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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 dam-
age. 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 “nega-
tive 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 displace-
ment (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 signifi-
cantly reduce and may even amplify inelastic excursions and permanent deformations 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 excur-
sions 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
conceptresults 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 negative 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 accommodate any change in the properties
of the structure observed over time. Itis 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 experimentally 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 experiments. Shake table tests confirmed that by adding
the NSD and damper, acceleration, base shear and deformations of the structure can be sig-
nificantly 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, implement and experimentally test the NSDs in a
highway bridge. The bridge was configured with various isolation system components (isolation
bearings, negative stiffness devices, and viscous dampers). In addition, the bridge was designed
to mimic either a single-span bridge supported on abutments or an interior span of a multi-span
bridge. The results of the investigation clearly demonstrate the effectiveness of the negative
stiffness devices in limiting the seismic response of the bridge for multiple bridge configurations.
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ABSTRACT

A new control device has been developed and implemented for seismic response control of
highway bridges. The device produces negative stiffness in a completely passive manner via a
mechanical mechanism. Numerical simulations and experimental shaking table tests have
demonstrated the effectiveness of the device in limiting the seismic demands on bridge
structures. The main feature of the negative stiffness device is a pre-compressed spring, which
can push the structure away from its center position and thus induce negative stiffness. When
implemented in parallel with a structure having positive stiffness, the combined system appears
to have substantially reduced stiffness while remaining stable. Thus, there is an "apparent
weakening" of the structure that results in an "apparent yield point," reduced forces and
increased displacements. The increase in displacement response can be limited by incorporating
a damping device in parallel with the negative stiffness device or by adding friction to the device
assembly.

In this report, the negative stiffness devices are described along with their hysteretic behavior as
obtained from a series of cyclic tests that were utilized to calibrate the parameters of a numerical
model. In addition, results from numerical simulations and seismic testing of a quarter-scale
bridge model are presented wherein the bridge was configured with various isolation system
components (isolation bearings, negative stiffness devices, and viscous dampers). In addition, the
bridge was designed to mimic either a single-span bridge supported on abutments or an interior
span of a multi-span bridge. The results of the investigation clearly demonstrate the effectiveness
of the negative stiffness devices in limiting the seismic response of the bridge for multiple bridge
configurations.
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SECTION 1. INTRODUCTION

A new passive seismic response control device has been developed and implemented in a bridge
model and shown to be capable of producing negative stiffness via a purely mechanical
mechanism. The main feature of the Negative Stiffness Device (NSD) is a large pre-compressed
spring, which can push the structure away from its center position and thus induce negative
stiffness behavior. Only a few researchers have investigated the application of the negative
stiffness concept to bridge structures. Their work has demonstrated the potential effectiveness of
such devices for seismic protection. Although the concept of negative stiffness may appear to be
a reversal on the desired relationship between the force and displacement in structures (the
desired relationship being that the product of restoring force and displacement is nonnegative),
when implemented in parallel with a structure having positive stiffness, the combined system
appears to have substantially reduced stiffness while remaining stable. Thus, there is an
"apparent weakening and softening" of the structure that results in reduced forces and increased
displacements. Any excessive displacement response can then be limited by incorporating a
damping device in parallel with the negative stiffness device. The combination of negative
stiffness and passive damping provides a large degree of control over the expected performance
of the structure.

In the first chapter of this report, initial numerical studies are presented on the
performance of a seismically-isolated highway bridge model that is subjected to various strong
earthquake ground motions. The Negative Stiffness Devices (NSDs) are described along with
their hysteretic behavior as obtained from a series of cyclic tests wherein the tests were
conducted using a modified design of the NSDs (modified for testing within the bridge model).
Using the results from the cyclic tests, numerical simulations of the seismic response of the
isolated bridge model were conducted for various configurations (with/without negative stiffness
devices and/or viscous dampers). The results demonstrate that the addition of negative stiffness
devices reduces the base shear substantially, while the deck displacement is limited to acceptable
values. This assessment was conducted as part of a NEES (Network for Earthquake Engineering
Simulation) project which included shaking table tests of a quarter-scale bridge model to validate
the results from the numerical simulations presented in this chapter.

In the second chapter, the implementation of the device within a quarter-scale bridge
model and its performance under seismic loading conditions is evaluated via shaking table tests.
For these tests, the bridge is seismically isolated using elastomeric bearings and includes some
tests with NSD's and some with viscous dampers. Four different isolation system configurations
are considered: isolated bridge (IB), IB with viscous dampers, IB with NSDs and IB with viscous
dampers and NSDs. In addition, two bridge pier configurations were considered, one with
flexible piers (mimicking a middle span of a multi-span bridge) and one with braced piers
(mimicking a single span bridge supported on abutments). The experimental results clearly
demonstrate the effectiveness of the NSDs in limiting the seismic response of the bridge and
provide validation of numerical simulation results wherein the numerical models of the bridge
model components were calibrated via system identification testing.

In the third chapter, details of the experimental results and their comparison with
numerical simulations under a wide range of ground motions are presented. In addition,
performance indices were developed to systematically and quantitatively evaluate the relative
performance of different isolation system configurations that employ combinations of positive
and negative stiffness as well as various levels of positive damping. Further, the influence of



boundary conditions (rigid versus flexible bridge piers) on the effectiveness of employing
negative stiffness devices has been evaluated. Finally, concepts for graphical interpretation of the
performance indices are presented and used to demonstrate the degree to which employing
negative stiffness may be beneficial in improving the seismic response of bridge structures.
Finally, results from cyclic testing of the NSDs and shake table testing of the bridge model for
the eight configurations described previously, are provided in the appendices along with the
details of bridge model instrumentation and fabrication drawings.



SECTION 2. NUMERICAL SIMULATIONS OF A HIGHWAY BRIDGE STRUCTURE
EMPLOYING ADAPTIVE PASSIVE NEGATIVE STIFFNESS DEVICE FOR
SEISMIC PROTECTION

2.1 Introduction

Bridge structures provide a vital link in many transportation systems and thus their damage
during earthquakes can have severe consequences. In an effort to improve the seismic
performance of bridges, different types of protection devices (passive, active and semi-active)
have been analyzed, tested, and implemented. Common passive seismic protection devices for
bridges include elastomeric bearings, sliding bearings, viscous dampers, and viscoelastic
dampers. Through numerical simulations and experimental testing, a number of researchers have
demonstrated the effectiveness of such devices. However, there have been studies on
seismically-isolated bridges that indicate that passive systems may have reduced effectiveness
(and sometimes can degrade performance) in cases where the ground motion exhibits strong
velocity pulses (e.g., Nagarajaiah et al., 1993). In such near-fault ground motion conditions, the
velocity pulse can amplify the dynamic response of the isolated bridge when the pulse period is
close to the fundamental period (Shen et al., 2004). Furthermore, it is generally understood that
passive seismic protection devices that are effective in reducing the displacement of the bridge
deck may not reduce the shear force in the piers and the acceleration of the bridge deck since
such force-related response quantities have peak values that are dictated by the yield strength of
the structure.

In addition to passive devices, active and semi-active devices have been tested and
implemented in bridges. As an example, Sahasrabudhe and Nagarajaiah (2005a and 2005b)
conducted experimental and numerical studies on semi-active control of sliding isolated bridges
using magneto-rheological (MR) dampers and variable stiffness systems. About a decade ago,
Iemura and Pradono (2003) and Iemura et al. (2006) evaluated an application of actively
controlled pseudo-negative stiffness via numerical simulations of a benchmark cable-stayed
bridge, the intent being to reduce both the base shear of the bridge and the deck displacements.
The negative stiffness was provided by a variable hydraulic damping device whose mechanical
properties could be controlled in such a way that the device force was in phase with the bridge
deck inertia force, thereby producing negative stiffness ("pseudo" in that the device must be
externally controlled with feedback to produce the desired behavior). However, the variable
damper required external power and a feedback signal to be able to generate negative stiffness,
thus reducing its reliability relative to passive devices. Following Iemura’s work, Han et al.
(2010) performed numerical simulations on a four-span bridge model, using Iemura’s actively
controlled pseudo-negative stiffness device and compared its performance with other isolation
systems. Han et al. (2010) showed that, for various ground motions, the combination of Iemura’s
pseudo-negative stiffness system with rubber bearings reduced the base shear by more than 40%
with respect to the rubber bearings alone and by more than 20% with respect to lead rubber
bearings or rubber bearings with viscous dampers. Han et al. (2010) went on to recommend the
use of pseudo-negative stiffness systems in bridges, especially in areas prone to high seismic
intensity.

With the intent of reducing both acceleration and base shear along with deformations,
Reinhorn et al. (2005 and 2009) introduced the concept of weakening of structures (reducing
strength) to reduce earthquake forces. Although this can be effective, it is often at the expense of
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increased displacements, which, however, can be limited through the use of a damping system.
Although weakening of structures with added damping is capable of reducing both the
accelerations and deformations, it may lead to early yielding of the structural system resulting in
damage to the structure and permanent deformations. In 2009, Iemura and Pradono developed
and tested a passive device in a scaled bridge model, capable of producing negative stiffness,
using a portion of the weight of the structure in which the bridge deck was placed on top of
convex pendulum bearings. Their device was similar to an upside-down friction pendulum
bearing in which the negative stiffness is generated due to the weight of the structure applied to
the convex surface (such a configuration is inherently unstable at all displacements). Using the
device in parallel with elastomeric bearings (which provide positive stiffness), the combined
system is a soft system with low horizontal effective stiffness wherein excessive displacement is
controlled by friction damping. Although they were able to test the system on a small-scale
bridge model, transferring the large gravity loads of real full-scale bridges through an unstable
system, which continuously generates negative stiffness between the deck and piers, appears to
be impractical.

Since 2008, our research team worked on the development and experimental testing of a
new seismic protection device that could change its properties passively and mechanically and,
for the first time, could create true negative stiffness behavior (not pseudo-negative stiffness by
means of hydraulic devices, as described previously) to substantially reduce earthquake forces in
structures through “apparent weakening” or softening behavior, additional damping, and
elongation of the fundamental period. The device was a passive device, but it was considered to
be adaptive in the sense that it could change its behavior based on the displacement response of
the structure. In addition, it could create true negative stiffness behavior by using a pre-
compressed spring within an innovative geometrical arrangement of steel braces and levers.
Nagarajaiah and Reinhorn (1994), Nagarajaiah (2010) and Nagarajaiah et al. (2010) showed that
using the negative stiffness device (NSD) in structures would result in decreased dynamic forces
and increased displacements (although the displacements could be limited by including a
damping device in parallel with the NSD) (see Fig. 2.1 where the “assembly” represents the
combined effect of the components). By engaging the NSD's at certain displacements and using
its negative stiffness to create “apparent weakening” or softening behavior, the combined
behavior of the primary structure (which has positive stiffness) with NSD's (which have negative
stiffness) is one in which there is an apparent or virtual yield point at a small force level,
followed by increasing displacement. The response is virtual in that the framing of the primary
structural system does not actually yield; rather, the composite system appears to yield (i.e.,
apparent weakening). Thus, the softening response is of a non-damaging nature in that it occurs
in the NSD's rather than within the primary structural framing system. The combination of
adaptive negative stiffness and passive damping devices provides a large degree of control over
the expected performance of the structure and thus is well suited to performance-based
approaches to seismic design.
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Two prototypes of the NSD (see Fig. 2.2) were fabricated by a leading manufacturer of
seismic protection devices and tested to evaluate their response to cyclic loading. In addition, the
effects of the devices on the seismic response of two different three-story scale-model buildings
(one, an isolated structure that behaved elastically and, two, a fixed-base structure that behaved
inelastically) was evaluated via shaking table tests (Sarlis et al, 2011 & 2012 and Pasala et al,
2011, 2013a and 2013b). In the final stage of the project, the NSD's were implemented in a
quarter-scale highway bridge model and tested on a shaking table (Attary et al., 2012a, 2012b &
2013). Unlike the previous two phases of experimental testing of the NSDs within three-story
buildings, in this set of experimental tests the NSDs react against flexible bridge piers rather
than being directly connected to the foundation of the structure. This chapter focuses on work
that was conducted to prepare for the seismic shaking table tests of the bridge model, including
results from cyclic testing of the NSD, associated analytical modeling of the device, and
numerical simulations of the response of the seismically-isolated bridge model in various
configurations including those that employ NSD devices and/or viscous damping devices.

Figure 2.2. Prototype Negative Stiffness Device



2.2 Negative stiffness device: behavior and analytical model

As described previously, the negative stiffness device (NSD) is a completely mechanical device
that develops a force that is in-phase with the motion of the device. This force is created using a
pre-compressed main spring, which is originally parallel to the sides of the NSD (see Fig. 2.2).
When the NSD frame is subject to a shearing deformation, the main spring becomes inclined,
creating a force in the same direction as the imposed motion. The deformed shape of the NSD is
shown in Figure 2.3 where the top of the NSD is deformed to the right relative to the bottom of
the NSD. The gap spring assemblies shown in Figure 2.3 provide an initial phase of response
where the NSD provides positive stiffness to ensure stability at small displacements. Beyond
some displacement, the gap springs provide negligible positive stiffness, resulting in negative
tangent stiffness for the NSD. The use of gap springs results in a so-called adaptive passive
device since the gap springs can be designed such that the behavior of the NSD is based on the
response (deformation) of the structure to which it is attached. Thus, by using the gap springs,
the designer can dictate the level of deformation at which the composite NSD/structure system
exhibits a definitive reduction in stiffness. Based on the free body diagram shown in Figure 2.3,
the horizontal force developed by the NSD can be obtained from equilibrium of the pivot plate
along with the geometry of the deformed shape:

L, +L
Fup =—F [i] T W i +F,
L, L -

where L is the initial length of the main spring, L; and L, are the lengths of the two sides of the
pivot plate, F, is the force in the gap-spring assembly, u is the shear deformation of the NSD, and
F; is the force in the pre-compressed main spring as given by (assuming linear elastic behavior of
the main spring):
(FetKb ),
S S

2.1)

2.2)

where F, is the initial force in the pre-compressed main spring, K is the stiffness of the main
spring and Ls is the length of the deformed shape of the main spring. For the case of no gap
spring assemblies, imposed motion of the NSD results in immediate development of negative
tangent stiffness (see Fig. 2.4). Beyond some displacement, the main spring loses its pre-
compression and begins to develop tensile force. At that point, the tangent stiffness becomes
positive, ensuring stability of the structure at large displacements (see Fig. 2.4). As the
displacement approaches the length L,, the pivot plate becomes horizontal and the device locks
up with high positive stiffness.
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Figure 2.3. Prototype NSD undergoing cyclic testing and free-body diagrams for evaluation of lateral force

The properties and characteristics of the NSD have been presented in details by Sarlis et
al. (2011 & 2012), Pasala et al. (2011, 2013a & 2013b) and Attary et al. (2012a). In anticipation
of the shaking table tests of the aforementioned bridge model, the properties of the NSDs were
modified to optimize their effect on the structure. The key feature of the device is its negative
stiffness, which is controlled by the stiffness and pre-compression of the primary spring. The
pre-compression force of the primary spring was set equal to 19.57 kN. A summary of the values
of the parameters, which were used in experimental testing of the bridge model, is provided in
Table 2.1.

A

Negative : Positive
Stiffness : Stiffness

Displacement

NSD Force without GSA

Figure 2.4. Behavior of NSD without gap spring assembly



Table 2.1. Values of parameters used to define NSD behavior for implementation in bridge model

Parameter Value
Distance from spring pin to fixed pin (l1) 0.254 m
Distance from lever pin to fixed pin (l,) 0.127 m
Initial length of main spring (L) 0.762 m
Stiffness of main spring (Ks) 140 kN/m
Preload of main spring (Fpc) 19.57 kN

To optimize the behavior of the NSD for the bridge model testing, the gap-spring
assemblies (GSAs) were redesigned such that the negative stiffness is engaged after 0.5 cm of
shearing deformation, creating a virtual yield point at 0.5 cm of relative displacement between
the bridge deck and the top of the piers. The GSAs consist of a pre-compressed soft spring and a
stiff spring in series (see Fig. 2.5) which results in the bilinear behavior shown in Figure 2.6.
Also shown in this figure is one of the GSAs at four different stages of operation. At stage SO,
the device displacement is negative and the GSA is not in contact with the lower part of the main
spring (see GSA on lower left of Fig. 2.6). At stage S1, the lower part of the main spring (point
D in Fig. 2.3) just comes into contact with the GSA. Beyond stage S1, the stiff spring is engaged
and is compressed until stage S2 is reached (gap spring displacement is equal to d;). Beyond that
displacement, stage S3 occurs wherein the soft spring is also engaged (soft and stiff springs act
in series to produce a combined stiffness that is smaller than that of either of the two springs
acting alone). The force that develops in the GSAs is defined as follows (elastic nonlinear
behavior):

Kire U lu|<d,
F, = K K
0, ) oo, o

where kgisr 1 the stiffness of the outer spring of the GSA (stiffer spring), ks is the stiffness of
the inner spring of the GSA (softer spring), and d, is the amount of shear deformation of the
negative stiffness device prior to initiation of global negative stiffness behavior (i.e., the
combined effect of the GSAs and the main spring produces negative stiffness for displacements
larger than dy). The pre-compressed force in the soft spring (which prevents its engagement until
the displacement d, is reached) is given by

=Ky dg (2.4)

The values of each parameter that defines the behavior of the GSAs (for application to the bridge
model) are given in Table 2.2.
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Figure 2.5. Schematic illustrating soft and stiff springs in gap spring assemblies

Table 2.2. Values of parameters used to define gap-spring assembly for application to bridge model

Parameter Value

NSD engagement displacement (dq) 0.5 cm
Stiffness of soft spring (Ksot) 6.59 kN/m
Stiffness of stiff spring (Ksif) 491.2 kN/m

Pre-compressed force of soft spring (Fcomp) 2.8 kN

|<stiff Ksoft

A Ksitr HKsofe

Force

S1 Displacement

SO

Figure 2.6. Force-displacement behavior of gap-spring assembly

11



2.3 Design of NSDs for application to bridge model

The scale-model structure used in the experimental validation phase of the project was a quarter-
scale single-span steel highway bridge (see Fig. 2.7). The numerical simulations presented herein
provide predictions of the response of the bridge to seismic loading. The bridge consists of an
essentially rigid deck supported on elastomeric bearings which in turn are supported on two piers
(the bridge piers are from a bridge model that was previously tested by Tsopelas and
Constantinou, 1994). The piers are flexible but can be readily braced to mimic an abutment
support condition. The bridge has a clear span of 4.8 m, a height of 2.7 m, and two custom-
designed NSD support frames attached below the 5.4 m long bridge deck. The deck of the bridge
is supported on a seismic isolation system consisting of four elastomeric bearings and includes
NSDs and/or viscous dampers within the isolation system. Note that one of the major differences
between testing of the NSDs within the aforementioned building models and the bridge model is
that the bridge piers introduce a layer of flexibility between the NSDs and the earthquake ground
motion. Such conditions did not exist in the building model wherein the NSD's were located
either within an isolation system that was directly attached to the building foundation (shake
table) or within the framing of the building.

Deck (>

Pier >

Two NSDs and
their Supporting
System

Figure 2.7. Detailed 3D model of quarter-scale bridge test specimen

The bridge deck consists of two W12x96 sections as the main longitudinal beams and
two WI12x96 sections as transverse beams at the two ends of the deck and four W10x88
transverse beams within the span. Ten concrete blocks are attached to the top of the deck to
provide seismic mass. Two support frames are attached to the underside of the deck to carry the
NSDs (see Fig. 2.8).
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Figure 2.8. View of underside of bridge model (looking up) showing two NSDs installed below the deck

The two NSD support frames were custom-built to support the weight of the NSDs while
incorporating a special railing system to allow sliding of the NSDs on the side that was attached
to the top of the bridge piers (the other side was rigidly attached to the underside of the bridge
deck) (see Fig. 2.9). With this system, the NSDs were subjected to shearing deformation as the
bridge deck displaced relative to the bridge piers. Since the shearing deformation results in a
reduced width of the NSDs, the NSD support frame was also designed to accommodate lateral
motion of the NSD via roller bearings attached to various parts of the frame. The weight of the
bridge deck, including the two NSDs with their support frames, is 68.9 kN.

Figure 2.9. Details of the custom-designed NSD support frame with special railing system
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The ten concrete blocks attached to the top of the bridge deck each weigh 8.9 kN,
resulting in a total bridge deck weight of 157.9 kN. Each bridge pier consists of two columns
(tube sections), a pier cap beam (channel section), and lateral bracing (angle sections) between
the columns. The elastomeric bearings that are used within the isolation system are low damping
bearings that primarily provide a linear restoring force. They are made of natural rubber of grade
5 and Shore durometer Type A hardness of 50. The effective stiffness of each of the bearings can
be determined as follows (Naeim and Kelly, 1999):

Keir = % (2.5)

where G is the shear modulus of the rubber, A; is the bonded rubber area and T; is the total
rubber thickness. Assuming a typical shear modulus of 0.7 MPa for this type of material and
using the known total rubber thickness and bonded area (5.7 cm and 243 cm’, respectively), the
effective stiffness of each bearing is calculated as 298 kN/m (total stiffness of four bearings is
approximately 1200 kN/m). Using the stiffness of the bearings and the weight of the deck, the
fundamental period of the isolated bridge model is estimated to be 0.7 seconds. In some of the
tests, two linear viscous dampers, each having a damping coefficient of 66.4 kN-s/m, were
installed within the isolation system (in parallel with the elastomeric bearings).

The modified design of the NSDs results in the analytical force-displacement relations
shown in Figure 2.10 wherein separate curves are shown for the following cases: 1) NSDs alone,
2) bridge isolation system without NSDs, 3) bridge isolation system with NSDs, and 4) bridge
isolation system with NSDs and in series with the bridge piers. Figure 2.7 clearly shows that the
NSDs introduce a virtual yield point in the system and continuously changes the secant stiffness
of the system (see Fig. 2.11). Further, it can be seen that the effect of the flexible piers (in series
with the NSDs) is to reduce the tangent stiffness of the system at any given displacement.
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Figure 2.10. Analytical force-displacement relations for NSDs alone, isolation system without NSDs, isolation
system with NSDs, and isolation system with NSDs and in series with the bridge piers
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Figure 2.11. Continuous change of secant stiffness of the bridge model combined with NSDs (braced piers)

2.4 Experimental validation of negative stiffness device properties

Having redesigned the NSDs, it was necessary to conduct tests to verify their behavior relative to
the analytical model and to calibrate the numerical model to be used within the numerical
simulations of the isolated bridge model. The NSDs were installed within a load frame at the
UB-SEESL laboratory at the University at Buffalo, wherein they were anchored at the bottom
and allowed to displace laterally at the top (see Fig. 2.12). A hydraulic actuator was attached at
the top of the NSD and was used to impose harmonic motions.

Figure 2.12. Test setup for system identification testing of NSDs

Twenty-five cyclic tests were conducted for each NSD to determine the effect of
frequency and amplitude of motion on the behavior of the NSDs. Although the behavior of the
two NSDs is nominally the same, to distinguish between the two, they were designated as NSD-
South and NSD-North based on their location inside the bridge model. The input motion for the
tests was harmonic (four cycles) at three different frequencies (0.01, 0.1 and 0.5 Hz) and
amplitudes ranging from 0.38 to 7.62 cm. The undeformed and deformed shape of the NSD
during one of the tests is shown in Figure 2.13.
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Figure 2.13. Undeformed and deformed shape of the NSD inside load frame at University at Buffalo

The force-displacement relation for three of the experimental tests (NSD-North, £2.5 in,
and 0.01, 0.1 and 0.5 Hz) is shown in Figure 2.14. As can be seen, and as described by Sarlis et
al. (2012), due to the masses of different parts of the device, there is some influence of frequency
of motion on the device behavior with higher frequencies increasing the negative tangent
stiffness. However, as noted by Sarlis et al. (2012), for practical purposes, the frequency-

dependencies have a minor effect on the overall seismic response of structures.
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Figure 2.14. Results of experimental tests of the NSD for harmonic tests at different frequencies

A comparison of experimental test data (NSD-South, £3in, 0.01 Hz) with the analytical
model defined by Eqgs. 2.1-2.3 is shown in Figure 2.15. The general shape of the analytical curve
follows the experimental data with the main discrepancy being the presence of friction in the
experimental data. More complex models of the NSDs can be developed to more accurately
capture the physical behavior of the device (see Sarlis et al., 2012 for details) but the model
defined by Egs. 2.1-2.3 is deemed sufficient for prediction of the response of the bridge model
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employing the NSDs. Furthermore, the two NSDs (North and South) have similar behavior (see
Fig. 2.16) and thus the same analytical model is applicable to both devices.
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Figure 2.15. Comparison of experimental response and analytical solution (NSD-South, +7.62 cm (£3 in), 0.01 Hz)
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Figure 2.16. Experimental response of NSD-South and NSD-North (£6.35 cm (2.5 in), 0.01 Hz)
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2.5 Numerical modeling of NSDs within bridge model

To develop a numerical model of the NSDs and to aid in understanding their behavior, a 3D
finite element model of the device was created in SAP2000 and its behavior assessed using
nonlinear analysis, considering P-Delta and large-displacement geometric nonlinearities (see Fig.
2.17). The NSD models were imported into a 3D finite element model of the bridge in SAP2000
(see Fig. 2.18) and placed below the bridge deck. To make the model as realistic as possible, the
aforementioned NSD support frames were included in the finite element model.
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Figure 2.18. Detailed 3D finite element model of bridge structure with two NSDs below bridge deck

Using the detailed finite element models of the NSDs to simulate their behavior in a time
history analysis of the bridge is very time consuming since large-displacement geometric
nonlinearities need to be considered. To simplify the analysis, the results from the experimental
cyclic tests of the NSDs (e.g., see Fig. 2.14) were used to develop an equivalent model consisting
of two elements in parallel: a nonlinear elastic element and a friction element. The detailed 3D
finite element models of the NSDs were kept in place (without pre-compressed force and with
very small stiffness values for the springs) to account for their mass and to monitor their
deformations so as to ensure that the NSDs would not collide with each other or the elastomeric
bearings during the shake table testing. The behavior of the nonlinear elastic element was
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defined by removing the friction from the experimental hysteresis loops from cyclic testing of
each of the NSDs. The tests that were utilized corresponded to the maximum displacement
amplitude that was used during all tests (+3 in) and a frequency of 0.01 Hz (recognizing that the
effects of excitation frequency on the behavior of the device are minor). The friction was
removed via a process whereby the average value of the force at each displacement was
determined for one cycle of motion. This resulted in a single curve for defining the nonlinear
elastic force-displacement relation for each NSD. The removed friction was then accounted for
via a friction element where the magnitude of the friction force was taken as constant and equal
to the average width of the experimental hysteresis over one cycle of motion. Figure 2.19 depicts
this process and provides a comparison of the theoretical curve (defined by Egs. 2.1-2.3) with the
averaged data for NSD-South. The average experimental force-displacement curve for each of
the NSDs was then obtained and selected data points (at 0.025 cm displacement increments)
were used to model the nonlinear elastic component of behavior. These data points were used to
define multi-linear link elements in the finite element model of the bridge.

In order to define the properties of the friction elements, the average width of the
hysteresis loops of all of the experimental tests with different amplitudes and frequencies was
determined (result was rounded to 4.0 kN) and used to define a plastic Wen link element in
SAP2000 for each of the NSDs. The width of the Wen element hysteresis loop is constant but, as
can be seen in the NSD experimental hysteresis loops (e.g., see Fig. 2.19), the width of the loop
actually changes with displacement. An improved model could be obtained by using a multi-
linear plastic element that can account for the displacement-dependency of the width of the
hysteresis loop. However, since the displacement-dependency is relatively minor with respect to
the overall force-displacement behavior, an average value of the experimental hysteresis loop
width was used to define a Wen element and the results were deemed to be accurate enough. For
example, a comparison of the hysteresis loops for the combined element (multi-linear link
element and Wen element) and the experimental test data for one of the cyclic tests is shown in
Figure 2.20. Clearly, there is very good correlation between the predicted hysteresis loop from
the nonlinear analytical model of the NSD and that from the experimental testing of the NSD.
Similar results are obtained for other frequencies of motion and amplitudes. The Wen element
was placed in parallel with the multi-linear link elements. These combined elements were located
between the top of the piers and the supporting frame of the NSDs, at the exact location that they
would be connected to each other within the bridge model.
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Figure 2.19. Simplification of experimental force-displacement relation by using average force data (NSD-South,
+7.62 cm (£3 in, 0.01Hz)
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Figure 2.20. Comparison of numerical simulation of NSD hysteretic response and experimental test data (NSD-
North, £6.35 cm (£2.5 in), 0.01 Hz)

20



Using the average experimental force-displacement curves described above, the
properties of the springs (both the main spring and the gap spring assemblies) of the NSDs in the
analytical model can be adjusted to improve the ability of the model to predict the NSD
behavior. The experimental hysteresis loops are not symmetric with regard to force (e.g., see Fig.
2.19) and thus the two GSAs do not have identical properties. Thus, by modifying the stiffness of
the stiff and soft spring within the GSAs, predictions of response from the analytical model can
be improved. As an example, Figure 2.21 shows such predicted behavior using a modified
version of the analytical model for one of the NSDs (modifications were made via a simple trial-
and-error procedure). The nonlinear elastic portion of the response matches very well with the
experimental test data.

25

——Exper. NSD south

20
e \vg. Of Exper.

-=--NSD Theory- Maodified

15

10

Force (kN)

-10

-15

-20

-25

-10 -8 -6 -4 -2 0 2 4 6 8 10

Displacement (cm)
Figure 2.21. Comparison of predicted response (using modified analytical model) and experimental test data (NSD-
South, £7.62 cm (£3 in), 0.01 Hz)

2.6 Numerical predictions of seismic response

Using nonlinear response-history analysis within SAP2000, the detailed 3D finite element model
of the bridge test specimen was subjected to seven historical earthquake records (see Table 2.3).
These ground motions were selected so as to provide a range of acceleration amplitudes and
frequency content (see Fig. 2.22).

Table 2.3. Ground motions used in numerical simulations

No. | Earthquake Record Mw
1 | Northridge, 1/17/1994 637-270 6.69
2 | Loma Prieta, 10/18/1989 CAP-000 6.93
3 | Cape Mendocino, 4/25/1992 PET-090 7.01
4 | Kobe, 1/16/1995 KJIM-000 6.90
5 | Northridge, 1/17/1994 Sylmar-000 6.69
6 | Landers, 6/28/1992 Yermo-000 7.3
7 | Landers, 6/28/1992 Yermo-270 7.3

21



2.5 -+

N
M

—Yermo-000
—=KIM-000
—637-270
——CAP-000
—=Sylmar-000
——PET-090
—Yermo-270

=
n

=
M

Spectral Acceleration (g)

0.5 1

1] 0.5 1 1.5 2 25 3 3.5

Period (sec)

Figure 2.22. Response spectrums for seven ground motions used in numerical simulations (prototype scale)

The simulations were performed for four different bridge configurations: 1) Isolated
Bridge (IB), 2) Isolated bridge with NSDs (IB-NSD), 3) Isolated bridge with passive viscous
dampers (IB-PD), and 4) Isolated bridge with NSDs and passive viscous dampers (IB-NSD-PD).
These simulations were carried out for each of these configurations and for two cases of bridge
pier flexibility (one case where the piers are braced at the top and thus are very stiff, mimicking a
single-span bridge deck supported on abutments at each end, and the other case where the piers
are unbraced and thus are flexible, mimicking an interior span of a multi-span bridge). Using
nonlinear response-history analysis, these eight models were subjected to the aforementioned
seven ground motions.

Since most damage in bridge superstructures is associated with column failure, shear key
failure, or the deck falling off its supports (Chen and Duan, 2003) and the main damage to
elastomeric bearings is due to excessive shear strain, the effects of the NSDs on the response of
the bridge model are presented in the form of base shear coefficient (peak base shear normalized
by weight of bridge model (173 kN)) and peak shear strain of the elastomeric bearings
(displacement of bridge deck relative to the top of the piers normalized by total thickness of
rubber in each bearing (5.7 cm)).

As shown in Figures 2.23 and 2.25, the NSDs are able to reduce the base shear in the
bridge model in comparison with the isolated bridge without the NSDs. Although it is expected
that adding NSDs to an isolation system will generally increase the displacements, Figures 2.24
and 2.26 show that in almost all cases the displacements were actually reduced. This was due to
the significant damping provided by the devices through friction between its elements. Thus, the
NSDs simultaneously provided a reduction in forces and displacements in the system. For the
bridge model with flexible piers, in all but one case, adding the passive dampers (PD) in parallel
with the NSDs resulted in increased forces and reduced displacements relative to the isolated
bridge with NSDs alone. It should be noted that the piers of the bridge model are designed to
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yield when the bearing shear force exceeds 50% of its axial load (Tsopelas and Constantinou,
1994), which is equivalent to a base shear coefficient of 0.5. As can be seen in Figures 2.23 and
2.25, for some of the cases without NSDs. the base shear coefficient exceeds this value and thus
the piers would actually be expected to deform inelastically in these cases (for simplicity, the
analysis was conducted under the assumption of elastic behavior of the bridge piers but with the
recognition that base shears in excess of about 50% could not actually be achieved due to
material inelasticity).
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Figure 2.23. Base shear coefficient in bridge model with flexible piers for cases of isolated bridge (IB), isolated
bridge with NSDs (IB+NSD), isolated bridge with passive fluid viscous dampers (PD), and isolated bridge with
NSDs and PDs (IB+PD+NSD) for different ground motion
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Figure 2.24. Peak bearing shear strain in bridge model with flexible piers for cases of isolated bridge (IB), isolated
bridge with NSDs (IB+NSD), isolated bridge with passive fluid viscous dampers (PD), and isolated bridge with
NSDs and PDs (IB+PD+NSD) for different ground motion
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Figure 2.26. Peak bearing shear strain in bridge model with stiff for cases of isolated bridge (IB), isolated bridge
with NSDs (IB+NSD), isolated bridge with passive fluid viscous dampers (PD), and isolated bridge with NSDs and
PDs (IB+PD+NSD) for different ground motion

To evaluate the performance of the NSDs in the bridge model, the presented results can
be compared with other research results and guidelines for seismic performance of isolated
bridges. As an example, in the 1990s, researchers from the United States and Japan worked
together on a joint project to develop seismic protection systems for bridges for use in areas with
strong seismic activity. Their specific goal was to develop a system that could reduce the forces
transmitted to the elastic substructure to about one-third of the deck weight, while limiting the
bearing deformation to less than 20 cm at prototype scale (Tsopelas et al, 1996). Based on the
results presented in Figures 2.23-2.26, this bearing deformation limit (corresponds to a shear
strain of 0.88 at model scale) is satisfied for all of the ground motions for the case where NSDs
are used in combination with PDs and, furthermore, is satisfied for nearly all the ground motions
for the case of NSDs alone.

As shown in Figure 2.27, the NSDs are able to reduce the base shear for both cases of the
bridge with braced (stiff) and unbraced (flexible) piers with maximum reductions of about 80%
with respect to the case of the isolated bridge without any additional seismic protection device.
However, since the effective stiffness of the two cases was different and the properties of the
springs of the NSDs were designed to be most effective in the bridge model with flexible piers, it
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can be seen in Figure 2.27 that the NSDs were not effective or were minimally effective in
reducing the base shear for a few ground motions (PET090 and 637-270) specially for the stiff
pier case. As shown in Figure 2.28, similar results are obtained for the bearing shear strain.
Figure 2.29 and 2.30 compare the effectiveness of the cases of IB+NSD with IB+PD for the
same quantities and, as expected, the NSDs decrease the peak base shear much more than
viscous dampers in almost all of the cases. However, they are not as effective as viscous
dampers in reducing the deformations of the isolation system.

100
20
80
70
60

Base Shear Reduction (%)

=#—Unbraced Piers
= BracedPiers

Sylmar-000 KJM-000 PET-090 637-270 CAP-000 Yermo-270 Yermo-000

Ground Motions

Figure 2.27. Effectiveness of NSDs in reducing base shear (IB+NSD versus IB) for cases of bridge model with
braced and unbraced piers
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Figure 2.28. Effectiveness of NSDs in reducing bearing shear strain (IB+NSD versus IB) for cases of bridge model
with braced and unbraced piers
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Figure 2.29. Effectiveness of NSDs in reducing base shear (IB+NSD versus IB+PD) for cases of bridge model with
braced and unbraced piers
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Figure 2.30. Effectiveness of NSDs in reducing bearing shear strain (IB+NSD versus IB+PD) for cases of bridge
model with braced and unbraced piers

2.7 Influence of ground motion characteristics on effectiveness of NSDs

The lack of effectiveness of the NSDs in reducing the base shear for two of the ground motions
can be explained by examining their acceleration-displacement response spectrums (ADRS). As
shown in Figure 2.31, the ADRS curves for the PET-090 and 637-270 ground motions (shown at
model scale) are distinctly different from the two other ground motions shown (Sylmar-000 and
CAP-000) and thus, depending on which ground motion is considered, the natural period of the
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structure can have a significant influence on the response. As an example, if we consider a
general structure without NSDs and having a natural period of less than 0.25 sec (at model scale)
and the effective natural period of the structure with the NSDs is between 0.25 and 0.5 sec. (at
model scale), the NSDs would substantially reduce the peak acceleration (and thus base shear) in
the case of Sylmar-000 and CAP-000 ground motions but would increase the acceleration for the
case of PET-90 and 637-270 ground motions.
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Figure 2.31. Acceleration-displacement response spectrum curves for four ground motions (model scale)

Although a rigorous analysis of the bridge model is complicated due to the presence of
both positive and negative stiffness and different types of damping and nonlinearities in the
system, a simplified capacity spectrum analysis can be performed to get a general sense for the
behavior of the model for different cases. The approach used here is to develop a simplified
acceleration-displacement capacity curve for the system (Ray et al., 2013) and use it in
conjunction with ADRS curves to predict the bridge response. Using the effective stiffness of the
elastomeric bearings, the force-displacement curve for the case of the isolated bridge with braced
piers can be obtained. Dividing the force in the force-displacement curve by the mass of the
bridge deck results in an approximate acceleration-displacement capacity curve for the bridge
model, which can then be overlaid with ADRS curves to estimate the response of the isolated
bridge. Using Equations 2.1-2.3, force-displacement curves that define the NSD behavior can be
generated and, recognizing that the NSDs act in parallel with the elastomeric bearings, the force-
displacement capacity curve for the combined system (i.e., including isolation bearings and
NSDs) can be determined. These capacity curves can be overlaid with the ADRS curves to
predict the response of the isolated bridge with NSDs.

In Figures 2.32 and 2.33, the process described above is shown for the CAP-000 ground
motion and for the PET-090 ground motion, respectively. In these figures, the inherent damping
of the bridge model (without NSDs and with braced piers) was taken as 5% based on the
properties of the elastomeric bearings (tested by Wolff and Constantinou, 2004). This damping
value was used to generate the ADRS curve for predicting the response of the bridge model
without the NSDs. For the case of the bridge model with NSDs, since the force-displacement
behavior of the NSDs and the combined system is nonlinear, the equivalent viscous damping of
the NSDs/bridge system (due to friction) is dependent on the deformation of the isolation system.
The damping ratio of the NSDs/bridge system (assuming infinitely rigid piers) at different
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deformation levels can be computed using the energy dissipated per cycle by the NSDs (from
cyclic tests performed at various displacement amplitudes) and the peak elastic strain energy of
the combined NSDs/bridge system (see Fig. 2.34). This process leads to the deformation-
dependent damping ratio shown in Figure 2.35. Using the peak deformations of the isolation
system for the case of IB + NSD (for PET-090 and with braced piers, the peak deformation is
5.77 cm, and for CAP-000, the corresponding deformation is 3.1 cm; see Figs. 2.24 and 2.26),
the damping ratio of the NSDs/bridge system for each of these two cases is estimated as 2%
based on Figure 2.35. Thus, an ADRS curve for 7% viscous damping was used for predicting the
acceleration response of the bridge model with braced piers.
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Figure 2.32. Prediction of peak displacement and acceleration demands on bridge subjected to CAP-000 ground
motion (model scale); Performance point is shown for two different cases of the bridge model.
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Figure 2.35. Displacement-dependent damping ratio for the IB+NSD case

As shown in Figure 2.32, for the CAP-000 ground motion, adding the NSDs to the bridge
model reduces the acceleration and deformation responses of the model for the case of the bridge
model with braced piers. In addition, it should be noted that this reduction in force and
displacement is mainly caused by the negative stiffness behavior of the device with changes in
damping having a minor effect on the response of the system. In contrast, as shown in Figure
2.33, for the PET-090 ground motion, adding the NSDs to the bridge model with braced piers
does not result in a significant reduction in acceleration response. The minor effect that the NSDs
have on the acceleration (and force) response is due to the shape of the PET-090 ground motion
ADRS curve. On the other hand, and for the same reason, from Figure 2.33 it is clear that for this
particular ground motion, if a method were used to make the system stiffer, it would have
resulted in a large increase of the deck acceleration and base shear of the bridge model. Based on
Figure 2.33, to reduce acceleration of the deck, either damping should be added to the system or
the NSDs should be redesigned to delay their hardening behavior (i.e., maintain negative
stiffness through large deformations).
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Although a number of approximations are involved in this process of predicting the
response of the different configurations of the bridge model, it is useful for explaining why the
NSDs are not effective in reducing the base shear in some cases. However, it should be noted
that this process is based on a number of assumptions and simplifications (e.g., accounting for
friction damping and nonlinear negative stiffness with equivalent viscous damping and assuming
that the bridge model with braced piers acts as a single-degree-of-freedom system) and, as a
result, the process is not able to properly predict the influence that the ground motion has on the
peak displacement response (even though it does predict the influence on the peak acceleration
response). Based on what is described here, adding the designed NSDs to the bridge model will
not be beneficial for some ground motions based on the shape of the ADRS spectrum (this is also
consistent with the results shown in Fig. 2.27 and 2.29 which were obtained from response-
history analysis). However, since the behavior of the NSDs is dependent on various parameters
which can be readily modified (e.g., by changing the device geometry via alteration of the NSD
lever arms and/or by changing the stiffness values for each spring), the device can be designed
such that it is most effective for the particular characteristics of the ground motions expected at a
site (e.g., based on site-specific ground motion records). In addition, the NSDs can substantially
reduce the base shear for most ground motions and thus are generally effective in protecting
bridges against earthquakes.

2.8 Summary

In this chapter, the performance of a seismically-isolated bridge structure that incorporates
negative stiffness devices was examined via numerical simulations. The numerical simulations
demonstrated that the use of NSDs within the isolation system can significantly reduce the peak
base shear. In general, it is expected that adding NSDs to a structural system would result in
increased peak displacements. However, the friction within the NSDs introduces appreciable
damping that results in a reduction of the peak displacements of the system. To decrease the
displacements further, passive dampers can be added in parallel with the NSDs. The addition of
passive dampers will decrease the displacements further but will generally increase the base
shear, although the base shear will still generally be less than the case in which the bridge only
employs isolation bearings, thus providing good overall performance with regard to both forces
and displacements. Furthermore, this study has demonstrated that NSDs are effective in cases
where the isolation system that incorporates the NSDs is reacting against a flexible layer (i.e., the
bridge piers) and deforming based on the relative deformation between two degrees of freedom
rather than being directly connected to the foundation of the structure (as was the case for the
previous two phases of experimental testing by others of the NSDs within three-story buildings).
It is also shown that the NSDs are not effective in reducing the force for some ground motions
due to the unique characteristics of the ground motions. The performance of all passive seismic
protection systems which change the stiffness of a structure during an earthquake depends on the
unique characteristics of each ground motion and it is possible that these systems will be
ineffective for some particular ground motions due to the shape of their ADRS curves. However,
it is known that, in general, the base shear force in soft structures is smaller in comparison with
stiff structures. Therefore, in a majority of earthquakes, the NSDs would be effective in reducing
base shear and deck acceleration of bridges. In addition, to optimize its effectiveness, the design
of the device can be tuned in accordance with the types of ground motions expected at the site.
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SECTION 3. EXPERIMENTAL SHAKE TABLE TESTING OF AN ADAPTIVE
PASSIVE NEGATIVE STIFFNESS DEVICE WITHIN A HIGHWAY BRIDGE MODEL

3.1 Introduction

Bridge structures are one of the most important structures in the built environment, often serving
as critical lifelines and thus requiring protection against natural hazards such as earthquakes. A
variety of seismic protection devices, which are either passive, active or semi-active, have been
developed by researchers around the world, all seeking to produce the optimal response of bridge
structures during strong earthquakes. One commonly used passive device for seismic protection
of bridges is viscous dampers. However, it has been shown that in some cases, especially in
cases where the ground motion exhibits strong velocity pulses (e.g., Nagarajaiah et al., 1993),
these devices may have reduced effectiveness (and sometimes can degrade performance). In
general, viscous dampers are effective in reducing the displacement of the bridge deck but may
not reduce the shear force in the piers and the acceleration of the bridge deck. In addition to
passive devices, many active and semi-active devices have been developed and implemented in
bridges to modify the damping and/or stiffness of the structure in real-time based on the response
of the structure during an earthquake. As an example, Sahasrabudhe and Nagarajaiah (2005a and
2005b) used magneto-rheological (MR) dampers and variable stiffness systems in semi-active
control of sliding isolated bridges. In 2003, Iemura and Pradono proposed application of pseudo-
negative stiffness control in seismic protection of bridges to simultaneously reduce base shear
and the deck displacements. In his simulations, negative stiffness was produced through a
variable hydraulic damping device whose mechanical properties could be controlled externally,
creating a force in phase with the bridge deck inertia force and thereby producing negative
stiffness behavior. However, since the device required external power and feedback control
signals, it generated "pseudo-negative" stiffness rather than true negative stiffness.

Recently, first prototype of a seismic protection device which utilizes the concept of
negative stiffness to significantly reduce the response of structures has been developed. The
developed Negative Stiffness Device (NSD) is a completely mechanical device that exhibits
"true" negative stiffness behavior using a pre-compressed spring (as contrasted with other similar
devices that employ pseudo-negative stiffness; e.g., see lemura and Pradono, 2003 and Iemura et
al., 2006). The device is considered to be an "adaptive passive" device since the force produced
by the device is displacement-dependent with distinctive behavior at certain displacement levels.
By engaging the NSDs at certain displacements and using its negative stiffness to create
softening behavior, the combined behavior of the primary structure (having positive stiffness)
and the NSDs is one in which there is a virtual yield point. By creating such a virtual yield point
at a small force level, the device produces a force reduction in the combined structure-NSD
system while potentially allowing for an increase in displacements. The apparent inelastic
response may be regarded as "apparent yielding" in that the framing of the primary structural
system does not actually yield. Further, any increase in displacements can be controlled by
implementing a damper in parallel with the NSD (Nagarajaiah et al., 2010 and Reinhorn et al.,
2009). As part of a NEES (Network for Earthquake Engineering Simulation) research project,
the effects of such devices on the seismic responses of two different 1/3-scaled three-story
building models (one, a base-isolated structure with linear elastic behavior and the other, a fixed-
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base structure with inelastic behavior) have been evaluated via shaking table tests (Sarlis et al,
2011 & 2012 and Pasala et al, 2011, 2013a & 2013b). In the final stage of the project, the NSDs
were modified and implemented within the isolation system of a quarter-scale bridge model (see
Fig. 3.1) and tested on a shake table at the University at Buffalo NEES Laboratory (UB-NEES)
(Attary et al., 2012a, 2012b, 2013).

Figure 3.1. (Left) Solid model and (Right) finite element model of bridge structure with NSDs

The bridge model was tested on the shake table for four different bridge configurations:
1) Isolated Bridge (IB), 2) Isolated bridge with NSDs (IB+NSD), 3) Isolated bridge with passive
viscous dampers (IB+PD), and 4) Isolated bridge with NSDs and passive viscous dampers
(IB+NSD+PD). Each of these configurations was tested for the case of flexible piers (mimicking
the middle span of a multi-span bridge) and the case of fixed piers (mimicking a single span
bridge supported on abutments) and with ground motions of varying intensity. The results from
the shake table tests are presented herein and compared with numerical simulations.

3.2 Description of negative stiffness device

As noted previously, the general behavior of the NSDs has been presented by Sarlis et al.
(2012); however, the NSDs were redesigned to optimize their effect on the aforementioned
bridge model. The main part of the device is a pre-compressed primary spring, which can rotate
and apply a force that is in phase with the motion of the structure, thus creating true negative
stiffness (see Fig. 3.2). As described above, in order to exhibit a virtual yield point, the NSDs are
designed to have no effect on the structure until a specified displacement is exceeded (the effect
of the primary spring is canceled out by so-called gap-spring assemblies (GSAs) up to the
specified displacement, beyond which the device produces negative stiffness). In order to
optimize the behavior of the device for the bridge model testing, the GSAs were redesigned such
that the negative stiffness is engaged after 0.2 in. of displacement.

For the redesigned NSDs, cyclic tests were performed to verify their force-displacement
behavior and to calibrate the numerical models to be used within the numerical simulations of
the isolated bridge model (as discussed in previous chapter). The NSDs were tested within a load
frame at the UB-SEESL laboratory wherein they were anchored at the bottom and allowed to
displace laterally at the top. A hydraulic actuator was attached at the top of the NSD and was
used to impose harmonic motions. A range of tests with different amplitudes and frequencies
were performed (0.01, 0.1 and 0.5Hz; 0.38-7.62 cm amplitude) (see Fig. 3.3).
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Figure 3.2. Prototype negative stiffness device: Elevation view (top) and cross-section view showing inside of
spring assemblies (bottom)
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Figure 3.3. Undeformed (Top left) and deformed (Top Right) shape of the NSD inside load frame at University at
Buffalo and an example of its hysteresis loops for harmonic tests (Bottom)

33



3.3 Description of highway bridge model

A quarter-scale highway steel bridge model was tested on the concrete shake table at the
University at Buffalo. The single-span bridge model had a rigid deck and two piers, which could
be flexible or rigid (using four removable diagonal braces) (see Fig. 3.4). The bridge has a clear
span of 4.8 m, a height of 2.7 m, and two custom-designed NSD support frames attached below
the 5.4 m long bridge deck. The deck of the bridge is supported on a seismic isolation system
consisting of four elastomeric bearings and includes NSDs and/or viscous dampers within the
isolation system (see Fig. 3.5).

Figure 3.4. Bridge model on the shake table with (top) and without (bottom) diagonal braces
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Figure 3.5. Two NSDs within support frames located under bridge deck (top) and close-up view of one of the NSDs
as viewed from under the bridge deck (bottom)

Each pier (previously tested by Tsopelas and Constantinou, 1994) consists of two
columns (TS6x6x5/16), a pier cap (C18x58), and two lateral braces (L2.5x2.5x1/4). The bottom
of the tube columns are connected to beams which are in turn bolted to the shake table. The piers
are detailed to yield under the combined effects of a vertical load of 40 kN for each column with
20 kN horizontal loads applied at each bearing location. The stiffness of each pier along the
longitudinal direction of the model is increased to a large value by adding two diagonal braces
(WT4x5) between the top of the piers and the shake table. The shear force within the piers is
measured via 16 strain gauges (4 on each column, 2 at the top and 2 at the bottom, wired together
so as to effectively form a load cell). After placing the piers on the shake table and attaching the
strain gauges, calibration of the strain gauges was performed by pulling the two piers toward
each other using a chain ratchet and a calibrated tension loadcell in the middle of the chain.

The bridge deck consists of two W12x96 sections as the main longitudinal beams and
two W12x96 sections as transverse beams at the two ends of the deck and four W10x88 cross
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beams within the span. Two supporting systems for carrying the NSDs are connected to the
bottom of the deck. These two NSD support assemblies, which are 2.28 m x 2.00 m x 1.25 m,
were custom built to support the weight of the NSDs while incorporating a special railing system
to allow sliding of the NSDs on the side that was attached to the top of the bridge piers. Since the
deformation of the device during motion was based on the shear deformation of its frame, the
width of the frame decreases during seismic testing and thus the side of the device which
nominally is rigidly attached to the deck, is actually located within a fitted adjustable cap
containing roller plates on all contact surfaces, allowing the necessary change in width and
transferring the NSD force to the deck. To allow for removal of the NSDs during testing (for
possible damage inspection or design modification), special attention was given to making all
parts of the assembly removable and adjustable (see Fig. 3.6). The total weight of the deck,
including the two NSD support systems and the NSDs themselves, was measured via a load cell
attached to the laboratory crane (total weight = 68.9 kN).

Roller Plates

Roller Plates

Figure 3.6. Details of the custom-designed NSD support system with special railing system (Top Right: Modified
NSD for implementation in bridge model; Railing system installed on one end and multiple roller plates attached to
other end. Top Left: Cap that is placed over end of NSD with roller plates; Cap is adjustable to ensure that NSD
attachment to deck is as rigid as possible while allowing for shearing deformation. Bottom Right: Close-up view of
railing system (yellow painted pieces move with the deck while unpainted pieces move with the piers). Bottom Left:
Roller plates inside railing system allow square tubes to freely translate along their length)
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To achieve a suitable seismic weight, ten concrete blocks, with an average weight of 8.9
kN each, were placed on the top of the bridge deck and bolted to each other and the cross beams
of the deck, resulting in the total weight of the bridge deck being 157.9 kN (see Fig. 3.7).

Figure 3.7. Concrete blocks attached to top of bridge deck

The deck of the bridge was seismically-isolated from the bridge piers via four elastomeric
bearings. The bearings were supported on four loadcells which provide measurements of shear
forces at the isolation level. Each of the loadcells was attached to the top of the piers using a
system of threaded rods and leveling nuts (see Fig. 3.8) so that the height of each of the loadcell-
elastomeric bearing assemblies is adjustable, resulting in bearings that were level and thus a level
bridge deck. The elastomeric bearings, which were used within the isolation system, were low
damping bearings that primarily provide a linear restoring force (combined stiffness of four
bearings is 12.1 kN/cm).

Figure 3.8. Elastomeric bearings supported on load cells (Left) and close-up view showing bolt/nut leveling system
(Right)

The NSDs were not designed specifically for implementation in the bridge model (they
were longer and wider than desired) but, due to restrictions on fabricating another set of NSDs
and shake table schedule constraints, their length was accommodated by moving the elastomeric
bearings (and loadcells located under the bearings) in a transverse direction toward the centerline
of the deck, allowing each NSD to react against a reaction block at one end of the bridge pier
(see Fig. 3.9a) and to displace into the region between the top of the pier and bottom of the deck
at both ends of the pier. The NSDs were attached to the reaction blocks via universal joints,
preventing lock-up between the deck and piers in the transverse direction through the NSDs and
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their support assemblies. A five degree-of-freedom loadcell was also placed in line with each of
the universal joints, to directly measure the force developed by the NSDs (see Fig. 3.9b). Since
each NSD was connected to only one side of their respective bridge piers, the forces applied to
the bridge deck from the pair of NSDs act on opposite sides of the bridge deck. Thus, the bridge
deck is prone to torsion (especially since the elastomeric bearings were moved transversely
toward the center of the deck). To minimize any torsional response, two custom-built torsion
restraint systems (guide and guide plate) were employed at the middle of each pier cap (see Fig.
3.10). The torsional restraint system included a thick guide plate, with roller bearing sheets on
each side of the plate, attached to the underside of the deck. The motion of the guide plate was
constrained by a guide consisting of two thick plates attached to the top of the pier cap. To
maintain a constant mass for all of the test configurations, the NSDs were disengaged for tests in
which NSDs were not utilized. Disengagement was accomplished by removing the loadcells that
connected the NSDs to the reaction blocks at the top of the pier caps (see Fig. 3.9¢) and holding
the main pre-compressed spring in place using threaded restraining rods. The ideal situation for
testing the NSDs within the bridge model would have been to fabricate four smaller NSDs (less
pre-compression force in each one) and to place them in a manner that essentially eliminates the
possibility of torsion (two NSDs attached to each pier, thus applying symmetric forces to the pier
caps, with the other end of the two NSDs attached to the middle of the deck, thus applying
symmetric forces to the deck).

Figure 3.9. Connection of NSDs to top of bridge pier: (a) Reaction block attached to bridge pier cap; (b) universal
joint and loadcell attached between reaction block and NSD; and (c) disengagement of NSDs through removal of
loadcell and rotation of universal joint
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Bolted to the Beam under the Deck Two Elastomeric Bearings

Two Rows of Roller Plates  Welded to the Top of Two Loadcells
the Piers

Figure 3.10. Details of torsional restraint system

In some of the tests, two linear viscous fluid dampers (see Fig. 3.11) were installed at the
isolation level in parallel with the elastomeric bearings and in line with the longitudinal direction
of the bridge deck, and in line with the primary direction of deck motion. The dampers were
inclined in elevation by approximately 10 degrees (thus slightly reducing their effectiveness for
reducing the deck motion). Each damper had a 1.0-m installed length, a stroke of +/- 6.35 cm,
and a damping coefficient of 66.4 kN-s/m.

Figure 3.11. Two viscous dampers installed as part of isolation system

3.4 Measurement sensors

A variety of measurement sensors were attached to the bridge test specimen for monitoring its
response during the shaking table tests. Forces were measured using four load cells (five
degrees-of-freedom) located directly below the elastomeric bearings (for measuring the forces
and moments that develop in the elastomeric bearings), two load cells (five degrees-of-freedom)
between the bridge pier cap and the NSDs (for measuring the forces developed by the NSDs),
and two load cells (uniaxial) between the bridge pier cap and dampers (for measuring the axial
force in the dampers). In addition, the shear force in the columns of the piers was obtained via
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eight strain gauges attached to each of the piers. The longitudinal, transverse and vertical
acceleration at different locations within the model were obtained from 29 accelerometers.
Absolute displacements and relative displacements were measured using 40 string
potentiometers (for absolute displacement, a large steel frame attached to the laboratory strong
floor was used as an inertial reference frame). The location of most of the measurement sensors
is shown in Figure 3.12. All of the sensors were calibrated and tested to ensure proper operation
before placing on the specimen.

. Longitudinal Accelerometer =11

4§ Transverse Accelerometer =5

o Longitudinal String Pot =16
+ Transverse String Pot =16
" Vertical Accelerometer =13
e<>e Relative String Pot =8
# Strain Gauges =16

View from West

View from South

Figure 3.12. Location of measurement sensors on bridge test specimen
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3.5 System identification of bridge model

As mentioned previously, the experimental tests were performed for the bridge model either with
or without pier bracing and for four different configurations: 1) Isolated Bridge (IB), 2) Isolated
bridge with NSDs (IB+NSD), 3) Isolated bridge with passive viscous dampers (IB+PD), and 4)
Isolated bridge with NSDs and passive viscous dampers (IB+NSD+PD). In order to determine
the dynamic properties of the model and verify the properties of its components, system
identification tests were performed using white noise, sine-sweep and sinusoidal excitations
applied to the base of the model via the shake table.

Elastomeric bearings

The in-situ properties of the elastomeric bearings were determined by performing tests of the
bridge with braced piers and only elastomeric bearings engaged (IB). For this configuration, the
deformation of the system occurs only at the isolation level and the motion of the top of the piers
(bottom of the elastomeric bearings) is nearly identical to that of the shake table. The hysteretic
response of the isolation level for sine-sweep excitation over a frequency range of 0.1-2 Hz and
with amplitude of 0.51 cm and duration of 20 sec is shown in Figure 3.13. In this figure, the
force is directly measured as the shear force in the loadcells located directly below the
elastomeric bearings. As shown in Figure 3.13, the hysteresis loop of all four bearings combined
has a small amount of damping associated with it (consistent with the elastomeric bearings being
made of low damping rubber). In addition, the hysteresis loop shows that the stiffness of the
four bearings combined is approximately 1068 kN/m (based on linear regression), which gives
an average stiffness of 268 kN/m for each individual bearing.
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Figure 3.13. Hysteretic response of elastomeric bearings (all four bearings combined) for the case of IB with
braced piers for sine-sweep motion having a frequency range of 0.1-2 Hz and with amplitude of 0.51 cm and
duration of 20 sec

Using the results of the same test, the acceleration of the deck is plotted in the frequency
domain in Figure 3.14. The peak in the Fourier amplitude spectrum occurs at 1.31 Hz, indicating
that the system (which is mainly the bridge deck assembly on top of the four bearings) has a
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natural period of 0.76 sec. This measured value compares well with a single degree-of-freedom
model of the system where the average lateral stiffness of the bearings is utilized (1068 kN/m)
along with the weight of the deck (158 kN), resulting in a natural period of 0.77 sec.
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Figure 3.14. Deck Acceleration of model in frequency domain for the case of IB with braced piers for sine-sweep
motion having a frequency range of 0.1-2 Hz and with amplitude of 0.51 cm and duration of 20 sec

Viscous Dampers

As discussed previously, in some test configurations, two viscous dampers were installed at the
isolation level (connected between underside of bridge deck and to one of the pier caps). The
same basic method that was used for identification of the bearing properties was used for
identification of the in-situ viscous damper properties. In this case, the bridge model with braced
piers and an isolation system consisting of elastomeric bearings and viscous dampers (IB+PD
case) was tested. To determine the properties of the dampers, both sine sweep and sinusoidal
shake table motions were imposed on the model and the resulting axial force and displacement of
the dampers was measured via load cells and string potentiometers attached directly to the
dampers. To determine the damping coefficient of each damper, the velocity was computed from
the measured displacement via numerical differentiation and linear regression was applied to the
force-velocity data. As an example, the force-velocity experimental data for one of the dampers
is shown in Figure 3.15 for sinusoidal shake table motion at a frequency of 1.7 Hz. In addition, a
"best-fit" curve using linear regression is shown. As can be seen, the experimental data follows a
linear trend (consistent with linear viscous damping model), resulting in a damping coefficient of
60 kN-s/m (close to the expected value of 63 kN-s/m based on manufacturer test data). Data
from the second damper resulted in a damping coefficient of 58 kN-s/m.
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Figure 3.15. Damper force-velocity relation for harmonic shake table motion having a frequency of 1.7 Hz and with
amplitude of 1.27 cm

The hysteretic response of the combination of two dampers for the test described above is
shown in Figure 3.16. As can be seen, the dampers primarily provide energy dissipation. The
small rotation of the hysteresis loop indicates that the dampers also provide some stiffness (slope
between peak displacements is 190 kN/m giving an average stiffness for each damper of 95
kN/m). Note that both the force and displacement shown in Figure 3.16 are projections along a
horizontal axis (along same axis as isolation system deformation), facilitating their direct use in
the dynamic analysis of the bridge deck (the difference in the projected and non-projected
displacements/forces is small since the angle of inclination of the dampers is small).
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Figure 3.16. Force-displacement relation for both dampers for harmonic motion with frequency of 1.7 Hz with
amplitude of 1.27 cm. and duration of 10 sec
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Negative Stiffness Device

As mentioned previously, the two negative stiffness devices were re-designed for
implementation in the bridge model. To experimentally identify the properties of the re-designed
devices, they were subjected to cyclic loading within a loadframe at the University at Buffalo
(see previous chapter). The cyclic tests were performed using harmonic motions with different
amplitudes (ranging from 0.38 to 7.62 cm) and frequencies (0.01, 0.1 and 0.5 Hz). Due to
limitations of the test setup, the maximum frequency used in the testing was 0.5 Hz. To
determine the in-situ properties of the NSDs and to determine the amount of friction/damping
associated with the interaction between the NSDs and their supporting system (i.e., at the sliding
interfaces that allow the NSDs to be sheared while simultaneously supporting the weight of the
NSDs), the bridge model with braced piers was tested for harmonic shake table motion at a
frequency of 0.5 Hz and an amplitude of 10.2 cm. The force developed by the NSDs was
measured directly by the load cells that connect the devices to the piers and the shearing
deformation of the NSDs was calculated based on measurements from string potentiometers
attached to the NSDs. The resulting hysteretic response of the two NSDs combined is shown in
Figure 3.17 where the negative stiffness behavior is evident along with the initial small
displacement delay in development of negative stiffness due to the gap spring assemblies. The
hysteretic response of the four elastomeric bearings during this same test is also shown in Figure
3.17 along with the hysteretic response of the complete isolation system (four elastomeric
bearings plus two NSDs) which exhibits the expected softening behavior. The hysteretic
response of one of the NSDs (NSD north) for this same test is compared in Figure 3.18 with the
hysteretic response of the same device from the cyclic load tests (excitation frequency of both
tests is 0.5 Hz). The in-situ NSD exhibits a hysteresis loop that is roughly twice as wide
(increased energy dissipation due to friction at the sliding interfaces of the NSD supporting
system) and has slightly reduced negative stiffness (due to the flexibility of various components
that connect the NSDs to the bridge) relative to the hysteresis loop from cyclic testing of the
NSD alone.
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Figure 3.17. Hysteretic response of elastomeric bearings (Top Left), NSDs (Top Right) and the isolation system
(Elastomeric bearings + NSDs) (Bottom) for the case of IB+NSD with braced piers and for harmonic shake table
excitation at a frequency of 0.5 Hz and amplitude of 10.2 cm.
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Figure 3.18. Comparison of hysteretic response of in-situ NSD (North) and NSD in load frame for harmonic motion
at a frequency of 0.5 Hz
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Bridge Piers

Many of the shaking table tests were performed for both the cases of braced and unbraced piers.
These tests can be used to determine the dynamic properties of the bridge piers. As an example, a
sine-sweep motion having a frequency range of 0.1-2 Hz and an amplitude of 0.51 cm was
applied to the bridge model for the case of both braced and unbraced piers and only elastomeric
bearings engaged (IB). The resulting deck acceleration, for the unbraced case, is shown in the
frequency domain in Figure 3.19 where it can be seen that the peak in the spectrum is at 1.14 Hz
which is 13% less than the 1.31 Hz for the bridge with braced piers (see Fig. 3.14) (i.e., the
bridge model becomes more flexible). Using the weight of the deck (158 kN) and assuming a
single degree-of-freedom (SDOF) system (i.e., neglecting the pier mass distribution and
considering the pier and bearing stiffnesses to act in series), the effective stiffness of the bridge
model with unbraced piers is 823 kN/m. With this model, the lateral stiffness of the piers is
determined to be 1794 kN/m. Note that a multi degree-of-freedom (MDOF) version of the bridge
model in which the pier mass is considered results in a fundamental natural frequency that
matches that of the SDOF model (half of pier mass (full weight of each pier equals 17.8 kN)
lumped at top of pier and full mass of deck lumped at deck level). The MDOF also predicts a
second mode natural frequency of approximately 8 Hz and thus does not appear in Figure 3.19.

- ek e e
L S T~ - N - - T o]
L

Deck Acceleration
=]

ol
>
L

Fourier Amplitude of

1.5 2 2.5
Frequency (Hz)

Figure 3.19. Evaluation of fundamental frequency for the case of IB with unbraced piers

3.6 Modification of numerical simulations based on system identification tests

Numerical simulation results from analysis of the bridge structure subjected to seismic loading
was presented in a previous chapter. Those simulations were performed prior to the experimental
testing. In this chapter, an updated set of simulations is presented wherein the actual properties of
the components of the system are used (as obtained from the previously described system
identification tests) and the earthquake ground motions that are used for excitation comes
directly from sensors (displacement and acceleration sensors) attached to the shaking table near
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the base of the model. Note that there were some appreciable differences between the desired
shake table motion (historical earthquake record) and the actual motion of the table (recorded
from the sensors attached to the table). These differences were caused by interaction of the
bridge model with the shaking table. As shown in Figure 3.7, the shaking table includes a
concrete cap extension that allows larger models to be tested. However, due to the location of
the bridge piers (on the two cantilevered portions of the concrete extension), the concrete
extension was prone to a rocking motion.

Nonlinear response-history analysis was performed for the eight bridge model
configurations that were experimentally tested using the seven ground motions shown in Table
3.1 (ground motions scaled to meet similitude requirements of the quarter-scale model). Since
most damage in bridge superstructures is either caused by excessive shear forces in their
supporting members (damages to piers and shear keys) or excessive deck displacements (falling
off its supports or damage to isolation system) (Chen and Duan, 2003), the comparison of the
numerical predictions for two response parameters that are examined herein are peak base shear
force and peak isolation system deformation. It should be noted that the base shear is equal to the
shear force transferred to the deck supporting system, which are the piers in the case of the
bridge model with unbraced piers and the abutments (piers and braces in the model) for the case
of the bridge model with braced piers. A comparison of numerical simulation results for the case
of unbraced piers is provided in Figures 3.20 and 3.21. Similar results are shown in Figure 3.22
and 3.23 for the case of braced piers. From the figures, it can be seen that, for almost all of the
ground motions, the case of IB+NSD has the smallest base shear and deck accelerations relative
to all other cases (and is substantially less than the IB case). In addition, deformations of the
isolation system for the case of IB+NSD for all ground motions are smaller than the IB case and
similar to the cases with viscous dampers. Further interpretation and discussion of the results are
provided after the experimental results are presented.

Table 3.1. Ground motions used in numerical simulations and experimental tests

No. | Earthquake Record Mw
1 Northridge, 1/17/1994 637-270 6.7
2 Loma Prieta, 10/18/1989 CAP-000 6.7
3 Cape Mendocino, 4/25/1992 PET-090 7.0
4 Kobe, 1/16/1995 KJIM-000 6.9
5 Northridge, 1/17/1994 Sylmar-000 | 6.7
6 Landers, 6/28/1992 Yermo-000 | 7.3
7 Landers, 6/28/1992 Yermo-270 | 7.3
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Figure 3.20. Numerical predictions of peak base shear in the bridge model with unbraced piers for the cases of
isolated bridge (IB), isolated bridge with NSDs, isolated bridge with passive fluid viscous dampers (PD), and
isolated bridge with NSDs and PDs
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Figure 3.21. Numerical predictions of peak isolation system deformation in the bridge model with unbraced piers
for the cases of isolated bridge (IB), isolated bridge with NSDs, isolated bridge with passive fluid viscous dampers
(PD), and isolated bridge with NSDs and PDs
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Figure 3.22. Numerical predictions of peak base shear in the bridge model with braced piers for the cases of isolated
bridge (IB), isolated bridge with NSDs, and isolated bridge with NSDs isolated bridge with passive fluid viscous
dampers (PD), and isolated bridge with NSDs and PDs
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Figure 3.23. Numerical predictions of peak isolation system deformation in the bridge model with braced piers for
the cases of isolated bridge (IB), isolated bridge with NSDs, isolated bridge with passive fluid viscous dampers
(PD), and isolated bridge with NSDs and PDs
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3.7 Shake table test results and discussion

As mentioned previously, the bridge model was tested with four different isolation system
configurations (IB, IB+NSD, IB+PD, and IB+NSD+PD) and two different bridge pier bracing
conditions (braced or unbraced). Since each of the components of the bridge model has limited
capacity, the ground motion intensity was incrementally increased to allow for monitoring of the
behavior of these components and to ensure that the experimental results are consistent with the
numerical simulations (thus avoiding any possible damage to individual components of the
structure). The shake table tests started with the weakest motion and progressed toward the
strongest motion, usually with ground motion amplitude scaling of 25%, 50%, 75% and 100%
(there were exceptions since, in some cases, the specimen was vulnerable to higher intensity
motions while, for other cases, the specimen could readily withstand more than 100% of the
ground motion). Since the model is a quarter-scale model (from a length scaling perspective),
artificial mass simulation was utilized to meet similitude requirements. This resulted in the
ground motion records being compressed in time by a factor of 2.

The measured peak base shear and peak isolation system deformation for all of the
ground motions are provided in Figures 3.24 and 3.25 for the case of unbraced piers. Similar
results are shown in Figures 3.26 and 3.27 for the case of braced piers. In order to be able to
compare different cases with each other, the ground motions associated with the peak responses
shown in Figures 3.24-3.27 were all scaled to 100% (however, for the IB cases, scaling of some
of the ground motions was limited to ensure that the bearings would not be damaged during the
tests and thus the values shown in the figures are calculated via extrapolation of results from
lower intensity motions, assuming linear behavior of the bearings; note that the IB case is highly
vulnerable due to its low lateral stiffness combined with a small amount of damping). As shown
in Figures 3.24-3.27, in nearly all cases, adding the NSDs to the isolation level reduced both the
peak base shear and the peak isolation system deformation relative to the IB case. Recall that the
NSDs and their support system provide appreciable friction damping and thus the reduction in
deformation was not unexpected. Furthermore, in all cases, adding the NSDs to IB results in a
larger reduction in peak base shear relative to the addition of dampers (although the dampers
produce larger reductions in peak deformation). Although adding the viscous dampers to the
NSDs (IB+NSD+PD cases) is beneficial for reducing peak deformation, due to the high friction
damping provided by the NSDs and their supporting system, the combined damping (friction
plus viscous) resulted in an increase in peak force in most cases relative to the IB+NSD
configuration and in some cases it is even larger than that in the IB+PD configuration. Among all
of the ground motions, results of the PET090 ground motion are unique in that the NSDs have
minimal effect on the base shear and isolation system deformations (this can be explained via
examination of the ground motion effects as defined by an ADRS spectrum; for detailed
explanation, see previous chapter).
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Figure 3.24. Experimental results for peak base shear in the bridge model with unbraced piers for the cases of
isolated bridge (IB), isolated bridge with NSDs, and isolated bridge with NSDs isolated bridge with passive fluid
viscous dampers (PD), and isolated bridge with NSDs and PDs
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Figure 3.25. Experimental results for peak isolation system deformation in the bridge model with unbraced piers for
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Figure 3.26. Experimental results for peak base shear in the bridge model with braced piers for the cases of isolated
bridge (IB), isolated bridge with NSDs, and isolated bridge with NSDs isolated bridge with passive fluid viscous
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Figure 3.27. Experimental results for peak isolation system deformation in the bridge model with braced piers for
the cases of isolated bridge (IB), isolated bridge with NSDs, isolated bridge with passive fluid viscous dampers
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To further evaluate the performance of the bridge model with NSDs, the case of the Kobe
earthquake ground motion is selected for detailed examination. The base shear and isolation
system deformation for the cases of IB, IB+NSD and IB+PD and for both braced and unbraced
piers are shown as a function of time in Figures 3.28-3.31. As can be seen in these figures, the
NSDs (IB+NSD case) reduce the peak base shear and peak isolation system deformation by up to
69% and 65%, respectively, for the case of braced piers, and 64% and 55%, respectively, for the
case of unbraced piers, relative to the IB case (note that the dashed lines shown in the plots
represent the absolute maximum values for each particular case and are shown on the same side
of the plot for comparison purposes). The effect of adding the NSDs to the IB case on the
isolation system deformation is similar to that of adding viscous dampers (see Fig. 3.29 and
3.31). However, the force reduction providing by the NSDs is appreciably larger than that
provided by the viscous dampers (64% reduction versus 28% for the unbraced case and 69%
versus 36% for the braced case; see Fig. 3.28 and 3.29). With regard to pier bracing, as
mentioned previously, the NSDs and PDs produce larger response reductions for the bridge
model with braced piers as compared to that with unbraced piers, indicating that such devices are
more effective when they are installed in a manner that allows them to react against rigid
abutments rather than flexible piers.
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Figure 3.28. Isolation system shear force response for three different isolation system configurations for the bridge
with unbraced piers; Excitation is 100% KJM ground motion from 1995 Kobe, Japan Earthquake
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The hysteretic response of the bridge model (both the complete bridge structure response
and component-level response) is shown in Figures 3.32 - 3.39 for all eight bridge configurations
and for excitation being 100% of the Kobe earthquake ground motion. As shown in Figures 3.32
and 3.33, the behavior of the elastomeric bearings is as expected - almost linear and with a low
level of damping. Furthermore, the response of the system has some distinct differences
depending on whether or not the piers are braced (since the presence of the bracings affects the
dynamic of the structure and thus its response to the earthquake). Also, as can be seen from
Figures 3.32 and 3.33, the total bearing force and base shear hysteresis loops are slightly
different for each pier bracing condition due to the effects of the torsional restraint system
(torsional restraints transfer a small shear force (via friction) from the deck to the piers and
dissipate a small amount of energy (also via friction)).
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The influence of the NSDs when added to the IB case is shown in Figures 3.34 and 3.35.
As can be seen, the NSDs produce a substantial reduction in the forces as defined by the
backbone curve of the complete system. From the figures, it is clear that the NSDs are designed
in a way to create a virtual yield point followed by essentially zero stiffness regions in the
hysteretic response of the bridge model. The bridge components remain elastic while the
backbone curve of the complete system exhibits essentially elasto-plastic behavior. Note that the
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width of the hysteretic loop for the complete system is mainly due to friction within the NSDs
and their supporting assemblies. This friction is beneficial in that it provides energy dissipation
that limits the deformations. If friction in the NSD system were reduced substantially, the forces
in the structure would be reduced further but at the expense of increased deformations, thus
requiring the addition of a damping mechanism. As can be seen in Figures 3.36 and 3.37, the
addition of viscous dampers to the IB case results in significant energy dissipation via damping
forces that are out-of-phase with the restoring forces, thereby reducing both peak forces and
displacements relative to the IB case shown in Figures 3.32 and 3.33.

The hysteretic response for the case of IB+NSD+PD is shown in Figures 3.38 and 3.39.
As can be seen, the addition of viscous dampers to the IB+NSD case results in a complete
system response wherein the peak displacements are reduced by a small amount while the peak
forces are increased appreciably. This may be explained by recognizing that, since the
deformations have been decreased due to the high damping of the combined system, the NSDs
generate relatively small forces during most of the response (due to the gap springs) but are still
able to cancel out the positive stiffness of the elastomeric bearings, particularly at larger
displacements. Furthermore, both the bearings and the NSDs have some level of damping
associated with them but the largest contribution to damping comes from the viscous dampers
which produce large forces near zero displacement (due to velocity dependence). Combining the
hysteretic response for each of these three components (bearings, NSDs, and dampers) results in
peak base shear forces occurring near zero displacement.
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Figure 3.38. Hysteretic response of complete bridge structure and its components for the case of IB+NSD+PD for
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Figure 3.39. Hysteretic response of complete bridge structure and its components for the case of IB+NSD+PD for

The effect of the isolation system on the deformation of the bridge piers (unbraced piers)
is shown in Figure 3.40 for the case of 100% of the Kobe earthquake ground motion. Note that
the two isolation systems that employ NSDs result in smaller peak pier drift than those systems
without the NSDs. Furthermore, both the NSDs and viscous dampers are effective in reducing
the pier drift with respect to the IB case. As shown in Figure 3.25, for this particular ground
motion, viscous dampers are more effective than NSDs in reducing the isolation system
deformation. However, the NSDs are more effective than viscous dampers in reducing pier
deformation due to their method of applying force to the structure. During an earthquake, the
NSDs push the deck in the same direction as the motion of the deck. In order to do that, the
NSDs react against the piers and thus the force that the NSDs impose on the piers is 180 degrees
out-of-phase with respect to the motion of the deck. This behavior results in overall reductions in
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pier deformation relative to that provided by viscous dampers.
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Figure 3.40. Lateral deformation of unbraced piers for different isolation system configurations (IB, IB+NSD,
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3.8 Summary

A new seismic protection device that employs the concept of negative stiffness to limit the forces
that develop in structures is presented herein along with its application to a scale-model highway
bridge structure. The device is completely mechanical (passive) and features a pre-compressed
spring that applies nonlinear displacement-dependent forces that are in-phase with the lateral
displacement of the device. Thus, rather than applying a displacement-dependent restoring force,
the device applies a destabilizing force that, when combined with the restoring force of the
primary structure, results in an overall system that is stable. The negative stiffness device (NSD)
was implemented in a quarter-scale highway bridge model and subjected to selected earthquake
ground motions via a shake table located at the University at Buffalo. The tests were performed
for the cases of a bridge with braced and unbraced piers and for four different bridge
configurations: 1) Isolated Bridge (IB) using low damping elastomeric bearings, 2) Isolated
bridge with NSDs (IB-NSD), 3) Isolated bridge with passive viscous dampers (IB-PD), and 4)
Isolated bridge with NSDs and passive viscous dampers (IB-NSD-PD).

The experimental tests demonstrated that the use of NSDs within the isolation system can
significantly reduce the peak base shear forces and accelerations of the deck with respect to the
IB case for nearly all of the configurations and ground motions. Generally, it is expected that
NSDs will increase deformations, due to the softening behavior of the system, but the
deformations can be controlled by increasing the damping of the system. As discussed herein, the
NSDs were inserted into a special support system which maintains their position within the
isolation system located below the bridge deck. The support system was designed to dissipate
energy through internal friction, resulting in sufficient damping to limit deformations during
strong ground shaking. The experimental results showed that the deformation of the deck with
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respect to the piers (isolation system deformation) for the IB+NSD case was reduced relative to
the IB case for all of the ground motions that were considered. Thus, the combination of negative
stiffness and friction provided by the NSDs and their support system resulted in a device that
reduced force demands in the bridge while simultaneously limiting displacements.

A key outcome of the experimental tests is that they demonstrated that NSDs can be
effective in cases where a flexible layer (i.e., the bridge piers) is inserted between the NSDs and
the foundation of the structure (previous testing had been for the case of base-isolated buildings
in which the NSDs were directly attached to a rigid foundation). In particular, the NSDs were as
effective as viscous dampers in reducing peak pier drifts while at the same time reducing force
demands on the structure. The shake table tests were performed for the case of the bridge with
braced (modeling a bridge supported on abutments) and unbraced piers and results showed that
the NSDs have reduced effectiveness in the case of the bridge with unbraced piers. This is due to
the pre-compressed forces of the NSD springs acting to deform the piers and connecting
elements rather than inducing negative stiffness in the structure.

Detailed results for all eight bridge configurations were presented herein for one
particular strong ground motion, with attention given to evaluating peak base shear and isolation
system deformation and examining the hysteretic response of the components that make up each
bridge configuration, thus clarifying the influence of the NSDs on the response of the seismically
isolated bridge. An important aspect of the bridge response with NSDs (IB+NSD) is that the
positive stiffness of the bearings combined with the negative stiffness of the NSDs results in the
creation of a virtual yield point in the hysteretic response of the bridge (due to the design of the
nonlinear force-displacement relation for the NSDs which results in essentially zero stiffness
regions in the hysteretic response of the bridge). Although the stiffness of the bridge system
appears to be displacement-dependent, the bridge itself remains completely elastic while the
backbone curve of the combined bridge-NSD system exhibits essentially elastic-perfectly plastic
behavior, thereby reducing the forces in the system.
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SECTION 4. PERFORMANCE EVALUATION OF NEGATIVE STIFFNESS DEVICES
FOR SEISMIC RESPONSE CONTROL OF BRIDGE STRUCTURES VIA
EXPERIMENTAL SHAKE TABLE TESTS AND ASSOCIATED NUMERICAL
SIMULATIONS

4.1 Introduction

Since bridges often serve as critical lifelines after major seismic events, many seismic protection
systems have been developed to protect such structures. These systems consist of passive, active
or semi-active devices that change the properties (stiffness and/or damping) of the structure.
Elastomeric bearings, sliding bearings, viscous dampers, and viscoelastic dampers, are common
passive seismic protection devices for bridges. Passive devices that are effective in reducing the
displacement of the bridge deck, such as viscous dampers, may not reduce the shear force in the
piers and the acceleration of the bridge deck since these quantities have peak values that are
dictated by the yield strength of the structure. To address the limitations of passive control
devices, active and semi-active devices have been developed, tested, and in some cases,
implemented in bridges. Iemura et al. (2006) described an application of pseudo-negative
stiffness control in numerical simulations of a benchmark cable-stayed bridge, using controllable
hydraulic damping devices, to reduce both the base shear of the bridge and the deck
displacements. However, the variable damper required external power and a feedback signal to
be able to generate negative stiffness, thus reducing its reliability relative to passive devices.
Another method to reduce forces within structures during earthquakes was proposed by Reinhorn
et al. (2005 and 2009) who introduced the concept of weakening of structures (reducing strength)
to reduce seismic forces and added damping to reduce displacements. Although this method is
capable of reducing both forces and deformations, it may lead to early yielding of the structural
system, resulting in damage to the structure. Since 2008, our research team has been working on
the development and experimental testing of a new passive seismic protection device that can
develop "true" negative stiffness behavior (not pseudo-negative stiffness by means of hydraulic
devices, as described previously) to substantially reduce earthquake forces in structures through
“apparent weakening.” The device produces negative stiffness behavior by using a pre-
compressed spring within an arrangement of steel braces and levers. Nagarajaiah (2010) and
Nagarajaiah et al. (2010) showed that using the negative stiffness device (NSD) in structures
results in decreased dynamic forces. By engaging the NSD's at certain pre-defined
displacements, the combined behavior of the primary structure and NSD's is one in which there
is an apparent (or virtual) yield point at a small force level. The response is virtual in that the
framing of the primary structural system does not actually yield; rather, the composite system
appears to yield (i.e., apparent weakening).

In this project, two prototypes of the NSD were fabricated by a leading manufacturer of
seismic protection devices and tested to evaluate their response to cyclic loading. In addition, the
effects of the devices on the seismic response of two different three-story scale-model buildings
was evaluated via shaking table tests (Sarlis et al, 2011 & 2012 and Pasala et al, 2011, 2013a and
2013b). In the final stage of the project, the NSD's were re-designed for implementation in a
quarter-scale highway bridge model and tested on a shaking table (Attary et al., 2012a, 2012b,
2013). This chapter focuses on evaluation of the experimental shake table test results for each
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bridge configuration, comparison of numerical simulations and experimental results, and
performance assessment of the NSDs based on various performance measures.

4.2 Experimental tests results

The negative stiffness device that was developed and tested as part of this project is a completely
mechanical device that develops a force that is in-phase with the motion of the device. This force
is generated using a pre-compressed main spring, which is originally parallel to the sides of the
NSD (see Fig. 4.1). When the NSD frame is subject to a shearing deformation, the main spring
becomes inclined, creating a force in the same direction as the imposed motion. The deformed
shape of the NSD is shown in Figure 4.1 along with an example of experimental test results in
Figure 4.2 for three harmonic motions at different frequencies.

The bridge model, which is described in detail in previous chapter, consisted of a rigid
steel deck (with additional concrete blocks on top of it) and two steel piers, which could be
flexible or rigid (using four removable diagonal braces) (see Fig. 4.3). The bridge has a clear
span of 4.8 m, a height of 2.7 m, and two custom-designed NSD support frames attached below
the 5.4 m long bridge deck. The deck of the bridge is supported on a seismic isolation system
consisting of four low damping elastomeric bearings and includes NSDs and/or viscous dampers
within the isolation system (see Fig. 4.3).

Unlike the previous two phases of experimental testing of the NSDs within three-story

buildings, in the third phase the NSDs react against a flexible component of the structure (the
bridge piers) rather than being directly connected to the rigid foundation of the structure. The
design of the NSDs was modified for implementation in the bridge model and thus system
identification tests were performed to determine their hysteretic behavior (see Fig. 4.1). The
experimental results clearly show the negative stiffness behavior along with some damping
associated with internal friction (see Fig. 4.2).
Shake table testing of the bridge model was performed for four different bridge configurations:
1) Isolated Bridge with elastomeric bearings (IB), 2) Isolated bridge with NSDs (IB+NSD), 3)
Isolated bridge with passive viscous dampers (IB+PD), and 4) Isolated bridge with NSDs and
passive viscous dampers (IB+NSD+PD) (see Fig. 4.3). Each of these configurations was tested
for the case of unbraced piers (mimicking the middle span of a multi-span bridge) and the case of
braced piers (mimicking a single span bridge supported on abutments). Each of these eight cases
was tested under seismic loading defined by the seven ground motions shown in Table 4.1.

Figure 4.1. Undeformed and deformed shape of NSD inside load frame at University at Buffalo
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Figure 4.2. Hysteretic response of one of the NSDs from harmonic testing at three different frequencies

Figure 4.3. Bridge model and components used in some of the shake table tests (Top left: Bridge model with braced
piers, Top right: NSD and its support system underneath the deck, Bottom left: Elastomeric bearings, Bottom right:
Viscous dampers)

Table 4.1. Ground motions used in numerical simulations and experimental tests

No. | Earthquake Record Mw
1 | Northridge, 1/17/1994 637-270 6.7
2 | Loma Prieta, 10/18/1989 CAP-000 6.9
3 | Cape Mendocino, 4/25/1992 PET-090 7.0
4 | Kobe, 1/16/1995 KIM-000 6.9
5 | Northridge, 1/17/1994 Sylmar-000 6.7
6 | Landers, 6/28/1992 Yermo-000 7.3
7 | Landers, 6/28/1992 Yermo-270 7.3
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Typical damage that occurs in bridge structures subjected to earthquakes includes column
failure and shear key failure (caused by the forces transferred from the deck to the piers) and
deck collapse (falling off its supports) or damage to bearings and expansion joints (due to
excessive displacement of the deck) (Chen and Duan, 2003). In addition, bridges that are
seismically-isolated with elastomeric bearings may experience bearing damage due to excessive
shear strain. Given the aforementioned types of damage, the performance of the bridge test
specimen is evaluated herein based on two normalized response quantities (one related to peak
forces and one related to peak deformations): 1) base shear coefficient (peak base shear
normalized by weight of bridge model (173 kN) and 2) peak shear strain of the elastomeric
bearings (displacement of bridge deck relative to the top of the piers normalized by total
thickness of rubber in each bearing (5.7 cm). For each bridge configuration and for each ground
motion, the measured base shear coefficient and bearing shear strain are shown in Figures 4.4
and 4.5, respectively. However, for the IB case, the isolation system was deemed to be highly
vulnerable due to its low lateral stiffness combined with a small amount of damping.
Furthermore, the piers of the bridge model were designed to yield at a base shear coefficient
value of 0.5. Thus, for testing of the IB case, the KIM-000 and Sylmar-000 records were only
run at a scaling of 50%. Therefore, the results shown in Figures 4.4 and 4.5 for these two
records and the IB case are extrapolated from the values for the 50%-scaled motions. This allows
for the comparison of different cases under a consistent level of ground shaking but with the
understanding that in these particular cases, linear elastic behavior of the system is assumed to
occur at levels of input larger than 50% of the full record.

0.8
0.7 m Braced-1B

E 0.6 ® Unbraced-IB

%‘ 05 ® Braced-IB+NSD

S 04 Unbraced-IB+NSD

E m Braced-IB+PD

7 0 = Unbraced-IB+PD

g 0.2 ® Braced-IB+PD+NSD
0.1 Unbraced-IB+PD+NSD

0

Sylmar-000 KJIM-000 PET-090  637-270  CAP-000 Yermo-270 Yermo-000
Ground Motions
Figure 4.4. Base shear coefficient in bridge model with braced and unbraced piers for cases of isolated bridge (IB),
isolated bridge with NSDs, isolated bridge with passive fluid viscous dampers (PD), and isolated bridge with NSDs
and PDs for different ground motions
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Figure 4.5. Peak bearing shear strain in bridge model with braced and unbraced piers for cases of isolated bridge
(IB), isolated bridge with passive fluid viscous dampers (PD), and isolated bridge with NSDs and PDs for different
ground motions
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As shown in Figure 4.4 and 4.5, by adding NSDs to the IB case, the peak base shear
coefficient and reduces substantially due to the development of a virtual yield point and a
softening response beyond that yield point. Furthermore, the peak bearing shear strain reduces
substantially due to friction damping that develops within the NSD itself and between the NSD
and its support system. Similarly, as shown in Figure 4.5, the case with highest damping
(IB+NSD+PD) exhibits the lowest peak bearing shear strain for most of the ground motions. In
this case the combined system has two major sources of damping (viscous damping from the
fluid dampers and friction damping from the NSDs and their supporting system), resulting in a
system with high damping and thus low deformations. Comparing these two cases shows that the
addition of PDs to the case of IB+NSD further decreases the deformations of the isolation system
relative to the IB case (due to the high damping provided by the dampers) but increases the base
shear force for almost all of the ground motions. Thus, the NSDs are primarily effective in
limiting forces in the system while the viscous dampers are primarily effective in limiting
deformations.

The hysteretic response of the bridge for the eight different bridge configurations is
illustrated in Figures 4.6 and 4.7 for the KIM-000 and PET-090 ground motions, respectively.
The KIJM-000 ground motion is selected for presentation since, for this motion, the NSDs were
most effective in reducing forces. The PET-090 motion was selected since the effect of the NSDs
on the response of the bridge was very minor. Note that each of the four plots shown in Figure
4.6 are plotted to different scales so that the hysteresis loops are clearly visible along with their
comparison between braced and unbraced cases.
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Figure 4.7. Hysteretic response of bridge model with braced and unbraced piers for the cases of IB, IB+NSD,
IB+PD and IB+NSD+PD for PET-090 ground motion

As can be seen in Figures 4.6 and 4.7, for the case of IB+NSD, the hysteretic response
indicates low stiffness combined with significant energy dissipation (large areas within
hysteresis loops). The low stiffness is mainly due to the combination of the positive stiffness
from the bearings and the negative stiffness from the NSDs and the energy dissipation is due to
friction within the NSDs and their supporting system. Due to the nonlinear nature of the friction
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effects, the width of the loop in the vertical direction increases as the displacement increases,
resulting in an increase in force levels at the maximum displacement. The opposite behavior
occurs for the case of IB+PD where the hysteresis loops indicate moderate stiffness combined
with significant energy dissipation where the loops are wide at small displacements and narrow
at large displacements. The moderate stiffness is due mainly to the positive stiffness of the
bearings and the energy dissipation is due to the viscous damping. The variation in the shape of
the loop is consistent with linear viscous damping (i.e., the viscous damping forces are 90
degrees out-of-phase with respect to the displacement of the isolation system). Combining the
NSDs and PDs (IB+NSD +PD) results in hysteresis loops that are a combination of the two
aforementioned cases (i.e., low stiffness combined with significant energy dissipation) wherein
the loops are wide both at the extreme deformations and near zero deformation, thus providing
significant energy dissipation per cycle.

A comparison of the hysteretic response of the bridge model with braced and unbraced
piers for the KIM00OO ground motion, and for the cases of IB, IB+NSD and IB+NDS+PD, is
shown in Figure 4.8. This figure clearly demonstrates the effectiveness of the NSDs in reducing
the stiffness, peak force and peak deformation with respect to the IB case. It is also provides a
direct comparison between the hysteretic response of the system with NSDs and with viscous
dampers, illustrating the fundamental difference between the effect of these protective devices on
the response of the system (the NSDs and viscous dampers produce similar reductions in peak
displacement but the NSDs are more effective in reducing peak force - the peak base shear of the
IB+PD case is almost twice that of the IB+NSD case).
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Figure 4.8. Comparison of hysteretic response of isolation system for cases of IB, IB+NSD and IB+PD for the
bridge model with unbraced (left) and braced (right) piers for the KIM00O ground motion

As mentioned previously, for the PET090 ground motion, the NSDs are not able to
improve the seismic performance of the structure. This is shown in Figure 4.9 via the hysteretic
response of the bridge model for this particular ground motion. Although the NSDs result in a
system with reduced effective stiffness and a virtual yield point, the characteristics of this ground
motion (strong near-field velocity pulse) are such that the friction damping (which is not rate-
dependent) provided by the NSDs is insufficient to control the deformation of the system,
resulting in the NSDs passing through the negative stiffness region of their behavior and into the
positive stiffness region (see Fig. 4.2 where the NSDs can be seen to begin developing positive
tangent stiffness at approximately 6 cm of deformation). Since the NSDs and their support
system provide significant friction damping, the hysteretic response of the bridge model with
NSDs exhibits a large range of forces at large displacements, and thus the peak force is nearly as
much as the IB case. For the case of IB+PD, since the viscous dampers are rate-dependent
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devices and this particular motion exhibits a strong velocity pulse, the viscous dampers are very
effective in reducing the peak deformation but, due to the associated large damping force, caused
by high velocity motion, the dampers have a minor effect on the peak force of the system.

80 30

60

o
(=]

40

s
=

20

[
e

0

-20

[
=

Base Shear (kN)
Base Shear (kN)
o

-40

L
=

—IB-Unbraced —IB-Braced
-60 —IB+NSD-Unbraced -60 1 —IB+NSD-Braced
1B+PD-Unbraced IB+PD-Braced

de
=

-80

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 -6 5 -4 -3 -2 -1 0 1 2 3 4 5 6
Deformation of Isolation System (cm) Deformation of Isolation System (cm)

Figure 4.9. Comparison of hysteretic response of isolation system for cases of IB, IB+NSD and IB+PD for the
bridge model with unbraced (left) and braced (right) piers for the PET090 ground motion

Since the behavior of the NSDs is displacement-dependent (see Fig. 4.2), it is expected that their
effect on the response of the bridge model may depend on the intensity of the ground motion. To
evaluate the influence of different levels of ground motion intensity on the effects of the NSDs,
the ground motions were incremented during the test program. As one example, Figure 4.10
shows the hysteretic response of the bridge model with braced piers for the case of IB+NSD and
for a range of intensities of the Sylmar ground motion. Since the hysteretic response of the IB
case is almost linear, the IB case under 50% of the same motion is also shown in Figure 4.10 as a
reference. As can be seen in Figure 4.10, one of the characteristics of the NSD assembly is that,
due to friction, the hysteresis loops become wider (vertical width) as the intensity of the ground
motion increases. This phenomenon can also be seen in Figure 4.11, which shows the hysteretic
response of the NSDs for the case of IB+NSD with braced piers and for harmonic excitation at a
frequency of 0.5 Hz (shake table motion is harmonic but NSD response exhibits a transient
component during the first cycle, which is represented by the outermost loop in Figure 4.11,
which is larger than the inner loops that are associated with steady-state response). To explain
the increasing width of the hysteresis loops for increasing seismic intensity, a plan view of the
bridge model, taken at the level of the NSDs and their support system, is shown in Figure 4.12.
One side of each NSD is rigidly attached to the deck and the other side is supported by the deck
(weight is supported by deck) but is attached to the piers through a sliding rail system. This
railing system allows one side of the NSD to slide relative to the bridge deck and thus to develop
shear deformation in the NSD. As the NSD deforms, a component of the forces developed within
the NSDs acts along the direction of the rail while another component acts perpendicular to the
contact surface of the rail. The perpendicular component represents a normal force that results in
friction along the sliding surface of the rail. As the shearing deformation of the NSD increases,
these force component increase and therefore friction force in the direction of the rail also
increases. Thus, the width of the hysteresis loops increases as the shearing deformation increases
(i.e., as the ground motion intensity increases).
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Figure 4.11. Hysteretic response of NSDs for the case of IB+NSD with braced piers and with harmonic excitation at
a frequency of 0.5 Hz

Figure 4.12. Plan view of bridge model at NSD level
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The effectiveness of the NSDs for a range of ground motion intensities is illustrated in
Figures 4.13 and 4.14 in terms of peak deck acceleration and peak isolation system deformation,
respectively, for the cases of IB, IB+PD and IB+NSD and with either braced or unbraced piers.
The KIM000 and PET090 ground motions are selected for Figures 4.13 and 4.14, respectively,
since, for one of them (KJMO000), the NSDs were shown to provide the maximum peak base
shear reduction relative to the IB case (see Fig. 4.4) and, for the other (PET090), the NSDs had a
minor effect on the peak base shear (see Fig. 4.4). For the Kobe earthquake, it can be seen in
Figure 4.13 that both the forces (proportional to acceleration) and deformations increase
approximately linearly with increasing intensity, indicating that the effectiveness of the NSDs in
reducing accelerations and deformations does not change with the intensity of the motion.
Furthermore, it is evident that, over the entire range of ground motion intensities considered, the
NSDs were able to reduce forces much more than the viscous dampers and the NSDs were as
effective as the viscous dampers in reducing the deformations of the isolation system. Finally,
both the NSDs and viscous dampers are more effective in reducing forces and displacements for
the case of the bridge model with braced piers as compared to that with unbraced piers,
particularly for large ground motion intensities.
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Figure 4.13. Effect of ground motion intensity (KJMO00O record) on peak acceleration of bridge deck (left) and peak
deformation of the isolation system (right)

For the case of the PET090 ground motion, the response for increasing seismic intensity
is markedly different from that for the KIM0OO ground motion. As shown in Figure 4.14, for the
full range of seismic intensities, the viscous dampers have a relatively minor effect on the peak
acceleration. Also, for the case of braced piers, the peak accelerations are increased relative to
the IB case for nearly all of the intensities. However, as seen in Figure 4.14, the viscous dampers
have a strong effect on the peak deformation over the full range of seismic intensities. On the
other hand, for this particular ground motion, NSDs have minimal effect on accelerations at low
intensities (since they have minimal engagement), reduce accelerations as the intensity increases,
and then have reduced effectiveness at higher intensities. In addition, the effect of the NSDs on
the peak deformations of the isolation system are relatively minor with their effect decreasing as
the intensity of the motion increases.
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Figure 4.14. Effect of ground motion intensity (PET090 record) on peak acceleration of bridge deck (Left) and peak
deformation of the isolation system (Right)

4.3 Evaluation of experimental results in frequency domain

As discussed above, the bridge model was tested for many different input motions and for
different bridge/isolation system configurations. Among those input motions, sine sweeps and
white noise signals were used for system identification. For the case of the bridge model with
braced piers, the structure primarily behaves as a single-degree-of-freedom system with the
degree of freedom being the deformation of the elastomeric bearings. Pseudo-static cyclic testing
of the elastomeric bearings showed that the effective stiffness of the combination of four
elastomeric bearings is approximately 1068 kN/m. With four bearings supporting the bridge deck
and the deck weighing approximately 158 kN, the natural frequency for the case of braced piers
is estimated to be 1.30 Hz. Experimental testing using a sine sweep input motion (0 - 5 Hz with
amplitude of 1.78 cm.) indicated that the natural frequency was 1.32 Hz (see Fig. 4.15 which
shows the Fourier amplitude of the deck acceleration). Thus, the estimated natural frequency is
very close to the measured value and therefore the simplified SDOF representation of the
structure is reasonable.

When the NSDs are added to the isolation system, it is expected that the acceleration of
the deck, and thus the forces within the system, will decrease. However, the nonlinear behavior
of the NSDs is such the bridge no longer exhibits any distinct natural frequencies (i.e., the
natural frequency continuously changes based on the deformation at the isolation level).
Therefore, a resonant condition cannot be achieved and thus distinct spikes in the Fourier
amplitude spectrum are not expected. This behavior is clearly shown in the Fourier amplitude of
the deck acceleration (normalized by the peak ground acceleration) (see Fig. 4.15) where the
dominant spike for the linear case (isolated bridge deck) is completely absent in the nonlinear
case (isolated bridge with NSDs). In Figure 4.15, the excitation is a sine sweep from 0.1-2.0 Hz
with an amplitude of 0.508 cm for the IB case and 1.778 cm for the IB+NSD case.
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4.4 Computational Model of Bridge Test Specimen

For conducting numerical simulations of the seismic response of the bridge test specimen for
each of the configurations described previously, analytical models for each component of the
bridge (bearings, viscous dampers, NSDs, and bridge piers) were developed and calibrated using
data from cyclic tests.

Modeling of Bridge Piers

The bridge piers were modeled as linear elastic beam-column elements with properties based on
data from fabrication drawings and the work of Tsopolas et al. (1994) wherein the same bridge
piers were used in seismic testing.

Modeling of Elastomeric Bearings

The behavior of the elastomeric bearings can be simulated using a variety of models of varying

complexity. As described in chapter two, the bearings are made of natural rubber of grade 5 and

Shore durometer Type A hardness of 50. The effective shear stiffness of each of the bearings can

be determined as follows (Naeim and Kelly, 1999):
GA,

Keff = T_

r

4.1)

where G is the shear modulus of the rubber, A; is the bonded rubber area and T; is the total
rubber thickness. Assuming a typical shear modulus of 0.7 MPa for this type of material and
using the known total rubber thickness and bonded area (5.7 cm and 243 cm’, respectively), the
effective shear stiffness of each bearing is calculated to be 2.98 kN/cm.

One simple model of the bearings employs a linear spring in parallel with a linear viscous
dashpot wherein the aforementioned effective stiffness defines the properties of the linear spring
and an equivalent viscous damping ratio is used to account for the effect of the dashpot. Another
approach is to utilize a linear spring (having the aforementioned effective stiffness) in parallel
with an elasto-plastic element to account for energy dissipation. Such models may be adequate
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for capturing the global behavior of the bearings. However, experimental cyclic testing of the
bearings showed that the bearing stiffness reduces at displacements larger than about 2.5 cm
(exact value is different for each bearing) and then increases at displacements larger than about 5
cm (these values correspond to rubber shear strains of about 50% and 100%, respectively) (see
Fig. 4.16).
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Figure 4.16. Hysteretic response of elastomeric bearings subjected to harmonic motion

To account for the displacement-dependencies of the bearings, two additional elements
can be added in parallel with the aforementioned spring and elasto-plastic elements (Sarlis et al.
2013) (see Fig. 4.17). These two elements have a dead zone at small displacements. Beyond
some displacement, one of the elements exhibits negative stiffness, thus generating a softening
behavior. Increasing the displacement further engages the second element, which exhibits
positive stiffness, thus generating hardening behavior. Combining these four elements together
results in hysteretic behavior that captures well the behavior of the bearings (see Fig. 4.18).
Sarlis et al. (2013) used such a method for modeling the same elastomeric bearings that were
utilized in testing of the bridge model and thus the same model parameter values obtained by
Sarlis et al. (2013), via cyclic testing and an associated model calibration process, are used herein
(see Table 4.2). The resulting prediction of the hysteretic response of the bearing under harmonic
loading conditions compares well with experimental test data (see Fig. 4.18).

Modeling of Negative Stiffness Devices

The basic behavior of the NSDs can be simulated using the following nonlinear elastic force-
displacement relation as defined in chapter two (and obtained using the free-body diagrams
shown in Fig. 4.19):

L, +L
Fuo = —Fs Ly =*a +F,
L, L Je- (4.2)

where L, is the initial length of the main spring, L; and L, are the lengths of the two sides of the
pivot plate, u is the shear deformation of the NSD, and F; is the force in the pre-compressed main
spring as given by

F,.+ KL
FS:(—"C - > p—KsJu

S

(4.3)
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where F, is the initial force in the pre-compressed main spring, K is the stiffness of the main
spring and L is the length of the deformed shape of the main spring. The force F, is the force in
the gap-spring assembly and is given by

Kire U lu|<d,
Fy = ksi kso
’ Fcomp +ﬁ(|u| _dg) sgn(u) |u| > dg (4.4)

where ks is the stiffness of the outer spring of the GSA (stiffer spring), ksor is the stiffness of
the inner spring of the GSA (softer spring), d, is the amount of shear deformation of the negative
stiffness device prior to initiation of global negative stiffness behavior (i.e., the combined effect
of the GSAs and the main spring produces negative stiffness for displacements larger than d,),
Feomp 1s the pre-compressed force in the soft spring (which prevents its engagement until the
displacement d, is reached), and the signum function returns the sign of the displacement.

Q Q /
2 4
£ : L | /
(' ('S
Displacement Displacement
Displacement Displacement
Combination
o
g2 y
O -
=
Displacement

Figure 4.17. Force-Displacement relations for components used to model elastomeric bearings and resultant
hysteresis loop
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Table 4.2. Values of parameters used to define hysteretic response of each elastomeric bearing

Bearing
Element Parameter
1 2 3 4
Linear Spring Effective stiffness (kN/cm) 2.87 3 3.08 3.15
. Elastic Stiffness (kN/cm) 1.52 1.52 1.52 1.52
Wen-Bilinear -

Yield Force (kN) 1.35 1.43 2.32 1.29
Softening Starting Displacement (cm) 2.36 1.6 1.37 1.83
Element Added Negative Stiffness (kN/cm) -0.51 -0.53 -0.65 -0.56
Hardening Starting Displacement (cm) 5.56 5.84 6.1 5.72
Element Added Positive Stiffness (kN/cm) 0.58 0.39 1.24 0.77

Vaip

Veo

Vep

Pre-compressed spring M Gap-Spring Assembly

Figure 4.19. Prototype NSD undergoing cyclic testing and free-body diagrams for evaluation of lateral force
Since the design of the NSDs was modified for application to the bridge model, cyclic
testing of the re-designed NSDs was performed to determine their properties. The cyclic tests

(harmonic motion over a range of amplitudes and frequencies) were conducted at the University
at Buffalo using a load frame that could impose shearing deformation to the NSD. Using the
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cyclic test data, values of the parameters that define the device behavior can be calibrated by
overlaying the backbone curve of the experimental data on the analytical solution. Performing
this calibration resulted in the parameter values shown in Table 4.3.

Table 4.3. Values of parameters used to define NSD behavior

Parameter Values
Distance from spring pin to fixed pin (L;) 0.254 m
Distance from lever pin to fixed pin (L) 0.127 m
Initial length of main spring (L,) 0.762 m
Stiffness of main spring (Ks) 140 kN/m
Preload of main spring (Fpc)* 21.13 kN
NSD engagement displacement (dg) 0.5 cm
Stiffness of soft spring (Ksos)* 6.59 kN/m
Stiffness of stiff spring (Kgix)* 491.2 kN/m
Pre-compressed force of soft spring (Fcomp) 2.8 kN

* Parameters used for calibration (other parameters are measured or nominal values)

As an example of the predictive capability of the model, Figure 4.20 shows the response
of the NSD under cyclic loading conditions (using the analytical model for one of the NSDs
where calibration was performed using three of the parameters shown in Table 4.3). As can be
seen, the experimental data is influenced by the presence of friction in the device (discussed
below). In Figure 4.20, the friction effect is removed in an approximate way by taking the
average of the test data. This average data compares very well with the nonlinear elastic
analytical model, suggesting that the basic behavior of the NSD is modeled well by the analytical

model.
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Figure 4.20. Comparison of predicted response and experimental test data

Since the NSDs are mechanical devices that are constructed of steel, friction develops at
any sliding interfaces. In addition, when the NSDs are placed inside the support system that is
attached to the underside of the bridge deck, additional friction forces develop due to sliding
between the NSDs and the sliding rail of the support system. Figure 4.21 shows a comparison of
the hysteretic response of one of the NSDs within the bridge model and the same device within
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the load frame for a harmonic motion at the same frequency; the additional damping from the
NSD support system is evident.
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Figure 4.21. Comparison of hysteretic response of in-situ NSD (North) and NSD in load frame for harmonic motion
at a frequency of 0.5 Hz

The additional friction forces in the NSD's arise from sliding at two different interfaces.
As shown in Figure 4.22, the railing system included two types of roller plates, ones that were
horizontal and thus allowed sliding on horizontal surfaces, and ones that were vertical and thus
allowed sliding on vertical surfaces. The normal force on the horizontal roller plates is equal to a
portion of the weight of the NSDs and thus the friction force at the associated horizontal surfaces
is constant and therefore can be modeled with the aforementioned elasto-plastic element with
high elastic stiffness (i.e., an equivalent Coulomb friction element). For small NSD
deformations, there are no normal forces on the vertical roller plates and thus the friction force is
zero. As the NSD deformations increase, the sliding rail comes into contact with the vertical
roller plates and thus normal forces develop. These normal forces continue to increase as the
NSD shearing deformation increases, thereby increasing the friction forces. Thus, an additional
element is needed in which friction increases with displacement. Such an element is common in
mechanical devices that have frictional components (as an example, such a model has been used
by Nagarajaiah et al. (1991) to capture the behavior of frictional isolators in which the normal
force on the contact surface is variable).
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Figure 4.22. Details of NSD support system and close-up view of rail and rollers

The three sources of friction (one from internal friction in the NSD and two from the interaction
of the NSD with its support system) were modeled using a combination of two elasto-plastic
elements with zero post-yield stiffness (Coulomb friction elements) and one variable friction
element. The friction force associated with internal friction in the NSD is defined by

F =o,sgn(u) 4.5)

and the friction force associated with interaction between the NSD and its support system is
given by

F, =a,sgn(u) (4.6)

where 0, is the magnitude of the friction force generated within the NSD (measured from cyclic

testing of the NSD alone; see Fig. 4.20) and o, is the magnitude of the friction force due to
interaction between the NSD and its support system (measured from cyclic testing of the NSD
and support system within the bridge model; see Fig. 4.21 where force near zero displacement
was utilized). The friction force associated with the variable friction element (having a friction
force magnitude proportional to displacement) is defined by

F, =BJu[sgn(u) (4.7)

where g is the magnitude of the slope of the hysteresis loop (measured from cyclic testing of the
NSD and support system within the bridge model; see Fig. 4.21 where forces over a range of
displacements was utilized). In all three cases, the signum function returns the sign of the
velocity. The values of the aforementioned parameters are provided in Table 4.4 where the
values correspond to a single NSD.
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Table 4.4. Values of parameters used to define friction forces of the NSD and supporting system

Parameter Value
a, 1 kN
o 3 kN
B 1.1 kN/cm

The final model of each of the NSD's consists of four elements (see Fig. 4.23); a
nonlinear elastic element (from Eq. 4.2), two Coulomb friction elements (from Eq. 4.5 and 4.6),
and a variable friction element with displacement-dependent friction (from Eq. 4.7). The
resultant NSD force, including the effects of friction, is given by:

L +L
FNFSD:FNSD+F1+F2+F3:—FS[%j[2+i+ "+1J+Fg+oc]sgn(u)+oc2Sgn(u)+ﬁ|u|sgn(u) (4.8)

2 Ll \/Li—uz

where all parameters have been defined previously. A comparison of the predicted hysteretic
response with experimental test data for harmonic loading conditions is shown in Figure 4.24
where it can be seen that the model provides a good reproduction of the experimental data.

Modeling of Fluid Viscous Dampers

The hysteretic response of the fluid dampers under cyclic loading (see Fig. 4.25) reveals that the
dampers primarily provide energy dissipation but also provide some stiffness. Thus, the dampers
were modeled as linear viscous damper elements in parallel with linear elastic spring elements
(Kelvin model of viscoelasticity). The damping coefficient of the linear damper elements was
determined from system identification test data (direct measurement of the damper force and
displacement) from harmonic shake table tests for the case of IB+PD (e.g., see Fig. 4.25). The
resulting damping coefficient of the viscous damper element was 0.60 kN-s/cm (value specified
by manufacturer was 0.63 kN-s/cm) and the resulting stiffness of the spring element was 1.0
kN/cm. Note that two fluid dampers were used in the bridge model testing and thus two viscous
damper elements and two linear spring elements were used in the model for numerical
simulations. A comparison of the predicted hysteretic response with experimental test data for
harmonic loading conditions is shown in Figure 4.26 where it can be seen that the model
provides good reproduction of the experimental data.
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Figure 4.25. Hysteretic response (combined force from two dampers) for bridge with braced piers (IB + PD case)
subjected to harmonic ground motion (frequency of 1.7 Hz and amplitude of 1.27 cm)
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Figure 4.26. Comparison of predicted and measured hysteretic response of viscous dampers for the bridge with
braced piers (IB + PD case) and subjected to harmonic ground motion (frequency of 1.7 Hz and amplitude of 2.54
cm)

Equation of Motion for Bridge Model

Using the analytical models described above for each component of the bridge model, the
equation of motion may be written as

[M]{a} + [C1{} + [KT{u} + {f (u, )} = —[M]{D}iiy(2) 4.9)

where [M] is the mass matrix, [C] is the damping matrix associated with inherent damping in the
bridge (Rayleigh damping model used with 2% damping in the first and second modes), [K] is
the elastic stiffness matrix associated with the bridge piers and deck, {u}, {11} and {ii} are the
displacement, velocity and acceleration vectors along the degrees of freedom, ii,is the
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horizontal ground acceleration (acceleration of shake table) and {l} is the ground motion
influence vector. The forces within the isolation system are defined by

{f(uw, )} = {fep(w, W)} + {fop (W, W)} + {fysp (w, 1)} (4.10)

where {fgg(u, )} is the elastomeric bearing force vector, {fpp(u, )} is the viscous damper
force vector and {fysp(u, 1)} is the NSD force vector. The velocity dependence of the isolation
system forces is associated with either a dependence on the velocity itself or its sign.

4.5 Numerical predictions of seismic test results

The analytical model of the bridge test specimen was used to develop a finite-element model of
the bridge using the software SAP2000. The bridge deck was modeled as a system of beam
elements supporting concrete slabs, the piers were modeled as linear elastic beam-column
elements, the viscous dampers were modeled as linear link elements (linear elastic spring
element in parallel with linear viscous damping element), the elastomeric bearings were modeled
as a combination of four link elements in parallel (one linear elastic element, one elasto-plastic
element, and two dead-zone elements), and the NSDs were modeled as four link elements in
parallel (one nonlinear elastic element, two Coulomb friction elements, and one variable friction
element). The computational model of the bridge test specimen was used to conduct various
numerical simulations to predict the response of the bridge under dynamic loading conditions.

Prior to fabrication of the bridge model, a series of preliminary numerical simulations
were performed wherein the design properties of each bridge component were utilized to define
the values of various parameters. These simulations were conducted to estimate the response of
the bridge model for each configuration that was to be tested on the shaking table. The complete
bridge test specimen was then mounted on the seismic shaking table and system identification
tests were performed to verify the properties of each component when installed within the bridge
model. These tests revealed that there was a need to update the models of each component
(particularly the need to include friction damping associated with the NSDs and their support
system). Thus, the numerical simulations were repeated to provide final predictions of the bridge
response for the pending seismic tests.

An evaluation of the ability of the numerical model (finite-element model using
parameter values obtained from system identification tests) to simulate the seismic response of
the test specimen is presented below for seismic loading corresponding to the PET090 ground
motion (selected due to its unique effects on the bridge). In Figure 4.27, a comparison of
experimental results and numerical simulations is provided for the case of IB with both braced
and unbraced piers and for 100% of the PET090 ground motion. The responses are presented
both in the force-displacement plane (hysteretic response) and as a force response-history. In
spite of the moderately complex behavior of the isolation bearings, the predictions match well
with the experimental data.
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Figure 4.27. Experimental results and numerical simulations of bridge model for the case of IB with braced (top)
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and unbraced (bottom) piers for 100% of PET090 ground motion

As described previously, for numerical modeling of the behavior of each of the NSDs,
four elements were used in parallel. These components are combined to obtain the numerically
computed hysteretic response of the isolation system. As an example, the hysteretic response
along with the base shear response-history for the IB +NSD case of the bridge model with braced
piers and subjected to the PET090 ground motion is shown in Figure 4.28 (top plots). The case
with unbraced piers is shown in the bottom plots of Figure 4.28. As can be seen in Figure 4.28,
in spite of the strong nonlinearities in the numerical model, the model is able to predict the
experimental results with high fidelity (peak forces are accurately predicted; peak deformation
from numerical simulations is somewhat larger than from experimental data). Figure 4.29 shows
the same type of results for the case of IB+PD. Again, it can be seen that the numerical model

provides a very good prediction of the experimental test results.
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80 80 -
Braced Piers Braced Piers
60 E 60 -
= 40 40
= 20 Z 2
1
g o 3
T = 0
[ Z
@ -20 2-20
@ =2
-40 -40
-60 _ExPemPent?l TeSt, -60 — Experimental Test
- Numerical Simulation . ;. N
-80 8 ----Numerical Simulation
-4 2 0 2 4 0 5 10 15 20
Isolation System Deformation (cm) Time (sec)
80 80
Unbraced Piers Unbraced Piers
60 60
— 40 - .
z = 40
=20 = 2 A
2 o g
& 2 %7
g 20 s -20
2 a0 £ -40 -
-60 —— Experimental Result —— Experimental Result
------- Numerical Simulation -60 - ----Numerical Simulation
-80
-80
-4 -2 0 2 4 0 5 10 15 20
Isolation System Deformation (cm) Time (sec)

Figure 4.29. Experimental results and numerical simulations of bridge model for the case of IB+PD with braced
(top) and unbraced (bottom) piers for 100% of PET090 ground motion
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4.6 Performance measures

To systematically evaluate the effectiveness of the NSDs, the following Performance Measures
(PM) (Reigles and Symans, 2005) are defined (provide comparisons of the force and
displacement response of the system with NSDs relative to that without the NSDs (subscript 1
below) and relative to that with viscous dampers (subscript 2 below)):

Max |VIB+NSD(t)|

PMy, = Wax VIO 4.11)
Max |VIB+NSD(t)|
PM,, = Vax [TTEVPD g (4.12)
PMp, = Max |DIB(1)| (4.13)
IB+NSD
PM,, =MD O] (4.14)

Max |DIB+PD(t)|

where Max |V'B(t)|, Max |[V'B*NSP(t)| and Max |V!B+PP(t)| are the peak base shear for the
cases of IB, IB+NSD, and IB+PD, respectively and Max |D'B(t)|, Max |D'B*NSP(t)|, and
Max |D'B+PD(t)| are the peak shear deformation of the isolation system for the cases of IB,
IB+NSD, and IB+PD, respectively.

A summary of the PM values for each ground motion is shown in Figure 4.30 and 4.31.
Note that a PM value smaller than unity indicates that the NSDs were effective in reducing a
particular response quantity. As expected, the effect of the NSDs is to reduce the shear forces for
all cases with respect to the isolation system without the NSDs and also with respect to the case
with viscous dampers. In general, the NSDs are more effective in reducing the response of the
bridge model with braced piers (since they are reacting against rigid abutments rather than
flexible piers). Due to the friction that develops within the NSDs and their support system, the
NSDs were effective in reducing the displacements relative to the system without NSDs but were
not as effective as the viscous dampers.
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Figure 4.31. Evalution of performance of bridge model with NSDs relative to that with viscous damper for various
ground motions and for braced (left) and unbraced (right) piers

In general, it is difficult to simultaneously reduce forces and displacements in an isolated
bridge structure. As a means of illustrating the effectiveness of the various isolation systems in
simultaneously reducing both of these quantities, the shear force and displacement performance
measures can be combined in a single plot (see Fig. 4.32). In such a plot, the best systems are
those, which remain under unity for both axes. As shown in Figure 4.32, for both the cases of
braced and unbraced piers, the NSDs simultaneously reduced the forces and the displacements in
the structure relative to the case without the NSDs but increased the displacements relative to the
case with viscous dampers.
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Figure 4.32. Simultaneous evaluation of force- and displacement-related performance measures for the case of the
bridge model with braced piers (left) and unbraced piers (right)

Another approach to quantifying the performance of the NSDs in terms of simultaneous
consideration of force and displacement response is via a Combined Performance Measure
(CPM) (Reigles and Symans, 2005):

Max [VIBNSD(t)|-Max |[vIB(t)| =~ Max |DIBNSD(t)|-Max |D'B(t)|

CPM; = Max |VIB(t)| + Max |DIB(t)| (4.15)
_ Max|VIB+N5D(t)|—Max|VIB+PD(t)| Max|DIB+N5D(t)|—Max |DIB+PD(t)|
CPM, = Max |VIB+PD(p)| + Max |DIB+PD ()| (4.16)

With these particular definitions, equal weight is given to the effects that the NSDs have
displacements and forces. Note that, if the value of CPM is less than zero, the system with NSDs
produces an overall improvement in performance relative to the system without NSDs. As shown
in Figure 4.33, the NSDs reduce the shear forces and displacements in the bridge model
significantly as compared to the isolated bridge without the NSDs. Although the NSDs were
more effective in reducing the shear forces in comparison with viscous dampers for all of the
ground motions, in some cases the CPM2 values are positive indicating better overall
performance of the system with viscous dampers. This is due to the viscous dampers being more
effective in reducing displacements (see Fig. 4.33).

In summary, the performance measures show that the NSDs reduce shear forces
significantly while reducing displacements in some cases (the displacement reduction being
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dependent on the friction damping within the NSD and its support system) and increasing it in
others (i.e., when compared to the case with viscous dampers). Thus, it may be argued that the
NSDs provide good overall performance with regard to both forces and displacements
(displacements are reduced relative to the case without NSDs but not by as much as for the case
with viscous dampers).
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Figure 4.33. CPM values for various ground motions and for bridge model with braced piers (left) and unbraced
piers (right)

4.7 Effects of high damping on performance measures

As indicated previously, one of the bridge configurations that was used in the shake table tests
was one in which the isolation system contained both NSDs and viscous dampers. The original
intent of this configuration was to use the dampers to provide energy dissipation and thus to limit
the deformations of the isolation system. However, the experimental testing showed that the
NSDs and their support system provided a large amount of damping via friction. In addition, due
to the softening effect of the NSDs, the effective stiffness of the complete system is reduced such
that the ability of the system to dissipate energy, as characterized by a damping ratio, is increased
significantly. Thus, adding the viscous dampers in parallel with the NSDs resulted in a system

&9



which had excessive damping, resulting in significant increases in forces. As an example, Figure
4.34 shows the hysteresis loops for the case of IB+NSD-+PD for the bridge with braced piers and
subjected to three harmonic load cases (frequency of 1.7 Hz but different amplitudes). As can be
seen in the figure, as the deformation of the isolation system increases, the effective stiffness of
the system decreases (due to the softening behavior induced by the NSDs). The equivalent
viscous damping ratio of the system for each hysteresis loop was determined (using the
dissipated energy per cycle and the peak elastic strain energy as defined by the force at the
maximum displacement) and is shown in Figure 4.35 with the effective stiffness of the system
(plotted against the average peak displacement for each test). As can be seen, the softening
effect of the NSDs, which is more pronounced as displacements increase, leads to significant
increases in equivalent viscous damping.

1)
o

3 2 -1 0 1 2 3
Isolation System Deformation (cm)
Figure 4.34. Hysteresis loops for the case of IB+NSD-+PD for the bridge with braced piers and subjected to three
harmonic loads having different amplitudes and a frequency of 1.7 Hz
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Figure 4.35. Influence of NSD behavior on stiffness and damping in bridge model for case of IB+NSD+PD and
braced piers

The following performance measures, which are similar to those described previously,
can be used to evaluate the performance of the bridge with NSDs (IB+NSD) relative to that that
includes both NSDs and viscous dampers (IB+NSD+PD), and thus to evaluate the influence of
high levels of damping:

Max |VIB+NSD+PD(t)|

PMys = =0s |VIB+NSD ()] (4.17)
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|DIB+NSD+PD (1))

Max |DIB+NSD(t)|

PMD3 - (4.18)

Max |VIB+NSD+PD(t)|—Max |VIB+NSD(t)| Max |DIB+N5D+PD(t)|—Max |DIB+NSD(t)|
Max |VIB+NSD(t)| Max |DIB+NSD(t)|

CPM; = (4.19)
where Max |[VIB*NSD+PD(1)| is the peak base shear for the case of IB+NSD+PD and
Max |D!B*NSD+PD ()| is the peak shear deformation of the isolation system for the same case.
The performance measure values are shown in Figure 4.36 where the increase in forces is evident
for both the braced and unbraced cases. It should be noted that one of the reasons for the increase
in peak forces is that the friction damping within the system is a type of rate-independent
damping that produces peak forces at the same time as peak displacements, thus maximizing the
width (vertical height) of the hysteresis loops at their extreme displacements. As an example, for
the case of IB+NSD, if it is assumed that the NSDs and their support system have frictionless
interfaces and a viscous damper is installed in parallel with the NSDs (i.e., the friction is
removed from the NSDs and accounted for via equivalent viscous damping), the hysteresis loop
would have their maximum height at zero displacement with zero force contribution from the
dampers at the extreme displacements. In such an idealized system, the peak force would be less
than that that develops in the actual system that has friction and thus would be more effective in
terms of reducing forces. To illustrate this, Figure 4.37 shows the hysteretic response for this
idealized case, based on numerical simulations for the PET-090 ground motion. The idealized
case produces peak forces that are about 15% less than those associated with the actual system,
which had frictional damping.
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Figure 4.36. Performance measures for evaluating influence of damping on bridge model response for case of
braced piers (left) and unbraced piers (right)
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4.8 Alternative Device Configuration for Development of Negative Stiffness

An alternative approach to developing negative stiffness, and one that could result in
more compact NSDs, is to convert the translational motion of the bridge to rotational motion.
Within this project, a new concept for rotation-based NSDs was developed but remains at a
preliminary stage. The newly developed devices are able to modify stiffness and/or damping of a
structure mechanically using mechanical feedback from the structure to which it is attached. In
general the devices work by transforming the linear motion of a structure into rotation and then
using rotational elements (e.g, gears) to control the behavior of the structure during seismic
loading events. Using such rotational elements, many adaptive passive seismic protection
devices can be configured, each having unique capabilities. It is expected that detailed
information on the behavior of rotation-based NSD devices will be presented in future
publications.

4.9 Summary

Experimental tests of a seismically-isolated bridge model demonstrated that the use of NSDs
within the isolation system can significantly reduce the peak base shear. It is expected that the
NSDs will generally increase the deformation of the isolation level, which can be limited by
providing damping within the isolation system. For the tests described herein, the NSDs and their
support system, included sliding rails, provided significant damping via friction. This
combination of negative stiffness and friction resulted in good performance with regard to both
forces and displacements. Furthermore, the experimental tests demonstrated that NSDs can be
effective in cases where a flexible layer (i.e., the bridge piers) is inserted between the NSDs and
the foundation of the structure (previous testing had been performed for the case of base-isolated
buildings in which the NSDs were directly attached to the foundation).

The hysteretic response of the bridge model for two particular ground motions (KJM-000
and PET-090) were presented in this report to provide a detailed evaluation of the effects of the
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NSDs on the response of the bridge. Comparing the cases of IB and IB+NSD, the NSDs
produced the maximum base shear reduction for the KIM-000 ground motion (between the seven
motions selected for the test program) but had only a minor effect on both the peak force and
displacement for the PET-090 ground motion. Since the behavior of the NSDs is dependent on
various parameters which can be readily modified (e.g., by changing the device geometry via
alteration of the NSD lever arms and/or by changing the stiffness values for each spring), the
device can be designed such that it is most effective for the particular characteristics of the
ground motions expected at a site (e.g., based on site-specific ground motion records). Such
modifications could have been made to the NSDs such that they would have been effective in
reducing the bridge model response for the PET-090 ground motion.

One of the main effects of the NSDs is to modify the dynamics of a structure such that
there is no resonant condition. For example, by adding the NSDs to the bridge model, the
effective stiffness and natural frequency of the combined system continuously changes, thus
avoiding resonance. This effect of the NSDs was clearly demonstrated by examining the
response of the bridge model when subjected to a sine-sweep harmonic excitation (response in
frequency domain was essentially flat indicating no resonant frequency). Another major effect of
the NSD is to soften the behavior of the combined system, resulting in reduced bridge deck
accelerations and thus reduced base shear forces. In addition, the softening behavior increases
the effective damping ratio, thus providing some ability to control the deformations of the
system.

Finally, a numerical model of the bridge test specimen was described in detail along with
numerical simulation results for excitation being the PET090 ground motion. The predicted
hysteretic response of the bridge model for different bridge model configurations were compared
with those from experimental tests with the good comparisons indicating that the model of the
bridge and its components is adequate for predicting the response to general seismic loading.
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SECTION 5. CONCLUSIONS

A new control device has been developed and implemented for seismic response control of
highway bridges. The device produces negative stiffness in a completely passive manner via a
mechanical mechanism. Numerical simulations and experimental shaking table tests have
demonstrated the effectiveness of the device in limiting the seismic demands on bridge
structures. The main feature of the negative stiffness device is a pre-compressed spring, which
can push the structure away from its center position and thus induce negative stiffness. When
implemented in parallel with a structure having positive stiffness, the combined system appears
to have substantially reduced stiffness while remaining stable. Thus, there is an "apparent
weakening" of the structure that results in an "apparent yield point," reduced forces and
increased displacements. The increase in displacement response can be limited by incorporating
a damping device in parallel with the negative stiffness device or by adding friction to the device
assembly.

In this report, the negative stiffness devices are described along with their hysteretic
behavior as obtained from a series of cyclic tests which were utilized to calibrate the parameters
of a numerical model. In addition, results from numerical simulations and seismic testing of a
quarter-scale bridge model are presented wherein the bridge was configured with various
isolation system components (isolation bearings, negative stiffness devices, and viscous
dampers). In addition, the bridge was designed to mimic either a single-span bridge supported on
abutments or an interior span of a multi-span bridge. The comprehensive results of the
investigation, obtained from both numerical simulations and experimental shaking table tests,
clearly demonstrate the effectiveness of the negative stiffness devices in limiting the seismic
response of the bridge for multiple bridge configurations.

As a result of this research, the following conclusions can be stated:

— One of the main effects of the NSDs is to modify the dynamics of a structure such that
there is no resonant condition. For example, by adding the NSDs to the bridge model, the
effective stiffness and natural frequency of the combined system continuously changes,
thus avoiding resonance.

— A major effect of the NSD is to soften the behavior of the combined structure/NSD
system, resulting in reduced accelerations and thus reduced base shear forces. In addition,
the softening behavior increases the effective damping ratio of the system, thus providing
some ability to control the deformations of the system.

— Numerical simulations and experimental tests demonstrated that the use of NSDs within a
bridge isolation system can significantly reduce the peak base shear forces and
accelerations of the deck with respect to the IB case (isolated bridge - elastomeric
bearings only) for nearly all of the ground motions considered in this study.

— NSDs are effective in cases where the isolation system that incorporates the NSDs is
reacting against a flexible layer (i.e., the bridge piers) and deforming based on the
relative deformation between two degrees of freedom rather than being directly
connected to the foundation of the structure.
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Although NSDs are highly effective for a wide range of ground motions, they may not be
effective in reducing forces for some ground motions due to the unique characteristics of
those ground motions relative to the dynamics of the structure.

The shake table tests results for the case of the bridge with braced and unbraced piers
showed that the NSDs have reduced effectiveness in the case of the bridge with unbraced
piers.

For the IB+NSD case (isolated bridge with NSDs), the positive stiffness of the bearings
combined with the negative stiffness of the NSDs results in the creation of an apparent
yield point in the hysteretic response of the bridge, thus controlling the peak force
demand in the bridge.

The NSDs and their support system, including sliding rails, provided significant damping
via friction. This combination of negative stiffness and friction resulted in good
performance with regard to both the force and displacement response of the bridge.

The predicted hysteretic response of the bridge model for eight different bridge model
configurations was compared with those from experimental tests with the good
comparisons indicating that the analytical/numerical model of the bridge and its
components is adequate for predicting the response to general seismic loading.
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A. Hysteretic Response of NSDs for Harmonic Loading
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A.1. Hysteretic Response of North NSD

Amplitudes: 0.15 - 3.0 in.
Frequencies: 0.01, 0.1, and 0.5 Hz
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Figure A.1. Hysteretic response of North NSD for harmonic loading at different frequencies and 0.38 cm amplitude
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Figure A.2. Hysteretic response of North NSD for harmonic loading at different frequencies and 0.64 cm amplitude
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Figure A.3. Hysteretic response of North NSD for harmonic loading at different frequencies and 1.27 cm amplitude
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Figure A.4. Hysteretic response of North NSD for harmonic loading at different frequencies and 2.54 cm amplitude
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Figure A.S. Hysteretic response of North NSD for harmonic loading at different frequencies and 3.81 cm amplitude
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Figure A.6. Hysteretic response of North NSD for harmonic loading at different frequencies and 5.08 cm amplitude
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Figure A.7. Hysteretic response of North NSD for harmonic loading at different frequencies and 6.35 cm amplitude
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Figure A.8. Hysteretic response of North NSD for harmonic loading at different frequencies and 7.62 cm amplitude
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A.2. Hysteretic Response of South NSD

Amplitudes: 0.15 - 3.0 in.
Frequencies: 0.01, 0.1, and 0.5 Hz
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Figure A.9. Hysteretic response of South NSD for harmonic loading at different frequencies and 0.38 cm amplitude
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Figure A.10. Hysteretic response of South NSD for harmonic loading at different frequencies and 0.64 cm amplitude
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Figure A.11. Hysteretic response of South NSD for harmonic loading at different frequencies and 1.27 cm amplitude
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Figure A.12. Hysteretic response of South NSD for harmonic loading at different frequencies and 2.54 cm amplitude
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Figure A.14. Hysteretic response of South NSD for harmonic loading at different frequencies and 5.08 cm amplitude
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Figure A.16. Hysteretic response of South NSD for harmonic loading at different frequencies and 7.62 cm amplitude
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B. Seismic Test Results for Bridge Structure Subjected to Various Ground
Motions
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B.1. Experimental Results for Bridge Model with Braced Piers for the Case of
Isolated Bridge (IB)
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Figure B.1. Experimental results for bridge model with braced piers for the case of IB and 100% of YER-000 ground motion
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Figure B.2. Experimental results for bridge model with braced piers for the case of IB and 100% of YER-270 ground motion
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Figure B.3. Experimental results for bridge model with braced piers for the case of IB and 75% of CAP-000 ground motion
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Figure B.4. Experimental results for bridge model with braced piers for the case of IB and 75% of 637-270 ground motion
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Figure B.S. Experimental results for bridge model with braced piers for the case of IB and 100% of PET-090 ground motion
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Figure B.6. Experimental results for bridge model with braced piers for the case of IB and 50% of KIM-000 ground motion
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Figure B.7. Experimental results for bridge model with braced piers for the case of IB and 50% of SYL-000 ground motion
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B.2. Experimental Results for Bridge Model with Unbraced Piers for the Case of
Isolated Bridge (IB)

122



=0.21

Abs. Max

0.4

JyB1ap ¥22Qq/a2104 Buneag |eyo|

Time (sec)

Bearing Shear Strain

=0.44

| Abs. Max

JuaIdR0) Jeayg aseg

Time (sec)

Bearing Shear Strain

Abs. Max = 0.4%

(%) oney yuq 191d

Time (sec)

Figure B.8. Experimental results for bridge model with unbraced piers for the case of IB and 100% of YER-000 ground motion
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Figure B.9. Experimental results for bridge model with unbraced piers for the case of IB and 100% of YER-270 ground motion
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Figure B.10. Experimental results for bridge model with unbraced piers for the case of IB and 100% of CAP-000 ground motion
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Figure B.11. Experimental results for bridge model with unbraced piers for the case of IB and 75% of 637-270 ground motion
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Figure B.12. Experimental results for bridge model with unbraced piers for the case of IB and 100% of PET-090 ground motion

127



0.33

Abs.'Max

JyB1ap ¥22Qq/a2104 Buneag |eyo|

Time (sec)

Bearing Shear Strain

35

30

25

20

15
Time (sec)

10

0.4 -0.2 02 04 06 0.8
Bearing Shear Strain

-0.6

0.8

JuaIdR0) Jeayg aseg

167%

=0

Abs. Max

(%) oney yuq 191d

Time (sec)

Figure B.13. Experimental results for bridge model with unbraced piers for the case of IB and 50% of KJIM-000 ground motion
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Figure B.14. Experimental results for bridge model with unbraced piers for the case of IB and 50% of SYL-000 ground motion
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B.3. Experimental Results for Bridge Model with Braced Piers for the Case of
Isolated Bridge with Passive Damper (IB+PD)

130



o

0.2

JuaIdR0) Jeayg aseg

0.2

JyB1ap ¥22Qq/a2104 Buneag |eyo|

|
|
|
|
|
|
|
|
|
|
|
1
o N

0.2

Time (sec)

Bearing Shear Strain

Max =0.16

Abs.

JyB1aM ¥29(/92104 Jadwe( |ejo |

10

Time (sec)

Bearing Shear Strain

0.2

-0.2
-0.2

jJualde0) Jeayg aseg

Bearing Shear Strain

Figure B.15. Experimental results for bridge model with braced piers for the case of IB+PD and 100% of YER-000 ground

motion
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Figure B.16. Experimental results for bridge model with braced piers for the case of IB+PD and 100% of YER-270 ground

motion
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Figure B.17. Experimental results for bridge model with braced piers for the case of IB+PD and 100% of CAP-000 ground

motion
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Figure B.18. Experimental results for bridge model with braced piers for the case of IB+PD and 100% of 637-270 ground motion
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Figure B.19. Experimental results for bridge model with braced piers for the case of IB+PD and 100% of PET-090 ground

motion
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Figure B.20. Experimental results for bridge model with braced piers for the case of IB+PD and 100% of KIM-000 ground

motion
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Figure B.21. Experimental results for bridge model with braced piers for the case of IB+PD and 100% of SYL-000 ground

motion
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B.4. Experimental Results for Bridge Model with Unbraced Piers for the Case of
Isolated Bridge with Passive Damper (IB+PD)
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Figure B.22. Experimental results for bridge model with unbraced piers for the case of IB+PD and 100% of YER-000 ground

motion
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Figure B.23. Experimental results for bridge model with unbraced piers for the case of IB+PD and 100% of YER-270 ground

motion
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Figure B.24. Experimental results for bridge model with unbraced piers for the case of IB+PD and 100% of CAP-000 ground

motion
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Figure B.25. Experimental results for bridge model with unbraced piers for the case of IB+PD and 100% of 637-270 ground

motion
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Figure B.26. Experimental results for bridge model with unbraced piers for the case of IB+PD and 100% of PET-090 ground

motion
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Figure B.27. Experimental results for bridge model with unbraced piers for the case of IB+PD and 100% of KJIM-000 ground

motion
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Figure B.28. Experimental results for bridge model with unbraced piers for the case of IB+PD and 75% of SYL-000 ground

motion
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B.S. Experimental Results for Bridge Model with Braced Piers for the Case of
Isolated Bridge with Negative Stiffness Device (IB+NSD)
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Figure B.29. Experimental results for bridge model with braced piers for the case of IB+NSD and 100% of YER-000 ground

motion
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Figure B.30. Experimental results for bridge model with braced piers for the case of IB+NSD and 100% of YER-270 ground

motion
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Figure B.31. Experimental results for bridge model with braced piers for the case of IB+NSD and 100% of CAP-000 ground

motion
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Figure B.32. Experimental results for bridge model with braced piers for the case of IB+NSD and 100% of 637-270 ground

motion
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Figure B.33. Experimental results for bridge model with braced piers for the case of IB+NSD and 100% of PET-090 ground

motion
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Figure B.34. Experimental results for bridge model with braced piers for the case of IB+NSD and 100% of KIM-000 ground

motion
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Figure B.35. Experimental results for bridge model with braced piers for the case of IB+NSD and 100% of SYL-000 ground

motion
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B.6. Experimental Results for Bridge Model with Unbraced Piers for the Case of
Isolated Bridge with Negative Stiffness Device (IB+NSD)
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Figure B.36. Experimental results for bridge model with unbraced piers for the case of IB+NSD and 100% of

ground motion
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Figure B.38. Experimental results for bridge model with unbraced piers for the case of IB+NSD and 100% of CAP-000 ground

motion
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Figure B.39. Experimental results for bridge model with unbraced piers for the case of IB+NSD and 100% of 637-270 ground
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Figure B.41. Experimental results for bridge model with unbraced piers for the case of IB+NSD and 100% of

ground motion
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B.7. Experimental Results for Bridge Model with Braced Piers for the Case of
Isolated Bridge with Negative Stiffness Device and Passive Damper (IB+NSD+PD)
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Figure B.47. Experimental results for bridge model with braced piers for the case of IB+NSD+PD and 100% of PET-090
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B.8. Experimental Results for Bridge Model with Unbraced Piers for the Case of
Isolated Bridge with Negative Stiffness Device and Passive Damper (IB+NSD+PD)
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C. Instrumentation of the Bridge model
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Instrumentation Plan
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. Transverse Accelerometer =5
s Longitudinal String Pot =16
+ Transverse String Pot =4
{} Vertical Accelerometer =13
o-<€> e RelativeString Pot =2
¢ Strain Gauges =16
Black Loadcells =4
Yellow Loadcells =2

Number of channels:
Total String Pots=22, Total Accelerometer=29, Black loadcells=20,
Yellow Loadcells=10, Strain Gages=4
Total Channels =85 - (Available Channels= 128)

Figure C.1. Instrumentaion summary and definition of the icons used in the drawings

Figure C.2. Instrumentions placed on the piers
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Center of
the cross

Figure C.3. View from the west of the specimen showing the sensors on the bridge model

Figure C.4. View from the east of the specimen showing the sensors on the bridge model

181



Figure C.5. View from the south of the specimen showing the sensors on the bridge model

Figure C.6. View from the north of the specimen showing the sensors on the bridge model
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Figure C.7. Relative string potentiometers on the viscous dampers

Figure C.8. Relative String potentiometers and vertical sensors on the NSDs
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Table C.1. List of the accelerometers and their properties

. DA Channe Calibration Constant | Zero Offset
Sensor Label| Sensor Type |Serial Number Number Channel Name Valio Units Valio

A-L1 Accelerometer| 739-112-113 35 36 -0.001116734 [g/mV| 0.004885709
A-L2 Accelerometer | 786-113-114 36 37 -8.99E-04 |g/mV| 0.006462489
A-L3 Accelerometer| 1114187 37 38 0.001099656 [g/mV| 0.003436426
A-14 Accelerometer| 1032352 38 39 0.001138587 [g/mV| -0.00249066
A-LS5 Accelerometer| 1057930 39 40 9.31E-04 |g/mV|-0.001746471
A-L6 Accelerometer| 1125336 40 41 0.001088621 [g/mV| 0.00170097
A-L7 Accelerometer| 1031992 41 42 0.001132343 [g/mV|-0.001061571
A-L8 Accelerometer| 1048882 42 43 0.001209601 [g/mV|-0.001134001
A-L9 Accelerometer | 180-116-117 43 44 0.001061888 |g/mV| -0.00232288
A-L10  [Accelerometer| 1110894 97 98 0.001024328 |g/mV| 0.005121639
A-L11  |Accelerometer| 1124556 98 99 9.81E-04 |g/mV|-0.005823755
A-TI Accelerometer| 1124881 63 64 -8.12E-04 |gmV| 5.08E-04
A-T2 Accelerometer| 1058802 99 100 -0.001169591 [g/mV| 3.65E-04
A-T3 Accelerometer| 1104116 65 66 -0.001068269 [g/mV| 0.003338341
A-T4 Accelerometer| 1124112 66 67 -0.001023836 [g/mV| 0.001279795
A-T5 Accelerometer| 1125343 67 68 -0.001101359 [g/mV| 0.001720874
A-V1 Accelerometer| 1031989 84 85 0.001068983 |g/mV| -6.68E-04
A-V2 Accelerometer| 1124542 85 86 0.001074006 |gmV|-0.003356268
A-V3 Accelerometer| 102016 86 87 0.001187384 [g/mV| 0.003339518
A-V4  |Accelerometer| 124576 87 88 0.001064892 [g/mV|-0.001663894
A-V5 Accelerometer| 1124877 88 89 -7.66E-04 |g/mV| -2.40E-04
A-V6  |Accelerometer| 1124880 89 90 8.13E-04 |g/mV| -5.08E-04
A-V7 Accelerometer| 1125344 90 91 -0.001125968 [g/mV| 0.003518649
A-V8 Accelerometer| 1124545 91 92 -9.82E-04 |g/mV| -0.00399079
A-V9 Accelerometer| 1104912 92 93 0.001011058 |g/mV|-0.002527646
A-V10 |Accelerometer| 1125348 93 94 8.18E-04 |g/mV| -7.67E-04
A-V11 |Accelerometer| 1124539 94 95 0.001048149 |gmV| 9.83E-04
A-V12 | Accelerometer| 1032350 95 96 0.001147776 |gmV| 0.00143472
A-V13  |Accelerometer| 1032348 96 97 0.001193807 [g/mV| 3.73E-04
A-V14  |Accelerometer| 9811011 102 103 -8.04E-04 |g/mV| 0.00175769
A-V15 |Accelerometer| 1124118 103 104 -0.00115921 |g/mV|-0.003622532
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Table C.2. List of the loadcells and their properties

Sensor Label | Sensor Type | Serial Number DA Channel | Channel Calibration Conste.mt Zero Offset .
Number Name Value Units Value Units

COL-LC-NE Load cell 739 0 1 0.00552908| kips/mV -0.1313156) kips/mV
COL-LC-NW | Load cell 786 1 2 0.00522041| kips/mV -0.0081569( kips/mV
COL-LC-SE Load cell 787 2 3 0.00542342| kips/mV -0.0118637| kips/mV
COL-LC-SW | Load cell 711 3 4 0.0055448| kips/mV -0.034655( kips/mV
BLK-1-N Load cell LC-BLK-1 4 5 22.002996| kips/mV 2.448019( kips/mV
BLK-1-SX Load cell LC-BLK-1 5 6 -6.584772| kips/mV 0.208812| kips/mV
BLK-1-SY Load cell LC-BLK-1 6 7 -6.809928| kips/mV -0.0310939| kips/mV
BLK-1-MX Load cell LC-BLK-1 7 8 -21.319446( kips/mV -1.512816| kips/mV
BLK-2-N Load cell LC-BLK-2 8 9 -20.553646| kips/mV -1.093621| kips/mV
BLK-2SX Load cell LC-BLK-2 9 10 -6.836721| kips/mV -1.093621| kips/mV
BLK-2-SY Load cell LC-BLK-2 34 35 6.726059[ kips/mV -0.129182|  kips/mV
BLK-2-MX Load cell LC-BLK-2 11 12 20.742839| kips/mV 3.738809| kips/mV
BLK-2-MY Load cell LC-BLK-2 12 13 21.508372| kips/mV -1.093079| kips/mV
BLK-3-N Load cell LC-BLK-3 13 14 -20.211947 | kips/mV -21.285154| kips/mV
BLK-3-SX Load cell LC-BLK-3 14 15 -10.324547 | kips/mV 0.616528[ kips/mV
BLK-3-SY Load cell LC-BLK-3 15 16 -6.277443 kips/mV 0.192593| kips/mV
BLK-3-MX Load cell LC-BLK-3 16 17 -23.153778 | kips/mV -12.448732( kips/mV
BLK-3-MY Load cell LC-BLK-3 17 18 -21.285154 | kips/mV 1.08064| kips/mV
BLK-4-N Load cell LC-BLK-4 18 19 -20..470585 | kips/mV -1.337208| kips/mV
BLK-4-SX Load cell LC-BLK-4 19 20 -6.906288| kips/mV -0.354161| kips/mV
BLK-4-SY Load cell LC-BLK-4 20 21 -6.970087 kips/mV 0.09637 kips/mV
BLK-4-MX Load cell LC-BLK-4 21 22 -22.303535| kips/mV 9.467426 kips/mV
BLK-4-MY Load cell LC-BLK-4 22 23 20.223184 | kips/mV 0.417213 kips/mV
YEL-11-N Load cell 352-52-53 23 24 0.00333676 | kips/mV | 0.19454912 | kips/mV
YEL-N-SX Load cell 217-53-54 24 25 -0.0006186 | kips/mV [ 0.01491197| kips/mV
YEL-N-SY Load cell 31-54-55 25 26 -0.0006229 | kips/mV | 0.03227542| kips/mV
YEL-N-MX Load cell 125-55-56 26 27 -0.0023896 | kips/mV | 0.60842732| kips/mV
YEL-N-MY Load cell 350-56-57 27 28 0.00247788 | kips/mV | -0.9402776 | kips/mV
YEL-S-N Load cell 155-57-58 107 108 0.00335217 | kips/mV | 0.13854618 | kips/mV
YEL-S-SX Load cell 33-58-59 100 101 -0.0006768 | kips/mV -0.047936 kips/mV
YEL-S-SY Load cell 306-59-60 31 32 0.00063047 [ kips/mV | 0.01468955| kips/mV
YEL-S-MX Load cell 30-60-61 32 33 -0.0024643 | kips/mV -0.512575 kips/mV
YEL-S-MY Load cell 307-62-63 33 34 0.00244702 | kips/mV | 1.14819219| kips/mV
Damp-LC-E Load cell 715-79-81 112 113 0.00305022 | kips/mV | 0.12582933 | kips/mV
Damp-LC-W Load cell 715-79-80 113 114 -0.0028244 | kips/mV [ 0.16177121 | kips/mV
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Table C.3. List of the string potentiometers and their properties

Sensor Label | Sensor Type | Serial Number DA Channel | Channel Calibration Constant Zero Offset
Number Name Value Units Value Units
SP-L1 Stringpot 38040 44 45 -0.0025582 n/mV -0.0159885 n/mV
SP-L.2 Stringpot 38007 45 46 -0.0026955 in/mV 0.00252702 in/mV
SP-L3 Stringpot 34799 46 47 0.00253697 n/mV -0.0023784 in/mV
SP-14 Stringpot 34790 47 48 -0.0025828 in/mV 0.00484282 in/mV
SP-L5 Stringpot 34785 48 49 0.00539078 in/mV -0.0084231 in/mV
SP-L6 Stringpot 38046 49 50 -0.0026624 in/mV -8.32E-04 in/mV
SP-L7 Stringpot 38036 52 53 -0.0028228 in/mV 0.00529269 in/mV
SP-L8 Stringpot 31765 53 54 0.00270013 in/mV -0.0067503 in/mV
SP-1L9 Stringpot 38023 54 55 -0.002338 n/mV 0.00511432 n/mV
SP-L10 Stringpot 31776 55 56 -0.0024952 n/mV 0.0054582 n/mV
SP-L11 Stringpot 38014 56 57 0.00252971 n/mV -0.0047432 in/mV
SP-L12 Stringpot 38049 57 58 -0.0027428 n/mV 0.0051427 in/mV
SP-L13 Stringpot 38053 58 59 -0.0025768 in/mV 0.00322097 in/mV
SP-L14 Stringpot 38064 59 60 -0.0025907 in/mV 0.004048 in/mV
SP-L15 Stringpot 31781 60 61 0.00271449 in/mV -0.0025448 in/mV
SP-L16 Stringpot 38013 62 63 0.00257747 in/mV 0 in/mV
SP-T1 Stringpot 37916 68 69 0.00233776 n/mV -0.0029222 n/mV
SP-T2 Stringpot 34783 69 70 0.00260746 n/mV -0.0024445 n/mV
SP-T3 Stringpot 38006 70 71 0.00256941 n/mV -0.0032118 n/mV
SP-T4 Stringpot 38021 71 72 0.00255236 n/mV -0.0063809 in/mV
SP-RN Stringpot 9022981 72 73 0.00508767 n/mV -0.0031798 in/mV
SP-RS Stringpot 9099276 101 102 0.00539016 in/mV -0.0067377 in/mV
SP-Table Stringpot 38045 75 76 0.00275387 in/mV 0.00E+00 n/mV
SP-L-LC1 Stringpot 37994 76 77 -0.0026001 in/mV 0.00162508 in/mV
SP-L-LC2 Stringpot 31769 82 83 -0.0027778 in/mvV -0.0017361 in/mvV
SP-L-LC3 Stringpot 38017 78 79 0.00269892 n/mvV -0.0042171 n/mV
SP-RE-DAMP |  Stringpot 34786 115 116 0.00542058 n/mV 0 n/mV
SP-RW-DAMP| Stringpot 31782 116 117 0.00537617 n/mV 0.00E+00 n/mV
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D. Fabrication Drawings of the Bridge Model
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Figure D.1. Pier modification
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Figure D.2. Details of the pier modification
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Figure D.3. Details of the bridge deck
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Figure D.4. Details of the torsional restraint guide
191




s H i g
wll .

..............................

Figure D.5. NSD modifications
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Figure D.8. Details (2) of the NSD supporting systems
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Figure D.9. Details (3) of the NSD supporting systems

196



e = ¥ I i I ¥ I r; I 3 I i I C3 T ¥ T
ol iq
waysdy Bug oddeg oTN

—

L1 3NS5 811 IWE 9
1 AJIA H-H NOLIIIS v

—_ LK %@
— ﬂ”ﬂ

1vin

811 IW%
-9 MILI3S

I-1 NOLLO3S

"y _ o B =R

b,
4

I
913N H A3IA
911 IWIS

0 LA — LIk — -

WOLIDA AO%3 AJIA [
L E _ -+

i TUIE =

f L - .

: : H : ] . I 3 i
- N l r ] l.ll -lll—

r AJIA
I
il WOX4 A3IA
, i i

2N NS

¥ 33314

Figure D.10. Details (4) of the NSD supporting systems
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