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ABSTRACT

As a solution to overcome extreme traffic demand in one of the busiest Indonesia’s toll roads, a project called The Elevated Toll Jakarta-Cikampek II was initiated by the Government. The 40 KM elevated structure is designed as seismically isolated structure using lead rubber bearings as the isolators. This solution is projected to answer challenges of high seismicity issue, constructability, high initial cost of construction and extreme project loss in the case of any interruption in bridge operation due to repairs after earthquake events. Lead rubber bearing is chosen because of the ability of the device to provide large damping capacity and high flexibility at the same time, and also because of its unique re-crystallization property that could be beneficial to sustain repeated earthquakes without any bearing replacements. The process of designing seismically isolated structure is presented, initially from a simplified Single Degree of Freedom method to get the basic parameters of the isolator bearings. Furthermore, a Dynamic Response Spectrum Analysis on a three-dimensional modeling is used to get the final seismic response demands. As the final assessment, a nonlinear time history analysis is performed on the final three-dimensional modeling to see the compliance of the inputted nonlinear parameters of the bearings and the resulted nonlinear behavior of the isolators which is expressed by its hysteresis curve. A total of seven sets three-directional compatible-spectrum accelerograms are artificially generated for the nonlinear time history analysis. 
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1. INTRODUCTION 

The existing toll road Jakarta-Cikampek has been operated since 1988 and remain as the toll with the highest traffic volume in Indonesia. Start from 2005, the toll road connects also Jakarta and Bandung which are the two most populated cities in Java. As the solution to reduce the traffic congestions, a ± 38 km elevated toll is designed and constructed in a 2 years construction period. All the superstructures are designed as steel box simple span with a regular span of 60m, although there are some areas that were designed as 3 spanned continuous steel girders. The substructures are mostly designed as single pier that is prestressed to the pier head. The Foundations are constructed with pile caps and bored piles which are varied in depths and quantities depending on the soil conditions.
The elevated toll structure will be constructed without closing the existing road. The foundations and piers are constructed right above the existing road median. Due to a very narrow median (± 5 m width) and the needs to minimize the interference on the existing road during construction period, then the substructures, pile caps, and piles shall be strictly designed to the minimum possible sizes.
The fact that Jakarta-Cikampek (JAPEK) is an area with high seismicity hazard makes above mentioned construction challenge becomes even more difficult to be realized if the structure is designed using conventional ductility approach. In this ductility approach, inertia force from the superstructure during earthquake shall be transferred down to the columns and foundations through the connections of conventional fixed bearings. And therefore, the columns must be designed to be ductile in order the seismic energy can be dissipated. The ductility of the columns is obtained when the plastic hinges are formed. While this plastic hinge forming is caused when the internal bending moment on the column is already exceeding its yielding moment.
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Figure 1. General description and layout of the project

In Indonesian Seismic Code for Bridges (SNI 2833:2016), a seismic map of 1000 years return period (7.5% exceeding probability in 75 years design life) shall be used in the design. The design spectral responses at 1-second for site class SD and SE are 0.512g and 0.803g respectively. These coefficients are considerably high especially because the dominant natural period of JAPEK conventional structure falls at around 1 second. Which simply means that during the elastic design earthquake, a maximum lateral force about 51% (soil SD) and 80% (Soil SE) of the excitation weight is applied dynamically on the structure.
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Figure 2. Design response spectrum of JAPEK project (1000 years return period)

SNI 2833:2016 also requires that the elastic seismic force be modified according to a proper response modification factor (R-factor). There are at least three components that are affected by this factor: Columns (piers), Foundation, and Bearing connectors. Single column can have an R-factor of 1.5, 2.0, or 3.0 depending on the importance level of the bridge. Foundation shall be designed to an elastic unreduced seismic force (R = 1.0), and the bearings shall be designed with an even amplified force (R = 0.8) due to the requirement of having structural integrity during strong earthquake (bearing connectors shall remain elastic and un-failed at any conditions).
All these considerations make a conventional ductility approach design in JAPEK becomes unfavorable. Not only because the size of columns and foundations that will be very big, but also high cost on steel reinforcements and conventional bearings. Ductility approach also implies potential damages and repairs after earthquake events. This “future” costs (repairs, strengthening, loss due to traffic interruptions) are not calculated in the beginning of the project but could be a game changer when they are considered carefully.
As the solution to overcome those difficulties, a seismically isolated system using seismic mitigation concept is chosen for this project. Seismic mitigation is a unique method that protects structure from having severe earthquake damages by limiting the seismic actions through the use of appropriate devices that are properly implemented onto the structure. The concept of seismic actions limitation has an important meaning because, this does not mean to strengthen the structure to be able to resist huge seismic forces, but to mitigate the seismic actions through Isolation Mechanisms, Energy Dissipation Mechanism, and Combination of both Isolation and Dissipation Mechanisms.
Isolation mechanism physically uncouples the superstructure from the horizontal component of the earthquake ground motions. This is achieved by interposing a specific mechanical device that has a very low horizontal stiffness in between the superstructure and the substructure. 
Energy Dissipation Mechanism is defined as the transformation of seismic energy into another energy form due to forming of nonlinear behavior of materials or elements on the structure. During the earthquake, this nonlinear behavior is captured by the hysteretic curves of the force-displacement relations in the elements. 
A system using both isolation and dissipation mechanisms is used in this project because of its effectivity in reducing the earthquake demand. This is done simply by replacing the conventional fixed bearings by seismic isolator bearings.


2. LEAD RUBBER BEARING

Lead Rubber Isolators Bearings are chosen in the JAPEK project as the main isolator bearings for the regular simple span section. Lead Rubber Bearing (LRB) is one of the most well-known Isolator Bearings in the market world-wide. Isolator Bearing can be categorized in two main groups: Rubber Isolator and Steel Sliding Isolator. Rubber Isolator uses its flexibility and elasticity as the main characteristic. Generally, there are two types of types of Rubber Isolators: High Damping Rubber Bearing (HDRB) and Lead Rubber Bearing (LRB).
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Figure 3. Inner view of Lead Rubber Bearing and High Damping Rubber Bearing

Visually speaking without knowing the inner parts of the bearings, both HDRB and LRB are very difficult to be differentiated. These two bearings comprise numbered of individual layers of rubber and steel shim plates. As it is shown in the figure, the bearings are usually equipped with anchor plates or base plates on the top and bottom part of the bearing, where these plates are interfacing the bearing to the superstructure and the substructure. These anchor plates are equipped with anchor bolts to connect the bearing with concrete structures, while alternatively some mechanical bolts can be used for connecting to steel structures.
The only difference between these two bearings are the inside lead core in Lead Rubber Bearings. Lead is a material with chemical composition of 99.9% Pb purity. Pb has a unique mechanical property, since it has a very low yielding point compared to common steel. The yield stress is usually around 8-12 Mpa depending on the temperature, acting axial stress, velocity, and some other factors. But the most interesting part is the ability of the lead to have a re-crystallization phase after yielding. After a cyclic deformation that makes the lead becomes yielded and if there is no acting force afterward, this material will “cool-down” and re-crystalize. This makes the lead can go back to its initial condition like before it was yielded. This is a very important characteristic that makes Lead Rubber Bearing so popular, because when a structure hit by an earthquake and the installed LRB behaved non-linearly, the same bearings can be used to sustain other earthquakes without being replaced or repaired. For an area with frequent earthquake, this LRB is very efficient compared to other sacrificial devices that needs to be replaced after earthquake event.


3. ANALYSIS AND BEHAVIOUR LAW OF STRUCTURE WITH LEAD RUBBER BEARING

In regards to the isolation mechanism in the bearing, HDRB provides flexibility only through its rubber stiffness. While for LRB, both stiffnesses from the lead core and rubber will be collectively creating a linearized effective isolator stiffness (Keff-iso) at a certain seismic displacement (dbd). The effective stiffness of a Lead Rubber Bearing at certain seismic displacement can be calculated as:

	(1)

In terms of energy dissipation mechanism, an HDRB can obtain a moderate damping ratio provided only by its rubber chemical composition. A normal non-dissipative rubber bearing has about 2-3% of damping ratio, while the HDRB usually can provide damping ratio between 10-16%. For a Lead Rubber Bearing, most damping value comes from its lead material. Based on the size of the inside lead, a certain value of Qd (Characteristic strength) can be designed. The values of Qd, Kr (post-yield stiffness), and dbd (seismic displacement) will determine the rate of damping ratio. Usually a LRB is designed to have about 25-35% damping ratio at design seismic displacement.
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Figure 4. Behavior law of lead rubber bearing


The effective damping ratio at certain seismic displacement (dbd) can be calculated as:

	(2)

For the structural analysis, most seismically isolated structures can be accurately calculated as Single Degree of Freedom (SDoF) system, since the excitation mass will be accumulated in one dominant mode shape. In the case where both substructure and superstructure can be assumed as rigid structures, the natural isolation period of an isolated structure will only depend on the effective stiffness of the LRB and its excitation weight:

	(3)

Seismic displacement can be calculated directly thanks to the spectral acceleration – spectral displacement relation of Sa = ω2 SD. Where the Sa = SD1 / T and ω = 2π / T, we will get an equation of:

	(4)

Note that the design acceleration needs to be “corrected” by a reduction factor BL, considering a different than 5% effective damping of the structure. As per AASHTO GSID 4th Edition, a damping factor BL can be calculated as:

	(5)

The maximum damping that can be considered in this simplified method is 30%. If the effective damping of the system is more than that, then a three-dimensional nonlinear time history analysis shall be carried out for the design utilizing the real hysteretic curves of the isolation system. Or, the damping factor BL is capped to be maximum 1.7. In this simple SDoF analysis, the total seismic displacement dbd shall be assumed in the beginning of the calculation in order to estimate the correct value of ξeff and Keff-iso. These two effective stiffness and effective damping are displacement dependent. Some steps of iterations need to be carried out to get the final convergent values.
In case of a structure with relatively flexible substructure, above calculation method shall be adjusted to include the effect of the substructure stiffness. Both isolator stiffness (Keff-iso) and substructure stiffness (Ksub) are actually in series and therefore an equivalent stiffness shall be considered. Usually a less stiff substructure will result a smaller isolator displacement dbd but bigger total displacement d.
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Figure 5. Seismically isolated structure on flexible substructure (AASHTO GSID 4th Edition)

The combined effective stiffness of the system is expressed in this equation:

	(6)

Where the factor α is defined as:

	(7)

The corresponding equivalent damping ratio of the system shall be determined as follow:

	(8)

Comparing the effective damping ratios at assumption of rigid substructure and flexible substructure, it is obvious that both equations displayed same Energy Dissipated, but different dividing factor. The dividing factor itself is representing a value of Fd x d, because (Keff x d) is the Horizontal force at displacement d, Fd. With this observation, it is also clear that in any case, damping ratio at the assumption of flexible substructure will be always smaller than damping at rigid substructure, because the dividing factor in flexible substructure is always bigger than the other one.


4. EVALUATION OF THE STRUCTURAL PERFORMANCE

In Japek Project, the steel superstructure is designed as simple span, while the concrete deck is designed to be continuous utilizing construction joint called “link-slab”. The regular 3-spanned bridge is illustrated in below figure:
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Figure 6. Seismic isolation scheme in toll Jakarta-Cikampek II Project

Other than Lead Rubber Bearings and Concrete Link Slab, a special Seismic Expansion Joint is also designed to accommodate large seismic movements that might occurred due to the use of flexible isolator bearings. The expansion joints are placed at the end of the bridge to accommodate both longitudinal and transversal movements due to earthquake. Each 60-meter span steel superstructure will be supported by 4 x 2 Pcs LRB. All the LRBs are designed with the same parameters since all will take the same forces and movements.
Simplified SDoF method is used to obtain the basic parameters of the bearings (Characteristic strength, Qd and Post-yield stiffness, Kr). Later on, a dynamic response spectrum analysis in 3D model is used to get the final convergent earthquake displacement output, and then be used for the final design of the LRB. As the final checking and review, a three-dimensional nonlinear time history analysis is used to evaluate the performance of the seismic isolation systems under dynamic loads from the site corresponding matched seismographs. A total of seven three-directional ground motions (component X-Y-Z) are specially generated by geotechnical engineer and be used as the acceleration input in the nonlinear time history analysis.
Along the +/- 38 KM, there are 2 different site classes indicated. Both medium (SD class) and soft (SE class) sites are determined from the site soil investigation. Below is the description of the designed Lead Rubber Bearing for bridges in site class SD and SE:

[image: ]
 
Figure 7. Lead rubber bearing properties for LRB in site class SD and SE

Here below the effect of the LRB to the dynamic characteristic of the structure:
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Figure 8. Mode shapes comparison – conventional vs isolated for structure in site class SD and SE

From the dynamic characteristics of the structures, it is shown that in the transversal direction, the 1st mode shape of the conventional structure is shifted 1.8 times from 1.30 sec to be about 2.37 sec for structure in SD soil and 2.27 sec for structure in SE soil. In the longitudinal direction, the period shifting is about 2.2 times since its longitudinal mode shape is shifted from 1.04 sec to 2.29 sec for structure in SD soil and 2.19 sec for structure in SE soil. This period shifting effect alone will roughly give a force reduction to about 50%. 
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Figure 9. Summary of EQ reduction for both structures in soil SD and SE

Combining this period shifting effect with the high energy dissipation provided by the Lead Rubber Bearing (+/- 26% for SD and +/- 30% for SE), we expect to get even more earthquake force reduction. Particularly for earthquake in longitudinal direction, the use of isolation system in the bridge will give 72% and 73% EQ reduction for structure in soil SD and SE respectively.  


5. DESIGN VERIFICATION WITH NONLINEAR TIME HISTORY ANALYSIS

For the evaluation purpose, a nonlinear time history analysis is used to assess the compliance of the nonlinear LRB parameters to the expected structural responses. 7 sets of spectrum-compatible seismographs are generated and matched by geotechnical engineer to represent the required seismicity level on the project. Each seismograph consists of tri-axial ground motion (longitudinal-transversal-vertical). All these motions are simultaneously applied to the structure in the time history analysis. For simplification purpose on this verification, only the result of structural model in soil SE that will be presented.
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Figure 10. Response spectrums of the matched seismograph (Seismograph #1 SE-1000 years)

Above figure describes the definition of the matched seismograph. For the horizontal motions, an SRSS (Square Root of Sum Square) spectrum shall be constructed from the individual horizontal component (longitudinal and transversal direction). These individual components shall be scaled until the SRSS spectrum matches to the target spectrum. The same philosophy is used for the vertical motion, except for vertical direction, we are dealing with only one motion. Below figure is the result of the seismographs matching (seismograph № 1):
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Figure 11. Matched ground motions (Seismograph #1 SE-1000 years)

All the matched seismographs (seismograph #1, #2, #3, #4, #5, #6, and #7) are used in the verification of the LRB design. Nonlinear parameters of the LRB (1st Yield point Fy, 1st Branch stiffness K1, Post yield stiffness Kr) are inputted carefully on each LRB link models. A potential plastic hinge in the column is also modeled to see the possibility of nonlinear behavior developments in the columns during earthquake.  
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Figure 12. Nonlinear hysteresis curves of the LRB for all the time history loads

An idealized hysteresis curve that represents the LRB design displacement is plotted together with all the obtained hysteresis curves from nonlinear time history analysis. It is shown from above figure that in both longitudinal and tranversal directions, all the maximum displacements are still below the design result (obtained from simplified method and response spectrum analysis). The nonlinear parameters of the LRB (1st Yield point Fy, 1st Branch stiffness K1, Post yield stiffness Kr) are also correctly inputted, this can be observed from the shapes of the nonlinear curves that coherent to the design hysteresis curve. The maximum displacement values in each direction of the loading are tabulated below. 
The maximum displacement values in each direction of the loading are tabulated below. A maximum longitudinal displacement of 158.07 mm is obtained from time history case #2, while the maximum transversal displacement is obtained from time history case #4 (145.58 mm).

Table 1. Maximum LRB displacement from all the nonlinear time history analysis (SE – 1000 years)

	Load Case
	TH-1
	TH-2
	TH-3
	TH-4
	TH-5
	TH-6
	TH-7

	Longitudinal
	77.26
	158.07
	92.41
	57.84
	82.95
	87.55
	126.62

	Transversal
	99.92
	117.33
	113.75
	145.58
	105.35
	70.76
	74.82



It is also important to observe the LRB movements from the planar perspective. Since all the tri-axial ground motions are simultaneously applied to the structure, it is obvious that above maximum displacements happened at the same time with certain displacement level in their orthogonal direction. Therefore, the correct maximum displacement shall be the resultant of these two orthogonal displacements:
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Figure 13. Nonlinear hysteresis curves of the LRB for all the time history loads

From the resultant displacements of all the time history cases, it is observed that the obtained displacement of 179.70 mm (TH#2) is still smaller than the design displacement of LRB SE 230 mm (figure 7).  
Another evaluation is made on the potential plastic hinges forming in the bottom section of the columns. A nonlinear in-elastic material analysis has to be performed prior the time history analysis in order to understand the nonlinear behavior of the reinforced concrete column. In this case, the nonlinear behavior is represented by the Moment-Rotation curve. The sectional analysis on the column is performed utilizing stress-strain relation from Mander for concrete material and Ken-Park for steel reinforcement. 
The column is designed as a rectangular shape column (3000 mm x 2500 mm). This rectangular configuration gives a different output on the resisting moment in longitudinal and transversal axis. Through the sectional analysis, it is obtained crack moments of 57792 kNm and 36894 kNm for strong axis and weak axis respectively. The calculated yielding moments are 76028 kNm for strong axis and 61089 kNm for weak axis. During the seismic simulation through nonlinear time history analysis, all the resulted bending moments on the potential plastic hinge location are observed and recorded. These moments will be plotted to the moment-rotation capacity curves to see the level of plasticization that is formed on the column. 
Below figure shows the definition of the moment-rotation on the column:
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Figure 14. Moment-Rotation definition of the column for nonlinear analysis 

All the reinforcements and dimensions of the column were calculated and designed based on the criteria given in AASHTO GSID 4th Edition. A response modification factor of 1.5 is used for the single reinforced concrete column design. With this factor, it is expected to have a very minimum damage level on the column during the design earthquake. Below figure shows the resultant moment-rotation curves of the column for all the time history cases:
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Figure 15. Moment-Rotation results and the comparison to the moment rotation capacity of the section

It is even stated in AASHTO GSID 4th Edition that this low R factor ensures an essentially elastic substructure behavior during design earthquake considering also its material overstrength and structural redundancy inherent in the structures.


6. CONCLUSION

Seismic isolation system in bridges demonstrates a significant earthquake force reduction. Further to this reduction, many aspects of the whole project will be affected. Better constructability, construction cost efficiency, better structural performance and safety, and elimination of future repair costs are some of the advantages that can be listed here. Particularly for Jakarta-Cikampek Project, this study confirms such hypothesis. In all seismically isolated structure, special care and attention needs to be addressed to the main seismic protection devices. From the seismic analysis, device engineering and design, testing, even until installation on the site. 
A proper method of seismic analysis shall be done to ensure the compliance of the resulted isolator parameters to the expected structural performance. Through the nonlinear time history analysis in this study, it is shown that both bearing isolators (LRB) and the substructures are designed properly to develop an expected structural performance. Through the isolation and dissipation mechanism of the LRB, it is confirmed that the designed substructure behaves in an essentially elastic manner. The nonlinearity on the LRB is effective to reduce the earthquake base shear and therefore resulted bending moments on the column are still below its yielding moment. With this condition, it is clear that during the design earthquake, no plasticization happens on the column. All the seismic energy is dissipated by the Lead Rubber Bearing.
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Welcome

On behalf of the Anti-Seismic Systems International Society (ASSISi) and the Russian
Assodiation for earthquake engineering and protection from natural and manmade

hazards (RAEE) we warmly invite you to join us in St. Petersburg, Russia, on 1-6 July 2019 for

the 16th World Conference on Seismic Isolation, Energy Dissipation and Active Vibration
Control of Structures.

We believe this conference presents a unique opportunity for sharing the
latest international earthquake engineering knowledge and we encourage you to start
planning your contributions and attendance at the conference.

Please note the key dates for abstractand paper submission. As the conference date
draws closer the website wil be updated with details of the keynote
speakers, programme and other conference activities.

At the same dates in the parallel session the Xill Russian National Conference on
Earthquake Engineering and Seismic Zoning will be held

We look forward to welcoming you allin St. Petersburg!

Important Dates

Abstract Submission Deadline - 01 december 2018
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