity of the ground motion increases and the
number of accumulated cycles of displacement grows (simulations
€300, C350 and C400). During the last and most severe seismic
simulation, C400, the axial displacement of the upper end-plate is
about one half that of the lower one. Therefore, the insertion of the
low friction material does not have a negative effect from the
standpoint of the maximum gap between the end-plate of the damper

and the beam-column joint or foundation-column connection.

3.5.5.5.5 Rotation of the end-plates of the damper

Figs. 3.33 and 3.34 compare the rotation of the upper and lower

end-plates of Damper 2 about an axis perpendicular to the plane of
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the frame. Both rotations are taken as positive when they are
counter-clockwise. Referring to Fig. 3.15.a, the rotations were
obtained from the readings provided by LVDTs 11, 12 and 13 for the
upper end-plate, and from LVDTs 6, 7 and 8 for the lower end-plate
of the damper. The same pattern of movements discussed in sub-
section 3.5.5.5.4 for the displacement of the end-plates in the direction
of the axis of the damper can be observed for the rotations. That is,
for low and design levels of the seismic action (simulations C50, C100
and C200), the rotation of the upper end-plate (with Teflon) is larger
than that of the lower end-plate (without Teflon), but the trend
reverses for more severe earthquakes (simulations C300, C350 and
C400). In any case, the rotations are small. Therefore, the insertion of
the low friction material does not have a negative effect on the

amount of rotation of the end-plates of the damper.

110



Ch. 3: New connection between RC building frames and concentric braces

’g 1.0
= 0.8
C
©
S
©
Qo
o
% 0.00
P Wi 000
2 - "~~~ Upper Horizontal Plate
% Lower Horizontal Plate
© 3 40 50 60 70 80
Time (s)
a)
’g 1.0
~— 0.8
5
g 0.6
c_% 0.4
& 0.2 0.05
° 00 202
2 Upper Horizontal Plate
% -0.2 Lower Horizontal Plate
@ 30 40 50 60 70 80
Time (s)
b)
€ 1.0-
£
c
©
IS
©
o
©
ok
L
©
a) i
2 ! --- Upper Horizontal Plate
% -0.2 Lower Horizontal Plate
) 30 40 50 60 70
Time (s)
c)

Fig. 3.27: Relative horizontal displacements of upper (with Teflon) and
lower (without Teflon) horizontal shear-key plates of Damper 2 for: a)C50;
b)C100; ¢)C200.



Seismic behavior of existing RC frames and its seismic upgrading using EDDs

€
£
€
)
S
©
o
©
a
R
S
)
2 --- Upper Horizontal Plate
% -0.2 Lower Horizontal Plate
@ 40 50 60 70 80 90
Time (s)
a)
€ 1.0
£ 0925 .
= 08 078 i iy
g Lk i i 0.56
IS
©
o
©
@ 0.31
S
o
2 --—--- Upper Horizontal Plate
% -0.2 Lower Horizontal Plate
@ 40 50 60 70 80 90
Time (s)
b)
g 1.04 ? 0.98
< 08 i1 08
= | 0.61
(] ]
GE) 0.6
& 02 IR R TRIT0.32
© i
o 0.04 .
2 1 e Upper Horizontal Plate
% -0.24 Lower Horizontal Plate
o 50 60 70 80 90 100
Time (s)
c)

Fig. 3.28: Relative horizontal displacements of upper (with Teflon) and
lower (without Teflon) horizontal shear-key plates of Damper 2 for: a)C300;
b)C350; ¢)C400.

112



Ch. 3: New connection between RC building frames and concentric braces

--—--Upper Vertical Plate
Lower Vertical Plate

Relative displacement (mm)

Relative displacement (mm)

T T T T T

40 50 60 70 80
Time (s)

e Upper Vertical Plate
Lower Vertical Plate

0.8+
0.6+
0.4+
0.2+

-0.21
041
-0.64
-0.81
-1.01

Relative displacement (mm)

T T T T T 1

30 40 50 60 70 80
Time (s)

O.OA,,,,,,n il ‘” i

-—---Upper Vertical Plate

Lower Vertical Plate

20

T T T T T

30 40 50 60 70
Time (s)

Fig. 3.29: Relative vertical displacements of upper (with Teflon) and

lower (without Teflon) vertical shear-key plates of Damper 2 for: a) C50; b)

C100; ¢) C200.

113



Seismic behavior of existing RC frames and its seismic upgrading using EDDs

Relative displacement (mm)

Relative displacement (mm)

Relative displacement (mm)

‘-0.45?‘551'““ i L
1-0.64 ¢

! i i
f U )
AR

!

-—--- Upper Vertical Plate
Lower Vertical Plate

T T T T T 1

40 50 60 70 80 90

Hi
6]-044 1 | i
-0.84 0 g3 ‘ﬁ"!‘ - Upper Vertical Plate
1.0] Lower Vertical Plate
40 50 60 70 80 90
Time (s)
0.8+
0.6
0.44 i
0.2 ‘ 1 0.05
0.0 J—wwmalfl YT
021 L S 0.01
-0.4]
-0.61
-0.8- -----—Upper Vertical Plate
-1.04 Lower Vertical Plate
50 60 70 80 90 100
Time (s)

Fig. 3.30: Relative vertical displacements of upper (with Teflon) and

lower (without Teflon) vertical shear-key plates of Damper 2 for: a) C300; b)

114

C350; ¢) C400.



Ch. 3: New connection between RC building frames and concentric braces

€
£
T
@
S
@
3
@
a
k2
S -
[0} HERY
-..(% -0.51 -0.27 - Upper End Plate
T 40 Lower End Plate
) 40 50 60 70 80
Time (s)
a)
€
3
€
)
S
@
3]
©
ol
1]
= -0.54 -——--Upper End Plate
D 10 Lower End Plate
@ 40 50 60 70 80 90
Time (s)
b)
€
£
c
o)
S
8
® .' 0.23
8‘ Bl (1 1‘ : bt A 0,17
© il "re “‘H[‘MH “I““\wi”‘w‘u‘ W '
o I
£ -——- Upper End Plate
D 40 Lower End Plate
o 30 40 50 60 70
Time (s)
c)

Fig. 3.31: Relative displacement of the end-plates of Damper 2 in the
direction of the axis of the damper, for seismic simulations: a) C50; b) C100;
c) C200.

115



Seismic behavior of existing RC frames and its seismic upgrading using EDDs

T 25,
% 2.0
C
O 1.5
I 1.19 1.19
§ 1.0+ P
L y 0.11
g 09 i 0.16
© il M\H WL i "
q>,) HREAY
= -0.5 --——- Upper End Plate
T 10 Lower End Plate
® =T 4 50 60 70 80 90
Time (s)
a)
3
E
T
)
€
3
(—g_ ! A{UF il
%) R A -0.11
S ISE A -0.20
[0} 1 T i 3 e,
% ----— Upper End Plate
o) Lower End Plate
o 40 50 60 70 80 90
Time (s)
b)
E 25 2.18
E 5o
é 15
8 1.04 il
kS I I I \h ‘H A
% 0.54 “j“ “ i ““\ “\‘H!‘\ -0.12
R il { T I L R | ey
8 0.04 L | il ‘ kL bl 4, -0.18
'% -0.5+ -———- Upper End Plate
T 40 Lower End Plate
@ 50 60 70 80 90 100
Time (s)
c)

Fig. 3.32: Relative displacement of the end-plates of Damper 2 in the
direction of the axis of the damper, for seismic simulations: a) C300; b)

C350; ¢) C400.

116



Ch. 3: New connection between RC building frames and concentric braces

Relative rotation (rad)

0.0000

------ Upper End Plate

0.0104
0.008+
0.006
0.004-
0.002+

-0.002+
-0.004 -
-0.006
-0.008+
-0.010

Relative rotation (rad)

0.000 =

Lower End Plate
70

T T T T

30 40 60
Time (s)

0.0028 q
QO(RAJJ\ ;“i!iu"\xl‘ll.) it ; L TR

i i 0 b, TR o
i ] “ J XH‘ ) | I

0.0000
0.0000

-——--Upper End Plate
Lower End Plate

0.010+
0.008+
0.006
0.004

-0.002+
-0.004 -
-0.006
-0.008
-0.010

Relative rotation (rad)

0.0024
0.000 4l

T T T T

30 40 60 70

Time (s)

------ Upper End Plate

Lower End Plate

c)

T T T T

30 40 50 60
Time (s)

70

Fig. 3.33: Relative rotation of the end-plates of Damper 2 about an axis

perpendicular to the frame for seismic simulations: a) C50; b) C100; ¢) C200.

117



Seismic behavior of existing RC frames and its seismic upgrading using EDDs

118

0.0104
0.008+
0.006+
0.004+

0.000
-0.002+
-0.004
-0.006
-0.008

Relative rotation (rad)

0.002]

It
T
i

-0.0030
--—--- Upper End Plate

-0.010

0.0104
0.008-
0.006
0.004-
0.002
0.000+
-0.002+
-0.004 -
-0.006
-0.008+
-0.010

Relative rotation (rad)

Lower End Plate

40 50 60 70 80 90

Time (s)

-——--Upper End Plate
Lower End Plate

0.0104
0.008+
0.006+
0.004 -

0.000+
-0.002+
-0.004 -
-0.006
-0.008
-0.010

Relative rotation (rad)

50 70 80 90

0.002 -

----- Upper End Plate

Lower End Plate

)

Fig. 3.34: Relative rotation of the end-plates of Damper 2 about an axis
to the frame for seismic simulations: a) C300; b) C350; c)

perpendicular

70 80 90 100

Time (s)

50 60

C400.



Seismic upgrading of existing
structures by combining the
addition of hysteretic dampers

with local strengthening

procedures (FRP/SRP)

The poor performance exhibited by many (under-designed)
existing reinforced concrete frames during recent earthquakes has
underlined the need of seismic retrofitting. Innovative technologies
such as strengthening with advanced composite materials (i.e. Fiber
Reinforced Polymer laminates FRP and Steel Reinforced Polymer
spikes SRP), or by adding passive devices (hysteretic dampers) have
been used for retrofitting purposes in the past. However, an extensive
structural upgrading with (only) FRP/SRP can be cost prohibitive,

and installing hysteretic dampers in an existing frame that lacks a
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minimum quasi-elastic deformation capacity can jeopardize the
efficiency of the energy dissipators, leading to dampers of excessive
size and cost. This study proposes a hybrid solution that combines a
limited strengthening with FRP/SRP with the addition of hysteretic
dampers. This chapter discusses the structural variables involved in
the design of this hybrid solution and states the desirable range of
their values. On this basis, and using an energy-based approach, a
method for seismic retrofitting RC frames with FRP/SRP

strengthening and hysteretic dampers is developed.

4.1 Introduction

Nowadays, building codes are moving from prescriptive to
objective based, within the framework of the Performance Based
Design (PBD). Besides life safety, there are a number of objectives
that must be considered in the choice and design of the seismic
upgrading: (i) control of damage; (ii) minimum disruption of building
use during upgrading; (iii) proper performance of the building after
upgrading; and (iv) minimum cost. Control of damage means
protecting structural and non-structural components and building
contents, to protect investment, or to maintain building function
following an earthquake. Damage control is often a major
consideration and involves the control of displacements of the (i.e.
inter-story drift) to values which can be tolerated by non-structural

components, and the reduction of seismic building accelerations
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(which might damage special machinery or artifacts). Cost can be
reduced by using new structural components that make the new and
existing components act compositely, and eliminating the need for

foundation upgrading or extensive structural upgrading.

In this context, a hybrid retrofit technique is proposed here
that combines the addition of hysteretic dampers with a limited
strengthening of the existing frame with FRP/SRP. The level of
strengthening with FRP/SRP is the minimum that allows the existing
frame and the new hysteretic dampers to act compositely as a
“flexible-stiff mixed structure” (FSMS). The FSMS are composed of
two parts that work in parallel: the flexible part and the stiff part.
The former has low lateral stiffness and is designed to remain
basically elastic. The later has high lateral stiffness, low strength, and
large energy dissipation capacity through plastic deformations. Past
research (Akiyama, 1999) has shown that under seismic actions, the
flexible part stabilizes the response of the stiff part and as a result the
efficiency of the entire system in terms of energy absorption with
respect to maximum deformation is high, and the residual
deformation on the structure after the earthquake is very small. In
the hybrid retrofit technique proposed here, the existing frame is
strengthened to play the role of the “flexible part” in the FSMS, while
the new hysteretic dampers constitute the “stiff part”. This study
presents an energy-based method to design the proposed solution, and

points out the main parameters that control the response. Finally, the
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proposed solution is validated through numerical simulations in the

next Chapter.

4.2 Idealization of the structure

Regular buildings can be modeled as multi-degree-of-freedom
(MDOF) systems with lumped masses m; and equivalent shear
springs. The type of building structure dealt with here are RC frames
working in parallel with hysteretic dampers installed in each story.
This structure is idealized with a lumped mass MDOF system with
two elastic-perfectly-plastic shear springs at each story level. One
represents the existing (main) frame and the other the hysteretic

dampers, as shown in Fig. 4.1.

0.
fQ ----Pushover analysis A i S
" —Idealized curvg Q . /
(O Oy a
0.6 s sOyi -
1 tan lfki é tan 15/(,‘ éz‘ 51.

fayi Sayi s 5yi é;i

a) Existing (main) structure b) Energy dissipating device c¢) Dual system

Fig. 4.1: Idealized interstory drift-shear force curve of each story

The lateral load-displacement relationship, Q-8 of a given 4-th
story of the main structure —without dampers— is represented with
the curve shown with dot lines in Fig. 4.1.a, and it can approximated
with the elastic-perfectly plastic model shown with solid line in Fig.
4.1.a. The first segment of this bilinear model can be taken as a line

passing through the origin and the point of the selected ;Q;-8; curve
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for which Q=0.6;Q,:. Here ;Q,; is the yielding shear force of the bare
frame and it is taken as the maximum of the ;Q;-; curve. The second
segment is horizontal at ;Q=;Q,. The abscissa of the intersection
point of these two segments is taken as yielding interstory drift of the
bare frame /9, The elastic stiffness of the bare frame is thus k=
1Qy.i/ 10, The contribution of the hysteretic dampers to the lateral
load-displacement relationship, ;Qi-0;, in a given i-th story is
represented by a spring characterized by the lateral strength ,Q,; and
stiffness ,&; or yielding interstory drift of the dampers, 0y (=:Qy.;/5ki),
as shown in Fig. 4.1.b. The shear force-interstory drift relationship of
the entire structure @;-9; is obtained by summing up the forces
sustained by each element as shown in Fig. 4.1.c. Accordingly, the
lateral yield strength of the entire building-device structure at the #th

story, Qy, is:

(4.1)

For convenience, hereafter Q,; Qy: sQy and sk; will be expressed

in non-dimensional form by:

f Qy.i
i 2 N £ N
k=i mkg k=i mk'g

4.2
i N ’ i keq
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where, N is the total number of stories, g is the acceleration of the
gravity, and k. is the stiffness of an equivalent single-degree-of-
freedom (SDOF) system of mass M=Xm; and period equal to the
fundamental period of the main structure (without dampers), /17, i.e.

boq =412 M /T 2.

4.3 Structural variables governing the design

The design of a frame with hysteretic dampers in governed by
several parameters defined at each story level ¢, whose interrelations
and most appropriate values have been addressed in different ways in

the literature.

4.3.1 Strength ratio

The first variable relates the lateral force developed by the main
frame and by the dampers. Akiyama (1999) characterized this

relation with the ratio ry; defined by:

(4.3)

where mei is the mean wvalue of the maximum shear force

sustained by the main frame in the positive and negative domains.
Inoue & Kuwahara (1998), and Oviedo, Midorikawa & Asari (2010)

used a different ratio called f;, defined by:

124



Ch. 4: Seismic upgrading of existing structures by combining the addition of hysteretic...

B.= L = o (4.4)

The level of knowledge of an existing RC structure (amount of
steel, reinforcing details etc.) is often limited, and therefore (Q,; or
the corresponding inter story drift at yield ;0,; must be estimated
conservatively. On the other hand, the larger the maximum inter
story drift allowed J,, is, the smaller is the size (and hence the cost)
of the dampers and the forces that they exert on the existing
structure. It is also advisable not to exceed ;0,: since existing frames
designed according to old seismic codes or without any seismic
calculation and detailing are very likely to have a small (or null)
plastic deformation capacity. In sum, in seismic upgrading existing
RC frames with hysteretic dampers it is reasonable to design the
dampers so that 06,,=/0,;. If the strength ;Q,; or lateral the
deformation capacity 9,; of the existing frame is too small, seismic
upgrading the frames only with hysteretic dampers might not be
feasible. In this case, ;Q,: and ;0,; should be increased before installing
the dampers and one solution is to use SRP/FRP. Combining the
dampers with some strengthening using SRP/FRP can be also useful
to improve/optimize the performance of the overall retrofitted

structure and to reduce the size of the dampers. Base on previous

discussion, herein the design condition f(jml; fQ will be adopted

yi

and thus:
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rq,' = f oy = fi (45)
From Egs. (4.4) and (4.5) it follows that r,; and B; are simply
related by:

1
1+r
ql

B. (4.6)

4.3.2 Yield deformation ratio

The second structural variable relates the yield inter story drift of
the dampers installed in the #th story, .0,: to 9, Oviedo et al.

(2010) defined for this purpose the ratio v; given by:
v =22 4.7
5 (4.7)

v; must be always less than 1 to guarantee a minimum protection
to the main frame. Oviedo et al. (2010) showed that the lower v; is,
the wider is the range of the strength ratio §; at which the protection
of the main frame with the dampers is maximized and kept almost

invariant. Oviedo et al. (2010) recommended:
v, <0.4 (4.8)

because this makes the structural performance of the entire
system less sensitive (i.e. less affected) in case of modifications to the
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design caused by uncertainties such as mechanical properties of the
existing structure, on-site installation practices of the dampers and/or

material strength reliability.
4.3.3 Stiffness ratio

A third structural variable commonly used in the design of frames
with hysteretic dampers is the ratio K; between the lateral elastic
stiffness of the dampers, ;k;, and the elastic stiffness of the frame, /.

When 6,,,=/0,, it is simply related to §; and v; by:

K = Skl’ — SQy'f/Say,i _ 1 _ ﬁi
Lok Q)0 T vi(l_Bi)

(4.9)

Inoue and Kuwahara (1998) proposed an optimum value for f;
Bopti; which maximizes the equivalent viscous damping ratio of the

entire structural system (i.e. frame+dampers), that is given by:

(4.10)

Replacing B with B, given by Eq. (4.10) in Eq. (4.6) and taking
into account Eq. (4.9) gives the following relations applicable when

ﬁ ::Bomi:

K = : (4.11)
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ro=— (4.12)

4.3.4 Equivalent number of yield excursions

The plastic strain energy (hysteretic energy), W,, and the
maximum plastic deformation experienced by the hysteretic dampers
(0m.-0,:) at a given story i, can be expressed in non-dimensional form
by the following ratios:

L 1 .:7(6’""'_55”) (4.13)
0,8, T

yis yi sy

The quotient n.; between 1, and Wni i.e. Ne=0i/ln;, 18 a
structural variable of primer importance in the energy-based seismic
design methodology. 1i/fm: is named “equivalent number of yield
excursions” and its estimation has been addressed in different ways in
the past (Cosenza & Manfredi, 1997; Manfredi, 2001; Uang & Bertero,
1990). On the basis of numerous nonlinear dynamic response analysis,

Akiyama (1999) related r,; with 1;/ i, for flexible-stiff mixed systems:

For r <1: n = m =4(1+r ) (4.14)a
qil e,l )

For r 21: n, = m, =8 (4.14)b
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In Egs. (4.14) the parameter r,; accounts for the influence on
1Mi/ln,: of the presence of an elastic element working in parallel with
the elastic-perfectly plastic element. Past research (Akiyama, 1999)
has shown that the presence of this elastic element improves notably
the response of the mixed structure because: (i) reduces of the
maximum displacement for a fixed amount of hysteretic energy W,
input by the earthquake; and (ii) makes the maximum displacement
in the positive and negative domain almost equal, thus minimizing
the residual plastic deformation on the structure. The case r,=0, Eq.
(4.14) represents a pure elastic-perfectly plastic system and it can be
interpreted from Eq. (4.14) that the existence of the elastic element
magnifies 7;/Un; by (147,;) times with an upper bound limit of 2
times. However, Akiyama’s expression does not take into account the
influence of seismological parameters and the type of ground motion
(i.e. near-fault or far-field) on 17/, The later aspects were
investigated by Manfredi, Polese, & Cosenza (2003) for an elastic-
perfectly plastic SDOF system, who proposed the following expression
based on the results of regression analyses performed with 128 near-

fault and 122 far-field earthquake records:

T :
T —te, 2 (R-1) (4.15)
K,

Here Tyy is the initial period of medium period region in the
Newmark and Hall spectral representation (Newmark & Hall, 1982).

R is a parameter that characterizes the plastic response of the
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structure given by R=mS,/Q, where m is the mass of the SDOF
system, S, is the elastic spectral acceleration and @, the yield strength
of the SDOF system. Further, I, is a seismological parameter defined

by (Cosenza & Manfredi, 1997):

KA

= 4.16
¢ PGA-PGV ( )

where 2y is the ground acceleration, t, is the duration of the

ground motion, and PGA and PGV the peak ground acceleration and
velocity, respectively. In Eq. (4.15), Manfredi et al. (2003) proposed
to take ¢,=0.23, c¢:=0.4 for near-fault earthquakes; and c¢,=0.18,
¢s=0.6 for far-field earthquakes. Manfredi et al.’s equation can be
applied to each story of a multi-story frame with hysteretic dampers,
by assimilating the later to an equivalent SDOF system with elastic
period T equal to the fundamental period of the main frame ;T;, mass
m equal to the total mass M of the structure, and yield strength @,
equal to Qu=sQyi+ki0,=:Qy:(1+1/K;), taking into account Eq. (4.9)

and the ratios defined in Eq. (4.12) this gives:

T S
l:1+clld . — E— (4.17)

M, P salg(1+v1rq’1)
As indicated above, Eqs. (4.14) indicate that the presence of an
elastic element working in parallel with the elastic perfectly plastic
system magnifies 1;/tn; by (147, times, with an upper limit of 2
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times. In this study, this magnification derived by Akiyama is
adopted to modify Eq. (4.17) in order to include the presence of an

elastic element, giving:

S
Forr <1:n =i=(1+r ) 1+c I, | a -1] [(4.18)a
qil el q,i 1°d
M. = alg(1+v1rq'1)
. T S 2
Forrq’,.Zl:ne’i:L:Z 1+c I, [ —F———-1 (4.18)b
. P alg(1+v1rq,1)

If the optimum f,,; proposed by Inoue and Kuwahara is used,

taking into account Eq. (4.12), .o is:

- Qs _ /% _ fa1(1—2v1)
Mg Mgrq'1 v

(4.19)

s 1
1

and Eqgs. (4.18) can be specialized for f,; by substituting rg;

given by Eq. (4.12) and using (4.19):

2 n,
For r = L —<1: n =—L=
q,l 1_2‘/1 e, l,l,ml
% |(4.20)a
-V NH SV1
= 1 2’ 1+Clld g 2—1
—2v.
i 1 falg(vl—l)
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. T Sv
For r 21: n ,:L:Z 1+cl, || — 1 —-1 (4.20)b
q,i el ‘LL 1°d T 2
mi 1 falg(vl_l)

Finally, it is worth emphasizing that the term S,v/[c:g(vi-1)?] in
Eqgs. (4.20) represents the reduction factor R and it must be larger
than 1 for the response of the entire structure being on the plastic

range. The condition R>1 yields then:

Savl Sa Sa
— 1l —>15v, > +1 |- ; +1| -1 (4.21)
foclg(vl—l) falg falg

4.3.5 Strength distribution among stories

The lateral strength distribution of the entire frame-damper
structure, @,/ Qy1, expressed in terms of the shear-force coefficients

defined in Eq. (4.2) will be referred to by o (=a/ou) herein. The
criterion adopted in the proposed method to determine &, is to

attain an even distribution of damage among the hysteretic dampers,

as characterized by the parameter 1, Past studies (Akiyama, 1985)
showed that the strength distribution <&, that makes

approximately equal in all stories (7;=7) in a low-to-medium rise
multi-story  building subjected to seismic loads coincides
approximately with the maximum shear-force distribution in an

equivalent elastic undamped shear strut with similar lateral stiffness
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distribution along its height. The derivation of the "exact" shear-force

coefficient distribution ¢, can be found elsewhere (Benavent-

Climent, 2011), and it can be approximated for design purposes by

(Benavent-Climent, 2011):

k T k T
0, =exp 1—0.02f—k1—0.16& X—|05-00512-03L1 X% | (4.22)

FON G N G

Here )?z(i—l)/N; sk and gy and the lateral stiffness of the base

and uppermost stories of the main frame; ;7 the fundamental period
of the main frame; T¢ is the predominant period of the ground
motion. Of course, instead of Eq. (4.22), a more refined lateral
strength distribution could be derived from dynamic analysis by
applying a trial and error iterative method. This would not alter the
proposed method at all. However, it implies selecting a set of
earthquake records, conducting many non-linear dynamic response
analyses, and averaging the distribution derived for each record,

which can be a very cumbersome process.

4.4 Energy balance of the structure

As described in Chapter 3 (section 3.5.5.1) the equation of energy

balance for an inelastic SDOF system is given by:

W AW +W =E (4.23)
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where W; is the kinetic energy, W; the damping energy, W; the
absorbed energy, and E is (by definition) the (relative) input energy,

given by:
W= [yMyde; wW.=[cyde; w=[q,ydt; E=[-Mz ydt (4.24)

W, is composed of the recoverable elastic strain energy, W, and
the irrecoverable plastic energy, W,, i.e. We=W,+ W,. On the other

hand, E can be expressed in the form of an equivalent velocity Vg by:

2
v, =\/; (4.25)

Since W) 4+ W, is the elastic vibrational energy W. (= W, + W.,),

Eq. (4.23) can be rewritten as:
W +W =E-W, (4.26)
e p 4

Further, W+ W, can also be expressed in the form of an

equivalent velocity Vp so that:

MV
W, W, =—2 (4.27)

Frame structures can be modeled as multi-degree-of-freedom
(MDOF) systems with lumped masses and equivalent shear springs.

As introduced in Chapter 1 (section 1.3.3), Eq. (4.23) holds also for
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general MDOF systems if the above expressions for Wy, W, W, and E

are replaced by:
W, =[y"Mydt; W,.=[y'Cyde; W =[y'Qdt; E=-[y"™Mrz dt (4.25)

where M is the mass matrix, C the damping matrix, Q(¢) is the

restoring force vector, Y(t) and y(t) are the wvelocity and

acceleration vectors relative to the ground, and r is the displacement

vector y(t) resulting from a unit support displacement. Past studies

have shown numerically (Akiyama, 1999) and experimentally (Uang
& Bertero, 1990) that in general MDOF damped inelastic systems,
the total input energy FE —and consequently Vz— coincides
approximately with that of an equivalent elastic SDOF system with
mass M equal to the total mass of the MDOF system and period T
equal to that of the fundamental mode. It has been also shown that £
is a very stable quantity scarcely affected by the level of plastic
deformations or damping, neither by the hysteretic rules followed by
the shear springs. This constitutes the basis of the energy-based
approach of seismic design. In this approach, the loading effect of the
earthquake is characterized by a Vg -T or a Vp -T spectrum. Various
empirical expressions have been proposed that allow us to obtain Vp
from Vg (Akiyama, 1985; Benavent-Climent, Pujades, & Lopez-
Almansa, 2002; Fajfar & Vidic, 1994; Kuwamura & Galambos, 1989).
In addition, attenuation relationships have been established for use in
energy-based seismic design (Chou & Uang, 2000) that directly
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provide W, —the absorbed energy— for a given earthquake
magnitude, source-to-site distance, site class and ductility factor, in

terms of an equivalent velocity V, defined by

2W
/A (4.29)
“\'Mm

4.5 Design criteria

Strengthening the beams and columns of a frame with SRP/FRP
does not modify significantly the lateral stiffness s&; and the mass m;
of each story, but increases the initial lateral strength Q, (or
yielding interstory drift 0,°=;Q,"//k:). Therefore, #:;, m; (and thus ;T))
can be considered as constant parameters of the existing structure
that will not be modified by the proposed seismic upgrading strategy.
On this basis, the problem to solve is stated as follows. Given an
existing frame which mass m;, lateral stiffness sk; initial lateral yield
force @, (or initial lateral yielding interstory drift ;0,/=Q,/k:) and
fundamental period ;T;, determine at each story level ¢ the lateral
stiffness ,k; and yielding interstory drift .0, (or yield strength Q=0
k) that must be provided by the dampers, and the increment of
lateral strength A;Q, (or lateral yielding interstory drift
AS,i=AsQyi/ ki) to be attained with SRP/FRP, so that the main frame
remains elastic, i.e. 0,<(0,°+A0,), under a seismic hazard level
characterized by Vp and the seismological parameters I;, ci, cs, T,
Twvu. In other words, since k;, m; and ;T are kept constant, the goal is
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determining ki, 0, and ;Q, (=7Q,’+AsQy), that define the seismic
upgrading solution. The first two parameters, &k and 0, can be
normalized by s; and by the lateral yielding interstory drift of the
main frame strengthen with SRP/FRP, /0, (=/0,’+As0,) by means of
the parameters K; and v; defined with Eqgs. (4.9) and (4.7). Further,
the lateral yield strength of the frame strengthened with SRP/FRP,
1Qy=5Qy’+AsQy;, can be expressed in terms of the shear force
coefficient jo; defined by Eq. (4.2). Therefore, the non-dimensional
parameters to be determined are K;Vv;and ;. These parameters are
determined in order to attain the following goals: (i) making the
damage on the hysteretic dampers, in terms of 17;, approximately
equal in all stories; (ii) maximizing the equivalent viscous damping
ratio of the entire structural system; and (iii) making the performance
of the entire system relatively insensitive to construction
uncertainties. To this end, the following design criteria are adopted:
(i) the distribution of strength among the stories will follow the law
given by Eq. (4.22); (ii) v; and K; must satisfy the relation given by
Eq. (4.11); and (iii) v; is limited to 0.4 as stated by Eq. (4.8). These
design criteria are implemented in the formulation as explained in

next section.
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4.6 Formulation

The 3N unknown non-dimensional parameters s, Vv; and K, that
define the seismic retrofit solution with dampers and SRP/FRP are

determined as follows.

4.6.1 Relation between v; and the yield displacement ratios

of the rest of stories v; (##1)

The condition that the distribution of strength among stories o

must follow the law given by Eq. (4.22) is imposed and this yields (N-
1) relations between v; and the yield displacement ratios of the rest of

stories v; (#1), as explained below.

If the optimum strength B,.: proposed by Inoue & Kuwahara
(1998) is adopted, the v; of a given story ¢ that makes the distribution

of the shear force coefficient among the stories equal to the optimum
distribution ¢ is obtained as follows. The total base yield shear force

coefficient o can be expressed in terms of v, as follows:

Q +.k & Q. 1 1
al _sCyl flsTyl _ feyl —+V1 = fal —+V1 (430)
Mg Mg rq,1 rq'l

Since the optimum strength ratio B, is adopted, r,; is given by

Eq. (4.12) and substituting in Eq. (4.30) gives:
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o =Lt 1 (4.31)
Also, from Eq. (4.31) and Eq. (4.12) the optimum distribution of

the yield shear force coefficient is:

Q + k o :(ny',- rq’,‘)+fkivif6y,i:

s yi  fis yi

o =
i

N N
alzj:imjg a12j:imjg (4.32)
2
i —+V1 — f 1( 1 )
al rq,l (Xl Vi

Solving for v; in Eq. (4.32) and taking into account that oy is
given by Eq. (4.31), yields the (N-1) relations between v; and the

yield displacement ratios of the rest of stories v; (##1):

4.6.2 Relation between K; and v;

The condition given by Eq. (4.11) is imposed to maximize the
equivalent viscous damping ratio of the entire structural system,

giving N relations between K; and v..
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4.6.3 Expression for the maximum inter story drift of the i-

th story

As indicated by Eq. (4.8), the yielding interstory drift of the
dampers 0,; is forced to be much smaller than that of the main
structure, ;0,: If ,0,; is very small in comparison to ;0,; the elastic
strain energy that can be stored by the dampers becomes negligible in
comparison to that of the main structure, and consequently the
elastic vibrational energy of the whole building, W, can be
approximated by:

_Mg' 17 o

w

4.34
¢ 47° 2 ( )

A detailed derivation of Eq. (4.34) can be found elsewhere
(Benavent-Climent, 2011). From Eq. (4.13) and taking into account

the coefficients defined in Eq. (4.2), W, can be expressed as follows:

W = o = SQJZ/,i_ 2 N ‘1 4.35
P,i_nisz,is yi =N k =1, 24k:im"g & e

where ,0; can be expressed in terms of K, v;and j; as follows:

o = SQy,i skis5i _KifkivifSi

o Zgzimkg_Zg:imkg_ lej:imkg

Vi (4.36)
Using Eq. (4.35), the total plastic strain energy dissipated by the
dampers of the whole structure, W,, can be expressed in terms of the
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plastic strain energy dissipated by the dampers of the first story, W,,,

by introducing a new ratio y,= W,/ W, given by:

S0 {Sima] /]

w
’J/lz p:I 2ng02 2
Wp 7ﬂ'l salM g /Skl

(4.37)

Since the strength distribution &, given by Eq. (4.22) is adopted

the normalized plastic strain energy 7, can be assumed equal in all
stories, i.e. M;=mn. For that purpose, and taking into account Eq. (4.9),

Eq. (4.1) is rewritten as follows:

Q,=,0,+,08, k=0, +S6y,

yi s yifi

Dividing Eq. (4.38) by Zlimkg and recalling the ratios defined

in Eq. (4.2), gives

o= a.[1+lj (4.39)
1 N 1 K

1
a1=5a1(1+K—J (4.40)

Dividing Eq. (4.39) by Eq. (4.40), and taking into account that,

by definition, o¢, =ai/a gives:
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o k(K +1) o
" SoclKi(K1+1) '
From Eq. (4.41):
o Ki(K1+1)
a K, (K +1) (442)

2
vl (o m (K +1) [ kK
V.= al ) —+ 4.43
1 ; I(ZJ_IMJ(KI 1) fk,K1 ( )
Thus
7 st,ln 14 SazMzgzn
Wp:’}/lwp,lzylsz,lssy,ln: ky =11 Kl . =
- 12 S (44d)
ylsalMgn:ylsalMg nfrrl
K1 X keq 47‘1,'21(1 X
Substituting Eqs. (4.34) and (4.44) in Eq. (4.27) gives:
Mg* T?| o MV?
Tl a4 noll=—= (4.45)

4r* K x, 2

For convenience, a new parameter ¢, is introduced that is defined
as the base shear-force coefficient that the main structure should have

in order to absorb by itself —i.e. without hysteretic dampers— the
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total input energy MVD2 / 2 supplied by the earthquake. The

expression for o can be obtained placing ;=0 in Eq. (4.45) and

solving for jo,(=ct.), which gives:

o =2 (4.46)

1y Ny e (4.47)

Making ,0:=,Q:/Mg=sk1;0,1,/Mg=Kk:v116,1/Mg=K:v1;Qy1/Mg

=K;v; 0 in Eq. (4.47) and solving for n(=mn;):

a:_falz lel
(Kv (x)z 2y,

171 %

n= (4.48)

On the other hand, ,o; can be expressed in terms of ;a;, solving for

0; in Eq. (4.41):
o=0 0 ———~ (4.49)
-+

Taking into account that ne=0/tmi  Wn=(0n—s0yi)/Oyi,
Oy, =sQyi/ ki, using Eqs. (4.19) ,(4.49) and solving for &, gives the
following expression for the maximum inter story drift of the i-th

story:
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o, (1-2v,)(k,+1)3 " mg|  (a?— 0 )K z,v?

= 1+ | (4.50)
V1K1<Ki+1)fki 2}/1 o f (1 Zv)
and substituting Eq. (4.11) in Eq. (4.50) gives:
_ 1-2v N
aifalvl( . 1+1j2k=1mkg (az_ 052))(
1 e 7141
0 .= - 1+2 (1 ) ) (4.51)
' -2V 1%
( ; 1+1]fki yl ezf
Vi

Since v; is a function of v; and o, as given by Eq. (4.33), the
maximum displacements &,,; predicted with Eq. (4.51) depend on the

unknown (N+1) parameters v, and ;.

In addition, it is worth mentioning that the maximum
displacements &,,; can be predicted for a given FSMS (i.e. with fixed
properties v;and jo;) at different performance levels (i.e. characterized
with different values of PGA). This entails considering different .
and n.; in Eq. (4.51). The first parameter is proportional to Vp as
stated by Eq. (4.46). The second parameter can be also related to Vo,
by substituting in Eq. (4.20) the value of the spectral acceleration S..
The spectral acceleration can be computed as S.=(2n/;T;) Vp, since it
has been shown (Akiyama, 1985; Housner, 1956) that V) provides a
good approximation of the spectral velocity S, and therefore it can be
taken as equal for the purposes of earthquake-resistant design. Thus,
the maximum interstory drifts J,:; can be predicted for the same

FSMS at different performance levels defined with different values of
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Vp. Strictly speaking, the prediction holds as long as the flexible part
remains elastic because this is the assumption made in the
development of the method. However, on the basis of the well known
“equal displacement rule”, it is reasonable to expect that the
prediction will be also satisfactory even when the flexible part
undergoes some plastic deformation. Whether this expected response
is true or not, will be addressed in the next Chapter 5 through

numerical simulations.

4.7 Example of application

For illustrative purposes, a simple example an existing 3-storey
frame is considered with the following mass and mechanical properties
before any strengthening with SRP/FRP: m;=57000kg, ;T:=0.37s,
ki=6.2kN /mm; #,=7.7kN/mm; #ks;=9.7kN/mm, 0;,=0.055, 0,=0.103,
705=0.260 (here, =1, 2 and 3 denote the first —ground-, second and
third stories respectively). The corresponding inter-story drifts of the
frame at yielding are 0,/=/0,.=/0,s=15mm. The frame is subjected to
two design earthquakes characterized by ¢;=0.23, ¢,=0.4, Tyy=0.65,

T¢=0.52, I[,=7.5, and different values of Vp=450 and 1600 mm/s.

For the design earthquake with Vp=450 mm/s, several solutions
for incremental values of v; are shown in Table 4.1 and Fig. 4.2. It
can be observed that a higher value of v, leads to a more efficient
solution characterized by lower values of ;o sk and Q. However, it

is important to note that the maximum interstory-drift values, Om.,
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attain a minimum value for a certain v;, and tend to increase for

greater values of v,.

For the design earthquake with Vp=1600 mm/s, the solutions
with incremental values of v, are described in Table 4.2 and Fig. 4.3.
In this case, the greater value of input energy (Vp=1600 mm/s)
produces greater values of the maximum interstory-drift, &, being
not possible to find a solution for 0,,= ;0,,°’=15mm. To clarify this
aspect, the relation between &n.s and v;, given by Eq. (4.51) and

particularized for this design earthquake, is shown in Fig. 4.3

for different values of jo;. If we try to retrofit the frame only with
dampers (i.e. if the different values of o are kept constant at
0u=0.055, 0,=0.103, 0r5=0.260) it can be seen that there is no
solution for ;0;,=0.055 (that corresponds to 9,=15mm) and
0ys=15mm. This means that the addition of dampers is not sufficient
to control the response of the third story and it is necessary to
strengthen the main frame with SRP/FRP, that is, to increase ;.
Now, we can try to find a solution by strengthening only the first

story, i.e. modifying only s0; by increasing f5y1=f(x1Mg/fk1. Fig. 4.4

shows the V0.5 curves for different levels of strengthening:
(70=0.065, ;00,=0.074, ;00,=0.083, ;0r;,=0.092 and ;;=0.102). It is found
that there is set of solutions for ;;=0.083 with v; ranging between
0.031 and 0.047. This means that the response of the third story can

be controlled by strengthening the first story of the main frame with
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SRP/FRP up to ,,=0.083, and installing dampers with the
characteristics described in Table 4.2-Eqs.(4.33),(4.22),(4.11),(4.36),
(4.8). It is worth mentioning that the greatest value of v; in the cited
range (v;=0.047), produces the most efficient solution characterized
by lower values of o, &; and ;@ As shown in Table 4.2 and Fig. 4.4,
solutions with values of v, greater than 0.047 lead to even more
efficient solutions for the design of the dampers, but require a greater
increase of jo; (by strengthening of the first story of the main frame
with SRP/FRP). Thus, this method enables the designer to select the
most economic solution either by optimizing the design of the

dampers, or by reducing the level of strengthening with SRP/FRP.
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Table 4.1: Possible solutions for incremental values of v; and Vp=450
(40,/=15mm).

Story 4 Vi Om.i ski sQyi O, Ne=NifUmi 1
mm  kN/mm kN
3 0.151 8.9 297.68 673.56 1.206 1.40 4.12
2 0.085 5.4 876.08 1121.90 1.004 1.27
1 0.063 4.1 1383.67 1299.43 0.775 1.23
3 0.161 6.8 254.54 613.91 1.099 2.33 4.20
2 0.092 4.1 744.98 1026.44 0.919 2.09
1 0.068 3.1 1173.31 1189.74 0.710 2.03
3 0.171 6.6 219.82  562.25 1.007 2.73 4.28
2 0.098 4.1 640.16  943.94 0.845 2.43
1 0.073 3.1 1005.50 1094.99 0.653 2.35
3 0.180 6.6 191.49 517.14 0.926 3.05 4.37
2 0.105 4.1 555.20 872.04 0.781 2.69
1 0.078 3.1 869.81 1012.45 0.604 2.60
3 0.189 6.6 168.06  477.37 0.855 3.33 4.45
2 0.111 4.2 485.42  808.80 0.724 2.92
1 0.083 3.2 758.60 939.91 0.561 2.80
3 0.198 6.7 148.47  442.05 0.791 3.59 4.54
2 0.117 4.3 427.43  752.75 0.674 3.12
1 0.088 3.3 666.40 875.64 0.523 2.99
3 0.207 6.9 131.92 41045 0.735 3.85 4.63
2 0.124 4.5 378.73 702.73 0.629 3.31
1 0.093 3.4 589.14 818.32 0.488 3.16
3 0.216 7.0 117.80 382.01 0.684 4.09 4.73
2 0.130 4.6 337.46  657.79 0.589 3.48
1 0.098 3.5 523.82 766.87 0.458 3.32
3 0.225 7.1 105.66  356.26 0.638 4.34 4.82
2 0.136 4.7 302.18 617.22 0.552 3.66
1 0.103 3.7 468.12  720.43 0.430 3.48
3 0.233 7.3 95.14 332.84 0.596 4.59 4.92
2 0.142 4.9 271.81 580.38 0.519 3.83
1 0.108 3.8 420.27 678.31 0.405 3.63
3 0.242 7.4 85.96 311.43 0.558 4.83 5.03
2 0.148 5.0 245.48  546.80 0.489 3.99
1 0.113 3.9 378.88  639.93 0.382 3.77
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Table 4.2: Possible solutions for incremental values of v; and
Vp=1600.

Story i 6y o Vi Om,i ski sQyi Oy Mo =MNi/Umi 1
mm mm  kN/mm kN

15 0.260 0.058 14.9 2542.00 2214.39 3.964 2.09 33.65
15 0.103 0.030 8.0 8019.04 3613.62 3.235 2.02

22.5 0.083 0.031 12.4 5903.10 4167.22 2.487 2.02

15 0.260 0.059 14.7 2442.67 2168.00 3.881 2.17 33.70
15  0.103 0.031 7.8 7698.19 3538.33 3.167 2.10

22.5 0.083 0.032 12.3 5667.19 4080.38 2.435 2.10

15 0.260 0.068 14.1 1820.69 1853.21 3.318 2.66 34.16
15 0.103 0.035 7.6 5694.43 3027.58 2.710 2.56

22.5 0.083 0.037 11.9 4193.72 3491.27 2.083 2.56

15 0.260 0.076 14.3 1407.44 1613.17 2.888 3.02 34.62
15 0.103 0.040 7.8 4369.92 2638.45 2.362 2.89

22.5 0.083 0.042 12.3 3219.50 3042.43 1.816 2.89

15 0.260 0.085 14.7 1119.02 1424.03 2.549 3.32 35.09
15 0.103  0.045 8.2 3450.22 2332.12 2.087 3.16

22.5 0.083 0.047 12.8 2542.87 2689.09 1.605 3.16

15  0.260 0.085 13.5 1106.08 1415.01 2.533 3.33 31.88
15 0.103 0.045 7.5 3409.07 2317.51 2.074 3.17

25 0.092 0.052 14.3 2054.44 2670.77 1.594 3.20

15 0.260 0.093 14.0 914.83 1274.99 2.282 3.58 32.29
15 0.103 0.050 7.9 2802.38 2090.96 1.872 3.39

25 0.092 0.057 149 1690.74 2409.30 1.438 3.42

15 0.260 0.100 144 768.16 1157.45 2.072 3.81 32.71
15 0.103 0.054 8.2 2339.29 1900.97 1.702 3.59

25 0.092 0.062 15.5 1412.90 2190.00 1.307 3.63

15  0.260 0.108 14.9 653.25 1057.37 1.893 4.03 33.14
15  0.103 0.059 8.6 1978.17 1739.36 1.557 3.78

25 0.092 0.067 16.2 1196.08 2003.43 1.196 3.82

15 0.260 0.107 13.7 668.50 1071.12 1.918 4.00 30.10
15 0.103 0.058 7.8 2025.98 1761.56 1.577 3.75

27.5 0.102 0.072 17.6 1023.77 2027.06 1.210 3.82

15  0.260 0.114 14.1 579.65 988.64 1.770 4.20 30.49
15 0.103 0.062 8.2 1747.86 1628.49 1.458 3.92

27.5 0.102 0.077 18.3  884.67 1873.29 1.118 4.00

=N W E N W R N W NN W RN WD W RN WD WD WD W=D W
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different solutions obtained for incremental values of v; and Vp=450,
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4.8 Procedure

In this section, a procedure is proposed to determine the
mechanical properties of the hysteretic dampers and the required
strengthening of the main frame with SRP/FRP, so that the
upgraded structure can sustain a given level of ground motion
without exceeding the elastic deformation capacity 9, of the frame.
The proposed procedure is an iterative process that involves the
several steps. In the first iteration, the possibility of seismic upgrading
the frame without SRP/FRP strengthening is tried. If it is not
possible, or if the strength/stiffness of the required dampers is to be
reduced /minimized, in following iterations the values of s are
increased with SRP/FRP. The stories to be strengthened and the
level of strengthening is decided by the designer, based on
architectural or minimum/cost considerations; some hints and

recommendations are given later.
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Step 1: Characterize the design earthquake in terms of a bilinear
Vo-T spectrum defined by the maximum demand Vpm. and the
predominant period T¢ —i.e. Vp=T Vpnaw/ T for T<Te, Vo= Vpma for
T>T¢— and the values of the seismological parameters Iy, Tym, ¢; and

Ca.

Step 2: Develop a numerical model of the bare frame (without
SRP/FRP strengthening) and conduct an eigenvalue analysis to
determine the periods ;T and corresponding vibration modes ¢,. The
model should be able to capture possible flexural and shear modes of
failure of the member sections, as well as the shear failure of the
beam-column joints. Since SRP/FRP strengthening scarcely modifies
the lateral stiffness and mass of the stories, the ;T and ¢, obtained

are assumed to be also valid if the frame is strengthened with

SRP/FRP.

Step 3: Perform a static pushover analysis for each n-mode of the
structure applying the lateral load pattern Mé,s until the main frame
collapses. Here, M is the diagonal mass matrix of the structure, ¢, is
the n-th mode shape vector and s a scalar factor. Among the n story
shear-interstory drift curves obtained for each story i, ;Q;-J;, select the
curve that reaches the largest 0. Approximate this curve with a
bilinear elastic-perfectly plastic model as explained in section 4.2 (Fig.
4.1.a), and determine the lateral strength ;Q,;, yielding interstory drift
0y, ultimate interstory drift 0. and lateral stiffness s&; of the initial

frame (i.e. without SRP/FRP strengthening). From these pushover
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analyses, the “weak” points of the structure (i.e. sections that exhibit
a brittle failure) are identified, and this information can be used later

to guide the strengthening strategy with SRP/FRP, if necessary.

Step 4: Calculate o, y: with Eq. (4.2), o with Eq. (4.46) and ¢,

with Eq. (4.22). Note that in the first iteration o is calculated with
1Qy=Q,°, but if in subsequent iterations the frame is strengthened
with SRP/FRP, the new lateral strength (Q,—Q,"+A;Q, must be used

in Eq. (4.1).
Step 5: From i=1 to N proceed for each story ¢ as follows:

a) fix a tentative value for v; (<0.4) starting from small
values (for example v;=0.01)

b) calculate the v of the rest of stories (s#1) with Eq. (4.33)
and check if v<0.4 is satisfied; if not, strengthen the main
frame with SRP/FRP to increase j,x; and restart the
process in Step 4. Note that Eq. (4.33) formally is vi=a-(a-

1) where:

(4.52)

Since v, decreases as a increases and noting that ¢¢, does

not depend on the strength s, to increase a for a given v,
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c)

it is necessary to enhance the strength of the first story of

the main frame, jo;.

calculate the K, of each story s (from s=1 to s=N) with
Eq.(4.11);

calculate y; with Eq. (4.43);

calculate the n.; for the story 7 under consideration with
Eq. (4.20); in this equation, as explained in section 4.6.3,
the spectral acceleration S, can be taken as S.=(2n/;T:) Vb,
since it has been shown that the Vp is very close to the
relative spectral velocity (Akiyama, 1985; Housner, 1956);
calculate the maximum inter story drift 8,,; predicted for
the story ¢ with Eq. (4.50).

compare O,; with ;0,; if 0., is larger than (9,;, within an
acceptable tolerance (i.e. 5%), increase v; and return to
(a). Note that in the first iteration 0,= ;9,” but in
subsequent iterations, if the frame has been strengthened
with SRP/FRP 0, = /0, "+A0,:. If O,: starts to increase
with increasing values of vy, or if it is not possible to find a
v; in the range v,<0.4 that makes 0, less than 9,, then
strengthen the frame with SRP/FRP and restart the
process in Step 4.

Once the appropriate v; that controls the lateral
displacement of the ¢th story under consideration is

determined, keep it as v;; =v; and proceed with the next
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story. The parameter v;; represents the yield displacement
ratio required on the dampers of the first story so that the

maximum inter story drift at the th story meets 9,

Step 6: Select the maximum of the vy i.e. Vinw=max{Vv;;}, which
gives the required yield displacement ratio for the dampers of the first
story. The required yield displacement ratio for the dampers of the
rest of stories, v, (s#1), is calculated with Eq. (4.33). The required
shear force coefficients ;o; of the dampers to be installed in each story
i is obtained with Eqgs. (4.19) and (4.49), and the required stiffness Jk;
from Eq. (4.11) taking into account that K;=/k;//k: . The required
yield strength, ;@,:; and normalized energy dissipation capacity, n
(=m), of the dampers is determined with Egs. (4.2) and (4.48),
respectively. This gives a strengthening level with SRP/FRP
characterized by 0,= 0,/+A (0,;, and a possible solution for the
dampers characterized by: .o , & and 7. This solution is not
necessarily the only one possible for a given level of strengthening
with SRP/FRP. In fact, in general it is possible to find different
solutions for the dampers (i.e. different sets of values ,;, k; and 1)
for a given 9, To find a new solution for the dampers keeping
invariable the level of strengthening with SRP/FRP, go back to step
5.a (with the same ;0,;) and repeat the process with a v; slightly
larger than Vju. (e.g. increments of 0.005 are reasonable). This will
provide a new set of values (,a;, &k and 1) that are also a solution of

the problem. This process of increasing v; will stop when v;=0.4 is
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reached or when the algorithm fails to find a solution. Then, for a
given level of strengthening with SRP/FRP, the designer can choose
among different sets of possible solutions for the dampers (o, ki and
7n). One possible criterion for selecting the “optimum” solution is to
take the one that provides the minimum value of the total base shear

force coefficient, i.e. the minimum ,¢; + ;.

Once ki, @, and 1,17 are determined, the appropriate type,
number and distribution of hysteretic dampers within each story is
chosen by the designer. In choosing the type of damper, it is
necessary to check that the normalized ultimate energy dissipation
capacity of the damper 1, is larger than the demand 7; (=1). The
estimation of 1, for a given type of hysteretic damper is beyond the
scope of this paper; yet a procedure is proposed by Benavent-Climent
et al. (2011). As for the number and distribution of dampers within a
story, attention must be paid to the concentrated forces that they
transfer to the existing frame, and to the need for strengthening the

connection region.

4.8.1 Strengthening with SRP/FRP and Performance Based

Design

The required level of FRP/SRP can be determined for different

performance levels and earthquake scenarios (near-fault and far-field).
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First, dampers are designed according to the procedure described

above for a return period, Tk, equal to 475years.

Second, the solution of dampers and strengthening level obtained
for the return period Tr=4T75years is checked for other return periods.
To this end, the energy input spectra in terms of Vp, Vp-T, and the
seismological parameters described in Step 1 of the procedure are
determined for return periods T=95 and 2475years. In the case of
Spain, the most recent seismic hazard map published in 2012
(Instituto Geogréfico Nacional, 2012) provides the peak ground
acceleration, PGA, for return periods of 95, 475, 975 and 2475years;
and the absolute spectral acceleration, SA, for several points of the
spectrum (i.e. 0.1, 0.2, 0.5, 1 and 2s) and return period 475years.
Next, the maximum displacement J,; for each return period is
predicted by using Eq. (4.51) (it implies substituting the value
corresponding of Vp in Egs. (4.20) and (4.46) to calculate S,, n.; and
o). It is worth noting that the design method proposed in previous
sections assumes that the main frame remains elastic. This
assumption is satisfied for the seismic hazard level corresponding to
Tr=95 and 475years. However, for economic reasons, it can be
reasonable to allow some (minor or moderate) plastic deformations on
the main frame for more severe levels (i.e. Tx=975 and 2475years).
Even then, although the assumption of the proposed method is not
fulfilled, we suggest that the method is still applicable as long as the

level of plastic deformations on the main frame is not excessive. This
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suggestion is based on the well known “equal displacement rule”. The
appropriateness of this suggestion will be validated later through

numerical simulations.

The required performance of the structure for the seismic hazard
levels characterized by Tr=95 and Tr=2475years is as follows: On; <
0.5% for return period 95years and &n < 0 for return period
2475years. If these performance criteria are not satisfied, the
strengthening level with SRP/FRP and the dimensioning of the

dampers are recalculated.
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Numerical validation of the

proposed upgrading solution with
FRP/SRP and hysteretic dampers

The validity of the method proposed in Chapter 4 is assessed through
numerical simulations conducted on a six-story frame subjected to
ground motions of different types (far-field and near-fault
earthquakes). It is shown that the frames upgraded according to the

proposed method exhibit the expected performance.

5.1 Design of the prototype building

A six-story prototype RC frame structure was designed that

represents typical pre-70 residential buildings placed in the moderate-
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seismicity southern part of Spain. The plan configuration and
elevation are shown in Fig. 5.1. The (main) frames are denoted as PI
and PII in the figure, and their beams support the joists that form
the one way slab. The main frames are connected by transverse
beams. In accordance with the regulations in force in Spain at that
time (the 70’s), the prototype was designed taking into account only
gravity loads and without any seismic detailing. The size and
reinforcing of the RC members was determined with a former Spanish
Standard for RC structures, EH-91 (1991). Following the Spanish
Standard NBE AE-88 (1988), the values corresponding to gravity
loads are described in Table 5.1. The material properties were
representative of the period considered: the concrete strength was
fe=17.5 MPa and the steel reinforcement yield-strength f,=400MPa.
The story height was equal in all stories (310 cm) except in the first
story (350 cm). The resulting dimensions of beams and columns are

summarized in Table 5.2. Beams and columns are identified in Fig.

5.1.
Table 5.1: Gravity loads
Permanent Actions Variable Actions
One-way joist slab 4 kN/m? Interior partitions 1 kN/m?
Flooring 0.8 kN/m* Residential use 2 kN/m?
Tile roofing system (over slab) 3 kN/m? Snow load 0.43 kN/m?
Masonry cavity wall system 7 kN/m
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Fig. 5.1: Prototype building: plan (a) and elevation (b). Dimensions in

cm.
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Table 5.2: Characteristics of the prototype building

Section b h Sn Longitudinal Transversal
Area
cm cm cm Bars ) Bars
(cm?)
C1 40 40 30 12920 37.70 2+1c@8
C2 40 40 20 16016 32.16 2+1c@8
C3 40 40 15 20012 22.60 2+1c@8
C4 40 40 30 4¢20 12.56 lcg8
Ch 40 40 20 4¢16 8.04 lcg8
C6 30 30 15 16912 18.08 2+1c@8
c7 30 30 20 4¢16 8.04 lcg8
C8 30 30 15 4¢12 4.52 lcg8
Bottom Area Top Area
B1 30 40 5 2¢12+2¢12 4.52 2¢12+5016 12.32 lcgb
B2 30 40 5 2¢12+42¢12 4.52 201247016 16.34 lcg6
B3 30 40 5 2¢12+42¢12 4.52 201246016 14.33 lcgb
B4 30 40 10 2¢124+4¢20  14.83 2020 6.28 lcg6
B5 30 40 5 2¢124-2¢20 8.55 2020+4¢20 18.85 lcg6
B6 30 40 5 2¢16+2¢20  10.30 2012+4¢20 14.83 lcgb

5.2 Numerical model

From the prototype building, the central frame indicated with dot
lines in Fig. 5.1 (left) was selected. The beams of this frame P1
support the gravity loads transferred by the joists that form the one-
way slab. This section describes in detail the numerical model
developed to obtain nonlinear dynamic response of frame P1 under
seismic loadings. Two types of numerical models are commonly used
to study the seismic response of RC frame structures: fiber models
and plastic hinge models. Fiber models (Spacone, Filippou, & Taucer,
1996) are the most general and fundamental models, capable of

reproducing the axial-flexural coupling response under variable axial
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load. This is a useful capability since the increase of axial load in
columns, due to the overturning moment, can be considerable when
adding brace-type dampers. In addition, the generality of fiber models
is useful for us to study the effect of the proposed retrofitting
solutions, such as the addition of SRP wire stripes and the
confinement with FRP. In contrast, axial-flexural coupling in beams
is not so relevant and plastic hinge models (lumped-plasticity models)
are a computational efficient and simple approach. In addition, they
can capture strength and stiffness deterioration (up to collapse) when
defined with experimental calibrated parameters, such as the effects
of the deterioration of the reinforcing bars due to buckling and low-
cycle fatigue. Thus, in this study, a plastic hinge approach is defined
for beams while a force-based element with nonlinear fiber sections at
the ends is defined for columns. The platform OpenSEES (McKenna,
Fenves, Scott, & Jeremic, 2000) is employed to carry out the
analyses. A sketch of the frame modeled is shown in Figs. 5.2 and 5.3.
Beams are modeled with elastic beam elements (elastic part) and
plastic hinges (nonlinear springs) at the both ends (inelastic part),
connected in series. The nonlinear springs of the beam elements are
defined as part of the two-dimensional joint model developed by
Altoontash (2004) and implemented as Joint2D in OpenSEES. This
model incorporates an additional rotational spring to reproduce the
shear behavior of the joint to which beams and columns are
connected. Columns are modeled with force-based column elements

that incorporate the plastic hinge length concept (Scott & Fenves,
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2006). Thus, the springs of the model that correspond to the end of

the columns (shown in Fig. 5.8 of the original model) remain unused.

Joint shear
nonlinear rotational spring

Elastic beam element

Beam nonlinear rotational spring

1 Force-based column element

—— Elastic beam element

| . > Force-based column elements

Fig. 5.2: Numerical model that represents the existing frame

T T T T T Two-node link element
Joint shear
nonlinear rotational spring
Elastic beam element
L7 Beam nonlinear rotational spring

Force-based column element

—— Elastic beam element
m«ﬁ/\%/} Force-based column elements
i - lr mm— Two-node Link element

Fig. 5.3: Numerical model that represents the retrofitted existing frame
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5.2.1.1 Characterization of the effective stiffness of the beam/column
elements

For both columns and beams, the interior part of the element is
considered elastic. For that purpose, an effective or reduced stiffness,
ElLjy for the members is used in order to take into account the
concrete cracking. FElj is calculated with Eq. (5.1) proposed by
Panagiotakos & Fardis (2001):

M L
__ v

El =
7 30
y

(5.1)

Here, M, is the yield moment, L=M/V is the shear span and 6, is
the chord rotation at member yielding. In the case of beams
asymmetrically reinforced, the average value of El over the two ends
and the two senses of bending was considered as the rigidity of the
member (Fardis, 2009). The expressions for 6, and M, are Eqgs. (5.5)
and (5.12), respectively, and they are described in detail in section

5.2.1.3.

5.2.1.2 Force-based beam column elements for columns

Force-based beam column elements present several advantages
over the displacement-based elements (Neuenhofer & Filippou, 1997).
The force-based beam column elements used in this study employ an

integration method that incorporates the plastic hinge length concept,
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Ly, and is based on modified Gauss-Radau quadrature (for details, see
figure 5 in Scott & Fenves, 2006). This approach consists of applying
the two-point Gauss-Radau integration rule over a length equal to
4L, at the element ends and two-point Gauss integration over the
element interior (six element integration points). As a result, plastic
curvature can be clearly related to plastic rotations through the
specification of a physically meaningful plastic hinge length. The
authors (Scott & Fenves, 2006) recommended the use of force-based
beam-column elements, along with the described integration method,
for the nonlinear analysis of frame structures suffering softening and

degradation, even under cyclic loads.

The plastic hinge length, L,, was calculated with the following

empirical expression proposed by Fardis (2009), for cyclic loading:

L
L :O.Zh[1+§min(9;—sn (5.2)
P 8 h

where L=M/V is the shear span and h is the depth of the column

cross section.

Nonlinear fiber sections were defined at the element ends while
the element interior was considered to be elastic, with an effective
stiffness equal to El.p as defined above. The constitutive models for
the nonlinear fiber section corresponding to the original main frame

without strengthening were: (a) the modified Kent-Scott-Park for
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concrete with degraded linear unloading/reloading stiffness and no
tensile strength (Karsan & Jirsa, 1969; Kent & Park, 1971; Scott,
Park, & Priestley, 1982; Taucer, Spacone, & Filippou, 1991) and (b)
the Giuffré-Menegotto-Pinto for steel with isotropic hardening
(Filippou, Popov, & Bertero, 1983). In addition, an elastic uniaxial
material was defined to take into account the area of SRP, bounded
with a MinMax material (McKenna et al., 2000) to determine the
threshold values for failure (as explained in sub-section 5.3.2, no
compression strength and maximum deformation in tension equal to
the design strain of the FRP wrapping reinforcement ¢). Finally, the
confinement effect was considered by modifying the properties of the

concrete material, as explained in sub-section 5.3.2.

5.2.1.83 Characterization of the beams

For beams, elastic frame elements with nonlinear springs at both
ends connected in series were defined. This arrangement allows
defining an empirical moment-rotation relation for the mnonlinear
springs, since the variation of axial load is not relevant for beams. As
for the rotational stiffness of the compound member, K. it was
computed as an equivalent combination the sub-elements in series

(Ibarra & Krawinkler, 2005):

K K
— ns__bc (53)
e Kns+Kbc
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where K,s is the stiffness of the nonlinear springs, and K. is the
stiffness of the elastic beam-column element. To avoid the numerical
problems that arise when assigning an infinite initial stiffness to one
of the sub-elements (either the plastic springs or the beam-column
element), the elastic stiffness of the plastic hinges is set n times larger
than the beam-column element stiffness, K,=nK, (Ibarra &
Krawinkler, 2005). The option of assigning a larger stiffness to the
nonlinear springs instead of to the elastic beam element permits
minimizing spurious damping effects, as explained in the following
section. In this study, the value n=10 is taken, and the stiffness of the

sub-elements is given by:

1(bC=”—+1 L Knsz(n+1)K

n

(5.4)

Thus, the elastic stiffness of the plastic hinge considered is large,
11K,.cm, while the elastic stiffness of the beam column element is

1.1Ken (Haselton et al., 2008).

Accordingly, the properties of nonlinear springs need to be
adjusted to reproduce the empirical moment-rotation behavior of the
member. These modifications are explained in detail in (Ibarra &

Krawinkler, 2005).

The response of the member-end non-linear springs is
characterized by a trilinear monotonic backbone curve and hysteretic

rules that govern the cyclic behavior under arbitrary loads. In this
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study, the constitutive model proposed by (Ibarra, Medina, &
Krawinkler, 2005) is used to define the moment-rotation of the
member-end hinges. A remarkable capability of this model is the
negative branch of the post-peak response, that allows modeling the
strain-softening behavior due to concrete crushing, rebar buckling and

bond failure.

The trilinear monotonic backbone curve is shown in Fig. 5.4 and it
is determined by five parameters: (1) the yield chord rotation, 6,; (2)
the yield moment, M,; (3) the chord rotation at the onset of strength
loss (capping), O.p; (4) the hardening stiffness, Ki; (5) and the post-
capping stiffness, K.. Additional parameters, which depend on the

ones already cited, are described in the figure: the capping moment,

M,; the plastic capping rotation, Ofalp; the ultimate plastic rotation, 8,;

the ultimate plastic rotation from yield to point of 20% strength loss,

9:’; and the initial stiffness, K.. In the case of the beams with

asymmetric reinforcement averaged values for K., K, and K. are
considered over the two senses of bending (Fardis, 2009), while M,

and Ofalp, were defined separately (i.e. asymmetrically) for each

domain of loading.
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Fig. 5.4: Monotonic backbone curve used for characterizing the non-

linear springs

6,, M, and 6, were calculated with the equations developed by
Fardis (2009) and Panagiotakos & Fardis (2001). These equations
were calibrated on the base of a large database of experimental tests

on RC columns with and without FRP.

0, is given by the following expression:

L + d
0 —p = %% 00014 14151 +a,—¢y wt, (5.5)
y y 3 LS ; 8\/7

where ¢, is the “theoretical” yield curvature multiplied by the
correction factor 1.025; L=M/V, as defined before, is the shear span;
z=d—d; is the length of the internal lever arm, being d the section
effective depth and d;, the distance of the center of the compression
reinforcement from the extreme compression fiber; h is the depth of
member cross section; dy; is the mean tension bar diameter; f, is the

yield strength of tension reinforcement (in MPa); f. is the compressive
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strength of unconfined concrete based on standard cylinder test (in
MPa); aq is a zero-one variable, being ay = 1 if slippage of
longitudinal bars is considered and ay = 0 if not; a, is a zero-one
variable, being a,= 0 if Vg, > Viyy= M,/L, and a,= 1 if Vi, < Vi =

M?//LS'

The shear force at diagonal cracking of the member, Vg, is
calculated as equal to the shear resistance of members without shear

reinforcement, given by Fardis (2009):

/ ) 2
V,, ={max| 180(100p,) " 35,1+ %fj/ﬁ 1+«/07 £

+0.15£}b d
A w

c

(5.6)

where p; is the ratio of tension reinforcement area, N is the axial load
taken positive for compression (but if N is tensile, then V. = 0), A,
is the area of the cross section; b, is the width of the web. If b, and d

are in m, f. is in MPa and, N is in kN, then Vg, is in kN.

The “theoretical” yield curvature (Fardis, 2009), ¢,, is calculated
as the minimum of the curvature at yielding of the tension steel, ¢,
and the apparent yielding curvature, ¢,, (which appears in members
with high axial load due to the sharp nonlinear behavior of the

concrete in compression before the steel reinforcement yields):
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Ju (5.7)

g e )a

where f,; is the yield stress of the longitudinal reinforcement, F; is the
elastic modulus of steel, &, is the neutral axis depth at yielding

normalized to d and defined as:

g =(a +2§B)1/2 —CA (5.8)

with { = EJ/E,., the ratio steel-to-concrete elastic moduli, and the

parameters A and B calculated as follows:

dl
d pv(1+d] N
4y (5.9)

N
A=p +p +p +——; B=p +
pl pZ pv pl pZd 2 bdfy

bdfy
Here, pi;, p2 and p, are the ratios of tension, compression and
“web” reinforcement area to bd, respectively and b is the width of the

compression zone.

The apparent yielding curvature is calculated as:

_18f

= 5.10
(pyZ Ecéyd ( )

where &, is calculated with Eq. (5.8) but the parameters A and B are

calculated with different expressions:
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a Pl
i 7 (5.11)

LMY 2

AP gy

The yield moment, My, is given by (Fardis, 2009):

(5.12)

The ultimate chord rotation, 6, is calculated with the following

empirical expression (Fardis, 2009):

0 =6 +6"=
u y u

9y+aft'(1—0.5206y)[1+%5’6](1—0.44aw)(1—%}(0.25)v (5.13)

ap.f,.,

maX(OOl'a)) ” L 0% [ J
{—' ' ZJ fo'zlmin[%fﬂ 250 % J1.27510

max(0.0l; a)l) ‘

where a” is a coefficient for steel type, being a?' =0.0185 for hot-
rolled steel; a, is a zero-one variable for the type of loading, equal to
aLyZO for monotonic loading and to a£y=1 for cyclic loading; a

and a, ~ are zero-one variables for rectangular walls, being a, =0
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and a, =0 for other members;v=N/bhfc is the axial load ratio,
with the axial force N positive for compression; @, =(p1+pv) fyL / f, is

the mechanical ratio of tension and “web” longitudinal reinforcement;

a)2=(p2) fyL / f, is the mechanical ratio of compression longitudinal

reinforcement, with f,; being the yield stress of the longitudinal bars;

a=aa is the effectiveness factor for confinement with

n s

b? /6
a= 1—i 1—L and a =1—u, being b, and b, equal
s 2b Zbyn g b b

o' yo
to the centerline dimensions of the confining tie and b; equal to the
length between points laterally restrained by a cross-tie hook, for
further details see figures in (Fardis, 2009); pszAsh/bwsh is the ratio
of transverse reinforcement area, Ay, parallel to the loading direction,
with b, being the width of the “web”; f, is the yield stress of
transverse steel and; pq is the steel ratio of diagonal reinforcement in

each diagonal direction.

Since members considered lack seismic detailing (e.g., not closed
stirrups), the plastic chord rotation of Eq. (5.13) is corrected through

the following modification (Biskinis, 2007):

0,,,=0,+6" /12 (5.14)

u,old u,Eq.5.13

Finally, 6% is determined immediately as 951=9p[ /1.2.

u,Eq.5.13
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The values of M,, 6, and 6,=86,.4 obtained for the 6-story frame

under study are shown in Fig. 5.5 and Fig. 5.6. Although they were

used only for beams, we computed also these values for columns, to

use them as a reference for comparison purposes.

Fig. 5.5: Values of M, obtained for the 6-story main frame (kN m)
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Fig. 5.6: Values of 6, and 6,=0,,,4 (10° rad) obtained for the 6-story main

frame
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As for the rotation at onset of strength loss (capping), it is
defined as Omp=0y / Gfal ,» Where Ofalp is calculated from the ultimate
rotation (6" ) provided by Fardis (2009), taking into account that

9:’ is associated with a strength drop of 20%. Accordingly:

0" =0"'-02M /K | (5.15)

cap

The hardening stiffness, K, is determined by assuming the

simplified equation KS=MC/My=1.13 recommended by Liel &
Deierlein (2008).
The post-capping stiffness, K. is related to the post-capping

rotation capacity 8, with the following expression (Liel & Deierlein,

2008):
K, =—Ke(9y/0pr)(MC/My) (5.16)

The post-capping rotation capacity is determined from the
following empirical equation:

6, =(076)(0.031)'(0.02+40p, )" <0.10 (5.17)

pc

with p,, is the area ratio of transverse reinforcement and v is the axial

load ratio.

Regarding the hysteretic rules, the model proposed by Ibarra et

al. (2005) considers four modes of cyclic deterioration that are shown
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in Fig. 5.7: (i) strength deterioration of the inelastic strain-hardening
branch, (ii) strength deterioration of the post-peak strain-softening
branch, (iii) accelerated reloading stiffness deterioration, and (iv)
unloading stiffness deterioration. In the original proposal of Ibarra et
al. (2005), these modes of cyclic deterioration are characterized by
four pairs of parameters. However, for the sake of simplicity and
following the approach of Liel & Deierlein (2008), these four pairs of
parameters have been reduced to two parameters: (1) the normalized
energy dissipation capacity, 4 and (2) an exponent term to describe
the variation of cyclic deterioration with the accumulation of damage,
c. As in (Liel & Deierlein, 2008), c=1 was considered. The normalized

energy dissipation capacity was calculated as:

sh/d

2=(170.7)(027) (0.10) (5.18)

where s, is the spacing of transverse reinforcement.

Monotonic backbone
Strength deterioration

y

Strength deterioration
of the post-peak
strain-softening branch

-0.5

0.04 Unloading stiffness

deterioration

0.5

Normalized force, F/F

Accelerated reloading stiffness deterioration
1.5 — 77T T
-3 -2 -1 0 1 2 3 4 5

Normalized displacement, 6/6y

Fig. 5.7: SDOF response of the peak oriented model described with cyclic
deterioration (Ibarra & Krawinkler, 2005).
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5.2.1.4 Rayleigh damping

A time invariant Rayleigh matrix is used to represent the inherent
damping of the structure. This matrix has two parts: the stiffness-

proportional part and the mass-proportional part.

C=pK+yM (5.19)

where C is the viscous damping matrix, M is the mass matrix, K is
the initial stiffness matrix, f§ is the stiffness proportional factor and y

is the mass proportional factor.

If Rayleigh damping based on initial stiffness matrix is considered,
unrealistic damping forces may appear at the inelastic hinges when
yielding takes place (Zareian & Krawinkler, 2006; Zareian & Medina,
2010), causing abrupt velocity changes (Bernal, 1994). To avoid these
spurious damping effects, the method proposed by Ibarra &
Krawinkler (2005) and Zareian & Medina (2010) is used. This method
consists basically on assigning zero stiffness-proportional damping to
the plastic hinges (i.e. nonlinear springs), and thus building the
damping matrix only with the elastic part of the members (i.e. elastic
beam-column elements). A detailed description of the method and its
practical application can be found in (Ibarra & Krawinkler, 2005;

Medina & Krawinkler, 2004; Zareian & Medina, 2010).

Since no stiffness proportional damping is assigned to the
nonlinear springs, the stiffness proportional damping term of elastic
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elements, f, needs to be increased to compensate the lack of stiffness
proportional damping corresponding to the nonlinear springs. For
n=10, factor f must be multiplied by 1.1 (Ibarra & Krawinkler,

2005), as given by the following expression (Zareian & Medina, 2010):

_1+n

B'=—-27, (5.20)

n
Finally, the damping ratio considered is 5% and damping

coefficients y and f were computed by using the frequencies

corresponding to the first and third mode.

5.2.1.5 Shear failure detected by postprocessing analysis results

Column shear failure was not directly reproduced in the model
due to the difficulties to simulate it accurately (Elwood, 2004; Liel,
Haselton, & Deierlein, 2011). For the sake of simplicity, results
obtained from numerical analysis were postprocessed to detect shear
failure. To this end, two verifications were carried out: (1) “brittle”
failure mode, which takes place if shear failure precedes flexural

7

yielding, and (2) “ductile shear” failure, which only occurs under
cyclic loading, due to the degradation of shear strength after initial

flexure yielding (Fardis, 2009).

The first failure mode, Via> Ve, (1) was checked according to
section 6.2.3. of Eurocode 2-Part 1 (EN 1992-1-1:2004, 2004). The

“ductile shear” failure mode, V> Vi ducie, was checked according to
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A.3.3.1 of Eurocode 8-Part 3 (EN 1998-3:2005, 2005), and the cyclic
shear resistance, Vg auwue, (Fardis, 2009) is defined as (in MN and
meters):

h__xmjn(N;O.SSAC f )+(1—0.05min(5;u§,”))

R ductile = 2L
i (5.21)
0.16max(0.5;100pm)(1—0.16min[5;ﬁjj fA+V,

where h, N, A, f., L, were defined in previous section; p,, is the total
ratio of longitudinal steel and z=¢, d is the neutral axis depth at
flexural yielding with ¢, from Eq. (5.8). Here, the shear resistance Vg,
is the contribution of transverse reinforcement to shear resistance for
cross-sections with rectangular web Vg, = p, by z fiu; pw is the
transverse reinforcement ratio, b,, is the width of the cross-section
web, zis the length of the internal lever arm and f,, is the yield stress

pl

of the transverse reinforcement. Finally, w;" is the ratio of the plastic

part of the chord rotation at ductile shear failure to the yield chord
rotation, @, from Eq. (5.5). It is worth mentioning that instantaneous

values of N and ,ugl were used to check the shear resistance of each

member at each step of the analysis, as recommended by Fardis

(2009).
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5.2.1.6 Characterization of the nonlinear springs that represent the
joint shear panel

Predicting the behavior of existing non-ductile RC frames under
seismic loads requires special attention to the simulation of beam-
column joints. Joint shear damage can contribute significantly to
strength and stiffness deterioration in the absence of enough
confinement and transverse reinforcement (Liel & Deierlein, 2008). In
this study, the behavior of the joint shear panel is simulated with the
two-dimensional joint model developed by Altoontash (2004), which
simplified the model proposed by Lowes & Altoontash (2003). As
explained before, the former model was implemented by its developers
as Joint2D in OpenSees (McKenna et al., 2000). As shown in Fig. 5.8,
the model consists of four zero-length rotational springs to reproduce
the member-end rotations and an additional rotational spring to

simulate the shear deformation of the joint panel.

The moment-rotation relationship of the joint panel was defined
from the experimental relation of joint shear stress, 7, and strain, yj
using the procedure proposed by Celik & Ellingwood (2008). The
rotation of the joint panel rotational spring, 6, is considered equal to

the joint shear strain y;.

The moment transferred through the rotational spring, M) was
determined from the joint shear stress, 7;, by using the equations

described in (Celik & Ellingwood, 2008) for the Joint2D model.
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h b 1-b /L
_ n. 1 5 i, o4_ j/b_a
M,-_TjhAjh/l' n=1 1 l_—jd —

b

(5.22)
where a=1 for intermediate interior and exterior joints and a=2 for
top interior and exterior joints, Aj; is the effective joint area
calculated using Sec. 21.7.4 of ACI 318-11 (2011), jd is the internal
moment arm of the joint, h; is the height of the joint panel, b; is the
width of the joint panel, L, is the total length of the left and the right

beams and L. is the total length of the top and bottom columns.

In the present study, a simplified approach of the shear-stress
response of the joint, 75y, is used by defining a linear elastic
constitutive model. This model remains on the conservative side, since
it does not take into account the energy dissipation capacity of the
joints. The elastic stiffness was calculated as the quotient of the

moment corresponding to the joint shear cracking, (Tjh) , and a lower

bound value of the experimental data defined in (Celik & Ellingwood,

2008): 0.0001.

The joint shear cracking, (Tjh) , was defined with the following

cr

”L'jh

equation (Uzumeri, 1977), normalized in 4/psi units as ‘L_'jh ZT:
/.

(7,) =3.5\/1+0.002(N/Ajh) (5.23)
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with N/Aj in psi. In addition, results were postprocessed in order to
verify that the joint shear strength demand did not surpass the shear

strength, Vgacr, prescribed in ACI 318-11 (2011) as follows: (a)

1-7\/ZAjh for joints confined on all four faces (interior joints in the

studied 2D frame) and (b) 1-2\/7 A].h for joints confined on three faces

c
(exterior joints in the studied 2D frame). It is worth mentioning that
the maximum strength considered is regarded as an upper bound
value, since it is defined for joints with a minimum amount of
transverse reinforcement in the joint, as defined in ACI 318-11 (2011).
However, this is not always the case of existing buildings. Significant
efforts have been carried out to define a constitutive model for the
panel zone that overcomes the limitation of the modified-compression
field theory (MCFT) for joints with no transverse shear reinforcement
(Lowes & Altoontash, 2003), though some of them are based on a
limited set of experimental data (Celik & Ellingwood, 2008).
However, they still need calibration and/or are rather complex (Mitra
& Lowes, 2007). Thus, a complex simulation of the joint shear
response is considered out of the scope of this study, and the linear
elastic constitutive model is defined as a safe-side approach in terms

of energy response.
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Panel zone
Beam end

Column end /~

Fig. 5.8: The joint zones represented by rotational springs (Altoontash,
2004).

5.2.1.7 Modelization of the hysteretic dampers

The hysteretic damper is simulated in OpenSEES by using a two-
node link element. In the local x-axis direction, a Giuffré-Menegotto-
Pinto model with isotropic strain hardening is defined (Filippou et al.,
1983), which is able to reproduce reasonably well the experimental
results obtained by Benavent-Climent et. al (2011) for the hysteretic
damper named WPD and developed by these authors. Fig. 5.9
compares the axial load-displacement curve obtained experimentally
for the WPD, and the prediction provided by Giuffré-Menegotto-
Pinto model calibrated with the following values of the parameters
that control the strain hardening (b), the transition from elastic to
plastic branches (R,, Ri cR:), and the isoptropic hardening (ai, as, as,
as):  b=0.015, R,=20, .R,=0.87, .R»=0.15, a1=0.06, a2=0.9, a3=0.06,
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Experimental test 10 -
(Benavent et al., 2011)
Numerical model

-60

-10 -

Fig. 5.9: Modelization of the hysteretic damper WPD.

5.2.1.8 Mass properties and gravitational loads

The inertial effects of the design seismic action was evaluated by
taking all gravity loads appearing in the combinations of actions
established by 3.2.4 of EN 1998-1:2004 (2004). Accordingly, the total
mass considered in each story for calculating the hysteretic dampers
and performing the dynamic response was obtained summing the dead
loads and 0.3 times the life loads, giving 363835 kg for the roof,
375968 kg for the fifth and fourth floors, 380120 kg for the third floor,
387039 kg for the second floor and 391848 kg for the first floor. These
masses included the corresponding mass of the columns at each floor.
In the dynamic response analysis, the gravity loads were applied in
the first step. Since there are five frames parallel to the direction of
seismic loading, for the purpose of dynamic analyses, one fifth of the
total masses indicated above are associated with each frame. The
gravity loads used for second order effects and as initial axial forces in
columns corresponded to the tributary area.
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5.3 Design of the dampers and required level of

strengthening with FRP/SRP

The prototype building is intended to be seismic upgraded in the
direction of the main frames by installing hysteretic dampers in two
spans of each frame and of each story, and strengthening the beams
and/or columns with FRP/SRP. A similar upgrading would be
required in the direction perpendicular to the main frames. As
mentioned above, for the sake of simplicity, it is considered that the
seismic loading in the direction of the main frames is distributed
evenly among the five frames. Following is a description of how the
proposed procedure was applied to the central main frame, to design
the hysteretic dampers and the required FRP/SRP strengthening.
The inherent damping ratio assumed for the structure is £=0.01. This
low value of damping is sustained by the studies of Martinelli &

Filippou (2009).

Step 1: The following three seismic hazard levels were defined to

design the seismic upgrading solution for the existing structure:

- Frequent earthquake, associated to Tr=95years and
characterized by Vp=42.65cm/s
- Design earthquake, associated to Tr=475years and

characterized by Vp=98.10cm/s
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- Design earthquake, associated to T3=2475years and

characterized by Vp=187.67cm/s

The values of Vjp described above were calculated as follows. The
new seismic hazard map of Spain (Instituto Geografico Nacional,
2012) provides the PGA for four return periods: 95, 475, 975 and
2475years (for the site of Granada, they are 0.1g, 0.23g, 0.28g and
0.44g, respectively). From these PGA, the total input energy spectra
in terms of equivalent velocity Vg-T was obtained as proposed by
Benavent-Climent et al. (2002). It is worth mentioning that the Vz-T
spectrum proposed by Benavent et al. was constructed by using 108
ground motion records obtained from 48 earthquakes in Spain,
including near-fault and far-field signals. Finally, V) was estimated
from Vg by using the expression proposed by Akiyama (1999) that
depends on the inherent damping ratio &. In this calculations, £=0.01
was adopted for the structure, and according to Akiyama’s formulae,

this gives Vp/Ve=0.87.

As for the other seismological parameters that characterize also the
seismic hazard in the proposed method (i.e. I, Twm, ¢; and cs) two
scenarios are considered: (a) a near-fault design earthquake with I,=3,
Tnu=0.51; ¢,=0.23 and c¢,=0.4; and (b) a far-field design earthquake
with I,=9, Tysz=0.33s; ¢,=0.18 and c,=0.6. These values of I, and Twy
correspond approximately with the averaged values over the two sets
of ground motion records used for the nonlinear time history analyses,

as detailed below.
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Step 2: The numerical model developed in section 7.2 was used,
and the eigenvalue analysis provided the fundamental period ;T and

vibration modes ¢, shown in Table 5.3.

Step 3: The static pushover analyses provided the ;Q;-0; curves
shown in Fig. 5.10 and Fig. 5.11 which were approximated with two
segments to determine the yield strength ;Q),; the yield displacement
10,; and the lateral stiffness /; for each story that are summarized in

Table 5.3, for the main frame without SRP/FRP strengthening.

Step 4: The values obtained for jo; and y; are shown in Tables 5.3,

5.5 and 5.6. The value of ¢, is 0.283.

Step 5: The maximum Vi, among the stories obtained with the
iterative procedure with tentative values of v;; is shown in Table 5.4
and Table 5.5, together with the required level of strengthening with
SRP/FRP expressed in terms of required increase of the yielding

interstory drift of the story 7 of the main frame A,

Step 6: From Vi, the required shear force coefficients .o,
stiffness k;, yield strength ,@,; and normalized energy dissipation
capacity n (=n,) for the dampers to be installed in each story i, was

determined and it is shown in Table 5.4 and Table 5.5.
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5.3.1 Strengthening with SRP/FRP

To determine the properties of the main frame k;, 9,7, 0.°, a
pushover analysis was performed by following the procedure described
in Chapter 4. The force-displacement curves selected for each floor are
shown in Fig. 5.10 and Fig. 5.11. The black thick bold line represents
the original main frame without any strengthening, and the line with
rectangle symbol represents the bilinear elastic-plastic model

explained in Chapter 4.

For the case of far-field design, it was not necessary to strengthen
the main frame with FRP/SRP to find a solution that made J,,; less
than ;0,=/9, . In addition, predicted displacements for 95 and
2475years satisfied the acceptance criteria without the need of any
strengthening, as shown in Table 5.4. Thus, the original main frame
was used for the nonlinear time history analyses with far field records.
Acceptance criteria for each performance level and damper design

characteristics are summarized in Table 5.4.

On the other hand, for the case of near-fault design, it was not
possible to find a solution so that &,,; was less than 9,,=0,. In this
case, maximum displacements were limited by the collapse of fifth
floor, as observed in the pushover analysis (Fig. 5.10, Fig. 5.11 and
Fig. 5.12). Thus, the internal columns of fifth floor were retrofitted

with the minimum amount of SRP/FRP such that the attained
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yielding displacements, 8,,=:0,"+ A0,; were enough to find a solution
for the design of the dampers (see Table 5.6). To this end, a
SRP/FRP retrofitting solution was defined, as described in sub-
section 5.3.2. The pushover response of the strengthen solution is
shown with medium bold black line in Fig. 5.10 and Fig. 5.11. Fig.

5.12 shows a detail of the pushover analyses at 5% floor.

Following, predicted displacements for 95 years were found to
satisfy the acceptance criteria, while those for 2475years did not. In
the latter case, the ultimate deformation capacity of the global frame
was controlled by the failure of the external columns of first floor
under axial-moment interaction, due to the high overturning moment
(Fig. 5.10). Thus, a CFRP retrofitting solution was designed for this
columns, so that the observed ultimate displacements were enough to
make &,; less than 5,=/0,°+A0, (see Table 5.6). This retrofitting
solution is described in detail in sub-section 5.3.2. The pushover
response of the final strengthen solution is shown with dash black line

in Fig. 5.10, Fig. 5.11 and Fig. 5.12.

In short, the original frame was considered for the nonlinear time
history analyses with far-field records, while two strengthening
solutions were considered for near-fault records: (i) 5™ floor internal
columns strengthen with SRP/FRP for T=95, 475years and (ii) FRP

also added in 1*' floor external columns for Tr=2475years.
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Fig. 5.10: Pushover analyses: (a) first floor, (b) second floor, (c) third
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100
50
0 T T 3 04\ ‘32? — ‘5'4\6 ]
1 2 3 4 5 6 7
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Fig. 5.12: Detail of the pushover analyses at 5th floor

Fig. 5.13 shows the collapse mode of the original main frame. Fig.
5.14 shows the collapse mode of (a) the main frame retrofitted with
SRP/FRP at internal columns of 5" floor and (b) the main frame
retrofitted with SRP/FRP at internal columns of 5" floor and FRP at
external columns of 1% floor. For beams, numbers 0-3 are assigned to
hinges with rotations corresponding to Limit States. The meaning of
these numbers for beams is as follows: (0) Damage Limitation (6<86,),
(1) Significant Damage (6,<6<0.756,), (2) Near Collapse (0.750,<6<
6.), and (3) Collapse (6,<6). For columns (fiber sections), numbers 0-
2 are assigned to fiber sections which showed yielding (1) or collapse
(2). For the sections retrofitted with SRP, (0*) corresponds to an
intermediate situation in which yielding of steel reinforcement is

produced but SRP failure is not attained.

The damage level of the panel zone is identified with the number

0 or with letters A-C. The meaning is as follows: (0) means no
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damage (elastic), (A) joint shear cracking, (B) maximum joint
strength attained and (C) maximum joint strength overpassed more

than 25%.

0 0 0 0 0 0 0 0
%o ‘ ol %o ‘ ol 1o ‘ ol %o ‘ 0l °
0 0 0 0 0
0 0 0 0 0

1 0 0 0 0 0 0 1
Al ‘ ol Ao ‘ ol Ao ‘ ol Ao ‘ 1 A
I I I I I
1 1 1 1 1

1 1 1 1 1 1 1 1
Al ‘ 1| Ao ‘ 1| Ao ‘ 1| Ao ‘ A
0 I I I 0
0 0 0 0 0

1 1 1 1 1 1 1 1
Alo ‘ 1| Blo ‘ 1| Blo ‘ 1| Blo ‘ 1| A
0 0 0 0 0
0 0 0 0 0

1 1 1 1 1 1 1 1
Al ‘ i Ao ‘ 1 Ao ‘ 1| Ao ‘ A
0 0 0 0 0
0 0 0 0 0

1 1 1 1 1 1 1 1
Alo ‘ 1 Ao ‘ 1 Ao ‘ 1| Ao ‘ 1] °
0 0 0 0 0
0 0 0 0 0

Fig. 5.13: Collapse mode of the original main frame.
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Al ‘ 1| Ao ‘ 1| Ao ‘ 1| Ao ‘ A
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1 1 1 1 1 1 1 1
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Fig. 5.14: Collapse mode of (a) the main frame retrofitted with
SRP/FRP at internal columns of 5th floor and (b) the main frame
retrofitted with SRP/FRP at internal columns of 5th floor and FRP at

external columns of 1st floor.
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Table 5.3: Properties of the main frame

Story ki 16y s 6ui® Vibration modes
kN/cm cm cm
(%) (%) [ B E 1y #s P
6 74.90 2.25  0.24 6.76 1.00 1.00 -0.98 -0.46 0.16 0.01
5 56.61 3.04 0.12 14.07  0.89 0.25 0.85 1.00 -0.55 -0.07
4 66.70 3.58  0.11 7.44 0.72 -0.53 1.00 -0.51 1.00 0.25
3 74.35 3.87 0.10 7.15 0.53 -0.89 -0.20 -0.62 -0.92 -0.62
2 82.09 3.90 0.09 6.56 0.33 -0.80 -0.95 0.44 -0.05 1.00
1 114.45 292  0.07 4.39 0.15 -0.41 -0.70 0.65 0.84 -0.93
2=3.15 Period (s): 222 0.80 046 031 023 015
Table 5.4: Design of dampers for far-field design earthquake
Predicted displacements Dampers
Tr = 475years Tr = 95years Tr = 2475years Far-field earthquake
Story Omi  Accept. Omi Accept. Omi Accept. ski o7 sQyi
’ cm criteria cm  criteria cm  criteria kN/cm kN
(%) (%) (%)
6 22 <50 0T o5y 381 o s 927.36  0.63 446.97
(0.72) (0.25) (1.23)
5 0 2 <50 08 g5y 43T o 50 133830 047 681.32
(0.82) (0.27) (1.41)
4 328 <50 LI g5y 560 o se 115016 0.36  784.61
(1.06) (0.36) (1.81)
300 369 <50 126 g5y 629 o 50 111878 030 865.95
(1.19) (0.41) (2.03)
2 370 <50 1260 g5y 630 o 50 125347 026 970.53
(1.19) (0.41) (2.03)
1 265 <50 089 g5y 452 o 500 207954 0.25 112875
(0.76) (0.25) (1.29)

n:6504, Vimar=0.186
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Story ki $O sQyi
kN/cm kN
6 1022.53 0.67 474.77
5 1287.18 0.50 718.67
4 1055.86 0.38 827.93
3 981.10 0.31 913.98
2 1109.99 0.28 1024.48
1 1885.29 0.27 1191.51
1=5.263
Vima=0.188

Table 5.5: Design of dampers for near-fault design earthquake

Table 5.6: Predicted displacements for near-fault design earthquake

Strengthening Tr = Tr = Stren. Tr =
5% floor 475years 95years 51 & 2475years
1t fl.
ki 10y + 10l Om,i Acc. Om,i Acc. 70u’+ Om,i Acc.
kN/cm Apbyi Crit. Crit. Asbui Crit.
cm cm cm cm cm
(%) (%) (%) (%) (%)
6 7506 224, 2.8 <6’ 0.68 <0.5% 6.78  4.68 <6’
' 0.72) 7 (0.70) +46 (0.22) P (219)  (151) 4G
3.29 2.78  <0i" (.83 546  6.02 </’
5 55.97 0.13 <0.5%
? (1.06) (0.90) +AB,  (0.27) CLT6)  (1.94) FAGu
4.10 3.78 <O 116 9.89 815 <s0u
4 6237 0.12 <0.5%
(1.32) (1.22) +A%  (0.37) ©(3.19) (2.63) +Adu
4.62 442 <6 1.36 1424 949 </
3 66.89 0.11 <0.5%
(1.49) (1.43) +4A0,  (0.44) ©(459)  (3.06) +Adu
o rasg YO0 g 439 9135 1539 043 <O
PV as) T (141) A (044) S0 (4.96)  (3.04) +Adu
T X A X <0 0.93 oy 1581 661 <6t
' 0.96) ~ (0.88) 4D, (0.27) P (437) (1.89) FA0u

21=2.93
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5.3.2 Design of the strengthening solution with SRP/FRP

As explained before, two strengthening solutions were considered
for the near-fault records: (i) the internal columns at 5™ floor were
strengthen with SRP/FRP for the analyses corresponding to return
periods Tr=95, 475years and (ii) the external columns 1% floor were

retrofitted with CFRP, for the return period Tr=2475years.

The strengthening solution with SRP/FRP has been designed to
increase the flexural strength of section C8 (corresponding to internal
columns at fifth floor, as referred in Fig. 5.1). At this floor, internal
columns have a yielding rotation lower than the external ones (see
Fig. 5.6). Experimental tests showed that retrofitting a reinforced
concrete element with SRP can increase its flexural strength more
than 40% (Cuzzilla, Di Ludovico, Prota, & Manfredi, 2011) or even
over 100% (Huang, Birman, Nanni, & Tunis, 2005). Fig. 5.15 shows
the retrofitting solution consisting on placing SRP wire stripes at each
side of the retrofitted section and wrapping the section with CFRP to

avoid the buckling of the SRP spikes (Cuzzilla et al., 2011).

CFRP wrapping
2x3.8cm SRP stripes (Aq=106)

Unconfined concrete Confined concrete

SE e i

a) 30— b) 30

77222% 222,
Yy

)

Fig. 5.15: Section C8 (a) and SRP/FRP retrofitting scheme (b)
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The increase in flexural strength of the retrofitting solution was
evaluated numerically through moment-curvature analysis on a fiber
section (Fig. 5.16). To this end, a minimum equivalent load-resistant
area of SRP equal to A.,=28.26mm2 (=1¢6) was considered at each
side of the section. This value of equivalent load-resistance area can
be attained by placing two bands of 38mm-width of mono-directional
steel fibre fabric (Mapei, 2010) with a load-resistant area per unit of
width equal to 373.80 mm2/m. The constitutive material of SRP wire
stripes was considered to be linear elastic, with elastic modulus
E~=190000MPa, maximum tensile strength of 2845MPa and zero-
compression strength (as a safe-side approach, although buckling is
avoided by the CFRP wrapping). These constitutive properties are
similar to those defined in previous literature (Cuzzilla et al., 2011;
Huang et al., 2005; Mapei, 2010). However, the maximum tension
strain was limited to e = 1.2% to account for delamination failure. In
this sense, a first approach was done by using the first member of Eq.
4.19 of CNR DT 200/2004 (2004), efd=min[na£—fk;£fdd}, where e =

Vs
1.6% is the characteristic strain at failure of the strengthening system,
yr=1.1 and 5,= 0.85 are the coefficients defined in Table 3-2 and Table
3-4 of CNR DT 200/2004 (2004) for certified strengthening systems,
rupture failure mode and external exposure condition; and &g is the
maximum strain due to intermediate debonding. To increase the
maximum design strength, &4, additional CFRP wrapping is disposed

over the SRP wire stripes (as shown in Fig. 5.15). It is worth
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mentioning that maximum SRP strain recorded in the nonlinear time
history analyses was 0.9%. However, further research needs to be
done in order to determine experimentally the maximum design
strength of the proposed solution, which is out the scope of the
present study. On the other hand, bond length equal to the optimal

bonded length CNR DT 200/2004 (2004) is also defined

Et
I = #=133mm[lengthinmm], were ¢ =0.37mm is the thickness

ctm
of the SRP and f.,=2.02MPa is the average tensile strength of the

concrete (EHE-08, 2008).

CFRP wrapping was also designed to avoid the buckling of the
longitudinal SRP wire stripes by using the following equation (CNR-

10nd

DT 200/2004, 2004; Dolce & Manfredi, 2011), t, =

¢ =0.026mm

FRP
where n=2 is the number of longitudinal reinforcement subjected to
buckling, d=300mm is the size of the cross section parallel to the
bending plane and Erprp=230000MPa is the Young modulus of CFRP

reinforcement (Dolce & Manfredi, 2011; Huang et al., 2005).

Constitutive properties of the concrete material for the retrofitted
section were also modified, to account for the confinement effect of
the CFRP wrapping. With this purpose, the constitutive law of
confined concrete defined in Appendix D of CNR-DT 200/2004 (2004)
was assumed. First, the design ultimate strain of confined concrete,

Eccus Was calculated as in CNR-DT 200/2004 by using the following
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equation: £ =0.0035+0.015 fl—e/f =0.0048, where f; .5 is the effective

cd
confinement pressure and f,=17.5MPa is the design strength of
unconfined concrete. The effective confinement pressure is calculated
as fiep =kes fi, where kg =0.55 is a coefficient of efficiency and
fi=0.25MPa is the confinement lateral pressure (a detailed description

can be found in CNR-DT 200/2004. Second, the tangent modulus is

calculated as Et=@=372.56MPa, where f.. =19.30MPa is the
design strength of confined concrete, calculated in
f 2/3

el =1+2.6] =L | . This constitutive law was also used for the

cd cd

retrofitted section of external columns at first floor, as a minimum

approach.

Moment curvature analysis of the retrofitted section are shown in
Fig. 5.16. Pushover results of the retrofitted solution, are shown in
Fig. 5.10 and Fig. 5.11. At fifth floor, the total increase in flexural
strength of 7%, was proved sufficient to avoid the collapse of fifth
floor, thus increasing the overall deformation capacity of the frame.
The corresponding bilinear approximation and the attained values of
10,i"+ Ad,i are also shown in Fig. 5.10 and Fig. 5.11. The increment of
/0, attained by this minimum reinforcement was enough to find a
solution for the design of the dampers such that (5, < 0"+ 4,),

satisfying the acceptance criteria for Tr=475 years, as shown in Table
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5.5. At ground floor, the minimum CFRP wrapping considered was

proved enough to satisfy the acceptance criteria for Tr=2475 years

shown in Table 5.5, (9 < 0,°+ Aui)-

b)

Moment (kN)

Moment (kN)

100
90 |
80
70|
60
50 -|
40
30|
20 |
10 -

Original section
- - - Section strengthen with SRP+FRP.

0

250
200;
150;
100;

50

10.025 0.050 0.075 0.100 0.125
Curvature (rad)

Original section
- - - Section strengthen with FRP

10.025 0.050 0.075 0.100 0.125
Curvature (rad)

Fig. 5.16: Moment-curvature analyses on a fiber section for (a) the
internal columns at 5th floor strengthen with SRP and FRP and (b) the
external columns at 1st floor strengthen with FRP.
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5.4 Nonlinear dynamic response analyses

A series of non-linear dynamic response analyses were carried out
with the frame equipped with hysteretic dampers and strengthened
with FRP/SRP. To this end, two sets of 20 natural acceleration
records were compiled from the PEER NGA-West2 database (Pacific
Earthquake Engineering Research Center, 2013): (a) records taken in
the near fault region with source-to-site distance D; < 12 km and (b)
records with Dy > 12 km. The intervals were defined according to
(Decanini & Mollaioli, 1998, 2001), who consider the interval D; <
5km as proper to the near-fault area, and the interval bkm< Dy <
12km as proper of sites where the effect of the closeness of the seismic
source can still be significant. In particular, the closest distance from
the recording site to the rupture plane Dy is used, since the epicentral
distance D. is considered to have a low correlation with the ground
motion characteristics (Decanini & Mollaioli, 1998). Each set of
records was subdivided into two sub-sets. The first set of records with
Dy < 12 km was subdivided into (a.l) pulse-like and (a.2) no-pulse
like records. This characterization was made according to the
information provided by the PEER database (Pacific Earthquake
Engineering Research Center, 2010, 2013), except for Lorca record,
which was analyzed by (Rueda Nunez, Mezcua Rodriguez, & Garcia
Blanco, 2013). As for the second set of records, it was ordered by I,
establishing two sub-sets: (b.1) I,>9 and (b.2) [,<9, being I,=9
considered for the design of the dampers.
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First, a selection of records was performed from the PEER
database by comparing the spectral shape of the selected signals (see
Annex A) with the design inelastic energy spectra, near the periods of
interest (Bommer & Acevedo, 2004). For this purpose (EN 1998-
1:2004, 2004), the range between 0.2T; and 2T, was considered, where
T; is the fundamental period of the structure (approximated here as
the fundamental period of the flexible part ;T =2.22s). In particular,
special care was taken to select signals with T¢ similar to the design

spectra T¢=0.40s.

Second, the empirical relation proposed by Fajfar, Vidic, &
1%

Fischinger (1990), T, =4.3—%, was used to calculate the initial period
a!]

of medium period region in the Newmark-Hall spectrum, 7Twu, where

v, is the peak ground velocity and a, is the peak ground acceleration.

This expression is adequate to describe elastic structural behavior

T
(Fajfar et al., 1990). Here, it is used to calculate the ratio — (for

NH
T<Tyu) that characterizes the elastic response in the formula of
equivalent number of cycles proposed by Manfredi (2001). It is worth
recalling that the plastic response in Manfredi’s expression (Eq. 4.15)
is completely represented by (R-1) (Manfredi, 2001). Since the
predominant period of the ground motion, T¢, is considered to be
similar to the initial period of medium period region in the Newmark-

Hall spectrum, Tygm, the selected records have an averaged value of
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Tny similar to the considered T =0.40s (Cosenza & Manfredi, 2000;
Fajfar, Vidic, & Fischinger, 1992). For the fist set of records (D; < 12
km) the averaged value of Tyy is 0.51s, ranging between 0.21 and
1.06s; and for the second set of records (D; >12 km), the averaged
value of Twg is 0.33s, ranging between 0.18 and 0.55s. Third, signals
with similar I; were selected. For the ground motions with Dy < 12, I,
varies between 2.08 and 4.94, with an averaged value I, = 3.45 and
around the design value, [; = 3. For the ground motions with D; >
12, I; varies between 6.77 and 12.83, with an averaged value I; = 9.20
and around the design value, I, = 9. Fourth, as recommended by
Bommer & Acevedo (2004), the selection of earthquakes was also
based on a particular earthquake scenario. In this sense, similar
magnitude and site conditions were also considered. The magnitude
(M.,) of the selected signals ranged between 5.10 and 7.51, around the
expected maximum magnitude for the site of Granada: 6.7+0.4
(Instituto Geografico Nacional, 2012). In addition, for the far-field set
of records (D >12 km), soil conditions were restricted to medium soil,
type C (180 m/s < vy < 360 m/s) (EN 1998-1:2004, 2004), as
considered before for the design energy spectrum. To this end, the
average shear wave velocity of top 30 meters of the site, v, is used
when available (Pacific Earthquake Engineering Research Center,
2013). For the near-fault set of records (Dy <12 km), a wider selection

had to be made, ranging between 206 and 792 m/s.
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In addition, the selected signals with Dy < 12 have the following
characteristics: PGA ranges between 0.09¢ and 0.83g, PGV is
between 7.95cm/s and 113.08cm/s. As for the selected signals with
Dy > 12: PGA ranges between 0.08g and 0.45g, PGV is between
3.84cm/s and 33.89 cm/s. The selected signals and their

characteristics are summarized in Tables IT and III.

Finally, scaling factors were applied in an iterative process, so
that the total energy input contributable to damage expressed in
terms of equivalent velocity was Vpnw— 984+2.45 cm/s at the end of
the nonlinear time-history analysis (thus compensating mismatches

with the earthquake magnitude, distance or soil conditions).
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Table 5.7: Selected pulse-like ground motions with Dy < 12 km
Earthquake Year Station M, Dy PGA PGV i Tve Viso
(Km) (g)  (cm/s) (s) (cm/s)
Kobe, Japan 1995 Takarazuka 6.90 0.27 0.70 68.37 4.10 0.43 312.00
Coyote Lake 1979 Gilroy Array #2 5.74 9.02 0.26 31.92 3.99 0.55 270.84
Loma Priet: 1989 Gil - Histori
oma Freta ROV S HISIONC 6 93 10.97 0.20 43.37  3.71 0.67 308.55
Bldg.
Darfield, New 2010 LINC
7.00 7.11 0.46 108.69 3.42 1.03 263.20
Zealand
Kocaeli, 1999 Gebze
7.51 10.92 0.26 44.60 3.00 0.75 792.00
Turkey
Kalamata, 1986 Kalamata (bsmt)
. 540 5.60 0.26 24.57 2.91 0.41 382.21
Greece-02 (2nd trigger)
Parkfield-02, 2004 Parkfield - Stone
6.00 3.79 0.83 39.77 2.83 0.21 260.63
CA Corral 1E
lvad 1 tech Investi
San Salvador 1986 Geotech Investig o ¢ 0 70 7988 2.81 0.50 489.34
Center
Lorca 2011 Lorca 5.10 --* 0.37 34.88 2.62 0.42 --*
I ial 1 El tro A
Hperia 979 El Centro Array o o0 56 047 113.08 2.08 1.06 210.51
Valley-06 #7

* Data not available.
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Table 5.8: Selected non-pulse like ground motions with Dy < 12 km

Earthquake Year Station M, Dy PGA PGV I, Tna Vs
(Km) (g) (cm/s) (s) (cm/s)
Parkfield 1966 Cholame -
Shandon 6.19 9.58 0.44 25.04 4.94 0.25 289.56
Array #5
Morgan Hill 1984 Halls Valley 6.19 348 0.31 39.32 4.52 0.55 281.61
Duzce Turkey 1999 Duzce 7.14 6.58 0.51 84.19 4.30 0.72 281.86
Managua 1972 Managua
. 520 4.98 0.26 25.39 4.09 0.42 288.77
Nicaragua-02 ESSO
Coalinga-07 1983 Coalinga-14th
& Elm (Old 521 10.89 0.68 3547 3.77 0.23 286.41
CHP)
Coalinga-05 1983 Coalinga-14th
& Elm (0Old 577 10.78 0.52 29.58 3.41 0.25 286.41
CHP)
Imperial 1979 El Centro 6.53 3.86 0.61 5446 313 0.39 206.08
Valley-06 Array #8 ' ' ' o ' ' '
New Zealand- 1984 Turangi
01 Telephone 550 8.84 0.15  9.34 296 0.28 356.39
Exchange
Erzican 1992  Erzincan
6.69 4.38 0.50 78.12 2.94 0.69 352.05
Turkey
Drama Greece 1985 Drama 520 11.61 0.09 7.95 2.91 0.41 324.55
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Table 5.9: Selected ground motions with Dy > 12 km and I;>9
Earthquake Year Station M, Dy PGA PGV I, Tnvu Vs
(Km) (g) (cm/s) (s) (cm/s)
Tabas Iran 1978 Boshrooyeh 7.35 2879 0.11 13.30 12.83 0.55 324.57
Northern 1975 Femndale City - 00 1900 000 6.30 12.32 030 219.31
Calit-07 Hall > ' ' ' el '
Friuli Ttaly-01 1976 Codroipo 6.50 33.40 0.09 8.05 11.43 0.39 249.28
Hollister-01 1961 Hollister City
©5.60 19.56 0.11 9.88 11.15 0.38 198.77
Hall
Taiwan 1981 SMARTLI06 - 00 9640 000 471 1054 023 30941
SMART1(5) 5. . . . . . .
Coalinga-01 1983 Parkfield -
6.36 43.68 0.09 11.29 10.27 0.54 326.64
Cholame 1E
Imperial 1979 Compuertas
6.53 15.30 0.19 13.77 9.98 0.32 259.86
Valley-06
San Fernando 1971 Whittier
6.61 39.45 0.11 10.55 9.63 0.43 298.68
Narrows Dam
Coyote Lake 1979 San Juan
Bautista 24 5.74 19.70 0.11 7.11 9.22 0.28 335.50
Polk St
Victoria 1980 SAHOP Casa
. 6.33 39.30 0.10 8.51 9.05 0.37 259.59
Mexico Flores
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Table 5.10: Selected ground motions with Dy > 12 km and 1,<9

Earthquake Year Station M, Dy PGA PGV I, Tna Vs
(Km) (g) (cm/s) (s) (cm/s)
Trinidad 1980 Rio Dell
7.20 76.26 0.15 8.75 8.51 0.26 311.75
Overpass - FF
Westmorland 1981 Niland Fire
. 590 15.29 0.18 7.56 8.32 0.19 212.00
Station
Northwest 1951 Ferndale City 580 53.77 0.1l 786 814 031 219.31
Calif-03 Hall > ' ' e '
Northern Calif- 1941 Ferndale City
6.40 44.68 0.12 6.76 8.00 0.24 219.31
01 Hall
Kobe, Japan 1995 Shin-Osaka 6.90 19.15 0.23 21.80 8.00 0.41 256.00
Parkfield 1966 Cholame -
Shandon 6.19 1290 0.27 11.36 7.91 0.18 256.82
Array #8
Northern Calif- 1960 Ferndale City
5.70 57.21 0.08 3.84 7.73 0.22 219.31
04 Hall
Cape 1992 Fortuna Fire
. . 7.01 2041 0.33 33.89 7.39 0.45 355.18
Mendocino Station
Anza (Horse 1980 Rancho De
5.19 21.32 0.09 5.94 6.85 0.28 329.00
Canyon)-01 Anza
Northridge-01 1994 LA -
6.69 28.30 045 20.23 6.77 0.20 321.91

Centinela St
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5.4.1 Results

The frame with dampers and FRP/SRP strengthening designed
for each design earthquake (i.e. near-fault and far-field) was subjected
to the corresponding set of acceleration records. The results of the

analyses are shown in Figs. 5.17 to 5.52.

5.4.1.1  Maximum interstory drift

Figs. 5.17 to 5.22 show the maximum interstory drift, J; for each
floor in percentage of the story height, IDR. The bold dash-dot line
shows the interstory drift ;0,; —in percentage of the story height,
ADR,. The line with blue triangles shows the maximum predicted
interstory drift in percentage of story height, IDR,cgictea. The lines
with symbols correspond to numerical simulations carried out with

different records.

In all cases with Tz=475years (Fig. 5.17 and Fig. 5.18), the
maximum interstory drift obtained from the response analyses
remains mostly below the maximum allowed drift for this return
period, which coincides with JZDR,. It is worth mentioning that while
no significant difference is observed between pulse or no-pulse records
for the case of near-fault records, a difference is observed between the
two sub-sets of far-field records, being those with higher I, the ones

with lower response values.
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Fig. 5.19 and Fig. 5.20 show the results for Tz=95years. The blue
dot line with cross symbol expresses the maximum allowed drift for
this return period, IDR = 0.5%. In cases corresponding to far-field
records (Fig. 5.20), response values remain the maximum allowed
drift. In cases corresponding to near-fault records (Fig. 5.19), and
specially for pulse-like records (Fig. 5.19.a), intermediate floors, 3™
and 4™ exceed the predicted values, but remained under 0.75% and

far away from JDR,.

Fig. 5.21 and Fig. 5.22 show the results for T3=2475years. The
blue cross symbol expresses the maximum allowed drift for this return
period, JDR, In most cases, response values remain under the
predicted values. In three cases of pulse-like records (Fig. 5.21.a),
lower floors exceed the predicted values but remained far away from

the maximum allowed drift, JDR..
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Fig. 5.17: Maximum interstory drift for Tr= 475years and ground
motions with Dy < 12 km, (a) pulse-like and (b) non-pulse like
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Fig. 5.18: Maximum interstory drift for Tr= 475years and ground
motions with Dy> 12, (a) I;>9 and (b) 1,<9
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Fig. 5.19: Maximum interstory drift for Tr= 95years and ground motions
with Df < 12, (a) pulse-like and (b) non-pulse like
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Fig. 5.20: Maximum interstory drift for TR= 95years and ground
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Fig. 5.21: Maximum interstory drift for TR= 2475years and ground
motions with Df < 12 km, (a) pulse-like and (b) non-pulse like
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Fig. 5.22: Maximum interstory drift for Tg= 2475years and ground
motions with Df > 12 km, (a) Id>9 and (b) Id<9
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5.4.1.2  Shear failure detected by postprocessing analysis results

As explained before, two verifications were carried out by
postprocessing analysis results: (1) “brittle” failure mode (EN 1992-1-
1:2004, 2004) and (2) “ductile shear” failure, which only occurs under
cyclic loading (EN 1998-3:2005, 2005; Fardis, 2009). Shear failure was
detected in columns of pier 2 and 4 at third floor, for some analyses
corresponding to Tr=2475years, even if the angle between the
concrete compression strut and the member axis, is considered as the
minimum recommended by EN 1992-1-1:2004, i.e. 22°. These columns
were constructed with section C4, as referred in Fig. 5.1. As shown in
Table 5.2, this section has the greatest spacing of stirrups, s,=30cm,
of the floor. Maximum values attained and computed values of shear
resistance are shown in Table 5.11. For this members, CFRP
wrapping should be designed, in order to increase their shear capacity

(EN 1998-3:2005, 2005).
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Table 5.11: Shear failure detected by postprocessing analysis results for

Tr=2475years (units in kN)

. . Brittle
Ductile failure .
failure
. A.3.3.1. Ec8-
Columns at third floor EC2
Part3
Earthquake Vinaz . Vinaz . Vr.auetiie VR ductit
. Failure . Failure . i

name Pier Pier Pier2 .Pierd
Lorca 114.22 brittle 107.96 - 170.70 200.10
Kobe 86.55 - 111.53  brittle 95.07 185.40

. Pulse Kocaeli 110.20 brittle  88.59 - 180.30 101.60 108.76
N§ Parkfield 118.26 brittle  90.26 - 179.40 197.20
LE Kalamata 110.37 brittle 110.68 brittle 183.60 195.70

S

g Coalinga-05 83.35 - 119.70  brittle 93.80 188.60

No  Coalinga-07  109.31 brittle 76.39 - 196.40  86.75 108.76

pulse Erzican 104.76 - 112.37 brittle 189.60 188.70 '

Managua 103.10 - 116.88 brittle 188.10 170.30
% Kobe 94.43 - 111.99 brittle 184.90 180.20

= Anza (Horse , 108.76
S 114.53 brittle 92.59 - 183.20 100.20

R Canyon)-01

5.4.1.83 Maximum joint shear detected

results

by postprocessing analysis

Table 5.12 resumes the elements that attained the moment, Mz

4cr, corresponding to the maximum joint shear strength, Vg acr,

(surpassing it no more than a 2.5%). It only occurred for the

nonlinear time history analyses with Tr=2475years and near fault

records. Not any element exceeded this limit over a 2.5% during the

numerical simulations described in section 7.5, as shown in the sixth

column. Position of the elements is described according to Fig. 5.1.
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Table 5.12: Maximum joint shear detected by postprocessing analysis

results for Tr=2475years and near fault records (units in kN)

Earthquake name Position Mjmer  Miract % exceeded

(kN m) (kN m)

Second floor — left
Lorca 145.70  144.06 1.14

external joint

Second floor — left
Pulse Coyote Lake . 147.14  144.06 2.14
external joint

Imp. Valley-06 Second floor — left

. 144.53  144.06 0.33
#7 external joint
No . Second floor — right
Morgan Hill . 144.19 144.06 0.09
pulse external joint

5.4.1.4 Normalized cumulative plastic strain energy, 3,

Figs. 5.23 to 5.28 show the variation of #; The continuous line
with blue triangles shows the predicted value of #;. The lines with
symbols correspond to numerical simulations carried out with
different records. The discontinuous line with white triangles shows
the mean value of #;, computed over the numerical simulations shown
in the graph. It can be seen that the mean value of the #; obtained in

the dynamic response analyses is very close to the predicted value.
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Fig. 5.23: Variation of #; for Tg= 475years and ground motions with Dy

< 12 km, (a) pulse-like and (b) non-pulse like

225



Seismic behavior of existing RC frames and its seismic upgrading using EDDs

—A— 771, predicted
—B— Tabas

—0— N CA-07
—A— Friuli

—>— Hollister-01
—J— Taiwan

—fB— Coalinga-01
—&— Imp. Valley-06
—4—S. Fernando
—<— Coyote Lake
—<t— Victoria

i, mean

Floor (i)

—A— g

i, predicted
_A_ ’7/ mean

—— Trinidad

—O— Westmorland
—A— NW CA-03
—>— N CA-01
—J— Kobe

—iB— Parkfield
—&— N CA-04
—A— C. Mendocino
—3— Anza-01
—<f— Northridge-01

Floor (i)

Fig. 5.24: Variation of #; for Tp= 475years and ground motions with Dy
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Fig. 5.25: Variation of #; for Th= 95years and ground motions with Df<
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Fig. 5.26: Variation of #; for Tp= 95years and ground motions with D>
12 km, (a) I;>9 and (b) I;<9
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Fig. 5.27: Variation of #; for Tr= 2475years and ground motions with Dy
< 12 km, (a) pulse-like and (b) non-pulse like
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Fig. 5.28: Variation of #; for Tr= 2475years and ground motions with Dy
> 12 km, (a) I;>9 and (b) Ii<9
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5.4.1.5 Maximum plastic deformation ratio, .,

Figs. 5.29 to 5.34 show the variation of u,; The continuous line
with blue triangles shows the predicted value of g, The lines with
symbols correspond to numerical simulations carried out with
different records. It can be seen that the actual ductility demand
characterized with un . obtained in the dynamic response analyses, is
in most cases lower than the prediction. It can be also observed that
the responses for TR=95 years are very stable (i.e. the derivations
from the mean are small), and the prediction is close to the mean

value.
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Fig. 5.29: Variation of pn,; for Tr= 475years and ground motions with Dy
< 12 km, (a) pulse-like and (b) non-pulse like
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Fig. 5.30: Variation of py,; for Tr= 475years and ground motions with Ds
> 12 km, (a) I;>9 and (b) Ii<9
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Fig. 5.31: Variation of u,; for Tr= 95years and ground motions with Dy
< 12 km, (a) pulse-like and (b) non-pulse like
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Fig. 5.32: Variation of u,; for Tr= 95years and ground motions with Dy
> 12 km, (a) I;>9 and (b) Ii<9
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Fig. 5.33: Variation of u; for Tr= 2475years and ground motions with
Ds< 12 km, (a) pulse-like and (b) non-pulse like
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Fig. 5.34: Variation of u,; for Tr= 2475years and ground motions with
D> 12 km, (a) 1;>9 and (b) 1,<9
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5.4.1.6  Equivalent number of plastic cycles, ne;

Figs. 5.35 to 5.4 show the variation of ne=#:/tm. The continuous
line with blue triangles shows the predicted value of n.;. The lines
with symbols correspond to numerical simulations carried out with
different records. It can be observed that the values of #;/un,; used in
the design procedure (i.e. the predicted #i/un:) are approximately a
lower bound of the actual values provided by the dynamic response
analyses. This means that the prediction of the ratio #:/um; adopted

for the procedure is on the safe side.
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Fig. 5.35: Variation of #;/un,; for Trg= 475years and ground motions with
Dy < 12 km, (a) pulse-like and (b) non-pulse like
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Fig. 5.36: Variation of #;/um,; for Trg= 475years and ground motions with
D> 12 km, (a) I;>9 and (b) Ii<9
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Fig. 5.37: Variation of 5;/u.,: for Tpg= 95years and ground motions with
Dy< 12 km, (a) pulse-like and (b) non-pulse like
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Fig. 5.38: Variation of 5;/u,,: for Tpg= 95years and ground motions with
D> 12 km, (a) 1;>9 and (b) 1,<9
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Fig. 5.40: Variation of #;/um: for Trg= 2475years and ground motions
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5.4.1.7 Fraction of plastic strain energy dissipated by the dampers in
relation to the total plastic strain energy dissipated at each
floor, (En/Ep;

Figs. 5.41 to 5.46 show, for each story, the fraction of energy
dissipated by the dampers in relation to the total energy dissipated at
each floor (i.e. by the dampers and by the main frame), (E;/E). The
dash dot blue line shows the maximum relative value of 1. The lines
with symbols correspond to numerical simulations carried out with
different records. In all cases, it can be seen that most of the
“damaging” plastic strain energy is dissipated by the dampers

(between 85% and 100% approximately).
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Fig. 5.41: Variation of En/Ey; for Tr= 475years and ground motions
with Dy< 12 km, (a) pulse-like and (b) non-pulse like
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Fig. 5.43: Variation of ;Eu/E; for Tr= 95years and ground motions with
Dy < 12 km, (a) pulse-like and (b) non-pulse like
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Fig. 5.44: Variation of ;Eu/E; for Tr= 95years and ground motions with
D> 12 km, (a) I;>9 and (b) Ii<9
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Fig. 5.45: Variation of ;E/En for Tr= 2475years and ground motions
with Dy < 12 km, (a) pulse-like and (b) non-pulse like
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Fig. 5.46: Variation of ,E/E for Tr= 2475years and ground motions
with Dy > 12 km, (a) 1,>9 and (b) I,<9
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5.4.1.8  Fraction of plastic strain energy dissipated by the dampers in
relation to the total plastic strain energy dissipated by the

whole structure, En/Ep,

Figs. 5.47 to 5.52 show, for each story, the fraction of plastic
strain (hysteretic) energy dissipated by the dampers in relation to the
total plastic strain (hysteretic) energy dissipated by the whole
structure, (£,/E. The continuous line with blue triangles shows the
predicted value of (E,/E;. The lines with symbols correspond to
numerical simulations carried out with different records. The
discontinuous line with white triangles shows the mean value of
sEn/En, computed over the numerical simulations shown in the graph.
It can be observed that the distribution curve assumed in the
proposed procedure (i.e. the curve called “Predicted”) is very close to

the mean curve obtained from the dynamic response analyses.
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Fig. 5.47: Variation of ;Ej/Ew for Tr= 475years and ground motions
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Fig. 5.49: Variation of ;Eu/Ew for Tr= 95years and ground motions with
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Fig. 5.50: Variation of ;Eu/Ew for Tr= 95years and ground motions with
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Fig. 5.51: Variation of ,Ej;,/En for Tr= 2475years and ground motions

with Dy< 12 km, (a) pulse-like and (b) non-pulse like
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Fig. 5.52: Variation of ,Ej;,/En for Tr= 2475years and ground motions
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1.

Conclusions

The present Thesis has investigated a retrofitting solution
for under-designed RC frame buildings that combines
hysteretic-type energy dissipation devices (dampers) with
member strengthening by means of composite materials
(FRP and SRP). The dampers are installed like
conventional diagonal braces (brace-type hysteretic
dampers). Adding energy dissipation devices provides the
structure not only the strength and deformation necessary
to ensure life safety, but also the supplemental energy
dissipation capacity required to reduce structural and non-
structural damage. However, when retrofitting an under-
designed RC frame structure with brace-type hysteretic

dampers, two particular problems have been identified: (i)
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the connection of the brace-type dampers with the existing
frame is a matter of major concern, since the steel brace
may develop high axial loads; and (ii) the existing main
frame may not have enough lateral deformation capacity
for the dampers to deform in the plastic range and to
develop efficiently their inherent energy dissipation
capacity.

A new solution for connecting concentric braces to beam-
column joints of existing reinforced concrete frames has
been proposed, suitable for connecting either a
conventional concentric steel brace or a brace-type
hysteretic damper. The connection consists of two shear-
key steel plates fixed to the concrete with anchor bolts,
and a device for minimizing the friction between these
shear-key plates and the end-plates of the brace. The
addition of a low-friction device practically eliminates
tension forces on the anchor bolts and reduces bending
moments on the shear-key plates. As a result, thinner
plates without stiffeners can be used as shear-key plates;
brittle failure modes on the anchors are avoided; and
reduced number of anchors and effective anchorage depth
are required.

A 3D finite element model has been developed to clarify:
(1) the influence of initial gaps, ¢, between the shear-key

plates and the end-plate of the brace, and (2) the thickness
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of the Teflon sheets, #. The performance of the proposed
connection was satisfactory for all combinations of ¢, and
t.. The thickness of the Teflon sheets, #, showed no
influence on the behavior, whereas the initial gap, ¢,
increased the lateral displacement required to mobilize the
damper, although this was relatively small even for the
largest value of t, considered.

4. Execution provisions have been proposed for the new
brace-frame connection, which are summarized as follows:
(1) a clearance up to 2mm shall be allowed between the
diameter of the holes and the diameter of the anchor bolts,
and this clearance should be filled with epoxy or high
strength cement grout; (2) the width ¢, of the initial gap
between the shear-key plates and the end-plate of the
brace must be less than 2mm and must satisfy the limits
established from the geometrical relationships described
between the thickness of the shear-key plate and the
relative distance t, This ensures that he thickness of the
shear-key plates is large enough to remove the risk of the
brace “running away”, when it is subjected to high axial
tension forces. In addition, the flexural deformations of
beams and columns have a beneficial fastening effect when
the damper is in tension that also reduces this risk.

5. Design criteria of the brace-frame connection have been

proposed. Expressions for the shear and axial forces acting
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on each anchor, and the bending moment acting on the
fixture, have been derived by decomposing the maximum
axial force developed by the brace. However, the proposed
beam-frame connection cannot be applied if the quality of
the concrete is too poor, and thus, the anchorage of the
shear-key plate to the concrete members cannot be
guaranteed.

The efficiency and validity of the proposed brace-frame

connection has been evaluated by means of shaking-table

tests conducted on a 3x3x3 m? scaled reinforced concrete
frame retrofitted with brace-type hysteretic dampers. The
main conclusions reached for these tests are as follows:

a. The braces installed with the proposed brace-frame
connection successfully controlled the damage on the
main frame. On one hand, the retrofitted structure
exhibited seismic performance levels of “immediate
occupancy”, for the design ground motions associated
with a mean return period up to 500 years, and of “life
safety”, for more severe earthquakes with longer mean
return periods (1435, 2032, and 2828 years).

b. The RC frame remained basically elastic. It
experienced minor plastic deformations  (small
damage), excluding the bottom ends of the columns
when the structure was subjected to the most severe

earthquakes. For the design ground motions associated
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with a mean return period up to 500 years, the
rotation demand was far below yielding, and the Park
and Ang damage index was very small. During seismic
simulations corresponding to earthquakes with longer
mean return periods (1435, 2032, and 2828 years), the
rotation demand slightly exceeded the yield rotation
and the Park and Ang damage index was very small,
except at the bottom end of the columns.

c. The shear values attained during the tests were
considerably lower than the shear resistance of the
columns calculated without shear reinforcement,
showing that there was no need to increase the global
shear resistance of the existing columns.

d. The sum of the plastic and elastic strain energy
dissipated by the RC frame was negligible in
comparison with the energy dissipated by the EDDs,
as expected.

e. The response of the hysteretic dampers was stable and
the proposed brace-frame connection was effective in
mobilizing the energy dissipation capacity of the
hysteretic dampers. On the other hand, although the
dampers remained elastic for the earthquakes with
mean return periods lower than 500years, the dampers
suffered large plastic deformations for the severe

earthquakes with longer mean return periods.
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f. The damage suffered by the hysteretic dampers was
characterized by the index ID proposed by Benavent-
Climent (2007), showing that the dampers approached
their ultimate capacity at the end of the most severe
simulation (2828 years).

g. The relative movements between the end-plates of the
damper and the beam-column joints to which they
were fastened were negligible.

h. The addition of low-friction material at the contact
surface between the end-plate of the brace and the
horizontal shear-key plate increased the normal stresses
in the latter at the vicinity of the contact surface —in
comparison to the brace-frame connection without low-
friction material. The relative displacements and
rotations were similar, yet small.

7. An energy-based seismic design procedure has been
proposed, based on the method developed by Benavent-
Climent (2011) for the retrofitting of existing RC frame
structures with hysteretic dampers. The new procedure
considers the possibility of locally strengthening the main
frame (e.g. by adding FRP/SRP). This ensures the
existence of a solution for the design of the dampers that
meets the drift requirements at each floor, for different

performance objectives.
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8. The retrofitting solution and the energy-based seismic
design procedure have been validated by means of
nonlinear time history analysis. To this end, an upgrading
solution with hysteretic dampers and local strengthening
with FRP/SRP was designed, by following the proposed
energy-based seismic design procedure. Thus, a six-story
prototype RC frame structure —representative of pre-70
residential buildings was upgraded for different types of
earthquakes (near-fault and far-field), and three levels of
seismic hazard (corresponding to mean return periods 95,
475 and 2475 years). Afterwards, a numerical model
capable of reproducing the performance of the under-
designed RC frame structure, upgraded with the proposed
solution, was developed, and subjected to two sets of 20
natural acceleration records —far-field and near-fault.

a. In general, good agreement was found between the
overall performance obtained from the dynamic
response analysis, and the behavior anticipated in the
design. However, further research should be carried out
in the future to improve the response for the case of
near-fault pulse-like records and high seismic hazard
levels corresponding to Tr=2475years. Future research
should deepen in the consideration of a non-perfectly

elastic flexible part.
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b. As intended in the design procedure, the normalized
cumulative plastic deformation energy (represented by
parameter 7;) was almost constant among the stories,
and the small variations occurred smoothly over the
different floors of the building. This indicated that
there was no concentration of damage. In addition,
although the predicted values of #; varied with respect
to the observed values for the individual simulations,
the average value at each floor level matched
reasonably well the predicted ones.

c. In most cases, the predicted values of the normalized
maximum deformation (represented by parameter i)
were greater than those obtained in the numerical
analyses. The few exceptions occurred in the lower
floors of pulse-like records and Tr=2475years. This
gives a safe-side estimation of the maximum interstory
drift.

d. For most cases, the predicted values of the ratio
Ne,io=1; | tm,; were lower than the observed ones, which
were considered a safe-side approach (since maximum
displacements d,,; were inversely proportional to n.).

e. At each story level, the observed ratio of energy
dissipated by dampers to total energy dissipated in the

story, sEn/Ey: were near 1 for all cases, thus indicating
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that the dampers (stiff-part) dissipated most of the
energy dissipated at each floor.

f.  The ratio of plastic strain energy at each story level to
the total plastic strain energy dissipated by the whole
building, (En/Eun, averaged over the different ground
motions, matched reasonably well the predicted

distribution.
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Recommendations for future work

e Conduct further experimental tests to verify the influence
of some parameters on the performance of the proposed
brace-connection and to further develop practical
application guidelines. In particular, the factors that
require special attention are:

o the strength of the concrete base;

o the initial gap between the steel plates;

o the thickness of the Teflon sheets;

o the friction coefficient of the Teflon sheets;

o the type of anchoring system (mechanical and
chemical anchors); and

o the presence of local strengthening (e.g. adding

FRP/SRP).
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e Deepen the study on the “best” combination of hysteretic
dampers with member strengthening with FRP/SRP. In
this sense, a simplified procedure for selecting the optimum
solution in terms of economic efficiency and practical
purposes must be developed by

o performing an extensive parametric study over the
set of valid solutions;

o performing an economic assessment of the different
retrofitting solutions and expressing options in
terms that enable stakeholders to make informed
decisions; and

o integrating the design procedure into a
performance-based probabilistic approach that
quantifies the uncertainties associated to the
prediction of the response and allows to assess its
behavior in terms that also fit the necessities of the
skateholders.

e Improve the response of the retrofitting solution for the
case of near-fault pulse-like records and high seismic
hazard levels (i.e. Tr=2475years) by

o incorporating the consideration of a non-perfectly
elastic flexible part in the proposed energy-based

method; and
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o identifying the influence of the seismic parameters
that are characteristic of pulse-like records, on the
estimation of O,

Deepen the study of the influence of I; on the prediction of
the 8,,; to narrow the validity of the proposed solution for
a specific earthquake scenario.

Test the validity and efficiency of the proposed hybrid
retrofitting solution on a shake-table by

o designing a retrofitting solution for a prototype
structure upgraded with hysteretic dampers and
local strengthening (i.e. FRP/SRP); and

o subjecting the specimen to different types of
natural records (near-fault and far-field) and

increasing intensity level.
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Annex A: Elastic response spectra of
the accelerograms used in the

analyses
A. 1 Selected ground motions with Dr < 12km
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Fig. A.1 Kobe, Japan (Takarazuka, 1995). Elastic response spectra (a)
absolute acceleration, b) relative velocity c¢) relative displacement and d)

input energy (damping 1%)
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Fig. A.2 Coyote Lake (Gilroy Array #2, 1979). Elastic response spectra:

(a) absolute acceleration, b) relative velocity c) relative displacement and d)

1500

input energy (damping 1%)

150
1000 = 100 |
K4
£
o
S
500 O st
0 0
o o5 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35
T(s) b) T(s)
40 200
30 | 150
Q
20 - 5 100
w
>
10 b 50
o . . . . . . . o . . . . . . .
o 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35
T(s) d) T(s)

Fig. A.3 Loma Prieta (Gilroy-Historic Bldg, 1989). Elastic response
spectra: (a) absolute acceleration, b) relative velocity ¢) relative
displacement and d) input energy (damping 1%)
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Fig. A.4 Darfield, New Zealand (LINC, 2010). Elastic response spectra:

(a) absolute acceleration, b) relative velocity c) relative displacement and d)

input energy (damping 1%)

Fig. A.5 Kocaeli, Turkey (Gebze, 1999). Elastic response spectra: (a)

absolute acceleration, b) relative velocity ¢) relative displacement and d)
input energy (damping 1%)
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Fig. A.6 Kalamata, Greece (1986). Elastic response spectra: (a) absolute

acceleration, b) relative velocity ¢) relative displacement and d) input energy
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Fig. A.7 Parkfield-02, CA (Parkfield-Stone Corral 1E, 2004). Elastic

response spectra: (a) absolute acceleration, b) relative velocity ¢) relative
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Fig. A.8 San Salvador (Geotech Investig Center, 1986). Elastic response
spectra: (a) absolute acceleration, b) relative velocity c¢) relative
displacement and d) input energy (damping 1%)
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Fig. A.9 Lorca, Spain (2011)

. Elastic response spectra: (a) absolute

acceleration, b) relative velocity ¢) relative displacement and d) input energy

(damping 1%)
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Fig. A.10 Imperial Valley-06 (El Centro Array #7, 1979). Elastic

response spectra: (a) absolute acceleration, b) relative velocity c¢) relative

displacement and d) input energy (damping 1%)
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Fig. A.11 Parkfield (Cholame-Shandon Array #5, 1966). Elastic response
spectra (a) absolute acceleration, b) relative velocity ¢) relative displacement
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Fig. A.12 Morgan Hill (Halls Valley, 1984). Elastic response spectra: (a)

absolute acceleration, b) relative velocity c) relative displacement and d)

input energy (damping 1%)
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Fig. A.13 Duzce Turkey (1999). Elastic response spectra: (a) absolute

acceleration, b) relative velocity c¢) relative displacement and d) input energy
(damping 1%)
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Fig. A.14 Managua Nicaragua-02 (ESSO, 1972). Elastic response spectra:

(a) absolute acceleration, b) relative velocity c) relative displacement and d)

input energy (damping 1%)
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Fig. A.15 Coalinga-07 (Coalinga-14th & Elm Old CHP, 1983). Elastic

response spectra: (a) absolute acceleration, b) relative velocity c¢) relative

displacement and d) input energy (damping 1%)




Annex A: Elastic response spectra of the accelerograms used in the analyses

4000

100

3000 - sor
o -
@ g 60
§ 2000 | 3
e o Or

1000 2|

o o . . . . . . .
25 3 35 4 0 05 1 1.5 2 25 3 35
b) T(s)
15 100
80

10 F &
T g 60
L <

o

» w40

51 >

20
0 0 :
0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35
T(s) d) T(s)

Fig. A.16 Coalinga-05 (Coalinga-14th & Elm Old CHP, 1983). Elastic

response spectra: (a) absolute acceleration, b) relative velocity c¢) relative
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Fig. A.17 Imperial Valley-06 (El Centro Array #8, 1979). Elastic

response spectra: (a) absolute acceleration, b) relative velocity ¢) relative

displacement and d) input energy (damping 1%)
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Fig. A.18 New Zealand-01 (Turangi Telephone Exchange, 1984). Elastic
response spectra: (a) absolute acceleration, b) relative velocity ¢) relative

displacement and d) input energy (damping 1%)
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Fig. A.19 Erzican, Turkey (1992). Elastic response spectra: (a) absolute
acceleration, b) relative velocity ¢) relative displacement and d) input energy
(damping 1%)
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Fig. A.20 Drama, Greece (1985). Elastic response spectra: (a) absolute

acceleration, b) relative velocity ¢) relative displacement and d) input energy
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Fig. A.21 Tabas, Iran (Boshrooyeh, 1978). Elastic response spectra (a)
absolute acceleration, b) relative velocity c¢) relative displacement and d) input

energy (damping 1%)
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Fig. A.22 Northern Calif-07 (Ferndale City Hall, 1975). Elastic response
spectra: (a) absolute acceleration, b) relative velocity ¢) relative displacement

and d) input energy (damping 1%)
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Fig. A.23 Friuli Italy-01 (Codroipo, 1976). Elastic response spectra: (a)
absolute acceleration, b) relative velocity c¢) relative displacement and d) input

energy (damping 1%)
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Fig. A.24 Hollister-01, New Zealand (Hollister City Hall, 1961). Elastic

response spectra: (a) absolute acceleration, b) relative velocity ¢) relative
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Fig. A.25 Taiwan SMART1-5 (SMART1 106, 1981). Elastic response

spectra: (a) absolute acceleration, b) relative velocity ¢) relative displacement
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Fig. A.26 Coalinga-01 (Parkfield-Cholame 1E, 1983). Elastic response

spectra: (a) absolute acceleration, b) relative velocity ¢) relative displacement

and d) input energy (damping 1%)
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Fig. A.27 Imperial Valley-06 (Compuertas, 1979). Elastic response spectra:

(a) absolute acceleration, b) relative velocity c) relative displacement and d)

input energy (damping 1%)
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Fig. A.28 San Fernando (Whittier Narrows Dam, 1971). Elastic response

spectra: (a) absolute acceleration, b) relative velocity c¢) relative displacement

and d) input energy (damping 1%)
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Fig. A.29 Coyote Lake (San Juan Bautista 24 Polk St, 1979). Elastic
response spectra: (a) absolute acceleration, b) relative velocity ¢) relative

displacement and d) input energy (damping 1%)
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Fig. A.30 Victoria Mexico (SAHOP Casa Flores, 1980). Elastic response

spectra: (a) absolute acceleration, b) relative velocity ¢) relative displacement
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Fig. A.31 Trinidad (Rio Dell Overpass-FF, 1980). Elastic response spectra
(a) absolute acceleration, b) relative velocity c) relative displacement and d)

input energy (damping 1%)
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Fig. A.32 Westmorland (Niland Fire Station, 1981). Elastic response

spectra: (a) absolute acceleration, b) relative velocity ¢) relative displacement

and d) input energy (damping 1%)
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Fig. A.33 Northwest Calif-03 (Ferndale City Hall, 1951). Elastic response
spectra: (a) absolute acceleration, b) relative velocity ¢) relative displacement
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Fig. A.34 Northern Calif-01 (Ferndale City Hall, 1941). Elastic response

spectra: (a) absolute acceleration, b) relative velocity ¢) relative displacement

and d) input energy (damping 1%)
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Fig. A.35 Kobe, Japan (Shin-Osaka, 1995). Elastic response spectra: (a)
absolute acceleration, b) relative velocity c¢) relative displacement and d) input

energy (damping 1%)
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Fig. A.36 Parkfield (Cholame Shandon Array #8, 1966). Elastic response

spectra: (a) absolute acceleration, b) relative velocity ¢) relative displacement
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Fig. A.37 Northern Calif-04 (Ferndale City Hall, 1960). Elastic response
spectra: (a) absolute acceleration, b) relative velocity ¢) relative displacement

and d) input energy (damping 1%)
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Fig. A.38 Cape Mendocino (Fortuna Fire Station, 1992). Elastic response

spectra: (a) absolute acceleration, b) relative velocity ¢) relative displacement

and d) input energy (damping 1%)
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Fig. A.39 Anza Horse Canyon-01 (Rancho de Anza, 1980). Elastic response
spectra: (a) absolute acceleration, b) relative velocity ¢) relative displacement
and d) input energy (damping 1%)
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weight of the upper stories

ultimate interstory drift of the main frame without dampers
yielding interstory drift of the #th story of the main structure

(without dampers)



f5yi0

f ck
ADR,

ADR,

kv

Qi

wi

f Qyio

Ty

Fip

F,
f;l,k

initial yielding interstory drift of the #th story of the main
frame (before local strengthening)

uniaxial compressive strength of unconfined concrete based on
standard cylinder test

characteristic compression strength of concrete

ultimate interstory drift of the #th story of the main frame, /J,;,
in percentage of the story height

yielding interstory drift of the é-th story of the main frame, (5,
in percentage of the story height

lateral stiffness of the i-th story of the main structure (without
dampers)

lateral stiffness of the uppermost N-th story of the main
structure (without dampers)

restoring shear force at the #th story of the main structure

(without dampers)

mean value of the maximum shear force sustained by the #th
story of the main frame in the positive and negative domains
yield shear force at the #-th story of the main structure (without
dampers)

initial yield shear force at the #th story of the main frame
(before local strengthening)

fundamental period of the main structure (without dampers)
n-th natural period of vibration of the main structure (without
dampers)

total shear force Fip exerted by the inertial force of the SDOF
system (: mj}t)

maximum axial force to be developed by the brace

characteristic ultimate tensile strength of steel
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lateral force corresponding to the yielding of the brace

yield stress of steel

yield stress of the longitudinal reinforcement

yield stress of the transverse reinforcement

acceleration of gravity

depth of member cross section

total height of the frame

effective anchorage depth of the anchor

height of the joint panel

story level

maximum interstory drift ratio

damage factor proposed by Cosenza and Manfredi

damage index for structural steel components defined as the
ratio of the total dissipated energy to the ultimate energy
dissipation capacity, proposed by Benavent-Climent

residual interstory drift ratio

predicted interstory drift, 8, in percentage of the story height
internal moment arm of the joint

stiffness matrix

stiffness of the elastic beam-column element

post-capping stiffness of the monotonic backbone curve used for
characterizing the nonlinear springs

initial lateral stiffness of the brace-damper

initial stiffness of the monotonic backbone curve used for
characterizing the nonlinear springs

stiffness of an equivalent SDOF system of mass M=Xm; and
period equal to the fundamental period of the main structure

(without dampers), [T}, i.e. keq=4T*M/;T;?



=

Kmem

initial lateral stiffness of the reinforced concrete frame (without
dampers)

stiffness ratio at the #th story (=.ki/sk:)

total stiffness of the elastic beam element with nonlinear springs
at the both ends, connected in series

stiffness of the nonlinear springs

hardening stiffness of the monotonic backbone curve used for
characterizing the nonlinear springs

initial lateral stiffness of the entire building-device structure
tangent stiffness of the hysteretic damper

total length of the left and the right beams of the beam-column
joint

total length of the top and bottom columns of the beam-column
joint

plastic hinge length

shear span of a member (=M/V)

mass of the SDOF system

total mass of the building

mass matrix

capping moment of the monotonic backbone curve used for
characterizing the nonlinear springs

lumped mass of the #th story

moment transferred through the joint panel rotational spring
moment transferred through the joint panel rotational spring
corresponding to the maximum joint shear strength, Vg acs
earthquake magnitude

yield moment of the cross section

axial force
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axial force in Damper 1

axial force in Damper 2

equivalent number of plastic cycles at the maximum value of
plastic excursion that an equivalent SDOF system must develop
to dissipate the total hysteretic energy input by the earthquake
(= W0/ [sQuil Bni= 60| =10/ tm.i

tension forces acting on the anchor bolts

peak ground acceleration

peak ground velocity

restoring force vector

restoring force exerted by the SDOF structure

apparent maximum strength of the hysteretic damper

yield strength of the SDOF system

yield strength of the hysteretic damper

yield shear force at the #-th story of the entire building-device
structure (main structure with dampers)

displacement vector resulting from a unit support displacement
strength reduction factor

shear strength ratio at the i-th story (= ;Qum.i/sQy.:)

shear force coefficient representing ,(),; normalized by the total
weight of the upper stories

spectral absolute response acceleration

spectral relative displacement

plastic strain (hysteretic) energy dissipated by the dampers at
each floor

spacing of transverse reinforcement

Housner's spectrum intensity



s5y,i

6+

STu

STu

Tq
Tnu

to
t

scale factor defined as the quotient between the value of
quantity 7 in the prototype and the value of quantity 7 in the
model

lateral stiffness of the hysteretic damper

initial lateral stiffness of the dampers of the #th story
lateral yield shear force of the dampers of the i-th story
spectral relative velocity

area enveloped by the positive domain of loading in the

Skeleton curve

area enveloped by the negative domain of loading in the
Skeleton curve

ultimate cumulative plastic deformation ratio on the Skeleton
Part

lateral yielding interstory drift of the dampers of the #th story

maximum displacement attained in the positive domain of

loading in the Skeleton Part

maximum displacement attained in the negative domain of
loading in the Skeleton Part

period of vibration

time

fundamental period of the entire building-device structure
initial gap width between the end-plates of the dampers and the
shear-key plates

predominant period of the ground motion

initial period of medium period region in the Newmark and Hall
spectral representation

instant when the ground motion fades away

thickness of the shear-key plate
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mean return period

thickness of the Teflon sheet

equivalent velocity converted from the absorbed energy

contact forces perpendicular to the plane of the shear-key plate
equivalent velocity Vp used to design the prototype building
equivalent velocity converted from the energy that contributes
to damage (= W+ W,)

maximum value of Vp in the Vp-T design spectrum

equivalent velocity converted from the total input energy

shear forces acting on the anchor bolts

maximum shear value attained in columns during the numerical
simulations

joint shear strength prescribed in ACI 318-11

shear resistance defined in section 6.2.3. of Eurocode 2-Part 1
cyclic shear resistance according to A.3.3.1 of Eurocode 8-Part 3
shear force at diagonal cracking of the member

contribution of transverse reinforcement to shear resistance for
cross-sections with rectangular web

average shear wave velocity of top 30 meters of the site
damping energy

energy absorbed/dissipated at given plastic hinge k by the
concrete material

elastic vibrational energy

kinetic energy

plastic strain energy (hysteretic energy) accumulated at the th
story

irrecoverable plastic strain energy



WS, k

&,

Qi

R

energy absorbed/dissipated at given plastic hinge & by the steel
material

absorbed energy

recoverable elastic strain energy

neutral axis depth at flexural yielding

relative horizontal displacement

relative horizontal velocity

relative horizontal acceleration

absolute acceleration

maximum absolute acceleration
relative displacement vector
relative velocity vector

relative acceleration vector

length of the internal lever arm (=d-d;)

ground acceleration

angle that the axis of the brace forms with the horizontal

base shear force coefficient that the main structure should have
in order to absorb by itself (i.e. without hysteretic dampers) the
amount of energy that contributes to damage supplied by the
earthquake

shear-force coefficient representing @,; normalized by the total
weight of the upper stories

lateral strength distribution of the entire building-device
structure expressed as o/

stiffness proportional factor

shear strength ratio at the i-th story (=,Qy.i/(sQy.i//Qy.:)
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optimum value for B; which which maximizes the equivalent
viscous damping ratio of the entire structural system (i.e.
frame+dampers)

mass proportional factor

joint shear strain

ratio of W, to W,

interstory drift of the +th story

maximum allowed interstory drift

maximum interstory drift of the entire building-device structure
at the +th story

horizontal displacement of the center of mass of the floor
diaphragm of the SDOF structure

yield displacement of the hysteretic damper

uniaxial strain at f;

design strain of FRP reinforcement

normalized maximum strain measured in the longitudinal bars
located at the member end sections of columns and beams

yield strain of the steel

ratio steel-to-concrete elastic moduli (= E/E.)

normalized cumulated plastic strain energy (equal for all stories)

normalized plastic strain energy accumulated at the #th story

(= Wi/ (Qui 56,1

normalized ultimate energy dissipation capacity of the dampers

normalized ultimate energy dissipation capacity of the dampers
at the +th story

chord rotation at the onset of the strength loss (capping)

plastic part of the capping rotation, 6.4,

rotation of the joint panel rotational spring
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Vi,

Vi ,mazx

Vi

S
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maximum chord rotation demand

post-capping rotation capacity

ultimate chord rotation

ultimate plastic rotation from yield to point of 20% strength
loss

ultimate chord rotation, corrected to consider the lack of
seismic detailing

chord rotation at member yielding

normalized energy dissipation capacity used to characterize the
cyclic deterioration in the hysteretic model proposed by Ibarra
et al.

ductility factor (defned as the ratio of ultimate displacement to
yield displacement)

friction coefficient of the device inserted between the end-plates
and the shear-key plates

plastic deformation ratio at the #th story (=(0m,i—s0y.i)/s0y.0)
ratio of the plastic part of the chord rotation normalized to the
yield chord rotation

normalized axial load ratio (=N/(A.f.))

yield displacement ratio required on the dampers of the first
story so that the maximum interstory drift at the +th story
meets 0,

maximum of the v;; which gives the required yield
displacement ratio for the dampers of the first story

yield deformation ratio at the é-th story (=0,/,0,.)

damping ratio

neutral axis depth at yielding normalized to d

ratio of tension reinforcement area to bd
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P2 ratio of compression reinforcement area to bd
Pd ratio of diagonal reinforcement in each diagonal direction
Ps ratio of transverse reinforcement area to b,s, (parallel to the

loading direction)

Prot ratio of total longitudinal reinforcement area to bd
Po ratio of “web” reinforcement area to bd
Puw ratio of transverse reinforcement area to bd
ON,plate normal stress in the cross-section of the shear-key plate
Tjh joint shear stress
(%)
") er joint shear cracking stress
O n-th natural mode shape of vibration
X1 stiffness ratio of #; to ke
Oy “theoretical” yield curvature
Dy1 curvature at yielding of the tension steel
Py apparent yielding curvature
Wi mechanical ratio of tension and “web” longitudinal
reinforcement
w2 mechanical ratio of compression longitudinal reinforcement
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