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Abstract

This study evaluates the characteristics of elastomeric dampers, and assesses their
effectiveness in mitigating the effects of dynamic loading. As part of this evalua-
tion a series of characterization tests were carried out in order to extract the main
mechanical properties of the elastomer material in a range of strain amplitudes, load-
ing frequencies, and ambient temperatures, since it has been proved that elastomeric
materials depend on these parameters. It was found that strain amplitude was the
most dominant factor not only regarding the values of their mechanical properties
(shear storage modulus, and loss factor) but also with regard to the shape of the
hysteresis loops. At the same time frequency was shown to have only a minor effect

on their behaviour.

Based on the Generalised Maxwell Model, a new hysteretic model was developed
and proposed in this thesis which is able to capture the behaviour of the material. As
part of this model an equation was derived which describes the force-displacement
relationship of the Generalised Maxwell Model for N Maxwell elements in time

domain, and formed the basis for the proposed model.

The seismic performance of a 10 storey steel moment resisting frame was evalu-
ated, and the effect of the dampers on the frame’s performance was examined. The
dampers were designed to provide an additional 10% damping to the Eurocode 8
compliant building. The structure was tested with and without dampers for two
different levels of earthquake intensity. It was shown that the elastomeric dampers
led to significant decrease of displacements, accelerations, base shear forces, and per-
manent damage of the structure, even after ground motions scaled to the Maximum

Considered Earthquake level.



Lastly, Real Time Substructure tests were performed in order to further val-
idate the proposed hysteretic model. Both SDOF and MDOF systems equipped
with elastomeric dampers were tested under scaled version of the ElCentro ground
motion and the corresponding force-displacement relationship of the dampers was
compared with the analytical model. The results showed that the proposed model is
able to capture the dynamic performance of the dampers under realistic earthquake

conditions.
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Chapter 1

Introduction

The basic concept of conventional earthquake-resistant design aims to provide an
acceptable structural performance level during the earthquakes. This level is usually
dictated by the importance of the building and by the local authorities. The most
common design philosophy is a non-collapse requirement under strong and rare
earthquakes, while structures are also expected to experience no damage under more
frequent and weaker earthquakes. However, the socio-economic reality, especially
in developed countries, has pushed the barrier considerable higher [2§], leading to
design of damage-free or minimal-damage structures. Important structures such as
hospitals, schools, and museums are therefore desired to exhibit a more advanced
level of earthquake protection, in order to be functional even after a strong seismic
event.

A variety of approaches of earthquake protection has been proposed, including
base isolation, passive dissipative devices, and active or semi-active control devices.
Dissipative devices aim to absorb a portion of the seismic energy input to a structure,
which would otherwise be dissipated through mechanisms corresponding directly to
structural damage. The most promising and feasible approach is the use of passive
dissipative devices, which are likely to be most reliable in an extreme event, being
activated by the movements of the main structural system without the need of any
external power source.

The focus of this research is on passive dissipative devices, and more specifically

on elastomeric dampers. Among the various forms of passive dissipative devices,
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there has been much focus on fluid viscous, and metallic dampers, but elastomers
offer a promising alternative and have been under-investigated. Their main advan-
tages compared to other types of dissipative devices include their contribution of
both stiffness and damping to the structure regardless the type of external loading,
their low dependence on loading frequency compared to similar type of visco-elastic
dampers, and their full recovery after the removal of the source which created the

deformation.

The most common scenario is to apply the dampers between the connection of
steel diagonal braces and the middle length of the upper floor beam. This method
can be either designed in a new enhanced building, or as a retrofitting procedure
of an existing one. Due to the elastomer’s dependence on strain amplitude, loading
frequency, and ambient temperature, it is very difficult to accurately model it and
capture its dynamic characteristics during dynamic loading. Hence, the conven-
tional way of modelling this type of damper is to assign an equivalent Kelvin-Voigt
model with stiffness and damping values corresponding to the natural frequency of
the structure and an accepted level of lateral drift. A new hysteretic model has
been proposed as part of this research, based on sweep amplitude and frequency
tests which has shown that it can accurately model the dampers behaviour for a
specific range of strain amplitudes, loading frequencies, and ambient frequencies. It
was found that the dominant factor which mainly controls not only their mechanical
properties but also the shape of the hysteresis loop was the strain amplitude. How-
ever, both loading frequency and ambient temperature also affected the dampers’

capacity to dissipate energy.

1.1 Research Objectives

Elastomeric dampers provide a promising means of earthquake protection. However,
the application of this type of dampers as a mean of providing relatively uniform
distribution of stiffness and damping throughout the height of buildings has not been
widely used. In fact most of the elastomer applications in the earthquake community

until now have been focused on dissipating energy through base isolation systems.
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Moreover, a lot of models which target to capture the dynamic characteristics of
the elastomeric dampers have been proposed and presented here 2.2.8f However,
lack of clear understanding of elastomer properties, especially how they vary with
frequency, amplitude, and time, and limited experimental validation of their per-
formance still exists. Most of the proposed models are either based on linearised
properties of the material or parameter optimization based on minimization of ana-
lytical formulas of shear storage modulus and the corresponding experimental values.
Even though these models can effectively capture the elastomer’s behaviour under
specific conditions (specific values of temperature, frequency, and limited range of
strain amplitudes), discrepancies may exist when the dampers function under a wider
range of these parameters. Furthermore, even though parameters of the analytical
models are optimised based on shear storage minimization techniques (analytical
expressions of shear storage modulus are extracted in frequency domain for specific
values of sinusoidal input loading and do not take into account any strain amplitude
alterations), this does not necessarily mean that can capture the actual hysteresis
behaviour of the dampers. The main innovative part of this research was to experi-
mentally evaluate elastomer’s characteristics, and define a new model which would
be able to describe the behaviour of the dampers due to dynamic loading. Therefore,

the main objectives of this research are:
e Evaluate the mechanical properties of the material

e Develop an analytical model for the dampers which would be adequate for non

linear analyses of structures under earthquake loading

e Demonstrate through non-linear structural analysis the structural seismic per-
formance enhancement that can be achieved through retrofitting with elas-

tomeric dampers

e Validation of the proposed Adaptive Time Series method as a new time delay

minimization technique applying it to elastomeric dampers

e Further validation of the proposed hysteretic model of the elastomeric dampers

under realistic conditions using Real Time Substructure tests
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1.2 Outline of Thesis

The remaining chapters of the thesis are organised as follows:

e Chapter 2 introduces the reader to the main concept of passive energy dissi-
pation and earthquake protection systems, the different types of dampers used
in the past, while at the same time reviewing the previous work carried out by
other researchers. At the end of this chapter the most widely used approaches

of modelling elastomeric dampers are described.

e Chapter 8 describes the experiments which were carried out in order to extract
the main mechanical characteristics of the material. Since the dampers depend
on strain amplitude, loading frequency, and ambient temperature, a series
of cyclic tests was carried out in a range of values for the aforementioned

parameters.

e Chapter 4 presents the proposed hysteretic model which is based on sweep
amplitude tests under different loading frequencies and ambient temperatures.
The first part of this chapter focuses on developing a force-displacement model
in time domain for the well known Generalised Maxwell Model, for N Maxwell
elements. This constitutes the basis of the proposed model described later in

the same chapter.

e Chapter 5 describes a design process of a 10 storey steel moment resisting frame
with elastomeric dampers, which targets an enhanced performance level. The
seismic response of this building with and without the dampers is evaluated
based on non linear time history analyses. The elastomeric dampers were

analytically modelled based on the findings of Chapter 4.

e Chapter 6 boosts our confidence with regard to the validation and the use of
the hysteretic model of Chapter 4, by carrying out Real Time Substructure
tests for both SDOF and MDOF simple steel frames equipped with elastomeric
dampers. In order to minimise the time delay which has been proved to cause

instability to the system, a new method proposed by Malloy and Blakeborough
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(unpublished until now) was used.

e Chapter 7 summarises the findings and conclusions of this research and sug-

gests directions for future work.



Chapter 2

Literature Review

2.1 Introduction

Conventional seismic design is based on linear analysis and dictates that the perfor-
mance of structures during earthquakes depends on the lateral force resisting system
being able to absorb and dissipate energy for a number of cycles[31]. This design
concept therefore requires a combination of strength and ductility in order to provide
resistance to lateral loads [31, 114]. For major earthquakes, the structural design
engineer relies upon the inherent ductility of conscientiously detailed buildings to
prevent catastrophic results [I14]. Energy dissipation is designed to occur in spe-
cially designed ductile plastic hinge regions of beams and columns bases. This design
approach has been considered acceptable because of economic considerations pro-
vided, of course, that structural collapse is prevented and life safety is ensured [31].
However, under large earthquakes the damage may be irrepairable, with potential
catastrophic and uneconomical results. Moreover, this conventional seismic philos-
ophy cannot easily be applied to all types of structures. New structures are often
designed to more demanding performance criteria, which may require the structure
to remain linear or to have minimal damage. At the same time there are numerous
existing structures with insufficient strength or ductility, which need strengthening
in order to meet current seismic demands.

A lot of different approaches have been developed in order to improve the earth-

quake response performance and damage control of buildings, bridges, and other
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structures, and can be divided into four groups: base isolation, a technique which
is based on a separation of the main structure from its foundation incorporating
flexible bearings or pads; passive systems, such as supplemental energy dissipation
devices; active systems, which require the active participation of mechanical devices
whose characteristics are made to change during the building response on the basis
of current response measurements; and hybrid systems, which combine the passive
and active systems in a manner so that safety of the building is not compromised
even if the active system fails [4§].

With regard to passive dissipative devices, much focus has been given to viscous
and metallic dampers; however elastomeric dampers, which could form an alter-
native solution regarding the seismic protection of buildings, have received much
less attention. Their characteristics alter in time when different strain amplitudes,
loading frequencies, and ambient temperatures are applied, making the proposal of
a hysteretic model a very difficult and challenging task. Furthermore, apart from
lack of clear understanding on how elastomers’ properties vary with time, limited
experimental validation of their performance is another limiting factor. Finally, com-
bining these limitations with the fact that the majority of elastomeric applications
and proposed models has been focused on base isolation methods creates the need
of further analytical evaluation and experimental validation of elastomeric dampers
as passive dissipative devices being incorporated throughout the height of a building
as uniformly as possible.

This section presents general background information and fundamental principles
of the aforementioned earthquake protection systems. A more detailed insight into
passive energy dissipation devices is given, and much more attention is paid to the

behaviour of the viscoelastic and elastomeric materials which are used as dampers.

2.2 Passive Energy Dissipation Systems

The four groups mentioned earlier, are summarised in table Each one of these
approaches is different and may be applied based on the needs of the structure, either

if the main target is to achieve enhanced seismic performance or to strengthen and
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retrofit an already existing structure to cope under modern anti-seismic codes.

Base isolation involves placing isolation devices at the foundation of a structure,
with the aim of protecting it from the damaging effects of earthquakes by uncoupling
it from the ground [65]. The main philosophy is to provide a layer of low lateral
stiffness between the foundation and the superstructure. This layer causes the nat-
ural period to highly increase, resulting in reduced input seismic loads, along with a
large displacement. However, this displacement is concentrated at the base isolation
system, while the structure’s internal deformations remain relatively low. Further-
more, modern seismic isolation systems incorporate energy dissipation mechanisms.
Examples are high damping elastomeric bearings, lead plugs in elastomeric bear-
ings, mild steel dampers, fluid viscous dampers, and friction in sliding bearings[31].
Finally, it is worth mentioning that the inherent damping of the base isolation mech-
anism and the corresponding hysteretic energy are of minor importance regarding
the reduced earthquake structural response. Base isolation is mainly so effective due

to the lengthening of the natural period [27].

Table 2.1: Structural Protective Systems

Seismic Isolation Passive Energy Dissipation Semi-Active and Active Control
Elastomeric Bearings Metallic Dampers Active Bracing Systems
Friction Dampers Active Mass Dampers
Viscoelastic Dampers Variable Stiffness
Lead Rubber Bearings Elastomeric Dampers or Damping Systems
Viscous Fluid Dampers Smart Materials

Tuned Mass Dampers
Sliding Friction Pendulum Tuned Liquid Dampers

Passive Control System

Excitation }%{ Structure H Response

Figure 2.1: Passive Control Systems[31]
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‘ Controller K

‘ Power Source ‘
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‘ Sensors }%{ Active Control System ‘ ‘ Sensors ‘

‘ Excitation H Structure }—% Response ‘

Figure 2.2: Active Control Systems[31]

The distinction between active and passive control systems is shown in figs.
and Passive control systems (energy dissipation devices, dynamic vibration ab-
sorbers) and seismic isolation systems develop motion control forces at the points
of attachment of the system. The power needed to generate these forces stems
from the motion of the points of attachment during the loading history. Contrary
to semi-active and active control systems, there is no need for external supply of
power[114]. Moreover, an essential advantage over base isolation systems is their
proven efficiency against both wind and earthquake forces[I14]. In case of active
control systems, the motion control forces are determined by a controller based on
feedback information from the measured response, which is carried out by sensors, of
the structure and/or feedforward information from the external excitation[I15]. The
recorded measurements from the response and/or excitation are monitored by a con-
troller (a computer) which, based on a pre-determined control algorithm, determines
the appropriate control signal for operation of the actuators [122]. Hybrid or semi-
active control systems on the other hand, unlike fully active systems, cannot add
energy to the system. They originate from passive control systems which have been
subsequently modified to allow for the adjustment of mechanical properties[122], re-
quiring only nominal amounts of external energy. For more information and actual
implementation for base isolation systems see Kelly [65], and for semi-active and
active control systems at Symans and Constantinou [122], B1], Soong[115].

The focus of this research is on passive energy dissipation devices, and more
specifically on elastomeric dampers. Their relative simplicity with regard to incor-

poration into buildings and their modelling into Finite Element softwares, alongside
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the fact that passive devices in contrast with active/semi active systems do not
require any external power supply (which may become a critical factor during a
strong earthquake), and their 40 years of history of research and structural applica-
tions make them more relatively reliable and preferable. Hence, a brief introduction
about the main types of dampers, and a more comprehensive and detailed descrip-

tion of ViscoElastic and Elastomeric dampers will be presented in this section.

2.2.1 Dynamic Equations of Structures with Dampers

Consider the lateral motion of a Single Degree Of Freedom (SDOF) system, consist-

ing of mass, m, stiffness, k, and linear damper with viscous damping coefficient, ¢

(see Figure [2.3):
mX + cX + kx = —mX, (2.1)

where x and x, represent the time-dependent structure’s displacement of the mass
relative to the ground, and ground displacement respectively. It can also be written

in the following form:

% 4 20wX + w?x = —%K, (2:2)

Consider now the addition of a generic damper device (fig. 2.3), which may provide
not only supplemental damping, but also stiffness, and perhaps mass. Hence, the
symbol I" corresponds for the whole contribution of the dampers to the SDOF system

[114]:

mX + cx + kx + T = —(m + m)X, (2.3)

where T represents the mass of the added element and I' = kz + é& + ma. It can
be seen that adding a damper to the original structure leads to a new more stiff,
more damped, and heavier structure. This tends to reduce the seismic response of
the structure, even though this is not always the case, since it should be treated like

a new structure with different characteristics, instead of an improved version of the

10
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prototype. However, if I' has only damping contributions, then the SDOF response
will be always reduced, since it will be equivalent to the initial system with increased
damping. For all structures, careful analysis must be performed in order to ensure

the beneficial effects of the added elements.

Figure 2.3: SDOF structure with added damper

In the case of Multi Degree of Freedom (MDOF) systems, Eq. is adjusted

to:

Mi+ Ci+ Kz +T = —(M + M)i, (2.4)

where M, C', and K are the mass, damping, and stiffness matrices of the MDOF
structure, and I' symbolizes a matrix of operators, which represent the added damper
to the MDOF system. Since, this section covers only the basic principles, when
added dampers are being used, the assumption that the damper’s behaviour is a

linear combination of mass, damping, and stiffness is made:

I'=Kz+Ci+ Mi (2.5)
Then, Eq. is rewritten as:
Mi+ Ci + Kz = —Mi, (2.6)
where:
M=M+M (2.7a)
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C=C+C (2.7b)

K=K+K (2.7¢)

Now, Eq. [2.0]is in the form of classical matrix dynamic analysis problem. Assuming
that all the matrix coefficients are constant, Eq. represents a set of IV linear sec-
ond order ordinary differential equations with constant coefficients. Its solution can
be computationally demanding, unless it can be uncoupled. This can be achieved, if
M, C, and K are diagonalized. This can not be done for arbitrary matrices M, C,
and K. However, under certain restrictions on the damping matrix, C, the transfor-
mation to modal coordinates can be achieved as shown below[114] 31]. Considering

the generalized eigenvalue problem of the MDOF system:

(K —wBl)g =0 (28)

where wq represents the undamped natural frequency of the MDOF structure, in-
cluding the added dampers, and ¢ is the associated mode shape vector. The MDOF
system consists of N natural frequencies, and mode shapes, wq;, and ¢; respectively.

Also, the mode shapes satisfy the following orthogonality conditions:

1 for i=j

oI Mo, = (2.92)
0 for i#j
w%i for i=j

PIKp; = (2.9b)

0 for i#j

Eq. provides the basis for transformation which can be applied to the whole
MDOF system. The corresponding mode shape vectors are the columns of the

Nz N matrix, ®. Hence, the relative displacements vector, x, can be rewritten:

z =0 brar(t) = Bq(t) = Oq (2.10)

12
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where ¢ is the vector of modal coordinates. Combining, Eqs. and the

equation of motion for the MDOF system can be written as:

T MdG+ 0TCdG+ T Kbg = —dT Meiiy 211)
Mj+ Ci+Kqg= X,

where e is a column vector full of ones. Since, M, and K are diagonal matrices of
the generalized modal masses and stiffness respectively, Eq. can be uncoupled

only if ®TCd is also diagonal. Assuming proportional (Rayleigh) damping:

C =M+ K (2.12)
The damping ratio for a system like this is[27]:

G = %L + Ly, (2.13)

Similar rules apply when Caughey series are used [27], instead of the Rayleigh damp-
ing. Now the equations are uncoupled, and can be written in the following form for
each mode, i:

. . oI Me ..
Gi + 2¢woid + wiigi = — ¢iTM;i Tg (2.14)

It can be seen that is similar equation to that of the SDOF system. The generalized
displacement, and therefore the relative displacement, x, can be determined for each

time step.

In reality, damping is not necessarily proportional; however for the low levels of
damping encountered in most structures, the proportional damping approximation is
accurate enough while considerably simplifying analysis. When damping is relatively
high, especially if added dissipative devices are used, or for structures exhibiting non
linearities, the errors incurred by this assumption become significant, and modal
superposition analysis based on Eq. is potentially unreliable. The direct time
integration approach does not rely on any assumption about the form of the damping

matrix, and therefore is a better way to go. Using the implicit Newmark algorithm

13
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[13, 27] a brief presentation of the time domain analysis follows. According to this

algorithm:
. . At i}
Fip = @ + ?(xﬂ_l + &) (2.15a)
: At i} At
Tip1 = T+ B AL+ = (Figr + &) = 2+ 5 (Fi + di) (2.15b)

For every time step, Eq. takes the following form:
Mi; + Ciig + Kiz; = —Miy, (2.16)

Assuming, that the response of the structure at time step, i, is already known, the

aim is to obtain the MDOF system response for the ¢ 4+ 1 time step:
M1 + Ciyidip + Kiy1mip1 = —Mfﬁ'giﬂ (2.17)

Eq. can be rewritten:

. . . At 2
Ti+1 = ((L'Z'_H — X; 7.%1)& (2.18&)
. At 2
Ti+1 = (l‘i+1 — T; — 7{[:@)& (2.18b)
Substituting Eq. into
Kl = P (2.19)
where
Kfitl = kz‘+1 + %C’i-&-l + AitzM (2.20)
and
FlY) = ~ Mg + [%42 + 2%2’1]%‘ +[4M Cip)#; + M (2.21)

14
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Finally, using iteration algorithms such as the modified Newton-Raphson method
[27] the displacement at time step i+ 1 can be determined, provided that the criteria
defined by the algorithm are satisfied. Usually , these criteria are based on the
convergence between zt! and :Ui;ll, where n represents the number of iteration.
We can see that Eq. can be simplified a lot, if the matrices K, and C' are
constant during the whole time history analysis, as in the case of linear systems
with Rayleigh damping. In this case, K from Eq. can be calculated only

once, at the beginning of the analysis.

2.2.2 Metallic Dampers

The concept of using metallic yielding dampers within a structure to absorb seismic
energy was first proposed by Kelly [66], and Skinner [I13], considering torsional
beams, flexural beams, and other devices. Later research included the effect of more
efficient devices, such as the X-shaped and triangular-plate energy dissipators [130],
as shown in Figure[2.:4] Other devices have the ability to dissipate energy either using
different materials such as lead and shape memory alloys [10], or even a complete
different configuration [131], 130} 139]. A different approach to the above type of
dampers is followed in case of the Buckling Restrained Braces (BRBs)[14], where
a yielding steel core is encased in a concrete-filled steel tube, avoiding buckling
phenomena, and targeting to a tension/compression steel brace (Figure . An
additional coating is provided at the steel core in order to minimize the friction with
the concrete.

Due to the detailed past and ongoing research a number of existing structures in
New Zealand, Mexico, Japan, Italy, and United States now include metallic dampers
[114]. They are usually added within a bay between chevron braces and the overlying
beam. The main concept behind metallic dampers is that they resist horizontal
forces via flexural deformation of all the steel plates combined. After a certain level
of force, the plates start to yield resulting in hysteretic behaviour. Even though most
metallic dampers are modelled as elastic perfectly-plastic materials or Ramsberg-
Osgood [104] idealizations, more rigorous models have been suggested, such as that

suggested by Ozdemir [46]. It is worth mentioning that even though that addition
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of metallic dampers may be effective regarding the reduction of inter-storey drifts,

they are less effective at reducing accelerations and base shear forces [86].

Since the primary contribution of metallic dampers is additional stiffness to the
main structure, this may lead to large dynamic characteristics’ alterations of the
building (change of natural frequencies, mode shapes, and mass). Thus, this does
not guarantee an enhanced performance due to seismic loading. In some instances,
the structure may experience larger deformations, accelerations, and shear forces,
based on the frequency content of the imposed earthquake, compared to the original

unretrofitted building.

Whittaker et al. [14] carried out experimental evaluation of X-shaped steel
dampers (ADAS) under both cyclic and time history displacements, which were
determined from a scaled version of the ElCentro ground motion. The experimen-
tal rig consisted of a 3-storey, 1-bay moment resisting frame and the corresponding
results regarding the cyclic and the hysteretic response of the dampers are shown
at Figure 2.6] This Figure represents a typical hysteretic behaviour of metallic

dampers.

(a) X-shaped plate damper[4§] (b) Triangular plate damper[48]

Figure 2.4: a: X-shaped plate damper, b: Triangular plate damper

16
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Figure 2.6: a: X-shaped ADAS damper - cyclic response, b: X-shaped ADAS damper
- hysteretic response [14]

2.2.3 Friction Dampers

Friction dampers have the ability to dissipate energy through friction developed

between two solid bodies sliding relative to each other. Several different types of

friction dampers have been developed [101], 102, [10} O8] 44]through the years.
Generally, friction dampers generate rectangular hysteretic loops, similar to the

characteristics of Coulomb friction, based on the following assumptions:

e The total frictional force that can be developed is independent of the apparent

surface area of contact

17
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e The total frictional force that can be developed is proportional to the normal

force acting across the interface

e For the case of sliding with low relative velocities, the total frictional force is

independent of that velocity

The relationship between the frictional and the normal force is given as:

F, = uF, (2.22)

where F'y, and F,, represent the friction and the normal force, respectively, and
w the friction coefficient. Even though frictional forces are simple to measure or
calculate based on Eq. the actual phenomena that friction action is based on
are much more complex. These main phenomena are discussed by Christopoulos and
Filiatrault [28], concluding that the main factors which affect the frictional forces
are the shape and contour of surfaces, the way asperities on the surfaces deform
when normal pressure is applied, how they adhere, the role of surface films, and how
energy is lost when the surfaces are deformed during sliding.

One of the earliest experimental efforts was carried out by A.S. Pall [102], who
conducted both static and dynamic testing on sliding elements, with different con-
figurations, incorporated in the form of braced frames (Figure . The tests were
based on the normal force applied by pre-tensioning 12.7 mm diameter high strength
bolts. Best results were determined when brake lining pads were used, in order to
limit the available slip deformation. A nearly elasto-plastic behaviour with negli-
gible degradation was observed for any sliding surface used (Figure , which is
a common friction damper behaviour. The friction dampers are designed not to
slip under normal service loads and moderate earthquakes. During strong ground
motions, however, the device slips at a predetermined load. It should be noted
that visco-plastic models have been proposed to model friction phenomena as well,
similarly to modelling of metallic dampers.

However, even though friction dampers can effectively dissipate hysteretic energy,
they are not very widely used. It has been shown [98] that addition of friction

dampers does not reduce structural response in the low frequency range. Moreover,
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the very sharp non-linearities which friction dampers exhibit, the need for regular
maintenance, and the need for a high clamping force across the device are prohibiting

factors of friction dampers use.

o
) Inorganic Zinc - Rich paint d) Metalized

e) Broke Lining Pods ] Polyethylene Coating

Figure 2.8: Hysteretic behaviour of limited bolted joints using different surface treat-

ments [102]

2.2.4 Viscous Fluid Dampers

Fluid dampers can also be very effective under seismic loads [54, 87, 12, 28]. An

effective concept, which was one of the first applications designed for seismic protec-
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tion by Sumitomo Construction Company [I1], consists of a viscous damping wall
(Figure , where a piston (steel plate) is constrained to move within a rectangular
steel container filled with viscous fluid. In order for this concept to be applied to a
real structure, the piston is attached at the overlying floor, while the container is at
the floor below. The energy dissipation is accomplished through relative inter storey
drifts. Adding a sufficient number of viscous damping walls within the structure,
will lead to a significant increase in damping.

In order to increase the energy dissipation capacity of the viscous fluid dampers,
another more efficient approach can be followed, using orificed fluid dampers incor-
porated within the bracing system of the structure(Figure [32]. However, in
this case a high level of sophisticated analytical and detailed experimental work has
to be carried out before implementation to real structures. Makris and Constanti-
nou et al. [83 2] carried out experimental tests on viscous walls, and found that
the following fractional derivative Maxwell force-displacement model was in a very

good agreement with the data they obtained:

P(t) + \EP0 = ¢y 2l (2.23)

where P is the applied force to the piston, x is the corresponding displacement. Cp,
A, and v are parameters that are either determined based on the experimental data.
Typical hysteretic loops of viscous dampers are presented at Figure Another
modelling approach taking into account any non linearities is based on the following

equation:
P(t) = Cx(t)~ (2.24)

Even though in reality viscous dampers exhibit non-linearities, they are frequently
treated as linear. For example Chang et. al. [26] carried out experimental tests on
viscous dampers. Modelling them using Eq. he determined that a nonlinear
coeflicient in the range of 0.48-0.55 was more suitable to capture the behaviour of
the viscous dampers. Furthermore, orificed viscous dampers tested by Constantinou

and Symans[32] were found to be less dependent on loading history and the proposed
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linear analytical model was simplified to:

P(t) + A0 — ¢, i) (2.25)

Figure 2.9: Viscous Fluid Damper [11]
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Figure 2.10: Orificed Viscous Fluid Damper [32]
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Figure 2.11: Force Displacement results for cyclic loading [82]

2.2.5 Tuned Mass Dampers

The concept of the implementation of Tuned Mass Dampers (TMDs) is based on
the early studies carried out by Fram [45], and Den Hartog [34]. Figure shows
Frahm’s absorber, which consists of the main mass connected with an additional
smaller mass through a spring with stiffness k. The main target was to select
appropriate values of k, and m, in order for the natural frequency of the added
absorber to be close to the excitation frequency. The result was that the main mass,
M, can stay completely stationary under a harmonic load. Despite its effectiveness,
this method was mostly developed for mechanical engineering systems. In the case of
buildings, where loads consist of many components of frequency, Figure [2.13] shows
the main concepts in simple form. The equations of motion describing the behaviour

of the SDOF structure along with the added TMD are:

mz(t) + c(t) + kz(t) = —mij1 (t) + g(t) (2.26)

My (t) + Cyi(t) + Ky (t) = c2(t) + kz(t) + f(t) (2.27)

where y;(t) is the displacement of the SDOF system relative to its base, z(t) is

the relative displacement of the TMD with respect to the SDOF system, f(¢) is
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the external force of the main system, and g(¢) the associated force applied on
TMD, which is zero in case of wind load, and 7} f(¢) in case of earthquake loading.
Summation of Egs. 2.26] and [2.27]leads to the final equation of motion for the total

system:

(M +m)ij(t) + Cin(t) + Kyi(t) = —mz(t) + f(t) + g(t) (2.28)

Apart from the obvious decrease in natural frequency, and a slight increase in the
force in case of earthquake loading, the added inertia force of the TMD, —mZ(t),
is the reason behind the TMD’s effectiveness. Maximum effectiveness of the added
TMD comes when the secondary mass lags the main SDOF mass by a phase angle
of 90°. This is as if every time the main mass trying to move towards one direction
another force pushes it back to its initial position. Optimizing techniques for both
the secondary mass and damping ratio have been developed by many researchers
[34, 105, 135l [71], which lead to the final design of the TMD. Recent versions of
TMDs are rested on top of elastomeric rubber bearings, which function as shear
springs, and rubber compound elements, which provide viscoelastic damping capa-
bility. The effectiveness of the TMDs is optimised based on the natural frequency
of the building. Hence, it is worth mentioning that inelastic deformations of the
structure may lead to a decrease of this effectiveness, since the TMD loses its tuning

effect. This fact makes TMDs use inefficient for seismic applications.

m -
‘YQ

Figure 2.12: Undamped Absorber and main mass subject to harmonic excitation
[45]
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Figure 2.13: Application of TMD to SDOF structure [31]

2.2.6 Tuned Liquid Dampers

The concept of adding Tuned Liquid Dampers (TLDs) in order to increase the
dynamic performance of a structure is similar to the TMD case, discussed earlier.
In the case of the TLD, a mass of water replaces the solid mass (Figure .
However, unlike TMDs, which often behave linearly, the behaviour of the TLDs is
governed by non linearities, either liquid sloshing or the presence of orifices[114].
Hence, most of the work, which is based on characterizing the dynamic response of
the TLDs, is based on experiments[31]. Assuming moderate amplitude sloshing, no
wave breaking shallow water gravity waves theory can be applied [90]. Lepelletier
and Raichlen [74] studied the response of a fluid layer within a rectangular tank,

due to horizontal excitation(Figure [2.15)).

The motion of the fluid is governed by the wave elevation, n(z,t), and the depth-

averaged horizontal velocity, u(x,t):

n+ [(h+n)u],, =0 (2.29)
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1
Uyt 4 Uy + g0y — ity 522 (14 28 4 O)u+ iy = 0 (2.30)

where the subscripts following commas denote differentiation.

Parameters v, w, g, Zj represent the kinematic viscosity of the fluid, the character-
istic frequency of the fluid motion, the gravitational acceleration, and the horizontal
acceleration of the tank respectively. Parameter, C' governs the additional dissi-
pation due to free surface contamination. Assuming linearised response without
dissipation, the resulting natural frequency of the k:h mode of the associated waves

created by the fluid motion, can be written as:

[T

wp = (2k — W21 — Lok — 1)272( 22 (2.31)

All the above parameters show the complexity of the TLDs, especially when ap-
plication in earthquake protection is involved, where time history analysis is often
necessary. Hence, another more recent approach, is modelling the TLD with a
TMD analogy [120, 143, 99]. Equivalent values for mass and damping coefficient
were extracted[120]:

. 1—-02)+(2¢a2)?
My = Ma i G 0P (2.32)

Q4
Co = Co (TP (2T (2.33)

where Mg, cq, and 2 = = can be calibrated based on experimental data

Figure 2.14: Configuration for: a) General TMD, b) TLD
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Figure 2.15: TLD Geometric definition[74]

Even though the mathematical theory behind TLDs is complicated, their appli-
cation to real structures has become quite popular due to their easy implementation,
and maintenance, along with the fact that they are not very sensitive to the actual

frequency ratio between the structure and the damper, in contrast with the TMDs.

2.2.7 ViscoElastic Dampers

Since ViscoElastic (VE) dampers show similar characteristics with the elastomeric
ones, they will be given much more attention and detailed description compared to
the types of damper presented earlier. In contrast with the viscous dampers, VE
dampers have the ability to provide both velocity-dependent force, which provides
supplemental viscous damping to the system (similar with viscous dampers), and
displacement-dependent elastic restoring force [28], adding stiffness to the system
(similar to metallic dampers). They typically consist of layers of polymers bonded
between steel plates (Figure . Visco-elasticity is a property which defines the
ability of a material to exhibit both elastic and viscous characteristics; typical ex-
amples are polymers which exhibit viscoelastic behaviour at all temperatures - they
are never simple elastic solids [89]. A more detail description of viscoelastic dampers
and their comparison to elastomeric ones is given in [2.2.8

VE dampers are incorporated in the structure between concentrical braces and
the overlying beam. Hence, their ability to dissipate energy is based on their shear
deformation due to the drift between two adjacent floors. It appears that their
application began to gain attention after their first implementation at the World
Trade Center in New York (Figure, in order to improve the structural behaviour

due to wind loads. However, seismic applications usually require higher damping
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contributions compared to wind.

In the case of low rise buildings, where moment resisting frames are mainly used
(as in the current research project), a rational assumption is that the supplemen-
tal damping devices aim to minimize the horizontal deformations, and therefore
the above implementation method with the concentric diagonal braces seems ratio-
nal. However, tall buildings usually consist of the combination of moment resisting
frames along with shear walls. The deflected shape of the shear walls is similar to a
cantilever, which actually highly affects the global deflected shape of the structure.
High axial deformations are created, and in order to take this into consideration,
the damping philosophy should be adapted as well, and designed in such a way so
they will resist these axial deformations through shear. Based on current research,
and on actual implementations of supplemental damping devices on skyscrapers,
VE dampers can actually replace the reinforced concrete coupling beams, resulting
in reducing the vertical deformations created at the ends of the beams due to high
shear forces. This solution has been already suggested and implemented into real
projects in order to mitigate both seismic and wind actions [91), 29]. It has been also

suggested to add both VE dampers along with diagonal braces for optimal results

[88].

(

Steel Plates Viscoelastic Material

Figure 2.16: Typical VE damper configuration

/AW
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Time ——>

Figure 2.17: VE stress-strain behaviour under sinusoidal loading [145]
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Even though the basic characteristics of VE materials are creep, stress relaxation,
and dynamic behaviour, the last one is the main focus here, due to the interest in
the dynamic loads applied at the structure. Considering the case of applying a
sinusoidal shear strain, «, with frequency, w, the corresponding viscoelastic stress

will oscillate at the same frequency but out of phase (Figure [2.17)):

v(t) = yosinwt (2.34)

7(t) = Tosin(wt + 0) (2.35)

where g, and 7 represent the maximum strain and stress respectively, and ¢ is the

phase lag. Rewriting Eq. in a different form:
7(t) = y[G' (w)sinwt + G” (w)coswt] (2.36)
where

G(w) = Zecosd, G’ (w) = TLsind (2.37)

Replacing yosinwt with y(t), and using the identity coswt = \/ 1 — sin’wt, qu2.36

can be rewritten as:

T(t) = G'(w)y(t) £ G"(w)\/78 — ¥2(t) (2.38)

Eq. defines the characteristic VE relationship of the material in the form of the
ellipse shown at Figure 2.18] The area of this ellipse defines the energy dissipated

in each cycle of oscillation:

27w

Eg = [," 7(t)y(t)dt
= fo%/w Yaweoswt[G! (w)sinwt + G (w)coswt]dt (2.39)
=5 G" (w)
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Using Eq. and its derivative with respect to time, then Eq. can take the

following form:

7(t) = G'(w)y(t) + C5() (2.40)

where it can be noticed that the term G’(w) represents the elastic modulus, called
the shear storage modulus, and the term G”(w) represents the energy dissipation
component, and is called the shear loss modulus. Both G'(w), and G”(w) are func-
tions of frequency, and are considered as basic characteristics of every VE material
giving a measure of the energy stored and recovered, and energy dissipated per cycle,

respectively.

Figure 2.18: VE stress-strain behaviour under sinusoidal loading

Since, the quantity G’ (w)/w is the damping coefficient, the corresponding damp-

ing ratio is determined as:

G// w w G// w
(= uE )(2G/(w)) = 2G’((w) (241)
And the loss factor, n as:
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Comparing, Eqs, and

(2.43)

o~
I
NE

In order to determine the shear complex modulus of the material (which forms
one of the basic parameters used to characterise a VE/elastomeric material) another

way of determining the stress-strain relationship is followed, using complex notation

and adjusting Eqgs.

"y(t) = f}/oei“’t (244)
T(t) = Toelwtto) (2.45)

Eqgs. and lead to:
T(t) = G*(w)y(t) (2.46)

where G*(w) is the complex modulus of the VE material:

G*(w) = % = e = ((w) +iG" () = G'(w)(1 + in) (2.47)
and
|G* (W) = Geg = 2 = /(G"(w))? + (G"(w))? (2.48)

Therefore, it is observed that the parameters, G’ and G”, or G’ and n define
the dynamic behaviour of a VE material when it is subjected to sinusoidal load-
ing. As will be seen later, these parameters do not only depend on the frequency,
but on temperature and shear strain as well. Hence, a proper constitutive equa-
tion describing the stress-strain or the force-displacement relationship should take
these into account. VE mechanical response is usually simulated by different spring-

viscous damper combinations [141].
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All the above equations are based on the stress-strain relationship of a VE mate-
rial. When this relationship has to be applied in terms of the force-displacement
relationship for a damper with shear area, A, and total thickness, h, then Eq. 2:3§

is adjusted to:

F(t) = k(w)u(t) + &(w)a(t) (2.49)
where
k(w) = 491 5() = AG) (2.50)

Eq. represents pure VE behaviour captured by a Kelvin-Voigt model (spring
and dashpot connected in parallel). Following a slightly different approach, the
equivalent stiffness can be also determined in this case, and its connection with the
equivalent shear modulus can be shown, assuming a sinusoidal imposed displace-

ment:

u(t) = ugsinwt (2.51)

which gives the corresponding derivatives with respect to time:

u(t) = wugcoswt (2.52)

i(t) = —wugsinwt (2.53)

Replacing u(t), and u(t) in Eq.

ol

F(t) = k(w)u(t) + c(w)wy/uj — u? (2.54)

which is the same as Eq. but in force-displacement terms, and is representative
of pure VE behaviour. Since, the equivalent stiffness is defined as Fy/ug, the maxi-

mum force has to be determined. Hence, assuming that the maximum force occurs
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when its derivative with respect to time is zero, the displacement corresponding to
the maximum force (in elastic systems the maximum displacement corresponds to

the maximum force) can be calculated as:

B0 — F(w)ilt) + e(w)ii(t) = 0 (2.55)

Replacing Egs. and to Eq. the displacement corresponding to the

maximum force is extracted:

_ k(w)

Replacing Eq. in Eq. the maximum force is determined:

Fy =g \/l_c(w)Q + ¢(w)*w? (2.57)

Hence, the equivalent stiffness is:

keg = \/E(w)2 + ¢(w)?w? (2.58)

which is the force-displacement version of Eq. Moreover, the force will cor-

respond with a time delay, J, comparing with the imposed displacement, similarly

with Eq.

k(w) = 5—30055 => Fy = ]Z((;:g uo (2.59)
Combining Eqgs. and
tans = Sl (2.60)

k

where again the association with the stress-strain terms is obvious. If k(w), and &(w)

are replaced using Eq. then the loss factor obtained from Eq. [2.60] equals the
one from Eq. [2.42)).

A full description of the VE behaviour was presented here. These parameters, even
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though are very simple, form the basic formulas in order to capture the main charac-
teristics of VE /elastomeric material and will be used in the folllowing chapter. How-
ever, more sophisticated models have been proposed as well. Apart from the Kelvin-
Voigt (spring and dashpot connected in parallel) and Zener model (spring connected
in parallel with a spring-dashpot series connection), the Generalized Maxwell Model
(GMM) was found to be more adequate to capture the mechanical VE characteristics
[89, 141], [42], [75). The GMM (Figure consists of a linear spring, with stiffness,
ko, connected in parallel with Maxwell elements (linear springs with stiffness, k;,

connected in series with dashpots, ¢;).

= = = = =
<z <

KO = k1= k= kK= kN =
<>
T o I 2l 3l oN, |

Figure 2.19: Generalized Maxwell Model (GMM) presentation

It can be expressed either in stress-strain or force-displacement form. When
dynamic displacement, in the form of Eq. is applied, then the corresponding

shear storage modulus, and the shear loss modulus are determined as[89]:

zw Tz
= Go + Z Tron? (2.61)
N
GwT;2
T 2
i=1

The above equations are valid only under sinusoidal loading with a specific frequency
w. Minimizing the error between the experimental and analytical values of the shear
storage modulus and the shear loss modulus. Fan [42] carried out a comparative

analysis between Kelvin-Voigt, GMM, and two different Fractional-Derivatives
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models (one proposed by Kasai [64] and one from Fan). The Fractional-Derivative
models are explained in the next subsection. A relatively good agreement was
achieved for the shear storage modulus, especially for the GMM (Figure .
However, the only available hysteretic loops which were found were comparing the
aforementioned models between them (Figure , and no comparison with exper-
imental values was possible. The only figure which was found to be comparing any
of these models with experimental data in time domain was the roof displacement
time history (Figure of a 2/5-scale five-story 1-bay steel frame test structure
with diagonal-braced VE dampers [I08]. However, careful comparison of these

results show the actual deviation of the GMM model.
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Figure 2.20: Comparison of analytical and experimental values of shear storage
modulus for GMM, Fractional-Derivative models [42]
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Harmonic Loading Seismic Loading
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Figure 2.21: Comparison of hysteretic behaviour of the 3 models( GMM, and
Fractional-Derivative models) [42]
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Figure 2.22: Comparison of analytical and experimental values of roof displacement’
time history of a test structure with diagonal-braced VE dampers [42]
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2.2.8 Elastomeric Dampers

Elastomer Material Background

The ASTM standard D 1566 (ASTM: American Society for Testing and Materials)
defines elastomers as high-polymeric, organic networks that are capable of absorbing
large deformations in a reversible manner. Elastomers are rubber-like materials,
they are made up of long chains of atoms, mainly carbon, and hydrogen, which
have a degree of cross-linking with their neighbouring chains. It is these cross-
linking bonds that pull the elastomer back into shape when the deforming force
is removed. Polymers are characterized by their glass transition temperature, Tj.
Below the glass transition temperature, the proper motion of the molecules, which
is also known as Brownian motion — freezes. The material is in a rigid, glassy state
[6]. When the glass transition is exceeded, the molecules start becoming mobile
once again and the polymer undergoes a “transition” phase. When the temperature
increases to levels more than the “transition” phase, the polymer exhibits a more
rubbery behaviour, where stiffness and damping are generally lower but vary much
less with the temperature [77]. It is in this region where the elastomers are usually
used. If the temperature continues to rise, first rubbery and then viscous flow occurs
followed by decomposition of the polymer. During the rubbery flow phase and the
glass transition phase the polymer behaves as a visco-elastic material [I11]. The
above description of how polymers are behaving with different temperatures can
be seen in Figure where a typical specimen is subjected to a stress which is
held for a time, ¢, at a temperature 7', measuring the modulus: E(T,t) = e(;i,t)’
where o is the applied stress, and e the corresponding displacement. It should be
mentioned that even though not all polymers are purely viscoelastic, and even fewer
are linearly viscoelastic [106], a variety of dampers has been modelled as pure linear
viscoelastic materials which is actually a very good approximation, especially for
low strain amplitudes or for polymers used with relatively high glass 7.

Another interesting characteristic of the elastomeric materials, known as the
Mullin’s effect, is the softening of the material under the first few cycles of defor-

mation, after which the stress-strain behaviour approaches a steady state [50]. The
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main properties of elastomers (at least in a macro-scale which is the main interest

here) can be summarised as:
e exhibit linear VE behaviour, especially under relatively small strains
e extremely high extensibility
e complete recovery after removal of the imposed stress
e strain hardening at relative large strains

Some of these define their main advantages comparing with other types of materials
used in passive dissipation devices, since even after strong earthquakes, the elas-
tomeric dampers will not exhibit any damage or permanent deformation, resulting
in more economical solutions as well.

Since elastomers, like many other polymers, show VE properties, they highly
depend on the strain amplitude, frequency, and ambient temperature. Moreover, a
distinct feature of the hysteresis loops of elastomers is that softening at a small strain
amplitude and hardening at a relatively large strain amplitude may occur in the
amplitude range of practical interest [107]. Similar softening-hardening hysteretic
behavior was observed for elastomeric dampers [107], and for high damping rubber
base isolators [127, ). Typical elastomeric hysteretic behaviour can be seen at
Figure [2.24]

It should be noted that most of the elastomer applications, with regard to seismic
protection of structures have been implemented for seismic isolated structures [68),
65, [144) [T03] in the form of elastomeric bearings.

To capture the dynamic behaviour of elastomeric-rubber dampers several models
have been proposed. Five different models are presented here, which have been used
by either researchers or by design codes to model elastomeric and rubber dissipative

devices:
e Linearised model [5]
e Rate dependent model [107]
e Fractional derivatives [72] [68] [55]
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e Bouc-Wen model [84]

e Modified Bouc-Wen model [62]
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Figure 2.23: Different regimes of polymers behaviour when temperature increases
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Figure 2.24: Typical hysteretic behaviour of elastomer [69]

Linearised Model

The most simplified, but at the same time practical way of presenting the basic
characteristic of either an elastomeric or VE damper/bearing, at least for design
purposes, is a linearised model with an equivalent stiffness, k.sr, and equivalent
damping ratio, (.f¢, proposed by FEMA [5]. These parameters are determined as:

Koy = EXHE] (2.63)

[+
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Copf = C+ %va‘jk (2.64)

where:
e K’ is the storage stiffness
e u™, u™ are the maximum, and minimum displacements

e T, F~ are the forces corresponding to u™, u~

( is the inherent damping ratio of the structure

W; is the work dissipated by the device i per cycle of oscillation

Wy is the maximum strain energy

Rate Dependent Model

Sause [107] on the other hand proposed a rate-dependent hysteretic model, which
is far more sophisticated than the linearised model proposed by FEMA, based on
asymptote functions. Simulating softening and hardening behaviour, which the elas-

tomer experiences, with second and third order polynomials the final model is:

7(7) = 7(7) = eol1 + HEHEH=TOA 0/ (263)
when n > 1

7(7) = 7(y) — egeap[—HATT0o)] (2.66)

when n = 1 where:
e v is the applied shear strain
e 7(7) is the shear stress
e 7(7) is the asymptote function for loading and unloading direction

e ¢9 = T(70) — To is the stress deviation at the most recent strain reversal, 7,

and corresponding stress 7g
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e k., and n are parameters which control the shape of the hysteretic loop

A linear dashpot was also added to the proposed model in order to take into ac-
count rate dependent effects. According to Sause[I07], the slope of the stress-strain
path, 7(v) asymptotically approaches the function 7(y). The parameters of this
model were determined using data from cyclic tests in a frequency range 0.5-3.0Hz.
Good correlation was achieved comparing the analytical model and experimental
results (see Figure [2.25). However, this model is based on a very similar hysteretic
model to previous studies [72], where even though a very good agreement between
analytical and experimental results had been achieved for selected strains, and fre-
quencies2, large discrepancies were observed for high frequencies, and strains below
100% (see Figure . The dynamic analysis results presented are limited, and
more validation methods and experimental data need to demonstrate the computa-

tional stability and general applicability of the current proposed model[107].
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Figure 2.25: Comparison between analytical model proposed by Sause and experi-
mental data [107]
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Figure 2.26: Comparison between analytical model proposed by Lee and experimen-
tal data [72]

Bouc-Wen Model

The Bouc-Wen model,which was originally proposed by Bouc [19] and later gen-
eralized by Wen [137], has been widely used to model the hysteretic behaviour of
structures experiencing non linearities, or dynamic behaviour of individual devices,
such as dampers, and base isolation systems [33], [144], [92] 1T§] . Based on the model

proposed by Bouc-Wen:
F(z,%) = a%x + (1 - a)Fyz (2.67)

in which Z is a dimensionless hysteretic component satisfying the following nonlinear

differential equation:
Yi = —y|i|z|z|"t — Bx|z|* + A (2.68)

Y, and F represent the the yield displacement and force of the hysteretic damper
respectively; x, and & the displacement and velocity, respectively; and 3, v, A dimen-
sionless parameters. The parameter n is an integer which controls the smoothness
of the transition from elastic to plastic response, and « is the post to pre-yielding
stiffness ratio. The Bouc-Wen model is very efficient, however force and deformation
errors have been observed [128, [142] under certain conditions. Moreover, Ni et al [97]
concluded that the Bouc-Wen model can not capture the characteristics of rubbery

materials.
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However, Constaninou [33] carried out a comparison between different dampers
and the Bouc-Wen model. One of the dampers was a lead-rubber damper, used for
base isolation. Figure [2:27] shows the comparison between the hysteretic loops of
the analytical model and experimental hysteresis. The parameters were optimised
based on minimizing the error between between the corresponding forces under 60
mm amplitude, 0.9 loading frequency, and a vertical load of 450 kN. Even though
the results are found to be in a very good agreement it should be noted that this
model was valid under this specific test under the aforementioned conditions. The

data were obtained from Skinner [112].
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Figure 2.27: Comparison between experimental data and Bouc-Wen model [33]

Modified Bouc-Wen Model

Karavasilis et al [62] proposed a hysteretic model for a compressed elastomeric
damper. This model was based on a modified Bouc-Wen model [I38], connected
in parallel with a non linear dashpot. The dampers’ behaviour consists of two dif-
ferent phases: before and after slip of the elastomer, which is allowed due to the
unbonding interface between the elastomer and the steel material. The force of the

dashpot is:

Fy = Clv|*sgn(v) (2.69)
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where C' is the damping coefficient, v is the deformation rate, anda is the velocity
exponent. The force of the dashpot was combined with the force from a modified

Bouc-Wen model, where the stiffness term Fy /Y of Eq. was modified to:

k= kye wret + ky (2.70)

where k1, ka,u,es are constants, and g, is the average of the maximum absolute
deformation amplitudes in both positive (umqzp), and negative (Umqz,n) direction:

Umax = umiaz’nl;_umw’p (271)

The aforementioned values were determined from characterization tests. The pro-
posed model was found to capture satisfactorily the dampers’ behaviour for both
pre-slip and post-slip displacements (Figure , and was used for non linear anal-
yses to evaluate the seismic performance of steel moment resisting frames equipped

with elastomeric dampers.
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Figure 2.28: Comparison between experimental data and analytical model proposed
by Karavasilis [62]

Fractional Derivatives Model

Finally, Fractional Derivatives is also an approach of modelling the hysteretic
behaviour of both viscous[82], viscoelastic[42, [70], and elastomeric or rubber
materials[55, [68 129] as passive dissipation devices. This model is based on the

standard linear model [95]:

J—l—a%‘z = Ee—l—ﬁE% (2.72)

This model is a more complex stress-strain relationship between the simple Hooke’s
law (0 = Fe) or the dashpot-spring combination (o = Fe+ SFEde/dt). Adding more
derivatives of o, and € in Eq. 272}

o+ Y ot =Ee+ EY 0 B0k (2.73)
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Proper choices of 3, and «,, lead to fit the experimental data with the proposed

model. Replacing the integral derivatives with fractional derivatives leads to:

o+ 5% a,D%0c(t) = Ee(t) + EY.°% | BnDPe(t) (2.74)

where the generalized derivatives D**, and D?" are defined as:

D [z(t)] = rtary i Jo (tf(:))an dt (2.75)

with 0 < oy, < 1, and T is the gamma function. Hysteretic plots of derivative models
used for modelling VE materials can be seen at Figure Moreover, Kasai et al
[64] used the fractional derivative model to model VE damper’s behaviour under
cyclic and ramp tests. Even though relatively good correlation was achieved for
both the shear storage modulus and the loss factor for 24, and 32 °C, results were

disappointing for the 15 °C case (see Figure [2.29)).

1800
o: Measured at 15 oC
1600 +: Measured at 24 oC
- *: Measured at 32 oC
& 1400 ___: From Model
-3 1200} -
= 3
3
3 1000 | 1!:
= @
% 800 F E 0.6}
S 600}
@ 0.4}
400 |
a0 0.2p
4] ] =
[} 1 2 3

Figure 2.29: Comparison between experimental data and analytical model proposed
by Kasai [64]

Another scenario is that a different form of Eq. is used, called the 'fractional

Kelvin Model’, omitting any additional derivatives of the stress:

o = Eo(1 + cDP)e(t) (2.76)

The most common approach of determining the parameters of the aforemen-

tioned models is to obtain analytical expressions of the shear storage modulus, G’,
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and shear loss modulus, G” under cyclic tests of specific strain amplitudes and fre-
quencies, and then optimising the models’ parameters fit the experimental data to
these expressions. However, as was shown, matching the experimental values of G’,
G" does not necessarily mean that the proposed model can capture the dynamic
characteristics of the damper. The same approach is followed when minimizing the

experimental and analytical force is preferred.

2.2.9 Past applications of VE/Elastomeric Dampers

It should be mentioned that most of the elastomeric materials’ applications were
used in base isolation techniques, where they were usually incorporated between steel
plates, rather than actual implementation on frames along with diagonal braces. On
the other hand, the majority of the VE dampers were used in retrofitting structures
connecting the damper with the braces. The main target of the first implementations
of the VE dampers was to reduce wind induced vibrations. Therefore, one of the first
applications of VE dampers was in the World Trade Center (1969) in order to reduce
the acceleration levels due to wind [81I]. About 10000 VE dampers were installed in
each tower from the 10th to the 110th floor. Their design was carried out in such a
way to assist the steel frame mitigating the wind induced movement (Figure .
The were located between the lower chords of the horizontal trusses and the the outer
columns of the structure. The total achieved damping was calculated and found to
be in the range of 2.5%-3% of critical. Seismic applications started a lot later, and
more specifically in 1993, when the 13 story Santa County building in San Jose, CA,
was retrofitted, since it was found that the viscous damping in the fundamental mode
was less than 1% of critical. VE dampers were chosen as the final solution, since
they could provide increased damping for both frequent low-level ground shaking
and strong ground motions. Two VE dampers were added to each building face per
floor (Figure , increasing the fundamental damping to 17% of the critical. More
recent applications of VE dampers connected with steel diagonal braces include the
Beijing 7 Star Morgan Plaza Hotel C (China, Beijing) in 2007 where 108 viscous
and viscoelastic dampers were added for both wind and earthquake protection, and

the Hotel Stockton (USA, Stockton, CA), where a combination of both viscous and
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viscoelastic dampers were added to reduce the structure’s responce due to seismic

loads [4].

S LvDT

World Trade Center
Damper in Flace

Damper Position

Figure 2.30: Damper Installation at the World Trade Center [31]

Figure 2.31: Santa Clara County building San Jose - Seismic application [31]

Another different approach was followed by Rant [38], where a 110-story, 630 m
mega-tall building was retrofitted with VE dampers, which replaced the coupling
beams connecting the shear walls. The main concept behind this decision is that
since the deflected shape of very tall buildings due to horizontal loads is similar

to a cantilever, rather than the shear deflection of moment resisting frames which
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consists the main resisting system of low-rise buildings. Hence, the whole dampers
philosophy was adjusted as well (Figure . The dampers replaced about 60%
of the diagonally reinforced concrete coupling beams of the original structure. The
results showed that the peak inter-story drift ratios were reduced by up to 15%
under the Maximum Considered Earthquake, and the peak floor accelerations by
approximately 24%.

One of the rare applications of rubber-like dampers connected with the sur-
rounding structure with diagonal braces that could be found in the literature, was
carried out by Teramoto [125] on an 11 storey, 44 m tall building which was un-
der construction when the research paper was published. The main target of the
added dampers was to reduce the vibrations due to both seismic loads and traffic
motion since the building was close to subway lines. The results improved the build-
ing’s performance by reducing both the maximum accelerations and storey drifts by
approximately 20%. Another seismic retrofit was carried out in the Gentile-Fermi
School in Fabriano, after the building suffered sufficient damage during an earth-
quake in the Umbria-Marche region (September 1997). A total of 33 elastomeric
dampers were added at the second and the third floor of the building, absorbing
50% of the input energy. However, as already mentioned, the vast majority of the
applications of elastomeric dampers to structures were carried out as part of base

isolation methods.

Figure 2.32: Experimental rig for VE dampers replacing coupling beams [38]
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Figure 2.33: Elastomeric dampers used for seismic retrofit in the Gentile-Fermi
School in Fabriano [§]

2.3 Conclusions

This section has presented the main principles of structures with supplemental dissi-
pation devices, and their main characteristics, along with alterations in the equation
of motion during earthquakes, for the case of both SDOF and MDOF structures.
Furthermore, a brief introduction into each of the passive energy devices was pre-
sented. Passive energy devices are generally preferred for their simplicity, and relia-
bility even during strong earthquakes. A more detailed insight was given in case of
viscoelastic and elastomeric dampers, with the latter case to be the research focus
of this study. Their main advantage is their ability to provide both stiffness and
damping in contrast with other types of dampers, while they can be also effective
under low amplitude forces not needing a specific value of either force or deformation
to trigger their mechanism. Finally, material models which have been used by previ-
ous researches to capture the dynamic characteristics of elastomeric materials were
briefly described, and actual applications of VE/elastomeric dampers to buildings
were presented.

Elastomers have been mainly used in base isolation methods when they have been
actually applied in the form of dampers distributed in buildings they were usually
modelled assuming visco-elastic behaviour, which has been proved to be valid under

only low strain amplitudes. Hence, a need for a more general hysteretic model which
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would be able to capture the elastomers’ characteristics beyond the deformation for
which visco-elasticity can be accurate is covered by this research.

The fact that not only elastomers behaviour changes with frequency, strain am-
plitude, and temperature, but also elastomers hysteresis shape makes extremely
difficult the modelling process with regard to seismic interest, because the main
earthquake scope is to effectively capture the dynamic characteristics of the dampers
under random loading for a few seconds. Even though a lot of models have been
proposed, most of them are based on linearised properties of the elastomers or on
models parameters optimisation based on minimization of the error of analytical
expressions of shear storage modulus and corresponding experimental values un-
der imposed sinusoidal loading with specific values of frequencies. These analytical
formulas do not usually take into account any temperature and strain amplitude
alterations, and depend only on the imposed loading frequency. However, these
modelling techniques do not guarantee the actual representation of the elastomers
hysteresis loops. Furthermore, a lack of models predicting the dynamic behaviour of
the elastomeric materials under different temperatures was observed. Moreover, the
majority of research of elastomeric dampers is based on base isolation techniques
and not when the dampers are incorporated throughout the height of the structure
with additional steel diagonals braces. These techniques are highly different and
target in different expected structural performances. The uniform distribution of
the dampers throughout the height of buildings offers more damping and stiffness
to each floor level, as opposed to base isolation techniques where most of the seis-
mic energy is dissipated at the structure’s base. A new model is presented in this
thesis, which is based on a new time domain Generalised Maxwell Model equation,
and is able to predict the dynamic behaviour of elastomeric dampers for a range of
strain amplitudes, loading frequencies, and ambient temperatures. Non linearities
and strain-stress time history are taken into account, while the model was further
validated under earthquake loading using real time substructure tests (see Chapter

6).
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Chapter 3

Characterization Tests

3.1 Introduction

This chapter presents the experimental procedure which was followed in order to
determine the main characteristics of two elastomeric dampers, provided by the
Tun Abdul Razak Research Centre (TARRC). It is well known that elastomeric
materials depend on strain amplitude, loading frequency, and ambient temperature.
Therefore, sinusoidal displacements under a specific range of strain, frequency, and
temperature were applied to the assemblage of the two dampers, and the corre-
sponding force was measured. Based on the force-displacement hysteretic loops the

main characteristics of the elastomer were determined.

3.2 Experimental rig

Figure shows one of the two individual elastomeric dampers, which were pro-
vided by TARRC. It consists of an elastomeric material bonded between two steel
plates. Each of these dampers has overall dimensions of 260x260 mm?, of which only
180x230 mm? corresponds to the elastomer’s dimensions(fig. . The 230 mm di-
mension coincides with the loading direction. The four A-holes, and the two B-holes
allowed each of the dampers to be connected with adjacent steel plates (fig. :
an additional steel plate, A, was connected with both the outer plate of the damper

and with a fixed and stable reacting wall, which in turn was considered fixed at its
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base; the interior plate of the damper was connected to a plate (B), which in turn
enables connection to the actuator via a central plate , C'. The final configuration

of the rig can be seen in Figures [3.3] and 3.4}

It should be noted that the focus of this research is on the effect of the elastomeric
dampers on structures due to earthquake loads. Therefore, the elastomeric dampers

were tested for the earthquake scenario only.

In order to investigate the strain amplitude, frequency, and temperature depen-
dence, a series of tests was carried out based on sinusoidal displacement histories at
the Elastomeric Dampers (EDs). In order to avoid large initial displacement and
velocity, ramping cycles were implemented, along with 18 full sinusoidal cycles (see
Figure . This process, which is similar with the one proposed by FEMA356
[5], was repeated for frequencies of 0.25, 0.5, 1.0, 2.0, 3.0, and 4.0 Hz, for strain
amplitudes of 10, 20, 30, 40, and 50%, and for ambient temperatures of 20, 25, 30,
and 35°C. The maximum shear strain amplitude was limited to 50%, to avoid any
potential permanent damage, severe cracking, or debonding of the elastomer. The
first series of tests was conducted at room temperature (20°C), while the same pro-
cess was repeated for 25, 30, and 35°C, with the use of a heater, and a temperature
control chamber (fig. , so that the target temperature was kept stable during the
test. T'wo thermocouples were attached at the elastomer, one at the top and one at
the bottom surface of the elastomer, for measuring the ambient temperature along
with any increase in temperature during the loading history. For every test which
was carried out at higher than room temperature, the elastomer was heated until
convergence was achieved between the temperature shown at the two thermocouples,

typically between 8-12 hours.

A 100 kN Instron servo-hydraulic actuator was used to carry out the experi-
mental procedure. The actuator has a stroke of +£125 mm, receiving its power via
pressurised oil through Moog servo valves, which control the piston movements by
directing the oil to one side of it and connecting the other side to the return line
[18]. The pressurised oil is delivered through the laboratory’s substations, which are
installed directly on the main hydraulic high pressure line, driven by three 60 [/min

oil pumps, resulting in a peak flow of 180 [/min. Hydraulic accumulators which
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are capable of storing highly pressurised oil, provide enhanced flow rates at times
of peak consumption when the instantaneous supply from the pumps is not enough
[18]. The substations are also connected to the return line to the oil reservoir. Dur-
ing low consumption, individual pumps can be switched off. In order to mitigate
any floor vibration effects all the hydraulic equipment is installed on a large con-
crete block of 9.1x4.2 m in surface area, 1.6m deep and weighing 166 tonnes. The
testing area of the floor is 7.5x3.5m. The communication between the actuators
and the substation (closed loop control) is controlled by an Instron Labtronic 8800
controller, which provides four channels of position or force control, and is based
on a proportional-integral-derivative-lag (PIDL) controller, with its parameters set
either by an auto-tuning process or by hand. The controller parameters are accessi-
ble to the user through the Instron program RS+. More information regarding the
laboratory equipment is given in Chapter 6, where real time substructure tests are
conducted.

A linear encoder is also attached to the damper in order to capture the actual
deformation, and not the one achieved by the actuator, since some flexibility of the
connecting elements is anticipated. It was connected at the mid-height of the central
plate of the rig assemblage. A thermocouple was attached to the top and bottom
surface of the elastomer in order to measure the ambient temperature, but also to
capture any increase in temperature during the tests. Hence, the experimental tests
were focused on verifying non linear dependence on strain amplitude, frequency,
and ambient temperature. Among these parameters, it is has been shown that

strain dependence is the dominant factor [72}, 103].

Figure 3.1: Elastomeric Damper provided by TARRC
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Figure 3.2: Elastomeric Damper Dimensions

Figure 3.3: Plan of the final rig: elastomeric damper connected with actuator
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Figure 3.4: Final Rig: elastomeric damper connected with actuator
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Figure 3.5: Typical Displacements’ command - (30% shear strain, 2 Hz)
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Figure 3.6: Temperature chamber

3.3 Mechanical Properties

Figure [3.7 shows a typical hysteretic loop of the elastomeric dampers corresponding
to 40% maximum shear strain amplitude, 3 Hz frequency, and 20°C temperature.
It can be seen that after the first cycles, the hysteretic loops become more and
more steady and approximately repeatable, corresponding to smaller and smaller
stiffness degradation. Hence, in order to determine the mechanical properties of
the dampers the average value of the hysteretic loops of cycles 5-15 was taken. As
already mentioned in Chapter 2, the shear storage modulus, G’, and either the shear
loss modus, G”, or the loss factor, n, govern the main characteristics of the dynamic
behaviour of viscoelastic and elastomeric materials. Instead of G’, the equivalent
shear modulus, G¢4 can be determined in a similar way that equivalent stiffness was
defined in Chapter 2 (see section [2.2.7)). All the above parameters can be extracted
from each of the hysteretic loops as:

Gl — T(’Y:’Ymax)_T(')’:’Ymin) (3]_)

Ymaz —VYmin

Geq — Tmaz —Tmin (32)

Ymaz —VYmin
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n=LZD (3.3)

where 7(7 = Ymaz) i the shear stress corresponding to the maximum strain vmqz,
T(Y = Ymin) is the shear stress corresponding to the minimum strain Y,in, Tmaz 1S
the maximum shear stress, T,,i, is the minimum shear stress, ED and ES are the
dissipated energy per cycle of oscillation, and the maximum energy stored respec-
tively. E'D can be calculated based on the area of the hysteretic loop. ES can be

calculated as:

ES = 3G a0 (3.4)

Force (kM)

A0 | . . . . .
5 . R

Displacernent (rmm)

Figure 3.7: Typical force-displacement relationship for ED under frequency of 3Hz,
strain amplitude of 40%, 20°C temperature

3.4 Results

All the aforementioned parameters are summarised in Appendix 1 (tablesto
for all the strain amplitudes, frequencies, and temperatures. Comparing the range
of the values of both the loss factor and the shear storage modulus shows that they
are close to the rubbery materials used by Lee[72], and other researchers [125], [114].
It should be also mentioned that any temperature variations during testing were

found to be almost negligible.
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The results showed that strain amplitude had a larger impact on the EDs’ be-
haviour, in contrast with frequency, and temperature. This can be seen by two
different approaches. The first one is to compare the amplitude dependence at a
range of frequencies at fixed temperature, in the form of Figures and
These figures prove the above statement that the dominant factor which affects the
elastomers’ dynamic behaviour is the amplitude and not the frequency, especially
in the case of the loss factor, which practically remains the same regardless of any
change in frequency. It is also noticeable that when the strain amplitude increases
above 30% (which is the key point, as be seen in the second approach, for the
transition between the viscoelastic phase to elastomeric phase) the rates of change
of both the shear storage modulus and the loss factor reduce significantly. Below
30%, a large decrease, especially in the loss factor, can be observed. Furthermore,
it seems that amplitude and frequency have exactly opposite effects, since increas-
ing strain amplitude leads to decreasing the mechanical properties of the elastomer,

while increasing the loading frequency leads to increasing them.

The second approach of demonstrating that the strain amplitude has the largest
effect on the elastomer’s behaviour is by plotting the hysteretic loops of the dampers
keeping the other two parameters (frequency, and temperature) constant. Hence, ob-
serving Figures to it can be seen that the elastomer exhibits approximately
viscoelastic behaviour for strain amplitudes of 10%-30%, proving that elastomers
exhibit viscoelastic behaviour under relatively low amplitudes, which is one of the
main material characteristics addressed in Chapter 2. The more the strain am-
plitude increases, the more the hysteretic behaviour tends to form a more typical
elastomeric shape (compare for example Figures and , which as explained
in Chapter 2 has slightly different characteristics from the conventional viscoelastic
shape. On the other hand, this is not the case when the frequency is altered (com-
pare for example Figures and or Figures and ). In that case,
even though the mechanical properties change, the overall shape of the hysteresis
loops remain the same (Figures to . In case of elastomer dependence on
strain amplitude, not only the mechanical characteristics change, but also the whole

behaviour of the material changes as well. This fact makes extremely difficult the
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modelling procedure of the material. But, at the same time it shows that when
the material has larger strain amplitudes, and hence behaves more like a typical
elastomer, it tends to be more and more independent of the frequency, in contrast
with its viscoelastic phase when the strain amplitudes are relatively low.

With regard to the effect of ambient temperature, both the shear storage mod-
ulus, and the loss factor decrease with the increase of temperature. This can be
observed by plotting the hysteretic curves of the dampers for different temperatures,
while keeping the frequency, and the strain amplitude constant. Figure shows
how the ability of the dampers to dissipate energy becomes smaller as the ambient
temperature increases. However, it can also be seen that the shape of the hystere-
sis remains unchanged, leading to the conclusion that only strain amplitude leads
to different hysteresis shapes, in contrast with frequency and temperature, which
affect, more or less, the dampers’ characteristics but not their hysteresis shape.

The effect of the temperature on the elastomers’ properties can be more clearly
seen in Figures and [3.16] where the values of loss factor and shear storage
modulus are plotted against frequency for different temperatures, while keeping the
strain amplitude constant at 40%. Two different conclusions can be made through
these figures: a) increase of temperature leads to decrease of dampers’ efficiency.
However, the rate of this decrease slows as the temperature gets higher, b) the
dampers’ mechanical properties remain almost constant, especially in the case of
the loss factor, with any frequency alteration. Moreover, similar observations with
the 20°C case, can be determined from Figures to These figures validate
the observations determined from ambient temperature, and lead to the estimation
that the elastomer behaves similarly at different temperatures. Its mechanical char-
acteristics are reduced. However, at the same time it seems that any alteration in
strain amplitude and frequency results in a quite similar change in the loss factor,
and the shear storage modulus. Finally, it should be noted that the tests at the
ambient temperature of 20°C were repeated after approximately two years and no
noticeable ageing effects were observed. Figure shows this resemblance com-
paring the hysteretic response of the EDs for a strain amplitude of 40%, frequency

2Hz and ambient temperature of 20°C. The figures are almost identical.
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Figure 3.8: ED’s hysteretic loops for 0.25 Hz and 20°C
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Figure 3.10: ED’s hysteretic loops for 1.0 Hz and 20°C
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Figure 3.11: ED’s hysteretic loops for 2.0 Hz and 20°C
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Figure 3.12: ED’s hysteretic loops for 3.0 Hz and 20°C
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Figure 3.13: ED’s hysteretic loops for 4.0 Hz and 20°C
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Figure 3.14: ED’s hysteretic loops for 2.0 Hz, 40% shear strain, under 20-35°C
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Figure 3.15: Shear storage modulus, G’, under various temperatures, and frequencies
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Figure 3.18: Loss factor, n, at 20°C
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Figure 3.25: Comparison of EDs hysteretic Loops for degradation effects due to time

3.5 Conclusions

This chapter describes the experimental procedure which was followed in order to
obtain the main mechanical characteristics of the elastomeric dampers, which were
provided by TARRC. Similar to viscoelastic materials, elastomers’ behaviour de-
pends on strain amplitude, frequency, and ambient temperature. Hence, the tests
were based on sinusoidal strain time histories in a range of different maximum strain
amplitudes, loading frequencies, and temperatures. The results showed that the
dominant factor which highly affected elastomers’ performance was the strain am-
plitude, since it not only affected the values of loss factor, and shear storage modulus,
but also was responsible for alteration of the hysteresis shape from viscoelastic to
pure elastomeric. On the other hand, the elastomers’ parameters, especially the loss
factor, were found to be insensitive to any frequency alteration. This was observed
under every different ambient temperature that the dampers were tested. With
regard to temperature effect, it seems that any increase in ambient temperature
resulted in decreasing the dissipative capacity of the dampers. However, the dete-

rioration becomes smaller and smaller as the temperatures gets higher. One other
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important observation is that elastomer’s mechanical properties tended to have only
a low variability when the strain amplitude was more than 30%, which, as explained
earlier, was the transition point from the viscoelastic to the elastomeric phase. This
leads to the conclusion that, comparing with conventional viscoelastic materials,
elastomers can be much less dependent not only on frequency but on strain ampli-

tude as well, providing that the strain amplitude has relatively large values.
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Chapter 4

Hysteretic Constitutive Model

Elastomeric Dampers

4.1 Introduction

The description of the characterization tests was presented in Chapter 3, in order
to evaluate the elastomer’s dependence on strain amplitude, loading frequency, and
ambient temperature. It was observed that the elastomer exhibited highly non lin-
ear behaviour, which was dependent on these factors, especially strain amplitude.
In order to represent the damper’s dynamic behaviour a modified version of the
Generalised Maxwell Model (GMM) is proposed in this chapter, with an effort to
take into account any non linearities. Moreover, the GMM force-displacement re-
lationship for N Maxwell elements, in the time domain, is also proposed. This
equation was then modified, assuming N = 1 Maxwell elements, and to form the

final proposed hysteretic constitutive model.

4.2 Generalised Maxwell Model

4.2.1 General Background

The proposed model for the hysteretic behaviour of the EDs is based on the well
known Generalized Maxwell Model (GMM). The GMM has been proposed as a

numerical representation of VE materials [60, [89] and can be graphically represented
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as shown in Figure It was briefly presented in Chapter 2, as a modelling option
of VE materials, and will be presented in more detail here, since it forms the basis
of the proposed hysteretic model. As already mentioned, it consists of a linear
spring, with stiffness kg (or shear modulus Gy in case of a stress-strain relationship),
connected in parallel with N Maxwell elements. Each Maxwell element is a linear
spring, with stiffness k; (N/m), connected in series with a linear dashpot, with
damping parameter ¢; (Nsec/m) (or shear modulus G; (N/m?) and shear damping

coefficient n; (Nsec/m?) in case of a stress-strain relationship).

The most common procedure of determining the parameters of a VE or elas-
tomeric material, when the GMM is used, is to minimize the error between the
analytical values of the shear storage and the shear loss modulus, and the corre-
sponding values which are based on characterization experiments. With regard to
how these values are extracted based on the experimental data, Chapters 2 and 3
provide relevant information. With regard to analytical expressions which predict
the shear storage modulus, and the shear loss modulus, or loss factor, these can be
determined from Eqs [{.I} and {2l These equations are based on the assumption
that the applied strain has sinusoidal form, with a frequency w. Therefore, the corre-

sponding shear storage modulus, G’ and the shear loss modulus, G” are determined

as[89):
N
Guw?t?
G =G —= 4.1
0 * ; 1 + wQTﬂ ( )
N
GwTi?
G"=> —5— 4.2
zz:: 1 + wQTﬁ ( )
where
o (43)

is known as the relaxation time.
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Figure 4.1: GMM representation in terms of Force-displacement

As already mentioned, the above procedure is based on matching the results of
shear storage modulus and shear loss factor for discrete values of the loading fre-
quencies, and is valid only for sinusoidal loading. However, in order to be generalised
and validated under random loading, as in the case of seismic loading, these values
are normally determined based on a frequency range close to the frequency content
of earthquakes (usually 0.25-4 Hz), which is also similar with the content of the
natural frequencies of many structures.

A different approach was used here, where the main focus of the GMM is on
extracting the force-displacement relationship in the time domain for any N number
of Maxwell elements, and therefore the model can be validated under any random
loading. Although, it is very easy to extract this relationship when only one Maxwell
element is used, this becomes much more complicated when more elements are being
used. Therefore, a force-displacement relation for N Maxwell elements has been
also developed here based on Laplace transformation, and presented in the following

section.

4.2.2 GMM force-time relationship for N elements - Derivation

For every Maxwell element of the GMM the force displacement relationship in time

domain is given as:

dFi dui
kil + ci—~ = kici— - 4.4
T TNy (44)
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where k; and ¢; are the stiffness and the dashpot coefficients of the ith Maxwell
element, u; is the imposed displacement and F’; the corresponding force for every i
Maxwell element. In the case of parallel connection of Maxwell elements u; = u for
every Maxwell element. Assuming zero initial conditions for both the displacement

and the force, and applying Laplace Transformation to Eq[.4}

(ki + CZ‘S)F@L = k;c;isur, (45)

where Fij, is the Laplace transform of the force corresponding to the ith Maxwell
element, and vy, is the Laplace transform of the displacement. Equation can be

rewritten in the following form:

k;c;s
Fip =

4.
’ ki + CiSUL (46)

And for N Maxwell elements the Laplace transform of the total force can be deter-

mined as:

N
k;c;s
FL_ZFZL+FOL Zk UL—I-FO,L (4.7)

where Fp 1, represents the Laplace transform of the additional force corresponding
to the linear spring (in this case), which is connected in parallel with the N Maxwell
elements. Multiplying throughout by the minimum common multiple of the denom-

inators of the operators of the right side of Equation [£.7] and rearranging:
N N N
[H(kzh—kchs)}FL:[Z k;c;s Hk +¢js) ]uL+[Hk +¢¢5) }Fo,L (4.8)

h=1 i=1 j=1

where Y represents summation, IT represents a series multiplication, and j # i.
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Focusing only on the left hand side of Equation

N

{ TT e+ ChS)] Fr =

h=1

[(k1 + c18) (ko + c28) (k3 + 38)..(kn—1 + en—15) (kn + CNS)} Fr
[(klkgkg...kN_gkN_lkN)—i-
(kikoks...kn_okn_1cn + kikoks...kn_okncen—1 + ...+
kiks...kn_okn_1knca + koks...kn_okn_1knct)s+
(ki1koks...kn_ocn—1cN + kikoks...kn_4kNn_skn_1cN—2eN + ...+
kikyks..kn_okn_1kncacs + kskaks...kn_okn_1kncica)s?+ (4.9)
(k1koks..kn_akn_gcN—2eN—1cN + k1koks...kN_skN_2cN—3cN_1CN + ...+
kikske...kn_1kncacseq + kaksks...kn_1kncicacs)s®
+...+
(kicacs...cn—aen—1¢N + kacics...ey—2CN—1CN + ...+
kEn_1C1C2...cN—3CN_2CN + kncica...ey_acn—1)8N 1

(c1eaes...en—aen—1en)sN | Fr
N
Dividing 4.9 by H(kd):
d=1
[+ + Pt 2+ )t

CN CN-1 | eNCN-2 | ¢N CN-3 c2e | 12y 2
(kN kn-1 kn kn—2 + kn kn—3 +ot ko k3 + k1 k2)8 +
(cN CN—1 CN—2 CN CN—1 CN—3

N N €2 €3 C4 €1 €2 €33
kN kn—1 kn_2 kn kn—1 kNn_3 +ot ko k3 kg + k1 ko k3)8

4.4

(Lz c3 CN—-1 CN c1 c3

cLey CN-1ey 4y cice CN3CN-2CN 4 C1cz CN-2 CNfl)stl_,’_
ko ks ""kn_1 kN ki ks "kny_1kn 77 ki k2 U kN_3 kn_2 kN ki ks "kn_2 kn-1
(cl c2  EN-1C¢N

N
e e kN)S Iy,

(4.10)

Equation can be rewritten in the following format:

N
P+ Y [ Fd Y ATIEOH (4.11)
a=1 T

miEAi reB
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where:
o ic{l2, .. a}
o A;e{ii+1,i42,....N-a+i}

m;>m;.1, for i>1

Be{mlam%“'ama—lvma}

. Focusing now on the first part of the right hand side of Equation [£.8}

N N
[Z(szzS)H(kg + cjs)] uy, =
i=1 j=1

kicis(ke + cas)(ks + ¢38)...(kn—1 + en—18)(kn + cns)+
kacas(ky + c15)(ks + css)...(kn—1 + en—15) (kN + cns)+ (4.12)
+...+
kn_icn—15(k1 + c18)(ka + c25)...(kn—2 + cn—28) (kN + cns)+

kncens(ki + c1s)(ka + c28)...(kn—2 + cn—25)(kn—1 + cN—15) |ur,
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Rearranging Equation

(Clklkg...kN_lkN + cokiko. . kny_1kNn + ...+

cN—1kiko...kn_1kn + cnkiko...kn_1kN)s+
[01(02k1k3k4...k1\]_1k1\7 + cskikoky...kny_1kN + ...+
cN—1kiko...kn_okn + cnkiko...kn_okn_1)+
co(crkoks...kn—1kn + cskokiky.. . kn_1kN + ...+
cN—1koki1ks...kn—okNn + cnkoki1ks...kn—2kn—1)+
cs(c1kskoky.. . kn_1kn + cokskiky...kn_1kn + ...+
cN—1kskiko...kn_okNn + cnkskika...kn—okn_1) + ...+
en—1(cikn_1koks...kn—okNn + cokn_1k1ks...kn—2kN + ...+
cN—2kn_1ki1ko.. kn_3kN + cnkn_1kiko..kn_skn_2)+
en(ciknkoks.. . kn_okn—1 + coknkiks..kn—okn_1 + ...+
cN—2knkika...kn_skn_1 + cn_1knkiko. kn_skn_2)]s®+
[01(6203k1k4...k1\/ + cocykrksks..kn + ... + en—1enkiko. kn—2)+
co(creskaky.. .k + cicakoksksks...kn + ... + en_1cnkokiks...kn—_2)+
c3(creaksky.. .k + cicakskoks...kny + ... + en—1cnkskikakg...ky—2) + ...+

cn—1(cicokn_1ks...kn—2kN + cicskn_1koks.. kN—2kN + ... + cn—2cNkN—1k1..kN—_3)+

CN(Clch?Nk‘g...kN_l + ciesknkokg.. kN1 + ... + CN_QCN_lk‘Nkl...kN_g)] s3
+...+
[01(02'--CN—1]€1]€N + c9...cy—aenk1 kN1 + ... + Cg...CNk‘lk‘g)—l—
62(6163...CN_1]€2]€N + cieq...cnkoks + ...+ Cg...CNkal) —+ ...+
CNfl(Cl....cN72kN71kN + ...+ CQ...CN,QCNkN,1k1)+
CN(Cl...CN_Qk?Nk'N_l “+ ...+ CQ...CN_lk'Nk‘l)] SN_1+
[k‘lcl...cN + kococics...cy + ... + chNcl...cN_l] sV ug
(4.13)
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Equation can be rewritten as:

[(c1 + o+ ...+ eno1 +en)kika. kn_1kn] s+

[clcg(kl + ko)ks...kn + cre3(ky + ks)koky...kn + ...+
en—1en(kn—1 + kn)kike..kn_o]s*+
[010203(k‘1 + ko + k3)kg..kn + cicoca (k1 + ko + kq)ksks...ky + ...+
cn—2en—1cn (kn—2 + kn—1 + kn)ky...kn_3]s? (4.14)
+...+
[crco..en—gen—1(k1 + ko + ..+ kn—o + kn—1)kn + ..+

CQCg...CN_lcN(k'Q + k3. + kv + k‘N)k‘l]SNfl"f'

[6102...CN_1CN(]€1 +ko+ ...+ kn_1+ ]fN)] SN] Uy,

N
by H(k‘d), as was done with Equation
d=1

4.14

And now dividing Equation

[01 +co+...+eyo1+ CN}SﬁL

[%%(kl + kg) + %%(kﬁl + kg) + ...+
N1 (kn—1 + k‘N)] 524

CN—2 CN—1 (kN_2 + kN—l) + kn—1 kN

kn_2 kn—1
(B 52 52 (ko + ko + Kg) + 232 5 (ko + k2 + k) + ot
CN—2 CN— 3
s s (e + Ko + ) s (1.15)
Fot
[ B O ket v v+
s NLEN (k) kg4 kN1 +EN) +
RN (ky kg A+ R+ hv)] sV T
[P et (kg + ko RN+ k'N)}SN] uL
Which leads to:
N
8 C
S [t S ATLE) S k] (416)
B=1 TEQe zEW Z zew

where:
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e cc{1,2,...0}

o Q.c{c,c+1,c+2,....N-f+c}
o 1. >x.1 for e>1

o We{xy,29,...,v5.1,28}

The last part of the right hand side of the Equation [4.§] can be rearranged

similarly to its left part and can be presented in its final format:

FOL+Z [s"Fo..{ ) {H Cf )}}] (4.17)

PvEHy feL
where:
o vef{l,2,....d}
o H,e{vv+1,v+2,...,N-d+v}
® Py >py.q for v>1

) LE{p17p27"'7pd—1)pd}

Combining Equations 4.76], and [£.17] then [4.§ can be rewritten as:

FL+Z[“FL{ > Il =

m;EA; reB
N
S [ AT Y k] + [F0L+Z Rt 3 ATTGHM)
B=1 TcEQe zEW zeW pv€EH, fEL
(4.18)
Applying inverse Laplace transformation to
Z[W{ > G (N =
N i€ re
ST Y k] + [Fo+§j EEIS SR pl|
B=1 Tc€Q. zeW zeW pv€EH, f€EL
(4.19)
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where:

1€{1,2,....a}, ce{1,2,....0}, ve{l,2,....d}

A;e{iyi+1,i42,...,N-a+i}, Q.€{c,c+1,c+2,....N-f+c}, H,e{v,v+1,0+2,...,N-
d+v}

Be{mi,ma,....mqa-1,ma}, We{z1,22,...,x5.1,23}, and Le{p1,p2,...,pd-1,04}
& M;>My 1, Le>Ted, Po>Po1 for i, ¢, v>1

For illustrative purposes, the cases of N=1, N=2, and N=3 will be presented.
If N=1 Eq. .19 becomes:

F+ e = f+ dba 4 i (4.20)

In the case of N=2 Eq. is determined as:

2 2
F+ Gl + 2+ il = b+ i+ 2+ G+

ko k . (4.21)
Bler + co] + LH 22 (k1 + ko))
In the case of N=3 Eq. is determined as:
2 3
Pl R Rl RERE SRR BRI SR AR =
Fo+ SRR + 2+ 2]+ ddf;o [pe+pe+epl+GRpea) (4.22)
. )
Grlert oot os] + GEIEE R (b + ko) + FH 32 (ky + k) + 2 22 (ke + k)] +

3
%[%%%(kl + ko + k3)]

It is obvious, from the above equations that the number of derivatives of both the
force and the displacement is the same as the number N of Maxwell elements. The
advantage of Eq. apart from the fact that it may be useful in the mathematical
and physical fields, is that it can be used for random loading and not only sinusoidal
loading, and the force-displacement relationship can now be extracted in the time
domain for any number N of Maxwell elements. Furthermore, comparing Eq.
with Eq which is based on generalised derivatives (see Chapter 2), it can be

concluded that they are very similar. However, the parameters «,, 5, of Eq are
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now determined, and are functions of the stiffness k;, and the damping coefficients
¢; of the GMM. Even though fractional derivative models are usually based on
fewer parameters, it was found that additional parameters were necessary to capture
the dynamic characteristics of the EDs tested. However, for preliminary analysis
of structures, a simplified Kelvin-Voigt model (spring and dashpot connected in
parallel) can be used, the parameters of which can be determined based on the

natural frequency of the structure and a design dampers’ displacement.
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4.3 Hysteretic Model

In trying to fit the GMM to the experimental data, it was found that the GMM
was only adequate to describe VE behaviour, regardless of the number of Maxwell
elements used, and could not adequately represent the frequency or amplitude de-
pendence. Hence, a Modified Generalised Maxwell Model (MGMM) is proposed
here. In order to take into account the non linear part of the elastomer’s behaviour,

a non linear damper was added to the main GMM equation:

Fnp = enplul*sgn (i) (4.23)

It was also found that the ED’s behaviour depended on both the maximum
displacement and the maximum velocity obtained during the loading history. Kar-
avasilis et al [62] proposed a modified stiffness based on the maximum displacement

to take into account the softening of the elastomer:

_ Ymax

Kmod = kae “ref + kyp (4.24)

where k,, k, and uer are constants, and umay is the average of the maximum absolute
deformation amplitudes in the negative (umaxn) and positive (umax,p) directions, and

can be determined as follows:

(7 + |u
umax — max,p 2’ maxr,n (4.25)
The values of Umax,p and Umax n are updated for every time step and are fed into the
constitutive equation to calculate the overall response. Similar modelling approach
was followed by Summers [119]. Following the same philosophy in terms of velocity
instead of displacement, a modified damping coefficient is introduced here, which

was found to significantly contribute to the elastomer’s dynamic behaviour:

__ Ymax

Cmod = Ca€ el +cp (4.26)
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The parameters c,, cp, Uref, and vUmax are defined in a similar way to the terms in

kmod; of Eq.
Hence, the final form of the Modified Generalized Maxwell Model (MGMM)

consists of the following parts:

The linear GMM obtained from Equation [4.19

The final version of Fy, which consists of a linear spring;:

F() = kou (4.27)

The non linear damper (see Eq. [4.23)

The modified stiffness from Equation

The modified damping coefficient from Equation [4.26]

Since a generalised equation for N Maxwell elements is now available, efforts
were made in order to use more than one element. More specifically, analytical
models were determined with N = 2,3 and 4 Maxwell elements respectively. The
Normalised Root Mean Square (NRMS) error, defined by Eq. was determined
for every combination (Table and it was found that using only one Maxwell
element was adequate for the specific material without any significant compromise

in the accuracy.

N
> (Fa— Fg)?
NRMS = = (4.28)
> (Fa)?
i=1

where F'y, and Fg represent the force extracted from the analytical model and the
experiments respectively.

Hence, the final equation describing the MGMM is:

F+ %F = (k’O + kmod)u + (%ko +c1+ Cmod)u + CNL|u|a$gn(u) (429)
1 1
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Table 4.1: NRMS error based on different values of Maxwell Elements

Frequency (Hz) ‘ 1 Maxwell Element ‘ 2 Maxwell Elements ‘ 3 Maxwell Elements ‘ 4 Maxwell Elements
0.25 1.60 1.59 1.59 1.59
0.5 1.45 1.44 1.44 1.44
1 1.72 1.70 1.70 1.70
2 1.73 1.73 1.73 1.73
3 1.41 1.43 1.42 1.42
4 1.57 1.60 1.60 1.60
| Average NRMS Error | 1.580 | 1.582 | 1.580 | 1.580 |

It should be noted that this forms an equation which can mechanically capture
the dynamic behaviour of the elastomeric dampers under specific conditions on a
macroscopic level. Unlike the model proposed by Lee [107], the MGMM takes into
account the loading history. In order for Lee to take loading history into consid-
eration and avoid potential overshooting under variable cyclic loading, additional
modifications were made in order to adjust the stress-strain path, which were not
taken into account on the proposed MGMM, which may cause discrepancies if sud-
den strain reversals occur. Examples of more realistic loading histories are presented
in Chapter 6 along with the Real-Time Substructure tests. For comparison reason
both the GMM (using one Maxwell element), and the model proposed by Lee [107]
were compared with experimental data. More specifically, these models were com-
pared with the 2 Hz sweep amplitude test (which is analytically described later)
and presented at Figures and It can be concluded that both of these mod-
els in a good overall agreement with corresponding NRMS error of 2.1 %, and 2.5
% for Lee’s model and GMM respectively. However, when frequency was altered
the results were far from satisfying. Specifically, GMM model could only capture
linear VE behaviour under a target frequency, while Lee’s model presented some
discrepancies when different frequencies and strain amplitudes compared with the

ones which were used to calibrate the model were used.

4.4 Parameter Estimation

Least squares minimization is one of the most widely used methods [42], [72] [60] of
fitting the numerical parameters of a proposed model into the experimental data.
However, as mentioned earlier, in case of GMM this minimization technique has

been based on the frequency domain, trying to minimize the shear storage modulus
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(from Eq. , and the loss factor, n = %,/ (combining Eq. and Eq. for

every frequency and temperature that the damper was experimentally tested, as:

N ! ! 2
min{ Zl (Glnat ~ Gy} (4.30)
j:
N 2
min{ ; [naml — nexp} } (4.31)

where N denotes the number of experimental data available. With regard to fitting
the numerical model to the experimental data, researchers have used various tech-
niques. The most common one is to assume constant one of the three main param-
eters [42] that the material is dependent upon (strain amplitude, loading frequency,
ambient temperature). On the other hand, minimization of the corresponding error
for every cyclic experiment that was carried out [62] has been used as well, taking
the average value of these parameters in order to generate the model through the
whole range of shear strain amplitudes, frequencies, and temperatures. Finally, an-
other widely used method is to include all the available data into one least squares
equation [72, [42].

Furthermore, in the case of the models which were minimised based on their shear
storage modulus, and loss factor for specific frequencies, even though the numerical
values of G', and n seem to fit well with the experimental data, the corresponding
model will not necessarily be valid in the time domain for random loading (and more
specifically for random displacements), since these parameters will only be adequate
to predict the shear storage modulus, and the loss factor of the damper under cyclic
testing with constant frequency, and constant maximum displacement, and not the
actual elastomer’s dynamic behaviour.

Another approach was therefore used here, which takes into account the alter-
ation of displacements (since it was found to be the most dominant factor in the
elastomer’s dependence). Sweep amplitude sinusoidal tests (the shear strain ampli-
tude was ranging from 10%-50%), which were carried out for the same frequency

range used in the characterization tests of Chapter 3, formed the basis for the afore-
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mentioned minimization. The sweep amplitude tests were based on proposals from
Dorka and Garcia[39]. Keeping the frequency and the temperature constant within
each test, and setting the maximum strain amplitude to be 50%, the sweep am-
plitude tests consisted of the following steps: 1.5 cycles of upqs./2, 1.5 cycles of
Umaz, 1.5 cycles of tmas/3, 1.5 cycles of wpay/6, 1.5 cycles of umas/2, 1.5 cycles of
2Umaz /3, 1.5 cycles of Htmas /6, 3 cycles of Upaz, 1.5 cycles of Suma. /6, 1.5 cycles of
2Umaz /3, 1.5 cycles of Upmar /2, 1.5 cycles of upqz/3, 1.5 cycles of tyq, /6. Figure
shows a typical example of both the sweep sinusoidal command displacement and

the ED’s response for a test at a frequency of 3.0 Hz.
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Figure 4.2: Sweep amplitude test for frequency of 3 Hz

The sweep amplitude test is believed to be a more representative test, at least for
fitting the parameters because of the strong amplitude dependence of the elastomer.
In contrast, previous characterization tests were based on a fixed strain amplitude
and frequency. The MGMM (Eq. contains 11 parameters which need to be
determined: ki, ci1, ko, ka, kb, Uref, Ca, Cb, Uref, CNL, . In order to optimize these

parameters a least squares method was used:

m’m{ SN [Fanal(i,k) - Fezp(i,k)} 2} (4.32)
Tk

where i is the index for frequency content (e.g., i = 2 is equivalent with frequency of
0.5 Hz), and k stands for the force-displacement data set at a specific frequency and

displacement. Stress relaxation and very low frequency tests were used as starting
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points of determining initial assumptions of the aforementioned parameters.

Table provides the parameters of the hysteretic model, while Figures
to show the hysteretic response of the damper for both the analytical and ex-
perimental case. It can be seen that the results are in a very good agreement. It
is also worth mentioning that the proposed model is valid under any random earth-
quake loading, and its parameters do not depend on the imposed displacement or
frequency. Chapter 6 provides further validation of the proposed model, where real
time hybrid tests with alterations of both displacement and frequency are carried
out. Furthermore, Table |4.3| shows the NRMS error calculated based on comparison
of the proposed model and the fixed amplitude characterization tests described in
Chapter 3. The error determined for these tests was slightly larger compared to the

sweep amplitude tests; however the agreement observed was very good as well.

Table 4.2: Material Parameters

| k1 (kN/mm) | c1 (kNsec/mm) | k0 (N/mm) | c_NL(kN(sec/mm)?-374) | «a |
| 0.515 | 0.0151 | 0107 | 1.585 | 0.374 |
‘ k_a (kN/mm) ‘ kb (kN/mm) ‘ u_ref (mm) ‘ c_a (kNsec/mm) ‘ c_b (kNsec/mm) ‘ v_ref (mm/sec) ‘
| 3.741 | 3.613 | 7966 | 0.902 | 0.190 | 13.468 |

Table 4.3: NRMS error based on comparison of the proposed model and the char-
acterization tests described in Chapter 3

Frequency ‘
0.25Hz 0.5Hz 1Hz 2Hz 3Hz 4Hz |

Shear Strain %

| |

| |

| 10 | 165 148 178 175 146 165 |
| 20 | 161 149 181 179 15 164 |
| 30 | 16 149 176 181 149 1.64 |
| 40 | 159 152 179 18 151 L7L |
| 50 | 1.63 153 184 181 155 168 |
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Figure 4.6: Comparison of force between experiment and MGMM model for sweep
amplitude test - 2 Hz, 20°C

50 50 . ‘ :
b — Analytical
40+ 2 q
40 — Experimental [|
a0 , 2 e
20+ q 20 n i

=~ 10} q = e

3 g "Il | |

g of B 3 o i 4 1 P gh i ) 1

(=} (=}

w gl | [T, 1 ]
.20 b -20 q
-30¢ - -30 1
40 -—-Experimental -40 1

L
50 . . .
%0 % 2 0 z 4 6 0 2 4 6 8

Displacement(mm} Time(sec)

Figure 4.7: Comparison of force between experiment and MGMM model for sweep
amplitude test - 3 Hz, 20°C

50

- 50
— Analytical
401 1
40 —— Experimental ||
2] | .
201 1 20
g 101 h g 10 |
= = i "
] o 1 g 0 i bt T T i)
o (=]
= _1of 1 =10
=20 i -20
30 i -30
a0} L2 — Analytical || 40
wie ——- Experimental .50 . . .
ol =" . . : 0 2 3 4 5 6
! 4 -2 2 4 6 Time(sec)

Displacement(mm)

Figure 4.8: Comparison of force between experiment and MGMM model for sweep
amplitude test - 4 Hz, 20°C

92



Seismic design and evaluation of steel moment resisting frames using elastomeric dampers

Analytical
—=——Experimental

Force(kN)

Displacement(mm)

Figure 4.9: Model proposed by Lee [107] compared with 2 Hz sweep amplitude test

Force(kN)

Displacement(mm)

Figure 4.10: GMM compared with 2 Hz sweep amplitude test

4.5 Effect of Temperature

One of the most widely used procedure in order to take into account temperature
effects of polymeric materials tested under loading is the one proposed by Ferry [43].
According to this method a shifting function, a7 with two parameters pi, po was

proposed:

—P1 (T*Tref>

ar (T, Tyeg) = €7+ rep) (4.33)

G’ increases as the temperature decreases from a reference temperature Trer to a
temperature 7" at a reference frequency wres. This increase of G’ is equivalent to
the increase of G’ as the frequency changes from wyef to ar (T, Trefwref) at Tres.

Incorporating the shifting function a7 into the analytical values of G', and G” cap-
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tures any alterations of the material’s characteristics due to change of temperature.
A much simpler method was followed in this research. In order to capture the be-
haviour of the EDs under different ambient temperatures, both the characterization
tests and the sweep amplitude tests were repeated at different temperatures: 25, 30,
and 35°C. The same model (MGMM), which was developed and validated for the
experiments which were carried out at room temperature (20°C), will be used here
as well, by introducing a new parameter, yr. However, a simplifying assumption
that all parameters change at the same rate with temperature was made. This led
to very good agreement between experimental and numerical results. The original

proposed hysteretic model in this case has been adjusted:

Fr+ &Fr=
h (4.34)
Y1 (ko + Kmod,r)u + (F-koyr +yre1 + Cmodr )0 + Yok L ()77
where:
Cmod,T = YTCa€ Tl + ypcy (4.35)
and
kmod,r = Yrkae TUrf 4+ vk (4.36)

where T' denotes the ambient temperature, and 7 the coefficient which controls the
parameters of the model in different temperatures. Again, the same minimization
techniques introduced earlier were used to determine the vy parameter for different
temperatures. These values are summarised in Table

Table 4.4: Values of v for different ambient temperatures

")’20\ Y25 ‘ 30 ‘ 735 ‘
| 1 ]0.935 | 0.875 | 0.820 |

As expected from the results of the characterization tests carried out at different
temperatures (Chapter 3), the values of 77 reduce with the increase of temperature.

This reduction can be schematically seen at Figure and can be approximately
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determined as 0.116/°C. Figures to show the comparison between the
experimental data and the proposed model for the 4Hz sweep amplitude tests. It
can be seen that the MGMM can capture adequately the dynamic behaviour of the
EDs under every temperature. More figures regarding the full comparison of the
proposed model against the dynamic behaviour of the EDs in different temperatures

are available in Appendix 2.
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Figure 4.11: Alteration of temperature parameter vy with different temperatures

4.6 Conclusions

A new model has been developed in this chapter, the Modified Generalised Maxwell
Model (MGMM), based on the well known Generalised Model (GMM), in order to
capture the dynamic behaviour of elastomeric dampers. In order to extract this
model, the force-displacement relationship of the GMM for N Maxwell elements
in the time domain was determined (Eq. . However, it was observed that the
GMM was able to capture only visco-elastic behaviour, and not follow the elastomer’s
performance, regardless the number N used. Hence, the MGMM, based on N=1
Maxwell element, was proposed which was found to be able to predict the dynamic
performance of the elastomeric dampers under a range of strain amplitudes and
frequencies. In order to take into consideration the effect of the ambient temperature,
a new parameter was introduced into the proposed model, and the analytical results
were found to be in very good agreement with the experimental data for every strain
amplitude, frequency, and temperature, with the maximum NRMS error observed

during these tests to reach 1.8%.

95



Hysteretic Constitutive Model

50 T r

— Analytical
301 A
201 4

Force(kN)
(=)

=20} > b
40} [ 4
50 L I . 1 L

-6 -4 2 2 4 6

Displacement{mmy)

Figure 4.12: Comparison of force between experiment and MGMM model for sweep
amplitude test - 4.0 Hz, 25°C

40

30+

20

Force(kN)

=201

30} ¥

.4(?6

Displacement(mm)

Figure 4.13: Comparison of force between experiment and MGMM model for sweep
amplitude test - 4.0 Hz, 30°C

40

— Analytical
——— Experimental

30

20

Force(kN)

-20

301 F

40 -4 2 0 2 4 6
Displacement{mm)

Figure 4.14: Comparison of force between experiment and MGMM model for sweep
amplitude test - 4.0 Hz, 35°C

96



Seismic design and evaluation of steel moment resisting frames using elastomeric dampers

The proposed model was also evaluated under the characterization tests carried
out in Chapter 3; a very good agreement was achieved as well even though the
NRMS error was slightly larger, reaching 1.84%. The proposed hysteretic model
was later implemented in an incremental way as a new material into OpenSees, so

that an in depth analysis of the effect of the EDs could be carried out in Chapter 5.
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Chapter 5

Seismic Response of Steel
Moment Resisting Frames using

Elastomeric Dampers

5.1 Introduction

In Chapter 3, the characterization tests carried out at the Dynamics Laboratory of
the Oxford University Engineering Department were analytically described. Based
on these tests, a hysteretic model was proposed at Chapter 4, and incorporated into
the Finite Element software OpenSees[3]. The current chapter describes the analysis
of a 10-storey steel moment-resisting frame, designed according to Eurocode 3 and
Eurocode 8, and its dynamic response under non-linear time histories. In order to
improve the building’s performance, elastomeric dampers were added at a second
stage. A uniform damper distribution throughout the height of the structure was
used, and elastomers’ deformation limit was constrained to be in the shear strain
target range. With regard to the dampers’ selection, a design process [114] was
followed, so the target performance level was achieved. Both the initial and the
retrofitted steel frame seismic performance were evaluated under seismic actions

with 2% and 10% probability of exceedance in 50 years.
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5.2 Prototype Building

Figures and show the 10-storey, 3-bay by 4-bay prototype building, which
was used for this study. The length of the beams was assumed 7.2m, making the
plan of the building 21.6m x 28.8m, while the height of each storey was assumed
3.5m, leading to a total height of 35m. The building, which was assumed to be
located on a dense sand (type C ground), was designed according to Eurocode 3 [I],
and Eurocode 8 [2]. The structure was designed based only on ¢ factor and not on
interstorey drift ratio (IDR) in order to obtain more flexible structure. Concentric
braces provide the main resistance to horizontal forces in the global Y direction, and
Moment Resisting Frames (MRFs) in the global X direction. The strong axis of the
columns was aligned with the global X axis [56].

The design dead load used at each floor was assumed 4.5 kN/m?, and the live
load 2 kN/m?, made up as shown in table An additional dead load of 1.2 kN/m
was assigned to perimeter beams, due to glazing.

The structure was designed for Ductility Class High (DCH), and behaviour fac-
tor of 4 along the global Y axis, where the diagonal braces are mainly responsible
for resisting the seismic forces, and 6.5 in the global X direction in which moment
resisting frames is the main mechanism for the horizontal actions. DCH was imple-
mented in this research in order to obtain larger ¢ factor, and therefore more flexible
structure. This will potentially result in larger lateral displacements, and will even
further highlight the efficiency of the dampers.

The following assumptions were made in structural modelling of the building:

Beam column connections were assumed as fully rigid for the moment resisting
frames, and simple connections for the direction where diagonal braces were

used

The yield stress of the steel members is assumed to be 275 MPa

The columns were assumed fixed at their bases

Rigid Diaphragms were assigned to each floor

99



Seismic response of steel moment resisting frames using elastomeric dampers

The FE model was first validated under simple static and cyclic loading before pro-
ceeding to more complex seismic loading. The first 3 natural modes of the building

are shown in Figure [5.1]

(a) Mode 1 (b) Mode 2 (¢) Mode 3

Figure 5.1: First 3 modes of the prototype structure

With regard to the representation of seismic action, the ECS8 elastic response
spectrum type 1 was used, and the design of the structure was based on modal
response spectrum analysis according to Eurocode 8 [2]. The design seismic action
is expressed in terms of two parameters: 1) the probability of exceedance in a time
period of 50 years, and 2) the importance factor, v;. Both of these factors are ex-
plained later in detail (see . In case of Eurocode 8, structures shall be designed
for a seismic action having 10% probability of exceedance in 50 years. The two or-
thogonal components of the horizontal seismic action are assumed independent and
represented by the same response spectrum. The ability of the structure to exhibit
non linearities during seismic actions permits to design for smaller seismic forces
than those corresponding to a linear elastic response. Hence, to avoid complicated
and explicit inelastic analyses, the capacity of the structure to dissipate energy in
a ductile way, can be taken into consideration by performing elastic analysis based
on the elastic response spectrum reduced by the behaviour factor, ¢. Briefly, the

horizontal components of the seismic action of the design spectrum are:
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r (5.4)

where:

Sp(T) is the design spectrum

T is the vibration period of a linear single-degree-of-freedom system

ag = 7y10agR is the design ground acceleration

agr is the reference peak ground acceleration on type A ground (=0.36g based on
the National Annex of Greece for zone 3 areas)

~1 is the importance factor

Tg,Tc, and Tp are given values by Eurocode 8, depending on the corresponding
elastic response spectrum

q is the behaviour factor

5 is the lower bound factor for the horizontal design spectrum

Figures and [5.5] show the corresponding design spectrum according to ECS.
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Figure 5.2: Elevation of the Prototype Building

28.8m
T 2m
.2m
21 Bm Braces
Moaorment Resisting Frames
W Gobalak

X Ghalak

Figure 5.3: Plan of the Prototype Building
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Figure 5.5: Design Spectrum for Y axis according to Eurocode 8

The masses were determined from the load combination of dead + 0.3 live load,

the design of the structure was based on the following load combinations:

1.35G + 1.5Q

G+Q

G+0.3Q + Ex + 0.3Ey
G+0.3Q + Ex — 0.3Ey
G+0.3Q — Ex + 0.3Ey
G+0.3Q — Ex — 0.3Ey
G +0.3Q + Ey + 0.3Ex
G +0.3Q + By — 0.3Ex
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G+0.3Q — Ey +0.3Ex

G+0.3Q — Ey — 0.3FEx

where

G is the dead load

Q is the live load

FE is the seismic action The final sections of the structural members are summarized
in table Table while the dynamic characteristics of the structure are given in
table Table It can be noticed that the difference between the periods corre-
sponding to the first 2 modes is slightly large. This is due to the design philosophy
followed for this structure: design as flexible as possible the direction where the
dampers are going to be added, whereas provide stiff diagonal braces at the other
direction.

Table 5.1: Permanent and Live loads of the Prototype Building

‘ Item ‘ Equivalent Uniform Load ‘
| Slab with Metal Deck | 3.2 kN/m? |
‘ Ceiling and Services ‘ 0.5 kN /m? ‘
‘ Partitions ‘ 0.8 kN/m? ‘
| Glazing | 1.2 kN/m |
| Live Load | 2 kN/m? |

Table 5.2: Sections of Steel Structure

‘ Floors ‘ Columns ‘ Beams (X axis) ‘ Beams (Y axis) ‘ Braces (Y axis) ‘
| 1 | HEB450 | IPEA450 | IPE360 | SHS200x200x10 |
|2 | HEB450 | IPEA450 | IPE360 | SHS200x200x10 |
| 3 | HEB450 | IPEA450 | IPE360 | SHS200x200x10 |
| 4 | HEB450 | IPE450 | IPE360 | SHS200x200x10 |
| 5 | HEB360 | IPE400 | IPE360 | SHS180x180x10 |
| 6 | HEB360 | IPE400 | IPE360 | SHS180x180x10 |
|7 | HEB360 | IPE400 | IPE360 | SHS180x180x10 |
| 8 | HEB320 | IPE360 | IPE360 | SHS160x160x10 |
|9 | HEB320 | IPE360 | IPE360 | SHS160x160x10 |
| 10 | HEB320 | IPE360 | IPE360 | SHS160x160x10 |
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Table 5.3: Dynamic Characteristics of the Prototype Building

‘ Number of ‘ Natural ‘ Natural ‘ Mass Participation Ratios ‘
| Mode Shape | Period (sec) | Frequency (Hz) | Ux | Uy | Rz |
| 1 | 2.651286 | 0.37718 | 0.74817 |  6617E-11 | 0.19531 |
| 2 | 0.973412 | 1.0273 | 5.796E-09 | 0.79867 | 0.36919 |
| 3 | 0.923146 | 1.0833 | 0.12323 | 3.262E-08 | 0.02966 |
| 4 | 0.747592 | 1.3376 |  0.000005825 | 0.000001858 | 0.22303 |
| 5 | 0.51529 | 1.9407 | 0.04826 |  3.038E-12 | 0.01216 |
| 6 | 0.32702 | 3.0579 | 0.02625 |  152E-10 | 0.00682 |
| 7 | 0.320467 | 3.1204 | 7.637E-12 | 0.13171 | 0.06094 |
| 8 | 0.248166 | 4.0296 |  0.000004159 | 0.000005787 | 0.03576 |
| 9 | 0.232642 | 4.2985 | 0.01844 |  1355E-09 | 0.00518 |
| Sum | 0.96435999 | 0930387679 | 0.93805 |

5.3 Non Linear Analysis

5.3.1 Performance Criteria

FEMA356[5] defines three discrete levels of structural damage, referred to as Per-

formance Levels (PLs):

e Immediate Occupancy (I0): Post-earthquake damage state that remains safe

to occupy, essentially retains the pre-earthquake design strength and stiffness

of the structure

e Life Safety (LS): Post-earthquake damage state that includes damage to struc-

tural components but retains a margin against onset of partial or total collapse

e Collapse Prevention (CP): Post-earthquake damage state that includes damage

to structural components such that the structure continues to support gravity

loads but retains no margin against collapse

Every structure can be designed according to a target performance level under

a specific earthquake hazard level. According to Table [5], rehabilitation objec-

tives h in combination with 1 (blue color) are the basic objectives under which the

structures are usually designed. Hence, the main target of conventional structures

is the design of a structure for a seismic action of 10% probability of exceedance

in 50 years for Life Safety performance level (Design Basis Earthquake: DBE) or

2% probability of exceedance in 50 years (Maximum Considered Earthquake: MCE)
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for Collapse Prevention performance level. However, as already mentioned earlier,
under different circumstances the design of the structure may be determined based
on different combinations of earthquake hazard levels and target performance levels.
The rehabilitation objectives coloured with yellow are considered as enhanced design
objectives (a,d,g,j,k), while those without colour (objectives: b,c,e,f,i) are considered
as reduced rehabilitation objectives. Table [5.5] summarizes the expected behaviour
of the primary elements of steel frames, and the expected drift for every performance
level. These drifts have been used as the main evaluation tool for seismic response
of structures in previous studies[72] [62].

The steel frame in this study was analysed under both DBE, and MCE hazard
levels. In order to prevent or to minimize damage, and potential economic loss which
is associated with the repair and limited occupancy after a strong earthquake [72],
elastomeric dampers were later added and the Damped Moment Resisting Frame
(DMRF) was evaluated under the same hazard levels of the seismic action. The
target performance levels used in this study, in case of the retrofitted frame, are
different for the hazard level of 10% probability of exceedance in 50 years and the
hazard level of 2% probability of exceedance in 50 years compared to the ones

described in Table and are summarised as follows:
e All columns remain elastic under the DBE

e All columns remain either elastic or are allowed to exhibit minor plastic de-

formations under the MCE

All beams remain either elastic or exhibit minor plastic deformations under

DBE

Plastic hinges are allowed to be created at beams under the MCE;, if plastic

deformations are minor in most of the columns

0.7%-1.3% interstorey drift under the DBE

0.2%-0.5% residual interstorey drift under the DBE

2.3%-2.7% drift under the MCE
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e 0.5%-1.0% residual interstorey drift under the MCE

It should be mentioned, that the main target the retrofit design which will be de-
scribed in detail in Section [5.3.4] is based on the DBE, and not the MCE. Hence, the
main focus should be on fulfilling the acceptance criteria set for DBE. However, im-
proved behaviour is anticipated for the MCE as well, and therefore some additional
criteria have been set.

Table 5.4: Rehabilitation Objectives (blue colour: main rehabilitation objectives,
yellow colour: enhanced rehabilitation objectives)

Target Building Performance ‘

Earthquake Hazard Levels Immediate Occupancy ‘ Life Safety ‘ Collapse Prevention ‘

50% in 50 years a ‘ b ‘ c ‘
20% in 50 years d ‘ e ‘ f ‘
10% in 50 years g _ i ‘

2% in 50 years

i xR

Table 5.5: Expected drifts

‘ Type ‘ Immediate Occupancy ‘ Life Safety ‘ Collapse Prevention ‘
| Transient Drift | 0.70% | 250% | 5% |
‘ Permanent Drift ‘ 0% ‘ 1% ‘ 5% ‘

5.3.2 Conventional Moment Resisting Frame Model

All the non linear analyses and the evaluation of the retrofit of the steel frame,
are carried out using the finite element software OpenSees, focusing on an interior
steel frame, in the global X direction of the prototype building (see fig Figure .
The main target of this chapter is to demonstrate the enhancement of the struc-
tural performance level of the prototype Conventional Moment Resisting Frame
(MRF), adding Elastomeric Dampers (EDs), and evaluate their effectiveness under
strong ground motions. In order to achieve this, the 10-storey MRF was modelled
in OpenSees and tested under ground motions, which were scaled in order to be
compatible with the design hazard level, according to EC8. Elastomeric dampers
were later added to the MRF, following a design method proposed by Lee [114]. The

hysteretic model described in chapter 4 formed the basis of modelling the EDs used
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in this analysis. These frames were compared with regard to displacements, drift
ratios, moments, and shear forces in order to fully evaluate the EDs’ efficiency.
The MREF is illustrated in Figure [5.2], and is modelled based on the principles of
the prototype building. Steel01 was selected from the OpenSees[3] Material class,
with 275MPa yield strength, and zero strain hardening ratio, corresponding to an
elastic-perfectly plastic material representing the non linear behaviour of the build-
ing, following the principles of Eurocode 3 [I]. P-Delta effects are taken into account
through the P-Delta geometric transformation command in OpenSees. Distributed
plasticity force-based beam column elements [96), [126] were used to capture the non
linear behaviour of the beams and columns elements, based on fiber sections. More
specifically, after a preliminary sensitivity analysis in a 1-storey, 1-bay steel frame
subjected to ground motions, 16 fibers were assigned along the width of the flange
and the height of the web, while 4, and 2 fibers were assigned along the thickness of
the flange and the thickness of the web respectively. The beams were loaded with
a dead load of 23 kN/m and live load of 9.6 kN/m and the corresponding masses
were assigned at the nodes of the columns as: 29.5 tons at the interior columns and
19.35 tons at the corner columns. A Rayleigh damping matrix was assigned to the
model, representing the 2% inherent critical damping of the structure at the first
two modes of vibration. In order to take into account any changes on the Rayleigh
damping due to yielding, the stiffness matrix was updated at each time step, instead

of using the initial matrix.

5.3.3 Ground Motions

A total of 20 ground motions were used to evaluate the seismic performance of both
the SMRF and DMRF. In EC8[2], it is clearly stated that in order to use ground

motions for nonlinear analysis the following criteria should be met:
e A minimum of 3 accelerograms should be used

e The mean of the zero period spectrum response acceleration values (calculated
from the individual time histories) should not be smaller than the value of a5

for the site in question, where ag is the design ground acceleration, and S is
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the soil factor.

e In the range of periods between 0.27 and 27y, where T'; is the fundamental
period of the structure in the direction where the accelerogram will be applied;
no value of the mean 5% damping elastic spectrum, calculated from all time
histories, should be less than 90% of the corresponding value of the 5% damping

elastic response spectrum.

In order for the above conditions to be satisfied, the spectrum matching method [41],
133] was selected. The basis of this method is for the time history response spectrum
to gradually match the response spectrum of ECS8, by increasing some components
of the frequency spectrum, and reducing some others. In essence, this method does
not create new ground motions, but it modifies selected records in order to satisfy
the above criteria. The whole procedure is shown in Fig. [5.6/and can be summarized
as follows: After calculating the ECS8 target spectrum, the response spectrum of the
ground motion is calculated [27], and is compared with the target spectrum from
ECS8, by dividing the values of the two spectra for each time increment. Then,
the outcome ratio is transmitted from the time domain to the frequency domain
(Figures and [5.6€). The Fourier transform [100] of the accelerogram is then
being determined (Figure . Then the components of the Fourier transform from
Figure are multiplied by the ratio components of Figure m (only for the
frequency range of interest), giving a new Fourier transform (Figure . The
inverse Fourier transform is now used in order to obtain new ground motion, which
is shown at Figure If the response spectrum of the scaled record is in good
agreement with the one proposed from ECS, and the above criteria are satisfied,
then the whole procedure stops. Otherwise, it has to be repeated until a satisfactory
convergence has been achieved. This method could be very useful in regions that

strong ground motions recordings are unavailable[49].
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Response-history analysis was performed using both near-field and far-field
ground motions. The magnitude of the ground motions ranges between 6.5 and
7.36 and the site to source distance ranges between 0.07 and 222.42 km. These
records have been selected from PEER Ground Motion Database[67]. The original
ground motions used in this study are summarized in table However, from this
point on the scaled versions of these ground motions are going to be used, and there-
fore, any reference to any of the names of these ground motions will be referred to
their scaled version, unless specified otherwise. The response spectra of each origi-
nal unscaled ground motion, and the resulting spectra from the scaled earthquake
histories are compared with the EC8 spectrum in Figure and It can be
clearly seen that there is a very good agreement between the response spectrums
of the scaled ground motions with the EC8 spectrum. Figure shows the mean
value of the response spectra of both the scaled and the unscaled time histories in
comparison with the EC8 spectrum. All these ground motions were scaled in order
to comply under ECS8 principles. Figure presents a typical ground motion (Im-
perial Vallley-02) compared with its scaled to DBE version, with the latter being
the one which was used for the non-linear analyses of the steel frame.

In order to evaluate the steel frames under stronger ground motions, representing
a seismic action of 2% probability of exceedance in 50 years, EC8 adopts the following
philosophy: The main goal is the alteration of the design seismic action, which is
represented by a hazard level of 10% probability of exceedance in 50 years. According
to ECS, this can be achieved not by upgrading the performance level for a given
earthquake level, but by modifying the reference seismic action[76]. This can be
done, by altering the importance factor, v; depending on the target performance

level[20].
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Table 5.6: Ground Motions used for non linear analyses

‘ Earthquake Name ‘ Year ‘ Station Name ‘ Magnitude ‘ Distance (km) ‘ Component ‘
‘ Imperial Valley-02 ‘ 1940 ‘ El Centro Array #9 ‘ 6.95 ‘ 6.09 ‘ I-ELC180 ‘
| Northwest Calif-02 | 1941 | Ferndale City Hall | 6.6 | 91.15 | C-FRNO45 |
‘ Borrego ‘ 1942 ‘ El Centro Array #9 ‘ 6.5 ‘ 56.88 ‘ B-ELC000 ‘
| Kern County | 1952 | LA - Hollywood Stor FF | 7.36 | 114.62 | PEL0% |
| Northern Calif-03 | 1954 | Ferndale City Hall | 6.5 | 26.72 | H-FRN044 |
‘ Imperial Valley-06 ‘ 1979 ‘ El Centro - Meloland Geot. Array ‘ 6.53 ‘ 0.07 ‘ H-EMO000 ‘
| Imperial Valley-06 | 1979 | El Centro Array #7 | 6.53 | 0.56 | H-E07140 |
| Superstition Hills-02 | 1987 | Parachute Test Site | 6.54 | 0.95 | B-PTS225 |
‘ Imperial Valley-06 ‘ 1979 ‘ El Centro Array #8 ‘ 6.53 ‘ 3.86 ‘ H-E08140 ‘
| Imperial Valley-06 | 1979 | Chihuahua | 6.53 | 7.29 | H-CHIOI2 |
‘ Imperial Valley-06 ‘ 1979 ‘ EC County Center FF ‘ 6.53 ‘ 7.31 ‘ H-ECC002 ‘
| Imperial Valley-06 | 1979 | Brawley Airport | 6.53 | 8.54 | H-BRA225 |
| El Alamo | 1956 | El Centro Array #9 | 6.8 | 121 | ELCI180 |
‘ Borrego Mtn ‘ 1968 ‘ El Centro Array #9 ‘ 6.63 ‘ 45.12 ‘ A-ELC180 ‘
|  Borrego Mtn | 1968 | LA - Hollywood Stor FF | 6.63 | 222.42 | A-PEL090 |
|  Borrego Mtn | 1968 | LB - Terminal Island | 6.63 | 199.84 | A-TLI249 |
|  San Fernando | 1971 | 2516 Via Tejon PV | 6.61 | 55.2 | PVE065 |
| Tabas_ Iran | 1978 | Ferdows | 7.35 | 89.76 | FER-LL |
‘ Tabas_ Iran ‘ 1978 ‘ Kashmar ‘ 7.35 ‘ 193.91 ‘ KSH-L1 ‘
| Tabas_ Iran | 1978 | Sedeh | 7.35 | 150.33 | SED-L1 |

EC8 associates the importance factor with the target performance level by:

P \—
= () (5.5)

where: PpR is the reference probability of exceedance in 50 years
P17, is the probability of exceedance in 50 years, of the target performance level
k is recommended to be 3

Figure [5.11] graphically shows how importance factor and different probabilities
of exceedance in 50 years are related. Hence, in the case of the the hazard level
of 2% probability of exceedance in 50 years: Prr=0.1, P;,=0.02, and therefore the
reference seismic action has to be multiplied by ~v7=1.7. This will be particularly
important in the following sections, since the frames were tested for both the hazard
levels (2% and 10% probability of exceedance). What is worth mentioning is that
the same spectral shape is meant to be used for the seismic action for both of the
aforementioned performance levels, with a universal multiplicative factor reflecting
the difference in hazard level. The corresponding response spectrum, given by ECS,

under which the original ground motions have to be scaled for a seismic action of
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2% probability of exceedance in 50 years, can be seen at Figure [5.12
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Figure 5.7: Comparison of EC8 Spectrum with each of the 20 original ground mo-
tions response spectrum
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Figure 5.8: Comparison of EC8 Spectrum with each of the 20 ground motions scaled
to DBE
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Figure 5.9: Comparison of EC8 Spectrum with the mean Spectrum of 20 ground
motions for DBE
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Figure 5.10: Ground motionL: IMPVALLI-I-ELC180
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5.3.4 Retrofitting Procedure

Dampers Design Recommendations

Although several few retrofitting procedures have been proposed in the same aca-
demic literature [23, [3T), 25, 24], [48] [73] [85], 110], while others have been applied to
real structures [59, 1306, [40] 47], only the most widely used will be presented here.
The first method was initially proposed by Fan [42] for implementation of Vis-
coElastic dampers, and later extended to elastomeric dampers by Lee [73]. It is
a Simplified Design Procedure (SDP), which is used for performance based design
of MRFs, and uses an elastic-static analysis to determine the frame’s response and
compare it with the initially assumed earthquake performance criteria, assuming
the dampers’ behaviour is purely viscoelastic. More specifically it consists of the

following steps:

1. Establish seismic performance criteria:

A target performance level, as explained in [5.3.1] is selected

2. Idealize the non-linear damping material as a linear VE material:
Since elastomeric materials exhibit non linear behaviour which is dependant on
strain amplitude, frequency, and temperature, an equivalent linear VE model
has to be assumed for the static analysis. This model would have an equivalent
shear stiffness, and loss factor, in the same way as they were determined and

presented in Chapter 3, based on the natural frequency of the building.

3. Choose the design temperature:
Since, the characteristics of elastomers depend on temperature, a design tem-

perature must be selected.

4. Select an appropriate value for a and S:
« is the ratio of the brace stiffness per storey in the global direction to the
storey stiffness without dampers and braces, and £ is the ratio of the damper
stiffness per storey in the global direction to the storey stiffness without

dampers and braces. Moreover, the locations where the dampers are going
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to be applied must be determined as well. Kasai [63], Chang [22], Hanson and
Soong [48], Karavasilis [62], and Constantinou [31] have used these ratios for
preliminary design analyses. A value between 10 and 30 is recommended for

«, in order for the braces to be sufficiently stiff, and between 0.5 and 5.0 for

s.
5. Perform elastic-static analysis based on equivalent lateral forces

6. Compare the response from the static analysis with the target earthquake

performance level

7. Select minimum S that satisfies design criteria and provides target seismic

performance

8. Determine the structural response at the low-end of the design temperature
range and compare structural response with design criteria. Since a temper-
ature decrease leads to an increase of stiffness, the structural response under
the minimum allowed temperature is investigated, under which the structure

will not be so flexible.
9. Determine damper area and thickness
10. Verify the procedure through non linear time history analysis (optional step)

The second method [114], 48], 24] is an iterative procedure, based on the principle
that the stiffness added due to the dampers should be proportional to the storey

stiffness of the structure. The design process consists of the following steps:

1. Determine structural properties of the building and perform structural analy-
sis. An analysis of the structure without dampers is a necessary step in order
to capture the dynamic behaviour of the building, and how this can be further

improved.

2. Select target performance criteria. Either define new performance criteria (as
was done in this study), or adapt already defined criteria from design codes
(see section [5.3.1). This will be the target structural behaviour under the

design loads when dampers are added
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3. Determine target desired damping ratio. Either through time history analyses
or through modal response analysis, the approximate required damping ratio

can be extracted.

4. Select desirable and available damper locations. Even though in this study,
this does not seem to create any important issues, in the case of irregular 3D
buildings, the location in which the dampers will be allocated could highly

contribute to the seismic response of the structure.

5. Select damper stiffness and loss factor. In order to achieve the target damping
ratio, the required dampers’ characteristics have to be determined (see .
These characteristics have to be extracted based on dampers’ characterization
tests which have to be carried out at frequencies and amplitudes, which the
structure, and therefore also the dampers, are expected to experience during

a seismic event

6. Estimate the equivalent damping ratio using the modal strain energy method,

at section [132, 116l 57, 108]

7. Perform structural analysis using the desired damping ratio. Time history
analyses can now be carried out, in order to evaluate the performance of the

structure with added dampers

When steps 6 and 7 satisfy the desired damping ratio and the target performance

criteria then the analysis is complete. Otherwise, a new analysis has to be carried out

with either new structural properties or damper locations, dimensions or properties

(see Fig. [5.13)). Based on Lee’s [73] principle to assume that the elastomer behaves

in a pure viscoelastic way, the second design process will be performed here.

Modal Strain Energy Method

Before proceeding to the damper design for the MRF, a brief presentation of

the modal strain energy method, mentioned earlier in the second dampers design

proposal, will be given. The 1;;, modal damping ratio can be determined as [57]:
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Figure 5.13: Dampers Design Procedure

(p; = Mt nIO (5.6)
where n(wj) is the loss factor of the material, extracted from characterization tests
(see Chapter 3) at the frequency wj of the original structure, ¢; is the 1, mode shape
vector corresponding to the frequency wj, Kg is the stiffness matrix of the original
structure, and Kp is the stiffness matrix corresponding only to the dampers. The
frequency w; can be written as:

<1>Z-T(KS+KD)¢1]1/2 (5.7)

wi = ["grtane,

where M is the mass matrix of the structure. Assuming that the addition of the

dampers will not affect the mode shapes, and combining Eqs. the 4;, modal
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damping ratio can be rewritten as:

os = Myt - riliss

; = "1 - ) (5.8)

B ¢?<Ks+KD>¢i] 2

Elastomeric Dampers Design

One of the first steps of the retrofitting procedure described earlier, is the determi-
nation of the target performance criteria, which are going to be repeated here for

convenience:

e All columns remain elastic, while specifically the base columns can exhibit

minor plastic deformations under the DBE

e All columns remain either elastic or are allowed to exhibit minor plastic de-

formations under the MCE

e All beams remain either elastic or exhibit minor plastic deformations under

DBE

e Plastic hinges are allowed to be created at beams under the MCE, if plastic

deformations are minor in most of the columns
o 0.7%-1.3% drift under the DBE
o 2.3%-2.7% drift under the MCE

The design process is based on fulfilling the target criteria set for the DBE, and not
the MCE. Nevertheless, additional criteria have been set in case the structure expe-
riences a seismic action equivalent to the MCE. Now that the performance criteria
have been set, a target damping ratio of 12% will be assumed, corresponding to an
additional 10% of critical damping. This number was chosen based on a trial and
error procedure, carrying out time history analyses. Based on theses analyses, it was
found that an additional 10% damping should be adequate in order for the structure

to comply with the performance criteria. Regarding the location of the dampers,
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bays 1 and 4 have been selected (Fig. shows the locations of the dampers). The
selection of the loss factor and the dampers stiffness can be determined based on a

modified version of Eq. |5.8|[114]:

hnj = 25cks (59)

where ( is the target damping ratio, kgj is kp; is the story stiffness and the
damper stiffness at the ¢, story. It should be noted here, that kp ; is the total con-
tribution of the dampers along with the diagonal braces, and not only the dampers.
This ensemble can be modelled assuming that the brace stiffness is connected in se-
ries with the damper, and then both the damper and the brace connected in parallel

with the structure (Figure |5.15) [48].

28.8m

35m

3.5m
1

Moment Resisting Frame

Figure 5.14: Location of Dampers
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Figure 5.15: Simplified Frame-Braces-Damper representation

In this figure, kg, and cg are the story stiffness of the structure, and the damping
coefficient between the story j and j + 1. ky, is the braces stiffness, while kq, and
cq are the damper stiffness and damping respectively. With regard to ay, and
ag, these values correspond to attachment coeflicients, and depend on the dampers-
braces geometric configuration (see Figure . In this specific case, where chevron
diagonal braces are used, and the damper main direction is horizontal and coincides
with the loading direction of the frames, oy, = 2cos?f (taking into account the

stiffness of both braces), and ap =1 [4§].

Figure 5.16: Dampers-Bracing geometric configuration [48]
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The equivalent storey stiffness and damping are derived as:

_ aqabkdky(@qkqtapkp)+wapagkpcg 5.10
k= ks + (agkq+apkp)?+w?aic? ( ) )

2. 1.2
@,aqk; e 5.11
agkqtapkp)?+waic? ( )

c:Cs—I—(

In the case where the braces are assumed rigid, which is approximately the case here
since they were modelled to be 7 times stiffer than the storey stiffness, the above

equations can be simplified to:

k= ks + ke (512)

¢ = cs + agkq (5.13)

Taking into consideration the above parameters, it can be concluded that kp
in Eq. equals with the dampers stiffness. Now, the design of the EDs can
be determined. Omne of the first assumptions will be that the maximum allowed
elastomer strain would be 50%, which coincides with the maximum strain amplitude
under which the EDs were tested (see Chapter 3 for more information). For design
purposes, the characteristics of the dampers which are going to be used are based on
the characterization tests under 40% of the maximum allowed strain (corresponds to
20% strain amplitude), and under frequency range 0.25-0.5 Hz (the natural frequency
of the building lies between these values). The shear storage modulus, and the loss
factor of the elastomer can now be determined as 1.06 MPa, and 0.3535 respectively.
Therefore, Eq. can now be used. For example, for the first storey the stiffness
is 51,776 kN/m, and based on Eq. the total stiffness that needs to be provided
by the dampers is 67,309 kN/m.

It is recalled here that the target performance criterion is the achievement of

1% lateral drift. Furthermore, as already mentioned, all the characterization tests
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have been carried out with a 50% maximum shear strain, which results in a damper
thickness of h = 35/0.5 = 70 mm. Assuming that each damper consists of two layers,
and a total of two dampers are added per story, the area of each elastomeric layer

is 1.11 m? and is determined from Eq
—lp A 5.14
AD = 1kp (5.14)

A similar process is repeated for each floor, and the final stiffnesses of the dampers
along with the storey stiffnesses of the structure are summarized in Table Now
using the modal strain energy and Eq. the estimated damping is 9.86%, which

validates our initial assumption of a 10% damping ratio.

Table 5.7: Story and Damper Stiffness

Story | Story Stiffness (kN/m) ‘ Total Damper Stiffness (kN/m) ‘ Damper Area/layer (m2) ‘ AD/AP

story | |
‘ 1 ‘ 51776 ‘ 67309 ‘ 1.11 ‘ 26.84 ‘
‘ 2 ‘ 26820 ‘ 34867 ‘ 0.58 ‘ 13.90 ‘
‘ 3 ‘ 22744 ‘ 29567 ‘ 0.49 ‘ 11.79 ‘
‘ 4 ‘ 20863 ‘ 27121 ‘ 0.45 ‘ 10.82 ‘
‘ 5 ‘ 16934 ‘ 22014 ‘ 0.36 ‘ 8.78 ‘
‘ 6 ‘ 15144 ‘ 19687 ‘ 0.33 ‘ 7.85 ‘
‘ 7 ‘ 14515 ‘ 18870 ‘ 0.31 ‘ 7.52 ‘
‘ 8 ‘ 12776 ‘ 16608 ‘ 0.27 ‘ 6.62 ‘
‘ 9 ‘ 11591 ‘ 15069 ‘ 0.25 ‘ 6.01 ‘
‘ 10 ‘ 9592 ‘ 12469 ‘ 0.21 ‘ 4.97 ‘

However, all of these properties are based on the designed dampers which are dif-
ferent from the prototype dampers which were tested in the Laboratory, and formed
the basis for the hysteretic model proposed in Chapter 4. In order to adjust this
model for the designed dampers, some modifications needed to be made. Assuming
that the shear storage modulus, the loss factor, and the shear strain of the design

and the prototype damper are the same:
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Gsp = Gsp (5.15)
YD =P (5.17)

where P and D denote for Prototype and Design dampers. Equations [5.15] and [5.17]

can be rewritten as:

Ap h
ksp = Ty]l;) *h]l; ks.p (5.18)
up = D (5.19)
D = h‘P up :

where kg denotes for the storage stiffness, associated with the shear storage modulus.
Taking into account Eq. the equivalent stiffness of the design damper can be

determined as:

keq,0 = \/ksp? + kpp? =
Vksp? + (nksp)? =
kspvn?+1= (5.20)
AD hP \/?%27/@

AD hp g
Ap hp Vea,P

where kp p is the stiffness loss modulus, corresponding to the shear loss modulus.
Combining Eq. and the force of the design damper in terms of the proto-

type damper force is given:

Fp = 2D Fp (5.21)
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The above procedure was based on transforming the force displacement relationship
for the tested dampers to the equivalent shear strain relationship, and then back to
the force displacement relationship for the design dampers, based on the design di-
mensions. All of these parameters are summarized in Table Non linear analyses
with added dampers can now be performed. Regarding the braces stiffness, it was
assumed that were 7 times stiffer than the stiffness of the corresponding storey. The
aim was to add braces which were adequate to produce elastomer rather than brace
deformation, and at the same time capable of resisting horizontal loads without

buckling,.

5.3.5 Earthquake Response of steel Conventional Moment Resist-

ing Frame

This section describes the earthquake behaviour of the undamped SMRF under
the ground motions scaled to DBE and MCE (see section . Special attention
should be given to the columns’ behaviour, since they might experience larger axial
forces than those for which they were initially designed. An ambient temperature of
20°C was assumed. Results include the seismic response of the MRF with respect
to shear forces, interstorey drifts, residual displacements, roof displacements and
accelerations. Since 20 different ground motions were used, the response of the
structure is presented in terms of mean and maximum values.

With regard to the performance of the MRF under the DBE, the maximum
roof displacement, according to Figure is 78cm, which results in 2.2% drift
ratio, while the mean value is approximately 42cm and 1.2% lateral drift. The DBE
level also led to permanent deformations (Figure of 38 cm and 12 c¢m being
the maximum and the mean value. Figure [5.18] shows the inter storey drift ratios
determined for each ground motion, and their corresponding mean value which is
shown with a clear bold blue line. A maximum drift ratio of 3.75% was observed
under the BorregoMitn — A — ELC180 ground motion, while the maximum drift
ratio of the mean values was found to be 2.1%. This is very close to the Life Safety
performance level (see . The associated mean and maximum residual drifts

reached 0.6% and 1.8% respectively (Figure [5.20]).
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Figure 5.17: Storey maximum Displacements for SMRF under the DBE
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Figure 5.19: Storey residual displacements for SMRF under the DBE
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Figure 5.20: Storey residual drifts for SMRF under the DBE
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Figure 5.21: Storey maximum accelerations for SMRF under the DBE
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Figure 5.22: Mean Shear forces for SMRF under the DBE

Regarding the roof accelerations in Figure [5.21} 6.8 m/sec? and 5.5 m/sec? were
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observed during the non linear time history analyses, as the maximum and mean
values. The mean storey shear forces are also presented in Figure The detailed
time history response of the SMRF under the Tabas — Iran — FER — L1 ground
motion scaled to DBE (Figure , with regard to roof displacement, and acceler-
ation are shown in Figures and The beam and the left corner column of
the 2nd bay of the 1st floor were found to be the most critical. Hence, the moment-
rotations relationships are determined and shown at Figures and where
plastic hinges have been created in both of these elements. Running all these 20
ground motions, it was generally observed that plastic hinges were created at almost
all the beams, and at the base joints of the 1st floor columns, which is practically
the wanted and anticipated form of behaviour, since the steel frame was designed

according to ECS8 philosophy which has adopted the design capacity rule.
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Figure 5.23: Ground Motion: Tabas — Iran — FER — L1 scaled to DBE

131



Seismic response of steel moment resisting frames using elastomeric dampers

EEI T T T T T
Top Stary Displacement (cm) |

B0 .

4t .

20 .

_AD 1 1 1 1 |
0 10 20 30 40 a0 B0

Time(sec)

Figure 5.24: Roof displacement time history under the T'abas — Iran — FER — L1
grounnd motion scaled to DBE
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Figure 5.25: Roof acceleration time history under the T'abas — Iran — FER — L1
ground motion scaled to DBE
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Figure 5.26: Moment-Rotation relationship for 1st story column of SMRF under the
Tabas — Iran — FER — L1 ground motion scaled to DBE
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Figure 5.27: Moment-Rotation relationship for 1st story beam of SMRF under the
Tabas — Iran — FER — L1 ground motion scaled to DBE

Regarding the response of the SMRF under MCE, the concept of section [5.3.3]
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was applied. For comparison, the same parameters used to evaluate the response
of the MRF under DBE will be used here as well. Hence, Figure [5.28 shows the
maximum and mean storey displacements, corresponding to 127 ¢cm and 62 cm re-
spectively. Figure shows that the MCE led to severe damage, resulting in a
77 cm and 35 cm maximum and mean values of residual displacements. The corre-
sponding storey drifts can be seen at Figure where a value of 5.1% has been
observed during T'abas — Iran — FERI1 ground motion, while the mean value in-
creased from 2.1% under DBE to 3.1% when the frame was subjected to the MCE.
The corresponding residual drifts are presented at Figure where a maximum
drift of 2.8%, and a mean drift of 1.3% was observed. With respect to the floors’
accelerations, Figure shows that they have also been increased, compared to
the DBE level, reaching a maximum and mean value of 13.8 m/sec? and 9.1 m/sec?
respectively. The shear forces (Figure were also increased to 1449kN (max-
imum). And finally, the time history response under the T'abas — Iran — FERI1
ground motion scaled to MCE level is presented at (Figures and . The cor-
responding moment-rotation relationship of the same beam and column used for the
DBE is shown at Figures and It can be clearly seen that these elements
have experienced much larger plastic rotations, in comparison with DBE. The MRF
being tested under the MCE hazard level has exhibited large permanent displace-
ments, while plastic hinges were created at all the beams and most of the columns.
The behaviour of the frame is far from achieving a Life Safety performance level,
even if we take into account only the mean values, and not the maximum values of

the frame’s response.
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Figure 5.28: Storey maximum Displacements for SMRF under the MCE
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Figure 5.29: Storey residual displacements for SMRF under the MCE
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Figure 5.31: Storey residual drifts for SMRF under the MCE
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Figure 5.32: Storey maximum accelerations for SMRF under the MCE
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Figure 5.33: Mean Storey shear forces for SMRF under the MCE
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Figure 5.34: Roof displacement time history under the T'abas — Iran — FER — L1
grounnd motion scaled to MCE
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Figure 5.35: Roof acceleration time history under the T'abas — Iran — FER — L1
ground motion scaled to MCE
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Figure 5.36: Moment-Rotation relationship for 1st story column of SMRF under the
Tabas — Iran — FER — L1 ground motion scaled to MCE
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5.3.6 Earthquake Response of steel Moment Resisting Frame with

Elastomeric Dampers

While energy dissipation systems have the ability to lead to lateral drift reduction,
this is not always the case for the columns axial forces [10] and the base shear of
the structure. If the dissipation devices are attached to moment frames in chevron
brace form, then this changes the building’s configuration from moment resisting
frame to braced frame configuration, resulting in changes at the load paths as well.
Therefore, even though the retrofitted structure aims not to highly alter the dynamic
characteristics of the prototype building, it should be evaluated not as an enhanced
and better version of the prototype structure but as a new and different structure.
Of course, if this “new” structure fails to achieve the target performance level,
then a different type of retrofitting procedure is required. Applying the retrofitting
procedure of section [5.3.4] and testing the DMRF under the same ground motions
under which the MRF was tested, evaluation of the effectiveness of the EDs can be

determined.

Figures and show the effect of the EDs on the maximum displacements
and on the corresponding residual displacements. It can be observed that the maxi-
mum displacements were decreased dramatically with a maximum and a mean value
of 35 and 29 cm respectively. EDs were able to minimize residual displacements,
resulting in a mean value of 2.5 cm, and a maximum value of 13.5 cm. Further-
more, Figure |5.39[ shows the large storey drift reduction from 3.7% to 1.48% for the
maximum values, and from 2% to 1.1% for the mean values. Therefore, the DMRF
complies with the target performance criteria, with respect to the lateral drift for
the majority of the ground motions (the target performance criteria was to achieve
interstorey drifts from 0.7-1.3%). EDs had also huge effect on the reduction of the

residual displacements (Figure [5.41)).

Accelerations (Figure [5.42) did not follow the same rate of decrease, as storey
displacements did, but a noticeable mitigation was observed. A comparison of the
maximum storey shear forces between the MRF and DMRF under the DBE is also

presented in Figure [5.43] where a slight reduction is observed in every floor. In
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order for evaluation of the influence of the EDs on the time history response of the
DMRF to become more clear, Figures and show both the time history
response of the MRF and DMRF under the T'abas — Iran — FER — L1 ground
motion scaled to DBE level, where it can be clearly seen that the addition of the
EDs led to large deformation reductions and more moderate accelerations reductions
at the top storey of the building. Regarding the moment rotation relationship for
the same beam and column evaluated in MRF case, Figures [5.46] and show the
EDs effect on both of them. A plastic hinge was not created in the column, which
remained completely linear in the DMRF, in contrast with the MRF case. In the
case of the beam, a plastic hinge was not avoided, but the the plastic rotations, along
with the total energy absorbed by the element were greatly reduced. Regarding the

dampers hysteretic response, Figure shows that the initial design assumption

of a maximum elastomer deformation of 35 mm has been satisfied as well.

It can be concluded that EDs enhanced the seismic behaviour of the prototype
frame, decreasing both the displacements, accelerations, shear forces, and structural
elements seismic demands leading the structure to comply with all the target per-
formance criteria which had been set at the beginning of the analysis, and perform
very close to the Immediate Occupancy performance level. Plastic hinges were not
created to any of the columns, including those of the 1st floor, while only a few

beams, especially on the first 2-3 floors exhibited non linearities.

However, the shear forces exhibited the smallest reductions comparing with the
all the other aforementioned parameters. Similar problems or even worse have been
noted in case of metallic and friction dampers as well [I14]. This is mainly due to
two reasons: a) the nature of the dissipation mechanism of elastomeric dampers is
based on the forces being extracted from the dampers and transferred to the rest of
the structure through the diagonal braces and eventually creating additional shear
forces to each storey, and b) the non-linear nature of the materials used in the
analyses sometimes leads to large decreases of displacements, which can be reduced
to a level close to the yield point of the structural elements; however the forces are
still going to be near the yield level.

It can be also noted that some ground motions which caused high responses in the

141



Seismic response of steel moment resisting frames using elastomeric dampers

DMRF, caused only moderate structural response in the SMRF. Even though the
initial target was to alter the dynamic properties of the original frame as less as
possible, the addition of the EDs led to a slight reduction of the natural period.
This caused some ground motions which have very high frequency peaks on these

specific periods to amplify the response of the DMRF.
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Figure 5.38: Storey maximum Displacements for DMRF under the DBE
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Figure 5.39: Storey Drift Ratios for DMRF under DBE
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Figure 5.40: Storey residual displacements for DMRF under the DBE
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Figure 5.41: Storey residual drifts for DMRF under the DBE
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Regarding, the effect of the EDs under the MCE, Figure [5.49| presents the cor-
responding displacements, which were highly decreased, dropping from 127 cm to
56 cm and from 62 cm to 41 cm for the maximum and mean values respectively.
The residual displacements (Figure were highly reduced as well; a fact which
validates the EDs effectiveness, since a total reduction of 60.7% and 83.1% for the
maximum and mean value was achieved, leading the structure to behave slightly
above its linear limit. Figures [5.51] and shows the effect of the EDs on the
inter storey drift ratios, where a maximum value of 2.4% and a mean value of 1.6%
was achieved, leading the frame to achieve lateral drifts much smaller than the ones
proposed for the Life Safety performance level. Similar reductions were observed
in terms of residual displacements, where exceptional structural behaviour was ob-

served.

Regarding the accelerations (Figure , EDs seem to be more efficient, when
the frame is tested under MCE rather than DBE, since a reduction of 36.2% and
30.8% for maximum and mean values was achieved. The maximum shear forces
obtained from the analyses were again compared here, under the MCE, (Figure.
However, they were found to be approximately the same (1% decrease at the 1st
floor). In addition, time histories of roof displacements and accelerations under
the Tabas — Iran — FER — L1 ground motion scaled to the MCE are presented
in Figures and according to which EDs led the total displacements not
only to highly decrease but also the residual displacements to be almost eliminated.
Regarding the accelerations, again they did not follow the same reduction rate as the
displacements. The comparison of the relationship of the same beam and column
with the corresponding rotation for the MRF and DMRF under the MCE is shown
at Figures [5.57] and It can be seen that even though plastic hinges were not
avoided for either of these two elements, plastic rotations were greatly reduced.

Finally, the dampers’ hysteretic response under MCE is shown at Figure [5.59

The DMRF behaved satisfactorily under the MCE hazard level. Actually, it

behaved better even comparing with the MRF seismic performance under the DBE.

Another important parameter, as already mentioned, is the evaluation of the

axial forces acting at the columns, which were anticipated to be increased. Indeed,
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table [5.9| shows that the axial forces of the left corner base column of the second bay
(which was found to be the most critical) increased by 28% and 40% under DBE
and MCE respectively. However, as Figures and [5.57] show, even though the
axial forces were increased, at the same time the total behaviour of the element was
highly improved, due to decreased rotations and displacements. Hence, it can be
concluded that all the target performance criteria can be achieved under the DBE
hazard level even by using lighter and weaker column sections.

The main target in the case of frame tested under MCE, as in the conventional
design of buildings, is the creation of plastic hinges at the bottom joints of the base
columns, and at the ends of the beams, leading to a ductile seismic performance, and
not a brittle collapse. This target has been achieved for this frame, and therefore
all the target performance criteria have been achieved. It can also be observed
that EDs’ effectiveness increases when the intensity of the ground motion increases.
Finally, the total response of MRF and DMRF under both DBE and MCE can be
summarized at Tables [5.8] and [5.9] with respect to maximum and mean values of the

parameters examined earlier.
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Figure 5.49: Storey maximum Displacements for DMRF under the MCE
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Figure 5.50: Storey residual displacements for DMRF under the MCE
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Figure 5.51: Storey Drift Ratios for DMRF under MCE
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Figure 5.52: Storey residual drifts for DMRF under the MCE
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Figure 5.53: Storey maximum accelerations for DMRF under the MCE

Storys
o

T
I /ithout EDs
I ith EDs

1 1 1
0 200 400 600

1
300

1
1000

1
1200 1400

Story Shear Farce (kN)

Figure 5.54: Mean Storey Shear Forces for DMRF and SMRF under the MCE
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Table 5.8: Comparison of mean response of SMRF and DMRF under DBE and
MCE

‘ Performance ‘ DBE ‘ Performance ‘ MCE

Evaluation Parameters ‘

Criteria ‘ Without Eds ‘ With Eds ‘ Difference (%) ‘ Criteria ‘ Without Eds ‘ With Eds ‘ Difference (%

| \
\ )|
| Roof Displacement (cm) | - | 42 |29 | -30.95 | - | 62 | 4 | -33.9 |
| Residual Roof Displacement (cm) | - | 12 | 26 | -78.33 | | 34 | 48 | -85.9 |
| Roof Drift (%) | - | 1.2 | 067 | -44.17 | - | 1.71 | 1T | -31.6 |
| InterStorey Drift (%) | 0713 | 2 | 11| -45.00 | 2327 | 3.1 || -45.2 |
| Residual InterStorey Drift (%) |  0.2-0.5 | 0.6 | 013 | -78.33 | 0510 | 13 | 022 | -83.1 |
| Base Shear (kN) | - | 1020 | 915 | -10.3 | | 1276 | 1 | 8.3 |
| Roof Acceleration (m/sec2) | - | 5.5 | 4 | -27.27 | - | 9.1 | 63 | -30.8 |
| Beam Plastic Rotation (Rad) | - | 0008 | 00015 | -82.56 | - | 00104 | 00076 | -26.9 |
| Column Plastic Rotation (Rad) | - | 0.006 | 00002 | -97.43 | | 0.008 | 00023 | 713 |
| Column Axial Force (kN) | - | 2052 | 2631 | 28.22 | - | 2103 | 2951 | 40.3 |

Table 5.9: Comparison of maximum response of SMRF and DMRF under DBE and
MCE

‘ Performance ‘ DBE ‘Performance ‘ MCE

Evaluation Parameters ‘

Criteria | Without Eds | With Eds | Difference (%) |  Criteria | Without Eds | With Eds | Difference (%

| |
| )|
‘ Roof Displacement (cm) ‘ - ‘ 9 ‘ 35 ‘ -55.70 ‘ - ‘ 127 ‘ 56 ‘ -55.9 ‘
| Residual Roof Displacement (cm) | - | 38 | 135 | -64.47 | - | 77 | 23| -70.1 |
| Roof Drift (%) | - | 2.25 | 1 | -55.56 | - | 3.6 | 1.6 | -55.6 |
| InterStorey Drift (%) | 0713 | 3.7 | 148 | -60.00 | 2327 | 5.1 | 24 | -52.9 |
| Residual InterStorey Drift (%) |  0.2-0.5 | 1.8 | 06 | -66.67 | 0510 | 2.8 |1 -60.7 |
| Base Shear (kN) | - | 1280 | 1180 | -7.81 | - | 1449 | 1347 | -7 |
‘ Roof Acceleration (m/sec2) ‘ - ‘ 6.7 ‘ 5.5 ‘ -17.91 ‘ - ‘ 13.8 ‘ 8.8 ‘ -36.2 ‘
| Beam Plastic Rotation (Rad) | - | 00124 | 00044 | -64.52 | | 00256 | 00137 | -46.5 |
| Column Plastic Rotation (Rad) | - | 0009 | 0.0006 | -93.73 | - | 00157 | 00048 | -69.4 |
| Column Axial Force (kN) | - | 2150 | 2192 | 29.85 | - | 2171 | 3124 | 43.9 |

5.4 Effect of temperature

All the previous analyses were based on an ambient temperature of 20°C. In order to
evaluate the effect of temperature, the worst case scenario will be taken into account
in this section. Hence, the analysis of the DMRF will be shown here, assuming
an ambient temperature of 35°C, where the decrease of the dampers’ efficiency is
greatest, according to Chapters 3 and 4. Since, the overall target of this section is
only to simply illustrate the temperature’s effect, and not to carry out design of the
DMRF with different temperatures, only the results of the modified El Centro (I-
ELC180 component) will be presented here. In the case of a full design of a DMRF,
a parametric analysis should be carried out, and the worst case scenario should be
taken into account for the design of the dampers in order for the DMRF to cope

under the target performance criteria.

The adjusted proposed proposed model (see Chapter 4), with v = 0.82 will be

considered in this section. The analysis carried out here was focused on the DBE
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level, since this hazard level formed the basis for the design of the EDs. The results
were compared with the ones from the initial analysis carried out at 20°C. Fig-
ure shows the top storey displacement under the modified El Centro (I-ELC180
component) ground motion for both 20°C, and 35°C. It can be observed a slightly
better behaviour, but not significant, since the displacements’ time histories almost
coincide for both temperatures. This is the case for both top storey accelerations
(Figure , and storey shear forces (Figure , where the difference is negli-
gible. However, this is not the case when it comes to the hysteretic behaviour of
individual members, where the beams’ plastic deformations were increased, as can
be seen from Figure Moreover, the first storey columns’ hysteretic behaviour,
was also affected by the alteration of ambient temperature. Figure [5.64], shows that
the column exhibits minor plastic deformations at 35°C, as opposed to the cor-
responding moment-rotation relationship under 20°C, where the column remained
elastic. Therefore, even though the overall behaviour of the structure with regard to
inter storey displacements, accelerations, and shear forces was not highly affected,
it can be concluded that even this slight temperature alteration led the DMRF to
fail the target performance criteria (see section , even though the performance
of the structure was highly enhanced. The temperature alteration also affected the
EDs’ hysteresis loops. Figure [5.65| shows this effect on the dampers implemented
on the first floor, comparing the EDs’ behaviour under both temperatures. It can
be seen that the dampers seem to experience a stiffness degradation, as expected.
The above results and conclusions can only be extracted for the DMRF behaviour
under this specific ground motion, and can not be generalised as a design tool. It
should also be noticed at this point, that the alteration of the ambient temperature
from 20°C to 35°C led the dampers to become less stiff, and therefore the structure
more flexible. This has an overall effect on the applied seismic loads on the DMRF,
even though this change is not huge. Hence, even though the dampers are less
stiff (or probably less effective), this does not necessary means that the structure’s
behaviour will worsen as well. Depending on the frequency content of the applied
ground motion, the structure may even have improved dynamic performance. It can

be then concluded that a detailed design procedure, similar to section should
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be carried out for every temperature, in order to design the dampers.
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Figure 5.60: Top storey displacement (mm) - 35°C
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Figure 5.61: Top storey acceleration (m/sec?) - 35°C
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5.5 Conclusions

The current chapter described the analysis of a 10 storey steel SMRF under both
DBE and MCE hazard levels. 20 ground motions, scaled to these levels, were used
to evaluate its seismic performance. EDs were then added at specific locations of the
original frame, and the structure was tested again under the same seismic intensity, in
order for the EDs efficiency to be determined. EDs were specifically designed, based
on the characterization tests carried out at Dynamics Laboratory and the material
model described in previous chapters, in order to add 10% of critical damping to

the bare frame.

The results showed satisfying behaviour regarding the seismic response of the
DMRF under both DBE, and MCE, while the initial performance criteria which
had been set before the beginning of the analysis were all satisfied as well. The
DMRF remained linear under most of the ground motions under the DBE, while
the mean lateral drift was restricted to 1.1%, and the residual displacements were
almost eliminated. The DMRF showed even more impressive results under the
MCE, where the EDs efficiency increased since the displacements were larger. The
mean inter storey drifts reduced by 45%, and the residual drifts by 83%. On the
other hand, axial forces were found to be increased, which was anticipated, but at
the same time the total behaviour of the members under axial loads were found
to behave much more satisfactorily, where the plastic deformations were greatly
reduced. Even though in this case, the increased axial forces do not cause any issues
with regard with the capacity of the column, it is suggested that under certain

circumstances columns may have to be strengthened.

A simple study of the temperature effect was also shown. Even though a full
design process was not followed, but only illustration of results under a specific
ground motion, the ambient temperature, did not seem to highly alter the dynamic
behaviour of the DMRF. Individual structural members were found to be affected
more, while the target performance criteria with regard to the behaviour of the
individual members behaviour were slightly below the anticipated level. However, a

more robust parametric analysis is recommended for the whole temperature range
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of interest, similar to section
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Chapter 6

Real Time Substructure Test

6.1 Background

In seismically active regions, buildings are usually designed to exhibit a level of
inelasticity under strong ground motions. Therefore, as mentioned earlier, by pro-
viding the structure the ability to dissipate energy, collapse should be avoided. In
order to fully capture the inelastic structural performance experimental tests are
often used. There are several experimental methods available for evaluating the
inelastic performance of structures, or even isolated parts of the structure, such as
dampers and bearings. Since many structures have their lowest natural frequency
within the loading range of earthquakes (0-8 Hz), their damping and inertia char-
acteristics may make a large contribution to their behaviour [I8]. Some of the most

well established experimental techniques are described in this section.

6.1.1 Shaking Tables

The shaking table test is one of the most realistic and reliable experimental methods
for evaluating the inelastic seismic performance of structures. However, the size,
weight and stiffness properties of the test structure are significantly limited by the
capacity of available shaking tables [30]. Shaking table tests are carried out on a
stiff platform, which is shaken in order to apply the appropriate base motion [140].
This way the ground motion is applied at the base, generating realistic inertia forces

in every element of the structure. The motion of the shaking table is controlled
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by servo-hydraulic actuators. The current trend is to provide active control in all
six degrees of freedom, even when in some cases the motion in several directions is
zero. The largest shaking table in the world is E-Defense, constructed by Japan’s
National Institute for Earth Science and Disaster Prevention (NIED), which is able
to simulate at full scale the response of all types of structures to the full force of a
magnitude-7 earthquake [123].

Regarding the control of the shaking table, accuracy requires knowledge of the
system dynamics, which is generally not known prior to the test. Hence, an it-
erative tuning procedure can be followed, according to which a demand signal is
adjusted, while the system remains in its linear phase, until the desired table mo-
tion is achieved. Therefore, the control of the table can be deternined. However, it
is based on properties of the system being in its linear phase. The shaking table test
is likely to generate non linearities in the test specimen during ground motions, and
therefore the parameters of the controller cease to be optimal, and consequently the
desired base motion will not be accurately reproduced. Adaptive controllers may be
used to overcome this issue. The main concept behind this, is that the parameters
of the controller are updated during the test, so they take into account any changes
of the system’s characteristics [117].

While the shaking table technique is the most reliable and able to produce the
actual seismic forces to the structure, it is also very expensive while requiring state
of the art testing facilities. In case of shaking tables where full scale models cannot
be tested, primarily due to either cost or specimen’ size, scaling extrapolation of
the results has to be carried out. However, Nakashima [93] showed that scaling
introduces discrepancies, mostly in the fidelity of ductility and yielding properties

of structures.

6.1.2 Pseudo Dynamic Tests

In the Pseudo-Dynamic (PsD) method the displacements are computed, using inte-
gration algorithms, such as the central difference method, and then are imposed in a
quasi-static way on the structure using actuators. The resulting resistance forces are

measured and fed back into the computational model, so that the next displacement
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step can be computed. Because the rate of the imposed displacements is relatively
slow, it is possible to observe the behaviour of the specimen in detail during testing
[35].

Using the central difference integration method, the main philosophy of the
pseudo dynamic test will be presented. In an iterative procedure, the equation

of motion for the ¢ 4+ 1 time step of the tested structure can be described as:

Mii; 1 + Cjp1 + Rip1 = Fipa (6.1)

where M is the mass matrix, C is the damping matrix, R is the restoring force
vector, and F is the applied force vector, and dots represent time differentiation.

According to the central difference integration method:

Uip1 = u; + dti; + Ldt?i; (6.2)

Uiyl = Ui + %dt(ﬁi + tiy1) (6.3)

where dt is the time-step length. Since the restoring forces are measured experi-
mentally, there is no uncertainty over the non linear stiffness characteristics of the
structure [140]. Knowing the state of the structure at time step, 7, the main steps

of this method for the 7 + 1 time step can be summarised as:

e Apply external force Fjyq

Compute displacement ;1 from Eq.

Impose displacement u;4; on test specimen

Measure restoring force, R; i1

Compute velocity, u;11, and acceleration ;11 based on Eqs and

Repeat process for ¢ + 2 time step
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The PsD method has been proved to be a very effective and reliable technique with
regard the simulation of the response of structural systems [94], 93| [79] [37]. However,
Shing and Mahin [109] showed that the PsD method is very sensitive to errors,
possibly resulting in an unstable response. The reason behind that is that the errors
from an individual time step are fed back to the system and so introduce errors
in computing the displacements for the new time step, and consequently wrong
restoring forces. Hence, errors have a cumulative nature. These effects become
more pronounce at higher frequencies, a fact which makes PsD method extremely
inefficient for stiff structures. In order to minimize the errors, several approaches
have been proposed such as increased viscous damping, numerical integrations to
be based on previous computed displacements rather than measure displacements
[109], PsD method to be based on an integrated form of the equation of motion
[121], and finally integration algorithms to damp the higher modes [51].

However, this method may not be suitable for certain types of structures. Struc-
tures with concentrated masses are most easily modelled and tested, and this method
is difficult to be applied to distributed mass structures [35]. Furthermore, since the
method is based on imposing the computed displacements in a quasi-static way,
structures constructed from materials which are sensitive to any loading rate al-
terations are not suitable to be tested using the Pseudo-Dynamic method. Lastly,
structures where damping is anticipated to have a significant effect on the overall
behaviour are not suitable for this methods as well, since both inertia and damping
characteristics are numerically modelled [35]. On the other hand, imposing loads
quasi-statically allows the test to be carried out with simpler static hydraulic ac-
tuators, which are able to produce higher forces comparing with dynamically rated

equipment, making it possible to avoid scaling [18].

6.1.3 Effective Force Testing

The main philosophy of the Effective Force Testing (EFT) method is very similar to
the PsD method. However, in this case the actuators are dynamically rated and force
controlled. The structure is loaded in real time by actuators with an earthquake force

equal to the ground acceleration multiplied with the lumped mass of the specimen.
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The corresponding motion is equal to the relative motion of an equivalent system
subjected to a ground motion. It is a very appealing method, since the loading can
be determined in advance, while at the same time no numerical integration is needed
[36, 140]. A major drawback however, is that the whole structural mass needs to be
included in the specimen, which may be difficult to achieve in the majority of the
available testing facilities. Another disadvantage of the EFT method is the inability
of the hydraulic actuators to produce force close to the natural frequency of the

structure, especially for lightly damped structures.

6.1.4 Pseudo Dynamic Substructure Tests

The PsD technique can be also implemented with the substructure concept. The
main reason that the substructure technique is so appealing is its efficiency in terms
of both economic and geometric restrictions. Full scale models are expensive to
build, and require special large scale and high capacity test facilities. Therefore, it
is not usually practical to construct a full scale model. For example in case of eval-
uating the effect of elastomeric bearings of a bridge, constructing the whole bridge
in a laboratory is not a realistic project. Elastomeric bearings, however, could be
experimentally tested at the laboratory, while the remainder of the bridge is nu-
merically modelled. The first attempts at this approach were made by Takanashi
and Nakashima [58], and Mahin [80]. According to this method the total structural
system is divided into the analytical part, with predictable and well known be-
haviour, and the experimental substructure, which is tested in the laboratory. The
experimental part is the main item of interest. Properly specified boundary condi-
tions between the numerical and experimental substructure are necessary in order
to provide force equilibrium and displacement compatibility. It is preferable to have
a small number of experimental Degrees of Freedoms (DOFs), while care must be
taken in order for the DOF's to accurately represent the true dynamic behaviour of
the test specimen [35].

As an illustrative example Figures[6.1and [6.2] show the PsD substructure method
concept, and the main PsD substructure technique steps. The total structure con-

sists of a 1-storey 1-bay frame connected with dampers. In this example the main
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interest is on the behaviour of the damper. Hence, the damper along with the diago-
nal braces makes up the physical substructure, while the remainder of the structure
is numerically modelled. The test commences by determining the response of the nu-
merical substructure for the first ground motion acceleration step. The displacement
at the interface between the experimental and analytical substructures is calculated
based on a time integration algorithm, and then is applied at the test specimen using
hydraulic actuators. The restoring force, which is experimentally calculated is then
fed back to the numerical model along with the next ground motion increment. This
process is repeated until the test is complete. In the PsD substructure case Eq.

takes a different form:

Mii;q1 + Cijq1 + REH + —l—Rﬁ_l =F;1 (6.4)

where R# is the restoring force corresponding to the analytical part, and RF is
the restoring force corresponding to the physical specimen. In the case of a linear
elastic frame , R4 is expressed as R4 = kA, where u represents the displacements.
With regard to the displacement calculations, a similar process to that described in
Section [6.1.2| can be followed, where the central difference method was used. The
effect of a range of numerical time integration algorithms on the dynamic behaviour

and stability of MDOF systems was the focus of the research of Bonnet [18].

Even though the PsD substructure method seems to be very appealing and
more efficient than the PsD method, with regard to the facilities and economical
restrictions, is still not suitable in cases when loading rate effects become important

parameters on the behaviour of the specimens tested.
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6.1.5 Real Time Substructure Tests

PsD methods are actually time-scaled expanded versions of the real seismic events,
normally restricted to materials assumed to behave in a rate-independent manner
[78]. In order to test structural components which exhibit velocity dependent char-
acteristics, the concept of Real Time Substructure (RTS) tests has been the focus of
several researchers [78] 03, (I8, [61]. The concept remains almost the same as the PsD
substructure technique described earlier. The total structure is again divided into
the physical and the numerical substructure. Also, the test again proceeds according
to Figure However, now the tests are performed in real time, where the actuator

needs to act continuously, eliminating the quasi-static phase described in In
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order to achieve this, each cycle described in Figure has to be completed within
the time interval between the load increments, so that the loading and structural
response occur at the same rate in the test as in a real dynamic loading event in
a prototype structure [140], meaning that each cycle has to be completed within a
few milliseconds. It should be noted that the force feedback in RTS tests includes
both inertia and damping components, and these therefore do not need to be taken
into account in the numerical substructure, as opposed to the PsD method. One of
the first RTS tests was conducted by Nakashima [94], where the physical substruc-
ture was a viscous damper located at the base of a multi-storey building, which was
numerically modelled.

However, one of the main problems that RTS tests face is the time delay, mainly
due to the finite response of the hydraulic actuators. This delay is the time difference
between the command signal and the actual response of the actuator to the desired
position. Consequently, the corresponding forces are based on wrong displacements,
creating cumulative error leading to instability. More specifically, it has been proved
[124] that the effect of this error is equivalent to adding negative damping to the
system. Several procedures have been proposed [124], 52, [I8, 17, 2I] in order to
mitigate the effect of time delay. The focus of this chapter is to carry out RTS tests
using a new method for minimizing the delay, which is based on an extension of the

work of Chae et al [21].

6.2 RTS testing in Oxford

The main equipment in the Oxford University Structural Dynamics Laboratory
(OUSDL) consists of six servo-hydraulic actuators: two 10 kN actuators (piston
stroke: T75 mm), two 100 kN actuators (piston stroke: T125 mm), and two 250
kN actuators (piston stroke: 7125 mm). For the needs of the tests carried out as
part of this thesis, one of the 100 kN actuators was used (Figure . The actu-
ators can move via pressurised oil through servo-valves, which control the piston
movement. The oil is distributed to the valves by a hydraulic substation. In order

to achieve a large supply of pressurised oil, three 60 [/min pumps are connected in
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parallel over a large oil reservoir at one end of the high pressure line with a set of
hydraulic accumulators, which are capable of storing 180 1 at the other end. Hence,
during peak flow consumptions the pressurised oil flow rate can be doubled for a
short period of time, when the instantaneous supply of the pumps is not enough.
The hydraulic substation is connected with the pressure line as well. All this equip-
ment is installed on a 166 tonnes concrete block, with 9.1 m x 4.2m surface area,

and 1.6 m deep. An overview of the main equipment installation of the OUSDL can

be seen at Figure

Figure 6.3: 100 kN actuator used for tests
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Figure 6.4: Schematic overview of OUSDL equipment [15]

The closed loop control between the substation and the actuator is conducted
through an Instron Labtronic 8800 controller, which provides four channels of posi-
tion or force control. The controller parameters are accessible to the user through the
Instron program RS+. The Instron controller is based on a Proportional-Integral-
Derivative-Lag (PIDL) algorithm, the parameters of which can be determined either
manually or by an auto-tuning process based on minimizing the error of the com-
mand signal and the actual response of the actuator with regads to a square wave
displacement command. The output displacement u(t) of the controller is based
on the error between the desired displacement, ug4.5, and the actual displacement
achieved by the actuator, uqe.. The displacement feedback, uqct, is determined by
a linear variable differential transformer (LVDT) fitted inside the actuators’ body
and outputs the effective piston displacement relative to the actuators’ body [18].
Moreover, the actuator is also equipped with a load cell which connects the end of
the piston with the test specimen and is responsible to determine the force. The two
transducers send their signals to the Instron controller. Although both force and
displacement control of the actuators can be achieved, only displacement control
was used in this research. However, in each case, the signal of the corresponding

transducer is determined, and compared with the command signal. Here is where
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the aforementioned PIDL controller is being used, producing a closed loop control

generating command signals every 0.2 ms (sampling frequency: 5 kHz).

Real time control of the substructure testing loop, however, is achieved via a
Digital Signal Processing (DSP) board, which is connected with a 32-channel Data
Acquisition (DAQ) system, creating an additional control loop around the system.
During RTS tests, monitoring the force and displacement of the actuator, along
with the encoder’s displacement is possible through the PC hosting the DSP. The
numerical substructure, which is modelled using Simulink [7], is downloaded to the
DSP for execution. The DSP’s host PC communicates with the Instron controller
to fully capture the interaction between the numerical and physical substructure. A
main and simplified overview of the RTS procedure is shown at Figure [6.5]

The ground acceleration is the input to the numerical part. The corresponding
displacements at the physical-numerical interface, x,, are calculated at the DSP’s
host PC, and sent to the delay compensator (outer loop control) producing u.. In
order to take into account any rig flexibilities, the difference between the actual
displacement extracted by the linear encoder and the actuator’s LVDT is added
to u. to generate the final command displacement which is sent to the Instron
controller and from there to the actuators. The resulting force extracted from the
actuator is sent back to the numerical part in order to produce the next desired
displacement increment. The corresponding measured displacements, x,, are used
as input commands to the delay compensator, so the final command displacements,
U¢, can be determined. All this procedure will be described in detail in the following
sections. It is worth mentioning that the integration algorithm, along with the
delay compensator, is solved in a different time step to the one used for the Instron
controller, called the main step, taken as 1 ms for the tests in current chapter. Then,
the controller generates the required displacements based on the PIDL algorithm
described earlier in finer time steps called sub-steps (0.2 ms), in order to obtain good
experimental control. However, actuators are known not to respond instantaneously.
The characterization of actuators in terms of time delay and amplitude error time
histories is a very practical way of approaching this non-instantaneous actuator

response, as will be seen in this chapter.
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Figure 6.5: Simplified Overview of Hybrid Procedure

6.2.1 Time Delay

Among other researchers [124], 52 17, 21], the effect of time delay has been thor-
oughly studied by Bonnet [I§]. He carried out a large series of tests at the OUSDL,
and estimated that the minimum time delay of a 10 kN actuator was approximately
at 4.7 ms. This value was not constant, since most of Bonnet’s research was fo-
cused on the parameters which may affect the delay. He concluded, that the time
delay highly depended on loading frequency, specimen stiffness, proportional gain
parameter of the PID controller, and loading magnitude, where the maximum value
of time delay observed during tests Bonnet conducted was approximately 30 ms.
The amplitude error on the other hand, was estimated as of secondary importance
compared to the time delay. These delays can be generally ignored in an open loop
test (where there is no feedback from the actuator’s response). However, it has been
proved [124] that time delays in closed loop tests, as in the case of RTS tests, can
considerably change the behaviour of the system, make it unstable. Specifically, Ho-
riuchi [124] proved that for an SDOF system, with displacement x(¢), a time delay

0t, leads to addition of negative damping to the system:

Ceq = —kot (6.5)

175



Real Time Substructure Test

Ceg = —wWn0t/2 (6.6)

where w,, = \/W is the natural frequency of the system. If the negative damping
is larger than the inherent damping of the system, the system becomes unstable.
As already mentioned a lot of procedures and algorithms have been considered in
previous research [124) [52] [I8] (17, 21], in order to improve the stability of the system
in RTS testing. These actuation compensation schemes aim to force the actual
output to mimic the desired output [I§]. Once the displacement, z;, of the numerical
integration algorithm is solved, it is fed into the delay compensation algorithm, and
a new displacement command, u., is generated based on the delay scheme, and sent
to the actuator producing the actual displacement measured experimentally, .
The general aim of the delay compensation schemes is to correct the displacement
determined from the numerical part of the RTS. This is done in such a way, so
the error between the actual displacement which will be achieved by the actuator
after a time equal with the time delay, and x; is minimised, extrapolating x; by an
amount equal with an estimation of the time delay. The most widely used actuation

compensation schemes are briefly presented here:

e Exact Polynomial Fitting Extrapolation

Horiuchi [124] proposed a mathematical model which is based on fitting a
third order polynomial equation on the last data points. The polynomial is
then used to extrapolate, x; by an amount equal with an estimation of the
time delay. The number of data points used for the fitting of the polynomial
is equal with the chosen polynomial order, n, plus one. The estimation of the
time delay is assumed constant during the RTS test, and is based on previous

tests and highly depends on the specimens and loadings requirements.

e Least Square Polynomial Fitting

A similar approach has been followed by Wallace [134], and Zhu [146]. How-
ever, more points than n+1 are taken into account for the fit of the polynomial
in this case. This method is based on a least square approximation and not an

exact fit, however. In terms of noise this can be very effective, since simulation
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results showed that the fewer data points used the more sensitive the system
becomes to noise. Nevertheless, this may cause some potential problems when
the polynomial changes from point to point, since each polynomial of n order
is a best fit between m data points (where m > n), no point actually lies on

it.

e Linear Predicted Acceleration

This method is not based on a polynomial fitting as the previous ones. Instead,
assuming that the acceleration at the interface varies linearly, the correspond-
ing displacement can be then determined through integration. The need for
the knowledge of the acceleration of the current step leads to the assumption of
extrapolating the acceleration in a time equal with the estimated delay, since
most of the explicit time integration algorithms do not provide this informa-
tion. Horiuchi [53] showed that this method is theoretically superior in terms

of stability compared to the exact polynomial fitting.

e Live Delay Estimation

All the aforementioned delay compensation schemes assume an estimation of
the time delay, which remains constant during the RTS tests, and is usually
based on open loop tests which have preceded the RTS tests. To eliminate
this uncertainty Darby [I5] suggested a live estimate of the time delay which
is updated for every time step. The update of the time delay, J, is based on
the error between the target (or desired) displacement and the measured dis-
placement, along with the time delay of the previous time step. Additional
empirical parameters along with a velocity estimate are used in Darby’s al-
gorithm. The time delays are determined based on the zero-crossing method.
According to this method, the time delay is calculated each time the target and
measured displacement become zero. However, this also creates a limitation

of the method since no updates are available between zero crossings.
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6.2.2 Adaptive Time Series

A new method, based on an adaptive actuator compensation scheme was proposed
by Chae [21], called Adaptive Time Series (ATS). The ATS method continuously
updates its coefficients, taking into account any non linearities of both the actuator
and the test specimen, resulting in an accurate actuator control. Unlike most existing
adaptive methods, the ATS scheme does not involve user-defined adaptive gains.
Furthermore, most of the adaptive delay compensation techniques are based on
gains extracted from calibration tests prior to the RTS testing, or on a tuning and
optimizing procedures with moderate force or displacement amplitudes. However,
these gains are not valid for larger amplitudes where the behaviour of the testing
specimen may be different, whether due to its inherent material properties or due
to damage/fracture. The ATS method is based on the following basic relationship
between the input displacement command, u, and the output displacement of the

servo-hydraulic system, x:

u(t) = fa(t+ 1) (6.7)

where A is the amplitude error which represents the ratio between the output and the
input displacement, and 7 is a constant time delay. Figure shows the relationship

between u, and x. Using the Taylor series Eq. can be approximated as:

ult) = % [a(t) + i) + Ti(0) + ..+ Tz (6.8)

According to Eq. the input command of the actuator, can be determined
based on the constant time delay, amplitude error, and the output displacement
at time ¢. If we want to achieve a target displacement, z;, at a time-step k (the
measured displacement x,, would ideally be equal to the target displacement z;),

then the command signal u. is approximated as :

. d"zx
Uek = QT + 1T+ ... + oy dtf;k (6.9)
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where

a; = ZT]]] =0,1,2,..,n (6.10)

If in Eq. the measured displacement is used instead of the target one, the

estimated command signal would have been:

. dnl'm’k
Uestk = W0Tmk + 1Tk + oo + =g (6.11)

Varying adaptively, the coefficients o; of Eq. ATS can take into account any
alterations of time delay and amplitude error during the RTS tests, and not assum-
ing these parameters as constant. The main concept of the ATS can be shown at

Figure where it is compared with delay compensators without feedback.

Displacement
u(t)=x(t+1)/A e -

- —
X(t+1)

i

/

\
X® | Input Disp: u

~ e i
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\
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b

Figure 6.6: Comparison between input and output displacements of a servo-
hydraulic system

Xt

ATS Ue Servo-hydtaulic Xm

Xy | " o Servo-hydtaulic | x,, i "
— '3 compensator system > ﬁ compensator I system

c
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Figure 6.7: a: Actuator delay compensator without feedback, b: Actuator delay
compensator with feedback

In order to minimize the time delay and amplitude error, the measured dis-

placement and the target displacement should be as close as possible. This can
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be achieved by minimizing the error between u., and u.st, using the least squares

method:

q

Ji = Z(Uc,k—l - Uest,k—1)2 (612)
=1

Where ¢ is the number of time steps which are taken into account for the mini-
mization of the error, and represents the size of the time window over which the «;
coeflicients are determined. Minimizing the cost function J; the following relation-

ship can be obtained:

A= (XLX,)'XLU, (6.13)
Where A = [agr a1p Qoo Qnill, Xm = [wm,:tm,...dgfnm], Tm =
[Tk 1s T k=2, Tmk—q) Ty Ue = [Ue k15 Uek—2s - - - Uek—g] | Since the coefficients of

A are now known, they can be substituted into Eq. and the new command

signal at time ; can be determined:

. d"xtyk
Uek = OO kTt k + Q1 Tk + oo + Onk—gpm (6.14)

From Eq. [6.13] the amplitude error and the time delay for the specific time step, tj
can be determined based on the first two A coefficients:

Ap = L 7, = 2Lk (6.15)

a0,k

It should be noted that when the amplitude error is not significant (Ax = 1), then
o is approximately equal to the time delay, 7. Even though good displacement
control could be, theoretically, achieved using higher order derivatives in Eq.
this might cause problems in RTS tests amplifying noise and leading to probable
instability of the system. Choosing n = 2, Eq can be simplified to:

Uek = QO kTt ) + 01 kT g + 00 kT g (6.16)

180



Seismic design and evaluation of steel moment resisting frames using elastomeric dampers

The velocity and the acceleration are calculated by using the finite difference method:
_ _ St it

The measured displacement, however, will contain noise and must therefore be fil-
tered. A 6th order Butterworth filter was used by Chae [21] in order to achieve better
estimate of &,,, and Z,,. The implementation of the filter unavoidably introduces a
time delay. Hence, the exact same filter should be used in the compensated actuator
command displacement, u., so a set of synchronised data of u.x—1, and uest f—1 is
obtained. Furthermore, user-defined limit values were used for the ATS coefficients
in order to avoid any erroneous values, and prevent any potential instability. With
regard to the value, ¢, of the number of time steps which are taken into account in
the minimization of the function J, of Eq. if it is too short, then the corre-
sponding coefficients lack accuracy. If, on the other hand, ¢ takes a very large value
then the calculation time increases and the coefficients will not respond as quickly to
a change in delay. Based on the speed of the computer, the coefficients may not be
available by the end of the simulation time step (1/1024 in case of Chae tests [21]).
Hence, this data was obtained based on a 1 second time-window, corresponding to
a value of ¢ equal to 1024 time steps. In order to minimize computational time,
data was retained every 16th time step decreasing the size of X,,, at Eq. from

1024x3 to 64x3.

6.2.3 Modified ATS

A modified version of the ATS compensator has been proposed by Malloy and Blake-
borough (unpublished). When these lines were written, no journal paper or written
work had been submitted with regard to this method. The main target of this
method was the further minimization of the computational time when the ATS co-
efficients were determined. This was achieved by changing the time window of 1
second, from a rectangular to an exponentially decaying window. Every sample has
the same weighting when the rectangular time window is used. However, when the

proposed decaying window is used a new parameter, p, is introduced where 0 < p <'1
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(see Eq. . Hence, the most recent samples are weighted more, in contrast with
the older samples. A schematic overview of the comparison of these two methods
can be seen at Figure [6.§ where the influence of different values of p are illustrated
and compared with the original AT'S method. In comparison with the original ATS
where only 1 in every 16 data points were used, all the sample data are used in the

modified ATS compensator in order to determine the corresponding coefficients.

The minimization function of Eq. has to be adjusted as well. The new

weighted function, Zp can be written as:
q .
Z, = Z plil(uc,k—l - uest,k—1)2 (618)
i=1

If the parameter, p = 1, then Z; = Ji, and the delay compensator method is the
ATS method described earlier. In order to obtain the new parameters of the modified

ATS compensator, Zj, has to be minimized taking the following form:
XTU. = XIX A = Ay, = (XIX,,) 1 XTU, (6.19)

where:

2
Tm,k—1 PTmk—2 P Tmk-3
T _ |. . 9.
Xp = | Tmh1 PEmk—2 PEmp3 - (6.20)

. . 2.-
Tmk—1 PTmk—2 P Tmk—3

Ue k-1
Ue,k—2
U.=| (6.21)
Uc,k—3
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Tm,k—1 im,lcfl fim,kfl

T k— T fe— T fe—
Xm: m,k—2 m,k—2 m,k—2 (622)

Tm,k—3 :'Em,k—?) jm,k—?)

Qo k

Ak = |ayg (6.23)
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Figure 6.8: Comparison of weighting of samples between ATS and modified ATS
compensators

The matrices X, and X,, have dimensions ¢x3, the vector U, has dimensions
gx1, and the vector Ay 3x1. Defining My = (le;Xm) and W;, = X:;FUC, Eq.

becomes:

Ap =M, "W, (6.24)
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It can be seen that My, is a 3x3 matrix, and Wy, a 3x1 vector, regardless of the value

of ¢. It can be seen that M} can be updated at each time step according to:

My, = pMy_1 + zpa, (6.25)
Where
T,k
2k = | (6.26)
fi’m,k

Similarly, W}, can be also updated to:

Wi = pWi_1 + uc (6.27)

From the above equations it can be concluded that the modified ATS method is no
longer based on Eq. where a 64x3 matrix X, is used every time the coefficients
are updated. The modified ATS is much more efficient since only current values of
Tm, Tm, and Z,, are used as feedback to Eq. in order to obtain the ATS
coefficients, instead of vectors of previous measurements.

Figure[6.9 shows how the modified ATS method was implemented using Simulink.
The whole process described earlier can be overviewed in this Figure, where the
Pseudo-Inverse block takes measured displacements and their derivatives, along with
the command displacements as inputs, and the ATS coefficients are extracted and
updated for every time step, based on Eq. In this block the matrices Wy, and
My, are calculated in order to produce the vector A; and the corresponding coeffi-
cients: aq, a1, and as. These coefficients are used as an input to the Compensator
block where the final command signal is determined based on Eq. and sent to

the actuator.
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Figure 6.9: Schematic overview of the modified ATS delay compensator

6.2.4 Implementation of ATS

A preliminary set of experiments was carried out in order to safely assign the param-
eters for the RTS test. Based on both the characterization tests described in Chapter
3, along with the tests of this section, the following values of the PID controller were
used, based on the auto-tuning process: P = 34.98dB,1 = 0,D = 0, L = 0.0008.
An additional parameter had to be taken into consideration with regard to the
final implementation of the modified ATS compensator. Rig flexibility is something
that occurs in all experimental rigs to some extent. As already mentioned in Chap-
ter 3, where the characterization tests were described, a linear encoder was attached
at the mid-height of the central steel plate of the EDs in order to capture the actual
elastomer’s deformation, since some rig flexibility is expected. The displacements
extracted from the encoder are used to determine the ATS coefficients, whereas
the PID controller uses data from the LVDT mounted on the actuator. The dif-
ference between the actuator’s displacement z,,, and the encoder’s displacement,
Zene, Which is determined based on the actual movement of the damper gives the
rig deflection, x,;4. This displacement is added to the already determined command
displacement, extracted from the modified ATS compensator, in order to give the

corrected displacement, which is also the displacement which is sent to the actu-
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ator. A predefined displacement time history (Figure , which was extracted
by analysis of an SDOF steel frame equipped with elastomeric dampers subjected
to scaled El Centro ground motion and corresponds to the dampers displacements,
was used in order to evaluate the importance of rig deflection. This time history is
based on a user-defined command which included cycling tests in a range of T 5 mm
amplitudes, and 0.25 — 5H z frequencies. Despite the fact that the rig was designed
to be as stiff as possible Figure [6.10] shows that this factor is not negligible.

Two experiments were carried out in order to provide an initial estimate of the mod-
ified ATS coefficients, with no real time substructure feedback loop. Both of them
were based on pre-defined displacement time histories. The first one is based on
a white noise signal with a maximum displacement 5.5 mm (corresponding to 45%
shear strain of the damper) and a 5 Hz bandwidth in order to cover the whole range
of displacements and frequencies where the main interest is. The second test was
the user-defined time history with the range of = 5 mm amplitudes, and 0.25 — 5H z
frequencies, which was used in order to present the effect of the rig deflection. Fig-
ure [6.11] shows the displacement time histories and the corresponding measured

displacements, x.,,, without the implementation of the modified ATS method.
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Figure 6.10: User defined time history a: Comparison of Instron controller displace-
ment with encoder’s displacement, b:Corresponding rig deflection

Amplitude error was measured based on the peaks of these signals, while the
time delay was measured based on the zero-crossings method. The aforementioned
tests had an average delay of 10.2 ms, and an amplitude error of 0.6%. Based on
minimization of the difference of u., and z,,, and Eq[6.13] the mean values of the «;

coefficients are determined for the duration of the tests: ag = 1.0, 1 = 0.01s, and
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as = 0.00006s2. These values will be used as initial estimates of the «a; coefficients
when modified ATS compensator is going to be used in these initial tests. Moreover,
similar values for the time delay and the amplitude error can be determined from
Eq. using the ATS coefficients as functions of time delay and amplitude error.
The aforementioned values were also in a very good agreement with the cyclic tests
which were carried out as part of the thesis, and are described in detail in Chapter 3.
Based on these values, limits were assigned to the coefficients. These limits prevent
system instability by providing minimum and maximum values for ag, a1, and «s,
along with the rate of change of these coefficients. Furthermore, the modified ATS
method holds these coefficients to their initial values until the actuator has moved
through enough displacements, so that Eq. [6.24]is able to provide accurate estimates.
When the measured actuator’s displacements are relatively small, then the matrix
Xng may cause instability to the system producing unrealistic coefficients. Hence,

user-defined limit values have been assigned.

Eq. shows the relationship between the coefficient agj and the amplitude
error, Ai. Since the actuator response is not anticipated to achieve more than *30%
of the actuator’s command during an RTS test, the permitted range of values for
the agp would be 0.7 < ap < 1.3. A maximum rate of change for o of 2 per
second is assumed, implying that the change in the amplitude response cannot be
more than 2 within a second. The lower permitted values for o 1, and a , are taken
as 0, and correspond to zero time delay. Assuming that the maximum time delay
cannot surpass 40 ms, which is a reasonable assumption based on the tests described
in Chapter 3, then based on Eq. a’f?,‘;z = 0.04, and agb,‘j‘” = 0.008, under the
assumption that A = 1. The maximum rate of change of oy is assumed not to
exceed 0.05. Based on Eq. this corresponds to a change in the time delay of 50
ms. Larger values were considered as irrational. The maximum limit value for as j, is
calculated based on Eq. Hence oy} = (rmar)2 /2 = (0.0008s2. Differentiating

2

ay with respect to time in doy = 4() = 797 = ;%1 Therefore, the
maximum rate of change of as, assuming A = 1.0, equals with [a{”“(%)max] /2.

The product aﬁnax(dc%)max was divided by 2, because is not expected that both aq,

and d(% will reach their maximum values. These limits are set for the given system,
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and may be updated based on the actuator and specimen characteristics and the
anticipated time delay and amplitude error.

Figure shows the displacement time history when no compensator is used,
and Figure shows the same time history displacements when the modified ATS
compensator has been used, comparing the target and the encoder displacements.
A much better performance has clearly been achieved. A trial and error procedure
was followed in order to determine the decay factor, which corresponded to using
p = 0.996. Table [6.1] shows the effectiveness of the modified ATS method in terms
of Normalised Root Mean Square (NRMS) error, time delay, and amplitude error.
NRMS is calculated as:

N
D (g — Tmp)”
NRMS = =L (6.28)
Z(xtk)
=1

It can be noticed that the compensator is highly effective for both of these tests.
The NRMS error was decreased from 10.1% to 0.9% for the Multi-Frequency and
from 15.9% to 1.7% for the White-Noise displacement time history. The time delay
was substantially decreased, producing approximately 1 ms time delay for both of
the tests. With regard to the amplitude response, the associated error was almost
eliminated. The modified ATS compensator therefore seems to be highly effective
regardless of the displacement and frequency alterations, since its coefficients are
updated in every time step, and therefore it is able to take into account any changes
of the time delay and amplitude error during the RTS test. Figure shows the
comparison between the target and encoder’s displacement, where the influence of
the compensator can be clearly seen, comparing with Figure However, in order
to have a better insight into these comparisons, Figure [6.13| compares the target and
encoder displacements and their synchronization for both of the aforementioned
tests, with and without the compensator. The effectiveness of the proposed delay
compensator is clearly shown.

With regard to the values of the «; coefficients, and their behaviour under the

time histories, Figure shows that at the start of the experiments these coeffi-
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cients are the same as the initial values. Once, x,, exceeds the limit value of 0.1
mm then the modified ATS compensator starts to calculate the «; coefficients. The
mean values for both of these tests are summarised in Table These mean values
will be used as better estimates for the RTS tests which are going to be described
in the following sections. Observing Table and Figure [6.14] it can be noticed
that g coefficients are almost 1, implying that the amplitude error in the servo-
hydraulic system is almost negligible, comparing to the time delay. Furthermore, ay
coefficients are very close to the initial assumptions carried out before the beginning
of the tests, which correspond to a mean time delay of approximately 10 ms. The
time variation of the coefficients shows that they correspond very well within the
maximum and minimum values which were assigned to the «; coefficients and their

corresponding rate of change.
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placement without modified ATS compensator
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placement with modified ATS compensator
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Table 6.1: Evaluation of modified ATS delay compensator

‘ MultiFrequency Command

‘ ‘White-Noise command

| |
| Parameters | without modified ATS | with modified ATS | without modified ATS | with modified ATS |
| NRMS (%) | 10.1 | 0.9 | 15.9 | 1.7 |
| Time Delay (ms) | 10.3 | L1 | 10 | 0.9 |
‘ Amplitude error (%) ‘ 0.3 ‘ 0.02 ‘ 0.6 ‘ 0.09 ‘

Table 6.2: Mean values of «a; coefficients

Mean Values

‘ Displacement Time History ‘

ap

| a1(sec) | aa(sec2) |

| Multi-Frequency command | 1.0045 | 0.0106 | 0.000108 |

‘ White-Noise command

| 1.0058 | 0.0108 | 0.000081 |

NRMS = 10.1%

Measured Displacement (mm)
N o

-6 -4 -2 0 2
Target Displacement (mm)

Measured Displacement (mmj)
=]

NRMS =0.9%

-4 -2 o] 2 4 8

Target Displacement {mm)

(a) Multi-Frequency without modified ATS(b) Multi-Frequency with modified ATS com-

compensastor

6

S

NRMS = 15.89%

N

N

Measured Displacement (mm)
N o

kS

&

-2 0 2
Target Displacement (mm)

2]
sl

pensastor

6

4

Measured Displacement {mm)
(=]

NRMZ =1.7%

-4 -2 0 2 4 8

Target Displacement (mm)

(¢c) White-Noise without modified ATS com-(d) White-Noise with modified ATS compen-

pensastor

sastor

Figure 6.13: Comparison of target displacement displacement with encoder’s dis-

placement - Sychronization plots
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Figure 6.14: Time variation of «; coefficients
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6.2.5 RTS test in SDOF structure

The total emulated system which is going to be tested in real time, will be a 1-storey,
1-bay steel frame connected with diagonal braces equipped with EDs (Figure .
The behaviour of the EDs along with the proposed hysteretic model was described
in Chapters 3 and 4. The EDs described in these chapters will comprise the physical
substructure here (Figure [6.15)).

Figure 6.15: Physical substructure for RTS testing

Actuator LT T~
Steel fi - = .. Critical element
e Rme < Damper ~. removed
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» 5
i vz | Bracings | |
\ j | ;
< y Loading frame N -

Complete structure Physical substructure Numerical substructure

Figure 6.16: Physical and numerical part of the RTS test

The numerical part consists of the remaining part of the emulated structure:
the steel frame. As already mentioned in Section (where the influence of the
bracing to the frame’s lateral stiffness and damping is being considered), assuming
a large value of the stiffness of the diagonal braces leads to the rational assumption
of neglecting the influence of the diagonals in terms of lateral resistance. There-

fore, only the EDs along with the steel frame were assumed to contribute at the
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ground motions, which is consistent with the research carried out in Chapter 5. The
schematic presentation of the RTS process was shown at Figure[6.5] and is presented

here as well for convenience at Figure [6.17]
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Figure 6.17: Schematic overview of the RTS process

Movement has been assumed to be restrained to the horizontal, so only one DOF
will be tested. The equation of motion for the Single Degree of System (SDOF) is

expressed as:

mi(t) + ci(t) + ko(t) + Fp(t) = —mig(t) (6.29)

where k, m, and ¢ are the elastic story stiffness, damping coefficient, and mass
which were assigned to the analytical model, and Fp is the force component which
is extracted by the EDs. This equation was modelled in Simulink, and is presented
in Figure The equation of motion numerically determines the target position,
velocity, and acceleration, which are used as input to Eq. in order to produce
the signal sent to the actuator. The integration of the differential equation of motion
was based on the Bogacki and Shampine method [16]. The numerical models used in
this chapter were very simple, and the integration algorithm selected is not critical

factor for the system’s stability.
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Figure 6.18: Implementation of equation of motion for SDOF structure

The storey elastic stiffness was taken as 5.2 times larger than the effective stiffness
of the EDs (based on the results extracted from the characterization tests under
2H z loading frequency, 30% shear strain, and 20°C), which corresponds to a story
stiffness of 22.6x10% N/m. A mass of 143.26 tons was numerically assigned to the
system, so that an undamped natural frequency of the SDOF structure of 1.99H z
has been achieved. However, this frequency corresponds to the frame without the
EDs. Assuming the aforementioned EDs’ parameters, the natural frequency of the
emulated system increases to 2.18 Hz, which is in very good agreement with natural
frequencies obtained from free response tests of the total system. With regard to
the inherent structural damping, a value of ( = 0.02 was used.

It should be noted that relatively small value of natural frequency of the frame
(which resulted from the large value of the mass) has been intentionally used in the
RTS tests. Based on Eq. higher frequency corresponds to larger values of neg-
ative damping and higher probability of causing instability. The main aim of this
chapter was to carry out simple RTS tests as a validation tool of the new proposed
modified ATS method. The results of these tests were also used as further validation
techniques of the the hysteretic model proposed in Chapter 3 under more realistic
conditions and loading histories compared to simple cyclic or sweep amplitude tests.
Hence, not the full range of capabilities of this method will be captured here; there-
fore small values of natural frequencies were used for stability purposes. However,

Malloy and Blakeborough, who developed this method, are currently evaluating it
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under more realistic, and demanding conditions.

For the initial estimates of the «; coefficients of the modified ATS delay com-
pensator, the mean values of the aforementioned tests were used: ag = 1.00515,
a1 = 10.7s, and ap = 9.45x107%s2. The ground motion which was used in order
to excite the frame, was the 1940 El Centro earthquake (Figure , scaled to
0.0576 g (equivalent to 0.18 scaled factor) in order not to produce EDs’ displace-
ments larger than the ones corresponding to 50% shear strain. The relatively small
scaling factor used in the El Centro ground motion was due to the size of the EDs.
In reality, bigger dampers would have been used (as was also seen in Chapter 5) in a
realistic building. This could have been achieved by scaling the dampers’ forces and
displacement during a test applying stronger ground motions, or by directly scaling
down the ground motion keeping the size of the dampers and their corresponding

displacements the same. The latter approach was preferred here.

The results (Figures and showed a very good agreement between mea-
sured and target displacement, while the time delay was decreased from approxi-
mately 13.5 ms (this value was based on Figure to 1.2 ms. The amplitude
error reached a maximum of 0.03%, while the NRMS error between target and mea-
sured displacement was 1.57%, demonstrating the effectiveness of the method. The
time variation of the «o; coefficients shows that even though a relative large peak was
observed for the ag, and a; coefficients at the beginning of the RTS test, it can be
concluded that the initial estimates of these coefficients were capable of capturing the
characteristics of the servo-hydraulic system. The corresponding force-displacement
relationship of the EDs and its comparison with the hysteretic model proposed in
Chapter 4 is shown in Figure A very good agreement (1.9% NRMS error) was
achieved between the proposed MGMM and the force data extracted from the RTS
test, giving confirmation of the model’s predictive ability under realistic dynamic

loading conditions.
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Figure 6.19: ElCentro ground acceleration
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Figure 6.20: Comparison of target and measured displacements during RTS test for
SDOF frame

Table 6.3: Evaluation of the modified ATS compensator for SDOF frame under
ElCentro

‘ Evaluation Parameters ‘ ElCentro Earthquake ‘

| NRMS (%) | 1.57 |
‘ Time Delay (ms) ‘ 1.2 ‘
‘ Amplitude error (%) ‘ 0.03 ‘
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Figure 6.21: Comparison of target and measured displacement during RTS test for
SDOF frame - Sychronization plot
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Figure 6.22: Time variation of the a; coefficients of the modified ATS compensator
during the scaled ElCentro Earthquake for SDOF frame
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Figure 6.23: Comparison of MGMM and RTS force under scaled ElCentro Earth-
quake for SDOF frame
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6.2.6 RTS test in MDOF structure

The final series of tests was focused on capturing the behaviour of the EDs under
the El Centro earthquake in a very simple MDOF frame. A 1-bay, 3 storey shear-
type structure was modelled in Simulink, in a similar way to the SDOF case. EDs
were added at the first story only. The storey stiffnesses assigned were 22.6x10°,
22.6x10%, and 18.08x10%, N/m for the first, second, and third floor respectively. The
analytical frame also included masses of 143.26, 143.26, and 71.63 tons assigned at
the first, second, and third floor respectively. The corresponding natural frequencies
are 1.0826, 2.7746, and 3.67 Hz. The same limitations with the SDOF numerical
substructure which was tested in the previous section apply to the MDOF frame as
well, resulting in relatively low values of natural frequencies. The damping matrix
assigned to the numerical substructure was based on Rayleigh damping, and a ratio,
¢, of 0.02 for the first and third mode. Since, the addition of the dampers alters
the dynamic characteristics of the MDOF frame, it was decided not to analyse the
RTS test based on modal time history analysis, but proceed with the original time

integration time history analysis:

[M{E} + [CH{a} + [K]{z} + [Fp] = —[M[{e}{i,} (6.30)

where K is the elastic storey stiffness, C is the damping matrix, M is the mass
matrix, {e} is a 3x1 vector of ones, {Z}, {#}, and {z} are 3x1 vectors representing
the acceleration, velocity, and displacement of each floor. [Fy| is a 3x1 vector rep-
resenting the EDs contribution to the MDOF frame: [0 0 Fgp]T, where Fgp is the
force feedback from the device during the RTS test. The same ground motion was
selected (1940 El Centro earthquake), but in order to produce slightly less than 50%
EDs’ shear strain, it had to be scaled down to 0.0288 ¢ (equivalent to a 0.09 scale
factor).

RTS tests for the MDOF frame validated the effectiveness of the proposed delay
compensator as well. The NRMS error reached the value of 1.17%, while Figures [6.24]
and show that good agreement was achieved between the measured and the

target displacement. The maximum time delay observed during the RTS test was
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1.6 ms, while the amplitude error was shown once again to play a minimal role to
the behaviour of the servo-hydraulic system since the corresponding error was not
more than 0.1%. Figure shows the time variation of the «; coefficients. The
mean values which were used as initial assumptions were found to effectively capture
the mean values of these coefficients during the RTS test. The «q coefficient was
almost 1 during the whole test, concluding that the amplitude error was minimal,
while the time variation of the a7 coefficient shows that the mean actuation time
delay is approximately 11 ms, a value which is very close to the initial assumption.
With regard to the hysteretic behaviour, Figure [6.27] shows again that the proposed
MGMM is capturing the dynamic characteristics of the EDs very well under realistic
conditions (1.95% NRMS error).

— Targer Disp
—Measured Disp

Displacement (mm)
o

_6 1 1 1 2 |
0 5 10 15 o Y
Time (sec) '

Figure 6.24: Comparison of target and measured displacements during RT'S test for
MDOF frame
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4r MRMS = 1.17%

Measured Displacement {mm)
O

B -4 -2 0 2 4 6
Target Displacement {mm)

Figure 6.25: Comparison of target and measured displacement during RTS test for
MDOF frame - Sychronization plot

Table 6.4: Evaluation of the modified ATS compensator for MDOF frame under
ElCentro

Evaluation Parameters ‘ ElCentro Earthquake ‘

|

| NRMS (%) | 1.17 |
‘ Time Delay (ms) ‘ 1.6 ‘
‘ Amplitude error (%) ‘ 0.09 ‘
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Figure 6.26: Time variation of the a; coefficients of the modified ATS compensator
during the scaled ElCentro Earthquake for MDOF frame
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Figure 6.27: Comparison of MGMM and RTS force under scaled ElCentro Earth-
quake for MDOF frame
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6.3 Conclusions

The use of real time substructure testing to achieve additional validation of the
MGMM and the effectiveness of elastomeric dampers was the focus of this chapter.
A new method based on the Adaptive Time Series (ATS) method was proposed by
Malloy and Blakeborough (unpublished), in order to minimize the delay between
the target and measured displacement, since it has been proven that this parameter
highly affects the stability of servo-hydraulic systems. This method is based on the
original ATS method proposed by Chae [2I]. However, in comparison with the orig-
inal ATS where only 1 every 16 data was used, all the sample data are being used in
the modified ATS compensator in order to determine the corresponding coefficients.
The results showed that this method reduces the time delay by approximately 90%
to a range of 0.5-1.6 ms. The amplitude error was shown to have minimal effect.
The corresponding NRMS errors were largely decreased as well.

Relatively small values of natural frequencies were selected for both SDOF and
MDOF numerical substructures. Since the primary aim of this chapter was to eval-
uate the performance of the EDs hysteretic model, which was proposed in Chapter
4, and its dynamic behaviour under relevantly realistic conditions, and not to exten-
sively evaluate and optimize every parameter of the proposed modified ATS method,
the numerical substructures were kept simple and stability of the actuation system
was prioritised. Due to the dependence of instability of the system of the natural
frequency of the system, it was preferred to use low frequency frames. Further re-
search is currently being carried out by Malloy and Blakeborough in order to further
validate this new modified ATS method on Buckling Restrained Braces with more
sophisticated numerical substructures, and parametric analyses.

Regarding the validation of the dampers hysteresis model, a very good agree-
ment was achieved for both SDOF and MDOF cases (1.9%, and 1.95% NRMS error
respectively). This further boosts our confidence that the specific model can be used
in the analysis of real structures, and not necessarily be useful only for academic

purposes.
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Chapter 7

Conclusions

7.1 Overview of thesis

Passive dissipative devices have been proved to be effective under strong earthquakes
with regard to the seismic protection of buildings. Elastomeric dampers can be a
very efficient method of seismic enhancement as well. However, limited experimental
studies, lack of information regarding how elastomeric dampers behave in a macro-
scopic way through time, along with the fact that the majority of the elastomers
have been used in base isolation techniques creates the need for further analytical
and experimental validation regarding their effectiveness and modelling approach
for improvement of earthquake response of structures.

Two elastomeric dampers were provided by TARRC. In order to determine the
main characteristics of these dampers a series of tests was carried out in a range of
strain amplitudes, frequencies, and ambient temperatures in a form of sinusoidal dis-
placement time history commands. Based on the corresponding force-displacement
relationships the main characteristics of the dampers were extracted: shear storage
modulus, G’, and loss factor, n. It was shown that the displacement was the dom-
inant factor which affected the dampers’ characteristics the most, in contrast with
the frequency. Especially the loss factor remained almost constant regardless of any
frequency alteration. Moreover, it was shown that for strain amplitudes below 30%
both G’, and n exhibit large decrease. However, above 30% the rate of decrease

massively decreases. It also seems that loading frequency and strain amplitude have
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the exact opposite effects. Another noticeable conclusion is that the dampers ex-
hibit approximately linear visco-elastic behaviour for strain below 30%. The value of
strain amplitude of 30% works as some type of trigger point of the material. Above
this point the dampers exhibit a more classical elastomeric behaviour, which shows
to be less and less dependent on the frequency. With regard to the temperature
effect, both G’ and n decrease with any increase of temperature. However, it was
shown that only strain amplitude effect could change the dampers hysteretic loop;
whereas the frequency and the temperature affect the mechanical properties of the

damper, but not its hysteretic shape.

As part of this thesis a new hysteretic model (MGMM) for capturing the be-
haviour of elastomeric dampers under dynamic loading has been developed and
experimentally validated. This model was based on a modified version of the well
known Generalised Maxwell Model. Part of the proposed model, is the development
of a force-displacement relationship for N Maxwell elements in time domain. How-
ever, it was seen that using N = 1 Maxwell element was able to capture well the
dynamic characteristics of the damper, where the maximum NRMS error observed
was 1.83%. Furthermore, based on a simplified assumption that all the parameters
of the MGMM alter with the same rate with temperature, a new parameter vy was
introduced. Hence, keeping all the parameters of the MGMM constant and change
only the new parameter vy was adequate and efficient enough to capture the be-
haviour of the dampers under different temperatures. Hence, the proposed model
was able to represent the dampers performance under a range of strain amplitudes,

loading frequencies, and ambient frequencies with accuracy.

MGMM was incorporated into OpenSees in order to evaluate the dampers’ con-
tribution to the seismic resistance of a 10 storey steel moment resisting frame. The
frame was analytically evaluated under 20 ground motions, which were scaled in
order to match the ECS8 response spectrum, using non linear analyses. Great im-
provement was observed, since the addition of the dampers led the structure to
achieve an enhanced performance level compared to the one which was initially de-
signed. The structure was tested under both DBE and MCE levels for two different

cases: with and without elastomeric dampers. When dampers were added an addi-
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tional damping of 10% was achieved which caused the building to exhibit only minor
damage even under ground motions scaled to MCE level. More specifically, DMRF
exhibited a mean lateral drift of 1.1% under DBE which was one of the main initial
target performance criteria, while residual displacements were almost eliminated.
The results were more impressive when the frame was tested under MCE level; the
mean interstorey drifts were decreased by 45%, and the residual drifts by 83%.

In order to further validate the proposed constitutive model RTS tests were
carried out for both simple SDOF and MDOF frames equipped with elastomeric
dampers. The analytical model was shown to be able to capture the dynamic char-
acteristics of the damper even under realistic conditions. In order to minimise the
unavoidable time delay and amplitude error an unpublished method (modified ATS
method) proposed by Malloy and Blakeborough was used, which was found to highly
decrease the time delay.

Overall, it can be concluded that essential progress was achieved in advancing
the usability of elastomeric dampers for seismic mitigation. Furthermore, a clear
understanding on how elastomeric dampers behave with regard to their dynamic

characteristics was achieved.

7.2 Recommendations for future work

The proposed model was validated under a series of tests in a range of strain am-
plitudes, loading frequencies and ambient temperatures. The model can be further
validated or optimised under wider range of these parameters, especially under lower
values of ambient temperature. Unfortunately due to lack of funds no approach could
be followed in this research to carry out series of tests while keeping the temperature
constant under lower values of the ambient temperature (lower than 20°C).

One other possible idea for future work would be the effect of the elastomeric
dampers in structures designed based on different materials, such as concrete or
timber. Furthermore, keeping the material the same but changing the dynamic
characteristics of the building could provide us with an optimization tool regarding

the effect of the dampers in different type of structures. Then a total comparison of

211



Conclusions

the effect of the dampers in any type of structure would be possible. Another useful
modelling approach of elastomeric dampers could be the combination of elastomers
with a type of either steel dampers/fuses which could be able to control the maximum
force extracted from the dampers during strong ground motions, probably resulting
in a more visco-plastic behaviour.

Lastly, a more advanced RTS tests could give a better understanding and con-
fidence to the proposed hysteretic model. Furthermore, more advanced numerical
substructures could be carried out to evaluate the effect of the dampers in more

realistic conditions.
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Mechanical Properties of the

Elasomteric Dampers
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Table A.1: Mechanical Properties at a range of strain amplitudes, frequencies at
20°C

Shear Strain | Frequency (Hz) G'(Mpa) Geq (Mpa) n
%
| | 0.25 | 1.356 | L1677 | 0407
| | 0.5 | 1.362 | 1656 | 0414
| | 1 | 1.469 | L7700 | 0409
| 10 | 2 | 1.616 | 1912 | 0402
| | 3 | 1.701 | 2002 | 0398
| | 4 | 1.765 | 2068 |  0.394
| | 0.25 | 1.042 | 1295 | 0355
| | 0.5 | 1.075 | 1258 | 0352
| | 1 | 1.149 | 1344 | 0354
| 20 | 2 | 1.244 | 1438 | 0.350
| | 3 | 1.298 | 1507 | 0349
| | 4 | 1.338 | 1559 | 0.347
| | 0.25 | 0.875 | 1089 | 0334
| | 0.5 | 0.916 | 1074 | 0333
| | 1 | 0.976 | 1139 | 0334
| 30 | 2 | 1.048 | 1226 | 0.336
| | 3 | 1.090 | 1218 | 0333
| | 4 | 1.119 | 1321 | 0332
| | 0.25 | 0.807 | 1046 | 0329
| | 0.5 | 0.843 | 099 | 0326
| | 1 | 0.892 | 1051 | 0.330
| 40 | 2 | 0.948 | 1121 | 0331
| | 3 | 0.983 | 1167 | 0329
| | 4 | 1.013 | 1209 | 0327
| | 0.25 | 0.766 | 0946 | 0301
| | 0.5 | 0.801 | 0937 | 0304
| | 1 | 0.844 | 098 |  0.308
| 50 | 2 | 0.893 | 1049 | 0310
| | 3 | 0.920 | 1095 | 0311
| | 4 | 0.948 | 1132 | 0309
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Table A.2: Mechanical Properties at a range of strain amplitudes, frequencies at
25°C

Shear Strain | Frequency (Hz) G'(Mpa) Geq (Mpa) n
%
| | 0.25 | 1.314 | 172 | 0388
| | 0.5 | 1.328 | 1622 | 0377
| | 1 | 1.431 | 1722 | 0371
| 10 | 2 | 1.547 | 1843 | 0.367
| | 3 | 1.622 | 1921 | 0.363
| | 4 | 1.663 | 1992 | 0364
| | 0.25 | 1.007 | 1245 | 0329
| | 0.5 | 1.010 | 1200 | 0.330
| | 1 | 1.076 | 1274 | 0330
| 20 | 2 | 1.157 | 1359 | 0327
| | 3 | 1.207 | 1419 | 0325
| | 4 | 1.246 | 1470 | 0323
| | 0.25 | 0.829 | 1046 | 0319
| | 0.5 | 0.860 | 1022 | 0312
| | 1 | 0.911 | 1076 | 0312
| 30 | 2 | 0.974 | 1158 | 0315
| | 3 | 1.008 | 1202 | 0310
| | 4 | 1.041 | 1243 | 0.309
| | 0.25 | 0.746 | 0931 | 0302
| | 0.5 | 0.773 | 0916 | 0299
| | 1 | 0.816 | 0970 | 0303
| 40 | 2 | 0.861 | 1036 | 0.306
| | 3 | 0.893 | 1079 | 0.304
| | 4 | 0.917 | 1108 | 0301
| | 0.25 | 0.696 | 0878 | 0.9
| | 0.5 | 0.720 | 084 | 0291
| | 1 | 0.755 | 0904 | 0297
| 50 | 2 | 0.795 | 0962 | 0301
| | 3 | 0.823 | 1002 | 0296
| | 4 | 0.839 | 1030 |  0.300
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Table A.3: Mechanical Properties at a range of strain amplitudes, frequencies at
30°C

Shear Strain | Frequency (Hz) G'(Mpa) Geq (Mpa) n
%
| | 0.25 | 1.126 | 1373 | 0.361
| | 0.5 | 1.129 | 1370 | 0.369
| | 1 | 1.206 | 1449 | 0.367
| 10 | 2 | 1.307 | 1553 | 0361
| | 3 | 1.375 | 1619 | 0355
| | 4 | 1.420 | 1684 | 0355
| | 0.25 | 0.875 | 1052 | 0317
| | 0.5 | 0.893 | 1050 | 0319
| | 1 | 0.951 | L1116 | 0320
| 20 | 2 | 1.021 | 1194 | 0319
| | 3 | 1.068 | 1254 | 0315
| | 4 | 1.096 | 1204 | 0314
| | 0.25 | 0.764 | 0937 | 0.306
| | 0.5 | 0.797 | 0935 | 0301
| | 1 | 0.841 | 0987 | 0305
| 30 | 2 | 0.894 | 1053 | 0304
| | 3 | 0.932 | 1106 | 0.300
| | 4 | 0.952 | 1135 | 0302
| | 0.25 | 0.674 | 0775 | 0278
| | 0.5 | 0.707 | 0818 | 0284
| | 1 | 0.749 | 0873 | 0289
| 40 | 2 | 0.788 | 093 | 0204
| | 3 | 0.819 | 0976 | 0291
| | 4 | 0.839 | 1005 | 0290
| | 0.25 | 0.656 | 0806 | 0281
| | 0.5 | 0.680 | 0802 | 0280
| | 1 | 0.710 | 0837 | 0283
| 50 | 2 | 0.748 | 0892 | 0.286
| | 3 | 0.778 | 0940 | 0286
| | 4 | 0.817 | 0969 | 0278
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Table A.4: Mechanical Properties at a range of strain amplitudes, frequencies at
35°C

Shear Strain | Frequency (Hz) G'(Mpa) Geq (Mpa) n
%
| | 0.25 | 1.005 | 1208 | 0.350
| | 0.5 | 1.017 | 1192 | 0352
| | 1 | 1.079 | 1266 | 0352
| 10 | 2 | 1.169 | 1370 | 0349
| | 3 | 1.219 | 1431 | 0346
| | 4 | 1.266 | 1484 | 0343
| | 0.25 | 0.804 | 0934 | 0297
| | 0.5 | 0.819 | 0946 | 0.305
| | 1 | 0.874 | 1006 |  0.306
| 20 | 2 | 0.936 | 1082 | 0306
| | 3 | 0.972 | 1124 | 0.302
| | 4 | 1.004 | 1166 | 0.300
| | 0.25 | 0.726 | 0833 | 0284
| | 0.5 | 0.765 | 0882 | 0288
| | 1 | 0.814 | 0945 | 0290
| 30 | 2 | 0.814 | 0945 | 0.290
| | 3 | 0.848 | 0987 | 0287
| | 4 | 0.864 | 1017 | 0.287
| | 0.25 | 0.644 | 0779 | 0281
| | 0.5 | 0.669 | 0775 | 0279
| | 1 | 0.705 | 0818 | 0283
| 40 | 2 | 0.746 | 0875 | 0285
| | 3 | 0.770 | 0908 | 0282
| | 4 | 0.791 | 0936 | 0279
| | 0.25 | 0.609 | 0719 | 0260
| | 0.5 | 0.632 | 0728 | 0.266
| | 1 | 0.660 | 0767 | 0272
| 50 | 2 | 0.695 | 0817 | 0274
| | 3 | 0.715 | 081 | 0274
| | 4 | 0.732 | 0877 | 0274
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Appendix B

MGMM validated against sweep
amplitude tests in different

temperatures

This appendix presents how the MGMM is efficient to capture the dynamic response

of the EDs with regard to test under different temperatures:

Force(kN)

NRMS = 1.64%

-4 -2 0 2 4 6
Displacement(mm)

Figure B.1: Comparison of force between experiment and MGMM model for sweep
amplitude test - 0.25 Hz, 25°C
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Figure B.2: Comparison of force between experiment and MGMM model for sweep
amplitude test - 0.5 Hz, 25°C
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Figure B.3: Comparison of force between experiment and MGMM model for sweep
amplitude test - 1.0 Hz, 25°C
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Figure B.4: Comparison of force between experiment and MGMM model for sweep
amplitude test - 2.0 Hz, 25°C

219



MGMM validated against sweep amplitude tests in different temperatures

40

— Analytical
30 | ——-Experimental

Force(kN)

=201

MNRMS =171%

=30+ f

0 -4 -2 0 2 4 6
Displacement(mm)

Figure B.5: Comparison of force between experiment and MGMM model for sweep
amplitude test - 3.0 Hz, 25°C
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Figure B.6: Comparison of force between experiment and MGMM model for sweep
amplitude test - 4.0 Hz, 25°C
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Figure B.7: Comparison of force between experiment and MGMM model for sweep
amplitude test - 0.25 Hz, 30°C
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Figure B.8: Comparison of force between experiment and MGMM model for sweep
amplitude test - 0.5 Hz, 30°C

40 T T T
ol —Analyt_lcal 1
———Experimental -

20+

Force(kN)

MRMS = 1.57%

.40 L . . .

Displacement(mm)

Figure B.9: Comparison of force between experiment and MGMM model for sweep
amplitude test - 1.0 Hz, 30°C
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Figure B.10: Comparison of force between experiment and MGMM model for sweep
amplitude test - 2.0 Hz, 30°C
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Figure B.11: Comparison of force between experiment and MGMM model for sweep
amplitude test - 3.0 Hz, 30°C
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Figure B.12: Comparison of force between experiment and MGMM model for sweep
amplitude test - 4.0 Hz, 30°C
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Figure B.13: Comparison of force between experiment and MGMM model for sweep
amplitude test - 0.25 Hz, 35°C
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Figure B.14: Comparison of force between experiment and MGMM model for sweep
amplitude test - 0.5 Hz, 35°C
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Figure B.15: Comparison of force between experiment and MGMM model for sweep
amplitude test - 1.0 Hz, 35°C
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Figure B.16: Comparison of force between experiment and MGMM model for sweep
amplitude test - 2.0 Hz, 35°C
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Figure B.17: Comparison of force between experiment and MGMM model for sweep
amplitude test - 3.0 Hz, 35°C
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Figure B.18: Comparison of force between experiment and MGMM model for sweep
amplitude test - 4.0 Hz, 35°C
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