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Project Overview

Development of Next Generation Adaptive Seismic Protection Systems

Design of conventional structures specified by the codes is based on the philosophy that the
structure should withstand seismic loads while sustaining an acceptable level of damage.
Structures are designed to prevent collapse but their serviceability and functionality in
the aftermath of strong earthquake ground motion are not taken into consideration. This
is achieved by designing structures to be ductile and letting them yield when subjected to
strong earthquake ground motions. Yielding leads to stiffness and strength degradation,
increased interstory drifts, and damage with permanent drifts, which render the structure
non-functional.

Alternatively, the yielding can be emulated in a structural system by adding an adaptive
“negative stiffness device” (NSD) and shifting the yielding away from the main structural
system, leading to the new idea of “apparent weakening” that occurs to ensure structural
stability at all displacement amplitudes. This is achieved through an adaptive negative
stiffness system, a combination of NSD and a fluid damper. By engaging the NSD at an
appropriate displacement (apparent yield displacement that is well below the actual yield
displacement of the primary structural system), the composite structure-device assembly
behaves like a yielding structure (while the primary structure remains mostly elastic).
The concept and the NSD have been developed by the project team. The feasiblity of this
new concept has been experimetally verified at the University at Buffalo-NEES facility on
different structures.

Structural weakening and the addition of damping is an approach previously proposed
to reduce seismic forces and drifts in the retrofit of structures. It is also used in the design
of new buildings with damping systems. While this approach is efficient, it does not
significantly reduce and may even amplify inelastic excursions and permanent deforma-
tions of the structural system during a seismic event. A novel negative stiffness device
(NSD) is developed in this project that can emulate weakening of the structural system
without inelastic excursions and permanent deformations. The NSD produces yielding by
engaging at a prescribed displacement and generating negative stiffness, thus reducing
the stiffness of the combined primary structure and NSD system, and leading to a bilinear
inelastic system.

The new transformative ideas of “Negative Stiffness Device” and “apparent weakening”
have been demonstrated in this project by means of experimental and analytical study.
The new concept results in significant damage and response reduction. The system can
be used in new buildings as well as for retrofit situations. NSD is the first practical nega-
tive stiffness device implementable in large structures; such a device did not exist prior to
this project. The NSD is adaptive but passive, and exhibits true negative stiffness behavior
by possessing predesigned variations of stiffness as a function of structural displacement
amplitude. The NSD properties can be easily adapted by changing the lever arm to ac-
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commodate any change in the properties of the structure observed over time. It is likely
to impact the state of practice of supplemental devices in earthquake protection. Extensive
analytical modeling has also been developed and validated using the shake table test
results. The nonlinear analytical models have been incorporated into 3D-BASIS, IDARC
and Opensees computer programs, thus enabling technology transfer.

The concept of negative stiffness and apparent yielding /weakening has been experimen-
tally verified in a three-story base-isolated structure and base isolated bridge with the
NSD at the isolation level and also in a three-story fixed-base steel structure (moment
frame) with the NSD in the first story. To accentuate the advantages of incorporating the
NSD in structures, the responses of different systems including (1) base structure; (2) base
structure with damper; (3) base structure with NSD; and (4) base structure with NSD and
damper; are compared for a suite of ground motions. The behavior of all four systems are
predicted analytically and the predicted results are in excellent agreement with the experi-
ments. Shake table tests confirmed that by adding the NSD and damper, acceleration, base
shear and deformations of the structure can be significantly reduced. In bilinear inelastic
structures, the addition of the NSD and damper will prevent collapse as well as reduce its
response during severe earthquakes.

The primary focus of this research is to analyze and experimentally verify the response reduction
attributes of an NSD in (a) elastic structural systems, (b) yielding systems, and (3) multistory
structures. The results presented in this report demonstrate that by placing an NSD in a particular
story, the superstructure above that story can be isolated from the effects of ground motion. Since
the NSDs in the bottom floors will undergo large deformations, a generalized scheme to incorporate
NSDs with different force deformation behavior in each story is proposed.
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Abstract

Current seismic design practice promotes inelastic response in order to reduce the design forces. By al-
lowing the structure to yield while increasing its ductility, the global forces can be kept within the limited
bounds dictated by the yield strength. However, during severe earthquakes, the structures undergo signif-
icant inelastic deformations leading to stiffness and strength degradation, increased interstory drifts, and

damage with residual drift. The research presented in this report seeks to address these challenges.

To prevent the inelastic effects observed in yielding systems, a new concept of “apparent weakening”
is proposed and verified through shake table studies in this project. “Apparent weakening” is introduced
in the structural system using a complementary “adaptive negative stiffness device” (NSD) that mimics
“yielding” of the global system thus attracting it away from the main structural system. Unlike the con-
cept of weakening and damping, where the main structural system strength is reduced, the new system
does not alter the original structural system, but instead produces effects compatible with an early yield-
ing. Response reduction using NSD is achieved in a two step sequence. First the NSD, which is capable
of exhibiting nonlinear elastic stiffness, is developed based on the properties of the structure. This NSD
is added to the structure resulting in reduction of the stiffness of the structure and NSD assembly or “ap-
parent weakening” - thereby resulting in the reduction of the base shear of the assembly. Then a passive
damper, designed for the assembly to reduce the displacements that are caused due to the “apparent weak-
ening”, is added to the structure - thereby reducing the base shear, acceleration and displacement in a two

step process.

The primary focus of this report is to analyze and experimentally verify the response reduction at-
tributes of the NSD in (a) elastic structural systems (b) yielding systems and (3) multistory structures.
Experimental studies on 1:3 scale three-story frame structure have confirmed that consistent reductions
in displacements, accelerations and base shear can be achieved in an elastic structure and bilinear inelastic
structure by adding the NSD and viscous fluid damper. It has also been demonstrated that the stiffening
in the NSD will prevent the structure from collapsing. Analogous to the inelastic design, the acceleration
and base shear and deformation of the structure and NSD assembly can be reduced by more than 20% for

moderate ground motions and the collapse of the structure can be prevented for severe ground motions.

Simulation studies have been carried out on an inelastic multistory shear building to demonstrate the
effectiveness of placing NSDs and dampers at multiple locations along the height of the building; referred
to as “distributed isolation”. The results reported in this study have demonstrated that by placing a NSD
in a particular story, the superstructure above that story can be isolated from the effects of ground motion.
Since the NSDs in the bottom floors will undergo large deformations, a generalized scheme to incorporate

NSDs with different force deformation behavior in each story is proposed. The properties of the NSD



are varied to minimize the localized inter-story deformation and distribute it evenly along the height of

the building.
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Chapter 1
Introduction

Experience from the past demonstrated that the earthquakes have a tremendous socioeconomic impact,
a huge loss of life and property damage on the endured communities. The recent, Haiti earthquake that
occurred on January 12, 2010 resulted in an estimated death toll of 316,000 and property damage of about
14 billion dollars (USGS). In the 21st century, the worldwide death toll due to earthquakes is over 815,000
and the property damage is about 150 billion dollars (USGS). The damage due to the earthquake disasters
cannot be completely avoided but the effects can be significantly subdued by exercising the proper design
practices. The field of earthquake engineering has stemmed to tackle the issues involved in seismic resistant
structural design. The objective of earthquake engineering is to design, construct and maintain structures
to perform during earthquakes.

Designing structures to withstand seismic loads has been well-explored in the structural design com-
munity since the 1920s (NEES). Based on the experiences from past earthquakes, shake-table tests and
analytical studies several specification and guidelines have been incorporated in the design codes. The
philosophy of earthquake design for structures, as used in the design codes, is to minimize the structural
damage for moderate ground motions and to avoid collapse or serious damage in strong ground mo-
tions. In other words, the building should survive a rare, very severe earthquake by sustaining significant
damage without collapsing and it should remain safe and serviceable for more frequent, but less severe
earthquakes. This is achieved by inelastic design of structures.

Conventional structures designed for loads specified by codes undergo significant inelastic deforma-
tions during severe earthquakes, leading to stiffness and strength degradation, increased interstory drifts,
and damage with residual drift. These yielding structures however keep the global forces within limited
bounds dictated by the yield strength (Reinhorn et al., 2002). Passive seismic protection systems in the
form of supplemental damping devices have been used in many civil engineering infrastructure to miti-
gate wind and seismic loads (Constantinou and Symans, 1993; Spencer and Nagarajaiah, 2003; Viti et al.,
2006; Cimellaro et al., 2009). This approach has emerged as an efficient way to reduce response and limit

damage by shifting the inelastic energy dissipation from the framing system to the dampers. Examples of



few such passive systems are base isolation systems (Nagarajaiah et al., 1991), fluid dampers (Constantinou
and Symans, 1993), tuned mass dampers (Nagarajaiah, 2009), friction dampers (Fenz and Constantinou,
2007).

Active-control of structures, wherein the excessive structural response can be attenuated using actu-
ators, can also be used to reduce inelastic behavior. The force exerted by the actuator is calculated in
real-time using a control algorithm and feedback from sensors. Measured feedback signal could be the
excitation and/or response of structure. Although this approach is more efficient than passive-control,
high power requirement and continuous measurement of feedback signal limit its applications. Semiactive
control strategies combine the best features of both passive and active control systems. Semiactive con-
trol devices offer the adaptability of active control devices without requiring the associated large power
sources (Spencer and Nagarajaiah, 2003). Thus, semiactive systems have received considerable attention in
the recent past. Semiactive systems operate on battery power, which is critical during seismic events when
the main power source to the structure may fail. Even in semi-active control local feedback is unavoidable.

Despite the progress in advancing the field of structural control for the past five decades there is still a
need to develop new devices to overcome the limitations of the existing approaches. The research carried

in this study attempts to bridge this gap.

1.1 Adaptive Systems

In this study, a new concept - “apparent weakening”, an adaptive structural system - “Adaptive Negative
Stiffness System” (AS) and a novel “Negative Stiffness Device” (NSD) are proposed and developed in
detail. Adaptive systems belong to the category of passive seismic protection systems but they are more
sophisticated than the regular passive systems. An adaptive system consists of adaptive stiffness and/or
damping devices which are capable of changing the stiffness and/or damping of the device depending on
the displacement amplitude (Fenz and Constantinou, 2008; Nagarajaiah, 2009). These devices are designed
to exhibit a force-displacement behavior which upon the addition of structure properties will result in an
adaptive system having superior characteristics compared to the original structure.

Recently, lemura and Pradono (Iemura and Pradono, 2009) proposed pseudo-negative-stiffness dampers
(PNSD) that are hydraulic or semiactive or active devices capable of producing negative-stiffness hysteretic
loops. It has been shown in their investigations that by adding negative-stiffness hysteretic loops, the to-
tal force would be lowered significantly. Common passive dampers that act in parallel with the stiffness
of structure add to the total force rendering the shear force larger than that due to stiffness of the base-
structure alone. It must be noted that the passive hydraulic dampers cannot “push” the structure in the
same direction as the structural displacement; the adaptive NSD proposed in this study can. A hydraulic
device that is fully active or semiactive as in the case of PNSD can generate a pseudo-negative stiffness
in which case feedback control would be needed to generate the negative stiffness. The passive negative

stiffness friction damper-a convex frictional interface or bearing, opposite of the well known frictional



pendulum base isolation bearing, that is essentially an unstable friction bearing-proposed by Imeura and
Pradono (Iemura and Pradono, 2009) can generate the pseudo negative stiffness. The pseudo negative
stiffness is by virtue of the fact that horizontal force at the convex frictional bearing assists the motion in
either direction; however, this type of a system is primarily applicable to base isolated structures, wherein
such frictional bearings are used. An additional complication of the pseudo negative stiffness friction
bearing is that the structure to which it is attached has to accommodate significant vertical motion in
additional to the horizontal displacement.

Soong (Soong, 1998) proposed an active control approach to experimentally simulate yielding struc-
ture. An active control algorithm has been proposed to reduce the stiffness of structure in real time
without any damage to the structure. Different types of active control methods and possible configu-
rations of the actuator to implement the proposed approach has been suggested. The only objective of
Soong’s approach is to develop an yielding structure out of an elastic structure without any damage to the
structure. Essentially, a closed loop system that behaves like an nonlinear-inelastic system is generated.
The NSD proposed in this work is an adaptive device with out any external power supply or feedback sig-
nal and the main objective of the device is to reduce the response characteristics of the assembly. Structure
and the NSD assembly simulates a nonlinear-elastic system (not a hysteretic system).

In this study, a new passive device is developed, as it does not need any feedback signal or external
power supply to generate the desired force. Detailed analytical and experimental study on the NSD is
presented in Chapter 2. In brief, The NSD consists of (a) a self contained highly compressed spring in
a double negative stiffness magnification mechanism and (b) a “gap spring assembly” (GSA) mechanism
which delays the engagement of negative stiffness until the structural system undergoes a prescribed dis-
placement. The NSD employs double chevron braces that self-contain the large vertical forces needed for
the development of the horizontal negative stiffness without transferring these forces to the structure.

By adding the NSD, yielding is emulated in a structural system and “yielding” is shifted away from the
main structural system-leading to the new idea of “apparent weakening” that occurs ensuring structural
stability at all displacement amplitudes. This is achieved through an adaptive negative stiffness system
(AS), combination of NSD and a nonlinear damper. By engaging the NSD at an appropriate displacement
(simulated yield displacement), which is well below the actual yield displacement of the structural system,
a composite structure-device assembly, behaves like a yielding structure (Pasala et al., April, 2012b). The
NSD has a re-centering mechanism thereby avoiding permanent deformation in the composite structure-
device assembly unless the main structure itself yields. Essentially, a yielding-structure is “mimicked”
without any, or with minimal permanent deformation or yielding in the main structure. In summary,
the main structural system suffers less accelerations, less displacements and less base shear, while the AS
“absorbs” them. This report presents comprehensive details on development and study of the AS/NSD.
Through numerical simulations, the effectiveness and the superior performance of the AS/NSD as com-
pared to a structural system with supplemental passive dampers is presented.

Combination of adaptive negative stiffness and damping device can result in reduction in base shear



and displacement response of the structure. However, to date truly negative stiffness systems have re-
ceived relatively little attention as compared to aforementioned semiactive or pseudo negative stiffness
systems and thus represent a significant gap. Hence, development of new true negative stiffness devices
is necessary to shift the yielding behavior from the structural system to AS/NSD. AS/NSD can reduce
damage in frames by reducing the base shears and deformations and they can also eliminate residual inter-
storey drifts. An alternate explanation on the need for negative stiffness in adaptive systems to reduce the
acceleration is discussed next. Working principle of AS is explained with schematic diagrams in section-1.4

and simulation studies demonstrating the concept of “apparent-weakening” are presented in section-1.5.

1.2 Importance of Negative Stiffness Device: Alternate Explanation

Analytically, active control is the most effective, robust way for reducing the response of structure. But,

from practical implementation point of view it suffers with two limitations:
1. large external power to drive the actuator and
2. dependency on the structural-response feedback.

Recently, researchers have developed algorithms to break down the control force, calculated from any
active control algorithm, into a combination of passive forces and the remaining marginal amount as an
active force-a concept termed as “integrated design of inelastic controlled structural systems” by Reinhorn
etal. (Reinhorn et al., 2009) using the concept “weakening” introduced by Reinhorn et al. (Reinhorn et al.,
2002), Viti et al. (Viti et al., 2006), and Cimellaro et al. (Cimellaro et al., 2009). Due to the limitations and
unreliability of the active control devices during extreme events, the objective was to let the passive com-
ponents take the maximum amount of force, which are more reliable, leaving very little for the actuators
that impart active control force.

Consider a linear multi degree of freedom system with mass M, stiffness K and damping C subjected
to a ground motion %,. The equation of motion is shown in Eq. 1.1. x is the relative displacement
vector of the structure and F, is the desired active control force required to control the structure. F, can
be calculated easily using standard LQR control algorithms. Active control force can be represented as
shown in Eq. 1.2. G, and G, are constant gain matrices. Using optimization, the gain matrices H; and H,
can be found such that the error between F, and F, is minimized. H; and H, are the gain matrices that
are directly associated to the additional damping and stiffness forces that need to be add to the structure
using passive devices. The remaining force F, — F), is implemented through an active device (Cimellaro
et al., 2009).

Msi+Ci+Kx = —Mi,+F, (1.1)



The control force F, is exerted through four passive components, namely: (i) Positive damping device
(C;%), (i) Negative damping device (C,x), (ii1) Positive stiffness device (C5x) and (iv) Negative stiffness
device (C,x).

The constants C;, C,, C; and C, are representative of properties of the devices. Positive and negative
damping force can be implemented using fluid dampers. Positive stiffness can be easily implemented by
adding supplemental braces; the only force that is hard to incorporate is the true negative stiffness. In
this study a new concept of “apparent softening and weakening” is introduced wherein the “yielding” is
shifted to the AS/NSD. A mechanism is proposed to develop the true negative stiffness to simulate global
yielding.

1.3 Weakening and Damping of Structural Systems

Reinhorn et al. (Reinhorn et al., 2005) and Viti et al. (Viti et al., 2006) introduced the concept of weak-
ening structures (reducing strength), while introducing supplementary viscous damping to reduce simul-
taneously total accelerations and inter-story drifts. Design methodologies for changing the stiffness of
structures and adding damping devices using control theory have been proposed by Gluck et al. (Gluck
et al., 1996) to determine the magnitude and the locations of changed structural elements (often requiring
softening rather than stiffening) and the added damping, while insuring structural stability. More re-
cently, the design of weakened (reduced strength) structures with supplemental damping was introduced
by Reinhorn et al. (Reinhorn et al., 2009), using principles of structural control. In the latter approach, a

two-stage design procedure was suggested:

1. first using a nonlinear active control algorithm, to determine the new structural parameters while

insuring stability, then

2. determine the properties of equivalent structural parameters of passive system, which can be imple-
mented by removing, or weakening, some structural elements, or connections, reducing the yield

capacity of the structure and by addition of energy dissipation systems.

Passive dampers and weakened elements are designed using an optimization algorithm to obtain a response
as close as possible to an actively controlled system. The weakening of structures leads to an early yielding
of the structural system resulting in damage and permanent deformation. The adaptive negative stiffness
system AS/NSD, developed in this study is designed to prevent such damage due to inelastic excursions

and permanent deformation, but still exhibit the yielding desirable for reduction of base shear.



1.4 Adaptive Negative Stiffness System

1.4.1 Working principle

Assume a perfectly-linear single degree of freedom structure with stiffness, K,, and no damping, a NSD
with stiffness Ky ¢y and a passive damper with damping coetficient C. All the three elements are shown
in Figure 1.1(a) and the force displacement plots are shown in Figure 1.2(a). By adding NSD to the
structure, schematically shown in Figure 1.1(b), the assembly stiffness reduces to K, = K, — Ky, beyond
the displacement u; (shown in Figure 1.2(b)). If, F, and #, are the maximum restoring force and maximum
displacement of a perfectly-linear system (green line in Figure 1.2(b)) then for the same load the maximum
restoring force and maximum displacement of the assembly are F; and x5 (blue line in Figure 1.2(b)),
respectively. Ky¢p is designed to achieve the desired reduction in base shear. Force exerted by the NSD
is shown as red line in Figure 1.2(b). Although the reduction in base shear is achieved the maximum
deformation of adaptive system is substantially increased in the process when compared with an elastic

system.

Structure Spring K, (+)

Knsp (-) Negative spring

T
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Passive Damper K. (+)
¥ k(@) Component Hlements OO

Knsp (-)
Knsp () 11

1N
(b) Structure + NSD (NS) (c) Structure + NSD + Damper (AS)

Figure 1.1: Schematic diagram showing the components in AS and NS

Deformation of this assembly can be reduced by adding a passive damping device in parallel to the
NSD, schematically shown in Figure 1.1(c). A linear viscous damper is used as a passive damping device.
By adding the viscous damper to the structure along with NSD, maximum displacement is reduced result-
ing in x < x, shown in Figure 1.2(c). Since the assembly of structure and NSD acts like a nonlinear elastic
system, viscous damper even with a very small damping coefficient can be effective. It should be noted
that by adding a damper to structure and NSD assembly base shear of the assembly is not significantly
increased.

At this stage, there is one important constraint that is imposed on the NSD. From Figure 1.1(a,b,c)
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Figure 1.2: Schematic force-deformation plots of (a) components (b) components and assembly of NS (c)
components and assembly of AS

it can be seen that there is an offset displacement, u;, called as “apparent yield-displacement”, before
the negative stiffness device is engaged. This is to avoid excessive response at relatively small external
excitations. For displacements # such that |#| < 14; the structure and NSD assembly behaves like the
actual structure. This initial gap is provided by the horizontal spring with elastic-bilinear behavior that

has been implemented using a pair of mechanical springs (Sarlis, 2012).

1.4.2 Challenges in inelastic structures

Another important constraint on NSD comes into picture when the structural system starts yielding.
Assume an elastic-purely-plastic structure and NSD assembly, schematically shown in Figure 1.3(a). Force
displacement plots of the base structure and NSD are shown separately in Figure 1.3(b). If the structure
is subjected to loads that will take it beyond the yield displacement, #,, there are two limitations (refer to
Figure 1.3(c)). F, is the yield force of the structure. First, the tangential stiffness of the adaptive system
becomes negative i.e., for displacements greater than #, the slope is negative, as shown in Figure 1.3(c).
This signifies an unstable condition and this behavior is not desired as it would result in the collapse of
structure. Fortunately, an NSD that has constant negative stiffness is physically not realizable (Pasala
et al., April, 2012a). The stiffness of the NSD changes at large displacements to positive stiffness, which
provides the desired hardening effects.



The second limitation is the increased base shear. In Figure 1.3(c), the structure yields first in the
positive direction then after the first load reversal, when the structure yields in the negative direction, the
peak base shear of the structure and NSD assembly, F,, is greater than the base shear that is targeted, F,,
Le. |F,| > |F,|. So the negative stiffness of the NSD has to be modified, once the structure starts yielding,
to avoid this condition. Similar behavior is observed in the case of a bilinear system if the post-elastic

stiffness of the base structure is less than the negative stiffness of the NSD.

Structure Spring K, (+)

Knsp (-) Negative spring

(a) Elements (b) Component Forces (c) Assembly force

Figure 1.3: Working principle of Adaptive system. (a) Schematic representation of components (b) com-
ponent F-D plots (c) assembly behavior [(Green line) : Base-structure, (Red line) : NSD, (Blue line) :
Assembly]

The three possible ways of exerting the negative stiffness are:

1. Having a constant negative stiffness for all displacements beyond 14;, shown in Figure 1.4(a)
2. Keeping the force exerted by the NSD constant beyond #,, (shown in Figure 1.4(b))

3. Stiffening the NSD beyond ", (shown in Figure 1.4(c))

Three curves, shown in Figure 1.4, are for the base-structure (SF), NSD (NF) and the structure with NSD
(TF). Figure 1.4(a) is the response of an NSD with constant negative stiffness, Ky ¢p, and without any
constraints on the negative force generated, which is not possible as described earlier. Figure 1.4(b and c)
is for second and third approaches respectively.

From Figure 1.4, clearly both the second and third approaches i.e., saturating or stiffening of the NSD
after the structure undergoes deformation beyond yield point, will definitely work. Impact of the second
approach is shown more clearly in Figure 1.5. Schematic diagram of an elastic-purely-plastic structure
and NSD assembly is shown in Figure 1.5(a). Force-displacement behavior of the base structure and NSD
are shown separately in Figure 1.5(b). Force-displacement behavior of the structure with NSD is shown
in Figure 1.5(c). The second approach is an idealistic case and is hard to develop a passive device that is

capable of exhibiting this force-displacement behavior.



The NSD developed and tested in this work is based on the third approach that is capable of exhibiting

the hardening behavior beyond a certain displacement.

2 2 2

Normalized Force, (F/F,)

——SF
— N
— T F

-1 0 1 2 -2 -1 0 1 2
Displacement, (u/u,)

Figure 1.4: Different feasible force-displacements of structure-device assembly for yielding systems (a) no
constraints on the force exerted by NSD (b) keeping the force exerted by the NSD constant beyond #,, (c)
stiffening the NSD beyond #,, [SF: Spring Force; NF: NSD Force; TF: Total Force]

Structure Spring K. (+)

Knsp (-) Negative spring

A
(a) Elements (b) Component Forces (c) Assembly force

Figure 1.5: Instability in nonlinear systems with added negative stiffness. (a) Schematic representation (b)
component F-D plots (c) assembly behavior [(Green line) : Base-structure, (Red line) : NSD, (Blue line) :
Assembly]

1.5 Simulation studies

The main objective of the adaptive system is to reduce the base shear (foundation force) of the structure
and at the same time limit the maximum displacement and acceleration of structure. It will be uneconom-

ical and unrealistic to design devices that will retain the structure in elastic state, without any yielding,



after a major earthquake. So, all the cases considered in this chapter involve structure whose properties
are representative of a real building and the loading cases for which there is yielding in the structure.

The model used as the test structure in the simulations is calculated from the capacity curve of the
test-setup presented in chapter 3, obtained using the commercial softwares with the exact detailing. The
strength reduction factor of the three-story frame, R, = F,/F, = 1.25, which is a conservative design.
F, is the maximum force in the elastic system for the suite of the ground motions used in this simulation
study and F, is the yield force of the three-story structure. As per the seismic code, ASCE-07, the desired
strength reduction factor for moment resisting steel structures should be 4. The NSD is designed such
that the strength reduction factor, R;y = F,/F = 4, where, Fy/ is the apparent-yield-strength (force in the
NSD and structure assembly at M; ). Hence, the NSD and structure assembly has a strength reduction
factor, R;y = I,/F] of 5. The strength reduction factor R;y should not be greater than 4 due to safety con-
siderations. Sivaselvan-Reinhorn model (Sivaselvan and Reinhorn, 2000) is used to capture the hysteretic

behavior. The Governing equation of motion for the structure is

mii+<2§VKem>ﬂ+aKeu+(1—a)Keuyz:—mixig (1.4)
2= (1=|2|"(ysgn(z#) + B))#/x, (1.5)

Eq. 1.5 can be represented in the displacement differential form as

dz  (1=|zP(ysgn(zi) + B)
du u,

(1.6)

where, m is the mass of structure, ¢ is the damping ratio, « is the post-yield stiffness ratio. y, 5 and 3
are constant parameters that determine the shape of bilinear hysteretic loops. z = £,:/F,, is the ratio of
hysteretic force to the yield force. The tangential stiffness of the hysteretic part is proportional to #u. K,
is the initial elastic stiffness and @K, is the post-yielding stiffness of the structure obtained from the push
over curve. The tangent stiffness of the system can be then represented by the following relation; shows

low stiffness after yielding (z — 1):

Kmngent :Ke (CZ + (1 - a) [1 - |Z|v(ysgn(2”) +ﬁ)]) (17)

The values for remaining parameters are obtained using nonlinear interior-point optimization algorithm
by minimizing the error between the capacity curve and the analytical model. The force deformation
behavior of the structure, NSD and the assembly are shown in Figure 1.6. The displacement and forces
in Figure 1.6 are normalized with the yield displacement and yield force. Viscous damper is used as the
supplemental passive damper in the simulations. Equations to calculate the force exerted by the NSD are

presented in chapter 2.
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Figure 1.6: Force deformation behavior of structure, NSD and assembly

1.5.1 Periodic ground motion

A periodic input consisting of five cycles sine function is used as an excitation with a frequency identical
to the natural frequency of the base structure, w,, = /K, /m.

Elastic systems

For those systems that will remain in elastic region for the design ground motion. NSD is found to be
very effective. NSD will reduce the base shear of the structure substantially. To demonstrate this point,
a periodic ground motion is applied to the structure. Amplitude of the ground motion is chosen such
that the structure and NSD assembly will remain in elastic region. Response time histories comparing
the actual structure and adaptive system are shown in Figure 1.7. Adaptive system (AS) here refers to the
structure, NSD and viscous damper with 0% damping. BS refers to base-structure (bilinear system). It can
be seen from the plots in Figure 1.7 that all the response characteristics i.e., displacement, velocity and
acceleration of the BS case have higher amplitude compared to the AS case. Comparison of the column
forces and damper forces in BS and AS are shown in Figure 1.8. The component forces acting in the AS
are shown in Figure 1.9(a) and F-D behavior of the assembly forces are shown in Figure 1.9(b). “Apparent
yield displacement” for the NSD is at a normalized displacement of 0.25, since R;y =4. It is evident from

the results in Figure 1.8 and 1.9 that in the case of AS the primary structure remains in the elastic region
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(displacement of the AS is less than the yield displacement of the primary structure, #,), whereas in the
case of base structure the primary structure yields. It should be noted that passive damper is not yet
included for the results shown in Figure 1.7, 1.8 and 1.9. NSD alone is effective for reducing base shear,
without any increased deformations, in elastic structures. A passive damper can be added to reduce the
deformation of structure along with the base shear, which is considered next.

(a) Normalized ground acceleration
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Figure 1.7: Response of AS and BS for periodic input in elastic structure

Inelastic systems

The performance of the NSD is further verified for higher input amplitudes. Amplitude of input periodic
ground motion is increased so that the adaptive system starts yielding. As discussed earlier with NSD
alone the deformation of the adaptive system will increase due to reduction of stiffness. Passive viscous
damper with 20% damping ratio is used to contain the increased displacements that occur in the AS due
to reduction in total stiffness of the system. Simulation results for three systems are compared in Figure
1.10-1.13 after the addition of passive viscous damper: (i) Bilinear system (referred to as BS), (ii) Bilinear
system with passive damper (referred to as PS) and (ii1) Bilinear system with passive damper and NSD
(referred to as AS).
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Normalized force (F/F,)

Normalized force (F/F,)

For all these systems response time histories are shown in Figure 1.10, column forces and damper
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Figure 1.9: F-D behavior of the (a)components of AS and (b)assembly forces

forces are compared in Figure 1.11, hysteresis loops of components of PS and AS are shown in Figure 1.12
and the assembly forces are shown in Figure 1.13. For the periodic input with input-frequency, w,,, and
five cycles, the structure yields; the addition of passive damper results in the deformation of the structure
being reduced substantially with a higher base shear. Figure 1.10 shows the reduction in all the responses
of an adaptive system (base-structure with NSD and passive damper). Maximum deformation of adaptive
system and passive system are comparable in Figure 1.10 and Figure 1.13, but the acceleration of adaptive
system is 40% less-compared to passive system and base-structure. Forces exerted by the passive damper
in case of both adaptive and passive system, shown in Figure 1.11(b), are comparable. The shear forces

experienced by the columns in the two cases of AS and PS is approximately the same, shown in Figure
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1.11(a).

In the AS, the base shear (force transferred to the structure’s base) is reduced substantially, whereas
in the PS case the base shear is larger than the BS case, shown in Figure 1.13. Also, the accelerations
reduce substantially in AS case, as compared to both BS and PS cases, which is a significant benefit as the
secondary systems can be protected preventing severe post earthquake losses. From Figure 1.10-1.13, it

can be concluded that the three main objectives of the adaptive system are clearly achieved.

1. Base shear of the structural system has been reduced substantially. In case of passively damped
system the base shear is greater than the base structure, the column shears remain approximately

the same in AS and PS as both experience approximately the same displacement
2. The accelerations are substantially reduced in the case of AS as compared to BS and PS

3. Deformation of the AS is also reduced when compared to the BS and is of similar magnitude as the

PS
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Figure 1.10: Response of AS and BS for periodic input in yielding structure
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Figure 1.12: F-D behavior of the components of PS and AS

Response to ground motion

To demonstrate the efficiency of the AS for earthquake ground motions, four standard performance cri-
teria suggested for nonlinear benchmark structures (Ohtori et al., 2004), are used to evaluate and compare
the performance of AS with passively-controlled-structure and original structure. Performance functions
are shown in Table 1.1. There are minor modifications in the indices used in this study compared to the
benchmark indices; formulae for all the indices are listed in Table 1.1. In Table 1.1, #,, is the yield displace-
ment, K, is elastic stiffness of the structure, F1 is the base shear (structure force with NSD force and PD
force), F,,; is the force experienced by the columns. Seven standard ground motions are used to evaluate
the performance of the AS/NSD developed in this study. The ground motions chosen are representative

of both the far field and near-fault earthquakes. The performance indices of all the three systems for seven
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Figure 1.13: Comparison of the assembly F-D behavior in yielding structures

ground motions are listed in Table 1.2. From the results in Table 1.2, it can be seen that absolute accelera-
tions (J,) of AS is lower than BS by 40% to 60% and it is lower than PS by 16% to 45%. Base shear (J5) of
AS is lower than the BS by 55% to 70% and it is lower than PS by 40% to 65%. Inter-storey displacements
(J;) of AS in some cases are 30% more than the PS but they are consistently less than BS by 20% or more.
It should be noted that a simple viscous damper is adopted in these simulations. Although the base shear
(J5) of the AS is lower than the PS by 55% or more, the force experienced by the columns (J,) follows the
same trend as the inter-story displacement (shown in Table 1.2).

Response characteristics of all the three systems (BS, PS and AS) for Kobe #5 fault-normal (FN) ground
motion are shown in Figure 1.14. Column forces and damper forces of different systems for Kobe ground
motion are shown in Figure 1.15. AS and PS have slightly yielded but the BS has significantly yielded
and undergone permanent deformation, shown in Figure 1.15(a,b). The shear forces and damper forces
in AS and PS are similar. Hysteresis loops and component forces of AS and PS are shown in Figure 1.16.
“Apparent-weakening” is evident from the component plots in Figure 1.16(b). In the AS, when compared
with PS, peak acceleration and base shear have been reduced by 40%, shown in Figure 1.17. Peak inter-
storey deformation in the case of AS is 30% more than the PS and the peak damping force of AS is 35% less
than the PS, shown in Figure 1.17. Adding NSD to the base structure reduced the base shear significantly
and the deformations of the assembly are contained with the addition of damper.

To demonstrate that the proposed adaptive negative stiffness device is effective for a range of structural
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Table 1.1: Performance indices used to evaluate different systems

Name Evaluation Parameter Formula

Ji Inter-storey drift max, (#(t)/u,)

b Abs. acceleration max, (Iﬁ(t) + ﬁg(t)l/max(|ﬁg(t))|)
h base shear max, (IFn'I/Ke wy>

T4 Column force max, (Ile I/K, uy>

Table 1.2: Summary of simulation results for recorded ground motions

ElCentro  Lucerne Rinaldi Erzincan Newhall = Sylmar .
PI  System Pacoima
#5 FN Valley FN  FN NS FN FN
BS 0.72 0.98 1.00 0.68 1.66 1.24 0.61
Ji DS 0.48 0.47 0.64 0.45 0.93 0.65 0.45
AS 0.64 0.69 0.83 0.56 0.93 0.78 0.55
BS 4.01 7.86 2.90 3.42 1.81 6.46 2.30
L DS 2.83 4.19 2.05 2.41 1.63 4.79 1.81
AS 2.30 3.52 1.36 1.96 0.99 2.66 1.40
BS 0.72 0.93 0.97 0.68 1.10 1.03 0.61
5 PS 0.48 0.47 0.64 0.45 0.90 0.65 0.45
AS 0.29 0.28 0.30 0.27 0.31 0.30 0.27
BS 0.72 0.93 0.97 0.68 1.10 1.03 0.61
Ji PS 0.48 0.47 0.64 0.45 0.90 0.65 0.45
AS 0.64 0.69 0.82 0.56 0.90 0.78 0.55
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Figure 1.14: Response of AS and BS for Kobe ground motion

(a) Spring Force (b) Damping Force

T T

0.5r

Normalized force (F'/F,)
o

i i i i i i

i i n

-0.5 0 0.5 1 15 2 25
Deformation (u/u,)

-0.5 0 0.5 1 15 2 25
Deformation (u/u,)

Figure 1.15: F-D behavior of columns and dampers for Kobe ground motion

systems (systems with different natural frequencies) response spectra are generated for BS, PS and AS. Re-

sponses are presented in dimensionless 7t-terms, displacement #«? /4, base shear-Fpear / ma,, acceleration-
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Figure 1.16: F-D behavior of the components of PS and AS for Kobe ground motion
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Figure 1.17: Comparison of the assembly F-D behavior for Kobe ground motion

#/a,and frequency-7./7,. Where, a,, is the pulse-amplitude of the acceleration, w, is the frequency of the

p
pulse, 7, and 7, are the time-periods of structure and pulse, respectively. Makris and Black (Makris and
Black, 2004a,0) have developed cycloidal pulses that are representative of the actual recorded ground mo-
tions. These cycloidal pulses and recorded ground motion data are used to test the performance of the AS.

Response spectra is generated for both cycloidal pulses and recorded ground motions. Response-spectra
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plots are represented in dimensionless 7-terms proposed by Makris and Black (Makris and Black, 2004b).
All the earthquake motions responses are represented by equivalent pulses and the corresponding ampli-
tudes and time-periods for normalization. Response spectra of C; pulse type ground motion and Sylmar
FN ground motion are shown in Figure 1.18 and Figure 1.19, respectively. For C; ground motion, the
pulse-period, 7,=0.5 seconds is used to generate spectra in Figure 1.18. The Sylmar FN ground motion
can be approximated by a C, pulse with a period (7)) of 2.3 seconds and an acceleration peak (a,) of 64.6

in/sec?, which is used to normalize the spectra in Figure 1.19.

(a)Rel. Disp. spectra (b)Abs. Accel. spectra

3.5

0 05 15 2 25 3 35 4 0 05 1 15 2 25 3
¢)Column force spectra (d)Base Shear spectra

max (Fps/(mayp))

o 05 1 15 2 25 3 35 4
(T5/Tp)

Figure 1.18: Comparison of response spectra for C; type cycloidal pulse

For highly stiff structures 7,/7, < 0.5, the response of the PS and AS are similar because the normal-
ized displacement of the structure remains less than u;, shown in Figure 1.18(a),1.19(a). For 0.5 < 7./7, <
1.5 peak acceleration and base shear of the AS is more than 30% lower than BS and PS because of the
NSD, shown in Figure 1.18(b,c),1.19(b,c). The peak displacement of AS in the same region is 20% higher
than the PS but 50% less than BS. For 7./7, > 3, all the three systems (BS,PS and AS) start yielding and the
NSD starts stiffening so the peak acceleration and base shear of all the systems are same, shown in Figure
1.18(b,d),1.19(b,d). Column force in the AS is slightly higher than the PS around the peak in the spectra
plots and it is almost identical for all other time-periods. Peak relative displacement of BS is always greater

than the PS and AS. Key observations based on the response spectra plots of pulses and ground motion
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Figure 1.19: Comparison of response spectra for Sylmar ground motion

data are listed in Table 1.3.

1.6 Summary

The new idea of an “apparent weakening” is a novel concept that is proposed in this study. An “apparent
weakening” is introduced in the structural system using a complementary negative stiffness device (NSD)
that mimics “yielding” of the global system thus attracting it away from the main structural system.
Unlike the concept of weakening proposed earlier (summarized by Reinhorn et al., (Reinhorn et al.,
2009)), where the main structural system strength is reduced, the new system does not alter the original
structural system, but produces effects compatible with an early yielding.

Adaptive negative stiffness system (AS) is an assembly of primary structure, NSD and passive damper
(PD). AS is referred as adaptive system or adaptive stiffness system. The main objective of the adaptive
system is to shift the yielding behavior of the structure to the NSD and reduce the base shear (foundation
force) of the structure and at the same time limit the maximum displacement and acceleration of structure.
Adaptive systems belong to the category of passive seismic protection systems but they are more sophis-

ticated than the regular passive systems. The adaptive system that is developed in this work consists of
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Table 1.3: Summary of response spectra for cycloidal pulses

T,/T, Range Description

T,/1,<05 PS and AS have same response characteristics but they have a superior

spectral characteristics compared to BS due to the passive damper

PS and AS have same response characteristics but they have a superior
0.5<T%/r,<15 spectral characteristics compared to BS due to the passive damper

Peak column force of AS is higher than PS

Displacement has mixed behavior for PS and AS

AS has superior characteristics compared to PS and BS in peak acceler-

1.5<7/1,<3.0 ation and base shear

And the column force of AS is same as PS

Displacement has mixed behavior for PS and AS

All the three systems yield in this region

3.0<T/1, NSD starts stiffening resulting in increased peak acceleration and base

shear responses

All the systems exhibit same spectral characteristics

two components that are designed in a two step sequence, similar to the approach developed by Reinhorn
et al. (Reinhorn et al., 2009). First an adaptive negative stiffness device, which is capable of changing its
stiffness during lateral displacement, is developed based on the properties of the structure. This NSD is
designed to exhibit negative stiffness behavior which upon the addition of structure properties will result
in reduction of the stiffness of the structure and NSD assembly or “apparent weakening” thereby resulting
in the reduction of the base shear of the assembly. Then a passive damper is designed for the assembly to
reduce the displacements that are caused due to the “apparent weakening”-thereby reducing the base shear
and displacement in a two step process.

This report presents comprehensive details of principles and the study of the behavior of the AS. The
NSD is described in detail in the next chapter. Through numerical simulations and simulation studies
it is shown that the concept of AS is very effective in elastic and some inelastic structural systems. The
effectiveness and the superior performance of the AS as compared to a structural system with supplemen-
tal passive dampers when subjected to periodic and random input ground motions is demonstrated by

numerical results.

22



Chapter 2
Negative Stiffness Device

True negative stiffness means that the force must assist motion, not oppose it as in the case of a positive
stiffness spring. A passive device capable of exhibiting true negative stiffness, negative stiffness device
(NSD), without external power supply is developed and studied in this work. The approach used to
generate the negative stiffness is similar to the idea proposed by Nagarajaiah and Reinhorn (Nagarajaiah
and Reinhorn, 1994). A precompressed spring is used to generate the force to push the structure and
a lever-mechanism is adapted to amplify the generated force. The concept of using springs to achieve
a low stiffness system was first introduced by Molyneaux (Molyneaux, 1957) for vibration isolation in
aircraft systems. More recently, Platus (Platus, 1992, 2004) developed ultra sensitive vibration isolation
devices to isolate the the structure from horizontal-vibrations using pre-compressed springs. Thus far the
application of negative stiffness devices has been limited to vibration isolation of small scale systems. Due
to the large compression forces (usually of the order of self weight of structure) required to generate the
desired negative stiffness, in the case of large structural systems, using pre-compressed springs was not
perceived. So, a dual amplification mechanism is adapted along with the pre-compressed spring idea to
achieve the desired level of forces to emulate a yielding system (“apparent weakening”).

This chapter is organized as follows: Section-2.1 contains the detailed description of various compo-
nents in the NSD and their connections. Working principle of NSD and the derivations pertaining to the
development of equation of motion of NSD is presented in section-2.2. More detailed model including
the inertial terms and other nonlinear terms are presented in section-A. Description of the test setup used
to characterize the behavior of NSD and the experimental results are summarized in section-2.3. Conclu-
sions based on the comparisons between the observed experimental and predicted results are discussed in

section-2.4.
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2.1 NSD Description

The NSD is fabricated by Taylor Device Inc., Tonawanda. All the elements of NSD are made with mild
steel. Schematic diagram and photograph of the NSD with labeled components is shown in Figure 2.1.
NSD consists of (1) pre-compressed spring (2) two chevrons (CB1 and CB2) (3) two channel sections (4)
pivot plate (5) lever-arm (6) two double pinned columns and (6) two gap spring assemblies (GSA).

Each channel section is welded to the loose ends of chevrons; bottom channel is welded to the bottom
chevron (CB1) and the top channel is welded to the top chevron (CB2). One leg of each chevron is made
out of steel-flats and the other leg is made of hollow square section (HSS). The two chevrons are coupled
such that the steel flats of CB1 engulf the HSS of CB2 and viceversa. Pre-compressed spring (CS), made
out of cylindrical steel tube by machining a helical groove along the axis of the cylinder, is placed vertically
between the two chevron braces CB1 and CB2, as shown in Figure 2.1. Since the CS is pre-loaded, it will
exert force to push the chevrons closer. To retain the chevrons at certain spacing, two double pinned
columns (DPC) are connected to the channels of chevrons braces at either ends. Essentially, the pre-load
force stored in the CS is balanced by the tension in DPCs; hence, NSD is self-contained for the vertical
forces.

As mentioned earlier, an amplification mechanism is also incorporated using a simple lever principle.
To achieve this, pivot-plate and lever-arm are added to the device. Pivot-plate is connected to the top of
CB1 using 1 in. diameter pins. Instead of connecting the top of CS directly to the CB1, it is connected to
the bottom of pivot-plate. The top of pivot plate is connected to the lever-arm which in turn is connected
to the top channel of NSD. Two elastic-bilinear springs, referred as gap-spring assemblies (GSA), are placed
horizontally, connecting CB2 and the bottom channel of NSD.

GSA has three coil-spring and is equivalent to series connection of two coil-springs, two soft springs
(87,57 and a stiff spring (S,), as shown in Figure 2.2. §, sits inside the cup and flushes against the CB2.
GSA has a circular plate on one end and it is bolted horizontally to the bottom channel. The circular plate
is connected to the rest of the assembly with a steel rod that can apply force and compress S and S'. The

working principle of NSD and GSA are explained in the next section.

2.2 Analytical Model

Consider a floor in the structure in which “apparent-weakening” is desired, the NSD should be bolted to
the bottom of floor and the top of NSD is connected to the ceiling of the floor using a end-angle assembly
that will transfer only the horizontal forces, described in detail in the next chapter. Five crucial points
(pin-joints in the device) are marked in Figure 2.1 to explain the working principle of the device. Any
inter-story structural deformation will result in the deformation of the top channel, CB2 and the lever-
arm. Since the lever-arm is connected to the pivot plate (point-B) and the pivot plate is fixed at point-C,
any deformation of point-B will result in rotation of pivot-plate about point-C. As a result, point-D will

displace in the opposite direction to that of point-B. Also, the bottom of CS is connected to CB2, so,
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Figure 2.1: Schematic diagram and photograph of NSD

point-E will undergo same deformation as point-B. The total lateral deformation of the CS is magnified
by comparison to the displacement of point A (a) by the ratio CD to BC and (b) due to the movement
of point E in the opposite direction to D. Essentially, any deformation at the top of NSD will result in
the horizontal deformation of CS both at the top and bottom; this is the dual amplification mentioned

previously.

Assuming all the elements are rigid, deformed shape, undeformed shape and free body diagram of
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Figure 2.2: Fabrication drawings of GSA showing the coil-springs. Inset: Photograph of GSA

NSD for an arbitrary horizontal displacement of the structure, #, is shown in Figure 2.3. The pivot plate
rotates by angle ¢, the CS rotates by an angle of & and the lever-arm rotates by an angle of &,,. When the
top of NSD moves horizontally, the DPCs rotate and all the elements connected to the top channel and
CB2 undergo a vertical displacement 4, given in Eq. 2.1

W =h|1- 1—<%>2 2.1)

where, b is the height of DPCs. Points A and E displaces horizontally by a distance #, same as the
structure displacement, shown in Figure 2.3(b). Point-B moves by a #” < # due to the rotation of the

lever-arm. 6;, and #’ are coupled together by the compatibility equation given by Eq. 2.2-2.3

u' = wu+l,(cos(d;,)—1) 2.2)

L—b =412 (a)?
0,, = sin”! 2 7 2 () (2.3)
/

v

The simultaneous equations, Eq. 2.2 and 2.3, are transcendental equations. The solution is calculated
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numerically at each time step using Newton-Rhapson iteration. From the numerical study, it has been
found that the solution converges in 6 to 10 iterations. However, since the maximum rotation of &, is
less than 3°, so 8, is assumed to be zero and h = A’. Since #’ < [, and b’ & 0, §,, only depends on the
ratio b/1,,. The angles ¢ and 8 are calculated using Eq. 2.4-2.5

¢ = sin”! <u_> 2.4)
L

0 = tan”! |:M i Ml%] (2.5)
[1,+ 1 (1=cos(¢)) + ']

where, /; and /, are the lengths of pivot-plate CD and BC, respectively. /, is the initial length of com-
pressed spring, when # = 0. Once the points D and E move in opposite direction, length of the CS

increases. Length of the CS in deformed configuration, /, ., 4, is calculated using Eq. 2.6

locea = 4 (1, + 1 (1=cos()) +5') + (I;sin(¢) + )’ 26

In the deformed configuration, the axial force exerted by CS, F,_, is calculated using Eq. 2.7

Fsc = Pin +Ksc <lextd - lp) (27)

where, P; , is the initial compressive force in the spring and K is the stiffness of compressed spring. The

axial force in lever arm, F;,, is given by Eq. 2.8

o [isin(¢+0)
T eos(9 -6y,

The total lateral force exerted by the NSD at the top of the device (without GSA), F,_, is equal to the sum

2.8)

of horizontal forces at point-B and point-D (Eq. 2.9).

F, =F, sin(0)+ F),cos(8;,) 2.9)

v

Assuming 6, =0 and b = b’, lateral force exerted by the NSD (without GSA) is given by

ﬁsin(ﬁ + ¢)i|

L, cos¢

F,,=F, |:sint9—i— (2.10)

Since the NSD consists of many moving elements, equation of motion for the NSD including the
inertial terms is also developed. However, in the operating frequency range, the contribution of inertial

terms is insignificant. These derivations are presented in Appendix A.
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Figure 2.3: Undeformed shape, deformed shape and free body diagrams of components in NSD

Next, the working principle and the analytical model for the GSA is presented.

2.2.1 Gap spring assembly

“Apparent yield-displacement”, described in section-1.4.1, is achieved using the the GSA. Two GSAs are
present in each NSD and each GSA exhibits bilinear elastic behavior. They are designed in such a way

that one GSA engages for positive displacements and the other for negative displacements. Equivalent
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system for the GSA is shown in Figure 2.4. GSA consists of (1) soft spring (§,) with a stiffness of, K,
and a pre-load, Pg; (2) stiff spring (S,) with a stiffness, K,, in series to achieve bilinear-elastic structure.

Free length of §; is Lg; and the installed length is L{,. Pre-load in S, is calculated using Eq. 2.11

Pgy =Ky (Lsy — LY, ) @.11)

When aload, £, isapplied on the GSA, since spring-S; is pre-loaded, spring-S, deforms until the compression-
force in §, reaches Pg;. Once the external load is greater than Pg;, both §; and S, deform. The force
exerted by GSA is given in Eq. 2.12

: Py,
r Ky 1f|u|§rg2, 2.12)
| Py e if |y > L '
S17 Kgi+Ks, Ky,

For the GSA used in this study, the desired stiffness of the soft spring is 0.15 kip/in. A coiled-spring
with 0.15 kip/in was not available so two soft-springs, S and S}/, with stiffness of 0.11 kip/in and 0.04
kip /in, respectively and they have a free length of 25.9 in.. They are compressed to 9.7 in. (a pre-load of
2.25 kips, together) and placed inside the cylindrical case. The spring S5, has a stiffness of 7.5 kip/in and
is placed in a cup outside the cylindrical case. The correlation between the spring stiffness and the desired

NSD properties is explained next.

A B C

Kgo

Kg,

Ls:
Figure 2.4: Schematic of the equivalent system of GSA

Force displacement characteristics of the pre-compressed spring, GSA and the NSD are shown in
Figure 2.5(a),(b) and (c) respectively. Five distinct points are shown in Figure 2.5(a). Point “0” is the

initial position and lateral force exerted by the vertical spring, F,, is zero. When the precompressed

Vs
vertical spring is displaced to an inclined position at angle & from the vertical, the axial force in the pre-
compressed spring, F,, is given by Eq. 2.7. At point-“1” in Figure 2.5(a) the secant stiffness (—F,,, / u;)
and tangential stiffness (slope at point-“1”) are both negative. At point-“2” the secant stiffness (—F,,/ #,)

is still negative and tangential stiffness reaches zero. At point-“3” the secant stiffness (—F, 5/ #5) is still
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negative but the tangential stiffness becomes positive. At point-“4” secant stiffness becomes zero and the
tangential stiffness remains positive. At point-“4”, [,,,; = [, + P;,,/ K, , hence the net axial force in the

inclined spring becomes zero, F,, = 0, or all the pre-compression force is lost; thus F,; = 0. At point-“5”
both the secant stiffness and tangential stiffness are positive.

The horizontal spring exhibits elastic-bilinear behavior, the transition in stiffness occurs at displace-
ment M; and stiffness of the spring is zero for |#| > u;, as shown in Figure 2.5(b). Since it is not possible
to achieve zero stiffness beyond u;, a soft spring is used in the GSA used in this study. The total force-
displacement characteristics of the NSD is shown in Figure 2.5(c). The initial stiffness of the horizontal
spring, F/ u;, is designed to match (or be greater than) the initial negative stiffness of the inclined spring
resulting in zero stiffness for the NSD till |#| < u; Le., Fyy — F,; = 0. The stiffness of the horizontal
spring, K, beyond 14; is chosen to be zero (or a very low value); hence, essentially the behavior of vertical
spring is reflected in the NSD for displacements beyond M; . NSD exhibits positive secant and tangen-
tial stiffness beyond point-“3”, as shown in Figure 2.5(c). The total lateral force, Fy;5p, combination of

pre-compressed spring and GSA, is given by Eq.
FNSD:FWS+Fg (213)

The NSD behaves like a nonlinear-elastic spring with variable stiffness as described above. All the equa-
tions developed so far in this chapter are based on the assumption that all the elements are rigid. Assuming

that CB1, CB2 and the top channel are flexible, the force exerted by NSD on the structure is given by,

where, K stands for the equivalent stiffness due to the flexibility of CB1, CB2 and top channel. #, is the
equivalent deformation due to the flexing of the chevron braces.

The impact of preload in the CS, P;,, and the stiffness of CS, K|, on the overall behavior of NSD is
studied next. F-D behavior of NSD with different K, and P;,, = 3.7 kip is shown in Figure 2.6 and the
behavior of NSD with K, = 1 kip/in and different P, are shown in Figure 2.7. For the plots shown in
Figure 2.6 and 2.7, [; = 10, [, =5 and [, = 30 are used and GSA is not added. By changing the K| value,
keeping P;, same, initial stiffness of NSD remains the same but the rate at which NSD looses the preload
increases as a result the NSD stiffens faster with higher stiffness of CS. By keeping the stiffness of CS same
and increasing the preload, initial stiffness and stiffening point are proportional to the amount of pre-load

but the stiffness beyond the stiffening point remains the same.

2.2.2 Significance of dual amplification

Using a pre-compressed spring to achieve negative stiffness has already been implemented in aerospace
and automobile industry, but the real advantage of NSD comes from the dual amplification adapted in the

device. The two amplification approaches are (1) double brace mechanism, wherein the point-E moves
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Figure 2.5: Schematic diagram of the force displacement plots of NSD

Force deformation plots for same P;, and different K.
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Figure 2.6: The behavior of NSD with the change in K, value

with the structure and (2) lever mechanism to amplify the deformation of point-D. To elucidate the ad-
vantage of the NSD developed in this study, three NSDs with different configurations are compared. The
three systems are (1) the actual NSD (NSD-1), equivalent schematic diagram shown in Figure 2.8(a) (2)
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Force deformation plots for same K. and different P;,
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Figure 2.7: The behavior of NSD with the change in P, value

NSD without the double chevron connection (NSD-2), schematic diagram shown in Figure 2.8(b) and

(3) NSD without double chevron brace and the lever arm (NSD-3), schematic diagram shown in Figure

2.8(c). Although double chevrons are used in NSD-3, they do not amplify the deformation of NSD; it is

just a provision to reduce the length of CS instead of spanning the floor height. In NSD-2, the point-E

is directly connected to the bottom of NSD, so only the lever-mechanism amplify the deformation of

point-D.

Since the connections and the geometry of the system has changed, the force exerted by NSD-2 is

calculated using Eq. 2.15-2.19

FNSDZ

F

sc

sin(¢)

tan(6)

extd

F sin(0 4+ ¢)
* cos(¢)
- (lextd lp) - Pm/KS[> Ksc
u
L
MQ/Q
lextd

= Y+ (1, + 1 (1= cos())’
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(Kg, Fy)

A » A A

(b) Schematic diagram of the NSD-1 without double (c) Schematic diagram of the NSD-2 without lever and
chevron connection double chevron connection

Figure 2.8: Schematic diagram of the NSD-3

The force exerted by NSD-3 is given by Eq. 2.20-2.23

Fo = ((Lya—1,)—"u/k)K,, 2.21)

sin(0) = — (2.22)
lextd

T u2+1; (2.23)
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Assuming the dimensions /,, /; and /, are constant, the values of P;, and K desired to achieve the same
force-displacement behavior in all the three case is shown in Table 2.1. For NSD-1 and NSD-2 two cases
are presented with different lever ratio, ¢ = 1 and € = 2. The force-deformation behavior of all the five
systems is shown in Figure 2.9. In Table 2.1, the values of P;, and K|, are scaled with the yield-strength
and the stiffness of the structure for which they are designed and shown in parenthesis. Increasing the
lever ratio will reduce the required stiffness of the CS by more than nine folds and the desired preload is
reduced by more than three folds (compare the data of € = 1 and € = 2 in Table 2.1). The double chevron
connection will reduce the demand on the stiffness and preload of the CS by 50%. With just the CS
(NSD-3), the value of K, is two orders more than the NSD-1 and P, is one order more than NSD-1. The
preload and stiffness of CS in the case of NSD-1 (¢ = 2) shows that “apparent weakening” is practically
feasible even in structures with large mass. Next, the experimental setup used to test the NSD and the
observed experimental results are compared with simulation results using the analytical models used in

this chapter.

Table 2.1: Summary of the values used for different configurations of NSDs

Variable NSD-1 NSD-1 NSD-2 NSD-2 NSD-3
(e =2) (e=1) (e =2) (e=1)

I, (in) 30 30 30 30 30
I, (in) 10 10 10 10 -
L, (in) 5 10 5 10 -

K, (kip/in) 2.7 (023) 25(2.1) 45(04) 76(6.3) 1220(101.7)
P, (kip) 89074 272(23) 115(1) 47(3.9) 1583 (15.8)

2.3 Experimental Study

The force-deformation behavior of the NSD is very crucial for “apparent weakening” in yielding systems.
So, characterizing the behavior of NSD is very crucial before the installation in the test structure. The

experimental setup used to test the NSDs is briefed next.

2.3.1 Experimental setup

The setup used for testing the NSD is shown in Figure 2.10. The setup has a steel girder (bottom frame)
and a support frame bolted to the concrete floor along North-South direction. Two spacers (also, steel
girders shown in cyan color in Figure 2.10) are placed on the bottom frame and the bottom-channel of
NSD is bolted to the top of spacers. Another steel girder (top frame) is placed on top of the device and
two vertical actuators are connected to either ends of top frame to carry the weight of the frame. Lateral

swaying of the frame is prevented by the lateral restraint frame (LRF). LRF has “U”-shaped hollow square
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F-D plots of NSDs with different configuration
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Figure 2.9: Comparing the F-D behavior of NSDs with different configuration

sections (HSS), shown in yellow color in Figure 2.10, bolted to the bottom frame and the free ends of the
frame has steel plate assembly with bearings to avoid friction force between the top frame and LRFs. A
horizontal actuator is connected to one end of the top frame and the support frame as shown in Figure
2.10. End angle assembly is used to connect the top of the NSD to the top frame. End angle assembly
has “L”-shaped section with gussets and slotted holes, shown in Figure 2.11. One leg of the end angle
assembly is bolted to the top-frame and the other leg is polished and flushed against the ball-transfer plate
of NSD. The miniature ball transfer plate (BTP) is a 3/16 in. thick plate with 18 ball bearings (3/8 in.
diameter) embedded in the steel plate as shown in Figure 2.11. BTPs are bolted to the ends of NSD with
two counter-sunk bolts. Bearings of BTP sit against the polished surface of end angle assembly and they
prevent transfer of any vertical load from the NSD to the structure.

Two accelerometers and five string potentiometers are installed on the device to measure the accelera-
tion and deformation of various points on the device. The deformations and force exerted by the NSD are
measured using the in-built load cells and linear variable displacement transducers (LVDTs) of actuators.
Data from all the sensors mentioned above is recorded in the Flex-test data acquisition system. Krypton
K600 camera system is also used to measure the deformation of all the elements in NSD. Light emitting

diode (LED) sensors are placed at 17 points on the NSD and the deformation of the device is captured
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for all the tests. All the three actuators are operated in the displacement control mode. The two vertical
actuators are programmed to maintain a specific distance between the bottom and top frames and the hor-
izontal actuator is programmed to track a periodic signal with definite time-period and amplitude. The

experimental results from these tests are discussed next.
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Figure 2.10: Schematic diagram and the photograph of NSD test setup
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Figure 2.11: NSD connection with the top frame using end-angle assembly and the miniature ball transfer
plates used to transfer the NSD load to topo frame

2.3.2 Experimental results

Two NSDs (NSD-East and NSD-West) are tested with this setup. Response of both the NSDs is calculated
for three cycles of sinusoidal input at two different frequencies (0.1 Hz and 0.01 Hz). To obtain the
dynamic properties of the NSD, the device has to be tested at frequencies higher than 0.1 Hz. However,
the tests couldn’t be carried at higher frequencies because of the flexing in the restraining-frames. Each
device is tested at 1.5 iz, amplitude first and then the amplitude is increased in steps of 0.5 in. First step
in testing the NSD is to characterize the behavior of test-rig and use that information to compensate the
NSD test data.

Since the top-frame sitting on the two vertical actuators is like an inverted pendulum, the setup itself
exhibits negative stiffness. The test rig is subjected to periodic displacement of 3 iz. amplitude and 0.01
Hz frequency. The force deformation behavior of the NSD test rig is shown in Figure 2.12(a) and the
measured actuator displacement and actuator force is shown in Figure 2.12(b,c). Test-rig has a negative
stiffness of 67 [b/in. and a consistent friction loop width of 200 /b., as shown in Figure 2.12(a). The
force-displacement loops of the NSDs obtained from the test data should be compensated for the inverse-
pendulum action of the test-rig. The actuator force measured using the load-cell is noisy so a low-pass
butterworth filter is used to obtain clear data. Similar test has been performed at 0.1 Hz frequency but
the obtained data is inconsistent due to slipping and vibration of the LRF. Since the top frame is held in
position using the side-restraining frames the friction significantly increased at high frequencies.

After calculating the slope and loop width of the test-rig from the F-D plots, NSD-West is placed in
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Figure 2.12: Force-deformation behavior of the test-rig

the test rig and tested at a displacement of 2.5 in. amplitude and 0.01 Hz frequency for three cycles of sinu-
soidal input. The choice of the displacement amplitude is based on the estimated maximum deformation
of the device in the 3SFS tests. The F-D behavior measured from the load-cell and LVDT data is shown
in Figure 2.13(a). The hysteresis loop in Figure 2.13(a) is due to the friction in the test setup and also
the friction in the joints of NSD. As mentioned previously, the observed behavior of the NSD has to be
corrected for the inverted pendulum action and the F-D loop of the device has to be centered. The com-
pensated behavior of the NSD-West is shown in Figure 2.13(b). For the three cycles of the test, forward
loop and the reverse loop are separated and averaged, shown in Figure 2.13(b). F-D behavior of individual
loops (average of the forward and reverse loops) and mean of all the loops is also shown in Figure 2.13(b).
It is clear from Figure 2.13 that the the NSD-West exhibits symmetric and retraceable force-deformation
behavior. “Apparent yield-displacement” of the NSD-West is equal to 0.2 in., peak negative force exerted
is 7 kip at a displacement of 1.5 in. and the CS looses all the compression force at 2.5 in. displacement.
For the same test, using the experimental data from the Krypton camera system, the flexibilities of all
the elements can be studied. The points A, B and E of the NSD (Figure 2.1) have the same displacement as
shown in Figure 2.14(a). This confirms that (1) lever-arm undergoes very small rotations (# = #”) and (2)
CB2 is not flexible for NSD-West. The deformation of point-C and point-D are compared with point-A
in Figure 2.14(b) for the NSD-West. The ratio of the deformations of point-D and point-A, shown in
Figure 2.14(b), is equal to the lever ratio of the device and this confirms that there is no flexing in the pivot
plate. The point-C of NSD-West has undergone little or no deformation (<0.03 7.) which means the
CB1 is also not flexible for NSD-West. Two LEDs are also placed on the steel casing of the GSAs and the
measured deformation is shown in Figure 2.14(c). Since the LEDs are on the steel casing the deformation

shown in Figure 2.14(c) is only the deformation of the softer springs (S} and S7'). Each GSA deforms on
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(a) F-D behavior of NSD-WEST (b) Compensated F-D behavior of NSD-WEST
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Figure 2.13: Observed experimental force-deformation behavior of NSD-West

one side as shown in Figure 2.14(c). The gap in which the GSA-left and GSA-right remain undeformed,
shown in Figure 2.14(c), is equal to 0.4 7. This confirms with the force-deformation plots or NSD-West,
shown in Figure 2.13, that the “apparent yield-displacement” is 0.2 in. which means that the stiff springs
of both GSAs (§,) deforms for the first 0.2 272, on either side.

NSD-East is also tested in same setup to ensure that both the devices exhibit the desired behavior.
NSD-East is also tested at a displacement of 2.5 in. amplitude and 0.01 Hz frequency for three cycles
of sinusoidal input. The F-D behavior measured from the load-cell and LVDT data is shown in Figure
2.15(a) and the compensated behavior of the NSD-West is shown in Figure 2.15(b). For the three cycles
of the test, averaged individual loops are shown in Figure 2.15(b). Unlike NSD-West, the F-D behavior
of NSD-East is asymmetric but the loops are retraceable. The peak force in the positive direction is 7 kip
at 1.3 in. and the peak force for negative displacements is 9.5 kip at 1.7 in. Also, the stiffness of the stiff
spring in GSAs is significantly larger than the negative stiffness of the CS; hence the NSD-East exhibit
positive stiffness for deformations |#| < 0.2. “Apparent yield-displacement” of the NSD-East is also equal
to 0.2 in.

The displacement of points A, B and E of NSD-East are similar and they are symmetric about zero
displacement as shown in Figure 2.16(a). The deformation of point-C and point-D are compared with
point-A in Figure 2.16(b). The deformations of point-D is not symmetric about the zeros-axis, shown in
Figure 2.14(b). This could be because of the differential flexibilities of chevron braces CB1 and CB2. The
point-C of NSD-East has undergone a deformation of 0.06 772.) which means that CB1 of NSD-East is also
more flexible than the NSD-West. The deformation of the GSAs is shown in Figure 2.14(c). GSA-left has
undergone 0.3 7z. more deformation than the the GSA-right, shown in Figure 2.14(c). This also confirms
the differential flexibilities of chevron braces in NSD-East. Next, the analytical models presented in this

chapter are used to capture the observed experimental behavior.
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(a) Displacement of points A,B and E of NSD-West
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Figure 2.14: Comparison of the displacements of various points on NSD-West
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Figure 2.15: Observed experimental force-deformation behavior of NSD-East
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(a) Displacement of points A,B and E of NSD-East

EN

o A
E) 8
- 2 E A
=1
£
g 0 7
Q
=
z 7 1
A
-4 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450
(b) Displacement of points A, C and D of NSD-East
10 T T T T T T
=
= |
=1
[}
= |
[0}
O
=
z 1
)
-10 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450
(c) Displacement of GSAs in NSD-East
4 T T T T T T T
= —— GSA-Left
= ——— GSA-Right
| ANV A NRVA 7
=1
£
. \/ \/ \/ \] 7
O
=
Z 7 ' : ‘ 1
A
-4 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450

Time (sec)

Figure 2.16: Comparison of the displacements of various points on NSD-East

2.3.3 Analytical results

NDS-West and NSD-East designed to exhibit identical properties, however, because of the uncertainty in
the material properties and the connections different F-D behavior has been observed in the experimental
results. Some of the variables in the analytical are measured (L, L, and L ) and the feasible range for the
remaining variables is also known. Set of feasible values for these variables are determined by calibrat-
ing the analytical model with the observed experimental results. Comparison of the experimental and
predicted F-D loops of the NSD-West are shown in Figure 2.17(a) and the components of the analytical
model are shown in Figure 2.17(b). Since the observed behavior of NSD-West is symmetric, the analytical
model developed in this chapter can capture the observed behavior very accurately. Calibrated values of
all the variables used for the analytical model of NSD-West are shown in Table 2.2. From Figure 2.17, it
is clear that all the key features including, “apparent yield-displacement”, peak NSD force and the initial
stiffness of NSD for both experimental data and the analytical model are in good agreement. Bilinear-
elastic behavior of the GSAs in NSD-West and the lateral force exerted by the CS are shown in Figure
2.17.
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(a) F-D behavior of NSD-West (b) Analytical F-D behavior of components
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Figure 2.17: Comparison of the experimental and analytical F-D behavior of NSD-West

Since the NSD-East tend to exhibit asymmetric loops, this behavior can be captured analytically by

writing Eq. 2.14 as
FNSD(”):Fvs(ﬁ)+Fg(M)+Kf(%)+Po (224)

where, # = u — u, is the linear transformation of # and it is introduced to shift the F-D curve of CS along
the displacement-axis and P, is the constant force added to shift the F-D curve along the force-axis. It
should be noted that the shift is created only for the CS and not for the GSA or the chevrons. The need
for creating this shift in the NSD equation of motion is explained next.

GSAs, shown in Figure 2.2, have a through threaded-rod that maintains the pre-compression load in
the soft-spring. The same threaded-rod is used to bolt the GSAs to the bottom-angle of NSD. The stiff-
spring is just placed in the cup and flushed against the bottom of CB2. The GSAs are designed to not exert
any force on the CB2 in the undeformed configuration #» = 0. However, due to the misalignment and
tolerances in springs and the threaded-rod of GSAs, there will be a net force acting on CB2 even when the
NSD (and structure) is in undeformed position. This residual force is addressed through an artificial shift
as given in Eq. 2.24. Using the modified equation, the experimental and analytical F-D loops of NSD-East
are compared in Figure 2.18(a). The F-D behavior of components shown in Figure 2.18(b) clearly shows
the translation of the displacement and force of CS. The values of all the variables used to capture the

behavior of NSD-East are shown in Table 2.2.

2.4 Summary

In this chapter, detailed description of the working principle and the analytical models of the NSD are
presented. The key feature of the device, the dual amplification achieved from the double chevron and the

lever-arm mechanism, is highlighted with a numerical study. From the practical point of view, it has been
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(a) F-D behavior of NSD-East (b) Analytical F-D behavior of components
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Figure 2.18: Comparison of the experimental and analytical F-D behavior of NSD-East

Table 2.2: Values of the parameters used in NSDs

Variable Unit NSD-West NSD-East

A inch 10 40
1, inch  5.13 4.99
L inch 30 30
K., kip/in 3.8 3.8
P., kip 2.8 3.25
K, kip/in 0.1 0.1
K, kip/in 7.5 12
P, kip 15 1.6
Kep,  kip/in 122 65.4
Kepo kip/in 400 400
P, kip - 0.75
u inch - 0.14

shown that the demand on the preload requirements to achieve the desired negative stiffness in real life
structures can be significantly reduced using the NSD. The fact that the device is completely passive and
still has the adaptability to change the device properties offline makes it a very powerful tool in structural
control.

An experimental study carried to characterize and evaluate the behavior of NSDs has also been re-
ported. The force-deformation loops obtained from the experiments have confirmed that the NSDs
exhibits elastic behavior. The behavior of NSDs predicted using the analytical models is in excellent

agreement with the observed experimental results.
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Chapter 3

Experimental Setup and Component

Testing

The goal of the experimental study is to

1. show the effectiveness of “apparent weakening” in elastic and mild-yielding single degree of freedom

(SDOF) systems
2. study the behavior of structure and NSD assembly in heavy-yielding systems
3. study the impact of NSDs in multi-story structures

It has been found from the preliminary analytical study that for the heavy-yielding tests, all the four
columns in first story will yield after every ground motion test. Since it is extremely time consuming
and uneconomical to disassemble the entire structure to replace the columns, a versatile and generic test
structure is needed that can be used to achieve all the three goals with minimum cost and effort. The
three-story frame structure (3SFS) built and tested in this study posses all these attributes.

3SFS was first developed by Kusumastuti et al. (Kusumastuti et al., 2005) to study the behavior of
structural systems near collapse. The first structural model developed was a one-third scale, three-story
three-bay steel structure. 3SFS is designed to have sacrificial elements (components that will be severely
damaged for strong ground motions) that can be readily replaced upon damage and the structure can be
further tested without disassembling the entire frame. Using the versatility of the model, Kusumastuti et
al. (Kusumastuti et al., 2005) also tested and characterized the behavior of irregular-structures for a suite
of ground motions. 3SFS has two independent support systems: moment resisting frames or simply the
moment frames (MFs) to bear the lateral inertial forces exerted on the structure and gravity frames (GFs)
to carry the gravity load of the entire structure. Since the two frames are completely decoupled and the
entire gravity load is borne by the GFs, the sacrificial elements in the MFs can be replaced easily without

disassembling the entire structure.
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In this study, the experiments on the 3SFS were carried at the NEES equipment site at University at
Buffalo, SUNY. Two NSDs and a viscous damper are installed in the first floor. The experiments on the
3SFS have been performed in two phases. In the first phase, the top two floors of the 3SFS are braced,
essentially making the 3SFS a SDOF system. The SDOF system is subjected to a series of ground motion
with increasing peak-ground-acceleration (PGA) to demonstrate the concept of “apparent weakening” in
elastic and yielding structures. In the second phase, the braces in the top two floors are removed and the
behavior of NSDs in MDOF systems is studied. Three different types of systems are tested in both the

phases for five ground motions from PEER database:
1. 3SFS or the base structure (BS): NSDs and the damper are disconnected
2. 3SFS and the NSD assembly (NS): NSDs are connected and the damper is disconnected

3. 3SFS, NSDs and damper assembly (AS): both NSDs and the damper connected

Since replacing columns after every heavy-yielding test was expensive, only NS and(or) AS are tested for
all the ground motions. To compare all the three systems, response of the missing system is simulated
using the calibrated analytical models.

The contents in this chapter are organized as follows: Section-3.1 presents the details of all the com-
ponents in 3SES and their connections. In section-3.2, the analytical models of NSD and dampers and
the installation in the 3SFS is presented. A brief discussion on the instrumentation of the test setup and
data acquisition is given in section-3.3. Section-3.4 presents the experimental results of the testing of 3SFS
and the analytical model used to capture the experimental behavior. The key observations from these test

results and comparisons are summarized in section-3.5

3.1 Three-story frame structure (3SFS)

The 3SFS is also a one-third scale three-story fixed base structure, similar to the structure developed by
Kusumastuti et al. (Kusumastuti et al., 2005), but it only has one-bay. 3SFS is installed on a single-axis
shake table is shown in Figure 3.1, the picture is taken from the East. The shake table is aligned to move the
structure in north-south direction (longitudinal direction). A support frame (orange color in Figure 3.1),
located to the south of the shake table, is used for the installation of string-potentiometers to measure the
displacement at various heights of 3SFS. Megadac data acquisition system, located at the foot of support
frame, is used to record the experimental data. Overhead crane is used to install the 3SFS on shake-table
and also to hold the 3SFS as a precautionary measure, in case if the 3SFS collapse during the tests.

3SFS has three components, shown separately in Figure 3.2 (1) moment resisting system, designed to
resist the inertial forces of the floor system (2) vertical support system, designed to carry the gravity load
of the floor system (3) floor system containing three 3.5 in. thick steel plates that form the floor slabs.

The damageable lateral load resisting system and the undamageable vertical load system are completely
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disjoint and they are connected to the floor system separately. Details of these components and their

assembly is discussed next.

Support frame for Overhead crane to 38{8
instrumentation hold the 3SFS

Data acquisition
system [DAQ] NSDs Shake table

Figure 3.1: 3SFS installed on the shake table at NEES equipment site, University at Buffalo, SUNY

3.1.1 Moment resisting system

The moment resisting system has two moment frames (MF), MF-east and MF-west, aligned along the
north-south direction as shown in Figure 3.2(a) (also shown as red colored frames in Figure 3.3 and Figure
3.4). Each moment frame has five components: columns, beams, beam-column blocks, cross-braces and
load-cells; all the components are marked in Figure 3.2(a), 3.3 and 3.4. Columns and beams in all the three
stories are made of standard steel section S3x5.7 and they have 1 in. thick steel plates with through holes
welded on either sides. Schematic drawings of all the elements, with dimensions are shown in Appendix-B.

The columns and beams are connected to the beam-column block, shown in Figure 3.5. Beam-column
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block is a machined steel block (“I”-shaped cross-section) with threaded holes in the vertical direction to
connect the columns and through holes along longitudinal direction to connect the beams. It also has a
slotted hole (11/16 2. diameter and 2 in. long) in east-west direction to connect the moment frames to the
steel-slabs as shown in Figure 3.5. The MFs are connected to the steel slabs with a one inch bolt that passes
through the vertical slotted hole of beam-column block and is threaded into the steel slab. The bolt can
freely move in the vertical slot of the beam-column block so the gravity load of slabs cannot be exerted
on the moment frame. The entire gravity load is carried by the gravity frame. When the MF sways in the
longitudinal direction, the inertial forces of the steel slabs are transferred to the MFs through the one inch
bolt and the slack in the vertical slot will prevent the transfer of gravity load to MF columns. To avoid
the frictional forces between the beam-column block and the bolt a teflon washer is placed on either side
of the block. Accelerometer and the string-pot holder placed on the beam-column block can be seen in
Figure 3.5.

For the tests in the first two phase of this study, the behavior of AS in SDOF system has been studied.
So, the top two stories of the moment frame are braced using steel sections C3x4.1 making the structure
essentially a SDOF system as shown in Figure 3.2(a), 3.3 and 3.4. The diagonal braces are also bolted at
the center. The columns and braces of the second and third floor of MF have the same configuration and
dimensions. In the first floor since the floor height is taller than the other two and also the load-cells are
added the configuration is different. To measure the base shear experienced by the columns in first story
one load-cell 1s added to each column. Since the shear in the middle of the columns in first story is very
low, load-cells are strategically placed at this point. The clear spacing between the two MFs is equal to
78.75 in (same as the width of steel slab, details in Appendix-B).

3.1.2  Vertical support system

Vertical support system is designed to carry the gravity load and it cannot provide any resistance to the
lateral load. This is achieved by creating a hinge-hinge end connection for all the gravity columns. Each
story has two gravity frames (GFs), GF-North and GF-South, aligned in the east-west direction (perpen-
dicular to the plane of motion) symmetrically on either side of the center line of steel slabs as shown in
Figure 3.2(b). Gravity frame consists of two $3x5.7 columns and each column has hinge connections at
either end. Opposite corners of the gravity columns in each gravity frame are connected with 1.2x2x0.25
braces to prevent torsion in the 3SFS, shown in Figure 3.2(b), 3.4 and 3.6. Gravity column hinges are
made out of a steel plate having a convex surface with a 10 . radius on one side, and a flat surface on the
other side, shown in Figure 3.6. The convex side of the hinge-plate sits against the steel slabs or base plate
to provide axial support and the flat surface faces the gravity column end plate. Four oversize holes were
provided in the hinge-plate, gravity column end-plate, and steel slab. Steel pins are used to connect the
end plate of the gravity column to the hinge-plate and the steel slab, preventing any possible slip as shown
in Figure 3.6. The steel pins are used just to hold the gravity frames but not to rigidly connect it to the

floor. Since the gravity frame has hinge-plates with a convex surface in all the four corners, the gravity
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Figure 3.3: Photograph and schematic diagram of 3SFS (Elevation)

50



Floor slab

GF rockers

MF braces
GF braces
MF columns
GF columns
MF beams
Beam column
joint
MF-West
MF-East
GF-South
GF-North

GF columns
GF loadcells
GF braces
MF loadcells

MF columns
NSDs

Shake table

Floor slab (Orange)

GF rockers

MF braces (Magenta)
GF braces (Green)
MF columns (Red)
GF columns (Blue)
MEF beams (Red)
Beam column
joint

MF-West

MF-East
GF-South
GF-North

GF columns
GF loadcells
GF braces
MF loadcells

MF columns
NSDs

Shake table

Figure 3.4: Photograph and schematic diagram of 3SFS (Isometric view)

51



MF-brace
0.5 in. bolts to

connect beams
String-pot holder

1 in. bolts to
connect slabs

Accelerometer
Teflon washer
MF-beam

0.5 in. bolts to
connect columns
MF-columns

Figure 3.5: Beam-column block showing the connections

frame can rock freely under lateral loads without changing the vertical geometry of the model.

The gravity frames in second and third story are placed between the adjacent columns of MF-east
and MF-west as shown in Figure 3.4. In Figure 3.3, the gravity frames in second and third floor cannot
be seen clearly because they are right behind the moment frame columns. In the model developed by
Kusumastuti et al. (Kusumastuti et al., 2005), gravity frames in all the three stories were aligned. In this
study, since the NSDs are placed in the first story and they cannot be accommodated in the clear space
available between the gravity frames, they are moved towards the edge in the first story. Similar to the
MFs, the gravity columns in first story have load cells to measure the gravity load of the structure and
also the shear force in case if the gravity frame provides any lateral resistance. Although the height of
first-floor 1s 13.25 7z, more than the other two floors, to avoid confusion and to maintain uniformity, six
identical gravity frames are fabricated. To span the entire floor, load cells and spacers are added on top of
the GFs in first floor as shown in Figure 3.2(b) and 3.4.

3.1.3 Floor system

The floor system is required in 3SFS to generate inertia forces. It comprises of three 3.5 7. thick steel
plates located at a height of 60.5 in., 107.75 in. and 155 in. from the top of the shake table, shown in
Figure 3.2(c), 3.4 and 3.6. Weight of each plate is 8.5 kip. The gravity load exerted by the floor system
will be of a huge concern during the yielding tests of 3SFS. In case if the columns of the frame has a
huge permanent drift, the gravity load of the floor system is sufficient to collapse the structure due to P-A
effect. To prevent the collapse of structure, two separate support systems (MF and GF) are developed.
The weight of all the plates is transferred to the shake table through the gravity frame. The inertial forces

of the floor system are transferred only to the moment frame through the 1 in. bolts. The hinges will
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Figure 3.6: Photograph of gravity frames in the second floor of 3SFS

prevent the transfer of inertial forces to the gravity frame.

3.2 NSD and Damper Installation in 3SFS

To study the role of NSD and damper in AS and also to demonstrate the effectiveness of “apparent-
weakening”, response of three different systems have to be studied experimentally for each ground mo-
tion data. In order to prevent the delays in connecting and disconnecting the NSDs and damper special
connections are provided between the 3SFS, NSD and damper. These connection details are presented in

this section.

3.2.1 Negative stiffness device

Detailed description of NSD, working principle and the experimental studies to characterize the behavior
of NSD are presented in chapter 2. From the preliminary analysis, based on the observed experimental
behavior of NSD, it has been found that the negative stiffness of NSDs is more than what is required and
the predicted behavior of 3SFS and NSD assembly was not complying with the desired behavior (assembly
force should always be in first and third quadrant of F-D plot), shown in Figure 3.7(a). The discrepancy
in the stiffness is due to fabrication tolerances and flexibilities of chevron braces in NSD.

The behavior of the assembly can be improved by either reducing the negative stiffness of NSD or
adding positive stiffness externally. The negative stiffness can only be reduced by changing the pre-loaded
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spring (explained in section-2.2) and since it is expensive to replaced the machined spring, two additional
GSAs (GSA-2) are added to the NSDs to reduce the negative stiffness of NSD, as shown in Figure 3.8.
GSA-2 is tested separately and using the experimental data, the predicted force deformation behavior of
3SFS and NSD assembly with the addition of GSA-2 is shown in Figure 3.7(b). The behavior shown in
Figure 3.7(b) is very close to the desired behavior. Readers should note that the actual NSD has only one
GSA (GSA-1) but in this study an extra GSA (GSA-2) is added to the system.

(b) 3SFS and NSD assembly with GSA-2

(a) F-D Behavior of 3SFS and NSD assembly
‘ ‘ : 20

20 T T T T T
NSDE-+NSDW s NSDE-+NSDW-+GSA-2
1) — 3SFS 15| == 3SFS
s Assembly s Assembly
101 101
o 5 2 st
o OF o OF
o o
= Pt
g -5t £ -5f
-10 -10
-15 -15
20 i i i i i ~20 i i i i i
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3

Displacement (in) Displacement (in)

Figure 3.7: Predicted behavior of 3SFS and NSD assembly w/ and w/o GSA-2

CB2 of NSDW

Steel rod to connect
the damper

CB2-NSDE

GSA-1 of NSDE
GSA-2 of NSDE

L4x4x5/8

S3x5.7

Figure 3.8: GSA-2 connected to the CB2 of NSD

Side view and front view of the NSDs installed in the first floor of 3SFS is shown in Figure 3.9 and
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3.10. The bottom of the NSDs is bolted down to the shake table. A clear space of 2 in. is provided at the
top between the NSD and the first floor slab. Two restrainers are placed around the top channel of NSD
and bolted to the first floor slab to prevent any out of plane motion, shown in Figure 3.9. An “L” shaped
assembly with gussets referred as end-angle assembly is designed as an interface to connect the NSD to
the first story slab, shown in Figure 3.11. One flange of the end-angle assembly is bolted to the first story
slab and a load-cell is fastened on the other flange facing the NSD, shown in Figure 3.11. Miniature ball
transfer plates are fixed to both the ends of NSD (explained in section 2.3.1) and they are flushed against
the load-cell connected to the end-angle assembly. The ball transfer plates have very low friction and they
can only transmit lateral load and will not exert any vertical force on the structure.

The flange of the end-angle assembly that is connected to the floor-slab has slotted holes (1.5 2. long)
for eight 1/2 in. bolts, shown in Figure 3.11. The slotted holes along with a 1 in. spacer, facilitate
connecting and disconnecting the NSDS. By moving the end-angle assembly towards the edge of the floor
slab and removing the spacer, a clear space of 2.5 in. is provided between the end angle assembly and the
NSD. Since the maximum deformation of the floor is less than 2 in., the NSDs can be easily connected
and disconnected from the 3SFS just with the end angle assembly. Before disconnecting or connecting
the end-angle assembly, the preloaded springs of the NSDs are compressed using four 3/4 clamp bolts
until the NSD is in the undeformed configuration. Although the initial stiffness of NSD is positive for
this particular NSDs, the preloaded spring is clamped as a safety measure. The role of load-cells placed
between the NSD and end-angle assembly is to measure the force exerted by each NSD separately.

Force exerted by the NSD with the additional GSA and all the flexibilities, derived in chapter 2, is
given by Eq. 3.1

Pm+Ksclp A L lp+l1
FNSD:_ l—_KSC l—z 2+Z—1+W ”+Fg1+Fg2+Ff (31)

extd

where, Fyy, F,, and Fy are the forces exerted by GSA-1, GSA-2 and chevron flexing, respectively.
1 : P5,
Kg,n if |u| < KL
Foo=\ |, &k | pl (3-2)
Pg+ =5 it fu] > 5
K51+K52 KSZ
r?
2 .
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Fo=9 ., rr, . P2 (3.3)
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Figure 3.9: Photograph and schematic diagram of 3SFS (Elevation)

Due to the imperfections in NSD fabrication, chevrons exhibit different stiffness for positive and negative
deformations as shown in Eq. 3.4. #; is the deformation of point-C and point-E due to the flexing of
chevron braces. Using these equations, the predicted and experimental force deformation behavior of
NSD-West and NSD-East are shown in Figure 3.12(a) and 3.13(a), respectively. The predicted behavior
is in very close agreement with the observed experimental behavior for both the NSDs. Due to the
addition of GSA-2, both the devices exhibit high positive stiffness till |#| < 0.2 iz. The F-D loop of
NSD-East is asymmetric, shown in Figure 3.13(a), this is captured in the analytical model through linear
transformation explained in Eq. 2.24. The force-deformation behavior of the components, GSA-1, GSA-2
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Figure 3.10: Observed experimental force-deformation behavior of NSD-East

and lateral force due to CS, of both the NSDs are shown in Figure 3.12(b) and 3.13(b). Next, the damper
connection in the first floor of 3SFS and the analytical model for the damper is detailed.
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Figure 3.11: End angle assembly to connect the NSDs to floor slab
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Figure 3.12: Experimental and predicted behavior of NSD-West

3.2.2 Viscous damper

Viscous damper developed by the Taylor Devices Inc. is used in this experimental study. The damper
exhibits linear force-velocity behavior and has a damping coefficient of 0.3769 kips-sec/in. A load-cell is
attached to the damper to measure the force exerted by the damper. Length of the damper is 20 in. and the
clear space in the first story is 58.75 in. so the damper could not be connected directly in the first-floor.
Also, to achieve the desired damping the damper has to be connected horizontally aligning along north-
south direction. When the end-angle assembly is connected to the NSD, the bottom of the chevron CB2
will undergo the same deformation as the first story slab as explained in section-2.3.2. So, one end of the
damper is connected to a rod that is fixed to the bottom of the CB-2s of NSD-east and NSD-west, shown
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Figure 3.13: Experimental and predicted behavior of NSD-East

in Figure 3.10 and the other end of the damper is fixed to the shake table using a clevis connection. To test
the structure only with NSD, the damper end that is connected to the shake table is disconnected and is
held up using a rope.

Preliminary tests on The viscous damper has revealed that the force-velocity behavior of the viscous
damper is linear if the velocity is less than 12.5 in /sec, but for larger velocities the force-velocity behavior
observed was nonlinear as shown in Figure 3.14(a). To capture the behavior of damper for all amplitudes,
a higher order term is added to the linear term as shown in Eq. 3.5. The force exerted by the damper,
Fpp, 1s given by

Fpp = 0312+ 1.17 x 107%4° (3.5)

Force-velocity behavior of the damper comparing the experimental results with the analytical results (Eq.
3.5) is shown in Figure 3.14(a). The force-deformation of analytical model and experimental results is
shown in Figure 3.14(b). The predicted behavior of the damper shown in Figure 3.14 is in very good

agreement with the experimental results.

3.3 Instrumentation

Thus far location of 12 multi-axis load-cells (in NSDs, moment-frame columns and gravity columns of first
floor) and a uniaxial load-cell (in damper) to measure the force of various components in the structure is
presented. Each load-cell measures axial force, shear force (shear-X and shear-Y) and moment (moment-X
and moment-Y) at the installed location. Apart from these load-cells, the structure is heavily instrumented
with string-potentiometers, strain-gages and accelerometers. Summary of all the instruments and location
is summarized in Table 3.1.

In plane displacements and accelerations of the structure at floor level is measured at four different
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Figure 3.14: Experimental and predicted behavior of viscous damper

points (one on each moment frame and two on the floor slab) along the transverse direction. Eight ac-
celerometers are placed on the shake-table to measure the in-plane motion, out of plane motion, and
rocking of the shake-table. String potentiometers and accelerometers are also placed at all the pin connec-
tions in both the NSDs to capture the complete behavior of NSD. Strain gages are attached to the columns
and beams of the MF-West, in the first story, to monitor the yielding status of the beams and columns in
moment frame. In total, 28 string potentiometers, 24 accelerometers and 12 strain gages are used in this
test. String-pots are installed on the support frame, located to the south of shake-table, shown in Figure
3.1. Fishing lines with magnetic holders are used to connect the string pots to the structure, glue-stick
is used to attach the accelerometers and epoxy-adhesive is used to attach the strain gages. More than two
sensors are used to measure the same response at each floor level to avoid data loss in the case of the sensor
malfunctioning.

Megadac data acquisition with 112 channels and in-built signal conditioner is used to record the ex-
perimental data. The data is acquired at a rate of 256 samples per second. All the force transducers are
calibrated with respect to NIST traceable 20 kip reference load cell. From the calibration tests, it has been
found that the moment measured using the multi-axis load-cells exhibit a nonlinear behavior with signifi-
cant hysteresis. So, the moments recorded in these tests has not been used in the analysis. Data from some
of the load cell channels keeps drifting due to the joule-effect in the cables, so all the channels, except the
strain-gage channels, are tore before every test.

The shake table used in this study is a five-axis shake table, but in this study it is only used as a
single-axis shake table. The shake table has four vertical actuators and two horizontal actuators (25 N
capacity). Plan of the table has 12 f#. by 12 fi. steel base with a payload capacity of 85 kips (specimen
load) and an operating frequency range of 0 to 50 Hz. The table is furnished with a reinforced concrete

platform of 20 /. by 12 fz.. The 3SFS tested on the shake-table exerts a lot of overturning moment for large
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accelerations. So, the shake table controller is tuned to compensate for the actuator structure interaction.
With the addition of NSD, the assembly exhibits bilinear elastic stiffness and the shake table has to be
retuned again to achieve the target ground motion. Essentially, two sets of controller properties (tuned
parameters) are calculated and used subsequently for all the tests. Despite all the best efforts, it has been
observed in the experimental results that shake table was rocking. The observed shake table response for
commanded ground motion is slightly different.

In the next section, the experimental results from the preliminary tests, the data processing adapted

and the channels used for analyzing the data are discussed.

3.4 Experimental Results

All the elements in 3SFS are connected through bolts, except the end plates of GF and floor slabs. After
the installation of structure the shake table is subjected to white noise tests to loosen the elements that
were held by friction in the GFs. Then the structure is subjected to Newhall (1994) ground motion and
the performance of the sensors and the functionality of the components in 3SFS is verified for BS and AS
separately.

The shear force in the columns of first floor can be calculated from the accelerometers installed at the
floor level and also from the the load-cells installed in the MF. To ensure that the data measured from
different sensors is consistent, first the F-D behavior of first-floor measured using load-cells and the ac-
celerometers is compared in Figure 3.15. The base shear measured with the load-cells is 14% more than
the shear calculated from acceleration. Since the accelerometers are more reliable than load-cells and
moreover the channels in load-cell are coupled, the load-cell data is scaled to match the shear calculated
from acceleration data, shown in Figure 3.15. The base shear in AS can be calculated from accelerome-
ters or by adding the NSD load-cell and MF load-cell data (compensated). For Newhall ground motion
the base shear calculated from both the approaches is compared in Figure 3.16. The response calculated
from different sensors, shown in Figure 3.16, for AS is accurately matching and this justifies the need for
compensating the load-cell data.

The next step is to ensure that there is no torque in the 3SFS and also no relative deformation between
the MF and the floor-slabs. Two terms are defined here: A, a measure of torsion, refers to the difference in
the recorded data between two sensors, one in East and one in West, located at the same height; A, refers
to the difference in the recorded data between two adjacent sensors, one on the moment frame and one on
the floor-slab. Since the MFs are not bolted tightly to the floor-slabs, the relative motion between the MF
and floor-slabs has to be verified to ensure that there is no slack in the 1 7z bolts. The shake-table rocking
(M,) for Newhall GM in the case of BS is shown in Figure 3.17(a). The PGA of the ground motion is
0.18 g and the peak acceleration due to rocking is 0.04 g (20 % of PGA), so it is important to consider
the measured shake-table rocking in the simulation studies. The acceleration of the roof measured on

MEF-East and MF-West is shown in Figure 3.17(b) and the data measured from both the sensors is very
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Table 3.1: List of all the sensors used for data acquisition

Sensor Location Direction Remarks
Uni-axial load-cell ~ damper F-X Measures the damper force
MF columns F-X,F-Y In-plane and out of plane shears
Multi-axis load-cell Dead load of floor slabs and shears due to
GF columns F-X,F-Y,F-Z o
inertial forces
Normal load exerted by the NSDs and fric-
NSDs F-X,F-Y,F-Z L. . L
tion in vertical direction
One string-pot on each frame (floor level) to
MF D-X . .
measure the displacement and torsion
String-pots Floor slabs D-X Two string-pots (SW and SE corner)
Shake table D-X Two string-pots (SW and SE corner)
NSD-pins D-X Located at points-A, B, C,D and E
Two per floor for in-plane motion and one
MF A-X,AY each in the first and third floor for out of
plane motion
Accelero-meters - -
Two per floor for in-plane motion and one
Floor slabs A-X,AY .
per floor for out out of plane motion
Shake table AXAYAZ Two for in—plane., two for out of plane and 4
to measure rocking
NSD-pins A-X Located at points A,C and E
Four SGs on the flanges of columns (2 in.
) MF-West columns S-Z
Strain gages (SG) from top and bottom)
Eight SGs on top and bottom flanges of the
MF-West beam S-X

beam at 1/3 distance from both ends

T F: force; D:Displacement; A: Accelerometer; S: strain

¥ X: North-South; Y: East-West; Z: Vertical direction
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F-D behavior of first floor
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Figure 3.15: Force deformation loops of the load-cells and accelerometers [BS]

F-D behavior of first floor
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Figure 3.16: Force deformation loops of the load-cells and accelerometers [AS]

close confirming that there is no torsion in the case of BS. The percentage difference in the displacement
of the roof measured on MF-East and MF-West, A, #, is shown in Figure 3.17(c). The peak difference in
displacement is less than 1.5% which is a sign that the displacements of both the MFs are synchronous. It
should be noted that observed 1.5%, shown in Figure 3.17(c), also contains the measurement noise.

The same analysis is carried on the AS and the response plots are shown in Figure 3.18. Although the
commanded PGA is same in the case of BS and AS, the PGA achieved in the case of AS is 0.2 g due to

the structure and actuator interaction. This difference is much more evident for higher amplitudes. The
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Figure 3.17: Torsion and rocking in the test structure [BS]

peak acceleration of shake-table rocking is 0.1 g (50% of PGA). The acceleration of MF-West and MF-East,
shown in Figure 3.17(b), shows that the acceleration of both the MFs are close except at the peaks when
the NSDs engage. The A, # at the roof is less than 1.5% similar to the case of BS.

The response of BS and AS for Newhall ground motion is summarized in Table 3.2. The difference
in response (A,# and A, i) columns 5 through 8 of Table 3.2 is less than 5% confirming that there is no
slack in the connecting bolt between MF and floor-slab. The torsion-displacement, A, #, is also less than
3% at all floors. However, the torsion-acceleration A, is close to 10% in the case of both BS and AS.
If this difference is completely due to the torsion, the values of A;# and A4 of second and third floors
should be higher than the first-floor. Since the structure is vibrating in the first-mode and still the torsion
values are same in all the floors this could be due to the measurement noise in the accelerometers. Next,

the analytical model used to capture the behavior of 3SFS is presented.
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Figure 3.18: Torsion and rocking in the test structure [AS]

3.4.1 3SFS Analytical Model

Since the primary structure will be yielding in the experiments carried in this study, the columns are mod-
eled using Sivaselvan-Reinhorn model (Sivaselvan and Reinhorn, 2000). The structure also has contact
forces at three connections (1) NSDs and floor-plates (2) gravity frames and floor-plates (3) beam-column
blocks and floor-plates. Due to these connections, a lot of frictional-damping has been observed in the
experiments, this is also captured using Sivaselvan-Reinhorn model. First, a set of shake-table tests have
been performed with sine-sweep input to estimate the stiffness and damping of three modes of 3SFS. Es-
sentially, the analytical model of each-floor in 3SFS has viscous damping, friction damping and hysteretic
model to capture the column behavior. The values various parameters used in the models is different for
the 3SFS with braces in the second and third floor, acting as a SDOF structure, and the 3SFS without

braces. Governing equation of motion for the 3SFS is given in Eq. 3.6
Mu + Cu + F,(u) + F(u) = —Mli, - MLJ, (3.6)

Fi(n,;)=a K u,, +(1-a;)K (3.7)

s si%syizsi
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Table 3.2: Summarized list of torsion and differential response for BS and AS

BS AS
Ajii - An Dyii Dyu | N A Dyii DAyu

Location

Shake table 3.22 341 - - 2.95 2.46

First floor 12.85 1.82 159 1.99 | 9.08 235 2,65 145
Second floor | 9.95 382 157 7.36 | 9.33 1.71  2.61 4.64
Third floor 9.35 389 086 1.20 | 1270 1.23 240 1.09

dZSl <1_|ZSZ|77” (}/Slsgn Z d% +/65l > (3 8)

d%ri ”syi

where, # is the displacement vector of the structure relative to the ground. 7, and 0, are the shake table
horizontal acceleration and rotation due to shake table rocking. M and C are the mass and damping

matrices of the structure. I and L are the influence coefficient vectors for shake table acceleration and
rotation. F(u) and F¢(u) are the force vectors containing the force due to friction in each floor and the

story-columns. The nonlinear stiffness force in each story is calculated using Eqs. 3.7, 3.8. Subscript-

th th

¢ stands for 7'” story, F,; is the nonlinear spring force in :

si

deformation of i*” story and #

story, u,; = u; —u;_y is the inter story
oyi 18 the yield dlsplacement The parameters a,;, K, 7;”, v,; and B; ar
the constants in Sivaselvan-Reinhorn model for 7¢? story. The friction force, F(u), is calculated using the
equations similar to Egs. 3.7, 3.8.

Weight of steel slabs in each story is measured (M, =M,=M;=8.6 kips) and used to calculate the mass
matrix, M, elastic stiffness of the columns is calculated from individual story stiffness (K;;=10.9 kip/in;

K ,=56.0 kip/in; K 3=35.0 kip /in), damping matrix, C, is calculated assuming 1% damping (£ = 0.01) in

s

each floor (C; =2& /MK, C, =2& \/M,K , and C; = 2& /M;K ;). The matrices and the components

are shown below

M=|0 M, 0|;C=| -C, GC+C, —-G|;I=[1 1 1]

66



L = [605 107.75 155]

Fyy(#,q) +Fiy(n,5) —F,(u,) 0
F(u) = —F,(n,,) Fop(n,y) + F5(n,3) —F3(n,3)

| 0 —F3(n,3) Fo3(,3)

Fpi(#,1) + Fpy(n,2) —Fpy(#,,) 0
Fi(u) = —Ffz(”rz) Ffz(”rz) +Ff3(”73) —Ffs(”rs)

| 0 —Ffa(”rs) Ffa(”rs)

The constants in Sivaselvan-Reinhorn model are estimated by minimizing the error between exper-
imental and analytical hysteresis loop. From the optimization study, a; = 0.2, n,; = 12, y,; = 0.84
and 3,; = 0.16. Predicted and the observed experimental force-deformation behavior of all the floors in
3SFS for San Fernando earthquake ground motion [Recorded at Pacoima dam, 164 (CDMG station 279)]
(PGA = 0.75g) is shown in Figure 3.19. The analytical predictions are matching with the experimental
results very accurately in the first-floor. The experimental force-deformation behavior of the second and
third floors is more noisy compared to the first-floor because the shear in first-floor is measured using the
load-cells whereas in the second and third floors it is calculated from the floor acceleration. The maximum
deformation of second and third floor is less than 0.15 7. and the peak deformation of first-floor is 1.95 in.
First floor deformation and acceleration is shown in Figure 3.20 for the same ground motion. From the
comparisons in Figure 3.20, the peak response characteristics and also the frequency-information obtained
from the analytical model of 3SFS can capture the observed experimental behavior very accurately. The

permanent drift observed in the experiments is 0.21 7z2. and the permanent deformation in the simulations

1s 0.25 in.
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Figure 3.19: F-D behavior of 3SFS with braces in second and third floor

Next, the behavior of 3SFS without the braces is verified for Kobe ground motion (1995). The experi-

mental force-deformation behavior of all the floors is shown in Figure 3.21. The analytical predictions are
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First-floor (a) deformation and (b) acceleration [BS]
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Figure 3.20: Displacement and acceleration of the first floor of braced-3SFS

matching with the experimental results very accurately in all the first-floor unlike the braced structure,
shown in Figure 3.21. The maximum deformation of the second and third floors (Figure 3.21) is 0.75 in.
and 0.5 in. respectively. The elastic stiffness of the columns in each floor is K ,=8.9 kip/in, K ,=11.2
kip/in and K 3=9.2 kip /in. Sivaselvan-Reinhorn model constants are a; = 0.17, n; = 6, y,; = 0.84 and
B.; = 0.16. First floor deformation and acceleration is shown in Figure 3.22; roof deformation and ac-
celeration is shown in Figure 3.23. Similar to the braced structure, the comparisons in Figure 3.22 and
3.23, the peak response characteristics are matching accurately but the frequency-information is slightly
off because of the dynamics of the second and third floors. The friction in the second and third floors is

also highly nonlinear because of the slipping in the gravity columns.

3.5 Summary

In this chapter, the experimental setup of the three-story frame structure, the connections between the
3SFS, NSD and damper is presented in detail. The analytical models for each of the components is also
presented and the models are calibrated using the experimental data from the component testing.

It has been found from the shake-table studies that the 3SFS will undergo very little torsion and can
be ignored in the analysis. The data measured from various sensors (many of them redundant) is verified

and is found to be consistent. The experimental data has confirmed that the two support systems (lateral
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Force (kip)

force resisting system and vertical load carrying system) are completely independent and stable; hence it
is an ideal test structure to perform yielding tests with NSD. The behavior of the NSD, damper and 3SFS
can be modeled and can be very accurately predicted using the analytical models presented in this chapter.
The comparisons between the numerical predictions and experimental data is in very close agreement and

these component models can also be used to predict the behavior of 3SFS and assembly, which is presented
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Figure 3.21: F-D behavior of all the floors in 3SFS
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Figure 3.22: Displacement and acceleration of the first floor of 3SFS

in the next chapter.
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Figure 3.23: Displacement and acceleration of the roof of 3SFS
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Chapter 4

Apparent-Weakening in SDOF Structures:
Experimental Study

This chapter presents the results from the experimental study on three-story fixed-base structure (3SFS)
that demonstrates the concept of “apparent weakening” in SDOF structural systems. The top two floors
of 3SFS are braced making the 3SFS a SDOF structure. First, the effectiveness of “apparent-weakening”
in reducing the response of elastic systems is demonstrated. Then the performance of structure and NSD
assembly when the primary structure has yielded is evaluated and the issues involved in such systems are
presented in detail.

To accentuate the advantages of “apparent-weakening” in structures over the existing passive energy
dissipation devices, experimental results of three different systems: 3SFS (BS); 3SFS with NSD (NS); 3SFS
with NSD and damper (AS); and analytical results of 3SFS with damper (PS) are compared for a suite of
ground motions. Five standard ground motions (see Table 4.1) from the PEER database have been used
for the shake-table tests. The ground motions chosen are representative of both the far field and near-fault
earthquakes. Analytical models, based on principles of mechanics, describing the behavior of each and
all of the three systems (presented in chapter 3) are used to reproduce the experimental results. Also,
these models are further used to estimate the response of PS and the missing tests. Since the damper is
connected to the structure though the NSD, as explained in section-3.2, 3SFS with the damper (PS) could
not be tested experimentally without connecting the NSD. In order to emphasize the significance of NSD
in AS, the response of 3SFS with viscous damper (PS) is simulated and compared with the experimental
results of the BS, NS and AS.

Due to the braces in the second and third floors of 3SFS, the columns in the first story will yield
first when the frame is subjected to severe ground motion. The strain in the columns of the first-floor is
monitored during the tests and they are replaced after they yield. Since replacing the columns after every
test is expensive and time consuming, shake-table tests at higher PGA values (tests in which the first floor
columns of 3SES yield) have only been conducted on: 3SFS with NSD and; 3SFS with NSD and damper

71



assembly for different PGA values. For comparisons, the behavior of other systems is predicted using the
calibrated analytical models.

The rest of the chapter is organized as follows: “Apparent-weakening” in elastic structures is verified
using the experimental results (BS, NS and AS) and simulation studies (PS) in section 4.1. In section
4.2 the issues involved when the primary structure undergoes plastic deformation are addressed. Exper-
imental results (response and hysteresis loops) of 3SFS and comparisons with 3SFS assembly equipped
with (1) NSD (i1) damper (ii1) NSD and damper are also discussed in section 4.2. Section 4.3 contains the

conclusions based on the experimental and simulation studies on SDOF structures.

4.1 Elastic structures

The concept of “apparent-weakening” in elastic and inelastic systems is explained in chapter 1. The main
objective of the adaptive negative stiffness system is to shift the yielding behavior from the structure to the
NSD and reduce the base shear (foundation) force of the structure while limiting its maximum response
displacement and acceleration. The negative stiffness device (NSD), used in this study, exhibits nonlinear-
elastic negative stiffness behavior; by adding NSD to the elastic structure the resulting structure-device
assembly behaves like a bilinear-elastic structure (Pasala et al., 2012c). Peak acceleration and base shear
experienced by the structures can be reduced by adding the negative stiffness device and the additional
deformations caused due to the reduced stiffness can be contained by adding the viscous damper. A short
description of the working principle of adaptive negative stiffness system in reference to the 3SFS and
NSD developed in this study is presented next.

Assume a single degree of freedom linear elastic structure with stiffness K, and no damping, the force
deformation (F-D) behavior (F, (%)) is shown in Figure 4.1(a,b). At displacements #, and #,, the force in
the structure are F; and F,, respectively, shown in Figure 4.1(b). The F-D behavior of NSD (Fy¢p(#))
is shown in Figure 4.1(a,b); NSD has zero stiffness until |#| < #, and beyond this displacement it exerts
negative nonlinear-elastic stiffness. The displacement at which the NSD engages, #,, called as “apparent
yield-displacement” and the force exerted by the NSD at displacement #, is —Fy¢p, (Faspy > 0), shown
in Figure 4.1(b). Although the NSD exhibits nonlinear stiffness beyond #,, the stiffness of NSD between
u, and #, remains almost constant, Ky ¢p, so the NSD can be assumed to be linear in this region. This
argument is also justified using the F-D curves obtained from the experimental results shown in the forth-
coming sections. The F-D behavior of the structure and NSD assembly is shown in Figure 4.1(c). At
displacement #,, the assembly force, F,;, is same as the force in the primary structure (F,;= F,;) be-
cause the NSD does not exert any force until |#| > #,. At displacement, #,, the force in the assembly is
F,, = F,; — Fxgp,- The stiffness of the structure and NSD assembly, K, is equal to K, for |#| < #, and
K, = K, — Kyp for uy <|u| < u,. Since the structure and device assembly is elastic and exhibits two
stiffness, K, and K,,, it is called “bilinear elastic” system.

In chapter 3, it has been shown that the behavior of the components: 3SFS (BS), NSD-East, NSD-
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Figure 4.1: Schematic diagram depicting “apparent-weakening” in elastic systems

West and the viscous damper; can be captured accurately. Next, the predicted behavior of NS and AS is
compared with experimental results to show that the analytical models used in this study are consistent in
capturing the observed experimental behavior. The measured ground acceleration and shake-table rocking
is used as the ground excitation in the simulation studies. Shear force in the columns is measured using
the MF-load-cells, base shear is calculated using the acceleration of all the three floors, force exerted by the
NSDs and damper are also measured using the load-cells. Kobe fault-normal ground motion with PGA of

0.29g is used to test the performance of all the four systems in elastic region.

4.1.1 3SFS and NSD assembly

The role of NSD in NS and AS is to reduce the base shear of the structure and as a result reduce the
acceleration experienced by the structure. This is depicted in the results shown in Figure 4.2-4.5. Force-
deformation curves of the columns in the first-floor of 3SFS and the assemby (3SFS, NSD-East and NSD-
West) in NS for the Kobe FN ground motion is shown in Figure 4.2. The reduction in assembly stiffness
with the addition of NSD is evident from Figure 4.2. Force-deformation behavior of the NSD-East and
NSD-West is shown in Figure 4.3. Please note that the F-D loops of NSD in Figure 4.3 have significant
friction hysteresis, but the models developed previously in section-3.2.1 do not take this into account.
Sivaselvan-Reinhorn model is used to account for the friction hysteresis of NSDs.

First-floor deformation, acceleration and base shear are shown in Figure 4.4. The predicted first-floor
deformation and base shear is matching the experimental behavior very accurately. The acceleration pre-
dicted using the analytical model has high frequency information due to the inclusion of shake table
rocking. The experimental and predicted force-deformation loops of all the components in NS are sep-
arately shown in Figure 4.5. From Figure 4.5, it is evident that by adding NSDs to the 3SFS the peak
assembly force in the first-floor is reduced by 45%. The peak acceleration of the first-floor is also reduced
by 25% compared to BS (refer to Table 4.1 and Figure 4.14) but the peak deformation of the first story

has increased by 10% in the case of NS. This increase in inter-story deformation is due to the reduction

73



in story stiffness. From Figure 4.5, it is evident that the addition of NSD to 3SFS will result in bilinear
elastic behavior of the assembly. It is also clear from all the subplots in Figure 4.2-4.5 that the observed
experimental behavior of all the components and the assembly in the NS can be captured very precisely

with the analytical model used in this study. Next, the role of viscous damper in AS is demonstrated.
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Figure 4.2: F-D behavior of 3SFS and assembly in NS (Kobe GM; PGA=0.29g)
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Figure 4.3: F-D behavior of NSDs in NS (Kobe GM; PGA=0.29g)

4.1.2 3SFS, NSD and damper assembly
For the same system described previously (3SFS and NSD assembly), by adding the viscous damper the

deformation of the assembly is reduced along with the base shear and acceleration. The Experimental

and predicted force-deformation loops of the first-floor of 3SFS and damper are compared in Figure 4.6.
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Figure 4.4: First-floor response and base shear of NS (Kobe GM; PGA=0.29g)
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Figure 4.5: F-D behavior of NS with components (Kobe GM; PGA=0.29g)

The stiffness of 3SFS in Figure 4.6(a) is 5% higher than the simulations and also Figure 4.2(a) due to the
additional connections of NSD. Force-deformation behavior of NSD-East and NSD-West is shown in
Figure 4.7. The maximum deformation of NSD has decreased to 0.8 in. from 1.2 in. (Figure 4.3) with
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the addition of viscous damper. The F-D behavior of all the components of AS are shown separately for
experiments and simulations in Figure 4.8. The first-floor deformation, acceleration and base shear of AS
are shown in Figure 4.8. Unlike the case of NS, the acceleration response of simulations and experiments
is matching very accurately in the case of AS. The experimental and predicted F-D behavior of AS is
compared in Figure 4.10. The analytical hysteresis loop is bigger than the experimental but the overall
trend is matching very well.

By adding the viscous damper, the additional damper force exerted on the structure will increase the
base shear of the structure by 15% compared to NS but it is still 30% less than the BS (refer to Figure 4.4,
4.9, 4.14 and Table 4.1). The peak acceleration of the AS is same as the NS but the peak deformation of AS
is 20% less than the BS this reduction is significant compared to the 10% increase as in the case of NS. By
adding the viscous damper the base shear is slightly increased but the significant reduction in inter-story
deformation achieved outperforms the increase in base shear.

The observed experimental behavior of all the components and the assembly in the AS is very ac-
curately captured with the analytical model. This confirms that the response of PS predicted using the
analytical model should be a very good estimate of the actual response of PS. Next, the response of all the

systems is compared to show the effectiveness of AS.

(a) 3SFS [AS] (b) Damper behavior [AS]
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Figure 4.6: F-D behavior of 3SFS and damper in AS (Kobe GM; PGA=0.29g)

4.1.3 Comparative study

By adding NSD to an elastic structure, the structure and NSD assembly will emulate a bilinear elastic
system. Although addition of NSD will result in reduction of base shear and acceleration, it will also
result in increased deformations. A viscous damper in conjunction with the NSD will attenuate base
shear, accelerations and displacements. In order to justify the usage of the NSD with the damper (AS), the

response of AS is compared with PS next. The force-deformation loops of the first-floor in all the systems
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Figure 4.7: F-D behavior of NSDs in AS (Kobe GM; PGA=0.29g)
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Figure 4.8: F-D behavior of AS with components in elastic structure (Kobe GM; PGA=0.29¢)

with the components is shown in Figure 4.11. The assembly F-D behavior is compared in Figure 4.12,

first floor deformation, acceleration and base shear are compared in Figure 4.13. The asterisk mark on PS

in the figures and tables indicates that the results are predicted and not from the shake-table tests.

In the case of PS, although the peak first-floor deformation of PS is reduced by 20% compared to BS,
there is no reduction in the base shear and the acceleration and this underlines the need of NSD in AS,
shown in Figure 4.13. From Figure 4.11 and Figure 4.12, it is clear that with the addition of NSD, the
assembly exhibits elastic bilinear behavior and as a result the base shear is reduced by more than 45%
in the case of NS and 30% in the case of AS when compared to the BS and PS. From Figure 4.13(a), it
can be seen that there is no permanent drift in the structure. Due to the presence of viscous damper in

the AS, the displacements are reduced by 20% compared to BS and NS, the base shear and acceleration
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Figure 4.9: First-floor displacement, acceleration and base shear of AS in elastic structure (Kobe GM;
PGA=0.299)

are reduced by 30% and 20% respectively, compared to BS and PS. Addition of viscous damper (PS) will
reduce the peak deformation by more than 20% compared to BS, but the structure will experience almost
the same acceleration and base shear as the uncontrolled structure, shown in 4.13(b,c). The NSD in
conjunction with a viscous damper is capable of simultaneously reducing the base shear, the acceleration
and the displacement of the structure.

Similar study has been carried out for four other ground motions from PEER database and the peak
response are tabulated in Table 4.1 and shown as bar-graphs in Figure 4.14. As stated previously, the
ground motions are chosen to cover both the near-fault and far-field earthquakes. Since the NSD and
structure assembly is a highly nonlinear system, NSD designed to reduce response for a structure and spe-
cific design ground motion has to be verified through analytical studies. The analytical models developed
in this research are representative of the real life structures and can be used to verify the performance of
AS for any ground motion data.

All the experimental results of BS, NS, AS and the simulation results of PS, shown in Table 4.1 and

Figure 4.14 are summarized below. The key observations from the results presented in Table 2 are:

* Base shear of the NS and AS is consistently reduced by more than 20% compared to BS and in some
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Figure 4.10: Comparison of F-D behavior of AS (Kobe GM; PGA=0.29g)

cases up to 35% (Pacoima, Chi-Chi and Newhall). Base shear of PS is only reduced by 5% in the
case of Kobe and Newhall when compared to the BS and for the other ground motions it is reduced
only by 15%.

* In the case of NS the peak deformation of the first-floor has a mixed response when compared with
BS. Since there is no damper in the NS, the peak deformations can be larger than BS. For Kobe,
Pacoima and Sylmar the peak deformation of NS is 5% more than the BS and for Chi-Chi and
Newhall it is 20% less than BS. However, when the viscous damper is connected (PS and AS), the

peak deformation is consistently reduced by more than 20%.

* Addition of damper reduces displacements consistently for all the ground motions both in the case
of PS and AS. Among the AS and PS the response has mixed behavior; for Pacoima and Sylmar,
PS has 10% lesser displacements than AS and for the other three ground motions AS has 5% lesser

deformations than PS.

® Peak acceleration of the first-floor in the case of PS is very similar to BS for Kobe and Newhall
ground motions and it is reduced by 20% for the other ground motions. With the addition of NSD
to the 3SFS along with the damper (AS) these accelerations are reduced by more than 20% and in

the case of Pacoima it is reduced by 40%.

Essentially, adding NSD to the elastic structure, a bilinear elastic system can be emulated and as a

result the base shear demands on the main structure during strong earthquakes can be reduced by more
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Table 4.1: Summary of the peak responses from the shake table tests on braced structure [Elastic-tests]

Serial Ground Cmd. First-floor response Base shear
number motion System PGA (g) Deform. (in) Accel. (g)  (kip)

1 BS 0.29 1.08 0.39 12.21

2 Kobe, PS* 0.9 0.87 (19%) 039 (1%)  11.39 (7%)
3 1995 NS 0.29 1.20 (-11%) 0.29 (27%)  7.55 (38%)
4 AS 0.29 0.84(22%)  0.31(20%) 8.78 (28%)
5 BS 0.56 1.20 0.45 13.05

6 Pacoima, DPS* 056 0.67 (44%) 032 (29%) 8.89 (32%)
7 1971 NS 0.56 1.25 (-4%) 0.29 37%) 7.05 (46%)
8 AS 0.56 0.82(32%)  0.27 (41%) 7.70 (41%)
9 BS 0.48 0.89 0.35 10.23

10 Sylmar, PS* 0.48 0.63 (29%) 0.26 (26%) 8.72 (15%)
1 1994 NS 0.48 0.99 (12%) 030 (15%) 6.84 (33%)
12 AS 0.48 074 (17%)  0.28 (21%) 8.08 (21%)
13 BS 0.76 1.07 0.44 11.97

14 Chi-Chi, pPS* 0.76 0.70 (35%) 0.34 (23%) 9.48 (21%)
15 1999 NS 0.76 0.86 (19%)  0.33 (24%) 6.43 (46%)
16 AS 0.76 0.59 (45%)  0.35 (21%) 7.88 (34%)
17 BS 0.32 1.32 0.45 13.93

18 Newhall, PS* 032 1.05 21%)  0.46 (1%) 13.53 (3%)
19 1994 NS 0.32 1.01 (24%) 0.34 (25%) 8.77 (37%)
20 AS 0.32 1.00 (25%) 0.36 21%)  9.15 (34%)
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Figure 4.11: F-D behavior of BS, PS, NS and AS with components in elastic structure (Kobe GM;
PGA=0.29g)

than 30%, the peak acceleration experienced by the structure is also reduced by more than 20%. However,
the peak displacement of the NSD and structure assembly is increased due to the reduction in stiffness
induced by the NSD. These increased deformations are controlled by adding a viscous damper. Consis-
tent response reductions are observed for a suite of ground motions by the addition of the viscous fluid
damper. The observed experimental behavior can be reproduced by the presented analytical models at the
component level and also for the structure and device assembly. Next the concept is extended to yielding
systems and the complications involved when the primary structure undergo inelastic deformation are

discussed.

4.2 Yielding structures

The objective of the adaptive negative stiffness system is to shift the yielding behavior from the structure
to the NSD and reduce the base shear (foundation) force of the structure while limiting its maximum
response displacement and acceleration using the passive damper. In this chapter, two terms: (1) apparent

yield-displacement and (2) yield displacement will be repeatedly used. To differentiate the two terms the
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Figure 4.12: Comparison of assembly force in SDOF elastic structure (Kobe GM; PGA=0.29¢)

idea of apparent weakening in bilinear inelastic structures is described next.

The force displacement characteristics of the bilinear inelastic structure, NSD and the structure with
NSD assembly are shown in Figure 4.15(a), (b) and (c) respectively. Primary structure has a yield displace-
ment #, and the yield force is F,, shown in Figure 4.15(a). Three crucial points are marked on the force
deformation behavior of the NSD, shown in Figure 4.15(b). Point-1 is the displacement at which NSD
engages (also referred as apparent yield-displacement), point-3 is when the NSD starts stiffening (stiffness
becomes positive beyond point-3) and point-4 is when the NSD looses all the compression force. Readers
should refer to section 2.2 for more details on the behavior of NSD.

By adding the NSD to the primary structure, the resulting force-displacement behavior of the com-
bined system is shown in Figure 4.15(c). The behavior of the structure with NSD will not be altered for
|u| < 14; Beyond 14;, the stiffness of the combined system reduces until #;. The structure and NSD as-
sembly behaves like a nonlinear elastic structure for displacements || < #,. For displacements larger than
u3, the stiffness of the structure and NSD assembly again increases and the magnitude will be higher than
the elastic stiffness. At displacement #,, the structure and the assembly (primary structure with NSD)
will experience the same amount of force, shown in Figure 4.15(c). Beyond #,, the structure with NSD
will have a very high stiffness and also has higher force compared to the primary structure. The stiffening
point of NSD, #5, should be close to the yield displacement of the primary structure, .
From the force deformation behavior of structure and NSD assembly shown in Figure 4.15(c): (1) the

assembly exhibits the same behavior as the primary structure for |#| < 14; (2) the shear force experienced
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Figure 4.13: Comparison of first-floor displacement, acceleration and base-shear in elastic structure (Kobe

GM; PGA=0.29g)

by the assembly is significantly less than the primary structure for 14; < |u| < u4. (3) the stiffness of the
assembly is very high for |#| > #4, so the assembly can be prevented from collapsing due to large plastic
deformations. Since the primary structure itself is yielding, the permanent deformation of the structure
and NSD assembly after a ground motion is discussed next in detail.

The behavior of primary structure itself is inelastic; adding a nonlinear-elastic device to the yield-
ing structure will result in a more involved system. To understand the permanent deformations in the
structure and NSD assembly, it is studied in two different regimes: (1) mild yielding systems (2) heavily
yielding systems (Pasala et al., 2012d). Mild yielding systems:

The response of the structure and NSD assembly in mild yielding case is shown in Figure 4.16(a). Say,
for a given ground motion, the assembly first deforms in the negative direction but the deformation is less
than #, (shown in Figure 4.16(a)); so the assembly will remain nonlinear elastic and retraces its path. Next,
the assembly deforms in the positive direction and reaches a peak deformation at point-5, #5 > ,, (shown

in Figure 4.16()). Since the peak deformation is greater than #,, the primary structure will undergo
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Figure 4.14: Summary of peak responses in elastic systems

a permanent inelastic deformation and will h

ave a residual drift (plastic deformation). If there are no

significant peaks in the subsequent load, the assembly will oscillate at low amplitudes and reaches point-6

(shown in Figure 4.16(a)) at the end of loading cycle. The plastic deformation in the primary structure
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Figure 4.15: Schematic diagram depicting “apparent-weakening” in yielding systems

I8 14, = s — ,; subscript-“d” refers to permanent drift. Since the NSD exerts no stiffness for |x| < u;,
the permanent deformation in the assembly is same as the plastic deformation in the primary structure if
IZARS 14; as shown in Figure 4.16(a). If the permanent yield deformation in the structure, #,, is less than
u; , then the structure is assumed to have undergone mild yielding. The assembly always reaches the point
where the assembly force is zero, following a loading cycle. Next, the condition in which, |#d| > 14;, is
studied.

Heavily yielding systems:

Assume a particular load in which there are two dominant half-pulses, one in the positive direction
and the other in negative direction. For the first pulse, say, the assembly deforms in negative direction
with mild yielding as shown in Figure 4.16(b). Then for the next pulse, the assembly deforms in positive
direction and reaches a peak deformation #,. Since there are no other dominant pulses, the assembly
oscillates at low amplitudes and reaches point-9, where the assembly force is zero as shown in Figure
4.16(b). The permanent deformation in the assembly is #9. It should be noted that the assembly force
is zero at point-9, but the force in the primary structure is F,q and the force in NSD is Fy 559 as shown
in Figure 4.16(b). The forces in structure and NSD have save magnitude but with different sign so they
nullify each other to result in zero assembly force. The actual plastic deformation in the primary structure
is 14; o> Which is less than # ;4 as shown in Figure 4.16(b). By disconnecting the NSD, the primary structure

will move to the displacement #’,

d
permanent-drift or simply recoverable-drift, #, ;.

o+ The difference of the displacements #,9 and #, is called recoverable

In brief, for heavily yielded systems, the permanent drift in the assembly (#,,) is larger than the
plastic deformation in the primary structure (14;9). Deformation, #, ; can be recovered from the assembly
to reach #/,.
structure have a slotted hole to disengage the NSD easily and recover #, ;. The trend in the permanent

In the experiments carried on the 3SFS, the connectors between the NSD and primary

deformation of the primary structure and assembly will again be different for deformation larger than
un, (shown in Figure 4.15(b)). Due to the very high assembly stiffness for displacement greater than us,

the assembly deformation will never reach #,. The concept explained using schematic diagrams shown in
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Figure 4.16 can be extended to multiple loading cycles. Next the experimental results of NS in which the
primary structure had yielding is presented. The results are overlapped with predicted results obtained

from the analytical models.

\
(a) F-D behavior of mildly-yielding (b) F-D behavior of heavily-yielded
structure with NSD structure with NSD

Figure 4.16: Recoverable drift and residual drift in NSD and bilinear inelastic structure assembly

4.2.1 Mild-yielding structures

In this section “apparent weakening” in mild and heavily yielding systems is analyzed through shake-table
studies on 3SFS and NSD assembly (NS). Since the damper has a maximum stroke of only two inches
and the yield displacement is 1.5 inches, the heavy yielding tests could not be carried on the 3SFS, NSD
and damper assembly. In elastic systems, experimental results for Kobe FN ground motion are presented
in section 4.1. In the case of mild yielding and heavy yielding, 3SFS and NSD assembly is subjected to
Pacoima ground motion at two different amplitudes (peak ground acceleration (PGA) of 0.57g and 0.81g).

When the assembly is subjected to the ground motion at PGA of 0.57g there is mild yielding in the
primary structure. The force-deformation behavior of the primary structure (3SFS), and the assembly is
shown in Figure 4.17; the F-D loops of NDS-East and NSD-West are shown in 4.18. The experimental and
analytical force-deformation behavior of the assembly with the components is shown separately in Figure
4.19. First-floor displacement, acceleration and base shear response are shown in Figure 4.20. From force-
deformation behavior of primary structure, shown in Figure 4.17(a) and displacement response shown in
Figure 4.20(a), it is clear that the 3SFS has yielded at 1.8 seconds when the peak deformation in the struc-
ture is 1.7 inches. The structure has undergone plastic deformation and it subsequently vibrates about 0.11
inch displacement. Although the primary structure has yielded, since the plastic deformation is less than

the simulated yield displacement, the permanent drift in the assembly is same as the permanent drift in
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the primary structure. Force-deformation behavior shown in Figure 4.17(a) and Figure 4.19 confirms that
the base shear of the assembly is reduced by more than 50% by adding the NSD to the primary structure.
This behavior is consistent in both the predicted analytical results and observed experimental results.
The trace of the force-deformation plots of 3SFS, NSD and assembly (similar to the schematic plots
shown in Figure 4.16(a)) is shown in Figure 4.21 for both experimental and analytical results. The trace of
force-deformation plots is obtained by removing the friction in the NSDs (Figure 4.18), assembly (Figure
4.17(b)) and discarding the vibrations after 2.5 seconds. From the experimental results in Figure 4.21(a),
the permanent drift in the assembly and the plastic deformation in the primary structure are same, 0.11 in.
and in the case of simulation results, shown in Figure 4.21(b), it is equal to 0.09 in. The plastic deformation
in 3SFS and the permanent drift in assembly are same because the simulated yield displacement in NSD

1s 0.25 in. and the permanent drift in the primary structure is less than 0.25 ..
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Figure 4.17: F-D behavior of 3SFS and assembly in NS (Pacoima GM; PGA=0.57g)

4.2.2 Heavy-yielding structures

When the structure is subject to the ground motion with PGA of 0.81g, the primary structure in NS has
yielded significantly. The force-deformation behavior of the primary structure (3SFS) and the assembly
are shown in Figure 4.22, and NSDs (NSD-East and NSD-West) are shown in Figure 4.23. The experimen-
tal and analytical force-deformation behavior of the assembly with the components is shown separately in
Figure 4.24 for the heavy yielding case. First floor displacement and acceleration response of the first-floor
are shown in Figure 4.25(a,b), and base shear is shown in Figure 4.25(c). The overall trend in the analytical
and experimental behavior depicted in Figure 4.22 and Figure 4.23 is similar, but the peak deformation in
the experiments is 2.83 7. and the peak deformation in analytical studies is 2.51 7.

From the experimental force-deformation behavior of primary structure shown in Figure 4.22(a) and

displacement response shown in Figure 4.25(a), 3SFS has yielded at 2.3 seconds when the peak deforma-
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Figure 4.19: F-D behavior of NS with components in mild-yielding structure (Pacoima GM; PGA=0.57g)

tion in the structure is 2.83 in. The plastic deformation of the primary structure is 1.14 iz as shown
in Figure 4.25(a). Since the simulated yield displacement (0.25 in.) is significantly less than the plastic
deformation in the 3SFS, the permanent deformation of the assembly will be higher than the plastic de-
formation of the 3SFS due to the presence of NSD as explained in the previous section. The assembly
starts stiffening at 2 in displacement resulting in the increase in base shear as shown in Figure 4.24. Once
the assembly starts stiffening, the excessive deformation caused due to the initial reduction in stiffness is
contained and the structure is prevented from collapsing. Essentially, the accelerations and base shear of
the assembly are reduced between the displacements, 0.5 in. and 3 in. by removing a segment of the force
deformation loop of primary structure.

The trace of the force-deformation plots of 3SFS, NSD and assembly (similar to the schematic plots
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Figure 4.20: First-floor response and base shear of NS in mild-yielding structure (Pacoima GM;
PGA=0.57g)
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Figure 4.21: Trace of F-D behavior of NS with components in mild-yielding structure (Pacoima GM;
PGA=0.57g)

shown in Figure 4.16(b)) is shown in Figure 4.26 for both experimental and analytical results. The trace of

force-deformation plots is obtained by removing the friction in the NSDs (Figure 4.23), assembly (Figure
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4.22(b)) and discarding the vibrations after 2.5 seconds. From the experimental results in Figure 4.26(a),
the permanent drift in the assembly is 2.1 in. and the plastic deformation in the primary structure, shown
in Figure 4.25(a) is 1.14 in. In the case of simulation results, shown in Figure 4.26(b), the permanent drift
in the assembly is 2 7z, and the plastic deformation in the primary structure, shown in Figure 4.25(a), is
0.89 in. Since the plastic deformation in the primary structure is much larger than the simulated yield
displacement, the permanent drift in the assembly will be higher than the plastic deformation in the
primary structure. So, in the experimental results, the residual drift in the NS will be 7z in and the
recoverable drift is 0.97 in. In the deformation plot shown in Figure 4.26(b), the NSD is disengaged from
the structure at 9 seconds so the drift in the structure has reduced to 1.14 in.

In the next section, the advantages of using NSD in conjunction with the damper to attenuate the
acceleration, displacement, base shear and permanent drift response is demonstrated by comparing with
three other systems.

(a) 3SFS [NS] (b) Assembly F-D [NS]
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Figure 4.22: F-D behavior of 3SFS and assembly in NS (Pacoima GM; PGA=0.81g)

Since the columns were yielding significantly after a strong ground motion, only one yielding exper-
iment for each ground motion has been conducted. For Newhall, Pacoima and Sylmar ground motions,
the NS is tested and for Kobe ground motion, the AS is tested. In this section the experimental results of
AS and the simulation results of BS, PS and NS are compared to demonstrate the effectiveness of apparent-
weakening and damping in yielding structures. The results from other shake table tests are summarized
in Table 4.2 and Figure 4.30.

Force-deformation loops of all the four systems with components are shown in Figure 4.27 for Kobe-
FN ground motion with PGA of 0.65g. Superscript-“*” denotes that the results are simulated using the
analytical model. The accelerations, deformations (showing the drifts) and base shears of all the four
systems are compared in Figure 4.28. From Figure 4.27(a) and Figure 4.28(a), the BS has undergone plastic

deformation in the negative direction first and then in the positive direction. The peak deformation,
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Figure 4.23: F-D behavior of NSDs in NS (Pacoima GM; PGA=0.81g)
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Figure 4.24: F-D behavior of NS with components in heavy-yielding structure (Pacoima GM;
PGA=0.81g)

acceleration and base shear of the first story in the BS are 2.84 in., 0.79g and 17.7 kips, respectively, shown
in Table 4.2. By adding NSD to the 3SFS (NS) due to the reduction in assembly stiffness beyond 0.5
in., the assembly has undergone significant deformation until it gets into the stiffening region, shown in
Figure 4.27(c). Once the assembly enters the stiffening region, due to the high assembly stiffness and large
plastic deformation of the 3SFS, the assembly will remain in the stiffening region. Permanent drift in the
assembly after the ground motion is 1.67 in. (shown in Figure 4.28(a)) and the plastic deformation in the
3SFS is 0.87 in. as shown in Figure 4.27(c). The permanent drift in the NS after disconnecting the NSD
at 6 seconds is shown in Figure 4.28(a). So, by adding the NSD, the accelerations and base shears can be

reduced and the structure can be prevented from collapsing for large deformations. Although the peak
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Figure 4.25: First-floor response and base shear of NS in heavy-yielding structure (Pacoima GM;
PGA=0.81g)
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Figure 4.26: Trace of F-D behavior of NS with components in heavy-yielding structure (Pacoima GM;
PGA=0.81g)

deformations in NS are similar to BS, the global collapse of the assembly is prevented in NS due to the
stiffening in NSD.
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By adding a viscous damper to the structure along with the NSD, the experimental force-deformation
plots of the assembly and components are shown in Figure 4.27(d). With the addition of viscous damper,
the excessive deformations caused due to the reduction in assembly stiffness are contained. From Figure
4.27, 4.28, 4.29 and Table 4.2, the peak deformation, acceleration and base shear of the AS are reduced
to 1.39 in., 0.58¢g and 13.7 kips, respectively. The response of 3SFS with the viscous damper (PS) is also
calculated to demonstrate the role of NSD in the AS. Although the deformations are reduced with the
addition of viscous damper, the acceleration and the base shear of the assembly will significantly shoot
up due to the damper force, as shown in Figure 4.28(b,c), 4.29 and Table 4.2. The peak deformation,
acceleration and base shear of the PS are 1.93 in., 0.73g and 22.4 kips. Clearly, by adding the NSD along
with the damper, the base shear and accelerations can be reduced. Assembly force-deformation loops of all
the four systems, shown in Figure 4.29, confirms that by adding NSD and damper to the bilinear inelastic

structure, the displacement, acceleration and base shear can be reduced.
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Figure 4.27: F-D behavior of BS, PS, NS and AS with components (Kobe GM; PGA=0.65g)

Table 4.2 and Figure 4.30 summarizes the peak response characteristics of all the four systems for four

ground motions at higher PGA values so that the primary structure will yield. The key observations are:

1. Due to the presence of NSD, base shear of the NS and AS is consistently reduced up to 35% com-
pared to the BS in the mild yielding cases. In the heavy yielding cases, the base shear in the assembly
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Figure 4.28: Comparison of first-floor displacement, acceleration and base-shear (Kobe GM; PGA=0.65g)

will be similar to the BS because of the stiffening. However, the structure can be prevented from

collapse due to the high stiffness.

2. The addition of a viscous damper (PS) reduces the deformation of the assembly by more than 30%
but the reduction in base shear less than 10%. In the case of Kobe ground motion, the base shear in
PS has increased by 23%.

3. By adding the viscous damper in conjunction with NSD, the displacements, accelerations and base

shears can be consistently reduced by more than 20%.

4. Permanent drift in the assembly after the ground motion is equal to the plastic deformation in
the primary structure if the plastic-deformation is less than simulated yield displacement. If the
plastic deformation in primary structure is larger than the simulated yield-displacement then the
permanent drift in the assembly will be higher than the plastic deformation but the drift in excess

of plastic-deformation is recoverable.

94



Hysteresis loops
25 T T

20

15

10

Force (kips)
o

Deformation (in)

Figure 4.29: Comparison of assembly forces in SDOF structure (Kobe GM; PGA=0.65g)

5. The residual drift in AS is comparable with that of BS and PS. It should be noted that in the case
of BS and PS the 3SFS is yielding in both the directions, so some of the plastic deformation is
recovered. In the case of 3SFS and NSD assembly, since the force-deformation behavior of NSD
is very asymmetric, the assembly has the tendency to remain in the region in which it has yielded
first. However, simulation studies with a symmetric force-deformation of NSD have shown that

the assembly can yield in both sides during the same ground motion (presented in chapter 1)

4.3 Summary

In this chapter, the concept of “apparent weakening” is analyzed in elastic and yielding structures. Com-
prehensive experimental and simulation studies have been carried on SDOF-3SES yielding structure, to
study the behavior of bilinear inelastic structure and NSD assembly during severe ground motions. Shake
table studies carried on a SDOF-3SFS with the NSDs and damper installed in the first floor (AS) show that
by adding NSD to the elastic structure, a bilinear elastic system can be emulated and as a result the base
shear demands on the main structure during strong earthquakes can be reduced by 30%. The peak accel-
eration experienced by the structure is also reduced by more than 20%. However, the peak displacement
of the NSD and structure assembly is increased due to the reduction in stiffness induced by the NSD.
These increased deformations are controlled by adding a viscous damper. Consistent response reductions

are observed for a suite of ground motions by the addition of the viscous fluid damper. The observed
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Table 4.2: Summary of the peak responses from the shake table tests on braced structure [Yielding-tests]

SI. Ground Sys. PGA First-floor response Permanent drift Base shear
no. motion () Deform. (in)  Accel. (g  Tot. Recov. Resid. (kip)

1 BS*  0.65 2.84 0.79 0.05 - 0.05 17.72

2 PS* 065 193 (32%) 073 (%) 036 - 036 22.36 (-26%)
3 Robe 199 o s 249 (12%) 077 (2%) 167 080 087  21.74 (-23%)
4 AS 065 139(51%)  058(26%) 0.7 000 017  13.65 (23%)
5 BS 0.75 1.92 0.56 020 - 0.20 15.89

6  Pacoima,  PS* 081  1.16(40%) 049 (13%) 000 - 000 14.47 (9%)
7 1997 NS 081 283 (47%)  0.46(18%) 2.1 097 114  14.45 (9%)
8 AS 075 165(14%)  037(35%) 032 0.2 020  10.10 (36%)
9 BS 0.68 1.29 0.47 0.00 - 0.00 13.37

10 Sylmar, PS* 068 0.7 (32%) 038 (19%) 002 - 002 11.78 (12%)
1 1994 NS 063 171(32%)  0.34(27%) 091 058 033  9.08 (32%)
12 AS 063  1.18(8%) 034 (28%) 0.10 000  0.10 855 (36%)
13 BS 0.44 1.72 0.50 003 - 0.03 15.91

14  Newhall,  DPS* 048 1.16(33%) 044 (13%) 000 - 000 14.56 (8%)
15 1994 NS 0.48 1.36 21%) 0.44 (12%) 0.43 0.30 0.13 10.02 (37%)
16 AS 044 130(24%) 039 (22%) 0.16 000  0.16  10.71 (33%)

experimental behavior can be reproduced by the presented analytical models at the component level and
also for the structure and device assembly.

It has been shown through numerical studies that the addition of viscous damper will reduce the
peak deformation by more than 20% but the structure will experience almost the same acceleration and
base shear as the uncontrolled structure. The NSD in conjunction with a viscous damper is capable of
simultaneously reducing the base shear, the acceleration and the displacement of the structure.

With the addition of NSD to the bilinear inelastic structure, the base shear and accelerations of the
assembly are reduced by more than 30% for ground motions in which there is mild yielding in the primary
structure. For more severe ground motions, the deformations of the assembly will be larger than the
stiffening point of NSD; resulting in very high assembly stiffness, thereby increase in base shear and
accelerations of the assembly. However, the high stiffness of the assembly will prevent the structure from
collapsing. In the case where there is heavy yielding in the primary structure, the permanent drift in
the assembly is larger than the plastic deformation in the primary structure. The permanent drift in
excess of the plastic-deformation in the primary structure can be completely recovered by disengaging the
NSD from the primary structure. It has also been demonstrated that the stiffening in NSD will prevent
the structure from collapsing. Analogous to the inelastic design, the acceleration and base shear and

deformation of the structure and NSD assembly can be reduced by more than 20% for moderate ground

96



25

Base shear (kips)

o
s

Deformation (in)
5 &

o
o

o
=

Acceleration (g)

motions and the

Juy
o
s

=
o
4

Base shear in the 3SFS

EBS ®EPS* wWNS ®AS

Kobe [0.65g] Pacoima [0.81g] Sylmar [0.68g] Newhall [0.48g]
Deformation of first-floor in the 3SFS

Kobe [0.65g] Pacoima [0.81g] Sylmar [0.68g] Newhall [0.48g]
Acceleration of first-floor in the 3SFS

EBS HEPS* HNS HWAS

Kobe [0.65g] Pacoima [0.81g] Sylmar [0.68g] Newhall [0.48g]

Figure 4.30: Summary of peak responses in yielding systems

collapse of structure can be prevented for severe ground motions. Additionally, part

of the inelastic excursions incurred after a severe ground motion can be recovered by disconnecting the

NSD.
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Chapter 5
Apparent-Weakening in MDOF Structures

Experimental studies presented in previous chapter have confirmed that by adding the NSD to a SDOF
system, the acceleration and base shear of the structure can be reduced significantly at the expense of
increased deformations. The excessive deformations caused due to the reduction in “apparent stiffness”
can be contained by adding a passive damper. So far, the focus and the application of NSD has only been
on the response reduction of that story in which the NSD is installed. The impact of adding NSDs in
one floor and multiple floors is the focus of study in this chapter. Because of the involved dynamics in the
case of MDOF structures, the behavior of NSD in multi-story frames is studied in two different sections.
First, the experimental results of 3SFS with NSDs in the first floor is studied to analyze the effect of
NSDs on upper stories. Later, simulation studies on an inelastic nine-story multistoried shear building to
demonstrate the effectiveness of placing NSDs and dampers at multiple locations along the height of the
building is demonstrated (Pasala et al., 2012a).

The results reported in this chapter have demonstrated that by placing a NSD in a particular story
the superstructure above that storey can be isolated from the effects of ground motion. Since the energy
from ground motion is transmitted from bottom to top, the NSDs in the bottom floors will undergo
large deformations. However, due to the reduction in assembly stiffness with the addition of NSDs, the
bottom floors will undergo large deformations. To overcome this, a generalized scheme to incorporate
NSDs with different properties is proposed in this study. To highlight the advantages of using NSDs
and dampers in multiple stories, the response is compared with a passively controlled system and the
uncontrolled primary structure for six standard ground motions. Large base deformations and permanent
drifts which is common in base-isolating the structural systems are overcome by using NSDs in multiple
stories, since the isolation is achieved over the height of the building and not confined to the base: referred
as distributed isolation. It has been shown through the simulation studies that by placing the NSDs in the
lower story’s the acceleration of the superstructure and base shear can be reduced significantly without
affecting the drifts.

Rest of the chapter is organized as follows: First the shake table results on 3SFS (without braces in the
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moment frame) with NSDs in the first floor are presented for moderate ground motions in section-5.1 and
for severe ground motions in section-5.2. A nine-story 1:3 scale frame used to demonstrate the concept
of distributed isolation is presented in section-5.3. Simulation results on the nine-story frame depicting
the isolation capabilities of NSD and an optimization scheme to distribute isolation over the height of

bottom few floors are presented in section-5.4 for a suite of ground motions.

5.1 Unbraced 3SFS Response to moderate ground motion

The beams in the 3SFS were yielding after the specimen is subjected to severe ground motion and to
replace these beams, the whole structure has to be disassembled. Since it involves a great deal of money
and time in order to do multiple yielding tests, the experimental tests were only performed on the 3SFS
and NSD assembly. As mentioned earlier, to justify the importance of NSD, response of four systems
have to be compared. So, the responses of 3SFS and 3SFS with damper have to be simulated using the
analytical models. To ensure the consistency in modeling, first, the analytical models for the components
developed in chapter 3 from first-principles and the unknown parameters in the models are obtained by
calibrating with the experimental results of 3SFS and NSD assembly. Using the analytical models, the
predicted behavior of the assembly is compared and they are in good agreement.

Elevation, actual photograph and the schematic of the 3SFS is shown in Figure 5.1; the elements
in the schematic are color coded. In this section, experimental results of two tests (1) 3SFS, NSDs and
damper assembly (AS) for Pacoima ground motion with a PGA of 0.62g and (2) 3SFS and NSDs assembly
(NS) for Pacoima ground motion with a PGA of 0.78g are presented. Experimental results are compared
with the simulation results to demonstrate the accuracy of analytical models used. Also, response of four
different systems: (1) 3SES or the base structure (BS); (2) 3SFS and NSD assembly (NS); (3) 3SFS, NSD and
damper assembly (AS); (4) 3SFS and damper (PS) are generated using the analytical models and compared
to highlight the advantages of apparent-weakening in multi-story building.

First, the impact of NSD in 3SES for moderate ground motions is analyzed. Force-deformation (F-
D) plots of all the three floors comparing the experimental and simulations results for Pacoima ground
motion [PGA=0.62g] are separately shown in Figure 5.2. The force-deformation behavior of all the
components (3SFS, NSD-East, NSD-West and damper) in the first floor is shown in Figure 5.3. From
Figure 5.2(a), the overall behavior in the experiments and simulations of first-floor is similar but the
maximum deformation in the experiments is 0.23 iz. more than the simulations. This is due to the
variable friction loop observed in the components, shown in Figure 5.3(b,c). The F-D behavior of 3SFS
measured using load-cells, shown in Figure 5.3(a) has confirmed that the structure remains elastic. The
F-D behavior of the damper measured using the uni-axial load cell is also in close agreement with the
predicted behavior. As mentioned previously, the F-D behavior of the second and third floors, shown in
Figure 5.2(b,c), is very noisy because the force in these storys is calculated using the accelerations of the

steel slabs, however the average slope of the experimental results is closely matching with the simulation
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Figure 5.1: Schematic diagram and picture of unbraced 3SFS

results. Figure 5.2,5.3 confirm that the analytical models used for the components can be used to capture
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The time-history response of first floor deformation, acceleration and base shear are compared in

Figure 5.4. The F-D behavior of assembly and components in AS are shown separately for simulations
and experiments in Figure 5.5. The comparisons of the results from shake-table tests and predicted results
from the analytical models are in very good agreement.
Using the ground acceleration and the shake-table rocking data measured during the shake-table test,
the behavior of BS, PS and NS is predicted and the F-D behavior of all the four systems is shown in Figure
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Figure 5.5: Comparison of F-D behavior of AS with components (Pacoima GM, PGA=0.62g)

5.6. F-D behavior of the first-floor in all the four systems are compared in Figure 5.7. First floor displace-
ment, acceleration and base shear of all the four systems is compared in Figure 5.8. The superscript-“*”
in Figure 5.6-5.9 indicates that the results are obtained using the simulations. Figure 5.6 shows that the
first and second floors of BS will yield for the Pacoima ground motion at a PGA of 0.62g. By adding
damper to the base structure (PS), the input energy transferred to the second and third floors is reduced
but the base shear experience by the first floor is same as in the BS, shown in Figure 5.6,5.7. If NSDs are
connected in the first-floor instead of damper, shown as NS in Figure 5.6, the response of second and third
floors and the base shear is reduced more than the BS and PS cases. However, the reduction in base-shear
occurs at the expense of excessive displacement (50% more deformation in the first story compared to BS)
due to the reduction in stiffness with the addition of NSD. By adding NSDs along with the damper, the
inter-story response of the all the three floors are significantly reduced compared to BS, PS and NS, as
shown in Figure 5.6,5.7,5.8.

The profile of maximum inter-story deformation, maximum floor displacement with respect to the
shake-table and the maximum floor acceleration of all the three floors are shown in Figure 5.9. The inter-
story deformation of the NS and AS is significantly reduced with the addition of NSDs in the second
and third floor, shown in Figure 5.9(a). The relative deformation and acceleration of the first floor has
increased with the addition of NSDs but the displacement and acceleration has increased marginally over
the other two storys. As a result, the roof acceleration of AS is 30% less than BS, and the acceleration of
NS is 15% smaller than the BS, shown in Figure 5.9(c). The roof displacement of AS is 30% less than the
BS and 10% less than the NS. Although the inter-story drift in the first story of NS is 40% more than the
other three systems, the roof deformation of NS is 15% less than the BS. Next, the behavior of NS and

AS is analyzed for more sever ground motion [Pacoima ground motion with PGA of 0.78g].
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Figure 5.6: F-D behavior of all the floors in AS, BS, PS and AS with components (Pacoima GM;
PGA=0.629)

5.2 Unbraced 3SFS Response to severe ground motion

Shake-table test is performed on the 3SFS and NSDs assembly (NS) and the observed response of NS and
components is compared with simulation results in Figure 5.10-5.13. Force-deformation (F-D) plots of
all the three floors comparing the experimental and simulations results are separately shown in Figure
5.10. The force-deformation behavior of all the components (NSD-East and NSD-West) in the first floor
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Figure 5.7: Comparison of F-D behavior of all the systems in first-floor (Pacoima GM; PGA=0.62g)

is shown in Figure 5.11. Similar to the results in Figure 5.2, the overall behavior in the experiments and
simulations of first-floor, shown in Figure 5.10, is very similar. The first floor deformation, acceleration
and base shear is shown in Figure 5.12. The F-D behavior of assembly and components in NS are shown
separately for simulations and experiments in Figure 5.13.

The first-floor has deformed in the negative direction first with mild yielding and then it yielded in the
positive direction (plastic deformation of more than 1 in.) as shown in Figure 5.13. Due to the permanent
drift in the first-floor, there is slight rigid body rotation in the second and third floor, as a result, the
E-D plots appear to have a permanent drift of 0.23 in. as shown in Figure 5.10(b,c). The measured and
simulated F-D behavior of NSD-east and NSD-west are shown in 5.11 and it is clear from these plots that
the NSDs enter the stiffening region. The stiffness of the assembly in the first floor reduces from 0.35
in. till 2 in. and beyond 2 in. it increases again. Overall, from Figure 5.10-5.13, the analytical models
used were able to capture the observed experimental behavior reasonably well even when the primary
structure has yielded significantly.

Using the ground acceleration and the shake-table rocking data measured during the shake-table test,
the behavior of BS, PS and AS is predicted and the F-D behavior of all the four systems is shown separately
in Figure 5.14. First-floor F-D behavior of all the four systems is compared in Figure 5.15, first floor
displacement, acceleration and base shear is compared in Figure 5.16. Time-history trace of the roof
displacement and acceleration of all the four systems is compared in Figure 5.17.

Figure 5.14 shows that the first and second floors of BS will yield for the Pacoima ground motion at a
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Figure 5.8: Comparison of the time-history of first floor response in all systems (Pacoima GM;
PGA=0.629)

PGA of 0.78g. With the addition of damper to the base structure (PS), the deformation in the first floor
is reduced but the input energy transferred to the second and third floors is not reduced as a result the
second floor has yielded, shown in Figure 5.14. Also, the base shear in PS is same as BS, shown in Figure
5.16. If NSDs are connected in the first-floor instead of damper, shown as NS in Figure 5.14, the response
of second and third floors and the base shear is reduced more than the BS and PS cases and they remain
elastic. The base shear of NS is reduced by more than 20% compared to BS and PS, shown in Figure 5.16.
However, the reduction in base-shear occurs at the expense of large first-floor deformation (20% more
deformation in the first story compared to BS) due to the reduction in stiffness with the addition of NSD,
shown in Figure 5.15. By adding NSDs along with the damper, the inter-story response of the all the three
floors are significantly reduced compared to BS, PS and NS, as shown in Figure 5.14 and Figure 5.17.
The profile of maximum inter-story deformation, maximum floor displacement with respect to the

shake-table and the maximum floor acceleration of all the three floors are shown in Figure 5.18 for Pa-
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Figure 5.9: Comparison of response profile of all the systems in unbraced 3SFS (Pacoima GM;
PGA=0.629)

coima ground motion with PGA of 0.78g. The inter-story deformation of the NS and AS in the second
and third floor is 30% less than the BS and PS due to the addition of NSDs, shown in Figure 5.18(a). The
relative deformation and acceleration of the first floor has increased with the addition of just the NSDs,
shown as NS in Figure 5.18(b,c), but the displacement and acceleration of the other two floors has not
increased because the NSDs will prevent the transfer of input energy to the higher floors. As a result, the
roof acceleration of NS is 20% less than BS and PS. By adding viscous damper along with the NSDs, all the
responses 1.e., the deformation in the first-floor, base shear, roof displacement and roof acceleration will
be reduced compared to the other three systems, shown in Figure 5.18(a,b,c). Essentially, in the case of NS
and AS, the NSDs are preventing the transmission of the input energy from the shake-table motion to the
second and third floors by absorbing all the energy and viscous damper is dissipating the absorbed energy.
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Figure 5.10: F-D behavior of individual floor in NS for Pacoima ground motion (PGA=0.78g)
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Figure 5.11: F-D behavior of NSD-East and NSD-West in NS for Pacoima ground motion (PGA=0.78g)

The viscous damper in the AS will also prevent the excessive deformation caused due to the reduction in
stiffness. The peak response characteristics of all the four systems are summarized in Table 5.1 and also

shown as bar-graphs in Figure 5.19 for three ground motions. The results are summarized below:

1. Addition of NSD in the first-floor will prevent the transter of input energy from the ground motion
to the second and third floors. Consequently, the inter-story deformation of the higher floors is

significantly reduced, shown in Figure 5.19.

2. Addition of damper can control the deformations at the installation level, but the structure ex-
periences same level of base-shear and the second and third floors will undergo the same level of

inter-story deformations similar to the uncontrolled structure.

3. By incorporating NSDs and damper together in the structure, all the response characteristics can
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Figure 5.12: First floor response and base shear of NS (Pacoima GM; PGA=0.78g)

be consistently reduced.

5.3 Analytical modeling of nine-story frame

The advantages of installing NSDs and supplemental dampers in multiple stories is demonstrated through
simulation studies on a nine-story, one-bay shear building (Pasala et al., 2012b). The story stiffness is
assumed to be bilinear inelastic, inherent viscous damping of 1% is assumed for each story. Damping
coefficient is calculated using the elastic stiffness of the structure, and maintained constant throughout the

inelastic regime. Three dimensional drawing of the shear building with the NSDs installed in the walls
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(a) Components (Experiment) [AS]

(b) Components (Simulation) [AS]
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Figure 5.13: Comparison of F-D behavior of NS with components (Pacoima GM, PHA=0.78g)

at each story level is shown in Figure 5.20(left). Schematic diagram showing the equivalent components
in each story, i.e. bilinear inelastic columns, supplemental passive damper and NSD is shown in Figure
5.20(Right). When connected, the NSDs will only transmit lateral forces and the device is self-contained
in the vertical direction. The governing equation for the i*? floor is given by:

(.1)

m;it; + Fy; (ng;) + Fyspi (ng;) 4 ¢; (itg;) = Fopoy (#g;01) = Fnspi (#aiv1) — o1 (gigg) =0

where, subscripts i, i+1, i-1 stands for the story number. ; is the mass of i*” floor. #,; = u; — u,_,, is the
inter-story deformation of the i*# floor. u;, i; and i, are the displacement, velocity and acceleration of
the i*” floor, respectively. F,, is the force exerted by the bilinear inelastic columns in the i*” floor and it is
calculated using Sivaselvan-Reinhorn (SR) model (Sivaselvan and Reinhorn, 2000). The inelastic column

force is given by

Fyi(ng;) = a K ngi + (1—ay) K ng,z (.2)
dz 1
<d - > - (1 - |Zsi|775i (}/sisgn (Zsi X d”di) +/65i)) (5'3)
"y, Usyi

K.

,; 1s the initial elastic stiffness of the floor, «

is the post-yielding stiffness ratio, #,,; is the yield

syi
displacement. The parameters 7, ¥,;, and /3,; are the constants in Sivaselvan-Reinhorn model for *?

si

story. The tangential stiffness of the hysteretic part is proportional to d z,; /d ;. The tangent stiffness of
the system, K, ;, can be then be represented by Eq. 5.4, which shows low stiffness after yielding (z — 1):

K, =K (ag+(1=ag) (1=|z;% (y,;sgn (z,; x dug;) + B;))) 64
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Figure 5.14: F-D behavior of all the floors in AS, BS, PS and AS with components (Pacoima GM;
PGA=0.789)

Mass, elastic-stiffness, yield displacement, damping values and the values of the SR model in the individual
floor are obtained from the 3SFS presented in 3. The damping term consists of two components as shown
in Eq. 5.5

Fpj=c; (i =t y) =2(& + & i) o Koim; (; — 1) (5-5)

&. is the inherent damping ratio of the i*” floor and &, ;; is the damping ratio of the supplemental damper
added along with the NSD. In this study &; =1% is used based on the experimental observations and
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Figure 5.15: Comparison of F-D behavior of all the systems in first-floor (Pacoima GM; PGA=0.78g)

&,4;=20% (initial) is adopted based on the results presented in chapter 1. The force exerted by the NSD,
Fysp; 1s given in Eq. 5.6 (also presented in Eq. 2.10).

Pin+Kslp ll 12 lp+ll
Fyspi=— | —————K | |+ ) | 2+ ++ —— | # + K, (uy;) ny (5.6)
[ Ly [ 12_ 2 8
2

’ di

The values of the parameters used for the simulations study are: P;,=8 kips; K,.=1.6 kip/in; [,=30
in; [;=10 in; ,=5 in and K|, has bilinear elastic behavior with initial stiffness of 5.9 kip/in and the
stiffness becomes 0.15 ki p/in for deformations larger than 0.3 2. K, represents the behavior of gap-
spring assembly; a two spring assembly connected in series to achieve zero stiffness in NSD for |#| < 14;

The height of each floor is 60 in. and the weight of each floor is 8.9 kips. The first three natural
time-periods of the structure are 1.75 sec, 0.59 sec and 0.36 sec. Two NSDs are incorporated in each
floor. Force deformation behavior the bilinear inelastic system (calculated using Eq. 5.2), supplemental
viscous damper (calculated using Eq. 5.5), the NSD force (calculated using Eq. 5.6) and the assembly is
shown in Figure 5.21. All the simulation results on nine-story frame are normalized and represented in
dimensionless terms: force terms are normalized with respect to the yield force of the columns, £, , floor
displacement and inter-story deformations are normalized with respect to the yield displacement, #, of
the columns.

The governing equation for the entire structure subjected to a ground motion with acceleration 7, (¢)
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(a) First-floor deformation
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Figure 5.16: Comparison of the time-history of first floor response in all systems (Pacoima GM;
PGA=0.789)

is given by
Mu, (¢) + Cu,(¢) + F (u,) + Fngp (u,) = —Mlii, (¢) (5.7)

where, M and C are the mass and damping matrices of the structure. v (¢), u.(¢) and u,(¢) are the
displacement, velocity and acceleration vectors containing the floor response at each story with respect to
the ground. F_ and Fygp are the force vectors consisting of the nonlinear forces exerted on each mass due

to the nonlinear stiffness of the structure and the NSD, respectively. I is the influence coetficient vector
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Figure 5.17: F-D behavior of all the systems and components shown separately (Pacoima GM;
PGA=0.789)

for ground acceleration. Two other force terms will be used in the simulation studies presented in the next
section; F; refers to assembly shear-force in the i*” story and F,, refers to the base shear (foundation force)
of the structure. Using the analytical models described in this section, simulation studies demonstrating
the advantages of using NSDs in multiple stories is demonstrated next.

The properties of NSD have to be chosen such that the strength reduction factor of bilinear structure
and NSD assembly should comply with the values described in ASCE-07. The properties of the elastic
structure, bilinear inelastic structure and assembly are shown in Figure 5.22. The strength reduction
factor of the test frame used in this study, R,, = F,/F,, is 1.25, but the suggested strength reduction
factor in the design codes is 4. F, is the maximum force in the elastic system for the suite of the ground
motions used in this study and F, is the yield force of the three-story structure. Since the columns of
the test frame are conservative, the NSD is added to the system so that a strength reduction factor of 4 is
achieved without altering the structure properties. After adding the NSD the strength reduction factor
of the assembly, R,/ = F, / Fy’:4. The strength reduction factor R, should not be greater than 4 due to
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Figure 5.18: Comparison of response profile of all the systems in unbraced 3SFS (Pacoima GM;
PGA=0.789)

safety considerations. F; is the apparent-yield-strength (force in the NSD and structure assembly at ”3//)
Hence, the NSD and structure assembly has a strength reduction factor, R, , = F, / Fy/ of 5.

The ground movement during an earthquake will transmit energy to the structure. The peak response
of the superstructure depends on the amount of energy transmitted from the ground motion. The impact
of reducing the accelerations by adding the NSD is justified based on the amount on input energy trans-

mitted to the structure. Using the governing equation developed in Eq. 5.7, the energy equation for the
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Figure 5.19: Bar graphs summarizing the shake-table results of unbraced 3SFS

structure will be (Chopra, 2007)

t t n

t
(#,C)du, -+ | Fnspldu, = [ |3 m) | d, 68)

1

—uTMur + J

2 .
0 1=1

. . O
Kinetic energy Damper dissipated energy ~ Work done by NSD

Input energy

In Eq. 5.8, the term on the right hand side represents the input energy transmitted to the structure due to

the ground motion; it depends on the ground displacement, #,, and the acceleration of individual floor,
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Table 5.1: Summary of the peak responses from the shake table tests on unbraced structure [Elastic-tests]

SI. Ground s Cmd. First-floor response Base shear
stem
no. motion Y PGA (g) Deform. (in)  Accel. (g)  (kip)
U BS* 131 3.00 0.85 0.68 12.60
2 (E(; ‘ : PS*  096(27%) 2.38Q21%)  071(17%) 025 9.73(23%)
t
3 PGT: ;C” NS*  2.38(81%) 3.48(16%)  0.78(9%)  0.55 14.3(-14%)
4 w8 AS 1.15(12%)  1.88(37%) 0.50(42%) 0.18 7.61(40%)
5 , BS 1.49 3.15 0.69 0.34 13.91
Pacoima
6 Elastic PS* 1.15(23%)  2.51(20%) 0.60(13%)  0.14 11.40(18%)
t1
7 PGT: ;62 NS*  2.15(45%) 2.73(13%)  0.61(12%) 031 8.12(42%)
8 0T TS 1.25(16%)  2.14(32%) 0.58(16%) 0.12 8.20(41%)
9 , BS* 2.11 459 0.87 0.47 16.63
Pacoima
10 o S 1.50(29%)  3.60(22%) 0.83(5%)  0.23 14.49(13%)
(Yielding)
1 Ao NS 2.78(32%)  4.12(10%) 0.64(26%) 0.60 11.86(29%)
12 R AS* 1.73(18%)  2.72(41%) 0.68(22%) 0.07 10.34(38%)
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Figure 5.20: Schematic diagram of multi-story building with NSDs in every floor
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Figure 5.21: F-D plots depicting the strength reduction in single story
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Figure 5.22: Schematic F-D plots depicting the strength reduction factor

it;. There is an additional term on the left hand side due to the addition of NSDs; work done by the NSD.
Since the NSD exhibits nonlinear elastic behavior, the total work done by the NSD will be zero after the
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ground motion if there is no permanent deformation in the primary structure. By comparing the response
of a structure and NSD assembly with an uncontrolled structure; since the ground displacement remains
the same for both the structures, reducing the acceleration of the structure is equivalent to reducing the

amount of energy transmitted. This is further justified through simulation studies in the next section.

5.4 Vertically distributed isolation

To justify the addition of NSDs and also to highlight the role of NSDs, the response of three systems
is compared in this study: base structure or primary structure (BS); primary structure with dampers or
passively controlled system (PS); primary structure with NSDs and dampers or adaptive system (AS).
As explained in the previous sections, adding the NSDs will reduce the acceleration of superstructure
or in other words, the amount of energy transmitted to the super structure is decreased. The added
supplemental damper will contain the excessive interstory deformations caused due to the reduction in
the assembly stiffness. In the previous section, experimental results are presented with NSDs in the first
floor of 3SFS. To exemplify the isolation attributes possessed by the NSD, the response of nine-story
structure with a NSD and damper in the third-floor (randomly chosen) is analyzed next.

Nine-story structure (BS), nine-story structure with viscous damper in the third floor (PS-3) and nine-
story structure with NSDs and viscous damper in the third floor (AS-3) are subjected to three cycles of
sinusoidal ground motion. The time period of the input ground motion is equal to the fundamental
period of the structure. The peak inter-story deformation, #,;, of all the floors is compared in Figure
5.23(a) for BS, PS-3 and AS-3. Inter-story deformations are normalized with the yield displacement of the
floor-columns, #y3 SO, Uy, / ny > 1 infers that the floor has undergone inelastic deformation. The floor
displacement with respect to the ground is shown in Figure 5.23(b) and the floor acceleration is shown in
Figure 5.23(c).

The force-deformation behavior of the three systems in third-floor is shown in Figure 5.24 and the
response of the roof displacement, acceleration and base shear are shown in Figure 5.25. A vertical line is
shown in Figure 5.25 at 5.75 sec marking the stop time of external input. From Figure 5.23-5.25, it is clear
that the addition of damper in the third-floor (PS-3) resulted in very little reduction of the peak response
characteristics. By adding two NSDs in the third floor along with the damper (AS-3), the response of
the structure both above and below the third-floor is significantly reduced. For the AS-3, inter-story
deformation in the first story and base shear (shown in Figure 5.25) is reduced by 50%, roof displacement
is reduced by 15% and the roof acceleration (shown in Figure 5.25) is reduced by 30% compared to the BS
and PS-3. Columns in all the floors of AS-3 remained elastic, except third floor, but the first three floors in
BS and PS-3 have yielded. The reduction in response achieved in AS-3 is mainly attributed to two factors:

1. The energy transmitted to the floors four through nine is reduced due to the reduction in assembly
stiffness of the third-floor. As explained previously in section-2, once the NSD engages, the assem-

bly stiffness reduces and as a result the forces transferred to the floors above the third floor will be
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Figure 5.23: Comparison of the maximum response profile of the structure for periodic input. In AS-3,

NSD and damper is placed in the third floor.

reduced.

2. By incorporating NSD, resonance in AS-3 can be avoided. Since the excitation frequency is match-
ing with the natural frequency of BS and PS-3, they will resonate resulting in large deformations
and accelerations. Whereas in the AS-3, after the NSDs are engaged (inter-story deformation of
third floor exceeds the “apparent yield-displacement”, u;, of the NSDs), due to the bilinear-elastic
behavior of the NSD and structure assembly, the natural frequency of the assembly changes and the

assembly is prevented from resonating.

It is clear from Figure 5.23-5.25 that the addition of NSD in a particular floor results in reduction of
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the response of the floors above that floor. Although the response of the superstructure and substructure
of the third-floor in AS-3 is reduced, the third floor has undergone deformations twice that of BS and PS-3
due to the reduction in assembly stiffness. Also, the third floor in AS-3 has undergone large permanent
drift where as the other systems remained elastic, shown in Figure 5.24. Although a passive damper is
present in the third floor of AS-3 along with the NSDs, it is not enough to prevent the primary structure
from undergoing inelastic deformations. Subsequent sections in this chapter discuss various approaches

to prevent these large localized deformations.

(a)F-D plots of third-floor

Force (F3/F))

-15 -1 -0.5 0 0.5 1 15 2 25
Deformation (ugs3/uy)

Figure 5.24: Comparison roof acceleration and base shear experienced by the BS, PS-3 and AS-3 for peri-
odic input. In the case of AS-3, NSD and damper are placed in the third-floor and only damper in the case
of PS-3.

Further, two NSDs and a viscous damper are placed in every floor for AS and a damper is placed in
every floor for PS. The peak inter-story deformation, floor displacement and floor acceleration are shown
in Figure 5.26. The force-deformation behavior of the three systems in first-floor is shown in Figure 5.27,
response of the roof acceleration and base shear are shown in Figure 5.28. Adding viscous dampers in
all the floors to the primary structure (PS) will result in the reduction of inter-story deformation of first
floor by 35%, roof deformation by 20% and roof acceleration by 35% compared to BS (shown in Figure
5.26), but the base shear of the structure is same as the BS, shown in Figure 5.28(c). With the addition of
NSDs in every floor (AS), all the responses are further reduced by 20% and the base shear is also reduced
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Figure 5.25: F-D behavior of third-floor for periodic input. In the case of AS-3, NSD and damper are
placed in the third-floor and only damper in the case of PS-3.

by more than 50%. The reduction in response is again due to the reduction in the force transmitted to
the superstructure due to the addition of NSDs and avoiding the resonance state. Unlike the results with
NSD:s only in third-floor (shown in Figure 5.23-5.25), by adding NSDs in all the floors, the response is
consistently reduced in all the floors without any excessive localized deformations.

Preliminary analysis has revealed that even with the NSDs and dampers in every floor (AS), large

inter-story deformations in the bottom three floors is common for six ground motions used in this study.
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Figure 5.26: Comparison of the maximum response profile of the structure for periodic input. In AS-3,
NSD and damper is placed in the third floor.

The peak interstory deformation, floor displacement and floor acceleration are shown in Figure 5.29 for
Kobe-JMA (NS component) ground motion with PGA of 0.84g. From Figure 5.29, although the floor
accelerations and floor displacements of AS are substantially reduced, the inter-story deformation in the
first floor is very high (u,;/#,=1.65). This is due to the fact that during a ground motion, the forces are
transmitted from bottom to top in multi-story structure, so the bottom stories always yield first. Since
the magnitude of all the ground motions used in this study is high, the columns in first floor have yielded
significantly in all the test cases.

However, the results presented in Figure 5.23-5.25 are an exception because of the time-period of

123



(a)F-D plots of third-floor
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Figure 5.27: Comparison roof acceleration and base shear experienced by the BS, PS and AS for periodic

input. In the case of AS, NSDs with dampers are placed in all the floors and dampers are placed in the case
of PS.

the input ground motion. If the time-period of the ground input is large (greater than or equal to the
fundamental period of the structure), then all the NSDs in the higher floors also engage as a result the
response reduction is achieved over multiple floors. For short period pulses like the ground motion data,
only the NSDs in the first-floor engage as a result the columns in the first floor will always undergo large
inelastic deformation. To overcome this limitation, the properties of NSDs in different floors are modified
such that NSDs in all the floors engage to prevent excessive inter-story deformation in the first-floor.
“Apparent yield-displacement”, u; , of NSDs in different stories is modified to achieve the desired
objective. Using an optimization algorithm, the desired set of apparent yield-displacements of NSDs in
all the floors is calculated by minimizing the peak responses of all the floors. Constrained nonlinear
optimization algorithm is used to find the optimal NSD properties. The objective function is a weighted

sum of individual story drifts and story acceleration as shown in Eq. 5.9.

9
H:Z(Ad|”di|+/14|”'i|) (5.9)

1=1
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Figure 5.28: F-D behavior of first-floor for periodic input. In the case of AS, NSD and damper are placed

in all floors and only damper in the case of PS.

Ay and A, the weighting functions used in calculating the objective function. The goal of optimization
is to minimize I, subject to the constraints that the strength reduction factor of individual story R;yi
should be less than 4, shown in Eq. 5.10.

min T (i, ) (5.10)
’28
subject R, <4 (5.11)
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Table 5.2: Optimized apparent yield displacements (normalized) in each story for all ground motions

Floor No. Kobe Sylmar Newhall Chi-Chi Rinaldi Erzikan

1 1.00 1.00 1.00 1.00 1.00 1.00
2 0.86 0.76 0.83 1.00 0.75 0.94
3 0.79 0.71 0.67 0.93 0.60 0.90
4 0.71 0.67 0.67 0.86 0.55 0.90
5 0.71 0.71 0.67 1.04 0.50 0.90
6 0.71 0.71 0.67 1.07 0.50 0.90

The damper properties remain unchanged i.e., viscous damper with 20% damping ratio. Response of
the structure with different NSD properties in every floor is referred as AS-optimal.

Since the primary structure is inelastic system and the NSD is nonlinear, the optimization problem
is nonconvex and will have no unique solution. For each ground motion, several solutions were obtained
from the optimization tool (MATLAB, fmincon (MATLAB, 2010)) by changing the starting seed. The so-
lutions that follow a certain trend are picked as the acceptable solutions. Obtaining a generalized solution
given the structure properties and design ground motion will be the focus of future study.

The optimal NSD parameters obtained from the optimization has revealed that the 14; of the second
floor should be lower than the u; of first floor so that NSDs in both the floors will engage at the same
time and prevent excessive deformation in the first-floor. By extending this idea to higher floors, 14;
should decrease from bottom floor to top floor. The values of u; in AS-optimal are listed in Table 5.2
for six ground motions; values are normalized with the first-floor #’. It should be noted that there are
multiple solutions to the optimization problem and the results that suit the general pattern are chosen and
reported in this study. After the NSDs in the bottom five floors are engaged the upper four floors have
undergone very little deformation so the u; of floors six to nine have no impact on the overall behavior.

The peak inter-story deformation of all the floors is compared in Figure 5.29(a) for BS, PS, AS and AS-
optimal for Kobe-NS ground motion [PGA=0.84¢g]. The floor displacement with respect to the ground
is shown in Figure 5.29(b) and the floor acceleration is shown in Figure 5.29(c). The force-deformation
behavior of BS, PS and AS-optimal in first-floor is shown in Figure 5.30 and the response of the roof
displacement, acceleration and base shear are shown in Figure 5.31. It is clear from the response profiles
in Figure 5.29(a) that the peak inter-story deformation of all the floors is reduced in the case of AS-optimal.
The floor deformation of the roof is reduced by more than 15%, the roof acceleration is reduced by 30%
and base shear is reduced by more than 30% compared to BS and PS, shown in Figure 5.29-5.31 and
Table 5.3. In the case of inter-story deformation and floor acceleration the achieved reduction in all the
floors should also be a criterion. To take this into account the average of response in all the floors is
calculated and used as a performance index. The profiles of story drift, story acceleration and inter-story

deformation of the nine-story frame for all the six ground motions comparing the BS, PS and AS-optimal
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are shown in Figure 5.32, 5.33 and 5.34, respectively. Bar-graphs summarizing the results from all the six
ground motions are shown in Figure 5.35 and tabulated in Table 5.3. AS in Figures 5.32-5.35 and Table
5.3 refers to AS-optimal.
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Figure 5.29: Comparison of the maximum response profile of the structure for Kobe-NS ground motion

[PGA=0.84¢])

The story drift profiles shown in Figure 5.32, confirms that the addition of dampers (BS and AS-
optimal) will reduce the story drifts compared to BS. With the addition of NSDs in all the floors along
with dampers, the drift is localized to the first three or four floors and the higher stories undergo rigid
body motion, from Figure 5.32 and Figure 5.34. The inter-story deformation in the bottom three floors
of NS is higher than the PS in case of Chi-Chi and Rinaldi ground motions, but is consistently less than
the BS by more than 20%. Although the inter-story drifts of AS-optimal is higher than PS for few ground
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F-D plots of first-floor
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Figure 5.30: F-D behavior of the 1st floor in BS, PS and AS-optimal for Kobe-NS ground motion
[PGA=0.84g]

motions, the average drift is less than PS, shown in Figure 5.35 and the Table 5.3. This shows that the inter-
story deformation is localized in the bottom floors, essentially isolating the higher floors. The acceleration
profiles shown in Figure 5.33 for all the ground motions shows the acceleration reductions in all the floors.

The bar-graphs shown in Figure 5.35 and the Table 5.3 can be summarized as follows:

1. The floor acceleration, roof displacement and base shear of AS-optimal is consistently less than BS

and PS by more than 20% for all the ground motions.

2. Peak inter-story deformation of AS-optimal for some ground motions is higher than PS but it al-
ways less than BS. Although the maximum inter-story deformation of AS-optimal, which generally
occurs in the bottom three floors, is larger than PS, it should be noted that the inter-story deforma-
tion in all other floors is less than BS and PS.

3. Adding the NSDs will result in consistent reduction of floor accelerations, floor deformations of all

the floors (average values in Table 5.3 and Figure 5.35) and base shear as compared to BS.
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Table 5.3: Summary of the peak responses from the shake table tests on unbraced structure [Yielding-
tests|

SI. Ground s PGA  Drift Inter-defor #y; /n, Accel. it; /ii, Base shear
S
no. motion tg’m (9] uy/H Max. Mean Max. Mean 5 /F,
1 Kob BS 0.84 1.30 1.80 1.08 1.49 1.05 1.16
obe-

2 o5 _FS_ 08t LII4) 09547) 070(4) 074(0) 06241) 096(18)

3 ’ AS 084 093(29) 107(41) 054(50) 035(77) 0.39(63) 0.56(52)

4 Erzikan- BS 0.36 1.66 1.24 0.84 1.72 1.09 1.05

5 NS PS 036 141(15 09325 0.6720) 1.07(38) 073(33) 0.92(13)

6 (1992) AS 036 1.19(28) 0.87(30) 0.6029) 0.64(63) 0.58(47) 0.34(68)

7 . . BS 0.63 1.55 1.77 1.11 1.72 1.10 1.15
Rinaldi-FN

8 (1994) PS 0.63 1.35(13) 1.09(38) 0.82(26) 0.96(44) 0.72(35) 1.05(9)

9 AS 063 140(10) 1.628) 076(31) 02685 0.34(69) 0.50(56)

10 Newhall- BS 0.55 1.37 1.25 091 1.93 1.39 1.05

11 FN PS 055 1.02(26) 1.01(19) 0.65(28) 0.96(0) 0.82(41) 1.00()

12 (1994) AS 055 1.24(10) 1.35(-8) 074(19) 0.34(83) 0.45(67) 0.54(48)

13 o BS 0.20 1.83 1.86 0.88 2.09 1.51 1.17
Chi-Chi

14 NS (1999) PS 0.20 1.59(13) 1.2135) 0.71(19) 1.33(37) 1.08(29) 1.05(11)

15 AS 020 131(28) 1.88(1) 0.88(1) 0.83(60) 0.66(56) 0.59(49)

16 BS 0.61 1.98 1.39 0.99 1.48 1.05 1.08
Sylmar-FN

17 (1994) PS 0.61 1.77(10)  1.10(21) 0.80(19) 0.65(56) 0.52(51) 1.04(3)

18 AS 061 1.07(46) 1.18(15) 0.59(40) 0.24(84) 031(71) 0.45(58)
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Figure 5.31: Comparison of roof acceleration and base shear experienced by the BS, PS and AS-optimal
for Kobe-NS ground motion [PGA=0.84g]

5.5 Summary

In this chapter, the advantages of using NSDs in multi-story structures are demonstrated through exper-
imental and simulation studies. Shake-table studies have been performed on three-story fixed base struc-
ture with two NSDs and a viscous damper in the first floor. Experimental results have proved that the
addition of NSDs in the first-floor will screen the input energy transmitted to the super structure. How-

ever, the first-floor is subjected to large inter-story deformation due to the reduction in stiffness with the
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Figure 5.32: Comparison of the story drift profiles of BS, PS and AS

addition of NSDs. By adding a viscous damper along with the NSDs, the deformations can be contained
without increasing the base shear and roof accelerations.

Experimental results on the unbraced 3SFS have confirmed that the inter-story deformations, roof
accelerations and base shear of the AS will be consistently reduced by more than 15%, 20% and 40%,
respectively, compared to the BS, PS. NSDs are capable of absorbing most of the input energy and dissipate
it through the viscous damper thus preventing the structural and non-structural components of the super-

structure from experiencing large accelerations and preserve the integrity of the structure. Also, the huge
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Figure 5.33: Comparison of the story acceleration profiles of BS, PS and AS

reductions in base shear will avoid the large foundation forces experienced otherwise. Generic numerical
models are also developed and calibrated to replicate the experimental results at component level and
assembly level. These models can be used to study the sensitivity of the design parameters for the structure
and the NSD. Given the nonlinear behavior of the components and the complexity of the assembly, the
close agreement between the experimental results and the analytical predictions shows that developed
models are representative of the actual structures.

Comprehensive simulation studies have also been carried on 1:3 scale nine-story yielding structure, to
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properties) in multiple stories and letting them engage at the same time.

analyze the role of NSDs in multistory buildings and also to find the desired configuration of NSDs to
achieve response reduction during severe ground motions. Results presented herein have confirmed that
the addition of NSD in a particular story will prevent the transfer of the input energy from ground motion
to the super structure and also the resonance state of the primary structure can be avoided. However,
the inter-story deformations in the installed floor will be significantly larger compared to uncontrolled

structure. These excessive localized deformations can be prevented by placing NSDs (having different
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Figure 5.35: Bar graphs summarizing the normalized response of BS, PS and AS for six ground motions

An optimization study has been carried to find the desired properties of NSD as a function of the story
height for six ground motions. The “apparent yield-displacement” of the NSDs should decrease from
bottom to top to prevent large inelastic deformations in the first story. The optimal properties of NSDs
for a given structure and a target response reduction can be calculated based on the site specific spectra.
Response has demonstrated that the base shear and maximum floor accelerations of the AS-optimal is

reduced by more than 40% and 20%, respectively for all the ground motions tested. In all the test cases, the
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top four floors of the nine-story frame have undergone very little deformation confirming that the input
energy is dissipated in the bottom five floors, unlike the base-isolation system where all the deformations
and energy dissipation occurs at the base of structure. This study has revealed that installing NSDs and
dampers in multiple stories can overcome some of the limitations posed by the passive control devices and
base-isolation systems. However, from the practical point of view, the proposed approach and the NSD
needs to be enhanced further because they are sensitive to the design ground motion, the estimated force-

deformation behavior and the excessive permanent deformations observed for severe ground motions.

135






Chapter 6
Conclusions

For a new concept to get accepted and materialize in the structural engineering community, implementation-
lag is about two to three decades. Complexity of the control device and uncertainty over its reliable in-situ
performance plays a major role in getting an approval from the practicing engineers. Taking these factors
into consideration, in this research, we attempted to develop novel adaptive control devices and new con-
trol strategies to mitigate the excessive structural responses during strong earthquake motions. The key
emphasis is on developing an adaptive control device capable of being implemented in a real-life structure.

The key contributions of this study are summarized next.

6.1 “Apparent weakening” in elastic SDOF structure

Comprehensive experimental and simulation studies have been carried on SDOF-3SFES structure, to study
the behavior in elastic structure and negative stiffness device (NSD) assembly for a suite of ground mo-
tions. Five ground motions are used for shake table tests and seven ground motion are used for simulation
studies; the ground motions chosen are representative of both near-fault and far-field earthquakes. Shake
table studies carried on a SDOF-3SES with the NSDs and damper installed in the first floor (AS) show that
by adding NSD to the elastic structure, a bilinear elastic system can be emulated and as a result the base
shear demands on the main structure during strong earthquakes can be reduced by 30%. The peak accel-
eration experienced by the structure is also reduced by more than 20%. However, the peak displacement
of the NSD and structure assembly is increased due to the reduction in stiffness induced by the NSD.
These increased deformations are controlled by adding a viscous damper. Consistent response reductions
are observed for a suite of ground motions by the addition of the viscous fluid damper. The observed
experimental behavior can be reproduced by the presented analytical models at the component level and
also for the structure and device assembly.

It has been shown through the numerical studies that the addition of viscous damper will reduce the

peak deformation by more than 20% but the structure will experience almost the same acceleration and
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base shear as the uncontrolled structure. The NSD in conjunction with a viscous damper is capable of

simultaneously reducing the base shear, the acceleration and the displacement of the structure.

6.2 “Apparent weakening” in yielding SDOF structure

With the addition of NSD to the bilinear inelastic structure, the base shear and accelerations of the as-
sembly are reduced by more than 30% for ground motions in which there is mild yielding in the primary
structure. For more severe ground motions, the deformations of the assembly will be larger than the
stiffening point of NSD; resulting in very high assembly stiffness thereby increase in base shear and ac-
celerations of the assembly. However, the high stiffness of the assembly will prevent the structure from
collapsing. In the case where there is heavy yielding in the primary structure, the permanent drift in
the assembly is larger than the plastic deformation in the primary structure. The permanent drift in ex-
cess of the plastic-deformation in the primary structure can be completely recovered by disengaging the
NSD from the primary structure. It has also been demonstrated that the stiffening in NSD will prevent
the structure from collapsing. Analogous to the inelastic design, the acceleration and base shear and de-
formation of the structure and NSD assembly can be reduced by more than 20% for moderate ground
motions and the collapse of structure can be prevented for severe ground motions. Additionally, part

of the inelastic excursions incurred after a severe ground motion can be recovered by disconnecting the

NSD.

6.3 Distributed isolation in MDOF structure using NSD

The advantages of using NSDs in multi-story structures are demonstrated through experimental and sim-
ulation studies. Shake-table studies performed on three-story fixed base structure have proved that the
addition of NSDs in the first-floor will screen the input energy transmitted to the super structure. Exper-
imental results on the unbraced 3SFS have confirmed that the inter-story deformations, roof accelerations
and base shear of the AS will be consistently reduced by more than 15%, 20% and 40%, respectively,
compared to the primary structure (BS) and primary structure with passive damper (PS). NSDs are ca-
pable of preventing the transmission of input energy thus preventing the structural and non-structural
components of the super-structure from experiencing large accelerations and preserve the integrity of the
structure.

Also, reductions more than 30% in base shear will avoid the large foundation forces experienced oth-
erwise. Generic numerical models are also developed and calibrated to replicate the experimental results
at component level and assembly level. These models can be used to study the sensitivity of the de-
sign parameters for the structure and the NSD. Given the nonlinear behavior of the components and
the complexity of the assembly, the close agreement between the experimental results and the analytical

predictions shows that developed models are representative of the actual structures.
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Comprehensive simulation studies carried on 1:3 scale nine-story yielding structure, demonstrated
the role of NSDs in multistory buildings and also to find the desired configuration of NSDs to achieve
response reduction during severe ground motions. Addition of NSD in a particular story will prevent the
transfer of the input energy from ground motion to the super structure and also the resonance state of
the primary structure can be avoided. However, the inter-story deformations in the installed floor will
be significantly larger compared to uncontrolled structure. These excessive localized deformations can
be prevented by placing NSDs (having different properties) in multiple stories and letting them engage
at the same time. The “apparent yield-displacement” of the NSDs should decrease from bottom to top
to prevent large inelastic deformations in the first story. The optimal properties of NSDs for a given
structure and a target response reduction can be calculated based on the site specific spectra. Numerical
studies have demonstrated that the base shear and maximum floor accelerations of the AS with optimal
NSD properties are reduced by more than 40% and 20%, respectively for all the ground motions tested.
In all the test cases, the top four floors of the nine-story frame have undergone very little deformation
confirming that the input energy is dissipated in the bottom five floors, unlike the base-isolation system

where all the deformations and energy dissipation occurs at the base of structure.
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Mander, J.H. Kim and C.A. Ligozio, 5/31/96, (PB97-110910, MF-A02, A10).
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G.M. Calvi, 3/19/97, (PB97-194666, A13, MF-A03).
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by A. Singhal and A.S. Kiremidjian, 9/10/97, (PB98-108988, A13, MF-A03).
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