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The goal of this thesis is to analyze the variation of a seisesponse of a

bridge in case of degradation of installed viscous fluid dampers.

The study was conducted with nonlinear time-history analyses odétailed
three-dimensional FE model of the Vincent Thomas Bridge, providé€thlisans. Three
different type of excitations were used (two white noises ancbah measured
earthquake). Such numerical model, including cables, suspenders, suspardeack str
towers, cable bents and anchorages, reflects the state of the stftetutiee last retrofit

phase, when dampers and fuses were installed and towers were stiffened.
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A preliminary validation of the numerical model of the bridge, aihoeghsuring
the reliability of the FE model, has been carried out by compahegnumerical

response with recorded signals.

The degraded performance of the dampers was simulated througle thiegasp,
spring and viscous elements and validated against experimeniis @sreal devices.
The parametric study was intended to investigate the effeqmgfessive degradation
of the energy dissipators on the bridge structural perform#&atie,under service load
conditions and seismic excitations. Results indicated a sigmifieavel of relative
displacement experienced by the devices during daily loading corgjitpotentially
resulting in a premature degradation due to wear of the internglorents of the units.
For this reason an alternative device was proposed at least eptwalcterms, in order
to decompose the dampers during service loading and to engage then cabg of

seismic event.

A solution to the early degradation of the damper devices hasprepased.
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|. Introduction

The goal of this work is to analyze the effects of the perfoomaegradation of
viscous damper installed on a bridge structure. The structures dirtbent Thomas
bridge, in Los Angeles area was utilized as a case studi$oresearch. The specific
structure, subjected to seismic retrofit in recent times, septean ideal example of
viscous damper application. Due to its original configuration of suspendigk bthe
retrofit interventions as well as the increasingly damagdnadfic loads, the bridge
experiences significant movements in service conditions. Theveeldisplacements
across the installed viscous dampers are significant and contirsiolos@mented by a
series of recorded ambient vibration records. A number of dampéhe oeal structure
were also dampers on the real structure were also foundséosidfered performance
degradation and recently replaced. After research conducted on thgedémegraded
damper behavior (Benzoni et al., 2008) at the Caltrans SRMD Téstiragatory of the
University of California San Diego, appears that a possibaledéthe fluid in a damper
may vary the response of the device and may create a gap fior¢bé&lisplacement
response. Numerical analysis of the structure with sintlldéenaged dampers were
conducted. The attention was focused to the most representativeeparaf damper
response, the energy dissipated per cycle. Previous researchkrated the effects of

damper performance variation simulated as a modification of theugscoefficient Cm



but the analyses were limited to the global bridge response ¢Bie2205; Cendron,

2008).

In this work a parametric study has been conducted to evaluatéfebts of the
damper characteristics on the structural performance congjddsio the range of forces
and displacements associated with the devices when installed wrakistructure. The
damaged configuration of the dampers has been modeled by a gap\ascbspring
element), validated against laboratory test results of tiv@ladevices removed from the
bridge. The parametric analysis has been designed by inviestighseveral parameter

combinations able to reproduce conditions of silicon fluid leakage of increasingyseveri

A recent forensic analysis of the conditions of damaged units rehfowa the
Vincent Thomas bridge, confirmed the existence of excessive egmrienced by
devices during service loads. For this reason a conceptual solutiomwgatgated in
chapter 6, in order to release the dampers during the normalesemwimns and connect
then in case of seismic event. The proposed approach suggests sewdistablution of
contribution between the dampers and a new connecting element thedtspribte

dampers from excessive wear.



II. The Vincent Thomas Bridge

The Vincent Thomas bridge is located on Route 4K (P.86) in Los Angele
County. It is a cablsuspension bridge, 6062 ft long, consisting of annsaispende:
span of approximately 1500 ft, two suspended si@@es of 506 ft each, ten spans in
San edro Approach of approximately 1838 ft total lengthd ten spans in the Termii
Island Approach of approximately 1712 ft total léncThe roadway width betwee
curbs is typically 52 ft, and accommodates fouetanf traffic. The clear height of th
navigation channel is approximately 185 The Vincent Thomas Bridge is a ceé-
suspension structure retrofitted in different sgagend lately equipped with 48 viscc
dampers. The sensitivity of the bridge seismic oesp to the variation of the damj

characteristics will be analyz:

Figure 1. The Vincent Thomas bridge



A AR

KKK KB DO DO KK KKK

BOTTOM LATERAL SYSTEM

Figure 2. Vincent Thomas bridge - lateral view

The design of the bridge was completed by Caltrans960. The substructu
contract vas completed in 1962 while the superstructure aohtwas completed in ear

1964.

Stage 1 seismic upgrading in the form of cableragstrs, shear keys abutm
seat extenders and girder lateral supports was leteapin 1980. Modifications to tt
vertical cross frames, and the lateral bracings neabémts, and inclusion of a fu
length catwalk were also made in 1980 as part of the seisqpgrading contract. Ne'

elevators at Bents 9 and 15 were added in :

Twenty-six seismic sensors were insed on the bridge to record ambient

seismic behavior.



2.1 Main Spans

The suspended structure consists of two stiffening trusses spacedt &péart,
floor trusses with 31 feet center to center spacing and a lateeal bracing system (K-
truss type). The stiffening truss is 15 feet deep whileltdw fruss is 10 feet deep. The
top edge of the roadway is 3 feet below the top edge of tifiensg trusses. A
lightweight concrete deck is supported on rolled beam stringers,dsfvansversely at 7
feet, which are in turn supported by the transverse floor trusses. The suspendeatespa

supported by the main cables through suspenders at each floor truss location.

The towers are 335 feet high and are supported on steel HP pile fonsdatie
towers consist of two shafts which are braced together thrivglstruts. The tower
shads, with a cellular cross-section, consist of four welded bawse¢3/4 inch plates)
that are field bolted with 1 inch diameter high strength bolts. Mbgs section of each
shaft tapers toward the top. Each tower shaft rests on a 3 ic&hbse plate and is
anchored to the underlying concrete footing by thirty nine 2.5 inch (mede&x) by 25

feet long prestressed rods.
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Figure 3. Vincent Thomas bridge - tower

The cable in the suspended spans consists of 4£02-drawn galvanized,
gauge steel wires providing 121.% of area including galvanizing. Ttsuspenders are
made of small diameter, high strength wires laidintp rope. The cable saddles
centered on the top of tower legs. This causesahk to spread at the tower tops wt
the frictional resistance between the cable andsHuille to pivent the cable fror

slipping through the sadd

The main span and the side spans are connecthd towers through truss lin
that provide vertical support and wind shoes thavide transverse support only. T

end of each side span is supported reinforced concrete cable bent through truss |



that provide vertical support and wind shoes that provide longitudinalelisas

transverse support. The cable bents also support the last spans of the approaasstructur
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Figure 4. Vincent Thomas bridge deck

At the cable bents, the cables are deviated by a cable saddheds$ the
anchorages where they are attached to eye-bars embedded in thagexhbnese are
massive reinforced concrete structures that are supported oilyheattered pile

foundations.



2.2 Approach Spans

2.2.1 Deck and Girders

The approach superstructure consists generally of four rowseef girders
ranging in span from 132 ft to 230 ft. Two spans adjacent to the Sko Beutment
consist of five rows of girders. The built-up, stiffened plate girdeescomposite with
the 8-3/8" thick lightweight reinforced concrete deck. All spaessanple spans, except

the two spans adjacent to both cable bents, which consist of continuousddhunc

girders.

Figure5. Vincent Thomas bridge - transversal deck view



2.2.2 Cross Frames, Bracings and Bearings

End frames and intermediate cross frames consisting of stiutderaection
members spaced 20 to 25 feet on center, are provided between gigisection
bottom chord lateral bracing is provided between the interior giedeng the approach
spans. In general, the connections are made with 3/8" gusset piate&d/84 high

strength bolts.

The vertical frames were modified after construction to accommmadaalkway

which runs the entire length of the approach spans.

Girders are supported at each end by built-up steel bearings approxi2@teaty
height. In general, the end of the girder nearest the abutmentfiras dearing while
the other end is supported on rocker type expansion bearing. The contspamss
adjacent to the cable bents have a fixed bearing in the @mezxpansion bearings at

the ends.

2.2.3 Typical Bents and Cable Bents

The superstructure is supported on normal weight reinforced corloeets
which range in height from approximately 36' to 120" above bottdimothg. All bents
are two-column bents except Bent 2 which has three columns. Bents 2,3 4arnbe
San Pedro approach and Bents 19, 20 and 21 on the Terminal approach hdve 7' x
solid columns; the remaining bents have 12' x 6' hollow columns. All bexts8' deep
solid rectangular bent caps. Concrete shear keys which providd fatgraint to the
girders were constructed as part of the seismic retifiract. These are cast on the top

of the bent caps and secured with dowels drilled and bonded into the bent caps.
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The cable bents ( Bents 11 and 12 ) are approximately 142atakk$; each with
two 16' x 8' hollow normal weight concrete columns and a 10' x 8' smlidrete bent
cap. There are no intermediate braces. 8' x 3' concrete @ledest approximately 16'-
6" above the girder seats on each end of the bent cap to sereat@gos the cable

saddles.

Steel brackets are embedded in the top of the bent concrete to dhppiouss

links and to resist the forces from the wind shoes.

2.2.4 Bent Footings and Piles

All bent footings are supported on piles. Footings for the typicatsbare of
normal weight concrete and range in size from 14' x 10' to 28" ¥hicknesses range
from 3'6" to 4'-9". There is no top reinforcement mat in thesenfget The cable bent
footings are continuous between the columns with an upstand spine beanabléhe ¢

bent footings do have a top reinforcement mat.

The San Pedro Approach bent footings are supported on 14-BP-89ikdsel
These piles are embedded 6' into the bottom of the footing and do ecaimahairpins
or other type of anchorage. Both cable bent footings are supported enrdiarg of
14BP-117 steel piles, the outer row being battered 1:6. In this cageydm the outer

rows of battered piles have #11 hairpins connecting the tops of the piles to the footings.

The Terminal Island Approach bent footings are supported on 16" oelagon
reinforced concrete piles. These are embedded 3" into the bottdme éddtings and

have 8#9 dowels embedded 2'-6" into the concrete.
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2.2.5 Cable Restrainers

3/4" diameter cable restrainers are provided to longitudinallycomeect the
deck segments at each typical bent. These are looped cables abtyeichebuckles at
the ends. The total length of each loop is approximately 100'. Taeles of looped
cables are provided at each bent. The interior banks consist of elyes while the
exterior banks are eight cables each. The cables are looped arosadeams which
were retrofitted during the seismic upgrading contract and vgdpah between the deck

girders.

The looped cable restrainers are not present either at theeattsitor at Bents
10, 11, 12 and 13. Vertical restrainers are provided at these locasohsld-down

devices.

These vertical restrainers consist of 1-1/4" diameter Higimgth bolts cast into

new concrete pedestals constructed on either side of the existing deck girders
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2.3 M odification History

As written before the bridge has had some retrofit to upgtadapacity against

seismic events. A brief chronology is now present:
1964 Bridge completion

1980 Stage 1 seismic upgrading (cable restrainers, shear keys abutment seat
extenders and girder lateral supports, modifications to the alecticss frames,

and the lateral bracings near the bents, inclusion of a full length dgt-wal
1987 Whittier Earthquake

1992 Added new elevators at Bents 9 and 15
1994 Northridge Earthquake

1998 Seismic retrofit (installation of dampers between the stiffening srusse
and the towers of the bridge, stiffening of the bridge towers,

installation of structural fuses in the side spans of the bridge)

2003 Ambient vibration records (used in this work)
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2.4 Finite Element M odd of the Structure

Figure 6. Vincent Thomas bridge ADINA model

The study will be conducted with of nonlinear time-history analydea detailed
3D FE model of VTB (see Figure 6) developed in the structural sinaoftware
ADINA (ADINA R&D Inc., 2002) provided by Caltrans. Such numericabdel,
including cables, suspenders, suspended structure, towers, cable beatslzrages,
reflects the state of the structure after the last rétpbiase, when dampers and fuses
were installed, and towers were stiffened. The static andntieehistory analyses of the
bridge were both geometrically nonlinear (large displacemenysas to account for
the geometric stiffness of the cables and suspenders. An exhaustive aesofifite FE

model can be found in Ingham et al.

This FE model is composed of 3D linear elastic (tension-only} &lesnents to
represent the main suspension cables and suspender cables, 30dsteamembrane

and shell elements to model the reinforced-concrete bridge ddctrangers supporting
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the deck on the floor trusses, and beam-column elements to modetfémensgtitrusses,

the lateral braces between the stiffening trusses, and the tower shafts.

The floor trusses were modeled with 3D elastic beam-column andesrus
elements. This FE model consists of approximately 8,900 nodes and 9,AGhtsle

resulting in approximately 22,000 degrees of freedom (DOFs).

2.4.1 The Dampersin numerical model
Several type of dampers were used in the retrofit of tlogériThey provide a
diffuse viscous damping connecting some structural components. Dampérsaheel

between central deck and towers, side decks and towers, in cable bent.

Figure 7. Bridge Dampers detail on real structure
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In particular location are:

1) Mid Span Center

2) Mid Span Quarter

3) Tower

4) Fuses

5) Cable Bent

Figure 8. Dampers locations on the structure

2.4.2 Dampers numerical parameters

The damping force is defined as
Fd = C . X.Ol

The location and the current characteristics of the dampers srebael in table

1. These parameters are used in the original Caltrans file.
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Table 1. Dampers parameters

Total C o
# | [kipss/in] | []
Side span to cable bent top chord dampers 4 0.1 1
Side span to cable bent bottom chord dampers 4 5 1
Side span to tower 8 2.5 1
Main span to tower 8 4 1
Side span hinge damper at fuses 4 100 0.b

It is noted that the dampers “side span to cable bent top daaongers” are not
present in the technical drawings of the bridge; they are cleaized by a very low C
constant compared to the others. The dampers at fuses locationaeaetaiizved as
nonlinear dampers with an extremely high C constant andaldw simulate a rigid

plastic behavior.

The influence ofo factor on the hysteretic response is represented in figure 9.
Since the exponent a is close to 0, non linear fluid viscous dampetsviftaan almost

constant force over a large range of velocities.

Figure 9. Influence ofa factor on damper response
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2.4.3 Analysis of natural elastic frequencies and modes of the bridge

These are the results of the natural frequency analysis orotted of the bridge.
In a modal analysis the influence of the damping is not consities fifst analysis just
give the possibility to understand the principal mode-shapes of thetusériand their

elastic undamped periods.

A graphic representation of the modes will follow the table.damh mode the

participation factor in each direction is printed in the table. In thwt modes that

regards the deck.

Table 2. Modal analysis output

X-MODAL Y-MODAL Z-MODAL
MODE |FREQUENCY NATURAL PART. PART. PART.

NUMBER (Hz) PERIOD (s)| FACTOR FACTOR FACTOR
1 0.13 7.69 -4.44E-04 4.96E+00 8.85E-04
2 0.18 5.56 -4.31E+00 1.62E-03 9.79E-05
3 0.22 4.63 2.59E+00 1.16E-01 -6.46E-04
4 0.23 4.42 5.63E-01 -2.51E-02 -2.44E+00
5 0.23 4.42 -2.54E+00 1.08E-01 -4.89E-01
6 0.23 4.35 3.00E+00 -3.08E-04 7.20E-03
7 0.36 2.78 -4.27E-01 -1.90E-03 1.34E-02
8 0.36 2.75 3.22E-03 1.99E-04 -1.79E-01
9 0.41 2.44 -9.12E-02 1.60E-01 -6.89E-03
10 0.41 2.42 -3.28E+00 -4.32E-01 -9.55E-02
11 0.43 2.33 -3.31E+00 4.41E-01 1.65E-01
12 0.46 2.19 8.72E-02 1.67E-02 -5.74E+00
13 0.50 2.01 6.28E-03 1.27E+00 -3.95E-03
14 0.57 1.76 -9.10E-02 4.27E-03 -3.56E-03
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The following plots represent the deformed shapes of the modasimg the
deck. The first mode has a period of approximately 7.7 s anbaisaaterized by a
transversal displacement of the deck. The second mode (5.6 s) peesentstudinal

motion of the deck associated to an anti-symmetrical vertical translation.

A e
) g
] o
N
A
Figure 10. 1 Modal shapecf,= 0.129 Hz)

ﬂﬁgEﬂ?ﬂ.&]UﬂBDl MODE MAG 16932 7
e A,
|
N
A
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[11. Introduction to Seismic Passive
Energy Dissipation for Structures

In seismic design of structures, the design forces are dignemiculated using
an elastic response spectrum. To account for energy dissipationithnelastic action,
a response modification factor R, is used in the codes to reduceltidated elastic
forces. The philosophy in permitting inelastic action is that dusengere earthquakes,
the structure can sustain damage without collapse due to thatgwdtinembers and
redundant load paths. The inelastic action, while contributing to subbktangegy
dissipation, often results in significant damage to the structural menrbadsition. the
hysteretic behavior of the members degrades with repeatedstioelaycles.
Furthermore, the inelastic action necessitates large imtgr-atifts which usually result
in substantial damage to non-structural elements such as indlls,wpartitions,

doorways, windows, and ceilings.

Energy dissipation devices can absorb a portion of earthquake-inducey ienerg
the structure and minimize the energy dissipation demand on tmarpristructural
members such as beams, columns, or walls. These devices cantmllystaduce the
inter-story drifts and congruently nonstructural damage. In additiony lageelerations
and smaller shear forces lead to lower ductility demandkserstructural components.
Passive energy dissipation systems (also known as passive amwvités) have been
developed to achieve the above objectives. These systems incladgeaof materials

and devices for enhancing damping, stiffness, and strength. leragjethey are

21
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characterized by their capability to dissipate energy ritlyeconversion of kinetic
energy to heat or by transfer of energy among different modegmaition. The first
category, referred to as passive dampers, includes supplemewizds which operate
on principles such as frictional sliding (friction dampers)|dyig of metals (hysteretic
and dampers), phase transformation in metals (shape memor),atleformation of
viscoelastic solids (viscoelastic dampers), and fluid orificifigid dampers). The
second category, referred to as tuned systems, includes suppledesitas which act
as vibration absorbers such as tuned mass dampers, tuned liquid damgesed

liquid column dampers.

3.1 Effect of Supplemental Damping on Seismic Response

The advantages of damping in structural components have long begnized
and accepted. Although the nature of the energy dissipation througiingaisinot fully
understood for a structural system, inherent equivalent viscous damphmeyrange of
two to five percent of critical has been generally acceptedractice and used in

dynamic response analysis and design.

3.1.1 Influence on maximum displacement

For a single-degree-of-freedom structure undergoing free cedonbration, an
increase in the damping ratio of the systémesults in a reduction in the vibration
amplitude. This can be observed from the equation of motion of a dampée+ sing
degree-of-freedom (SDOF) system with natural frequencynder free vibration, the

displacement of the oscillator x(t) is given as
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x0+xof(u

x(t) = e~%@t [xocos(wdt) + sin(wdt)] (1)

wherex, andx, are the initial displacement and velocity angl is the damped

vibration frequency d; = w+/1 —¢&?). For a SDOF system with stiffness k under a

harmonic excitatiosin@t, the displacement is given (Clough & Penzien, 1995) as

20 = > It
P/k  [1-(®/w)2]2+(2§0/w)?

1—(&/w)?)sindt — 2& &/w cosdt] 2)

Equation (2) indicates that a significant reduction in the displane amplitude
can be expected with large valueséoivhen the excitation frequengy is close to the
natural frequencyw of the system(&@/w =~ 0.8~1.2) as show in figure 18. If the
excitation frequency is not close to that of the system, suplewscous damping will

not significantly impact the response.

For earthquake ground motions, the spectral displacement SD ispantant
parameter in estimating the maximum displacement and the lheaeis the structure.
The effect of original and supplemental damping on SD has been saxdetsively.
Ashour and Hanson (1987) proposed a relationship which describes theseeordee
elastic SD with the increase §n They used SDOF structures with natural period T=0.5s
to 3.0s (with increments of 0.5s), and damping ratios of 0, 2, 5, 10, 20, 30, 50075, 10
(critical damped), 125 and 150 percent. The excitations considered efrdakand
twelve artificial accelerograms. The computed SD for each alatperiod was

normalized to the SD for zero and for 5 percent damping ratios &r earthquake
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record. The results of their statistical analysis let taritreduction of a reduction factor

fr which for normalization to zero damping is given as

1-e~$B

= 3)

Figure 18. Peak response of a SDOF structure with differentgdag ratios to harmonic loading

and for normalization to five percent damping as

1-e—$B
Tr = \/0'05 £(1-e—0.05B) (4)

where B is a parameter that ranges from 24 (upper bound) to 140 Howed)

for zero damping and from 18 (upper bound) to 65 (lower bound) for five percent
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damping. It is evident from the equations that an increase in theimtamatio reduces

the displacement response significantly.

Because earthquake resistant design codes use reduction fRg)ols §ccount
for inelastic action, it is important to consider the effecinafeased damping on the
inelastic response of SDOF systems. Wu and Hanson (1989) studied eespSXOF
structures with supplemental damping devices. The study consideeat ISDOF
systems with periods ranging from 0.1 s to 3.0 s with incremerislas and damping
ratios of zero, 2, 5, 10, 20, 40, 60, 80, 100, and 120 percent. The structures were
subjected to a set of 72 horizontal components of accelerogram8@stations in the
western Unites States. These records include a wide rangartbfjuake magnitudes
(5.2 to 7.7), epicentral distances (6 km to 127 km), peak ground accelerations (0.044 g to
1.172 g), and two soil conditions (rock and alluvium). The relative dispkteand
absolute acceleration response ratios are computed as the rgopiEak response of
the structure with higher damping ratios to the peak response wighirdanatio of 0, 2

and 5 percent.

The mean response ratios for the 72 records are presented &s fiuito 21.
The figures show that increasing the supplemental damping res@ligher reductions
in the displacement response. While higher damping ratios (gteateapproximately
40 percent) provide further reductions in the displacement responseddhi@neal
reduction is not significant and may adversely affect the absatgtgeration response,
especially for structures with longer periods (i.e. flexibleugtires as suspended

bridge).
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Figure 19
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. Mean response ratios for SDOF structures with spphtal dampingé(=0)
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Figure 20. Mean response ratios for SDOF structures with mpphtal dampingf(=0.02)
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3.1.2 Influence on dissipated energy
In order to investigate the influence of the damping on the absonszdyein
structure with different natural periods, a parametric anaby&s the two variables was

conducted{ and T).

Results show that add a viscous damper reduce the displacementseand t
acceleration as well. This is caused by the absorption of epesgided by the device.

Assume as example a structure similar to the one represarftgdre 2 and consider to

increase the viscosity of the device, till reach an extreimgly C §= (ZMCw )).

The device will lock and transfer all the inertia forceshear in the column. Extreme
high C not only do not produce any vantage in the structure, but can alsecobtisgr

work of a rubber isolator.

A Matlab program was written to perform several time hissovigth different
combination of K and C to find the optimum point. The model implemented is

represented above in figure 22:
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Kc=oc

%‘MML
Figure 22. Simple SDOF structure with added damper

The integration algorithm to solve the equation of motion used is ldekvm

constant acceleration methog=0.5; 3=0.25).
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A scheme of the iteration if now presented from Chopra:
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3.0 Repetition for the next time step. Replace i by i + 1 and implement steps 2.1 1o 2.5 for the

nexi iime siep

For every combination ¢¢ —— andK the value of shear on the colur

and relative displacement was plotted. They arsgmied in the surface plot below.
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In figure 23 is possible to detect a relative surface minimuthe 3d function.
These point represent the optimum C-K combination in terms offéraed shear. Is

possible to see that the best damping is below the critical dangpng)(
The energy dissipated in one cycle of vibration by viscous damping force is:

2/

Ep = f fp du = f Z%(Cu)u dt = f (cu?) dt =
0

0

2T

/
=Cf0

?[wug cos(wt — @)]?dt = mcwud = an‘wikug (5)

The energy dissipated is proportional to the square of the amptifuzietion.

For every combination df = (ZMCw

) and K the value of energy dissipated by viscous

n

damping force was plotted. It is presented in the surface plotted below.

dissipated energy [J]

07
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Figure 25. Energy dissipated - Viscous Damping - Stiffnesatieh
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The optimum combination that minimize the force transmitted frondéok to

the column do not correspond to the maximum level of energy dissipated.

Other analysis were conducted in order to verify if the functiossipated

Energy vsé is always an increasing function as seems from the previous plot.

o 10° Energy dissipation vs. Damping ratio
T

\ ———01 [radllts
f 4 05 [rad)fs
sH | — = 1ladys |-
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10 [rad)is
50 [rad)s
P2 e 100 rad)s |H
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{

Figure 26. Energy dissipated - Viscous Damping - Stiffnesatieh

Theg corresponding to the maximum dissipation of energy could be lesthihan
critical damping. In particular the higher is the frequency diaeet is the value of that
at maximum dissipated energy. For frequency higher than gire& the maximum
value of dissipated energy is less than the lower frequency orikeFstudies could be
conducted on a damping model that increase the damping withfthessti(for example

Rayleigh model).
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Figure 27. Variation of modal damping ratios with natural foeqcy:
a)mass-proportional damping and stiffness-propoatidamping; b)Rayleigh damping (Chopra 2001)

The result could be that for higher modes of a structure thepaliedi energy
goes to zero due to the increased frequency and damping ratio.i¢alpaxondition is
possible that a constant damping model dissipate more that a hidines frequency-
dependant one. Sounds reasonable that the first modes dissipates mgyeirerse

dynamic response of a structure.

3.2 Passive Damping Devices

From the previous section, it is apparent that damping in structaes
significantly reduce the displacement and acceleration resp@mkdecrease the shear
forces, along the height of buildings. The use of supplementaivpadampers in

buildings is desirable for the following reasons:

1. Supplemental dampers can provide the building with additional stiffness

and damping to reduce the response.



36

2. Energy dissipation in buildings can be confined mainly to supplemental

dampers.

3. Damage to the building can be limited to supplemental dampers \atec
easier to replace than structural components and do not affect the grauity

resisting system

Passive energy dissipation devices are used extensively in atbas of
vibration control such as shock absorbers for vehicles, vibration isolata@gquipment,
pipe restraints, and shock isolation devices for mitigation of bféstts. In the last two
decades, much effort has been directed towards applying pasgikgy ehssipation
techniques to seismic applications. Many of the devices that haswgesnfor passive
control were first developed as damping devices for seismic bat#ion systems.
Several passive damping devices have been suggested and used for winthgodkea
loads. The devices are categorized according to how they opestsvikg is a brief

discussion of the applications of each device:

3.2.2 Friction Dampers

In the case of friction dampers, the design philosophy to enhanceubeiistl
performance is to provide a way for the structure to yieldaut damaging the existing
structural members: seismic energy is dissipated by mean adritice. by making steel
plates sliding one against the other, while bolts hold the stees ptagether providing
the normal component of the friction force. Sliding plates are figetthe cross braces
and then clamped together. At a given sliding load, the plates begin to slidesapatéis

energy. Varying the sliding load will alter the seismic ggeattracted by the structure.
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Incorporating the braces adds initial lateral stiffness to yisées, thus lowering the
natural period of the structure and providing a margin over whichirhetwe can shift

its period if resonance is encountered: any time the currandtwtal period attracts
seismic energy enough to activate the friction dampers, theams®mphenomenon can
be avoided by a period shift. When in fact at the low braced pericgtriieture attracts

large amounts of seismic energy, the structure begins to saftédre driction dampers
begin to slip and dissipate energy: the reduced lateral stiffness ofuitieist, due to the

dampers slippage, causes the desired period shift. If the braceal patuod is moved

far from the un-braced natural period, the structure will have fecisut ability to

soften.

Advantages and disadvantages of friction dampers and environmental effects
These devices possess good characteristics of structural behavieroStmir

advantagesre the listed below:

* high capacity of energy dissipation; compared to devices based Idmgyief
metals, friction dissipators possess a great capability of absorbing energ

» This characteristic disappear with the wearing of the sliding surfaces

» behaviour is not seriously affected by the amplitude, the frequencgnterir
the number of cycles of the driving force

» controllable friction force (through the pre-stressing normal force).

* not affected by fatigue effects; the materials are low maintenareseor
maintenance free

» perform well in various environmental conditions such as temperature.
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the damper design is straightforward and low tech: the design does not require

expensive engineering design costs or testing prior to implementation

Some potentially relevanlisadvantagegxhibited by friction dissipators are

the energy dissipated per cycle is only proportional to the maximum
displacement instead of the square of the same displacementthascase of
viscous damping: this can be relevant for sudden pulses and for stporiger
than those expected

moreover, resonance peaks can not be properly cut

durability is also a controversial issue, mostly due to the high sensitivite of t
coefficient of friction to the conditions of the sliding surfaces

high frequencies can be introduced in the response, due to thentreamee
sudden

changes in the sticking-sliding conditions. The dynamic highly-lmaar
behavior of friction dissipaters makes their numerical simulatioy d#ficult.
This situation has arisen some controversial issues, such as thbleposs
introduction of high frequencies into the structural response, asas/éile lack

of studies of these devices when subjected to near-fault pulsesorinental
effects might alter the frictional characteristic of the slidingrfate.

Critical conditionsto be assessed in a design situation are:

localized heating of the contacting materials during slippageccasions, these
thermal effects may alter the frictional response by causiggrial softening or

by promoting oxidation. However, for the type of sliding systegmcally
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encountered with friction dampers, system response will beybseekitive to
the relatively small variations in ambient temperature.

e atmospheric moisture and contaminants: physic-chemical proceszgsbe
triggered by atmospheric moisture of contaminants, occurrirtheatmaterial
interfaces. These processes may change the physical andaheimaracter of
the surfaces, thus significantly affecting the frictional response.

« formation of oxide layers or scale on the exposed surfaces.

» crevice corrosion (cathodic/anodic effect between exposed and ssdiee
regions) and bimetallic corrosion: in aggressive environments, corroggrbe
a problem. It is necessary to rely on physical testing to rdeterthe extent of
corrosion expected in a given situation and to find out the poteneat®ibn the

frictional characteristics of a sliding system.

Friction damper typologies. slotted-bolted connections

The simplest form of friction dampers are the Slotted-bolted ctionsc
introduced at the end of conventional bracing members (fig. 28)ntpisriant to ensure
that the slippage of the device occurs before the compressed braces buighte &agh
connection incorporates a symmetric shear splice with slotted imoleég connecting
plates extending from the bracing member: the slot length hascm@mmodate the
maximum slip anticipated from the design earthquake. Disc sprastper can be used
in the bolting assembly to accommodate the possible variation inateetpickness due
to the wear at the contact surfaces and to the temperatunesigdéng from friction

heating. Tests results performed by Pall et al. (1982) shovslitlatg connections can
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exhibit a very high energy dissipation capability under extreoaelihg conditions,

provided that appropriate materials and bolt clamping forces are used.
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Figure 28. Slotted Bolted Connection Assemblage

Friction damper typologies. Pall devices

The Pall Device consists of diagonal brace elements witlc@ofriinterface at
their intersection, connected together by horizontal and verticaklerkents (fig. 29,
left). These link arms ensure that when the load applied to the dagidbe braces
initiate the slip on the tension diagonal, then the compression diagiinalso slip of
an equal amount in the opposite direction (fig. 29, right). The normal force onding sli
interface, responsible for the friction resistance, is achietieaugh a bolt at the
intersection of the diagonal arms. Utilization of this type of geometric mietorn in the
cross bracing of a building frame (or in multi-bent bridge piedeck) is a way to
permit substantial controlled energy dissipation (Tyler, 1985), as shgwine typical

hysteretic loop of a Pall Device in fig. 29.
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Figure 30. Hysteretic loop of a Pall Friction Damper

Friction damper typologies. Somitomo devices

The Sumitomo Device was designed and developed by Sumitomo Metal
Industries, Ltd., Japan, originally as a shock absorber in railwéggdtock. It is a
cylindrical device with friction pads that slide directly on thaer surface of the steel
casing of the device (fig. 31). The friction devices might bechtd to the underside of
the floor beams and connected to chevron brace assemblages. The Suhanopeos
exhibited outstanding behavior: their hysteretic behavior is exlyemegular and

repeatable (fig. 32). The devices show almost no variation in stipdoang earthquake
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motion; their force- displacement response is known to be quite indeperfdeading

frequency, amplitude, number of loading cycles, and temperature.
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Figure 31. Section of the Sumitomo friction damper
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Figure 32. Typical Sumitomo damper hysteresis loop (Aiken 993

3.2.3 Steel hysteretic dampers

Hysteretic dampers originated in New Zealand in the early $9@8d were first
used in the U.S. in the early 1980’s. Hysteretic dampers dis®patgy by flexural,
shear or extensional deformation of the metal in the inelastge. Typically, mild steel

plates with triangular or hourglass shapes are used.
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These devices are able to sustain repeated cycles of staldang; avoiding
premature failure. Further, they are reliable, maintenance fieé sensitive to
temperature variations and not subjected to aging. In continuous spars ptidyemay
be located either in one position (e.g. one abutment) to allow free reatemf the
bridge (in this case they must be designed for very largesipraedistributed in several
locations to allow thermal movements of the structure (nornaakpciated to hydraulic
shock transmission units). The steel used for these devices musariaeterized by a
very high elongation at failure and a very low hardening, in ordgraot a very high
low-cycle fatigue life with negligible performance decateaimany cycles. There are

three types of metallic damper, according to their working principle:

* uniform moment bending beam with transverse loading arms;
» tapered-cantilever bending beam;

» torsional beam with transverse loading arms.

Several devices developed in the early 1980’s showed some |mnedbisced
capacity to resist yield cycles without breaking, charetterdegradation after first
cycles with progressive reduction of the yield force up torfaj asymmetry of the load-
displacement cycles with stiffness variations in tension and @ssipn and difficulty

to provide uniform response in any direction.

New devices overcoming these limits have been developed. Théased on
the combination of C-shaped elementary energy dissipators. Tes$tssendevices have
shown long cyclic life, almost no cycle deterioration befordéuffai and very good

dissipation thanks to the almost square shape of the hysteresis loops.
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These devices may constitute either the dissipative part efseis isolation

system of the bridge deck, or they may simply act as danfyethemselves. Then they

can be arranged to be a part of unidirectional or multidiredtiondge bearings. The

conceptual design of the single damper unit is based on optimization criteria, i.e.:

An optimized shape allows almost constant strain range acrosse&aan: in

this way, the diffusion of plasticization is uniform over the nubghe volume,

and, by preventing localization and concentration of deformation, exteoded |
cycle fatigue life is obtained.

Particular design arrangements neutralize the effects of@dgpichanges, that
otherwise can cause strain hardening or softening behaviour and/or
asymmetrization of the hysteresis cycles at large digplewts: the dissipation
effectiveness is improved, and large displacements and damping ohsesp

all directions are allowed.
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Hysteretic damper typologies. E-shaped devices

The E-shaped Device is shown in fig. 33: it can be viewed gmmstric one
storey, two-bays portal frame, hinged at the base (fig. 34¢. device is forced to
deform anti-symmetrically in the elasto-plastic randee tegs are designed to act
essentially as lever arms, deforming elastically, whileetinergy dissipation occurs only
in the transverse beam, where the desired uniform plasticizatemsured by the acting

constant moment.

Figure 33. Typical E-shaped hysteretic damper layout
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Figure 34. Static Scheme of an E-shaped hysteretic damper
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The fact that both moment and axial force have opposite sidre itwb parts of
the transverse beam allows the neutralization of the geontetnges effects and permit
to avoid the progressive accumulation of axial strain, that is tam msource of
deterioration at increasing number of cycles in those devicekich moment alternates
and axial force does not: E-shaped Hysteretic Dampers arec@ramad by a high
repetition of hysteresis cycles (>50), very low degradatiom &@iecycles and very high

dissipating efficiency (>70%).

Hysteretic damper typologies: C-shaped and EDU devices

C-shaped elements grant very high energy dissipation, very highudati
resistance and allow the realisation of multidirectional devfigs 35). A typical C-
shaped damper has a semicircular shape (fig. 35, left), withacdnstdius r, while

depth varies in order to ensure uniform plasticization through each section.

Figure 35. C-shaped device (left) and EDU device (right)
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The EDU device

The EDU Device is a multi-composed device constituted by C-shaped
elementary energy dissipators, combined in order to be forced tomdedati-
symmetrically, i.e. for each compressed one, another is in tens@nmadial symmetry
allows uniform behavior under earthquake loading acting in any idinecthis device

can be coupled with hydraulic shock transmitters in parallel.

Different design requirements, different responses in longitudinatrangverse
directions or unidirectional devices can be easily met bytaldeiarrangement of the

elementary dissipators or combining elementary dissipators with diffgréness.

Figure 36. EDU Device: device and deformed configuration

The EDU device has been tested by Marioni (1996) with a reigesake of 7.4
magnitude with PGA of 0.8g: the device proved to be able of dissipatiradp more
energy than any other system and fulfilled European standartsdervice conditions.
It showed self-recentering properties for thermal effactd small earthquakes. Due to

its conceptual simplicity, the EDU device has low costs.
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Hysteretic damper typologies. ADAS and TADAS elements

The Bechtel Added Damping and Stiffness (ADAS) device is anetteanple of
a hysteretic damper. The X-plate constituting the ADAS is developed from the
triangular plate devices born in New Zealand and firstly empl@g piping support
elements. ADAS elements are designed to dissipate energyglhtioel flexural yielding
deformation of mild-steel plates: they consist of multiple Xpgldamild steel plates
configured in parallel between top and bottom boundary connections3{fjg.A
rectangular plate, when plastically deformed in double curvatutieyield only at its
ends, giving a plastic concentration undesirable both in terms @intbent of energy
that can be absorbed and by its inherent lack of stability andtedyiléy in the plastic
range: the particular advantage of an X-plate is that, when dedamdouble curvature,
the plate deformation is uniform across its height, and once pushedsiniastic

regime, the yielding is distributed and contemporary at all sections.

Figure 37. Added Damping and Stiffness (ADAS) element

A typical hysteresis loop from one test of a 7-plate el@nms shown in fig. 38.
The primary factors characterizing the ADAS element behauierthe device elastic

stiffness, the yield strength, and the yield displacement. ADA®@aaits are capable of
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sustaining more than 100 loading cycles with a displacement duciili3, proving
stable response and no degradation; they can safely be designesplacathent

ductility ranges up to about 10.
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LS e
Test 880706.15

Lo

|
i

Displacement (inch)

Figure 38. 7-Plate ADAS element hysteretic behavior

One practical configuration for installing ADAS devices in a stmeis in
conjunction with a chevron brace assemblage, designed using capautygles, based
on an ADAS element strength of at least twice the deviced ysttength. The
performance of an ADAS element is influenced by the degree sifamt at its
extremities, and the design of these connection details must lve afvthis factor:
experimental tests indicated the importance of rigid boundary coangdtr successful
performance of ADAS elements. Possible shortcomings with X-sAB#S are that
the stiffness of the device is very sensitive to the tigtméghe bolts and generally

much less than that predicted by assuming both ends fixed; moreloeefiexural
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behavior might be weakened when the device is subjected to axal [daangular

ADAS (TADAS) devices were developed to avoid these inconveniences.

TADAS elements use triangular steel plates instead of X-shéges, with
boundary conditions of welding at bottom and bolting at top (fig. 39). Stiffmases
linearly along the height, as well as moment does, implyogstant curvature, and
avoidig curvature concentration. Experimental Load-deformationioe$hips do not
show significant stiffness or strength degrading. The TADASceevan be modelled as

bilinear elasto-plastic, and it can sustain a large number of yieldiegssds (fig. 39).
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Figure 39. Hysteresis loops for T-ADAS devices (Tsai and Hat292)

Hysteretic damper typologies: lead extrusion devices

The Lead Extrusion Dampers (LEDs) take the advantage of thesiextrof lead
through orifices. Fig. 40 illustrates two types of lead extrusionpgas: the constricted
tube, that forces the extrusion of the lead through a constrictedantehe bulged

shaft, that uses a bulged shaft through a lead cylinder. The adaamtages of these
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devices are due to the lead properties: the hysteretic behaessdatially rectangular,
stable and unaffected by number of load cycles (fig. 41), allovonmaximize the
energy dissipation, it is unaffected by any environmental factdrfatigue is not a

major concern, because strain rate has a minor effect and aging efdotsgnificant.

Figure 40. Longitudinal section of lead extrusion dampersc@)stricted-tube type and (b)
bulged-shaft type (Skinner et al., 1993)
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Figure 41. Hysteresis loops of LEDs (Robinson and Cousins7198
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3.2.4 Viscous and Viscoel astic dampers

Viscous Dampers

Linear devices produce damping forces proportional to the velocitthef
damper deformation, greatly attenuating the higher-mode seissponse, that is only
relatively reduced by high isolator damping. Hydraulic damperszeitiViscosity
properties of a fluid to improve structural resistance againsedntiquake. They are
generally used as shock transmitters, able to allow slow maisn{@e service
conditions) without valuable resistance, and stiffly react to miymactions. It should be
possible to develop effective velocity dampers, of the adequatitineby using the
properties of high-viscosity silicone liquids: a double-actingopidrives the silicon
fluid cyclically through a parallel set of tubular orifices (fig. 42yjmg high fluid shears
and hence the required velocity-damping forces. By usingfeeisaf working volume
of silicon to limit the temperature rise to 40°C during a desigetearthquake, the
corresponding reduction in damper force is limited to about 25%. Shonigeare the
increasing of silicon volume with temperature (10%/100°C) andntetecy to cavitate

under negative pressure.
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The force generated by the device can be described by the following:

F=CV*+A

where F is the force applied to the piston, V is the piston vel@jty, anda are
constants depending on the fluid and circuit propertiesay range between 0.1 and 2,
according to the type of valves. Force-displacements plot for dewdé different

values ofa subject to sinusoidal input are elliptical shaped.
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Figure 43. Force-velocity type dependence for different valokthe parametex

Fig. 43 illustrates the dependence of the force on the velocity, for diffeleetva
of a. In case of lowa the dissipated energy per cycle is maximised. When energy

dissipation is requiredy<2 is preferred in order to increase the hysteretic areduisn t
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case they are called Viscous Dampers (VD), for which a eefer value ofa is

generally 0.1. The paramet@higher than 2 is preferred when the difference of force at

low and high velocities shall be maximized, in order to reaftftysis soon as the

velocity increases, while allowing slow movements due to thevarations, creep and

shrinkage, and becoming rigid in case of dynamic actions (brakinge fand

earthquake), or when energy dissipation is not required; in thisticageare called

Shock Transmission Devices (STD) or Hydraulic Couplers.
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The Taylor devic is a fluid damper incorporating a stainless stestiop with a
bronze orifice head and an accumulator; the dasifided with silicon oil (fig. 42). The
force generated by the fluid inertial damper is tu¢he pressure differential across
piston headDue to the fluid compressibility, the volume redantfollowing the flow
develops a restoring spri-like force, geneiléy prevented by the use of an accumula
test results indicate a cuff frequency of 4Hzunder which no stiffness is product
This means that higher modes, with frequenciestattgen the cr-off threshold, might
be affected by the elastic compor. The damping constant of the device is
importantly affected by the temperatuAnalytical results also showed that modell
these dampers as simple linear viscous elementdsypmredicted responses in gc

agreement with experimental results; tlurely viscous nature is evidentfig. 44.
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Figure 44. Experimental hysteresis loop of a Tayfluid damper at various frequencies and te
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Shock Transmission devices

Shock Transmission Devices (STD) can closely approximate the idealgtaram
such that low velocity displacements are allowed with negligitdsistance,
withstanding high seismic loads with minimal deformation: they hawex value
approaching 2. The oil filled cylinder is divided into two chambera piston and fixed
to the structure normally through spherical hinges (allowingioots up to +3° in all
directions), in such a way that the relative movement of thetsteucauses the piston to
move inside the cylinder, allowing the oil flow from one chantbehe other through a
hydraulic circuit. The oil flow through the circuit is practigaindependent of the
external temperature: the constant performance level of the de\pcevided thanks to
a design based on a turbulent oil flow practically independent fremwisicosity of the
fluid and therefore from its temperature. When the device dimensienggy large (it
can reach 870mm of diameter and 2900mm of length in exceptional aasesjernal
hydraulic circuit and an external accumulator are preferred to theahtares employed
in smaller devices, to allow easy access, to avoid anyereace between the flexural
bending of the device due to own weight and to the behavior of the caeditp avoid

overpressure in the cylinder due to the oil thermal expansion.

Viscoelastic dampers

Viscoelastic (VE) dampers have been used as energy dissifivices in
structures where the damper undergoes shear deformations. Asydh&r implies,
viscoelastic materials exhibit combined features of elastid and viscous liquid when

deformed, i.e. they return to their original shape after each ojoteeformation and
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dissipate a certain amount of energy as heat. Mahmoodi (1969) desthibed
characteristics of a constrained double-layer viscoelastic daagper and indicated that
it can be effective in reducing the dynamic response of ategtThese dampers, made
of bonded viscoelastic layers (acrylic polymers), have been dedelyp8M company
and used to control wind-induced vibrations in buildings. The 3M dampeksana to
have a stable behavior with good aging properties and resistaneevironmental
pollutants. The extension of VE shear dampers to seismic applicadionsre recent.
For seismic applications, more effective use of VE matersalequired since larger

damping ratios than use for wind are usually required.

A typical VE shear damper consists of viscoelastic lagergled to steel plates,
fig. 45.When mounted to a structure, shear deformations and consequently ener
dissipations take place when relative motions occur between titer gdate and the
outer steel flanges. To understand their behavior under a sinusoathlwith a
frequency®, the shear streagt) can be expressed in terms of the peak shear strain

and peak shear stregsas (Zhang et al., 1989)
T(t) = yo[G'(®)sindt + G" (D)cosdt (6)

where G'@)= 1o c0Sdly,, G"(@)= 10 Sin dly,, ands is the phase angle between

the shear stress and the shear strain. Equantion (6) can be rewritten as

o(t)= G'(@) y(H)+ G"(@)Vrg — v (®) )

which defines an elliptical stress-strain relationship similar to tiaws in fig.

45. The area of the ellipse indicates the energy dissipated by visaoelattrial per
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unit volume and per cycle of oscillation. From etiua (7), it can be seen that the
phase ternG'(  represents the elastic stiffness component, andut-of-phase term

G"( the damping compone. Rewriting the equation (7) as

(®=G'( ») — (®)

and comparing it with the equation of a SDOF systtéra equivalent dampir

ratio of the VE material is obtained

9)

Figure 45. Elliptical forcedisplacement loops for VE dampers under cy
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Figure 46. VE damper part of bracing member: typical scheman{fand 3D views) and picture

3.2.4 Devicetypologies: self centering dampers

Generally dampers do not limit the residual displacements ahtitheture after a
seismic event. Some recently developed damper systems incerperaentering
capabilities, characterized by the so-called flag-shapedereyst loop. The main
advantage of the self-centring behavior consists in reducimgaoent offsets when the
structure deforms inelastically. A number of different devicegehaeen developed,

among these:

» Shape Memory Alloys Dampers (SMA);
» Energy Dissipating Restraint (EDR);
* The Friction Spring Seismic Dampers;

* The Post-Tensioned Energy Dissipating (PTED) steel connections.

Self-centering damper typologies: shape memory alloys dampers

Shape-Memory Alloys (SMASs) have the capacity to undergeelattains and

subsequently to recover their initial configuration. The basis fer ikhavior is that,
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rather than deforming in the usual manner of metals, shape-meftmyy andergo
transformations from the austenitic to the martensitic crystelse. Sasaki (1989)
studied the suitability of Nitinol for energy dissipation under seiggpe loading, and
investigated flexural, torsional, shear, and axial modes of defamatitting (1992)
have studied of shape memory alloys for energy dissipation apgtisah structures. A
Nitinol energy dissipator has the particular advantages ofgbeiachanically very

simple and reliable.

The use of the SMA restrainers in multi-span simply supportedydsiat the
hinges and abutments can provide an effective alternative to converstraliner
systems: the SMA restrainers can be designed to provide isniffistiffness and
damping to limit the relative hinge displacement. The SMA aestrs may be
connected from pier cap to the bottom flange of the girder bearmamnaer similar to
typical cable restrainers, as shown in fig. 47. The restsiae¥ typically used in a
tension only manner, with a thermal gap to limit the engaging ofes$igainer during
thermal cycles. If adequate lateral bracing could be provided, thainestrcan be made

to act in both tension and compression.

2 H 5
Jcap=e.250m GAP=6.25nm =~

Pier

Figure 47. Configuration of shape memory alloy restrainer lsed in multi-span simply

supported bridges
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Des Roches and Delemont (2002) investigated the effectivenese GMA
restrainer bars in bridges through an analytical study of a-spdt simply supported
bridge. The results showed that the SMA restrainers redwtevechinge displacements
at the abutment much more effectively than conventional steel cadti@iners. The
large elastic strain range of the SMA devices allows tleeantlergo large deformations
while remaining elastic and due to their superelastic propettieg are able to maintain
their effective stiffness for repeated cycles, differeritym conventional restrainer
cables once yielded. In addition, the superelastic properties of MiAe r8strainers

results in energy dissipation at the hinges.

Finally, evaluation of the multi-span simply supported bridge subjeoteear-
field ground motion showed that the SMA restrainer bars are eafiyesffective for
limiting the response of bridge decks to near-field ground motionatige pulses from
the near- field record produced early yielding in conventional cadstainers, thus
reducing their effectiveness and resulting in large relativgehttisplacements for the
reminder of the response history. The SMA restrainer is abtesist repeated large
cycles of deformation while remaining elastic. In addition, tteegased stiffness of the
SMA restrainers at large strains provides additional protectimm unseating as the

relative hinge opening approaches the critical value.
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Figure 48. Scheme of hysteretic behavior model of SMA resaain

Self-centering damper typologies: the energy dissipating restraint

Fluor Daniel, Inc., has developed and tested a type of friction desadied
Energy Dissipating Restraint (EDR), originally used as a seisntrairgsfor the support
of piping systems in nuclear power plants. The mechanism of the débBists of
sliding friction wedges with a stop located at the end of theerahgnotion. A complete
detail for this device can be seen in fig. 49. The main componertig divice are the
internal spring, the steel compression wedges, the Bronze frictidgesesliding on a
steel barrel, the stops at both ends of the internal spring, andténeagxylinder. Full
description of the EDR mechanical behavior and detailed diagrartige alevice are

given by Nims (1993).
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Figure 49. External and internal views of the EDR (Nims et 893)

Characteristic features of the device are its self-cegtecapability and the
developed frictional force proportional to the displacement. In operatioa, t
compressive force in the spring acting on the compression atidrifrigedges causes a
normal force on the cylinder wall. This normal force is proportidgadhe force in the
spring. The normal force and the coefficient of friction betwden lironze friction
wedges and the steel cylinder wall determine the slip fior¢be device. In the EDR,
two types of behavior are combined: linear stiffness and frididferent combinations
in between are possible, developing several different typesysikresis loops, in
dependence on the spring constant of the core, the initial slip loachrfiguration of
the core, and the gap size. Two typical hysteresis loops feretitf adjustments of the
device are shown in fig. 50. The most interesting behavior comsigtssessing fat “S-
shaped” loops and self-centering properties. The friction fos®pditing the energy is

proportional to the displacement and the internal preload of the DRordpertionality
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between the dissipated energy and the displacement makes theftebfre at low

levels of seismic excitation or for wind loads while also beaifigctive at high seismic

levels.
1000
< E =
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Figure 50. Hysteresis loop shapes (Ib-in units, Richter et1&190) for EDR tested with different

adjustments; left: no gap, no preload; right: np,g@me preload

Self-centering damper typologies: the friction spring seismic damper

The SHAPIA seismic damper, also known as Friction Spring Damper, uses a ring
spring to dissipate earthquake-induced energy (Kar and Rainer 1995,KE996ét al.
1996). A section through a typical ring spring assembly (fig. 51) stsnef outer and
inner rings with tapered mating surfaces. As the spring coluioaded in compression,
the axial displacement is accompanied by sliding of the ringth@rconical friction
surfaces: the outer rings are subjected to circumfereptiaian (hoop stress), and the

inner rings experience compression.

p

— —

T J7 7777777777777

Figure 51. Friction spring details; 1) outer ring; 2) innemgi 3) inner half ring
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At the time of assembly and fabrication of the damper, speciaicéurbris
applied at the tapered surfaces and at the external surfattesrofg stack as a unique
treatment for lifelong operation. The damper housing is virtdalynetically sealed to
prevent any access of contaminants and to preserve and protetiribant. Some pre-
compression by means of a centrally located tie-bar may édedeto align the rings
axially as a column stack. The fabrication and assembly dataildesigned to ensure
that the friction springs themselves are always in axialptession whenever the
damper unit is subjected to either tension or compression. Fig. 52 algiagrammatic
view of the prototype unit. The spring stack is retained at its ends by the flaraypaiof

of cups. The damper carries no external load.

Sliding Sleeve < Friction Sprimgs (Typ.)

Rod Endd Left Cup 2 Tie Bar Right Cup-
(LC) (RCY

Figure 52. Diagrammatic view of seismic damper

During the process of loading and unloading, it offers spring effects togather w
damping. It is also strongly self-centering, provided that no pldsficrmations have
occurred: the ring springs are designed to remain elastic dargegsmic event so that
no repair or replacement should be required, and the structure should {mateloted
against aftershocks and future earthquakes. This friction-basedhicedamper is

designed to display a symmetrical flag-shaped hysteresisathaggable and repeatable
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(fig. 53). Five different physical parameters define the hgsdite behavior of th
SHAPIA damper: an elastic stiffnessy, a loading slip stiffness Ko, an unloading sli|
stiffness Ko, a slip force s, and a residual re-centering force Fhemaximum force

reached upon loading,&L and unloading F.U are also shown.
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Figure 53. Experimental forc-displacement hysteresis loops of seismic da

Selfeentering damper typologies: the -tensioned energy dissipatiisteel

connections

Momentyesisting connections using p-tensioning concepts were developed
precast concrete construction and recently extetaleteel Moment Resisting Fram
Christopoulos et al. (2002) demonstrated that #rfopmance of these nnections is
excellent under simulated seismic loading, due heirtcapacity of ensuring smi
residual drifts through secentring capabilities, even when significant transiinelastic

deformations occurred during the seismic resp:
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The post-tensioned energy dissipating (PTED) connection incorporajbs hi
strength steel post-tensioned bars designed to remain elastic,oafided energy-
dissipating bars designed to yield both in tension and in compressioB4Hitustrates
the implementation of the PTED steel connection on a steel frenmgether with its
deformed configuration. Fig. 54 shows a moment-rotation relationship netitai
experimentally from a large scale PTED connection (Christopcetics., 2002), in

which the self-centering capacity and energy dissipation characteast evident.
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Figure 54. PTED steel connection: (a) steel frame with PTEBneaxtions; (b) deformed

configuration of exterior PTED connection
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Figure 55. Experimental moment-rotation curve of PTED conrmcti
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Fig. 55 shows an idealization of the flag-shaped hysteretic behavior of a PTED
connection: the overall response of the connection can be decomposed into the
non- linear elastic contribution from the PT bars and the bilinear elasto-plastic
hysteretic contribution provided by the ED bars.

Other studies studies were conducted on external hysteretic devices (Chou et al.,
2009; Restrepo et al., 2002; Pampanin et al., 2006). The test gives very good result

considering that this type of device is easy to replace after a seismic event.
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Figure 56. External hysteretic device on a shear-wall (Restiz(02)
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Figure 57. External hysteretic device on a beam column jddanipanin 2006)



V. Viscous Fluid Dampers,
Modelling and Calibration of a Damaged

Device

4.1 Introduction

Metallic, friction and viscoelastic dampers all utilize thdicac of solids to

enhance the performance of structures subjected to transient environmentahiolcssir

However, as will be discussed in the present chapter, fluids an bed
effectively employed in order to achieve the desired level ofymassntrol. In fact, the
concept of a fluid damper for general shock and vibration mitigatiaelisknown. One

prominent example is, of course, the automotive shock absorber.

Significant effort has been directed in recent years towardie¢lrelopment of
viscous fluid dampers for structural applications, primarily tghothe conversion of

technology from the military and heavy industry.

One straightforward design approach is patterned directly #fte classical
dashpot. In this case, dissipation occurs via conversion of mechaniaqgl éméeat as a
piston deforms a thick, highly viscous substance, such as a silicdrigyeéd8a depicts a
particular damper manufactured by GERB Vibration Control, whichbeadesigned to

provide vibration control in piping networks or for use as componentssmisebase

69
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isolation systems. As indicated in the diagram, ribs and other geordetails are

sometimes included in the piston design to enhance performance.

While these devices could also be deployed within the superstructare,
alternative, and perhaps more effective, design concept involves themaeelt of the

viscous damping wall (VDW) illustrated in fig. 58b.

In this design, developed by Sumitomo Construction Company, the psston i
simply a steel plate constrained to move in its plane within @warectangular steel
container filled with a viscous fluid. For typical installation iframe bay, the piston is
attached to the upper floor, while the container is fixed to the |d\wer. Relative
interstory motion shears the fluid and thus provides energy dissipationc&porating
a sufficient number of VDW panels within the structural frams&gaificant increase in

the damping level can be achieved (Miyazaki and Mitsusaka, 1992).
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Both of the devices discussed above accomplishr thigectives through th
deformation of a viscous fluid residing in an opmmtainer. In order to maximize t
energy dissipation density of these devices, onatnemplo' materials with large
viscosities. Typically, this leads to the selectadrmaterials that exhibit both frequen

and temperature dependent beha\

There is, however, another class of fluid dampleas tely instead upon the flo
of fluids within a cleed container. In these designs, the piston aets not simply tc
deform the fluid locally, but rather, to force ttheid to pass through small orifices. As

result, extremely high levels of energy dissipataensity are possible. However.
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correspondingly high level of sophistication is required for propernatelesign of the

dampers unit.

A typical Taylor Devices fluid damper for seismic applicatisillustrated in fig
59a. This cylindrical device contains a compressible siliconetugh is forced to flow
via the action of a stainless steel piston rod with a bronze headhe@ldea state-of-the-
art fluidic control orifice design with a passive bimetalhermostat to compensate for
the change in volume due to rod positioning. High strength seals are required to maintain

closure.

SEAL RETAINER HIGH STRENGTH CYLINDER ACCUMULATOR
ACETAL RESIN P —— HOUSING
(a) SEAL SILICONE FLUID
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(b) Dutwr Canting

Profsctive housing
Gulde Collet and plunger guide
Plston Head Thrust Plate

Innar Casing

B e

Pressurized Elastomer High Pressure Seal  Piston Rod

Figure 59. Viscous Liquid Dampers; a) Taylor Fluid DamperJhjret Elastomeric Spring
Damper (Costantinou and Symans, 1992)
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These uniaxial devices, which were originally developed for amliand harsh
industrial environments, have recently found application in seismic isataion
systems as well as for supplemental damping during seisméc wind-induced

vibration.

Another fluid damper featuring orifice flow to achieve enedigsipation is
shown in fig. 59b. This device, manufactured by Jarret, utilizes asysizsd
compressible silicone-based elastomer to provide additional structiffakess and
damping. Recent scale model experiments suggest that the devedtable for

application in aseismic design.

Although the four dampers illustrated in figs 58 and 59 all depend updioithe
of fluids to achieve energy dissipation, each device is disintérms of geometric
design and material performance. In order to obtain a better undiengtaof their
anticipated behavior within a structural system, one can exahenaternal flow fields

from a continuum fluids dynamics viewpoint.
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4.2 Elements of a typical viscous damper

The following elements form a typical viscous damper as shown in fig. 59a.
Piston rod

The piston rod is machined from high alloy steel stainless atekthen highly
polished. This high polish provides long life for the seal. The pistormsrddsigned for
rigidity as it must resist compression buckling and must not flex rulodel, which

would injure the seal.
Fluid

Structural applications require a fluid that is fire-resistanntoxic, thermally
stablemand that will not degrade with age. Under current OSHAu@@tonal Safety &
Health) guidelines this means a flash point of at least 200fi€or& fluid is often used
as it has a flash point over 650°F and is cosmetically inert, ceeghpleontoxic and one

of the most thermally stable fluids available.

Seal

The seal must provide a service life of at least 35 yeal®uiireplacement. As
dampers often sit for long periods without use, the seal mustxhdtitelong-term
sticking or allow fluid seepage. The dynamic seal is made higim-strength structural
polymer to eliminate sticking or compression set during long perabdsactivity.
Acceptable materials include Teflon, stabilized nylon and menudfettse acetyl resin
family. Dynamic seals made from structural polymers do nat @egrade or cold flow

over time.
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Piston head

The piston head attaches to the piston rod and effectively divideylthdec
into two separate pressure chambers. This space between the diasiééer of the
piston and in the inside diameter of the cylinder forms theceriery often the piston
head is made from a different material than the cylinder to geouhermal
compensation. As the temperature rises the annulus between thehaatbmand the

cylinder shrinks to compensate for thinning of the fluid.

Accumulator

The damper shown in Figure 59a uses an internal accumulatoké&updor the
change in volume as the rod strokes. This accumulator is eithlecla of closed-cell
plastic foam or a movable pressurized piston, or a rubber bladdercdimawator also

accommodates thermal expansion of the silicone fluid.
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4.3 Analytical Modeling

4.3.1 Maxwell Model

As the name indicates, visco-elasticity is a generalizatibrelasticity and
viscosity. The elastic element could be modeled as a sprinthardbmper as a fluid-
dynamic piston. If these two elements are combined togethegriesswe have the
Maxwell model like in fig. 60 , where K is the elastic camstof the spring and C is the
viscosity. When a force F is applied to the model, the total elongation is edbaldum

of the elongation of the elastic and viscous element.
u=1u,+u,

where uis the elongation of the element spring andgsuhe one of the viscous

element.
Derivating the former expression by the time, we get as a result:

du due 4 du,
dt dt = dt

Because the force F is the same in the two elements, apphgngpnstitutive

equations (keeping in mind the derivatives) we have:

du_1dF F
dt Kdt C

The response u, therefore in Maxwell model depends just on the force F.
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Figure 60. Schematic representation Maxwell model

4.3.2 Voigt Model

If the two element are combined in parallel, theuteant model is known ¢
Voigt model as in fig. 6. When a force is applied to this modék sum of the forces
thespring and in the piston has to be equal to thetlba®ne that has been applied,

is:

where E is the force in the spring ancv is the force in the piston. If tt
displacements the two elements are eq we will have the follaing relation betwee

force anddisplacement

Figure 61. Schematic representation of Voigt model
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4.4 M odel used by Caltransin Adina

The model used by Caltrans in the 3D finite element madelNincent
Thomas Bridge to describe the behavior of the dampeas dsmbination of both
Voigt and Max well models; it consists of an etadieam in series with a non
linear spring made by a dashpot in parallel with a-linear spring. The non-
linearity of the spring is given by the possibility pfugging in a non-linear
Force-Relative displacement law for the spring, and emefficient for the dashpot

which can differ from one.

However, from the analyses it has turned out that eflastic beam is
basically non influent in the damper’s behavior, providing fiif$ness ( K = 5000
Kip/in and its shortness 1"), much bigger than the other elemessri@s (the non

linear spring).

It's more likely that it has been used to make rtteel more stable. The
use of this coupled model will be necessary once modeling thgtgagmulate a

damage). The gap will localized in the Maxwell element as a non lineagspri

All the dampers have the same configuration. They diffdr because of

the viscous coefficient C's value.

The task that follows consists in comparing the ®sgbtten in the
SRMD laboratory in terms of reaction forces with the oneegotby finite element

analyses with ADINA.
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45 Model used in thiswork

4.5.1 Experimental tests on damaged dampers

After research conducted on the damaged/degraded damper behavior (B&nzoni
al., 2008) at the Caltrans SRMD Testing Laboratory of the Wsityasf California San
Diego, appears that a possible leak of the fluid in a damper may vagspunse of the
device. One of the main objectives of that research program wabdhecterization of
the performance of viscous dampers under different conditions of podsipiadation
of their basic response characteristics. As described in thpseparagraph, the F.E.
model allows to introduce changes in the two main damper perfornpanameters C
anda. However, no other information are available in literature allmuekperimental
response of viscous dampers in damaged/degraded configurations thptocae
physical significance to the artificial variations of theotparameter€ anda. For this
reason an experimental phase was completed to study the resgoose viscous
damper in conditions that can be realistically representing dahstgges of increasing
severity. It is clear that the experimental program, lichttea single device unit, cannot
be considered inclusive of the subject but it represents an impoetanf slata for
several reasons. It allows, in fact, the validation of a numemcalel of the damper
performance that can be used in F.E. simulations to analyzenpfeect of damper
defects to the overall structural performance. In these tdrendata are critical for this
research because they allow to create realistic variationgrmaper behavior that are

targets of the health monitoring procedure. In addition, these memal results
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represent a first data sample for the process of definitionaptrof deterioration at the
device level. The use of deterioration maps (schematically showfigure 62) in
concert with time maps (shown on the right) are of paramount tarp® for a
predictive approach using which estimates can be made of regéfeiof the structure
affected by device performance degradation, as well as optamized schedule for

inspection of the device conditions.
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Tritinl Sire
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Figure 62. Example of 2D maps of deterioration

A viscous damper unit (Figure 63) was made available by F.I.P. tirades
(Italy) to complete this preliminary program. The differentels of degradation were
artificially created to simulate leakage of damper, for msteaassociated to a damage of
the damper seals. The experimental tests have been carriéar dlifferent level of
leakage (0.4, 0.8, 1.2, 1.6 liters) and at different frequencies (0.01, 0.28, 0.56, 0.84, 1.11
Hz) of the imposed sinusoidal motion. Tests were completed at a3 SRMD

Testing Laboratory of the University of California San Diego.
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The damper basic characteristics are:

Stroke: +/- 275 mm
Design capacity: 670 kN
Damping Exponent: 0.15

Tests were performed imposing a sinusoidal motion of constant pgakuai®
equal to 100 mm. Three main cycles were completed for eachntestldr to minimize
the inertia effects at the beginning and end of the test, enteamtt@xit ramps were
introduced resulting in a total number of four cycles. In the datlysamgrocess only
the central three cycles were considered. In Table 3 peak fancedisplacements are

reported for the tests at different frequency and for different amount rehhadved.

Figure 63. FIP Damper unit
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Table 3. Dampers FIP: Test Summary

TEST Frequency  Fmax Fmin Dmax Dmin
(H2) (KN) (kN) (mm) (mm)
FIP Leakage O Test 1 0.01 290.141373.0191 99.9595 -99.5549
FIP Leakage O Test 2 0.28 465.418443.0362 99.2253 -100.0793
FIP Leakage O Test 3 0.56 520.563897.1634 99.4500 -100.2292
FIP Leakage O Test 4 0.84 556.535833.1351 100.0494 -101.8475
FIP Leakage O Test 5 1.11 592.846368.7674 101.8025 -103.4208
FIP Leakage 04 Test 1 0.01 291.838R69.4559 99.3601 -100.0644
FIP Leakage 04 Test 2 0.28 463.382232.6859 99.4650 -99.9894
FIP Leakage 04 Test 3 0.56 511.916482.7408 100.0194 -100.3191
FIP Leakage 04 Test 4 0.84 545.506214.9796 100.7087 -101.7126
FIP Leakage 04 Test 5 1.11 583.344857.0597 101.7426 -103.4358
FIP Leakage 08 Test 1 0.01 290.310270.8133 99.2852 -100.1992
FIP Leakage 08 Test 2 0.28 461.346433.5343 99.2552 -100.0794
FIP Leakage 08 Test 3 0.56 509.195280.7047 100.0044 -100.1992
FIP Leakage 08 Test 4 0.84 543.470314.6402 100.9035 -101.6377
FIP Leakage 08 Test 5 1.11 585.889559.6048 102.0722 -103.2410
FIP Leakage 1.2 Test 11 0.01 287.5961-265.2140 100.5738 -100.3790
FIP Leakage 1.2 Test 12 0.01 288.6142-271.4920 99.4650 -99.7347
FIP Leakage 1.2 Test 2 0.28 460.158834.8917 98.9705 -100.1243
FIP Leakage 1.2 Test 3 0.56 511.061484.4376 100.409 -100.4390
FIP Leakage 1.2 Test 4 0.84 541.094617.0157 100.8435 -101.6077
FIP Leakage 1.2 Test 5 1.11 580.799252.9874 102.1921 -103.3759
FIP Leakage 1.6 Test 1 0.01 288.614269.2862 99.5699 -99.6598
FIP Leakage 1.6 Test 2 0.28 460.158832.6859 99.1803 -100.1543
FIP Leakage 1.6 Test 3 0.56 512.588883.4195 100.3041 -100.6338
FIP Leakage 1.6 Test 4 0.84 542.452918.0338 100.6787 -101.4579
FIP Leakage 1.6 Test 5 1.11 576.557352.1390 101.6527 -103.3759

A sample of performance results are shown in Figure 64,né564, for the

condition of 0.8 liters of fluid removed from the damper and an excitation of 0.28 Hz.
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Horizontal Force vs Time - Test #2
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0.8 liters: Longitudinal forceiiBoni et al.,2008)

Figure 64. Test #2 Leakage
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Figure 65. Test #2 Leakage
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Horizontal Force - Loop All - Test #2

Horizontal Force [kN]

I
|
-100 -80 -60 -40 -20 0 20 40 60 80 100
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Figure 66. Test #2 Leakage = 0.8 liters: Force vs displacerfiizoni et al.,2008)

The effect of the removal of a portion of the viscous materieke@rly visible in
Figure 66 at displacement reversal. The damper is able toit@esciportion of the
assign displacement time history without developing any reactiae,fdescribing the
flat portions of the force-displacement loop. When the displacemettieofnternal
piston is sufficient to generate again a level of pressurkeirfltiid, the force trend is
restored. The length of the “zero force” segments depends on the aofofinid

removed.

The performance of the damper, in its original conditions, is astynaodeled
by the Maxwell constitutive law, characterized by a lingaing in series to a non-linear

dash-pot element (Infanti et al, 2002). The first element repsedentelasticity of the
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system mainly due to the compressibility of the silicon fluid, evthle second elements

accounts for the damping properties. The constitutive equation is:

B
F :C(&Rj (1)

where x represent the displacememq, the elastic stiffness of the spring anthe

exponent that characterize the non-linearity of the response.

In order to simulate the performance of the damper in damagedtionrdi
consistently with the response of Figure 66, a model was obtainbdawdash-pot

element in series with a gap element (Figure 67).

Damper

Gap

Figure 67. Model of Damper with leakage

The force-velocity relationship can be written:

F=0O& +K(x-d,) @)
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Where:
K = gap stiffness;
X = displacement;
dy = length of gap.

The second part of the equation is equal to zero wiketl,. Figure 68 shows the
contribution of the two components (the dash-pot on the left and the gagnélemthe

right) to the force-displacement response.

Xy

—|
2

Figure 68. Model of the damaged damper

The variation of the gap length as a function of the leakage lfthealtests is
reported in Figure 69. In general the lengths variation is linédwr the increment of

leakage.
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Figure 69. Variation of Length Gap with leakage for the diffet test

The model results are presented in Figure 70 to Figure 73. The experimental

results and the model performance for Test #5, a different level of leakagenapared.

Horizontal Force - Test #5

— — — — — Experimental Test
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Figure 70. Test#5 Horizontal Force Leakage 0.4 liters: conguaribetween the theoretical model

and test
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Horizontal Force - Test #5
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Figure 71. Test#5 Horizontal Force Leakage 0.8 liters: conguaribetween the model theoretical

and test
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Figure 72. Test#5 Horizontal Force Leakage 1.2 liters: conguaribetween the theoretical

model and test

Horizontal Force - Test #5
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Figure 73. Test#5 Horizontal Force Leakage 1.6 liters: conguaribetween the theoretical model

and test

In previous research (Benzoni et al.,2008) the attention was focudesl st
representative parameter of damper response, the energy disgppateycle EDC).
The energy dissipated for every cycle was calculatedlftneatests using the following

equation:

EDC= [ F,(x(1)) dx (3)

The obtainedEDC values are reported in Table 4.
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Table 4. Energy dissipated per cycle

EDC EDC EDC
TEST (kN-mm)  (KN-mm) (kN-mm)
Cyclel Cycle2 Cycle3
FIP Leakage O Test 1 103722 103781 103516
FIP Leakage O Test 2 168039 169621 170537
FIP Leakage O Test 3 188167 189887 190842
FIP Leakage O Test 4 205062 205406 206007
FIP Leakage O Test 5 219445 220109 219621
FIP Leakage 04 Test 1 96534 96834 97030
FIP Leakage 04 Test 2 155876 158640 160776
FIP Leakage 04 Test 3 175892 178785 180896
FIP Leakage 04 Test 4 191964 195029 197433
FIP Leakage 04 Test 5 207885 209132 210478
FIP Leakage 08 Test 1 90444 90686 90791
FIP Leakage 08 Test 2 145773 148315 150392
FIP Leakage 08 Test 3 163853 166487 168553
FIP Leakage 08 Test 4 179064 181216 183147
FIP Leakage 08 Test 5 192512 192483 193742
FIP Leakage 1.2 Test 11 86141 86483 86615
FIP Leakage 1.2 Test 12 83660 83587 83966
FIP Leakage 1.2 Test 2 134959 137098 138706
FIP Leakage 1.2 Test 3 152336 154010 155784
FIP Leakage 1.2 Test 4 165760 167487 169179
FIP Leakage 1.2 Test 5 179212 179549 180570
FIP Leakage 1.6 Test 1 75846 75966 76224
FIP Leakage 1.6 Test 2 122471 124387 125972
FIP Leakage 1.6 Test 3 138705 140478 141823
FIP Leakage 1.6 Test 4 151051 152125 153628
FIP Leakage 1.6 Test 5 162410 163131 164444

The percentage variation dEDC, obtained experimentally and from the
numerical model, is compared in Figure 74 for the tests at 1. BhéHat different levels
of leakage. Details about the other tests are presented iflRMB $eport No. 2007/09

(Benzoni et. al, 2007). It is visible that the effect of an incekasenoval of viscous
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fluid produces a linearly proportional effect on the damper response. The erberof

the model is also sufficiently accurate to simulate the effects obtainegtby t

Energy Variation [%]

+ Test-Cycle#1
Test-Cycle#2
Test-Cycle#3

1.6

Leakage [If]

Figure 74. Test#5 (f=1.11Hz): Energy variation model and ekpental data



4.5.2 Disassembly of a damaged damper

Figures 75 show different stages of the disassembly of the damper.

Figure 75. Disassembly of the Damper

92
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As shown in figure 75 (3) fluid was removed from the damper adppeopriate
location prior to removal of the piston head. This fluid was dark aisdse@n to have a
high viscosity with visible agglomerates. Fluid collected adignificant draining and
collected from within the bearing area showed a sludge like comsystend had
particles of bronze and steel in addition to the PTFE and graphitreFr6 shows
photomicrograps of two samples of the fluid collected betwees glakes. The size of
particles/agglomerates can be easily seen in both micrographslearly shows the

addition of foreign matter.

Figure 76. Photomicrographs of fluid

It should be noted that while PTFE is often used as an additivelradiic fluid
to decrease friction and wear, research has shown that it ceomagate fairly easily
and the solid particles can accumulate at inlets acting axlkalgle/dam which results in
decrease in overall lubrication. This may well have happened oweriti the piston

area and in the bearing.
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It should be noted that the O-ring from the port itself showgaifstant fraying
and had a sticky consistency suggesting degradation of theiahately. 77).

Microhardness tests showed changes of over 50% in areas.

Figure 77. Degraded O-Ring

Figure 78. Gasket
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The positioning of the outside teflon gasket is shown in fig. 78. Tdgveared
to have been uneven compression on this with the width of the matagaigdrom 6.8
mm to 7.13 mm. Microhardness tests showed changes of 25-37% in sease a
Removal of the gasket showed the collected of sludge within the greidlvesmall
particles of teflon which may have been abraded through motion. A femzdor
particles were also noted which was surprising since the bisrexgually only found
within the bearing itself indicating movement of abraded particlégsof the bearing

retainer block.

It should be noted that the backup urethane O-ring was found to be frayed in
areas and compressed to an oval cross-section in some areasne3sivkas also

diminished by as much as 50% in some areas which indicated substantial abrasion.

The teflon back-up rings showed deterioration at both ends with sudktant
decrease in thickness (upto 60% in some areas coincident withrtdtehes in the

bearing area itself (see fig. 79).

Figure 79. View of Inside of Bearing Showing Scratches Fromradion as well as a Vertical Seam



96

The bronze seal backup ring seen in Figure 6 shows deterioratioa forin of
pitting abrasion at the left side of the figure. In addition tiréase open to the cavity
showed significant abrasion related loss of section in a circantfalr arc of 127.5 mm
length centered above the vertical seam seen in fig. 79intergsting to note from fig.

79 that the abrasion caused loss of section both vertical next tsetdma and
circumferentially about 1/3of the depth from the surface. Sludge was again removed
from below each of the seals and seal retainers indicatikgdea In all cases the
overall composition was similar to that of the sludge describdée It should also be
noted that most of the damage was restricted throughout the bearity to a
circumferential arc of about 185 mm around the seam indicateajegrcontact between

the rod and this area, either directly or through contact with abraded garticle
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4.5.3 Creation of a model of damaged damper

In previous works regarding the behavior of the Vincent Thomas Bridthe wi
damaged viscous dampers (Benzoni et al., 2005 and 2008), in order to implleenent
peculiar response of the damaged damper into the F.E. model of the tirelgdention
was focused to the most representative parameter of damper respensnergy

dissipated per cycld&eDC), changing C as consequence.

In this work we modify the F.E. model of the bridge in order to sateuthe
entire behaviors of the degraded dampers. This allow to evaluhtedap create some
discontinuity or some undesired peaks in the internal force indighlmorhood of the

damaged device.

In order to calibrate the damaged device an Adina F.E. model of damager
created. As written before the model consist in 2 elememisninear spring simulating
the gap and a Voigt model spring simulating the undamaged damper. The only
parameters that we changed in the model were the stiffyeand the viscosity £of
the nonlinear spring simulating the gap. The theoretical wanteavioe as show in fig.
68 should have an infinite stiffness (infinite flexible in the gagidrelsewhere). This
create peaks in the response not measured in test experimgnt80Fshows this

problem.
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F.E. model behavior high K, (gap = 20 mm)
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Figure 80. Horizontal Force gap 20mm: undesired peaks duenecalibrated i§

After several analysis a stiffnesg factor was found for all the dampers that we
want to modify in the F.E. model of the Vincent Thomas bridge. Alletkgerimental
tests was performed in displacement control (sine function f =z) 2100 mm). The
modeled damaged damper is able to capture with sufficient ap@tamthe behavior

of experimental tests, with all the different parameters of the various damper

It was decided to perform a parametric analysis consideringjoi@deakages
only in the tower damper devices. It was not considered a possiblgeamthe cables

dampers. In particular, the calibrates value are summarized in next table
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Table 5. Dampers parameters with gap stiffness

Total C a Ky
# | [kipss/in] | [-] [Kips/in]
Main span to tower 8 4 1 16000
Side span to tower 8 2.5 1 10000

Fig. 81 shows as example the hysteretic loop of a calibratedgdantmper
system. Those parameters are used in the complete F.E. maldelbridge to simulate

the behavior of the damaged device on the entire structure.

F.E. model behavior calibrated K,
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Figure 81. Horizontal Force gap 20mm: calibrateg K



V. Parametric study of the dampers

damages influence on the bridge response

The calibrated models of the damaged dampers were used to peaform
parametric study on the influence of the gap on the responke efitire structure. The
damage was concentrated in the dampers linked to the towersebiftemfigurations
have been considered: variation in gap length, symmetrical and noesyoatndamage

distribution, different ground motion input.

Parameterization of the damage in dampers

As seen before the damage in dampers could be a gap in theirdeformation
response (see ch. 3). Artificial gaps was inserted in thelmodeder to simulate these
damages. The first parameterization has been conducted producinggraspive
damage, equal to 25%, 50%, 75% and 100% of the maximum operative wdfrk déng
the device. Maximum gap is considered equal to the maximuniveestisplacement of
two extremes points of a particular damper. The structural respdras 100% damaged

damper is so equal to the response of a non working damper (C and K = 0).

100
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The damages was considered in two type of dampers. In partibelanes
connected the tower with the main and side spans, called MAINOWER and SIDE

TO TOWER dampers.

In the next figure is showed, as an example, the maximuniveetiisplacement
in main to tower damaged dampers during simulated Northriddegeake. An analysis
with a full damaged damper was conducted. Maximum elongationnedtas 4.6".

Other calculated reference gaps are: 1.2" (25%), 2.3" (50%), 3.5 " (75%).

d fin]

—— 100%

Figure 82. Working range of main to tower damper during Nadge earthquake

The same thing was calculated for side to tower. The maximeiative
displacement is 2.2" and consequently calculated gaps are: 0.6" @25%%(0%), 1.7"

(75%).
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The same procedure was conducted for all the analysis, and the damage
parameterization selected as function of the non damaged wal&fngmation of the

dampers.
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5.1 Ambient vibration analysis

5.1.1 Introduction

The ambient vibration analysis has been completed by a white mpuse
appropriately scaled to produce the same effects recorded bgeibmic sensors

installed on the bridge during normal traffic condition.

Right now, twenty-six seismic sensors are installed on the éridgrecord
ambient and seismic behavior. Fig. 78 shows the layout of the locdtadh26 sensors
allocated on the bridge. A summary of the sensor numberingysystd measurement
directions is presented in table An enlarged view of sensor locations is presented in

fig. 83.

Figure 83. Accelerometer locations for the instrumental netw@myth et al., 2003)
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Table 6. Sensor localization (Smyth et al., 2003)

L ocation Sensor Sensor direction

Tower base 14,19, 20 Vertical
1,9 latera

13, 23 longitudina
Anchorage 26 vertica
24 latera

25 longitudina
Trusstop, i.e. deck 15, 16, 17, 18, 21, 22 Vertical
2,4,5,6,7 Latera

12 Longitudina
Truss bottom 3 Latera
Tower 8 Latera

10, 11 Longitudina

Los Angeles — Vincent Thomas Bridge
Caltrans Bridge No. 53-1471 (07-LA-47-0.86)
CSMIP Station No. 14406

Structure Reference

Elevation : I Orientation: N, =10"
‘ ' N
B> { : .
Q-PIO ﬁe.f
Top of Tower 8 ) ' i
154 o7 AN . ‘\é
: g 4 54 64 7 i
% 5% ¥e 164 0_ ] iy . i %
Top of Truss 18 lz .22
i 0 L ;
o | b | }
Bottom of Truss 20 .
rT1on n e <! nor
Poron i i o lad
Lo 141423 . 9 13 o1 2g, 25
y Foundation Plan 9 P

Figure 84. Sensor localization (Smyth et al., 2003)
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5.1.2 Description of the recorded Data
On April 18th, May 28th, June 1st of 2003 and December 3rd of 2006, four sets
of acceleration data were collected to measure the resporselmidge due to ambient

vibration. These data sets were collected by the instrumentation system addke br

It has been chosen, like reference set, the data recorded emlbsrc3rd of

2006. During that day the sensors monitored the following max displacements:

¢ 0.40 in, channel number 12;
e 1.50in, channel number 4;

*« 4.00in, channel number 15.

That's measures represent the displacements relatively thand z axis of the

model.

A ground motion was calibrated to produce a similar displacementhiishay

of the deck. The white noise input is shown in fig. 85.
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Figure 85. X,Y acceleration time history input for ambient rakion analysis
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5.1.3 Parameterization and results of the analysis, Symmetric Damage
As seen before the damage in dampers has been modeled like a gap in t

force-deformation response. Artificial gaps have been insirtde model in order to
simulate these damages. The first parameterization hasdo@elicted producing a
progressive damage, equal to 25%, 50%, 75% and 100% of the maximutivegap.
Maximum gap is considered equal to the maximum relative desplest of two
extremes points of a particular damper. The structural respdnael00% damaged
damper is so equal to the response of a not working damper of twaftygsmnper
which connected the tower with the main and side spans, called MIRINOWER

and SIDE TO TOWER dampers.

The maximum relative displacement in main to tower damaged darhpensg)
simulated ambient vibration. Considering 0.98" as completely damagegedanther

calculated gaps are: 0.24" (25%), 0.50" (50%), 0.74" (75%).

The same thing was calculated for side to tower. The maximeiative
displacement is 3.76" and consequently calculated gaps are: 0.975" (25%}50%8"

2.82 " (75%).
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Effect on structural displacements

The selected check points are the following:

mid points of main span and side spans (298, 232, 2164);

top of east tower (11392);

based of the foundation’s east tower (10201);

anchorage element (7121).

Figure 86. Bridge check points
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From the analysis wobtained the follow results:

Table 7. Maximum displacements symmetrical damage

maximum x - displacement

nodal point nodal identification undamaged 25% damaged 50% damaged 75% damaged 100% damaged
232  mid side span E 0,81 0,84 0,83 0,83 0,86
298  mid main span 0,18 0,19 0,24 0,26 -0,37
2164 mid side span W 1,88 1,90 1,91 1,92 1,92
7121 cable bent W -0,06 -0,06 -0,06 -0,06 -0,06
10201  base tower W 0,00 0,00 0,00 0,00 0,00
11392 top tower W 0,84 0,85 0,85 0,85 0,85

maximum y - displacement

nodal point nodal identification undamaged 25% damaged 507 damaged 75% damaged 100% damaged
232 midsidespan E 0,27 0,28 0,28 0,28 0,28
298  mid main span -1,65 -1,65 -1,66 -1,67 -1,67
2164 mid side span W 0,41 0,41 041 041 041
7121 cable bent W 0,15 0,15 0,15 0,15 0,15
10201 base tower W 0,00 0,00 0,00 0,00 0,00
11392 top tower W 0,12 0,12 0,12 0,12 0,12

maximum z - displacement

nodal point nodal identification undamaged 25% damaged 50% damaged 75% damaged 100% damaged
232  midside span E 747 7,54 7,55 7,56 7,58
298  mid main span 5,03 5,04 5,05 5,06 5,07
2164 mid side span W 7,57 7,63 -7,66 7,67 -7,69
7121 cable bent W -0,05 -0,05 -0,05 0,05 -0,05
10201  base tower W 0,00 0,00 0,00 0,00 0,00
11392 top tower W 0,07 0,07 0,07 0,07 0,07

These results are summarizecfig. 87, representing the maximulongitudinal

displacemenbf the various check points of the struct
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Fig. 87 shows that the higher variation in the displacement resp®nsethe
longitudinal displacement of the main span (point 298). Following are shben

displacement time histories of the points 11392 and 298, computed applying a

progressive damage.
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Figure 88. Longitudinal displ. midpoint main span at differelampers damages, ambient vibration
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Figure 89. Transversal displ. midpoint main span at differdsninpers damages, ambient vibration
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z - displacement 298 [in, s]
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Figure 90. Vertical displ. midpoint main span at different dears damages, ambient vibration

From the analysis is showed up that appreciable differencessiréong the
longitudinal direction of the bridge and properly at the main span.dii@stion is the
direction where the dampers are oriented. The fact that onlyitieistion of motion is
interested to the damage is useful to understand that the mashogtl modes shape

are 2 and 6 (fig. 11 and 13).

The other components of displacement, didn’t show up interesting changes.

Maximum forces and stress in the elements do not present any relevant change.
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Check dampers deformations

The elongation/shortening of the two types of dampers weoelatdd by the

relative displacements of the extreme nodes:

« MAIN to TOWER - nodes : 250 and 10144;

« SIDE to TOWER - nodes: 1848 and 10341.

In the next plots is possible to see that there is a signifinarease when a gap

damage is present.

In particular the full main to tower damper deformation is 2esinthe
deformation of the same undamaged damper. The deformation of danteyé&al tewer

damper is around 120% the undamaged one.

Time histories of the elongation/shortening of two types of daropesidered

are plotted in next page:
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Figure 91. Damper deformations, Side to Tower
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Figure 92. Damper deformations, Main to Tower
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From the above charts is possible claim that the deteriorafidhe dampers
produce an increase of the displacement of themselves. In gartictihe main to tower

dampers increase their work length of more than 120% (from 0.2" to 0.45").

Check dampers maximum forces

The damper forces have been calculated using the monitor elkoatatd next
to the damper element. The forces were computed in the main spametodampers

and in the side span to tower damper of both sides.

The results are summarized in next figures and table and commented after.

Table 8. Max damper forces symmetrical damage

DAMPER FORCES - ASYMMETRIC DAMAGE [kips]

0% 25% 50% 75% 100%

MAIN TO TOWER - EASTSIDE 388 528 549 645 1.13
MAIN TO TOWER - WEST SIDE 181 201 206 222 034
SIDETO TOWER - EAST SIDE 465 5.15 479 319 147
SIDE TO TOWER - WEST SIDE 298 166 158 164 1.72
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Figure 93. Peak force Main to tower damper East, ambient tidmasym. damage
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Figure 94. Time histories force Main to tower damper East, immbvibration, sym. damage
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Max Force Side-to-tower Damper East

[sdiv] 82104
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damage [%0]
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Figure 95. Peak force Side to tower damper East, ambient tiilora
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Figure 96. Time histories force Side to tower damper East,ianitvibration, sym. damage
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The results show that the peak force could be higher when a dampserageda
with a gap. The reason is that the shortening velocity of thpeéiacould be higher if
the movement of the deck is not contrasted by the viscous dampingAsrseon as the
damper begin to work it receives an impulsive force necedsargiecelerate the
structure. This phenomenon was not taken in account during the lab teéstgetba
conducted in displacement control (constant angular velocity). Fig. 97ssbxactly

what happen when the velocity is sufficient to create this unwanted peak.

Force Side-to-tower Damper East
T T T T T
4 undamaged

50%

F[kips]
P>~ -——F - - -~ —-fF - - - - -F- - - - -—F-—-—-—-—-F—

Figure 97. Peak in the 50% damaged damper, ambient vibragion, damage
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This result was confirmed also computing the relative velocith@fends of the
damper (integrating the acceleration and taking the derivatittee displacement). The
"impact” velocity in presence of a gap could be higher than themnum velocity on a

non damaged damper. C anndemain constant, so:
if xdam > xund
= Faam = C * %gam® > Faam = C * Xyna®
=> dam = C *Xaam > Faam = C * Xyna

This impulse in force, not considered during the design of thedoddgld be a
problem in the neighborhood of the damaged device. A possible solutiorbewill

presented in following chapters.
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Frequencies and mode shapes analysis

As seen in chapter 1 it has been performed an elastic modaliamdlifse FEM
model. An elastic modal analysis is not able to compute the influeheevelocity

dependent stiffness in the structure (as concentrated dampers for example).

For this reason the non linear natural frequencies were caldutgt a Matlab

program performing FFT analysis.

In the program were implemented the following subroutines:

i.  Input: check points acceleration time history;
ii. improve frequency accuracy;
iii.  compute displacement time history;
iv. filter;
v. compute and plot non linear natural frequencies;

vi. compute and plot non linear mode shapes.

i.  Input: check points acceleration time history

The check points acceleration time history were imported by NADI

Convenient check points have been chosen to represent the linear mode shapes function.

For example to calculate the first non linear mode of the ddukdge, the y-
direction of the main span mid point (#298) was chosen; to calculateuhé non

linear mode of the deck’s bridge, the z-direction of point 298 was chbged and
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12). The effective correspondence between a particular frequencyt&mdodeshape

was confirmed following procedure described in next pages.

ii.  Improve frequency accuracy

The time history length influence the accuracy of the frequ&oeenputation.

After a FFT the minimum appreciable variation in frequency is:

Af=1/T

where T is the length of the time histories.

The differences between the frequencies that we want to compute wedhatess

the originalAf. A zero adding technique and mirroring were adopted.

When zeros are added to a data sequence, no change takes placelter the fi
shape. However, because of the nature of the FFT computationaldssrihe

spacing of the estimates is based on the augmented record length and becomes

Af = 1/(N + Ny) h

where N represent the number of added zeros. Thus the main effect of making
N; = N, for example, is to halve the spacing and obtain twice the muofibe
estimates for a given record length. To improving the frequency accurathea

strategy done has been make the double length of the record by mirror of itself.

Following the representation of these steps where the three hokitioeta

confirm the implementation of the zero adding technique.
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wation [1vE]
=
Z

In signal engineering, side lobes are the lobes of the far field radiation pattern
that are not the main beam, where the terms "beam" and "lobe" are synonym:s.
The power density in the side lobes is generally much less than that in the main
beam. It is generally desirable to minimize the sidelobe level (SLL), which is

measured in decibels relative to the peak of the main beam.

Main Beam

(WAY

Side Lobe Level

Directivity (dBi)

Angle (Degrees)

Nulls

Figure 99. Side lobe effect
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To minimize the undesirable side lobe effect producted in the interface zone
between the digital signal with the zero adding an Tukey procedure has been

implemented.

The Tukey window, also known as the tapered cosine window, can be regarded as

a cosine lobe of width aZ—N that is convolved with a rectangle window of width

(1 —%) N. At a = 1 it becomes rectangular, and at o = 0 it becomes a Hann

window.

( Inl-al N N
1+cos| T—2% whena—-<|n| <—

- 2 2

wo(n) = 2

N

when0 < |n| <&

1 2

Figure 100. Tukey procedure function

After these 3 modifications the signal is ready to be integriitered and

transformed in a frequency domain to evaluate the frequency response.
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iii.  Computation of displacement time history

The displacements of time history were calculated by twigenutative

trapezoidal numerical integration.

iv.  Filtering

A band-pass filter is a device that passes frequencies vatbértain range and
rejects (attenuates) frequencies outside that range. Thtese ¢an also be created by

combining a low-pass filter with a high-pass filter.

An ideal bandpass filter would have a completely flat passbagd w&h no
gain/attenuation throughout) and would completely attenuate all freigsenutside the
passband. Additionally, the transition out of the passband would be instargaine
frequency. In practice, no bandpass filter is ideal. The filteis du® attenuate all
frequencies outside the desired frequency range completeyarticular, there is a
region just outside the intended passband where frequencies areatetierut not
rejected. This is known as the filter roll-off, and it is usuakpressed in dB of
attenuation per octave or decade of frequency. Generally, the desdiitef seeks to
make the roll-off as narrow as possible, thus allowing the fitggerform as close as
possible to its intended design. Often, this is achieved at the expepsss-band or

stop-bandipple.

The bandwidth of the filter is simply the difference betwt#enupper and lower
cutoff frequencies. The shape factor is the ratio of bandwidéssuned using two

different attenuation values to determine the cutoff frequency,aeghape factor of 2:1
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at 30/3 dB means the bandwidth measured between frequencies ata8@mtion is

twice that measured between frequencies at 3 dB attenuation.

Following an example of band-pass filter.

/ i \\ 0dB

fr Jo Su

Figure 101. Pass-band filter, example

where the B length has been defined equally to 0.1 Hz and wleeffgishthe

awaited frequency.

v. Compute and plot of a non linear natural frequency

To compute non linear natural frequencies the FFT has been used.

A fast Fourier transform (FFT) is an efficient algorithm tnpute the discrete
Fourier transform (DFT) and its inverse. There are many distkd algorithms
involving a wide range of mathematics, from simple complex-numh#meetic to

group theory and number theory.
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A DFT decomposes a sequence of values into components of different
frequencies. This operation is useful in many fields but computidgeictly from the
definition is often too slow to be practical. An FFT is a wagdmpute the same result
more quickly. The difference in speed can be substantial, edpdoialong data sets
whereN may be in the thousands or millions—in practice, the computation amée
reduced by several orders of magnitude in such cases, andptovément is roughly
proportional toN/log(N). This huge improvement made many DFT-based algorithms
practical; FFTs are of great importance to a wide vaoétgpplications, from digital
signal processing and solving partial differential equationsidorithms for quick

multiplication of large integers.

Superimposing on the same plot the transform of the filtered soghallated
with different gaps in the dampers is possible to determimeiétare any differences in
the frequency response of the structure. The same analysicoratected for all the

significant modes and for all the damaged configuration used in this work.

Following the frequencies computed by Matlab program.
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Figure 102. FFT point 298, y direction, filtered for mode 1
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Figure 103. FFT point 298, y direction, filtered for mode 2
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Figure 104. FFT point 298, z direction, filtered for mode 4
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Figure 105. FFT point 298, x direction, filtered for mode 6
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Figure 106. FFT point 298, z direction, filtered for mode 6

From the above charts is possible to appreciate a variation dfepgency
belongs to the second mode long the longitudinal direction. The frequelonyg®do
the undamaged condition pass from 0.183Hz to 0.177Hz, is possible recogmizedh |
increase of the flexibility of the bridge. Consulting table 2 issjiibs to see that the non

linear natural frequencies are very similar to the same ooegputed with a modal

analysis (as expected).

vi.  Compute and plot of a non linear mode shapes

Goal of this subroutine is to verify if the frequencies caledlah the previous

step match their own natural mode shapes. The reason for this clhedaise is not to
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be excluded a priori that a different mode shape could be assbttaa frequency

previously associated to another shape.

Best way to notice this is to make an animation of the filtered displaceméet of t
deck. To create this video of the non linear mode shape 5 equallyl sfetepoints has
been chosen. To represent the modal shape associated to a pargcuiendy it has

been applied to the points displacement time histories a bandpass filter.

Two screen shots of the mode shape animation of the deck have beeedreport

below:

Figure 107. Screenshot of 1st mode, y direction
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Figure 108. Screenshot of 2nd mode, z direction

The non linear mode shapes match correctly the non linear frequencies

computed.
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5.1.4 Parameterization and results of the analysis, Asymmetric Damage

The second parameterization has been conducted producing a progressive
damage of the bridge’s west side, equal to 25%, 50%, 75% and 10@¥g bfpe of
damper which connected the tower with the main and side spang MENEN TO

TOWER and SIDE to TOWER dampers.

The damage by gap has been set just in the WEST side of the,lihidggap’s

lengths are the same of the previous symmetric analysis.

Effect on structural displacements

The selected check points are the following:

mid points of main span and side spans (298, 232, 2164);

top of east tower (11392);

based of the foundation’s east tower (10201);

anchorage element (7121).

From the analysis we obtained the following results:



Table 9. Maximum displacements asymmetrical damage, ambibrdation analysis

mavirom x - displacement

nodal point nodal identification undamaged 25% damaged W 50% damaged W T5% damaged W 100 damaged W

232 midsidespanE 0,81 081 081 051 0,81

208  mid mainspan -0,18 020 0,41 0323 0,42

2164 mud sidespan W 188 1589 19 19 19

7121 cable bent W 0,08 <008 0.0 0,08 -0,08

10201 ‘base tower W 0,00 0,00 0,00 0,00 0,00

11392 top tower W 084 054 082 054 0,83

maxirnam y - displacement
nodal peint nodal identification undamaged 25% damaged W 50% damaged W 75% damaged W 1007 damaged W
232 mudsidespanE 0,27 027 027 027 027
208 mudmanspan -1,65 -165 -1,65 165 -1.66
2164 mid side span W 04 041 041 041 041
7121 cable bent W 0,13 013 013 013 013
10201 baze tovwer W 0,00 0,00 0,00 0,00 0,00
11392 top tower W 012 012 012 012 012
marinnnn = - displacement

nicdal point nodal identification andamagad 259 damaged W 509 damages W 73%; damiaged W 100%; damaged W
137 mid sidespanE 747 748 748 748 7.5
0% wid mam span G 5.03 A 503 E G
Z164  mid sidespan W a5 7.9 758 7 7
7131 eshlshent W L0 005 oA Ar5 £05
10201 base towe: W .00 0,00 0,00 0,00 C,00
11302 tep fowrer W cov 007 0,07 o cor

The maximum displacement are very similar to the maximum atispient
computed in the symmetrical analysis. The input results too lovwe#teca difference in

the global response between the various configurations.

Values of all the other global parameters controlled in section p&aato be

similar.
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Check dampers maximum forces

The damper forces have been calculated using the monitor elkroaiatd next

to the damper element. The forces were computed in the main spametodampers

and in the side span to tower damper of both sides.

The results are summarized in next figures and table and commented after.

Table 10. Max damper forces asymmetrical damage

DAMPER FORCES - ASYMMETRIC DAMAGE [kips]

0% 25% 50% 75% 100%

MAIN TO TOWER - EASTSIDE 388 388 387 386 04
MAIN TO TOWER - WEST SIDE 181 178 183 188 0.2
SIDE TO TOWER - EAST SIDE 465 4.62 462 461 05
SIDE TO TOWER - WEST SIDE 298 248 250 251 022
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Peak force Main to tower undamaged damper Easbiemtrvibration, asym. damage
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Figure 110. Time histories force Main to tower undamaged danizest, ambient vibration, asym.

damage
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Figure 111. Peak force Main to tower damaged damper West ,arhkibration, asym. damage

Force Main-to-tower Damper West
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Figure 112. Time histories force Main to tower undamaged danizest, ambient vibration, asym.

damage
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Max Force Side-to-tower Damper East
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Figure 113. Peak force Side to tower undamaged damper Eadtieatwibration, asym. damage
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Figure 114 .Time histories force Side to tower undamaged dargpst, ambient vibration, asym. damage
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Max Force Side-to-tower Damper West
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Figure 115. Peak force Side to tower damaged damper West eatnibration, asym. damage

Force Side-to-tower Damper West

undamaged
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Figure 116. Time histories force Side to tower undamaged dar&pst, ambient vibration, asym. damage
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Results show that during ambient vibration if the damage is lechjist in one
side of the bridge, the undamaged damper on the other side of thaerdextie to damp
the movement of the decks (main and side ones) and prevent the peak for

phenomenon.

Frequencies and global behavior of the structure do not change.
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5.2 Strong white noise analysis

5.2.1 Description of the input data

Ambient vibration analysis shows that there is not a apprecialiéeatite in the
global behavior of the structure is a damage happen in one or nmoperda In order to
verify if this is true also during a severe earthquake the previbite noise has been
modified conveniently to try to produce an earthquake damage on the bridge. The

acceleration peaks are 1.5g on x direction and 1.0g on y and z directions.

kal
1.5
1.0
0.5
0
-0.5
-1.0
1.5
0 5 10 15 20'[3]
— acceleration X
]
1.5
1.0 T
0.5 I 1 ]I N i |
a e { o | 1 L&, 1 |
P
-0,5 ) ‘ )
-1,0
-1,5
a 5 10 15 =0 =]
— acoalsration Y

Figure 117. X,Y acceleration time history input for strong whitoise analysis



141

i 5 10 15 a0 [z]
— accelsration £

Figure 118. Z acceleration time history input for strong whitgise analysis

5.2.2 Parameterization and results of the analysis, Symmetric Damage
As seen before the damage in dampers has been modeled like a gap in t

force-deformation response. Artificial gaps has been insemtéldei model in order to
simulate these damages. The first parameterization hasdoeelicted producing a
progressive damage, equal to 25%, 50%, 75% and 100% of the maximutiveap.
Maximum gap is considered equal to the maximum relative desplest of two
extremes points of a particular damper. The structural respiingel00% damaged
damper is so equal to the response of a not working damper. The dasspealized

in two type of damper which connected the tower with the main a&elspans, called

MAIN TO TOWER and SIDE TO TOWER dampers.

The maximum relative displacement in main to tower damaged darhpensg)
simulated ambient vibration. Considering 18" as completely damagegdedawnther

calculated gaps are: 4.5" (25%), 9.0" (50%), 13.5" (75%).
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The same thing was calculated for side to tower. The maximelative
displacement is 6.0" and consequently calculated gaps are: 1.5" @5@0%), 4.5"

(75%).

Effect on structural displacements

The selected check points are the following:

mid points of main span and side spans (298, 232, 2164);

top of east tower (11392);

base of the foundation’s east tower (10201);

anchorage element (7121).

From the analysis we obtained the follow results [in]:
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Table 11. Maximum displacements symmetrical damage, stromg analysis

mavimion x - displacenent

nodal point niodal idenfitication mndamaged 25" damaged Y, damazed 3% damaged TNFG damraged
231 mid sdespanE 348 879 g1% 511 852
208 mid main rpan 13,58 208 2527 26,32 38,50
2154 mid ade spanW 5.58 833 820 856 9.09
7121 cableben: W 2,40 047 ) 047 104
10201 base wwer W 3,00 0,00 q,00 0,00 0,00
11332 Lop bower B 2,53 223 33 349 349
muximinn y - displucemend
nodal point nodal identification andamaged 253% damaged 50% damagzed 3% damaged 1007 damaged
237  oud adespanE 563 666 -0,69 5,74 0,73
29%  midmain span -33,33 -38,3 -35,63 -36,73 -36,36
2159 ad side span W Tt 75l -T AL -G TAD
7121 ciHlebent W 2,59 020 080 0,50 0,39
10231 bazs tovear W 2,00 0,00 0,00 0,00 0,00
11332 oy towar W BNk EAL] 3 373 34
axir 5 - displacerien:
nodal point nedal :denbification undamaged 257 damaged 509 damaged T3% damaged 1005 damaged
237 midsidespan F 15,69 -'ARR 15,05 1440 1474
295 midmain span 17,00 72 1743 1763 1733
2164 mid side span W -2l 43 -21,12 -21,69 2174 -I174
7121 waldebead W 033 032 023 -0,23 0,33
10201 baze fovrer W 0,00 0,00 €00 0,00 0,00
11202 top towesr W 0,20 0ac 20 0,20 0,20

Longitudinal displacement of the deck show appreciable variation eetiine
various damage configurations. Is possible to observe some variatidisplaicement

in the vertical direction in the same points (232, 298).
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maximum x - displacements [in]

2164

21

10201

11392

75 15,0 225 30,0

B undamaged [ 25% damaged || 50% damaged [ 75% damaged [ 100% damaged

Figure 119. Maximum x-displacement, symmetrical damage, stnong analysis

298 x - variation ratio

mid side span E

B undamaged M 25% damaged [ 50% damaged M 75% damaged WM 100% damaged

Figure 120. Percent variation x-displacement #298, symmetdeahage, strong w.n. analysis
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maximum z - displacements [in]

232

298

2164

Pkl

10201

11392

0 6,00 12,00 18,00 24,00 30,00

B undamaged [ 25% damaged | 50% damaged W 75% damaped W 100% damaged

Figure 121. Maximum z-displacement, symmetrical damage, stiemg analysis

208 7 - variation ratio

mid side span E

B undamaged M 25% damaged [ 50% damaged [l 75% damaped [l 100% damaped

Figure 122. Percent variation z-displacement #298, symmetdaatage, strong w.n. analysis
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The displacements of the mid main span increase more that thecb#uk

points of the structure increasing the seismic input.

This point increase more that the other increasing the damate idampers
(+46% with 100% damaged dampers). This could be a confirmationhéhatampers

could modify only the longitudinal response of the main deck.

x - displacement 232 [in, s]

10.0 ~
8.0 -
6.0 -
e Undamaged
4.0 - 25% damaged
------ 50% damaged
2.0 - 75% damaged
M s 100% damaged
0.0

'2.0 T .

Figure 123. Longitudinal displ. midpoint side span at differelatmpers damages, strong white noise
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y - displacement 232
6.0 -

4.0 — m A
2.0 ,\ 1
I \ \ I A / e yndamaged
0.0 T T r e 25% damaged
\ V5 I 10 15 0 e 50% damaged

-2.0 75% damaged
V V e 100% damaged

Figure 124. Transversal displ. midpoint side span at diffearnpers damages, strong white noise

z - displacement 232
20.0
150 - n
10.0 A
e Undamaged
5.0 A
e 1 5% damaged
0.0 ,\ = s s 50% damaged
0 V 0 15 20 — 75% damaged
-5.0 -
e 100% damaged
-10.0
-15.0 u
-20.0

Figure 125. Vertical displ. midpoint side span at different gears damages, strong white noise
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x - displacement 298
40.0
30.0 -+
20.0
e Undamaged
10.0 - 25% damaged
------ 50% damaged
0.0 75% damaged
0 0 s 100% damaged
-10.0 A
-20.0
-30.0 -

Figure 126. Longitudinal displ. midpoint main span at differelmpers damages, strong white noise

y - displacement 298
40.0 ~
30.0 -+
20.0 -
10.0 - e Undamaged
0.0 ] | | e 25% damaged
0 5 0 15 20 e 50% damaged
-10.0 75% damaged
-20.0 e 100% damaged
-30.0 A
-40.0
-50.0

Figure 127. Transversal displ. midpoint main span at diffe@atpers damages, strong white noise
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z - displacement 298
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WY, VA

W
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Figure 128. Vertical displ. midpoint main span at different daers damages, strong white noise
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3.0
2.0
1.0
0.0

-1.0

x - displacement 11392

=Y
=4

e Undamaged

25% damaged

------ 50% damaged

75% damaged
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Figure 129. X displ. top tower at different dampers damagesnst white noise
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y - displacement 11392

3.0
2.0 A A
1.0 -+ A
M / , s Undamaged
0.0 | | 25% damaged
0 U 1 1 LO e 50% damaged
-1.0 s 75% damaged
20 V s 100% damaged
-3.0 |
-4.0
Figure 130. Y displ. top tower at different dampers damagesnst white noise
z - displacement 11392
0.3
0.2
0.2
0.1 - undamaged
0.1 - l’ R e 5% damaged
' s 50% damaged
0.0 | em— 75% damaged
-0.1 15 20 s 100% damaged
-0.1 v
-0.2 |
-0.2

Figure 131. Z displ. top tower at different dampers damagesngtwhite noise
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Is possible to note, as in the previous chapter, that the degradatiordahtpers

is felt just on the longitudinal direction of the bridge’s deck.

Check dampers maximum forces

The damper forces have been calculated using the monitor elkroaiatd next

to the damper element. The forces were computed in the main spametodampers

and in the side span to tower damper of both sides.

The results are summarized in next figures and table and commented after.

Table 12. Max damper forces symmetrical damage, strong witise

DAMPER FORCES - ASYMMETRIC DAMAGE [kips]

0% 25% 50% 75% 100%

MAIN TO TOWER - EAST SIDE 1014 1593 2135 1583 33.3

MAIN TO TOWER - WEST SIDE 99.2 150.3 214.8 143.9
66.8 708 544 121

37.9

SIDE TO TOWER - EAST SIDE 252

SIDE TO TOWER - WEST SIDE 263 738 722 694 130
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Figure 132. Peak force Main to tower damper East, strong widise, sym. damage

25

Force Main-to-tower Damper East

undamaged

25%
50%

75%

100%

250
200 -

t[s]

Figure 133. Time histories force Main to tower damper Easpregrwhite noise, sym. damage
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The results show that the peak force could be higher when a dampserageda
with a gap. The reason is that the shortening velocity of the daropéd be higher
while the movement of the deck is not contrasted by the viscous dafopieg At the
end of the gap the damper receives an impulsive force necessdecdterate the
structure. This phenomenon was not taken in account during the lab teéstgetba
conducted in displacement control (constant angular velocity). Fig. 97ssbxactly

what happen when the velocity is sufficient to create this unwanted peak.

Higher is the seismic input, stronger is the peck of the impulgrce in the
dampers, in this case the force in side to tower damper wittheldampers 50%

damaged is 280% the completely working damper's force.

Frequencies and mode shapes analysis

As seen in chapter 1 it has been performed an elastic modaliamdlifse FEM
model. An elastic modal analysis is not able to compute the influeheevelocity

dependent stiffness in the structure (as concentrated dampers for example).

Following the frequencies computed by Matlab program.
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Figure 136. FFT point 298, y direction, filtered for mode Irostg white noise
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Figure 137. FFT point 298, y direction, filtered for mode 2ostg white noise
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Figure 138. FFT point 298, z direction, filtered for mode 48ty white noise
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Figure 139. FFT point 298, x direction, filtered for mode &,08tg white noise
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Figure 140. FFT point 298, z direction, filtered for mode &psig white noise

From the above charts is possible to appreciate a variation dfepgency
belongs to the second mode long the longitudinal direction. The frequelonyg®do
the undamaged condition pass from 0.183Hz to 0.164Hz, is possible recogmizedh |
increase of the flexibility of the bridge. Consulting table 2 issjiibs to see that the non
linear natural frequencies are very similar to the same ooegputed with a modal

analysis (as expected).
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5.2.3 Parameterization and results of the analysis, Asymmetric Damage

The second parameterization has been conducted producing a progressive
damage of the bridge’s west side, equal to 25%, 50%, 75% and 10@¥g bfpe of
damper which connected the tower with the main and side spansg BMENEN TO

TOWER and SIDE to TOWER dampers.

The damage by gap has been set just in the WEST side of the, nielggp’s

lengths are the same of the previous symmetric analysis.

Effect on structural displacements

The selected check points are the following:

mid points of main span and side spans (298, 232, 2164);

top of east tower (11392);

based of the foundation’s east tower (10201);

anchorage element (7121).

From the analysis we obtained the follow results:

Table 13. Maximum displacements asymmetrical damage, strdritewoise analysis

maximum x - displacement
nodal point nodal identification undamaged 25% damaged W = 50% damagedW  75% damaged W 100% damaged W

232 midside spanE 8.84 8.50 85 8.36 8.36

298  midmainspan 19.60 20.60 214 21.6 212
2164  midside span W 8.60 8.90 9 9 9.4
7121 cablebentW 050 0.50 050 0.50 1.20
10201  base tower W 0.00 0.00 0.00 0.00 0.00

11392 toptower W 2.90 2.90 29 2.9 2.8
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nodal point nodal identification undamaged 25% damaged W = 50% damagedW = 75% damaged W 100% damaged W
232  midside spanE 6.6 6.6 6.6 6.6 6.7
298  mid mainspan 383 38.3 38.4 385 38.4
2164 midside span W 7.4 75 7.5 75 75
7121 cable bent W 0.9 0.9 0.90 0.9 0.9
10201  base tower W 0.00 0.00 0.00 0.00 0.00
11392 top tower W 3.2 32 3.2 32 32

maximum z - displacement

nodal point nodal identification undamaged 25% damagedW = 50% damaged W 75% damaged W 100% damaged W
232  midside spanE 157 155 15.4 15.40 15.5
298  mid mainspan 17 16.8 16.9 16.90 16.8
2164  midside span W 214 21.14 21 20.90 20.7
7121 cable bent W 0.33 0.33 0.33 0.33 0.33
10201  base tower W 0.00 0.00 0.00 0.00 0.00
11392 top tower W 0.20 0.20 0.20 0.20 0.20

The maximum displacement are very similar to the maximum atispient
computed in the symmetrical analysis. The input results too lovetteca difference in

the global response between the various configurations.

maximum X - displacements

232
298
2164

7121

10201

11392

0.00

5.00

®mundamaged
m 75% damaged W

10.00

15.00

m 25% damaged W
®100% damaged W

20.00

25.00

50% damaged W

Figure 141. Maximum x-displacement, asymmetrical damage, stwmg analysis
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maximum y - displacements

232
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2164
7121
10201
11392 |__¢
0 10 20 30 40 50
®m undamaged m 25% damaged W 50% damaged W
m 75% damaged W m100% damaged W

Figure 142. Maximum y-displacement, asymmetrical damage, stimg analysis

maximum z - displacements
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Figure 143. Maximum z-displacement, asymmetrical damage, strang analysis
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Values of all the other global parameters controlled in section dpp&ar to be

similar.
Check dampers maximum forces
The damper forces have been calculated using the monitor elkroaiatd next
to the damper element. The forces were computed in the main spametodampers
and in the side span to tower damper of both sides.

The results are summarized in next figures and table and commented after.

Table 14. Max damper forces asymmetrical damage

DAMPER FORCES - ASYMMETRIC DAMAGE [kips]

0%  25% 50% 75% 100%

MAIN TO TOWER - EAST SIDE 101.4 106.5 106.5 106.5 14

MAIN TO TOWER - WEST SIDE  99.2 103.8
SIDE TO TOWER - EAST SIDE 252 260 260 253
SIDE TO TOWER - WEST SIDE 263 273 21.7 220

76 599 251
26.3

14.6
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Max Force Main-to-tower Damper East
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Figure 144. Peak force Main to tower undamaged damper Eashgiv.n., asym. damage
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Figure 145. Time histories force Main to tower undamaged daniaest, strong w.n., asym. damage
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Max Force Main-to-tower Damper East
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Figure 146. Peak force Main to tower damaged damper Westngtnon., asym. damage
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Figure 147. Time histories force Main to tower undamaged danifzest, strong w.n., asym. damage
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Max Force Side-to-tower Damper East
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Figure 148. Peak force Side to tower undamaged damper Easingsiv.n., asym. damage
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Figure 149. Time histories force Side to tower undamaged dargpst, strong w.n., asym. damage
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Max Force Side-to-tower Damper West
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Figure 150. Peak force Side to tower damaged damper Westngstean., asym. damage
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Figure 151. Time histories force Side to tower undamaged darBpst, strong w.n., asym. damage
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Results show that during ambient vibration if the damage is kechjust in one
side of the bridge, the undamaged damper on the other side of thardetke to damp
the movement of the decks (main and side ones) and prevent the peak forc

phenomenon.

Frequencies and global behavior of the structure do not change.



167

5.2 Recorded Northridge seismic event analysis

5.2.1 Introduction
The instrumentation present on the bridge recorded the ground motion
acceleration and the response at particular points of the seuses ch. 4.1) during

1994 Northridge earthquake (M=6.7).

The distance from the epicenter was approximately 60 km, as shown in fig. 152.

Morthridge {1994}
Mag. = 8.7

Las Angelaes
60 km

Figure 152. Location of the Vincent Thomas Bridge with respiecthe 1994 Northridge

earthquake

In order to simulate that particular event the acceleratioa history measured
at the bases of the columns was applied to numerical model. Thahala slightly
higher values of acceleration compared to the nearest US€lirag station situated in

Terminal Island (# 82). Next figures shows first 20 seconds @leration time history
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and pseudo acceleration spectrum of the direction of higher valuesceeration (X

direction, sensor # 13).

Northridge X direction (acc#13)
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Figure 153. Northridge input time-history X
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Figure 154. Northridge input time-history Y
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Figure 155. Northridge input time-history Z
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Figure 156. Pseud-acceleration spectra (5% damping) of Northridgmut time-history X
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Figure 157. Displacement spectra (5% damping) of Northridgeufrtpne-history X

5.2.2 Parameterization and results of the analysis, Symmetric Damage

As seen before the damage in dampers could be @ dglagir force -deformation
response (see ch). Artificial gaps was inserted in the model in order to simulatee
damages. The first parameterization has been ctelugroducing a progressi
damage, equal to 25%, 50%, 75% and 100% of thermamxioperatie gap. Maximun
gap is considered equal to the maximum relativelatement of two extremes points
a particular damper. The structural response d@d damaged damper is SO eque

the response of a non working damper (C and K =

The damages vs considered in two type of dampers. In particulea ones
connected the tower with the main and side spaigdcMAIN TO TOWER and SIDI

TO TOWER dampers.
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In the next figure is showed, as an example, the maximuniveetiisplacement
in main to tower damaged dampers during simulated Northridge edtthddraanalysis
with a full damaged damper was conducted. Maximum elongationneltas 4.6".

Other calculated reference gaps are: 1.2" (25%), 2.3" (50%), 3.5 " (75%).

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

MEPNTL

Figure 158. Working range of main to tower damper during Nadge earthquake

The same thing was calculated for side to tower. The maximelative

displacement is 2.2" and consequently calculated gaps are: 0.6", 8%(50%), 1.7

" (75%).
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Effect on structural displacements

The selected check points are the same controlled in ambientionbaaalysis

(fig. 86):

* mid points of main span and side spans (298, 232, 2164);
» top of east tower (11392);
» foundation base east tower (10201);

* anchorage element (7121).

In the graphs represented in next figures are representadgblite maximum

displacements of the check points at different level of damage (gap length).

Table 15. Maximum displacements symmetrical damage

maximum x - displacement

nodal point nodal identification undamaged 25% damaged 50% damaged 75% damaged 100% damaged
232  midside spanE 1.1158 1.1965 1.2517 1.2521 1.1556
298  mid mainspan 0.6991 0.7956 0.9867 1.075 1.1092
2164 midside span W 0.959 1.0213 1.0372 1.0345 1.0595
7121  cablebent W 0.1278 0.1278 0.1284 0.1288 0.1288
10201  base tower W 0.0006 0.001 0.0012 0.0013 0.0014
11392  toptower W 0.5574 0.5897 0.5689 0.5844 0.5937

maximum y - displacement

nodal point nodal identification undamaged 25% damaged 50% damaged 75% damaged 100% damaged
232  midside spanE 0.5793 0.588 0.5806 0.587 0.5853
298  mid mainspan 1.7296 1.7348 1.7442 1.7512 1.7501
2164 midside span W 0.5692 0.5701 05738 0.5726 0.576
7121  cablebentW 0.1688 0.1688 0.1688 0.1688 0.1687
10201  base tower W 0.0015 0.0015 0.0015 0.0015 0.0015
11392  toptower W 0.7949 0.793 0.793 0.793 0.7924

maximum z - displacement

nodal point nodal identification undamaged 25% damaged 50% damaged 75% damaged 100% damaged
232  midside spanE 0.615 0.5882 0.626 0.6265 0.5829
298  midmainspan 0.8169 0.8531 0.8561 0.853 0.8417
2164 midside span W 0.6725 0.7321 0.7521 0.7298 0.7659
7121  cable bentW 0.1046 0.1047 0.1049 0.1049 0.1048
10201  base tower W 0.0002 0.0002 0.0002 0.0002 0.0002
11392  toptower W 0.0263 0.0253 0.025 0.025 0.0255
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Figure 159. Maximum displacement in x direction at differentdéof damage
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Figure 160. Maximum displacement in y direction at differentdéof damage
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maximum z - displacements [in]
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Figure 161. Maximum displacement in z direction at differentdeof damage

From the graphs is possible to see that the only consistentioraistin the
longitudinal displacement of central mid-span. The presence of i gdithe dampers

increase up to 60% the range of displacement during an event as Northridge earthquake

An increment of 15% has been calculated in the vertical desmlact of side-
span. The maximum top tower displacement seems not to be influémeed5% of

variation) of by the presence of a damage in the dampers.

The following time histories represent the displacement atreliftelevel of
damage. As we can see in the next plots the significant differi@ displacement due to

damages in dampers are only along x direction. Small diffesec&n be seen in vertical
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displacement of mid secondary span (point #232) and in the x displacenteatab of

the towers (point #11392).

x displacement mid main span #298
1.8 T T T T T T T T T

x[in]

undamaged
25%
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— 75%

100%

2 4 6 8 10 12 14 16 18 20 22
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Figure 162. Time histories of displacement in x direction ofdnmnain span
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Figure 163. Time histories of displacement in y direction ofdnmnain span
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Figure 166. Time histories of displacement in x direction g tower
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A fundamental consideration is that the maximum displacements afusar
points of the bridge due to a nondestructive event as Northridge earthupaakehe
same magnitude of displacements due to normal use of the strwehite rfoise). The
greater registered (or calculated) increment append in x-depknt of mid main span

(from 0.42" to 1.1" for 100% damaged).

Check dampers deformations

The elongation/shortening of the two types of dampers weoelatdd by the

relative displacements of the extreme nodes:

« MAIN to TOWER - nodes : 250 and 10144;

« SIDE to TOWER - nodes: 1848 and 10341.

In the next plots is possible to see that there is a signifinarease when a gap

damage is present.

In particular the full main to tower damper deformation is 4.5 tirties
deformation of the same undamaged damper. The deformation of danteyéal tewer

damper is around 2 times the undamaged one.

Time histories of the elongation/shortening of two types of daropesidered

are now plotted:
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Figure 167. Time histories of deformation main-to-tower dampéth different damages

elongation/shortening side-to-tower dampers

d fin]

100%
—75%

50%
— 25%

undamaged
T I

T

Figure 168. Time histories of deformation side-to-tower dampéh different damages

2 4

22

179



180

Following graphs represent the maximum elongation (or shortenirpedivo
types of damper (with different level of damage). The diagbnelrepresent the gap
length so the red part of the bar identify the effective wgrlstroke of each damper. Is

possible to see how the stroke (and consequently the energy dissiealigths when

the gap increase:

Deformation main to tower damper [in]
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50%

25%

und

0 0,5 1 15 2 2,5

Figure 169. Maximum elongation/shortening of main-to-tower danspat different level of damage
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Deformation side to tower damper[in]
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A discussion over the real benefits of the type of retrofit adofiedhis
structure could be open. The dampers are working for several cyetes) normal
operation of the bridge. A non destructive event as Northridgessxtie dampers more
than normal traffic condition. Anyway, considering the Adina moded &alid one the
dampers shortening during Northridge event appears to be 0.68". THhislsfoanation
create a very small variation in the energy absorption of theeesttucture, with the
results that these retrofit doesn't work very well for nortredfic condition and non

destructive earthquake.
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Check dampers maximum forces

The damper forces have been calculated using the monitor elkoatatd next

to the damper element. The forces were computed in the main spametodampers

and in the side span to tower damper of both sides.

The results are summarized in next figures and table and commented after.

Table 16. Max damper forces symmetrical damage, Northridge

DAMPER FORCES - ASYMMETRIC DAMAGE [kips]

0% 25% 50% 75% 100%
MAIN TO TOWER - EASTSIDE 223 439 309 228 2
MAIN TO TOWER - WEST SIDE 21 367 327 359 15
SIDETO TOWER - EASTSIDE 103 116 163 127 1
SIDE TO TOWER - WEST SIDE 106 16.7 207 207 1.5
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Figure 171. Peak force Main to tower damper East, Northridgm.slamage
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Figure 172. Time histories force Main to tower damper East,thididge, sym. damage
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Max Force Side-to-tower Damper East
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Figure 173. Peak force Side to tower damper East, Northridge
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Figure 174. Time histories force Side to tower damper EasttiN@ge, sym. damage
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Results show that during an event as Northridge one, a gap ah @&’ Main to

Tower damper could increase the force in the device itself of 100%.

Frequencies and global behavior of the structure do not change.



V1. Possible solutions and future

developments

Previous chapters show that normal traffic conditions produce a conteuat
work of the dampers. This high number of cycles could damage some conspoindet
devices and cause some leakage of the viscous liquid. This damage @agyce the
hysteretic device response and consequently could change the globabhbehdhe
bridge. It was observed that a damaged device could cause mgieat forces in the

neighborhood of the damper with gap.

A possible solution is to let the damper not to work for the nornmaiceability

condition and start to damp the structure only during a seismic event.
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6.1 Rigid-brittle fusesin parallel to the dampers

The first and more straight forward idea is to couple to the darspere
rigid/brittle element. This solution allow the damper not to wotkhe force in the fuse

is sufficient to brake it.

-------------- Fuse

Figure 175. Damper with rigid-brittle fuse scheme

In order to define a ultimate strength of the fuse an ambibénation analysis
whit rigid link substituting the dampers was performed. Are rmotted the time

histories of the forces in the fuses during a serviceability vibration.



188

Force Side-to-tower Damper West
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Figure 176. Force in damper's fuse side to tower west, durmpiant vibration
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Force Main-to-tower Damper West
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190
Table 17 summarize the result plotted in previous figures.
Table 17. Max force in damper or fuses during ambient vilaatnd Northridge event

DAMPER or FUSE MAX FORCES [kips]

amb.vibration = Northridge
(fuse) (und. damper)

MAIN TO TOWER - EAST SIDE 105 22.3

MAIN TO TOWER - WEST SIDE 121 21
SIDE TO TOWER - EAST SIDE 5000 10.3
SIDE TO TOWER - WEST SIDE 4250 10.6

During a serviceability ambient vibration the fuses have to reseforce that is
higher that the force in the correspondent dampers during a nonctigstrseismic
event as Northridge. This suggest that the tower will be not abiekéo this stress
because the deck was not designed to be linked to the tower.pAssible to see from
the analysis (see fig. 11) mode 2 would completely change fiegu&his change the

global behavior of the bridge, thing that is generally discouraged in atrekethis.
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6.2 Decoupling devicesin seriesto the dampers

Demonstrated that rigid-brittle fuses in series to the damigerot a good
solution to prevent leakage of the damper devices, another solution is oposeul.
The final goal is exactly the same, let the damper to remat working during
serviceability conditions and impose them to work during a certaiel lefvseismic

event.

6.2.1 Scheme and ambient vibration analysis
The proposed device has to be linked in series with the damper, tloe devi
isolates the damper from the deck in serviceability condition andHeklamper to the

deck as soon as a certain relative displacement is reached.

~~~~~~~~~~~~~~~~~~~~~~~~~~ Damper Decoupling .,
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ device
e ﬁ-ﬁi-ﬁ% o T Deck [T
- Tower |- - R A N
a S

Figure 180. Damper with decoupling device scheme
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The disadvantage of this solution is a little increment in theitiadigal deck's
displacement during ambient vibration. Next graph shows the diffetsgteesen the

response of the deck in the actual non-damaged configuration and aftixcthepling

device retrofit.

x - displacement middle main span #298
0.5 -

0.4

undamaged

03 [ D ettt decoupled

0.2

0.1

0.0

Figure 181. Longitudinal displ. midpoint main span with and latit decoupling device, amb. vib.

As written before the main difference is in the longitudinal dispinent of the
deck. Decoupling the damper from the deck there is an increment ofir2Qbes

displacement (from 0.32" to 0.4"). Next table summarize all the results.



Table 18. Maximum displacements with and without decoupliegide, amb. vibration
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X maximum displacement [in]

Node point Position Undamaged Decoupled
232 Mid side span E 0.81 0.86
298 Mid main span 0.32 0.4
2164 Mid side span W 1.88 1.92
7121 Cable bent W 0.06 0.06
10201 Base tower W 0 0
11392 Top tower W 0.12 0.12

Y maximum displacement [in]

Node point Position Undamaged Decoupled
232 Mid side span E 0.27 0.28
298 Mid main span 1.65 1.67
2164 Mid side span W 0.41 0.41
7121 Cable bent W 0.15 0.15
10201 Base tower W 0 0
11392 Top tower W 0.12 0.12

Z maximum displacement [in]

Node point Position Undamaged Decoupled
232 Mid side span E 7.47 7.58
298 Mid main span 5.03 5.07
2164 Mid side span W 7.57 7.69
7121 Cable bent W 0.05 0.05
10201 Base tower W 0 0

0.07 0.07

11392

Top tower W
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6.2.2 Decoupling device gear teeth wide design

In order to design the decoupling device a certain level of frpehga to be
defined. Starting from the deformations of the dampers duringvecsability vibration
and a non destructive earthquake is possible to define a optimum fendtre two

devices' gear teeth.

The next figures show the free damper shortening/elongation damimgnbient

vibration.

relative displacement SIDE TO TOWER [in, s]
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Figure 182. Damper deformations, Side to Tower, decoupled dasnpe
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relative displacement MAIN TO TOWER [in, s]
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Figure 183. Damper deformations, Main to Tower, decoupled dampe

The dotted lines represent the maximum allowed free relatispladgement
before the dampers begin to contribute to the structure responsetidalpat 1" and

+ %" for the side and main to tower respectively.

Side tTo tower Main To tower

ialn
| ) NENEN

Figure 184. Side and Main to tower decoupling device gear teéde
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6.2.3 Seismic event verification
A verification on the response of the structure during a recorddtjaake was

performed with the same Northridge input used in ch. 4.2.

It was not possible to model directly the nonlinear element inaAdhmanual
restart analysis was performed. An analysis with not wordlargpers was run till one
set of damper reached the maximum free deformation (fig. A83.86). After that the
analysis was restart with the full working damper propertiBsiring the Northridge

event the device would be activated after 14.5 sec. (side to tame)3.5 sec. (main to

tower).
elongation/shortening side-to-tower dampers
1.2 \ T \ \ \ \ \
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Figure 185. Time histories of deformation side-to-tower daméh device decoupled
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elongation/shortening main-to-tower dampers

t[s]

Figure 186. Time histories of deformation main-to-tower dampéth device decoupled
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The next figures represents the elongation of the dampers durthg alvent. Is
possible to observe that the dampers are beginning to deforntheftéycking of the

devices.

Side to tower damper elongation

1.5 A
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Figure 187. Time histories of deformation side-to-tower damwéh working device
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Figure 188. Time histories of deformation main-to-tower dampéth working device



And the same consideration can be done for the force in the devices.

Side to tower damper force
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Figure 189. Time histories force Side to tower damper East kimgr device
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Figure 190. Time histories force Main to tower damper East, kirgg device
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The impulse force results less than the force acting durinfutiheperation of
the dampers. The element in the neighborhood of the device are 0 edsest to this
force. The same result was found in ch. 4.2, considering the first pefaked to gaps

similar to the artificial one of the proposed devices.

The main advantage of the device is that there is an impoddnttion of the
global displacements in the entire structure (2 decks and towas)¥ollowing graphs
represent the time histories of the main check points displaterfiee black line is
positioned in correspondence to the side to tower lock and the graynone i

correspondence to the main to tower lock.

x displacement mid side span #232
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Figure 191. Time histories of displacement in x direction ofdnside span
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x displacement mid main span #298
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Figure 192. Time histories of displacement in x direction ofdnmnain span
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Figure 193. Time histories of displacement in x direction gb ¥/ tower
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From the previous chart appears that each deck change its belghtiafter the
locking of the device related to the dampers directly linked to tbk. déne following

tables summarize the results.

Table 19. Difference of behavior during ambient vibration lwdr without decoupling devices

Serviceability vibration | Full working | Decoupling Comments

dampers device

X disp. mid side span [in] 0.81 0.86 + 6%

X disp. mid main span [in] 0.32 0.4 +20%

X disp. tower [in] 0.12 0.12 -

Damper usage + 0.5" Not working Advantage preventing

continuative

working damage of the dampers
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Table 20. Difference of behavior during Northridge with ortidut decoupling devices

Northridge Damaged Decoupling Comments
dampers device
X disp. mid side span [in] 1.2 1.2 -
X disp. mid main span [in] 1 0.6 - 40%
X disp. tower [in] 0.6 0.58 -3%
Damper force [kips] 45 23 - 50%

The most important results using decoupling devices are:

» dampers are not in use during ambient vibration (no degradation of the
dampers);

* 20% increment of longitudinal displacement of mid main span compared
to full operational dampers with ambient vibration;

* 40% reduction of longitudinal displacement of mid main span compared
to damaged dampers during non destructive event;

*  50% reduction of impulsive force compared to damaged dampers.

Further analysis focused on the stresses of the devices' néighbomwould be

suggested after an actual design of these components.
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6.3 Changein dampersproperties

In order to verify the possibility to obtain a better performaoicéhe bridge,

others analysis were performed.
Given
F=C-v*
the two parameters that governs a damper behavior are & and

The dampers modified in these analysis were only the main to tomes
(originally C=4, a =1). From a free vibration analysis was possible to cateulas
equivalent viscous damping rati) (@associated to mode 2 (longitudinal movement of
the main deck). The decay of motion as a logarithmic decremenaieslian originat
value around 6%. From fig. 26, considering the frequency of the second mode£}).18 H
is possible to see the a higher value of energy would be desipetrementingé (or

C).

Four different analysis were conducted (Northridge input), changey
parameters of the main to tower damper in order to understand the influence tithese
parameters on the structural displacement of the main deck and éoradeon the

dampers as well.

It was decided to change the parametetbecause on the market is not

uncommon to find devices with lowvalue (less than 0.2).
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Figure 194. Displacement time histories mid main deck, C&&1
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Figure 195. Force in main to tower dampers, C
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Figure 196. Displacement time histories mid main deck, C&40.25
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Figure 197. Force in main to tower dampers, Cs450.25
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Figure 198. Displacement time histories mid main deck, C&80.25
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Figure 199. Force in main to tower dampers, Cs870.25



208

=16p =0.25

IV. Analysis: C

Mid main span displacement #298

b
\,
)
N
Ny ©
—
¢ I
. ol
\CoWD N O
b o
[) mo
Y © ©
4 £ <
' sSs
© ©
.
]
’ ]
\ ]
\ ]
v ]
T T T T 1
©° < N Q < Qo %

t[s]

Figure 200. Displacement time histories mid main deck, C=160.25
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Figure 201. Force in main to tower dampers, C



209

The previous graphs show that incrementing C there is a decréméms
displacement and an increment in the force in the dampers, aseskp&ot opposite

behavior is obtainable decreasing

From analysis number four is possible to understand that changimg bot
parameters to find the optimum solution is possible to change the bebhather deck
during the entire event, but seems not possible to decrease theumagisplacement

and the maximum force in the same time.



VI1l. Conclusions

In order to simulate a damage in the viscous damper devices @rnvihbhomas
Bridge, a non linear gap element has been introduced in the o@aitedns Adina FE

model of the bridge.

From the parametric analysis it is possible to deduce thatetpeadation of the
viscous dampers substantially impacts the structural responke bfitige, in terms of
displacements, along the longitudinal direction of the bridge. In patieuwariation of
25% of the longitudinal displacement of the main deck was caldulatder ambient
vibration condition. The same increments during a simulated seismmt weee 45%
and 70% for strong white noise and Northridge analysis respectivéty significant
variations have been detected in the transverse and verticalotise@ssociated with

reduction of the damper performance.

A study on the change of frequencies shows that there are no inipdréages

linked to the damper degradation.

A potentially dangerous phenomenon has been found in case of damaged dampe
in the structure. If all the devices linked to the tower were deachgwith a gap wider
that 1/2") impulsive forces be experienced by the dissipatorgramsimitted to adjacent
structural elements. This force could be high and further asalyilibe necessary to

understand if the structure is actually able to resist thegmilsive forces. This

210
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phenomenon was nor detected in case of non-symmetric distribution afjdam the

structure.

The dampers are working continuously with several cycles during ahorm
operation of the bridge. This is likely to be the cause of tiky eagradation of the
dampers devices, due to wear of the internal components. In this wiwkice was
proposed to be linked in series with the damper. The device istiateamper from
the deck in serviceability conditions and engages the damper to theaslsoon as a
certain relative displacement is reached. The solution appear fanbgonal. The
damper will not experience relative displacement during normal twomdand will
performed as designed during a seismic event. Providing supplendartging

capabilities as well as limiting the level of displacements.

Analysis were conducted in order to verify if it will be possitdebtain a better
performance of the bridge substituting the device with moreeaitiones. The results is
that, not changing the force admissible in the devices appear® et possible to

decrease the global displacement of the decks.
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