1. Introduction and Literature Review

1.1. Background: 

There are so many forms of calamities in nature. Severe calamity may also be caused  by direction of the invisible hand, that is called “nature”. So, if one is not careful, the civilization will be ruined in no time. As for example the cyclone of Orissa & Tsunami (Dec. 2005) had caused vast losses.

Earthquake is a shaking, trembling, or concussion of the surface of earth, due to subterranean causes, often accompanied by a rumbling noise. It is basically a ground shaking originating from part of the earth’s crust, generally along cracks or fractures known as “faults”. The wave of shock sometimes traverses, destroying cities and many thousand lives; -- called also earthdin, earthquake, and earthshock.

Earthquakes may result in lack of basic necessities, loss of life, general property damage, road and bridge damage, and collapse of buildings or destabilization of the base of buildings which may lead to collapse in future earthquakes. If a structure has not been designed and constructed to absorb this swaying ground motion then major structural damage or outright collapse can result, with grave risk to human life.

To fight against this challenge of nature, the structural engineers are supposed to suggest various approaches to retrofit or restrengthen the existing structures and innovate design techniques for new constructions. 

“Over the past decades, earthquake resistance design of building structures has been largely based on a ductility design concept worldwide. The performance of the intended ductile structures during major earthquakes (eg. Northridge 1994, Kobe 1995, chi- chi 1999… etc.) didn’t prove to be satisfactory & indeed far below expectations.
High uncertainty of the ductility design strategy is primarily attributed to: (Source: “Fundamental of seismic base isolation” by  Wang, Yen-Po, Taiwan)

· The desired “strong column weak beam” mechanism may not form due to existence of walls.

· Shear failure of columns due to inappropriate geometrical proportion or short column effect.

· Construction difficulty in grouting, especially at beam-column joint, because of complexity of steel reinforcement in ductility design.”

Different methods for seismic retrofitting of buildings can be grouped under two main strategies. (“Structural Rehabilitation by stiffness strengthening & Base Isolation” by  Sachin Pandit, IIT Delhi, 2005) 

a.) Seismic retrofitting  (Structural strengthening)

b.) Aseismic retrofitting (Force reduction) 

1.1.1 Seismic retrofitting (Structural Strengthening)

This method is consistent with conventional seismic design concept of structural strengthening. It involves strengthening of the structure such that it can resist the lateral loads. The strengthening in the buildings can be achieved by additional bracings, shear walls, wall panels, foundations etc. to the building such that the lateral stiffness of the structure is increased. In the field of structural strengthening the improvement in shear strength of the structural elements is of prime importance, One major group “HILTI” , is there in the field of shear connectors which are extensively being used in structural strengthening.
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 Fig. 1.1a) Additional foundations.

[image: image2.emf]
Fig.1.1b) Additional shear walls.  
(Source(Fig. 1.1a & 1.1b): “Methods of seismic retrofitting of structures” 

 web.mit.edu/istgroup/ist/documents/earthquake/Part5.pdf , IST group 2004)
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Fig. 1.1c) Jacketing of column.                Fig.1.1d) Additional column.

( Fig. 1.1 (c & d) : Conventional Retrofitting techniques)

(Source:: “Methods of seismic retrofitting of structures” 

 web.mit.edu/istgroup/ist/documents/earthquake/Part5.pdf , IST group 2004)

Common conventional techniques for strengthening reinforced cement concrete elements include concrete jacketing, addition of columns, shotcreting/guniting and steel plate bonding and strengthening of beams and columns using new advanced composite materials.
1.1.2 Aseismic retrofitting (Force reduction)
This method is consistent with the aseismic design philosophy. Here the adequacy of the structure for lateral resistance is not important because it is aided by additional devices which take care of the expected seismic forces. This strategy is classified under passive and active control of response of the structure.

‘Base isolators’, ‘Visco-elastic dampers’, ‘friction dampers’, ‘tuned mass dampers’ are examples of passive control. Supplemented damping systems are mechanical devices that can be incorporated in the framed structure and dissipate energy at discrete locations throughout the structure. These devices include either one of the yielding of mild steel, sliding friction, motion of pistons within fluids, orificing of fluid or viscoelastic action of elastomeric materials. Damping devices can provide also supplemental stiffening and strength to structures that lack such properties, in most cases without altering the existing components. All the above techniques have the flexibility to provide either more damping, or stiffness, or both, to better control the interaction with existing components and reduce the seismic demands without modification of the existing structural components.

Active control can be achieved by using ‘accentuated tunes mass dampers’, ‘actuators’ and ‘active tendons’. The principle of the active systems is to provide external corrective forces at strategic points in the structure, to constrain the response within predetermined performance limits. Active bracing systems and active variable stiffness systems are systems built of conventional structural components of structures enhanced with external forces that modify either the effective damping , or the natural frequency of the system to produce more efficient vibration suppression. An active control system is a dynamic  system that comprises sensors, controllers, control algorithm and active control force generator which acts as an integral system.
1.2 Base Isolation
One of the most widely implemented and accepted seismic protection systems is base isolation. Seismic base isolation is a technique that mitigates the effects of an earthquake by essentially isolating the structure and its contents from potentially dangerous ground motion, especially in the frequency range where the building is most affected.

In recent years base isolation has become an increasingly applied structural design technique for buildings and bridges and especially for structures that must remain fully functional during a major earthquake e.g., hospitals, fire stations, and emergency command centers. Many types of structures have been built using this approach, and many others are in design phase or in construction. 

                  In India we have  Bhuj hospital building which is the only existing seismically isolated building. Two more are in construction phase : (i) A new ward block at GTB (Guru Teg Bahadur) hospital Shadara Delhi, (ii) Shimla hospital building which is done with designs by faculty of  IIT Kanpur.

The objective of base isolation systems is to decouple the building structure from the damaging components of the earthquake input motion, i.e. to prevent the superstructure of the building from absorbing the earthquake energy. The entire superstructure must be supported on discrete isolators whose dynamic characteristics are chosen to uncouple the ground motion. Some isolators are also designed to add substantial damping.  For eg. LRB  i.e. Laminated Rubber Bearing with lead core provides substantial amount of damping by virtue of energy dissipation in lead core.

                   Displacement and yielding are concentrated at the level of the isolation devices, and the superstructure behaves very much like a rigid body. (as shown in following figures. 1.2 (a & b))

                                                                       [image: image5.emf]
       Fig. 1.2a) Deformation before base isolation

     [image: image6.emf]
      Fig.1.2b) Deformation after base isolation.

(Source: “Methods of seismic retrofitting of structures”

web.mit.edu/istgroup/ist/documents/earthquake/Part5.pdf , IST group 2004)

1.2.1 Suitability of base isolation

Earthquake protection of structures using base isolation technique is generally suitable if the following conditions are fulfilled.(as stated in a paper by Sajal kanti deb (IITG) “seismic isolation : An overview”)

–“ The subsoil does not produce a predominance of long period ground motion.

– The structure is fairly squat with sufficiently high column load.

– The site permits horizontal displacements at the base of the order of 200 mm or more.

– Lateral loads due to wind are less than approximately 10% of the weight of the structure.”

Base  isolation  systems  use  a  flexible  layer  at  the  base  of the structure, which allows

relative displacements between the foundation and the superstructure. Due to the addition of an isolation layer, the fundamental time period of the structure lengthens so as to move away from the dominant time periods of ground motions, thereby reducing the acceleration induced in the structure.

    Strategies to achieve seismic isolation includes:

· Period shifting of structure. (fig.1.3)

· Cutting off the load transmission path.

The isolation bearings with considerable lateral flexibility help in reducing the earthquake forces by changing the structure’s fundamental time period to avoid resonance with the predominant frequency contents of the earthquakes. Whereas the sliding type isolation bearings filter out the earthquake forces via the discontinuous sliding interface, between which the forces transmitted to the superstructure are limited by the maximum friction forces, regardless of earthquake intensity.
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       Fig. 1.3 ) Period shifting in case of base isolation. 

(source : “Design of seismic isolated structures ”  by Naeim & Kelly)

.

1.3 Types of Isolation Systems

There are two basic types of isolation systems. They are

A. Elastometric Bearings

B .Sliding System

1.3.1 Elastometric Bearings

The system that has been adopted most widely in recent years is typified by the use of elastomeric bearings, the elastomer is of either natural rubber or neoprene. In this approach, the building or structure is decoupled from the horizontal components of the earthquake ground motion by interposing a layer with low horizontal stiffness between the structure and the foundation. This layer gives the structure a fundamental frequency that is much lower than its fixed-base frequency and also much lower than the predominant frequencies of the ground motion. The first dynamic mode of the isolated structure involves deformation only in the isolation system, the structure above being to all intents and purposes rigid. The higher modes that will produce deformation in the structure are orthogonal to the first mode and consequently also to the ground motion. These higher modes do not participate in the motion, so that if there is high energy in the ground motion at these higher frequencies, this energy cannot be transmitted into the structure. The isolation system does not absorb the earthquake energy, but rather deflects it through the dynamics of the system. This type of isolation works when the system is linear and even when undamped; however, some damping is beneficial to suppress any possible resonance at the isolation frequency. Some examples of this system are Laminated Rubber Bearing(LRB), New Zealand isolation system(NZ).

1.3.1.1 Laminated Rubber Bearing

An LRB is made of alternating layers of rubber and steel with the rubber being vulcanized to the steel plates. Therefore, the bearing is rather flexible in the horizontal direction but quite stiff in the vertical direction. With its horizontal flexibility, the LRB provides protection against earthquakes by shifting the fundamental frequency of vibration to a much lower value and away from the energy containing range of the earthquake ground motion. The horizontal stiffness of the bearing is also designed in such a way that it can resist the wind forces with little or no deformation. This base-isolation system has been used in a number of buildings in Europe, Japan and New Zealand.

[image: image8.emf]
(Fig.1.4). A tipical elastomeric bearing. (source: ISET Journal, paper no.545,2005 by Oliveto & Marletta, university of Catania, Italy )

1.3.1.2 New Zealand (NZ) System

A laminated rubber-bearing system in which a central lead core is used to reduce the base relative displacement and to provide an additional mean of energy dissipation has been used widely in New Zealand. This system is referred to as the New Zealand (NZ) base-isolation system. The  rubber  provides the  flexibility for the  lateral displacement  of the

isolator while the yielding property of the lead core serves as a mechanism for dissipating energy and hence reducing the lateral displacement of the isolator.
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                           Fig. 1.5 ) Schematic diagram of (a)LRB  (b) NZ System.    

(Source: “Multi-story base-isolated buildings under a harmonic ground motion - Part I: A comparison of performances of various systems” by Fa-Gung Fan and Goodarz Ahmadi )                         

  1.3.2 Sliding System
The second basic type of isolation system is typified by the sliding system. This works by limiting the transfer of shear across the isolation interface. Many sliding systems have  been proposed and some have been used. In China there are at least three buildings on  sliding systems that use a specially selected sand at the sliding interface. 

Base isolators in which the only isolation mechanism is sliding friction are classified as Pure-Friction (P-F) or Sliding-Joint base-isolation systems. In this class of isolators, the horizontal friction force offers resistance to motion and dissipates energy. These isolation devices have no restoring force and residual slip displacement between the structure and the foundation will remain after each earthquake. The examples of isolation devices in this system are Pure-Friction (P-F) or Sliding-Joint base-isolation system, Resilient-Friction Base-Isolation (R-FBI) system, Friction Pendulum system(FPS).

1.3.2.1 Pure Friction Systems (P-F)

Base isolators in which the only isolation mechanism is sliding friction are classified as Pure-Friction (P-F) or Sliding-Joint base-isolation systems. In this class of isolators, the horizontal friction force offers resistance to motion and dissipates energy. These isolation devices have no restoring force and residual slip displacement between the structure and the foundation will remain after each earthquake. 

[image: image10.emf]
 (Fig.1.6) Low friction bearing device (Source: ISET Journal, paper no.545,2005 by Oliveto & Marletta, university of Catania, Italy )

1.3.2.2 Resilient- Friction Base-Isolation (R-FBI)

This isolator is composed of several layers of teflon-coated friction plates with a central core of rubber. The rubber provides the resilient force for the system while energy is dissipated by the friction forces.
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                     Fig. 1.7 schematic diagram of (a) P-F & (b) R-FBI system.

(Source : “Multi-story base-isolated buildings under a harmonic ground motion -Part I: A comparison of performances of various systems” by Fa-Gung Fan and Goodarz Ahmadi)
1.3.2.3 Friction Pendulum System (FPS)

Friction pendulum (FP) isolators are special type of sliding isolator that combines the energy dissipation characteristics provided by friction with the restoring force capability provided by the spherical concave sliding surface.

The isolator assembly consists of a polished stainless steel concave sliding surface and an

articulated slider that is coated with a low friction composite material. The radius of curvature of the spherical surface and the desired coefficient of friction between the slider

and sliding surface are the properties of the FP isolator that are specified by the design engineer. During an earthquake, the articulated slider moves within the spherical surface following the curvature of the surface which results in pendulum motions for the supported superstructure. As such, the period of the isolation system can be calculated based on dynamics of a simple pendulum. An interesting feature of the FP isolator system is that the isolation system period depends only on the radius of the sliding surface and unlike rubber isolators, is independent of the building weight. Due to the curvature of the sliding surface, as the slider moves up the surface during an earthquake, a restoring force is generated that depends on the lateral displacement of the isolator.
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                       Fig. 1.8 diagram depicting mechanism of Friction Pendulum System 

            (Source: “fundamentals of seismic base isolation” – Wang, Yen-Po)

1.3.2.4 Electricide de France (EDF)

An EDF base-isolator unit consists of a laminated (steel-reinforced) neoprene pad topped by a lead-bronze plate which is in frictional contact with a steel plate anchored to the base raft of the structure. Whenever there is no sliding in the friction plate, the EDF system behaves as an LRB. In this case, the flexibility of the neoprene pad provides isolation for the structure. The presence of the friction plate serves as an additional safety feature for the system. Whenever the ground acceleration becomes very large, sliding occurs which dissipates energy and limits the acceleration transmitted to the superstructure.

1.3.2.5 Sliding Resilient-Friction (SR-F)
The main feature of this system is the two frictional elements. Whenever there is no sliding in the upper friction plate, the SR-F base isolator behaves as an R-FBI unit. For high intensity earthquake ground accelerations, sliding in the upper friction plate occurs which provides an additional mechanism for energy dissipation and increases the effectiveness of the isolation system.
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Fig. 1.9 schematic diagram of (a) EDF & (b) SR-F system

 (Source : “Multi-story base-isolated buildings under a harmonic ground motion -Part I: A comparison of performances of various systems” by Fa-Gung Fan and Goodarz Ahmadi)
1.4 Principle of Base Isolation

The basic concept of base isolation is to reduce the fundamental frequency of structural vibration to a value lower than the predominant energy containing frequencies of earthquake ground motions. The other purpose of an isolation system is to provide means of energy dissipation with which to reduce the transmitted acceleration to the superstructure. Accordingly, by using base isolation devices in the foundations, the structure is essentially uncoupled from the ground motion during earthquakes. Since a base isolator has a fundamental frequency lower than both its fixed base frequency and the predominant frequencies of ground motions, the first mode of isolated structure involves deformation only in the isolation systems ; the structure above remaining almost rigid. Thus, the high energy in the ground motion at the higher frequencies are deflected. In this way, the isolation becomes a very attractive approach where protection of expensive equipments and internal non-structural components is needed.

Along with the elongation of time period of the structure, the forces in the structure are also reduced due to the damping (if present) of the base isolator. During the earthquake , the base isolators go into the inelastic zone and show hysteretic stress strain curve. The absorption of the seismic energy is proportional to the area under the stress strain curve of the base isolators.

The first design guide on base isolated structures was published by the Structural Engineers Association of California (SEAOC) in 1990.This also appeared in 1991 in Uniform Building Code (UBC).

Jangid R.S. and Datta T.K. have presented a “Review of the seismic behaviour of base isolated Buildings.” They have reviewed “Various types of base isolators and their performance under seismic loads.”
Fa-Gung Fan and Goodarz Ahmadi have performed a “Performance analysis and sensitivity analysis of various isolation systems for a multi storeyed base isolated building under harmonic ground motion.”
G. Falsone  and G. Ferro have studied the “Best performing parameters of linear and non-linear seismic base-isolator systems obtained by the power flow analysis.”
Murat Dicleli and  Srikanth Buddharam have done a “Comprehensive evaluation of equivalent linear analysis method for seismic-isolated structures represented by single degree of freedom systems.”
Sajal Kanti Deb has given “An overview of seismic isolation” and also a “Three dimensional nonlinear analysis procedure.” She has also discussed “Effects of soft soil and near faults on performance of base isolated buildings.”
James S. Bailey and  Edmund W. Allen have discussed “The seismic isolation retrofitting of Salt Lake City and County Building.”
Vasant Matsagar and R.S. Jangid has studied the “Effect of isolator characteristics on response of isolated structures.” (Engineering Structures ,2004) , they also have worked on “Base-isolated Building with Asymmetries due to the Isolator Parameters”  (Advances in Structural Engineering Vol. 8, no. 6 , Dec. 2005 ), “Viscoelastic dampers connected to adjacent structures involving seismic isolation” (Journal of civil Engg. & Management , Vol. 11, no. 4 , Jan. 2005) &  “Seismic response of base-isolated structures during impact with adjacent structures” (Engineering structures, 2003)
1.5. Applications of base isolation technique worldwide for aseismic retrofitting: 

 Base Isolation in Japan: The  technique is being extensively used in Japan and gained momentum at the most rapid rate there, coz of the lavish expenditures on research in the field of base isolation. 

The largest base isolation retrofit work was that of “ Buildings 1 through 4 of        Mitsubishi Logistics Corporation's Tokyo DIA Building," a complex housing a      computer center and data storage facilities” completed in around one year by “Takenaka corporation Osaka”.  The retrofitting work was carried out while the computers inside the building were operating for 24 hours a day. In that project 264 rubber bearings and 28 wall type viscous dampers were being used over an area of about 68,000 square meters.

         Various other applications were there in Japan: “West Japan postal center, Sanda”, “Matsumura-Gumi Technical Research Institute (Kobe earthquake)”  etc. 

US applications : Quite a good number of base isolation works r being done in United states : “Foothill communities law and justice centre (FCLJC), Rancho Cucamonga, California”, “Fire Command & Control Facility(FCCF), Los Angeles , California”, “Emergency Operations Center, Los Angeles, California”, “King, Drew Diagnostics Trauma Center, Willowbrook”, “Oakland City Hall”, “San Francisco City Hall”, “Mackay School Of Mines, Reno, Nevada” ,“U.S. Court of Appeals”(FPS Isolators), “San Francisco, California”, “ Los Angeles City Hall”, “Marina Apartments, San Francisco, California” and several others are there.
Base isolation in New Zealand : The first ever base isolated building using lead rubber bearings was “William Clayton Building In Wellington”(1981), other base isolated building are “Union House Auckland” and “Central Police Station, Wellington”. 
The structures retrofitted using base isolation are : “National Museum of New Zealand” , “New Zealand Parliament House” and “Printing press Building , Penton.” Etc.

Other than above several examples of base isolation work done are there in Europe (Italy, Calaberia, frigento etc.) and other parts of the world across the globe.

1.6 Base Isolation : Execution of Retrofitting Work

Use of base isolation in seismic retrofitting is a very useful option when the structures are of post-earthquake importance i.e. when structures are supposed to perform well just after the earthquake or even during the earthquake such as hospital buildings or fire stations etc. And to achieve the desired performance level for a structure (isolated) in case of an earthquake as expected from design & analysis, the one aspect of paramount importance is the “installation of isolators”.  After going through some of the case studies available for seismic retrofitting using base isolation a sequence for installation and construction is being given here in the following sub-sections.

Retrofitting work using the approach of “Base isolation” when carried out in the field should follow the installation and construction sequence given below :  

1.6.1 The installation sequence for a typical LRB into a reinforced concrete column:

(Cetin Yilmaz, Edmund Booth & Chris  Sketchley “Retrofit of Antalya Airport International terminal building, Turkey using Seismic Isolation”. Paper no.1259, First European conference on Earthquake Engineering & Seismology. )

· Temporary steel columns on suitable foundations are to be installed to either side of the column into which the bearing is to be installed (Figure 1.10). Hydraulic jacks are to be placed at the heads of the temporary columns, bearing onto the soffit of the 
beams at first floor level, and stressed to a predetermined level, calculated as the gravity load in the permanent column from the analysis (using appropriate software : SAP or ETABS). The hydraulic fluid in the jacks is to be locked off.
[image: image14.emf]
Fig. 1.10  Installation of temporary steel props.

· Bench marks are to be introduced onto the column just above and below the final position of the bearing, and measurements are to be taken, to enable subsequent checks to be performed of  possible movements of the column.

·  Two horizontal cuts are to be made in the column using a diamond chain saw (Figure 1.11). The block of concrete in between is to be removed (Figure 1.12). The movements of the column above and below the cuts is then to be measured; in most cases this is generally small, but can reach as much as 6mm. This is considered acceptable. A bed of epoxy mortar is placed on the low half of the cut surface, and the LRB is then rolled into place on steel ball bearings. The gap above the bearing is then filled with epoxy mortar. The hydraulic jacks in the steel props are released and the props are removed after curing of the epoxy mortar

                                                 [image: image15.emf]
                                                 Fig 1.11: Saw cut through the concrete column         

                      [image: image16.emf]
                                              Fig 1.12: Removal of concrete block
· Steel jackets are welded into place above and below the bearing, and grouted to the column, to accommodate the stress concentrations at the cut surfaces of the column arising from the bearing and to replace the reinforcement that has been cut  (Figure 1.13)

[image: image17.emf]
Fig 1.13 : Steel jackets replacing the discontinued reinforcing bars. 

· The bearings are wrapped in fire insulation, and brackets introduced to support architectural finishes (Figure 1.14).

· Final finishes are then applied.

[image: image18.emf]
Fig 1.14: Fireproofing insulation

1.6.2 Jacking and Re-Support of Existing Columns for steel structure : 

(Walters Mason, S.E., Principal “The seismic retrofit of the Oakland City Hall”  ,

Paper no. 10, Forell/Elsesser Engineers, Inc., San Francisco, California) 
Seismic isolation of an existing steel structure (such as Oakland City Hall) typically involves the complicated task of shoring the existing columns so that they may be cut free from the foundation allowing installation of the new isolator bearings. Extensive sequencing notes are supposed to be developed as part of the shoring design to guide the contractor during the bidding and construction phases.

The sequence notes are supposed to be intended to help preserve the local and global structural integrity of the building to the extent practicable during construction. To achieve this goal, detail requirements for the following topics should be included:

· Temporary lateral bracing are required for the basement level during the period of time between structural demolition and final release of the isolator system. Even partial demolition of the perimeter walls during isolator installation may cause a very weak story condition and put the building basement at risk of being damaged during a moderate or major earthquake if no temporary bracing is being provided.

· A symmetric work sequence is required to reduce the possibility of an undesirable torsional response of the structure to an earthquake during the construction period.

.

· The magnitude of jacking loads and load application points are provided on the

             drawings. Typically, the jacking points are located on new steel framing and

             corbels welded to the existing columns. The new corbels also serve as permanent      

             column bases after removal of the existing base plates.

· Vertical column displacement during jacking is limited in the contract documents to prevent damage to the superstructure finishes. This displacement is measured during jacking operations using sensitive instrumentation.

· Submittal and review of the contractor’s detailed construction sequence is required to ensure proper interpretation of the design intent. 

2. Objective of present work :

· To understand the effects of Base isolation by analysis of fixed and isolated buildings under consideration. 
· To study the effect of isolator stiffness asymmetry on a plan asymmetric L-shaped 7 storey , 3 bay , 3D frame.
· To study the effect of non-uniformity in isolator stiffness, on shear in columns of different location at ground storey & torsional coupling of superstructure, for 4 different cases viz : fixed, uniform isolated , with different isolator stiffness & isolator stiffness in proportion of the mass ratio (load coming on each column)
3. BASE ISOLATION :

3.1 Base Isolator

Base isolators are structural members that , like steel beams and columns , are part of a lateral force resisting system that enables a building to respond acceptably to earthquake 

ground motion. A base isolator has a force versus lateral deflection curve as shown in figure: 3.1;                
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(Source (fig.3.1): “A mathematical hysteretic model for elastomeric isolation bearings” by Hwang,Wu,Pan,Yang (2002): Taiwan)

Two structural design variables are obtained from this force versus deflection curve. The first design variable is the base isolator stiffness (kb), which is defined as 
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The second design variable is the base isolator viscous damping (ζb), which is 
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In this equation , Fmax and ∆max are the maximum absolute values of (F+,F-) and (∆+,∆-), respectively. If the damping of the isolator is very small , then the area of the loop is also very small.

The chemical composition of the inner rubber layers used in base isolator determine the lateral force versus lateral deflection characteristics of the base isolator. Base isolator can 

be categorized into two main categories on the basis of the force deflection curve, ie linear and Non Linear .A base isolator which is designed such that the line connecting the maximum force point in each cycle is linear is called as a Linear Base Isolator.
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 Source (fig.3.2) : (“Base Isolation”, chapter 8, D.G.  Hart.)

Base Isolators can also be designed to have envelope force versus deflection curve that are not straight lines but exhibit a non linear behavior. Base isolators designed to exhibit this kind of behavior are called Non Linear Base Isolators.
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Source : ( ‘‘Base Isolation”, chapter 8, D.G.  Hart.)
3.2 Fixed base structure

Design starts with the specification of a 5 % damped response spectrum for a design basis earthquake. A ‘fixed base’ structure is the structure that would exist if base isolators were not used with the structure and elastic design of this structure is performed for the design basis earthquake where inelastic response parameters are reduced by a reduction factor. This factor includes the ductility effect and the overstrength of the structure. The seismic forces on ‘fixed base’ structure are calculated for design response spectrum curve(corresponding to 5% damping)using response spectrum analysis. The stiffness (k) and the mass (m) of the ‘fixed base structure’ is known after the design of the structure. The natural frequency, period of vibration and critical damping ratio for the fundamental mode can be calculated for the ‘fixed base’ structure.

3.3 Trial Design of Isolator
A structural dynamic analysis of a base isolated structure requires the properties of the base isolator to be specified. Hence, a trial design of the base isolator is performed.

Two approaches can be used to develop a trial design of isolator. (“Base isolation” , Chapter 8th , D.G. Hart )
Method 1:

One method for designing the base isolator is to define the design basis earthquake and then set a value for the period of vibration of the base isolated structure. Selecting a desired natural period of vibration for the base isolated structure is guided by the desire to have “in effect” a rigid structure sitting on base isolators. Hence the natural frequency of the base isolated structure can be given as 
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Where kb is the stiffness of the isolators under the column and ‘m’ is the mass of the structure. The period of vibration is selected to provide a good separation between fixed base period of vibration, Tn and base isolated period of vibration, Tnb. Hence we consider a relation  Tnb= n Tn where n is 3 or greater. Using the value of Tnb, the value of kb can be calculated.

Alternatively the structural engineer can first set a value of kb and then use the equation to calculate the base isolated period of vibration.
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It is important to recall that a positive benefit of using a base isolator is the significant increase in damping of the structure. The damping of a rigid structure sitting on base 

isolators is effectively the damping of base isolators. Therefore, a starting value of damping (15-20%) can be assumed for the base isolator, hence the base isolated structure.

Now using the estimated time period of base isolated structure and the respective design response spectrum for assumed damping, the response acceleration (Sa) and the response displacement (Sd) of the structure can be calculated. The response parameters would be much lower than that of the ‘fixed base’ structure, mainly due to higher time period and higher damping.                                        
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Method 2:

In method 1. the intent was for the base isolated structure to have a target natural period of vibration. As a result of this target natural period of vibration selection, the magnitude of displacement of the base isolator and the value of all desired structure response variables follow, using the design basis earthquake and method of structural analysis.

An alternative method can be used, which emphasizes a desired response parameter of base isolator displacement. The desired amplitude of base isolator displacement may be controlled by the open space called gap or moat, around the base isolated building for architectural, mechanical, electrical, or plumbing considerations. Also a variation in this method is to set a value of absolute acceleration of the structure. 

This criterion is generally required for buildings, which house sensitive equipments and machineries requiring stringent control on the floor acceleration. Some times, acceleration control may be required for human comfort as well.  After the parameter is decided  upon,  the respective  spectrum  curve  for  an  assumed  high  damping (15-20%) is considered for calculating the time period of the base isolated structure.

3.4 Base Isolator Selection

After initial trial design of the base isolator, one needs to select a base isolator for the structure. One can choose from the base isolators available, the one that exhibits similar effective stiffness and assumed damping, for the design pseudo displacement, as considered earlier. It would not be possible to find an isolator that matches the exact requirement, but the one that has closest parameters can be chosen for the structure.

3.5 Preliminary Design of Base Isolated Structure
Before performing a detailed analysis of the base isolated structure, a preliminary design of the base isolated structure is performed to modify the member size from those of the ‘fixed base’ structure, as the lateral seismic loads on the structure are expected to reduce considerably.

The base isolated structure is designed for the design basis earthquake reduced by  the response reduction factor. The response reduction factor is to include the effect of ductility and overstrength of the structure. It is important to note that this response reduction factor is different from the factor used in the design of the fixed base structure. This is due to the fact that the expected inelastic response of the ‘fixed base’ structure and ‘base isolated’ structure would be different.

Since, a preliminary calculation of time period and the damping of the base isolated structure have been performed, an approximate value of the time period and the damping of the base isolated structure is known. Hence design spectral acceleration can be found out for the base isolated structure. The base shear of the base isolated structure can be calculated by multiplying the spectral acceleration by the total mass of the structure. The fundamental mode of the base isolated structure would be that of rigid superstructure sitting on flexible base isolator, therefore, the base shear can be equally divided into all floors.

Hence the structure can be analyzed with fixed base and the lateral load applied equally at each floor as calculated above. A preliminary sizing of the sections of the structure can be performed with this analysis.

3.6 Analysis of the Base Isolated Structure

After selecting the base isolator to be used in the structure, a detailed analysis of the base isolated structure is performed to verify that the base isolators selected in the preliminary phase are sufficient. In other words, if the structure is not simplified to a rigid box sitting on top of the base isolators, it will respond with the base isolators in a way that is within the design limit. We can perform a response spectrum analysis or a time history analysis to study the behavior of the base isolated structure.

3.6.1 Response Spectrum Analysis

In this analysis, the base isolators are considered to be elastic elements with stiffness equal to the effective stiffness of the provided base isolator. In case of a non linear base isolator, the effective stiffness of the base isolator depends upon the lateral displacement of the isolator. Hence, the starting effective stiffness is considered as the effective stiffness for the displacement calculated in the trial design of the base isolator.

Since the damping of the non linear isolator also depends upon the displacement of the base isolator, the effective damping for the displacement calculated in the trial design of the base isolator is considered. For the detailed analysis it can not be assumed that the damping of the structure is same as the damping of the base isolator. Therefore damping of the structure has to be calculated. The effective damping for the different modes is calculated by forming a complete damping matrix (C) of size ‘n+m’ where ‘n’ is the degree of freedom of the structure and ‘m’ is the degree of freedom related to base isolators. The diagonals of the ΦT CΦ give the measure of equivalent modal damping for the analysis. Because the damping in the base isolated building is not classical , the non diagonal terms in the matrix shall not be zero, but they are neglected in the classical modal analysis of the base isolated structure. (Chopra Anil K., Dynamics of Structures: Theory & Application To earthquake Engineering., 2nd edition, Prentice Hall Of India.)

Hence a design response spectra corresponding to the effective damping (fundamental mode) as calculated above is used for the first iteration of the response spectrum analysis. SAP 2000 is used for the response spectrum analysis in this project.

In case of non linear isolators, iterations have to be performed to converge to the final solution. As explained earlier, the effective stiffness and damping were considered for the displacement calculated in the trial design of the base isolator. For the next iteration, the effective stiffness and damping of the base isolated structure shall be considered for the displacement calculated in the previous iteration of the response spectrum analysis. This is required because the effective stiffness and damping are not constant for non linear base isolator but a function of the displacement of the base isolator. The final solution is achieved when the displacements from successive iterations converge.

3.6.2 Time History Analysis

A base isolated structure has non linear base isolators at the base and non proportional damping. Therefore the actual response of the base isolated structure under earthquake can be studied only by a non linear time history analysis. 

A non linear time history analysis would show the exact behavior of the base isolated structure under seismic loads. The non linear time history analysis is performed using SAP 2000.

Time history analysis is used to determine the dynamic response of a structure to arbitrary loading. The dynamic equilibrium equations to be solved are given by :

                                 MX”(t)+ CX’(t)+K(t) = -M{I}a(t)

Where M is the diagonal mass matrix, C is the damping matrix, K is the stiffness matrix, X’’, X’ & X are the accelerations ,velocities and displacements of the structure relative to ’a’ which is the ground acceleration due to the earthquake.

3.7 SAP 2000

The analysis and design of the ‘fixed base’ and ‘base isolated’ structure s have been performed using SAP 2000.The various analysis and design features of SAP 2000 used in this project are:

· Static linear analysis

· Response Spectrum analysis

· RCC design (according to UBC 97) (minor)
· Non Linear Time history Analysis

The base isolators are modeled through NLLink elements of SAP 2000.A NLLink element is a two-joint connecting link. Each element is assumed to be composed of six separate “springs,” one for each of six deformational degrees-of freedom. All Linear/Nonlinear property sets contain linear properties that are used by the element for linear analyses, and for other types of analyses if no other properties are defined. 

Linear/Non linear property sets may have non linear properties that will be used for all non linear analyses, and for linear analyses that continue from nonlinear analyses. Non linear behavior is only exhibited during time history analysis. For all other analysis, the link element behaves linearly.

The non linear properties for each NLLink Property must be of one of the various types described below. The type determines which degrees of freedom may be non linear and the kinds of non linear force- deformation relationships available for those degrees of freedom. 

For each non linear type of NLLink Property, there are six uncoupled linear effective-stiffness coefficients, Ke, one for each of the internal springs. The linear effective stiffness represents the total elastic stiffness for the NLLink element that is used for all linear analyses that start from zero initial conditions. 

For each non linear-type of NLLink Property, there are six uncoupled linear effective-damping coefficients, Ce, one for each of the internal springs. By default, each coefficient Ce is equal to zero. The linear effective damping represents the total viscous damping for the NLLink element that is used for response-spectrum analyses, for linear and periodic time-history analysis. Effective damping can be used to represent energy dissipation due to non linear damping, plasticity, or friction.

For the non linear analysis, the plasticity property used for non linear analysis of the link element is based on hysteretic behavior proposed by Wen (1976).  (Fig.3.5)

[image: image27.emf]
       ( Source: SAP Analysis reference manual, page no. 242, CSI, Berkeley, January 2007)

The non linear force-deformation relationship is given by:

f ratio k d (1ratio) yield z

where k is the elastic spring constant, ‘d’ is deformation, yield is the yield force, ratio is the specified ratio of post- yield stiffness to elastic stiffness (k), and z is an internal hysteretic variable. This variable has a range of | z | 1, with the yield surface represented by | z | 1. The initial value of z is zero, and it evolves according to the differential equation:

[image: image28.emf]
Where ‘exp’ is an exponent greater than or equal to unity. Larger values of this exponent increases the sharpness of yielding. The practical limit of exp is about 20.
3.8 UBC 97 – Base Isolation Design Specifications

One of the few codes which provide the guidelines for design of base isolated structure is Uniform Building Code ( UBC) 1997.A summary of the regulations given in the UBC is given below.

The code recommends that the base isolated structure and the base isolator may be designed for the design basis earthquake, where the design basis earthquake is defined as that ground motion that has a 10% chance of being exceeded in 50 years. Whereas the stability of the base isolator may be checked for Maximum Capable earthquake , where the Maximum Capable earthquake is defined as that ground motion that has a 10% chance of being exceeded in 100 years. As per the code , the design basis earthquake shall be used to calculate the total design displacement of the isolation system and the lateral forces and the displacements of the isolated structure. The maximum capable earthquake shall be used to calculate the total maximum displacement of the isolation system.

The fixed base structure is designed to withstand the lateral displacements induced by the design basis earthquake, considering the inelastic response of the structure, inherent redundancy, overstrength and ductility of the lateral force resisting system. The lateral forces are reduced by a response reduction factor ‘R’ for the elastic design of the structure and by modified response reduction factor ‘
[image: image29.wmf]'

R

’ for the design of base isolated structure. However, the base isolator and the structure below the base isolation system shall be designed for the design basis earthquake without any reduction in the lateral forces.    
4. NUMERICAL STUDY :
4.1 General study parameters :
The  effect of  non-uniformity in isolator stiffness  on the torsional coupling of superstructure is being studied in this dissertation  work.  For that purpose an L-shape multistory  frame is being considered.  Two parameters are being used as the measure of the torsional coupling that are namely the  “difference between the shear force values for ground storey columns of particular location”  &  “the ratio of torsional frequency (
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) to that of lateral frequency (
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) .”  (Matsagar Vasant & Jangid R.S. “Base-isolated Building with Asymmetries due to the Isolator Parameters”  (Advances in Structural Engineering Vol. 8, no. 6 , Dec. 2005))
If  there is large difference between the shear force values for the different ground storey  columns then this indicates higher torsional effects in the superstructure i.e. structure will be more torsionally  coupled. Or it will vibrate in torsional directions. These shear force values are being compared to have an idea about torsional coupling in the structure considered.
The frequency ratio (ω) i.e. the ratio of the torsional frequency (
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) and the lateral frequency (
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) or (ωy) gives an idea as to what extent that structure is torsionally coupled.

For example:

If the torsional frequency is very low then the frequency ratio would be lower, i.e. Omega is less. This shows us that the structure is torsionally very flexible, i.e. first (fundamental) mode of vibration itself could be in torsional direction. In simple words, it will essentially vibrate in its torsional direction .
And if the torsional frequency is very high then the frequency ratio would be higher, i.e. Omega is more. This shows us that the structure is torsionally very rigid, i.e. vibration mode in torsional direction may appear quite late (almost absent). In simple words, it will not vibrate at all in the torsional direction .
Eccentricity ( i.e. the distance between the centre of gravity (CG) & centre of rigidity (CR) ) values are also being calculated for each case (isolated frame) .  
For carrying out of above analysis , an L- shape 7 storey , 3 bay, 3D frame  is being modeled and analyzed. Structural members modeled are : beams , columns & slab. Then load on each node is being calculated manually. Then co-ordinates for centre of gravity / centre of mass are being calculated.

For the isolated case the stiffness of isolators with is known. Now considering the superstructure as rigid body, the centre of stiffness is located for all the three cases for isolated frame viz: for uniform isolator stiffness , for different isolator stiffness , for isolator stiffness in proportion of load coming on individual column. In this way the  locations of CG & CR for all the 4 cases is determined.
Now the frequency ratio 
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 is being calculated using following relations :
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Where :

Kx  =  Effective Stiffness in X –direction
Ky =  Effective Stiffness in Y – direction
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 = Stiffness of base isolator in X (Y) direction.

K
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 =   Torsional  stiffness.
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 =  Torsional frequency of the structure.
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  =  Lateral frequency of the structure.

  r    =   Radius of gyration for the structure (r = 
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, where ‘I’ is mass moment of inertia & ‘m’ is mass of the structure. )

Xi  =  Distance  of  ith isolator along X-axis from centre of rigidity. (as shown in fig. 4.1)

Yi =  Distance of  ith  isolator along Y-axis from centre of rigidity. (as shown in fig. 4.1)
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Fig. 4.1  : Plan of  the L-shaped frame showing Xi & Yi . 

Thus the frequency ratios are being calculated & then the frequency ratio values for various cases are being compared, to have an idea of the extent of torsional coupling in the structure.
4.2 Numerical Example :

4.2.1 Dimensions of 3D frame:

Isometric view, Top view & Elevation of reinforced cement concrete three bay, L-shape, 7 storey frame are as shown in the Fig. 4.2 & Fig. 4.3 & Fig. 4.4 respectively.
storey height= 3m is being modeled in SAP-2000.
Sizes of the structural members are as follows:

Beam size  : 500 mm x 350 mm. 

Ground storey column size 800 mm  x 800 mm. 

Rest all of the columns of 600 x 600 mm. 

Roof  slab : 150 mm thick.

Rest all floor slabs : 200 mm thick .

The beam & column sizes are kept same for both fixed and isolated frame. 

Isometric view, Top view & Elevation of reinforced cement concrete three bay, L-shape, 7 storey frame are as shown in the figures.
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Fig. 4.2 :  Isometric view of L-shaped frame
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Fig. 4.3  Top view of the L-shaped  frame.
                                             .
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                        Fig. 4.4 : Elevation of the fixed L-shaped frame. (At Grid 1)
4.2.2  Isolator properties :
Laminated rubber isolators of linear type are being used in this analysis. Selection of the isolators is on the basis of the factor by which the time period of the structure is expected to be reduced. Here the reduction factor for time period is taken as 3 to 3.5. Properties of isolators are as follows: (as per the different cases considered) 
1. For uniform isolator stiffness case: 
Effective stiffness in vertical direction =1768 KN/mm
Effective stiffness in horizontal direction = 0.685 KN/mm
2.) For different (randomly) isolator stiffness case :

 Isolator 1 (RUB1) : Placed at the base of columns 1A,1D,2D,4A,4B (Fig. 4.3)
Effective stiffness in vertical direction = 1675 KN/mm

Effective stiffness in horizontal direction =  0.275 KN/mm  
Isolator 2 (RUB2) : Placed at the base of columns 1B,1C,2A,2C,3A,3B (Fig. 4.3) 
Effective stiffness in vertical direction = 1760 KN/mm

Effective stiffness in horizontal direction =  0.65 KN/mm

Isolator 3 (RUB3) : Placed at the base of column 2B. (Fig. 4.3)
Effective stiffness in vertical direction = 1865 KN/mm

Effective stiffness in horizontal direction = 0.975 KN/mm

3.) For isolator stiffness in proportion of mass ratio :

Isolator 1 (RUB1) : Placed at the base of columns 1A,1D,2D,4A,4B (Fig. 4.3)
Effective stiffness in vertical direction =  1708 KN/mm

Effective stiffness in horizontal direction =  0.45 KN/mm    
Isolator 2 (RUB2) : Placed at the base of columns 1B,1C,2A,2C,3A,3B (Fig. 4.3)
Effective stiffness in vertical direction = 1785 KN/mm      

Effective stiffness in horizontal direction =  0.716 KN/mm      

Isolator 3 (RUB3) : Placed at the base of column 2B. (Fig. 4.3)
Effective stiffness in vertical direction = 1805 KN/mm      

Effective stiffness in horizontal direction = 0.92 KN/mm 
The elevation of isolated frame is as shown in (fig. 4.5) , an enlarged view of isolator is also being shown.
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Fig. 4.5 :  Elevation of Isolated frame (At Grid D)
4.2.3 Seismic loading : 

For  response spectrum analysis , the response spectrum given in  IS 1893-2002 for Delhi (zone IV , Z= 0.24) and medium soil (Type II) is being used for seismic loading. Damping in analysis for both fixed base & base isolated structure is taken as 5 % as the default value in IS 1893-2002 response spectrum Linear isolator is being used so no additional damping will be there due to the damping of isolator.

       For time history analysis , the time history of NS component of El-Centro -1940     earthquake having peak acceleration value as 0.3188g at around t=2.5 sec. is being used as exciting ground motion. Graphical plot of this time history data is as shown (fig. 4.6). No response reduction factors are being applied  since here the purpose is just to compare the responses for different cases of isolated structure considered. Otherwise if response reduction factors are to be used then R=3.5 for fixed base and R=2 (modified) for isolated structure is to be used as per UBC 97. Application of “R” is prohibited in zone IV & V as per IS 1893-2002.
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    Fig. 4.6 :  Plot of El-Centro time history NS component -1940 
    (source: www.csiberkeley.com  )

4.3 Numerical Study: Steps followed 
The present study has been carried out to study the “Effect of non-uniformity in isolator stiffness on torsional coupling”.
3d analysis of an L- shape, 7 storey,  frame with dimensions as given in 4.2.1, is being done in the present work for 4 different cases, to study the effect of isolator stiffness asymmetry on the torsional parameters of superstructure. 

1 Fixed base frame with no isolators. 
2. Isolated frame with all isolators of uniform stiffness.

3. Isolated frame with isolators of randomly different stiffness.

4. Isolated frame with isolators of different stiffness, Isolator stiffness  in proportion of the load coming on the individual column (or in proportion to mass ratio).

The analysis is carried out, Then results are compared for the above 4 cases, basically the base shear in the ground storey column of some particular locations are being compared to observe the difference in the ratio of those base shear values, which indirectly represent the extent of torsional coupling.  Also the frequency ratio is being compared for all the 3 isolated cases. Frequency ratio is a direct measure of torsional coupling in the structure.

Isolators used for isolation are laminated rubber isolators, & they are of linear type. Modeling and analysis of the frame is being done in SAP-2000 Version-11 (Advanced) using both response spectrum (IS 1893:2002) and time history (EL-Centro NS component) . 

.

                          The base isolators, are being chosen from the available isolators as per the requirement of the structure. And in response spectrum analysis : the damping of isolators are only assumed to be the damping of the structure, because there will not be any additional damping, the isolator being linear.

Various steps involved are as follows :

· Analysis of fixed base 3-D RCC  L -shape frame for dead and seismic loads.

· Analysis of above frame for: (1.) seismic loading as per IS 1893-2002 response spectrum &  

             (2.) An arbitrarily chosen time history loading (EL-Centro 1940).

· Modeling of the above frame: (1.) With isolators of uniform stiffness below each column 

(2.) For  isolators of randomly different stiffness.& 

(3.)For the stiffness of isolators in proportion to the load coming on the individual       column.

· Response spectrum analysis of above all three “Base isolated frames” for IS 1893-2002 response spectrum seismic loading.

· Nonlinear time history analysis of  above all three “base isolated 3-D frame” using EL-Centro -1940 NS component.

5. results & Discussion :

Analysis of the frame under consideration as described in numerical study is being done using SAP 2000 Ver. 11 (Advanced)  for all the four cases :

1.)Fixed base frame with no isolators.

2.)Isolated frame with all isolators of uniform stiffness.

3.)Isolated frame with isolators of randomly different stiffness.

4.)Isolated frame with isolators of different stiffness , stiffness being in proportion of the load coming on the individual column (or in proportion to mass ratio).

As analysis results, the values of fundamental time 
period (for 1st mode)  of the structure,  Column shear for particular ground storey columns(Columns with extreme values of column shear): 1A,1D,2B,2D,4A,4B (as shown in plan in fig. 5.1)  and base & top displacement ( i.e. absolute and relative displacements) are obtained for all four cases, (1,2,3,4) using modal & both response spectrum and non-linear time history analysis. And after analysis the displacement time histories for top displacement are obtained. All above results are obtained directly from SAP.

[image: image52.png]



Fig. 5.1 : Plan specifying location of columns 1A,1D,2B,2D,4A,4B.

Then  Center of Gravity (C.G.) & Centre of Rigidity (C.R.) are being located manually .Then eccentricities (e) values i.e. distance between CG & CR is calculated for all of the three isolated cases, then the frequency ratio (
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) is being calculated as described in methodology . During above  all exercise, the superstructure is considered to be a perfectly rigid body. These all are obtained manually.  So following are the results obtained on 3D analysis of the  L-shape 7 storey 3 bay frame under consideration.
5.1 Results of Analysis carried out :
General:

The four structural models under consideration are analyzed in SAP 2000 (Ver. 11) for Response Spectrum (IS 1893-2002) & Time History (EL-Centro, NS-Component 1940) loading, and analysis results are given in following tables ( Table 5.1 to 5.7).
Table 5.1: Fundamental time period in sec.:  Compares the fundamental time periods which is obtained from modal analysis, for the 4 cases under consideration. & gives the ratio of the same with respect to the fixed base case. 
	Structure Model

	Time period
	Ratio w.r.t. fixed based

	
	(sec.)
	

	Fixed
	0.78525 
	1.0

	Isolated : uniform  isolator stiffness
	2.5681 
	3.27

	Isolated : diff.  isolator stiffness
	2.873 
	3.66

	Isolated : isolator stiffness in proportion to the load coming on the column
	2.868 
	3.65


Table 5.2 Total base shear values ( KN): 
The  total base shear is given in table 5.2 , for response spectrum (IS 1893-2002)

loading. The table compares the base shear values for t
	Structure Model
	Base Shear Values 
	Ratio w.r.t. Fixed Base

	Fixed Frame
	4932.6 KN
	1.0

	Isolated : uniform isolator stiffness
	805 KN
	0.1632

	Isolated : diff. isolator stiffness
	705.07 KN
	0.143

	Isolated : stiffness in proportion to the load coming on the column
	809.653 KN
	0.164


Table 5.3 :Column shear (KN) in ground storey columns  :  
Base shear values in columns 1A,1D,2B,2D,4A,4B (location shown in fig 5.1) for both response spectrum &  time history  is given in table 5.3. And  ratio of extreme base shear values (i.e. maximum (in 2B) & minimum (in 1D) value of shear in ground storey columns) & stiffness values for isolators used in each case are also given in the same table (5.3)
	
	Column shear values (KN)


	
	Ratio of extreme column shear values

( 2B/1D)
	Isolator stiffness

	Col. no.
	Response Spectrum
	Time History
	Res. Spec.
	Time                           His.
	     k (kN/mm)

	
	1. Fixed
	
	
	
	

	c1
	372.856
	374.44
	1.37


	1.374


	

	c2
	372.343
	374.313
	
	
	

	c3
	497.075
	519.45.
	
	
	

	c4
	365.266
	379.243
	
	
	

	c5
	365.81
	382.6
	
	
	

	c6
	363.802
	378.12
	
	
	

	
	2. Uniform isolated
	
	
	
	

	c1
	46.133
	109.51
	2.75


	2.77


	0.685

	c2
	46.03
	109.275
	
	
	

	c3
	114.6
	269.11
	
	
	

	c4
	41.098
	95.7
	
	
	

	c5
	42.05
	98.35
	
	
	

	c6
	41.683
	97.2
	
	
	

	                                                                                                                            Contd……
3. Isolators with different stiffness

	c1
	40.813
	92.05
	2.65


	2.66


	

	c2
	40.706
	91.82
	
	
	k1 = 0.275

	c3
	99.205
	223.8725
	
	
	k2=0.65

	c4
	36.863
	82.95
	
	
	

	c5
	36.9
	83.076
	
	
	k3=0.975

	c6
	37.414
	84.22
	
	
	

	
	4. Isolators with Stiffness in mass ratio
	
	
	
	

	c1
	80.25
	178.53
	1.47


	1.476


	

	c2
	80.203
	178.65
	
	
	k1 = 0.45

	c3
	92.16
	204
	
	
	k2=0.716

	c4
	59.45
	131.685
	
	
	k3=0.920

	c5
	69.513
	154.104
	
	
	

	c6
	62.58
	138.553
	
	
	


                                                     
Table 5.4 : Frequency ratio & Eccentricity values:  Compares the frequency ratio: 
(calculated manually as described in chapter 4,sec 4.1) & eccentricity values (calculated manually considering superstructure to be rigid)
	Structural Model
	

	eccentricity (e)

	Uniformly isolated
	1.527
	0.276 m

	Isolators with different stiffness
	1.319
	(-) 0.46 m

	Isolators with Stiffness in mass ratio
	1.413
	(-) 0.362 m


Table 5.5 : Base and top displacements(in mm.): Compares the base & top displacements, 
obtained from SAP for both response spectrum & time history loading. For each case the nodal displacement values which gives maximum top relative displacement are compared.
	Structural Model
	Response Spectrum 
	               Time History

	
	Base
	Top (Abs.)
	Top (Rel.)
	Base
	Top (abs.)
	Top (rel.)

	Fixed base
	0
	91.35
	91.35
	0
	92.95
	92.95

	Uniformly isolated
	107.82
	122.95
	15.13
	264.58
	304.05
	39.47

	Isolators with Different stiffness
	117.08
	130.52
	13.44
	276.85
	308.6
	31.75

	Isolators with stiffness in mass ratio
	121.2
	133.2
	12
	281.8
	310.9
	29.1


Table 5.6 : Maximum Inter storey Drift values (mm): Inter storey drifts for each storey is calculated & the maximum value for each structure is compared for all 4 models in this table.
	Structural Model
	     Response Spectrum 
	         Time History

	Fixed Frame
	               16.924
	18.298

	Uniformly isolated 
	                2.97
	7.5

	Diff. isolator stiffness
	                2.594
	6.22

	Diff. stiffness in mass ratio
	                2.08
	4.94


 Table 5.7 : Bending moment in Columns (in KN-m):  The bending moment values for ground storey columns are taken from SAP analysis results & the maximum Bending Moments for each case are compared for al 4 cases in this table.  
	
	Fixed frame
	Uniformly isolated 
	Different isolator stiffness
	Different stiffness in mass ratio

	Response Spectrum
	1493.92
	193.27
	269.89
	256.38

	Time History
	1529.82
	382.23
	272.4
	535.35


MODE SHAPES OF FOUR FRAMES:

First mode shapes & deformed plan for fixed &  all of three base isolated frames (fig. 5.2 a,b,c,d,e,f) and The top displacement time histories (fig. 5.3 a,b,c,d) are obtained as shown in the following figures :  
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Fig. 5.2 (a)  1st mode shape for fixed base  frame : 3D view
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Fig. 5.2 (b)  1st mode shape for fixed base  frame : top view
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Fig. 5.2 (c)  1st mode shape for uniform isolated frame : top view
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Fig. 5.2 (d)  1st mode shape for uniform isolated frame : 3D view
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Fig. 5.2 (e) 1st mode shape for different (random) isolator stiffness frame : 3D view
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Fig. 5.2 (f) 1st mode shape for isolator stiffness in mass ratio frame : 3D view
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Fig. 5.3 (a) Top displacement (mm)  time history for frame resting on fixed base
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Fig. 5.3 (b) Top displacement (mm) time history for frame resting on isolators of uniform stiffness
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Fig. 5.3 (c) Top displacement (mm) time history for frame resting on isolators of randomly different stiffness.
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Fig. 5.3 (d) Top displacement (mm) time history for frame resting on isolators of different stiffness in proportion to load coming on the column.

Bending moment variations for fixed frame is as shown in fig. 5.4 (a) & (b) for response spectrum & time history analysis respectively. The values of  maximum bending moments (obtained from analysis results for the structure using SAP) are given  in Table 5.7 (page 53)                                   [image: image64.png]


                             

          Fig. 5.4 (a) BMD at Grid 2 for fixed frame subjected to response spectrum (IS  1893:2002) loading.

                                                   [image: image65.png]


    
       Fig. 5.4 (b) BMD at Grid 2 for fixed frame subjected to time history (El-Centro) loading.

5.2 Discussion of results :
· EFFECT ON TIME PERIOD : Results obtained for the present study carried out using SAP 2000 for time period (Table 5.1), & Table clearly shows that the time period is being magnified upto 3.2 times while going for uniformly isolated frame (T=2.5681 Sec.) from the fixed one (T=0.78525 Sec.) . The spectral acceleration & base shear will also correspondingly get reduced, This shows the effectiveness of seismic isolation.
Coming to the isolated cases  the maximum magnification in time period is being observed in the case when isolators of different stiffness are being used.

· EFFECT ON BASE SHEAR :  Results shown in table 5.2 for total base shear show that on introduction of isolators to the fixed base frame the value of base shear is reduce upto 1/6th of the fixed one. For isolated cases the maximum reduction in base shear is observed in case 3 ( randomly different isolator stiffness -from 4932.6 KN for fixed case to 705.07 KN for case 3 ) and almost equal reduction is there for both case 2-uniform isolator stiffness & case 4-isolator stiffness in the ratio of load coming on individual column, reduction is slightly for uniform stiffness case (805 KN) as compared to case 4 (809.653 KN)
· EFFECT ON RATIO OF EXTREME SHEAR VALUES IN GROUND STOREY COLUMNS (2B/1D): From the results obtained from the analysis it is being observed that the ratio of base shear in ground storey columns 2B (maximum shear : interior column) & 1D (minimum shear : exterior column) : 2B/1D (table 5.3) is minimum for the case 4 ( only base isolated cases considered) i.e. when the structure is resting on the isolators of stiffness in proportion of the load coming on individual column. This ratio is one measure of torsional coupling in the superstructure , if the difference between these shear values is large  or in other words if 2B/1D is high then this implies more torsional effects in the structure.  

· EFFECT ON FREQUENCY RATIO & ECCENTRICITY : The most important parameter to have an idea of extent of torsional coupling in the superstructure is the frequency ratio (
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) . For the same value of eccentricity  or  other parameters (like 2B/1D here) , the torsional coupling will be more if the frequency ratio is low i.e. superstructure will vibrate in torsional  direction in earlier modes.
            Frequency ratios for each case is being displayed in Table 5.4 ,  
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 is more for     case 2 (
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=1.527) when the structure is resting on isolators of uniform stiffness than that for the case 4 (
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=1.413) when structure is resting on the isolators of stiffness in proportion of the load coming on individual column. As per this observation in case 2  the structure will be less torsionally flexible than in that of case (4) , this contradicts the above 2B/1D  logic. But actually the governing factor for torsion is the frequency ratio neither the ratio of shears nor the eccentricity values. Thus as far as torsion is concerned uniform case is performing better.
· EFFECT ON RELATIVE TOP DISPLACEMENT & INTER STOREY DRIFT:  The results show that relative top displacement & inter storey drifts are reduced upto 1/6th  times & 1/7th  times respectively while  moving from fixedto the isolated fram. If top relative displacement (table 5.5) & maximum inter storey drift (table 5.6) is considered then that is quite low in case 4 i.e. when structure is resting upon the isolators of stiffness in ratio of the mass coming on the individual columns. But the top relative displacement in case of isolated frame is in order of few mm’s , (inter storey drift quite low in isolated frames because of major amount of displacement occurs at the isolation level itself.).  So more important parameter of concern is the frequency ratio as compared to this relative displacement & inter storey drift which are actually matter of few mm’s only in case of isolated frame, The reason being: the major amount of lateral drift is accommodated at the isolation level, hence there is substantial lateral deflection in isolators but the inter storey drifts are very  low.
· EFFECT ON MAXIMUM BENDING MOMENT : Further  when it comes to bending moment values (table 5.7) it is clearly observed that For isolated cases the maximum bending moment reduced upto 1/10th of that of fixed case . The value of maximum bending moment is very high (535.35 KN-m ) in case when the structure is resting on the isolators of stiffness in proportion of the load coming on individual column compared to (382.23) when the structure is resting on the isolators of same stiffness. The values of bending moment shown here is when EL-Centro time history was the input motion as earth quake loading. So considering bending moment also, the uniformly isolated frame is performing better as compared to the one with isolator stiffness in ratio of load coming on individual columns.
· EFFECT ON DEFORMED SHAPE OR TWISTING : In fig. 5.2 (a & b) which shows the deformed shape of the superstructure in plan, the twisting effect is conspicuously visible in case of fixed frame & the same in isolated frame is considerably reduced. This shows the effectiveness of  base isolation as far as twisting of superstructure is concerned. Again the reason being “maximum displacement is taking place at the isolation level only” so superstructure is not deforming much. Comparing the 3 isolated cases the difference is not quite visible because the difference in displacements values (along x,y & z direction) for different isolated cases being very low in an orders of few mm’s only.

6 . CONCLUSION :
On the basis of numerical study & discussions of results obtained after analysis, following conclusions were drawn :

· Base isolation substantially increases the time period of structure & hence correspondingly reduces the base shear. As observed in the present study (Table 5.1 & 5.2) the time period is being increased upto 3.2 times & base shear is reduced upto 1/6th of that of fixed one.
· The deformed shape in plan for fixed & isolated (uniform stiffness) : fig. 5.2 (a) & 5.2 (b) clearly indicates the reduced twisting effect in case of isolated frame. This can be ensured by comparing the values of displacements in other 2 normal directions than U1 i.e. U2 & U3. Thus seismic isolation considerably reduces the twisting effect.
· The study carried out here  and results obtained suggests the structure resting on the isolators of uniform stiffness as a better option  than that resting on the isolators of stiffness in proportion of mass ratio as far as torsional coupling (because frequency ratio is observed to be highest=1.527 for uniformly isolated case amongst the all 4 cases considered) & maximum bending moment (is observed to be minimum=193.27 KN-m for response spectrum & 382.3 KN-m for time history for uniformly isolated case  amongst the all 4 cases considered) is concerned. Which is quite contradictory from the eccentricity approach for torsional behavior.

· As far as the relative top displacement & maximum inter storey drifts are concerned, In this present study, the  results obtained suggest that  the case 4 i.e. the when the stiffness of isolators are in the ratio of the load coming on individual column gives lower relative top displacement & maximum inter storey drifts as compared to case 2  i.e. uniform isolator stiffness. 
· The top displacement time histories for fixed & isolated cases conspicuously shows the reduction in frequency & hence magnified time period in case of isolated frame. And the base shear value will get reduced corresponding to the increased time period of the structure.
                             Based on the study carried out & discussion of results it is observed that      how effective seismic isolation is considering various aspects such as: base shear, inter storey drifts, maximum bending moments & column shears etc. In case of torsion: Analysis results of the study suggest that isolators of uniform stiffness are better option as compared to isolators of stiffness in ratio of column load, when torsional coupling is concerned. The reason being increase in frequency ratio in case of uniform isolation. 
7. SCOPE FOR FUTURE RESEARCH :
There is much to explore  in this flourishing field of seismic isolation. Specially in our country a lot of research work can be done & needed to be done. In this particular  dissertation work the study is being carried out only for 1st mode of vibration the effect of higher modes was not being considered , the effect of higher modes on  torsional coupling of superstructure can be a stuff to be explored . Further the superstructure was assumed to be perfectly rigid for this study, so the effect of superstructure flexibility can also be  investigated. Further the parametric studies can be conducted might be based on extent of eccentricity or superstructure stiffness variation etc. 
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Fig. 3.1) Idealized Force Deflection behaviour  of an Isolator





Fig. 3.2)Force Deflection curve for a Linear Base Isolator





Fig. 3.3.)Force Deflection curve for non linear Isolator





Fig. 3.4) Spectral Plot for different damping ratios(according to IS 1893-2002)





Fig.3.5) :Nonlinear Behaviour of NLlink element in SAP 2000
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		0.55		0.5454545455		5.3509090909		0.5457927273		0.4912134545		0.4545454545		0.0467272727		51.0261818182		0.55		0.5949140727		0.4164398509				0.55		0.3818181818

		0.8		0.375		3.67875		0.3752325		0.33770925								0.8		0.409003425		0.2863023975				0.8		0.2625

		1		0.3		2.943		0.300186		0.2701674								1		0.32720274		0.229041918				1		0.21

		1.2		0.25		2.4525		0.250155		0.2251395								1.2		0.27266895		0.190868265				1.2		0.175

		1.4		0.2142857143		2.1021428571		0.2144185714		0.1929767143								1.4		0.2337162429		0.16360137				1.4		0.15

		1.6		0.1875		1.839375		0.18761625		0.168854625								1.6		0.2045017125		0.1431511988				1.6		0.13125

		1.8		0.1666666667		1.635		0.16677		0.150093								1.8		0.1817793		0.12724551				1.8		0.1166666667

		2		0.15		1.4715		0.150093		0.1350837								2		0.16360137		0.114520959				2		0.105

		2.5		0.12		1.1772		0.1200744		0.10806696		0.1136363636						2.5		0.130881096		0.0916167672				2.5		0.084

		3		0.1		0.981		0.100062		0.0900558		0.0681818182		0.0245454545				3		0.10906758		0.076347306				3		0.07

		3.5		0.0857142857		0.8408571429		0.0857674286		0.0771906857								3.5		0.0934864971		0.065440548				3.5		0.06

		4		0.075		0.73575		0.0750465		0.06754185								4		0.081800685		0.0572604795				4		0.0525

		4.5		0.0666666667		0.654		0.066708		0.0600372								4.5		0.07271172		0.050898204				4.5		0.0466666667

		5		0.06		0.5886		0.0600372		0.05403348								5		0.065440548		0.0458083836				5		0.042

		5.5		0.0545454545		0.5350909091		0.0545792727		0.0491213455								5.5		0.0594914073		0.0416439851				5.5		0.0381818182

		6		0.05		0.4905		0.050031		0.0450279								6		0.05453379		0.038173653				6		0.035

		6.5		0.0461538462		0.4527692308		0.0461824615		0.0415642154								6.5		0.0503388831		0.0352372182				6.5		0.0323076923

		7		0.0428571429		0.4204285714		0.0428837143		0.0385953429								7		0.0467432486		0.032720274				7		0.03

		7.5		0.04		0.3924		0.0400248		0.03602232								7.5		0.043627032		0.0305389224				7.5		0.028

		8		0.0375		0.367875		0.03752325		0.033770925								8		0.0409003425		0.0286302398				8		0.02625

		8.5		0.0352941176		0.3462352941		0.035316		0.0317844								8.5		0.03849444		0.026946108				8.5		0.0247058824

		9		0.0333333333		0.327		0.033354		0.0300186								9		0.03635586		0.025449102				9		0.0233333333

		9.5		0.0315789474		0.3097894737		0.0315985263		0.0284386737								9.5		0.0344423937		0.0241096756				9.5		0.0221052632

		10		0.03		0.2943		0.0300186		0.02701674								10		0.032720274		0.0229041918				10		0.021





		IS-0.05				IN G								IN G										IS-0.2

						*4.1667		5%		5% without R in m/sq s)				20%		20%WITHOUT R

		0		0.24		1.00000008		0.3363428841		1.1772000942				0.600000048		0.7063200565				0.3363428841		0		0.7063200565				0		0.3363428841				0		0.24		0.144

		0.1		0.6		2.5		0.8408571429		2.943				1.5		1.7658				0.8408571429		0.1		1.7658				0.1		0.8408571429				0.1		0.6		0.36

		0.2		0.6		2.5		0.8408571429		2.943				1.5		1.7658				0.8408571429		0.2		1.7658				0.2		0.8408571429				0.2		0.6		0.36

		0.3		0.6		2.5		0.8408571429		2.943				1.5		1.7658				0.8408571429		0.3		1.7658				0.3		0.8408571429				0.3		0.6		0.36

		0.4		0.6		2.5		0.8408571429		2.943				1.5		1.7658				0.8408571429		0.4		1.7658				0.4		0.8408571429				0.4		0.6		0.36

		0.55		0.6		2.5		0.8408571429		2.943				1.5		1.7658				0.8408571429		0.55		1.7658				0.55		0.8408571429				0.55		0.6		0.36

		0.8		0.408		1.7		0.5717828571		2.00124				1.02		1.200744				0.5717828571		0.8		1.200744				0.8		0.5717828571				0.8		0.408		0.2448

		1		0.3264		1.36		0.4574262857		1.600992				0.816		0.9605952				0.4574262857		1		0.9605952				1		0.4574262857				1		0.3264		0.19584

		1.2		0.272		1.1333333333		0.3811885714		1.33416				0.68		0.800496				0.3811885714		1.2		0.800496				1.2		0.3811885714				1.2		0.272		0.1632

		1.4		0.2331		0.97125		0.326673		1.1433555				0.58275		0.6860133				0.326673		1.4		0.6860133				1.4		0.326673				1.4		0.2331		0.13986

		1.6		0.204		0.85		0.2858914286		1.00062				0.51		0.600372				0.2858914286		1.6		0.600372				1.6		0.2858914286				1.6		0.204		0.1224

		1.8		0.1813		0.7554166667		0.254079		0.8892765				0.45325		0.5335659				0.254079		1.8		0.5335659				1.8		0.254079				1.8		0.1813		0.10878

		2		0.1632		0.68		0.2287131429		0.800496				0.408		0.4802976				0.2287131429		2		0.4802976				2		0.2287131429				2		0.1632		0.09792

		2.5		0.1306		0.5441666667		0.1830265714		0.640593				0.3265		0.3843558				0.1830265714		2.5		0.3843558				2.5		0.1830265714				2.5		0.1306		0.07836

		3		0.1088		0.4533333333		0.1524754286		0.533664				0.272		0.3201984				0.1524754286		3		0.3201984				3		0.1524754286				3		0.1088		0.06528

		3.5		0.0933		0.38875		0.1307532857		0.4576365				0.23325		0.2745819				0.1307532857		3.5		0.2745819				3.5		0.1307532857				3.5		0.0933		0.05598

		4		0.0816		0.34		0.1143565714		0.400248				0.204		0.2401488				0.1143565714		4		0.2401488				4		0.1143565714				4		0.0816		0.04896

		4.5		0.0816		0.34		0.1143565714		0.400248				0.204		0.2401488				0.1143565714		4.5		0.2401488				4.5		0.1143565714				4.5		0.0816		0.04896

		5		0.0816		0.34		0.1143565714		0.400248				0.204		0.2401488				0.1143565714		5		0.2401488				5		0.1143565714				5		0.0816		0.04896

		5.5		0.0816		0.34		0.1143565714		0.400248				0.204		0.2401488				0.1143565714		5.5		0.2401488				5.5		0.1143565714				5.5		0.0816		0.04896

		6		0.0816		0.34		0.1143565714		0.400248				0.204		0.2401488				0.1143565714		6		0.2401488				6		0.1143565714				6		0.0816		0.04896

		6.5		0.0816		0.34		0.1143565714		0.400248				0.204		0.2401488				0.1143565714		6.5		0.2401488				6.5		0.1143565714				6.5		0.0816		0.04896

		7		0.0816		0.34		0.1143565714		0.400248				0.204		0.2401488				0.1143565714		7		0.2401488				7		0.1143565714				7		0.0816		0.04896

		7.5		0.0816		0.34		0.1143565714		0.400248				0.204		0.2401488				0.1143565714		7.5		0.2401488				7.5		0.1143565714				7.5		0.0816		0.04896

		8		0.0816		0.34		0.1143565714		0.400248				0.204		0.2401488				0.1143565714		8		0.2401488				8		0.1143565714				8		0.0816		0.04896

		8.5		0.0816		0.34		0.1143565714		0.400248				0.204		0.2401488				0.1143565714		8.5		0.2401488				8.5		0.1143565714				8.5		0.0816		0.04896

		9		0.0816		0.34		0.1143565714		0.400248				0.204		0.2401488				0.1143565714		9		0.2401488				9		0.1143565714				9		0.0816		0.04896

		9.5		0.0816		0.34		0.1143565714		0.400248				0.204		0.2401488				0.1143565714		9.5		0.2401488				9.5		0.1143565714				9.5		0.0816		0.04896

		10		0.0816		0.34		0.1143565714		0.400248				0.204		0.2401488				0.1143565714		10		0.2401488				10		0.1143565714				10		0.0816		0.04896

																		0.186
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		31.18



Time (sec)

Acc in g

0.0063

0.00364

0.00099

0.00428

0.00758

0.01087

0.00682

0.00277

-0.00128

0.00368

0.00864

0.0136

0.00727

0.00094

0.0042

0.00221

0.00021

0.00444

0.00867

0.0129

0.01713

-0.00343

-0.024

-0.00992

0.00416

0.00528

0.01653

0.02779

0.03904

0.02449

0.00995

0.00961

0.00926

0.00892

-0.00486

-0.01864

-0.03242

-0.03365

-0.05723

-0.04534

-0.03346

-0.03201

-0.03056

-0.02911

-0.02766

-0.04116

-0.05466

-0.06816

-0.08166

-0.06846

-0.05527

-0.04208

-0.04259

-0.04311

-0.02428

-0.00545

0.01338

0.03221

0.05104

0.06987

0.0887

0.04524

0.00179

-0.04167

-0.08513

-0.12858

-0.17204

-0.12908

-0.08613

-0.08902

-0.09192

-0.09482

-0.09324

-0.09166

-0.09478

-0.09789

-0.12902

-0.07652

-0.02401

0.02849

0.08099

0.1335

0.186

0.2385

0.21993

0.20135

0.18277

0.1642

0.14562

0.16143

0.17725

0.13215

0.08705

0.04196

-0.00314

-0.04824

-0.09334

-0.13843

-0.18353

-0.22863

-0.27372

-0.31882

-0.25024

-0.18166

-0.11309

-0.04451

0.02407

0.09265

0.16123

0.22981

0.29839

0.23197

0.16554

0.09912

0.0327

-0.03372

-0.10014

-0.16656

-0.23299

-0.29941

-0.00421

0.29099

0.2238

0.15662

0.08943

0.02224

-0.04495

0.01834

0.08163

0.14491

0.2082

0.18973

0.17125

0.13759

0.10393

0.07027

0.03661

0.00295

-0.03071

-0.00561

0.01948

0.04458

0.06468

0.08478

0.10487

0.05895

0.01303

-0.03289

-0.07882

-0.03556

0.00771

0.05097

0.01013

-0.03071

-0.07156

-0.1124

-0.15324

-0.11314

-0.07304

-0.03294

0.00715

-0.0635

-0.13415

-0.2048

-0.12482

-0.04485

0.03513

0.1151

0.19508

0.12301

0.05094

-0.02113

-0.0932

-0.02663

0.03995

0.10653

0.17311

0.11283

0.05255

-0.00772

0.01064

0.029

0.04737

0.06573

0.02021

-0.0253

-0.07081

-0.04107

-0.01133

0.00288

0.01709

0.03131

-0.02278

-0.07686

-0.13095

-0.18504

-0.14347

-0.1019

-0.06034

-0.01877

0.0228

-0.00996

-0.04272

-0.02147

-0.00021

0.02104

-0.01459

-0.05022

-0.08585

-0.12148

-0.15711

-0.19274

-0.22837

-0.18145

-0.13453

-0.08761

-0.04069

0.00623

0.05316

0.10008

0.147

0.09754

0.04808

-0.00138

0.05141

0.1042

0.15699

0.20979

0.26258

0.16996

0.07734

-0.01527

-0.10789

-0.20051

-0.06786

0.06479

0.01671

-0.03137

-0.07945

-0.12753

-0.17561

-0.22369

-0.27177

-0.15851

-0.04525

0.06802

0.18128

0.14464

0.108

0.07137

0.03473

0.09666

0.1586

0.22053

0.18296

0.14538

0.1078

0.07023

0.03265

0.06649

0.10033

0.13417

0.10337

0.07257

0.04177

0.01097

-0.01983

0.04438

0.1086

0.17281

0.10416

0.03551

-0.03315

-0.1018

-0.07262

-0.04344

-0.01426

0.01492

-0.02025

-0.05543

-0.0906

-0.12578

-0.16095

-0.19613

-0.14784

-0.09955

-0.05127

-0.00298

-0.01952

-0.03605

-0.05259

-0.04182

-0.03106

-0.02903

-0.02699

0.02515

0.0177

0.02213

0.02656

0.00419

-0.01819

-0.04057

-0.06294

-0.02417

0.0146

0.05337

0.02428

-0.0048

-0.03389

-0.00557

0.02274

0.00679

-0.00915

-0.02509

-0.04103

-0.05698

-0.01826

0.02046

0.00454

-0.01138

-0.00215

0.00708

0.00496

0.00285

0.00074

-0.00534

-0.01141

0.00361

0.01863

0.03365

0.04867

0.0304

0.01213

-0.00614

-0.02441

0.01375

0.01099

0.00823

0.00547

0.00812

0.01077

-0.00692

-0.02461

-0.0423

-0.05999

-0.07768

-0.09538

-0.06209

-0.0288

0.00448

0.03777

0.01773

-0.00231

-0.02235

0.01791

0.05816

0.03738

0.0166

-0.00418

-0.02496

-0.04574

-0.02071

0.00432

0.02935

0.01526

0.01806

0.02086

0.00793

-0.00501

-0.01795

-0.03089

-0.01841

-0.00593

0.00655

-0.02519

-0.05693

-0.04045

-0.02398

-0.0075

0.00897

0.00384

-0.00129

-0.00642

-0.01156

-0.02619

-0.04082

-0.05545

-0.04366

-0.03188

-0.06964

-0.05634

-0.04303

-0.02972

-0.01642

-0.00311

0.0102

0.0235

0.03681

0.05011

0.02436

-0.00139

-0.02714

-0.00309

0.02096

0.04501

0.06906

0.05773

0.0464

0.03507

0.03357

0.03207

0.03057

0.0325

0.03444

0.03637

0.01348

-0.00942

-0.03231

-0.02997

-0.03095

-0.03192

-0.02588

-0.01984

-0.01379

-0.00775

-0.01449

-0.02123

0.01523

0.0517

0.08816

0.12463

0.16109

0.12987

0.09864

0.06741

0.03618

0.00495

0.0042

0.00345

0.00269

-0.05922

-0.12112

-0.18303

-0.12043

-0.05782

0.00479

0.0674

0.13001

0.08373

0.03745

0.06979

0.10213

-0.03517

-0.17247

-0.13763

-0.10278

-0.06794

-0.0331

-0.03647

-0.03984

-0.00517

0.0295

0.06417

0.09883

0.1335

0.05924

-0.01503

-0.08929

-0.16355

-0.06096

0.04164

0.01551

-0.01061

-0.03674

-0.06287

-0.08899

-0.0543

-0.01961

0.01508

0.04977

0.08446

0.05023

0.016

-0.01823

-0.05246

-0.08669

-0.06769

-0.0487

-0.0297

-0.01071

0.00829

-0.00314

0.02966

0.06246

-0.00234

-0.06714

-0.04051

-0.01388

0.01274

0.00805

0.03024

0.05243

0.02351

-0.00541

-0.03432

-0.06324

-0.09215

-0.12107

-0.0845

-0.04794

-0.01137

0.0252

0.06177

0.04028

0.0188

0.04456

0.07032

0.09608

0.12184

0.0635

0.00517

-0.05317

-0.03124

-0.0093

0.01263

0.03457

0.03283

0.03109

0.02935

0.04511

0.06087

0.07663

0.09239

0.05742

0.02245

-0.01252

0.0068

0.02611

0.04543

0.01571

-0.01402

-0.04374

-0.07347

-0.0399

-0.00633

0.02724

0.0608

0.03669

0.01258

-0.01153

-0.03564

-0.00677

0.0221

0.05098

0.07985

0.06915

0.05845

0.04775

0.03706

0.02636

0.05822

0.09009

0.12196

0.10069

0.07943

0.05816

0.03689

0.01563

-0.00564

-0.0269

-0.04817

-0.06944

-0.0907

-0.11197

-0.11521

-0.11846

-0.1217

-0.12494

-0.165

-0.20505

-0.15713

-0.10921

-0.06129

-0.01337

0.03455

0.08247

0.07576

0.06906

0.06236

0.08735

0.11235

0.13734

0.12175

0.10616

0.09057

0.07498
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Elcentro Earthquake NS component

Time (sec)

Acceleration(g m/sq sec)
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0.00364

0.00099

0.00428

0.00758

0.01087

0.00682

0.00277
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0.00368
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0.00727
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0.00221
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-0.00336

-0.0033

-0.00323

-0.00317

-0.00311

-0.00304

-0.00298

-0.00292

-0.00285

-0.00279

-0.00273

-0.00266

-0.0026

-0.00254

-0.00247

-0.00241

-0.00235

-0.00228

-0.00222

-0.00216

-0.00209

-0.00203

-0.00197

-0.0019

-0.00184

-0.00178

-0.00171

-0.00165

-0.00158

-0.00152

-0.00146

-0.00139

-0.00133

-0.00127

-0.0012

-0.00114

-0.00108

-0.00101

-0.00095

-0.00089

-0.00082

-0.00076

-0.0007

-0.00063

-0.00057

-0.00051

-0.00044

-0.00038

-0.00032

-0.00025

-0.00019

-0.00013

-0.00006

0

0



elcentro-NS component

		0		0.0063

		0.02		0.00364

		0.04		0.00099

		0.06		0.00428

		0.08		0.00758

		0.1		0.01087

		0.12		0.00682

		0.14		0.00277

		0.16		-0.00128

		0.18		0.00368

		0.2		0.00864

		0.22		0.0136

		0.24		0.00727

		0.26		0.00094

		0.28		0.0042

		0.3		0.00221

		0.32		0.00021

		0.34		0.00444

		0.36		0.00867

		0.38		0.0129

		0.4		0.01713

		0.42		-0.00343

		0.44		-0.024

		0.46		-0.00992

		0.48		0.00416

		0.5		0.00528

		0.52		0.01653

		0.54		0.02779

		0.56		0.03904

		0.58		0.02449

		0.6		0.00995

		0.62		0.00961

		0.64		0.00926

		0.66		0.00892

		0.68		-0.00486

		0.7		-0.01864

		0.72		-0.03242

		0.74		-0.03365

		0.76		-0.05723

		0.78		-0.04534

		0.8		-0.03346

		0.82		-0.03201

		0.84		-0.03056

		0.86		-0.02911

		0.88		-0.02766

		0.9		-0.04116

		0.92		-0.05466

		0.94		-0.06816

		0.96		-0.08166

		0.98		-0.06846

		1		-0.05527

		1.02		-0.04208

		1.04		-0.04259

		1.06		-0.04311

		1.08		-0.02428

		1.1		-0.00545

		1.12		0.01338

		1.14		0.03221

		1.16		0.05104

		1.18		0.06987

		1.2		0.0887

		1.22		0.04524

		1.24		0.00179

		1.26		-0.04167

		1.28		-0.08513

		1.3		-0.12858

		1.32		-0.17204

		1.34		-0.12908

		1.36		-0.08613

		1.38		-0.08902

		1.4		-0.09192

		1.42		-0.09482

		1.44		-0.09324

		1.46		-0.09166

		1.48		-0.09478

		1.5		-0.09789

		1.52		-0.12902

		1.54		-0.07652

		1.56		-0.02401

		1.58		0.02849

		1.6		0.08099

		1.62		0.1335

		1.64		0.186

		1.66		0.2385

		1.68		0.21993

		1.7		0.20135

		1.72		0.18277

		1.74		0.1642

		1.76		0.14562

		1.78		0.16143

		1.8		0.17725

		1.82		0.13215

		1.84		0.08705

		1.86		0.04196

		1.88		-0.00314

		1.9		-0.04824

		1.92		-0.09334

		1.94		-0.13843

		1.96		-0.18353

		1.98		-0.22863

		2		-0.27372

		2.02		-0.31882

		2.04		-0.25024

		2.06		-0.18166

		2.08		-0.11309

		2.1		-0.04451

		2.12		0.02407

		2.14		0.09265

		2.16		0.16123

		2.18		0.22981

		2.2		0.29839

		2.22		0.23197

		2.24		0.16554

		2.26		0.09912

		2.28		0.0327

		2.3		-0.03372

		2.32		-0.10014

		2.34		-0.16656

		2.36		-0.23299

		2.38		-0.29941

		2.4		-0.00421

		2.42		0.29099

		2.44		0.2238

		2.46		0.15662

		2.48		0.08943

		2.5		0.02224

		2.52		-0.04495

		2.54		0.01834

		2.56		0.08163

		2.58		0.14491

		2.6		0.2082

		2.62		0.18973

		2.64		0.17125

		2.66		0.13759

		2.68		0.10393

		2.7		0.07027

		2.72		0.03661

		2.74		0.00295

		2.76		-0.03071

		2.78		-0.00561

		2.8		0.01948

		2.82		0.04458

		2.84		0.06468

		2.86		0.08478

		2.88		0.10487

		2.9		0.05895

		2.92		0.01303

		2.94		-0.03289

		2.96		-0.07882

		2.98		-0.03556

		3		0.00771

		3.02		0.05097

		3.04		0.01013

		3.06		-0.03071

		3.08		-0.07156

		3.1		-0.1124

		3.12		-0.15324

		3.14		-0.11314

		3.16		-0.07304

		3.18		-0.03294

		3.2		0.00715

		3.22		-0.0635

		3.24		-0.13415

		3.26		-0.2048

		3.28		-0.12482

		3.3		-0.04485

		3.32		0.03513

		3.34		0.1151

		3.36		0.19508

		3.38		0.12301

		3.4		0.05094

		3.42		-0.02113

		3.44		-0.0932

		3.46		-0.02663

		3.48		0.03995

		3.5		0.10653

		3.52		0.17311

		3.54		0.11283

		3.56		0.05255

		3.58		-0.00772

		3.6		0.01064

		3.62		0.029

		3.64		0.04737

		3.66		0.06573

		3.68		0.02021

		3.7		-0.0253

		3.72		-0.07081

		3.74		-0.04107

		3.76		-0.01133

		3.78		0.00288

		3.8		0.01709

		3.82		0.03131

		3.84		-0.02278

		3.86		-0.07686

		3.88		-0.13095

		3.9		-0.18504

		3.92		-0.14347

		3.94		-0.1019

		3.96		-0.06034

		3.98		-0.01877

		4		0.0228

		4.02		-0.00996

		4.04		-0.04272

		4.06		-0.02147

		4.08		-0.00021

		4.1		0.02104

		4.12		-0.01459

		4.14		-0.05022

		4.16		-0.08585

		4.18		-0.12148

		4.2		-0.15711

		4.22		-0.19274

		4.24		-0.22837

		4.26		-0.18145

		4.28		-0.13453

		4.3		-0.08761

		4.32		-0.04069

		4.34		0.00623

		4.36		0.05316

		4.38		0.10008

		4.4		0.147

		4.42		0.09754

		4.44		0.04808

		4.46		-0.00138

		4.48		0.05141

		4.5		0.1042

		4.52		0.15699

		4.54		0.20979

		4.56		0.26258

		4.58		0.16996

		4.6		0.07734

		4.62		-0.01527

		4.64		-0.10789

		4.66		-0.20051

		4.68		-0.06786

		4.7		0.06479

		4.72		0.01671

		4.74		-0.03137

		4.76		-0.07945

		4.78		-0.12753

		4.8		-0.17561

		4.82		-0.22369

		4.84		-0.27177

		4.86		-0.15851

		4.88		-0.04525

		4.9		0.06802

		4.92		0.18128

		4.94		0.14464

		4.96		0.108

		4.98		0.07137

		5		0.03473

		5.02		0.09666

		5.04		0.1586

		5.06		0.22053

		5.08		0.18296

		5.1		0.14538

		5.12		0.1078

		5.14		0.07023

		5.16		0.03265

		5.18		0.06649

		5.2		0.10033

		5.22		0.13417

		5.24		0.10337

		5.26		0.07257

		5.28		0.04177

		5.3		0.01097

		5.32		-0.01983

		5.34		0.04438

		5.36		0.1086

		5.38		0.17281

		5.4		0.10416

		5.42		0.03551

		5.44		-0.03315

		5.46		-0.1018

		5.48		-0.07262

		5.5		-0.04344

		5.52		-0.01426

		5.54		0.01492

		5.56		-0.02025

		5.58		-0.05543

		5.6		-0.0906

		5.62		-0.12578

		5.64		-0.16095

		5.66		-0.19613

		5.68		-0.14784

		5.7		-0.09955

		5.72		-0.05127

		5.74		-0.00298

		5.76		-0.01952

		5.78		-0.03605

		5.8		-0.05259

		5.82		-0.04182

		5.84		-0.03106

		5.86		-0.02903

		5.88		-0.02699

		5.9		0.02515

		5.92		0.0177

		5.94		0.02213

		5.96		0.02656

		5.98		0.00419

		6		-0.01819

		6.02		-0.04057

		6.04		-0.06294

		6.06		-0.02417

		6.08		0.0146

		6.1		0.05337

		6.12		0.02428

		6.14		-0.0048

		6.16		-0.03389

		6.18		-0.00557

		6.2		0.02274

		6.22		0.00679

		6.24		-0.00915

		6.26		-0.02509

		6.28		-0.04103

		6.3		-0.05698

		6.32		-0.01826

		6.34		0.02046

		6.36		0.00454

		6.38		-0.01138

		6.4		-0.00215

		6.42		0.00708

		6.44		0.00496

		6.46		0.00285

		6.48		0.00074

		6.5		-0.00534

		6.52		-0.01141

		6.54		0.00361

		6.56		0.01863

		6.58		0.03365

		6.6		0.04867

		6.62		0.0304

		6.64		0.01213

		6.66		-0.00614

		6.68		-0.02441

		6.7		0.01375

		6.72		0.01099

		6.74		0.00823

		6.76		0.00547

		6.78		0.00812

		6.8		0.01077

		6.82		-0.00692

		6.84		-0.02461

		6.86		-0.0423

		6.88		-0.05999

		6.9		-0.07768

		6.92		-0.09538

		6.94		-0.06209

		6.96		-0.0288

		6.98		0.00448

		7		0.03777

		7.02		0.01773

		7.04		-0.00231

		7.06		-0.02235

		7.08		0.01791

		7.1		0.05816

		7.12		0.03738

		7.14		0.0166

		7.16		-0.00418

		7.18		-0.02496

		7.2		-0.04574

		7.22		-0.02071

		7.24		0.00432

		7.26		0.02935

		7.28		0.01526

		7.3		0.01806

		7.32		0.02086

		7.34		0.00793

		7.36		-0.00501

		7.38		-0.01795

		7.4		-0.03089

		7.42		-0.01841

		7.44		-0.00593

		7.46		0.00655

		7.48		-0.02519

		7.5		-0.05693

		7.52		-0.04045

		7.54		-0.02398

		7.56		-0.0075

		7.58		0.00897

		7.6		0.00384

		7.62		-0.00129

		7.64		-0.00642

		7.66		-0.01156

		7.68		-0.02619

		7.7		-0.04082

		7.72		-0.05545

		7.74		-0.04366

		7.76		-0.03188

		7.78		-0.06964

		7.8		-0.05634

		7.82		-0.04303

		7.84		-0.02972

		7.86		-0.01642

		7.88		-0.00311

		7.9		0.0102

		7.92		0.0235

		7.94		0.03681

		7.96		0.05011

		7.98		0.02436

		8		-0.00139

		8.02		-0.02714

		8.04		-0.00309

		8.06		0.02096

		8.08		0.04501

		8.1		0.06906

		8.12		0.05773

		8.14		0.0464

		8.16		0.03507

		8.18		0.03357

		8.2		0.03207

		8.22		0.03057

		8.24		0.0325

		8.26		0.03444

		8.28		0.03637

		8.3		0.01348

		8.32		-0.00942

		8.34		-0.03231

		8.36		-0.02997

		8.38		-0.03095

		8.4		-0.03192

		8.42		-0.02588

		8.44		-0.01984

		8.46		-0.01379

		8.48		-0.00775

		8.5		-0.01449

		8.52		-0.02123

		8.54		0.01523

		8.56		0.0517

		8.58		0.08816

		8.6		0.12463

		8.62		0.16109

		8.64		0.12987

		8.66		0.09864

		8.68		0.06741

		8.7		0.03618

		8.72		0.00495

		8.74		0.0042

		8.76		0.00345

		8.78		0.00269

		8.8		-0.05922

		8.82		-0.12112

		8.84		-0.18303

		8.86		-0.12043

		8.88		-0.05782

		8.9		0.00479

		8.92		0.0674

		8.94		0.13001

		8.96		0.08373

		8.98		0.03745

		9		0.06979

		9.02		0.10213

		9.04		-0.03517

		9.06		-0.17247

		9.08		-0.13763

		9.1		-0.10278

		9.12		-0.06794

		9.14		-0.0331

		9.16		-0.03647

		9.18		-0.03984

		9.2		-0.00517

		9.22		0.0295

		9.24		0.06417

		9.26		0.09883

		9.28		0.1335

		9.3		0.05924

		9.32		-0.01503

		9.34		-0.08929

		9.36		-0.16355

		9.38		-0.06096

		9.4		0.04164

		9.42		0.01551

		9.44		-0.01061

		9.46		-0.03674

		9.48		-0.06287

		9.5		-0.08899

		9.52		-0.0543

		9.54		-0.01961

		9.56		0.01508

		9.58		0.04977

		9.6		0.08446

		9.62		0.05023

		9.64		0.016

		9.66		-0.01823

		9.68		-0.05246

		9.7		-0.08669

		9.72		-0.06769

		9.74		-0.0487

		9.76		-0.0297

		9.78		-0.01071

		9.8		0.00829

		9.82		-0.00314

		9.84		0.02966

		9.86		0.06246

		9.88		-0.00234

		9.9		-0.06714

		9.92		-0.04051

		9.94		-0.01388

		9.96		0.01274

		9.98		0.00805

		10		0.03024

		10.02		0.05243

		10.04		0.02351

		10.06		-0.00541

		10.08		-0.03432

		10.1		-0.06324

		10.12		-0.09215

		10.14		-0.12107

		10.16		-0.0845

		10.18		-0.04794

		10.2		-0.01137

		10.22		0.0252

		10.24		0.06177

		10.26		0.04028

		10.28		0.0188

		10.3		0.04456

		10.32		0.07032

		10.34		0.09608

		10.36		0.12184

		10.38		0.0635

		10.4		0.00517

		10.42		-0.05317

		10.44		-0.03124

		10.46		-0.0093

		10.48		0.01263

		10.5		0.03457

		10.52		0.03283

		10.54		0.03109

		10.56		0.02935

		10.58		0.04511

		10.6		0.06087

		10.62		0.07663

		10.64		0.09239

		10.66		0.05742

		10.68		0.02245

		10.7		-0.01252

		10.72		0.0068

		10.74		0.02611

		10.76		0.04543

		10.78		0.01571

		10.8		-0.01402

		10.82		-0.04374

		10.84		-0.07347

		10.86		-0.0399

		10.88		-0.00633

		10.9		0.02724

		10.92		0.0608

		10.94		0.03669

		10.96		0.01258

		10.98		-0.01153

		11		-0.03564

		11.02		-0.00677

		11.04		0.0221

		11.06		0.05098

		11.08		0.07985

		11.1		0.06915

		11.12		0.05845

		11.14		0.04775

		11.16		0.03706

		11.18		0.02636

		11.2		0.05822

		11.22		0.09009

		11.24		0.12196

		11.26		0.10069

		11.28		0.07943

		11.3		0.05816

		11.32		0.03689

		11.34		0.01563

		11.36		-0.00564

		11.38		-0.0269

		11.4		-0.04817

		11.42		-0.06944

		11.44		-0.0907

		11.46		-0.11197

		11.48		-0.11521

		11.5		-0.11846

		11.52		-0.1217

		11.54		-0.12494

		11.56		-0.165

		11.58		-0.20505

		11.6		-0.15713

		11.62		-0.10921

		11.64		-0.06129

		11.66		-0.01337

		11.68		0.03455

		11.7		0.08247

		11.72		0.07576

		11.74		0.06906

		11.76		0.06236

		11.78		0.08735

		11.8		0.11235

		11.82		0.13734

		11.84		0.12175

		11.86		0.10616

		11.88		0.09057

		11.9		0.07498

		11.92		0.08011

		11.94		0.08524

		11.96		0.09037

		11.98		0.06208

		12		0.03378

		12.02		0.00549

		12.04		-0.02281

		12.06		-0.05444

		12.08		-0.0403

		12.1		-0.02615

		12.12		-0.01201

		12.14		-0.02028

		12.16		-0.02855

		12.18		-0.06243

		12.2		-0.03524

		12.22		-0.00805

		12.24		-0.04948

		12.26		-0.03643

		12.28		-0.02337

		12.3		-0.03368

		12.32		-0.01879

		12.34		-0.00389

		12.36		0.011

		12.38		0.02589

		12.4		0.01446

		12.42		0.00303

		12.44		-0.0084

		12.46		0.00463

		12.48		0.01766

		12.5		0.03069

		12.52		0.04372

		12.54		0.02165

		12.56		-0.00042

		12.58		-0.02249

		12.6		-0.04456

		12.62		-0.03638

		12.64		-0.02819

		12.66		-0.02001

		12.68		-0.01182

		12.7		-0.02445

		12.72		-0.03707

		12.74		-0.04969

		12.76		-0.05882

		12.78		-0.06795

		12.8		-0.07707

		12.82		-0.0862

		12.84		-0.09533

		12.86		-0.06276

		12.88		-0.03018

		12.9		0.00239

		12.92		0.03496

		12.94		0.04399

		12.96		0.05301

		12.98		0.03176

		13		0.01051

		13.02		-0.01073

		13.04		-0.03198

		13.06		-0.05323

		13.08		0.00186

		13.1		0.05696

		13.12		0.01985

		13.14		-0.01726

		13.16		-0.05438

		13.18		-0.01204

		13.2		0.03031

		13.22		0.07265

		13.24		0.11499

		13.26		0.07237

		13.28		0.02975

		13.3		-0.01288

		13.32		0.01212

		13.34		0.03711

		13.36		0.03517

		13.38		0.03323

		13.4		0.01853

		13.42		0.00383

		13.44		0.00342

		13.46		-0.02181

		13.48		-0.04704

		13.5		-0.07227

		13.52		-0.0975

		13.54		-0.12273

		13.56		-0.08317

		13.58		-0.04362

		13.6		-0.00407

		13.62		0.03549

		13.64		0.07504

		13.66		0.1146

		13.68		0.07769

		13.7		0.04078

		13.72		0.00387

		13.74		0.00284

		13.76		0.00182

		13.78		-0.05513

		13.8		0.04732

		13.82		0.05223

		13.84		0.05715

		13.86		0.06206

		13.88		0.06698

		13.9		0.07189

		13.92		0.02705

		13.94		-0.01779

		13.96		-0.06263

		13.98		-0.10747

		14		-0.15232

		14.02		-0.12591

		14.04		-0.0995

		14.06		-0.07309

		14.08		-0.04668

		14.1		-0.02027

		14.12		0.00614

		14.14		0.03255

		14.16		0.00859

		14.18		-0.01537

		14.2		-0.03932

		14.22		-0.06328

		14.24		-0.03322

		14.26		-0.00315

		14.28		0.02691

		14.3		0.01196

		14.32		-0.003

		14.34		0.00335

		14.36		0.0097

		14.38		0.01605

		14.4		0.02239

		14.42		0.04215

		14.44		0.06191

		14.46		0.08167

		14.48		0.03477

		14.5		-0.01212

		14.52		-0.01309

		14.54		-0.01407

		14.56		-0.05274

		14.58		-0.02544

		14.6		0.00186

		14.62		0.02916

		14.64		0.05646

		14.66		0.08376

		14.68		0.01754

		14.7		-0.04869

		14.72		-0.02074

		14.74		0.00722

		14.76		0.03517

		14.78		-0.00528

		14.8		-0.04572

		14.82		-0.08617

		14.84		-0.0696

		14.86		-0.05303

		14.88		-0.03646

		14.9		-0.01989

		14.92		-0.00332

		14.94		0.01325

		14.96		0.02982

		14.98		0.01101

		15		-0.00781

		15.02		-0.02662

		15.04		-0.00563

		15.06		0.01536

		15.08		0.03635

		15.1		0.05734

		15.12		0.03159

		15.14		0.00584

		15.16		-0.01992

		15.18		-0.00201

		15.2		0.01589

		15.22		-0.01024

		15.24		-0.03636

		15.26		-0.06249

		15.28		-0.0478

		15.3		-0.03311

		15.32		-0.04941

		15.34		-0.0657

		15.36		-0.082

		15.38		-0.0498

		15.4		-0.0176

		15.42		0.0146

		15.44		0.0468

		15.46		0.079

		15.48		0.0475

		15.5		0.016

		15.52		-0.0155

		15.54		-0.00102

		15.56		0.01347

		15.58		0.02795

		15.6		0.04244

		15.62		0.05692

		15.64		0.03781

		15.66		0.0187

		15.68		-0.00041

		15.7		-0.01952

		15.72		-0.00427

		15.74		0.01098

		15.76		0.02623

		15.78		0.04148

		15.8		0.01821

		15.82		-0.00506

		15.84		-0.00874

		15.86		-0.03726

		15.88		-0.06579

		15.9		-0.026

		15.92		0.0138

		15.94		0.05359

		15.96		0.09338

		15.98		0.05883

		16		0.02429

		16.02		-0.01026

		16.04		-0.0448

		16.06		-0.01083

		16.08		-0.01869

		16.1		-0.02655

		16.12		-0.03441

		16.14		-0.02503

		16.16		-0.01564

		16.18		-0.00626

		16.2		-0.01009

		16.22		-0.01392

		16.24		0.0149

		16.26		0.04372

		16.28		0.03463

		16.3		0.02098

		16.32		0.00733

		16.34		-0.00632

		16.36		-0.01997

		16.38		0.00767

		16.4		0.03532

		16.42		0.03409

		16.44		0.03287

		16.46		0.03164

		16.48		0.02403

		16.5		0.01642

		16.52		0.00982

		16.54		0.00322

		16.56		-0.00339

		16.58		0.02202

		16.6		-0.01941

		16.62		-0.06085

		16.64		-0.10228

		16.66		-0.07847

		16.68		-0.05466

		16.7		-0.03084

		16.72		-0.00703

		16.74		0.01678

		16.76		0.01946

		16.78		0.02214

		16.8		0.02483

		16.82		0.01809

		16.84		-0.00202

		16.86		-0.02213

		16.88		-0.00278

		16.9		0.01656

		16.92		0.0359

		16.94		0.05525

		16.96		0.07459

		16.98		0.06203

		17		0.04948

		17.02		0.03692

		17.04		-0.00145

		17.06		0.04599

		17.08		0.04079

		17.1		0.03558

		17.12		0.03037

		17.14		0.03626

		17.16		0.04215

		17.18		0.04803

		17.2		0.05392

		17.22		0.04947

		17.24		0.04502

		17.26		0.04056

		17.28		0.03611

		17.3		0.03166

		17.32		0.00614

		17.34		-0.01937

		17.36		-0.04489

		17.38		-0.0704

		17.4		-0.09592

		17.42		-0.07745

		17.44		-0.05899

		17.46		-0.04052

		17.48		-0.02206

		17.5		-0.00359

		17.52		0.01487

		17.54		0.01005

		17.56		0.00523

		17.58		0.00041

		17.6		-0.00441

		17.62		-0.00923

		17.64		-0.01189

		17.66		-0.01523

		17.68		-0.01856

		17.7		-0.0219

		17.72		-0.00983

		17.74		0.00224

		17.76		0.01431

		17.78		0.00335

		17.8		-0.0076

		17.82		-0.01856

		17.84		-0.00737

		17.86		0.00383

		17.88		0.01502

		17.9		0.02622

		17.92		0.01016

		17.94		-0.0059

		17.96		-0.02196

		17.98		-0.00121

		18		0.01953

		18.02		0.04027

		18.04		0.02826

		18.06		0.01625

		18.08		0.00424

		18.1		0.00196

		18.12		-0.00031

		18.14		-0.00258

		18.16		-0.00486

		18.18		-0.00713

		18.2		-0.00941

		18.22		-0.01168

		18.24		-0.01396

		18.26		-0.0175

		18.28		-0.02104

		18.3		-0.02458

		18.32		-0.02813

		18.34		-0.03167

		18.36		-0.03521

		18.38		-0.04205

		18.4		-0.04889

		18.42		-0.03559

		18.44		-0.02229

		18.46		-0.00899

		18.48		0.00431

		18.5		0.01762

		18.52		0.00714

		18.54		-0.00334

		18.56		-0.01383

		18.58		0.01314

		18.6		0.04011

		18.62		0.06708

		18.64		0.0482

		18.66		0.02932

		18.68		0.01043

		18.7		-0.00845

		18.72		-0.02733

		18.74		-0.04621

		18.76		-0.03155

		18.78		-0.01688

		18.8		-0.00222

		18.82		0.01244

		18.84		0.02683

		18.86		0.04121

		18.88		0.05559

		18.9		0.03253

		18.92		0.00946

		18.94		-0.0136

		18.96		-0.01432

		18.98		-0.01504

		19		-0.01576

		19.02		-0.04209

		19.04		-0.02685

		19.06		-0.01161

		19.08		0.00363

		19.1		0.01887

		19.12		0.03411

		19.14		0.03115

		19.16		0.02819

		19.18		0.02917

		19.2		0.03015

		19.22		0.03113

		19.24		0.00388

		19.26		-0.02337

		19.28		-0.05062

		19.3		-0.0382

		19.32		-0.02579

		19.34		-0.01337

		19.36		-0.00095

		19.38		0.01146

		19.4		0.02388

		19.42		0.03629

		19.44		0.01047

		19.46		-0.01535

		19.48		-0.04117

		19.5		-0.06699

		19.52		-0.05207

		19.54		-0.03715

		19.56		-0.02222

		19.58		-0.0073

		19.6		0.00762

		19.62		0.02254

		19.64		0.03747

		19.66		0.04001

		19.68		0.04256

		19.7		0.04507

		19.72		0.04759

		19.74		0.0501

		19.76		0.04545

		19.78		0.0408

		19.8		0.02876

		19.82		0.01671

		19.84		0.00467

		19.86		-0.00738

		19.88		-0.00116

		19.9		0.00506

		19.92		0.01128

		19.94		0.0175

		19.96		-0.00211

		19.98		-0.02173

		20		-0.04135

		20.02		-0.06096

		20.04		-0.08058

		20.06		-0.06995

		20.08		-0.05931

		20.1		-0.04868

		20.12		-0.03805

		20.14		-0.02557

		20.16		-0.0131

		20.18		-0.00063

		20.2		0.01185

		20.22		0.02432

		20.24		0.0368

		20.26		0.04927

		20.28		0.02974

		20.3		0.01021

		20.32		-0.00932

		20.34		-0.02884

		20.36		-0.04837

		20.38		-0.0679

		20.4		-0.04862

		20.42		-0.02934

		20.44		-0.01006

		20.46		0.00922

		20.48		0.02851

		20.5		0.04779

		20.52		0.02456

		20.54		0.00133

		20.56		-0.0219

		20.58		-0.04513

		20.6		-0.06836

		20.62		-0.04978

		20.64		-0.0312

		20.66		-0.01262

		20.68		0.00596

		20.7		0.02453

		20.72		0.04311

		20.74		0.06169

		20.76		0.08027

		20.78		0.09885

		20.8		0.06452

		20.82		0.03019

		20.84		-0.00414

		20.86		-0.03848

		20.88		-0.07281

		20.9		-0.05999

		20.92		-0.04717

		20.94		-0.03435

		20.96		-0.03231

		20.98		-0.03028

		21		-0.02824

		21.02		-0.00396

		21.04		0.02032

		21.06		0.00313

		21.08		-0.01406

		21.1		-0.03124

		21.12		-0.04843

		21.14		-0.06562

		21.16		-0.05132

		21.18		-0.03702

		21.2		-0.02272

		21.22		-0.00843

		21.24		0.00587

		21.26		0.02017

		21.28		0.02698

		21.3		0.03379

		21.32		0.04061

		21.34		0.04742

		21.36		0.05423

		21.38		0.03535

		21.4		0.01647

		21.42		0.01622

		21.44		0.01598

		21.46		0.01574

		21.48		0.00747

		21.5		-0.0008

		21.52		-0.00907

		21.54		0.00072

		21.56		0.01051

		21.58		0.0203

		21.6		0.03009

		21.62		0.03989

		21.64		0.03478

		21.66		0.02967

		21.68		0.02457

		21.7		0.03075

		21.72		0.03694

		21.74		0.04313

		21.76		0.04931

		21.78		0.0555

		21.8		0.06168

		21.82		-0.00526

		21.84		-0.0722

		21.86		-0.06336

		21.88		-0.05451

		21.9		-0.04566

		21.92		-0.03681

		21.94		-0.03678

		21.96		-0.03675

		21.98		-0.03672

		22		-0.01765

		22.02		0.00143

		22.04		0.02051

		22.06		0.03958

		22.08		0.05866

		22.1		0.03556

		22.12		0.01245

		22.14		-0.01066

		22.16		-0.03376

		22.18		-0.05687

		22.2		-0.04502

		22.22		-0.03317

		22.24		-0.02131

		22.26		-0.00946

		22.28		0.00239

		22.3		-0.00208

		22.32		-0.00654

		22.34		-0.01101

		22.36		-0.01548

		22.38		-0.012

		22.4		-0.00851

		22.42		-0.00503

		22.44		-0.00154

		22.46		0.00195

		22.48		0.00051

		22.5		-0.00092

		22.52		0.01135

		22.54		0.02363

		22.56		0.0359

		22.58		0.04818

		22.6		0.06045

		22.62		0.07273

		22.64		0.02847

		22.66		-0.01579

		22.68		-0.06004

		22.7		-0.05069

		22.72		-0.04134

		22.74		-0.03199

		22.76		-0.03135

		22.78		-0.03071

		22.8		-0.03007

		22.82		-0.01863

		22.84		-0.00719

		22.86		0.00425

		22.88		0.0157

		22.9		0.02714

		22.92		0.03858

		22.94		0.02975

		22.96		0.02092

		22.98		0.02334

		23		0.02576

		23.02		0.02819

		23.04		0.03061

		23.06		0.03304

		23.08		0.01371

		23.1		-0.00561

		23.12		-0.02494

		23.14		-0.02208

		23.16		-0.01923

		23.18		-0.01638

		23.2		-0.01353

		23.22		-0.01261

		23.24		-0.0117

		23.26		-0.00169

		23.28		0.00833

		23.3		0.01834

		23.32		0.02835

		23.34		0.03836

		23.36		0.04838

		23.38		0.03749

		23.4		0.0266

		23.42		0.01571

		23.44		0.00482

		23.46		-0.00607

		23.48		-0.01696

		23.5		-0.0078

		23.52		0.00136

		23.54		0.01052

		23.56		0.01968

		23.58		0.02884

		23.6		-0.00504

		23.62		-0.03893

		23.64		-0.02342

		23.66		-0.00791

		23.68		0.00759

		23.7		0.0231

		23.72		0.00707

		23.74		-0.00895

		23.76		-0.02498

		23.78		-0.041

		23.8		-0.05703

		23.82		-0.0292

		23.84		-0.00137

		23.86		0.02645

		23.88		0.05428

		23.9		0.03587

		23.92		0.01746

		23.94		-0.00096

		23.96		-0.01937

		23.98		-0.03778

		24		-0.02281

		24.02		-0.00784

		24.04		0.00713

		24.06		0.0221

		24.08		0.03707

		24.1		0.05204

		24.12		0.06701

		24.14		0.08198

		24.16		0.03085

		24.18		-0.02027

		24.2		-0.0714

		24.22		-0.12253

		24.24		-0.08644

		24.26		-0.05035

		24.28		-0.01426

		24.3		0.02183

		24.32		0.05792

		24.34		0.094

		24.36		0.13009

		24.38		0.03611

		24.4		-0.05787

		24.42		-0.04802

		24.44		-0.03817

		24.46		-0.02832

		24.48		-0.01846

		24.5		-0.00861

		24.52		-0.03652

		24.54		-0.06444

		24.56		-0.06169

		24.58		-0.05894

		24.6		-0.05618

		24.62		-0.06073

		24.64		-0.06528

		24.66		-0.04628

		24.68		-0.02728

		24.7		-0.00829

		24.72		0.01071

		24.74		0.0297

		24.76		0.03138

		24.78		0.03306

		24.8		0.03474

		24.82		0.03642

		24.84		0.04574

		24.86		0.05506

		24.88		0.06439

		24.9		0.07371

		24.92		0.08303

		24.94		0.03605

		24.96		-0.01092

		24.98		-0.0579

		25		-0.04696

		25.02		-0.03602

		25.04		-0.02508

		25.06		-0.01414

		25.08		-0.03561

		25.1		-0.05708

		25.12		-0.07855

		25.14		-0.06304

		25.16		-0.04753

		25.18		-0.03203

		25.2		-0.01652

		25.22		-0.00102

		25.24		0.00922

		25.26		0.01946

		25.28		0.0297

		25.3		0.03993

		25.32		0.05017

		25.34		0.06041

		25.36		0.07065

		25.38		0.08089

		25.4		-0.00192

		25.42		-0.08473

		25.44		-0.07032

		25.46		-0.0559

		25.48		-0.04148

		25.5		-0.05296

		25.52		-0.06443

		25.54		-0.0759

		25.56		-0.08738

		25.58		-0.09885

		25.6		-0.06798

		25.62		-0.0371

		25.64		-0.00623

		25.66		0.02465

		25.68		0.05553

		25.7		0.0864

		25.72		0.11728

		25.74		0.14815

		25.76		0.08715

		25.78		0.02615

		25.8		-0.03485

		25.82		-0.09584

		25.84		-0.071

		25.86		-0.04616

		25.88		-0.02132

		25.9		0.00353

		25.92		0.02837

		25.94		0.05321

		25.96		-0.00469

		25.98		-0.06258

		26		-0.12048

		26.02		-0.0996

		26.04		-0.07872

		26.06		-0.05784

		26.08		-0.03696

		26.1		-0.01608

		26.12		0.0048

		26.14		0.02568

		26.16		0.04656

		26.18		0.06744

		26.2		0.08832

		26.22		0.1092

		26.24		0.13008

		26.26		0.10995

		26.28		0.08982

		26.3		0.06969

		26.32		0.04955

		26.34		0.04006

		26.36		0.03056

		26.38		0.02107

		26.4		0.01158

		26.42		0.0078

		26.44		0.00402

		26.46		0.00024

		26.48		-0.00354

		26.5		-0.00732

		26.52		-0.0111

		26.54		-0.0078

		26.56		-0.0045

		26.58		-0.0012

		26.6		0.0021

		26.62		0.0054

		26.64		-0.00831

		26.66		-0.02203

		26.68		-0.03575

		26.7		-0.04947

		26.72		-0.06319

		26.74		-0.05046

		26.76		-0.03773

		26.78		-0.025

		26.8		-0.01227

		26.82		0.00046

		26.84		0.00482

		26.86		0.00919

		26.88		0.01355

		26.9		0.01791

		26.92		0.02228

		26.94		0.00883

		26.96		-0.00462

		26.98		-0.01807

		27		-0.03152

		27.02		-0.02276

		27.04		-0.01401

		27.06		-0.00526

		27.08		0.0035

		27.1		0.01225

		27.12		0.02101

		27.14		0.01437

		27.16		0.00773

		27.18		0.0011

		27.2		0.00823

		27.22		0.01537

		27.24		0.02251

		27.26		0.01713

		27.28		0.01175

		27.3		0.00637

		27.32		0.01376

		27.34		0.02114

		27.36		0.02852

		27.38		0.03591

		27.4		0.04329

		27.42		0.03458

		27.44		0.02587

		27.46		0.01715

		27.48		0.00844

		27.5		-0.00027

		27.52		-0.00898

		27.54		-0.00126

		27.56		0.00645

		27.58		0.01417

		27.6		0.02039

		27.62		0.02661

		27.64		0.03283

		27.66		0.03905

		27.68		0.04527

		27.7		0.03639

		27.72		0.0275

		27.74		0.01862

		27.76		0.00974

		27.78		0.00086

		27.8		-0.01333

		27.82		-0.02752

		27.84		-0.04171

		27.86		-0.02812

		27.88		-0.01453

		27.9		-0.00094

		27.92		0.01264

		27.94		0.02623

		27.96		0.0169

		27.98		0.00756

		28		-0.00177

		28.02		-0.01111

		28.04		-0.02044

		28.06		-0.02977

		28.08		-0.03911

		28.1		-0.02442

		28.12		-0.00973

		28.14		0.00496

		28.16		0.01965

		28.18		0.03434

		28.2		0.02054

		28.22		0.00674

		28.24		-0.00706

		28.26		-0.02086

		28.28		-0.03466

		28.3		-0.02663

		28.32		-0.0186

		28.34		-0.01057

		28.36		-0.00254

		28.38		-0.00063

		28.4		0.00128

		28.42		0.00319

		28.44		0.0051

		28.46		0.00999

		28.48		0.01488

		28.5		0.00791

		28.52		0.00093

		28.54		-0.00605

		28.56		0.00342

		28.58		0.01288

		28.6		0.02235

		28.62		0.03181

		28.64		0.04128

		28.66		0.02707

		28.68		0.01287

		28.7		-0.00134

		28.72		-0.01554

		28.74		-0.02975

		28.76		-0.04395

		28.78		-0.03612

		28.8		-0.02828

		28.82		-0.02044

		28.84		-0.0126

		28.86		-0.00476

		28.88		0.00307

		28.9		0.01091

		28.92		0.00984

		28.94		0.00876

		28.96		0.00768

		28.98		0.00661

		29		0.01234

		29.02		0.01807

		29.04		0.0238

		29.06		0.02953

		29.08		0.03526

		29.1		0.02784

		29.12		0.02042

		29.14		0.013

		29.16		-0.03415

		29.18		-0.00628

		29.2		-0.00621

		29.22		-0.00615

		29.24		-0.00609

		29.26		-0.00602

		29.28		-0.00596

		29.3		-0.0059

		29.32		-0.00583

		29.34		-0.00577

		29.36		-0.00571

		29.38		-0.00564

		29.4		-0.00558

		29.42		-0.00552

		29.44		-0.00545

		29.46		-0.00539

		29.48		-0.00532

		29.5		-0.00526

		29.52		-0.0052

		29.54		-0.00513

		29.56		-0.00507

		29.58		-0.00501

		29.6		-0.00494

		29.62		-0.00488

		29.64		-0.00482

		29.66		-0.00475

		29.68		-0.00469

		29.7		-0.00463

		29.72		-0.00456

		29.74		-0.0045

		29.76		-0.00444

		29.78		-0.00437

		29.8		-0.00431

		29.82		-0.00425

		29.84		-0.00418

		29.86		-0.00412

		29.88		-0.00406

		29.9		-0.00399

		29.92		-0.00393

		29.94		-0.00387

		29.96		-0.0038

		29.98		-0.00374

		30		-0.00368

		30.02		-0.00361

		30.04		-0.00355

		30.06		-0.00349

		30.08		-0.00342

		30.1		-0.00336

		30.12		-0.0033

		30.14		-0.00323

		30.16		-0.00317

		30.18		-0.00311

		30.2		-0.00304

		30.22		-0.00298

		30.24		-0.00292

		30.26		-0.00285

		30.28		-0.00279

		30.3		-0.00273

		30.32		-0.00266

		30.34		-0.0026

		30.36		-0.00254

		30.38		-0.00247

		30.4		-0.00241

		30.42		-0.00235

		30.44		-0.00228

		30.46		-0.00222

		30.48		-0.00216

		30.5		-0.00209

		30.52		-0.00203

		30.54		-0.00197

		30.56		-0.0019

		30.58		-0.00184

		30.6		-0.00178

		30.62		-0.00171

		30.64		-0.00165

		30.66		-0.00158

		30.68		-0.00152

		30.7		-0.00146

		30.72		-0.00139

		30.74		-0.00133

		30.76		-0.00127

		30.78		-0.0012

		30.8		-0.00114

		30.82		-0.00108

		30.84		-0.00101

		30.86		-0.00095

		30.88		-0.00089

		30.9		-0.00082

		30.92		-0.00076

		30.94		-0.0007

		30.96		-0.00063

		30.98		-0.00057

		31		-0.00051

		31.02		-0.00044

		31.04		-0.00038

		31.06		-0.00032

		31.08		-0.00025

		31.1		-0.00019

		31.12		-0.00013

		31.14		-0.00006

		31.16		0

		31.18		0
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_1275810794.unknown

_1257634267.unknown

_1257462979.unknown

_1257494230.unknown

_1257462625.unknown

