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Since its commissioning in 2004, the UC San Diego Large High-Performance Outdoor Shake Table (LHPOST) has enabled the seismic testing of large structural, geostructural and soil-foundation-structural systems, with its ability to accurately reproduce far- and near-field ground motions. Thirty-four (34) landmark projects were conducted on the LHPOST as a national shared-use equipment facility part of the National Science Foundation (NSF) Network for Earthquake Engineering Simulation (NEES) and currently Natural Hazards Engineering Research Infrastructure (NHERI) programs, and an ISO/IEC Standard 17025:2005 accredited facility. The tallest structures ever tested on a shake table were conducted on the LHPOST, free from height restrictions. Experiments using the LHPOST generate essential knowledge that has greatly advanced seismic design practice and response predictive capabilities for structural, geostructural, and non-structural systems, leading to improved earthquake safety in the community overall. Indeed, the ability to test full-size structures has made it possible to physically validate the seismic performance of various systems that previously could only be studied at reduced scale or with computer models. However, the LHPOST's limitation of 1-DOF (uni-directional) input motion prevented the investigation of important aspects of the seismic response of 3-D structural systems. The LHPOST was originally conceived as a six degrees-of-freedom (6-DOF) shake table but built as a single degree-of-freedom (1-DOF) system due to budget limitations. The LHPOST is currently being upgraded to 6-DOF capabilities. The 6-DOF upgraded LHPOST (LHPOST6) will create a unique, large-scale, high-performance, experimental research facility that will enable research for the advancement of the science, technology, and practice in earthquake engineering. Testing of infrastructure at large scale under realistic multi-DOF seismic excitation is essential to fully understand the seismic response behavior of civil infrastructure systems. The upgraded 6-DOF capabilities will enable the development, calibration, and validation of predictive high-fidelity mathematical/computational models, and verifying effective methods for earthquake disaster mitigation and prevention. Research conducted using the LHPOST6 will improve design codes and construction standards and develop accurate decision-making tools necessary to build and maintain sustainable and disaster-resilient communities. Moreover, it will support the advancement of new and innovative materials, manufacturing methods, detailing, earthquake protective systems, seismic retrofit methods, and construction methods. This paper will provide a brief overview of the 1-DOF LHPOST and the impact of some past landmark projects. It will also describe the upgrade to 6-DOF and the new seismic research and testing that the LHPOST6 facility will enable.
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INTRODUCTION

The upgrade of the University of California at San Diego Large High Performance Outdoor Shake Table (LHPOST) funded by the National Science Foundation (NSF) Natural Hazard Engineering Research Infrastructure (NHERI) network from one to six degrees of freedom (6-DOF) is critical for the economical design, construction, and implementation of improved seismic mitigation strategies. Since its commissioning in 2004, the LHPOST has enabled the seismic testing of large structural, geostructural and soil-foundation-structural systems, with its ability to accurately reproduce far- and near-field ground motions. Thirty-four (34) landmark projects were conducted on the LHPOST as an NSF-sponsored national shared-use Network for Earthquake Engineering Simulation (NEES) and currently NHERI equipment facility. The LHPOST has the largest payload capacity in the world and ranks second in size after Japan's E-Defense shake table. The tallest structures ever tested on a shake table have used the LHPOST, which has no roof overhead, and is therefore free from height or crane capacity restrictions. Tall cranes and heavy lifting equipment can easily be used to construct full-scale buildings and other structures. The ability to test full-size structures has made it possible to physically validate the seismic performance of various systems that previously could only be studied at reduced scale or with computer models. However, the LHPOST's limitation of 1-DOF (uni-directional) input motion has prevented the investigation of many important aspects of the seismic response performance of 3-D structural systems. Currently, E-Defense has the only large-capacity 6-DOF shake table in the world. The LHPOST was designed initially as a 6-DOF shake table but built as a 1-DOF system due to budget limitations. The current upgrade of the LHPOST to 6-DOFs, termed LHPOST6 thereafter, is funded by a grant from the NSF and additional resources from UC San Diego. The LHPOST6 will be the largest shake table facility in the U.S. and the second largest in the world that will address research needs pertinent to design and construction practices in the U.S. and worldwide.

The LHPOST6 will provide a unique, large-scale, high-performance, experimental research facility that will enable research for the advancement of the science, technology, and engineering practice in earthquake disaster mitigation and prevention. Testing of infrastructure at large scale under realistic multi-DOF seismic excitation is essential to fully understand the seismic response behavior of civil infrastructure systems, calibrate, validate, and improve mathematical models, and develop and verify effective methods for earthquake disaster mitigation. Research conducted using the LHPOST6 will improve design codes and construction standards, validate high-fidelity computational models, and develop accurate decision-making tools necessary to build and maintain sustainable and disaster-resilient communities. Moreover, it will support the advancement of new and innovative materials, detailing, and construction methods.

Research activities using the LHPOST6 will broadly impact science, engineering, and education. Next-generation researchers, educators, and practitioners will be trained and will achieve a fundamental and holistic understanding of the system-level behavior of structures. They will be the contributors and future leaders in world-wide natural disaster-prevention efforts. NHERI@UC San Diego annual training workshops will inform potential users of the upgraded shake table's capabilities and new opportunities for experimental research in earthquake engineering. Large-scale experiments conducted on the LHPOST6 will be persuasive life-size demonstrations that will raise natural disaster awareness and public support for efforts to develop effective technologies and adequate policies to prevent societal disasters caused by natural hazards. Finally, the upgrade project itself will provide valuable technical information for future shake table design, construction and operation since, when completed, the LHPOST will be the highest capacity 6-DOF shake table in the world, providing researchers in the U.S. and worldwide a unique facility to advance earthquake design and construction practice.

Section Description of the 1-DOF LHPOST Facility and Its Capabilities provides an overview of the 1-DOF LHPOST. Section Description of LHPOST Upgrade to 6-DOF Capability describes the technical upgrade to six degrees-of-freedom. Section Past Experiments Conducted on the LHPOST and their Impact highlights some past landmark projects and their impacts. Finally, new seismic research and testing opportunities offered by the LHPOST6 will be discussed in Section Future Research Enabled by the LHPOST6.



DESCRIPTION OF THE 1-DOF LHPOST FACILITY AND ITS CAPABILITIES

The NHERI@UC San Diego LHPOST is located within the Englekirk Structural Engineering Center (ESEC), 16 km east of the UC San Diego main campus in La Jolla, California (see Figure 1). ESEC is an outdoor large-scale structural laboratory complex that, since 2009, has met the requirements of the International Accreditation Service for Testing Laboratories. It is the first known large-scale structural testing laboratory in the U.S. to demonstrate compliance with International Standards Organization ISO/IEC 17025 (International Organization for Standardization ISO, 2018).


[image: Figure 1]
FIGURE 1. Englekirk Structural Engineering Center at UC San Diego.


The LHPOST is a unique outdoor shake table facility designed in 2001–2002 through a joint effort between UC San Diego and MTS Systems Corporation for the seismic testing of large systems, up to a weight of 20 MN, with a capability to accurately reproduce far- and near-field ground motions. The NSF NEES (2004–2014) and NSF NHERI (2016–present) programs have funded operations to allow the LHPOST to serve as a national shared-use research facility, enabling a wide range of landmark experiments on very large- or full-scale systems. The main research objectives of these one-of-a-kind large-scale, system level experiments have been (1) calibration, validation and improvement of analytical simulation tools to predict the seismic response of these systems, and (2) validation of the seismic performance of systems and components.

Figure 2 shows a schematic of the LHPOST mechanical and servo-hydraulic components in its 1-DOF configuration. Component 1 is the 12.2 m long by 7.6 m wide by 2.2 m deep honeycomb steel platen with a grid of multi-purpose, high-capacity, tie-down points spaced at 610 mm on center. The platen has an effective weight of 1.45 MN. Component 2 is the reinforced concrete reaction mass and the service tunnel that connects to the Hydraulic Power System Building. The reaction mass is 33.12 m long, 19.61 m wide, and extends to a depth of 5.79 m. A smaller central area of the foundation housing the hold-down struts extends to a depth of 7.92 m. The reaction mass has a weight of 43.8 MN. The unconventional (low–weight) design of the NHERI@UC San Diego reaction mass took advantage of the natural conditions at the site in terms of high soil stiffness to build a lighter and considerably less costly foundation, which resulted in a high characteristic frequency (between 11.2 and 12.5 Hz) and a large effective (radiation) damping ratio (between 32 and 42%) (Luco et al., 2011) as opposed to conventional design that relies on the use of a massive foundation to achieve a low characteristic frequency (e.g., Ogawa et al., 2001). The reaction mass also has a grid of multi-purpose, high-capacity vertical tie-downs for the deployment of safety towers, measurement frames, or reaction frames as needed for hybrid testing. Component 3 consists of the set of two ±750 mm stroke servo-controlled dynamic horizontal (longitudinal) single-ended actuators (with one actuator at each end) having a combined maximum force of 6.80 MN (1,530 kips). Each actuator is equipped with two high-flow four-stage servovalves (each rated for a flow of 10,000 liter/min (2,500 gpm) @ 7 MPa (1,000 psi) pressure drop). Thus, the two actuators together can accommodate a peak flow of 38 m3/min (10,000 gpm) which is needed to produce a platen velocity of 1.8 m/s (5.9 ft/s). Component 4 in Figure 2 consists of six vertical pressure balanced bearings (providing a hydrostatic bearing film) to support the shake table platen. In 2009, these pressure balanced bearings were upgraded with vertical actuators (equipped with pressure balanced bearings) having a stroke of ±0.127 m (±5 in). They were mounted with very small-flow 57 liter/min (15 gpm) servovalves which were controlled to balance the vertical actuator forces but did not have dynamic motion capabilities. The overturning moment resistance of the LHPOST is provided by a combination of gravity loading (test specimen plus platen) and a pair of low-stiffness vertical nitrogen gas-filled cylinders or hold-down struts (Component 5). These cylinders passively pre-compress the platen against the vertical pressure balanced bearings, work with a nitrogen pressure of 13.8 MPa (2,000 psi) corresponding to a hold-down force of 2.1 MN (470 kips) each, and have a uniaxial stroke of 2 m (79 in). Component 6 is the lateral (or yaw) restraint system (consisting of two pairs of transversal actuators, one at each longitudinal end of the platen, with each pair comprising two coupled actuators with pressure balanced bearings, one on each longitudinal side of the platen) to prevent the platen from undesirable yaw (i.e., to position the table centered) in the single axis configuration of the table. Finally, Component 7 is a weatherproofing system consisting of removable concrete covers.


[image: Figure 2]
FIGURE 2. LHPOST in its 1-DOF configuration: (A) Schematic of mechanical and servo-hydraulic components, and (B) picture under bare table condition.


The Hydraulic Power System (see Figure 3A) consists of two pumps with a flow capacity of 720 liter/min at 21 MPa (190 gpm at 3,000 psi) and 430 liter/min at 35 MPa (114 gpm at 5,000 psi), respectively, an accumulator bank composed of 50 bottles of 190 liter each for a total accumulator volume of 9,500 liter (9.5 m3) and a maximum pressure of 35 MPa (5,000 psi), a blow-down system (with peak flow capacity of 38,000 liter/min), a 20 m3 capacity surge tank, a cooling tower and a 1.5 MW electrical power substation with a 2,500 amp transformer. During a shake table test, the hydraulic power is supplied to the actuators by the accumulator bank (charged up at 35 MPa before the test) through two blow-down valves (see Figure 3B), which convert the high-pressure oil from the accumulators (between 21 and 35 MPa) to a system pressure output of 21 MPa (3,000 psi) for controlling the actuators (through their servovalves), and through direct pumping with the 430 liter/min at 35 MPa (114 gpm at 5,000 psi) pump, which also charges the accumulator bank (before and during the test).


[image: Figure 3]
FIGURE 3. (A) Hydraulic power system for the 1-DOF LHPOST, and (B) accumulator bank.


The accumulator bank is composed of 50 bottles of 190 liters (50 gallons) each for a total accumulator volume of 9,500 liters (9.5 m3 or 2,500 gallons). When the hydraulic power system is turned off, each of the accumulation bottles is completely filled with nitrogen gas at 21 MPa (3,000 psi). When the accumulator bank is charged with nitrogen at 35 MPa (5,000 psi), the pressurized oil occupies approximately the bottom 20 percent of the total volume of the bottles. During a shake table test, the other pump (720 liter/min at 21 MPa) provides flow for the servovalve spools, the lateral (yaw) restraint system, and the vertical actuators. The hydraulic oil at 21 MPa (3,000 psi) is transported from the accumulator bank to the longitudinal actuators first through a 0.3 m (12 in) diameter schedule 160 steel piping (pressure line) from the accumulator bank through the service tunnel connecting the hydraulic power building to the reaction mass and then into the reaction mass through two 0.2 m (8 in) diameter steel pipes (one for each longitudinal actuator), see Figure 3A. The return flow from the actuators is directed to a 20 m3 capacity surge tank through 0.2 m (8 in) diameter steel piping (one from each longitudinal actuator) in the reaction mass and then through a single 0.3 m (12 in) diameter steel pipe from the reaction mass to the surge tank located in the hydraulic power system building. The pilot flow pressure and return lines consist of 0.05 m (2 in) diameter steel pipes.

The performance characteristics of the LHPOST in its uniaxial configuration are reported in Table 1. The overturning moment capacity of 50 MN-m can resist an effective specimen mass of 200 tons at an effective height of 10 m with an acceleration of 2.5 g. Distinguishing performance characteristics of the 1-DOF LHPOST are its peak velocity of 1.8 m/s which allows the reproduction of near-field ground motions and its maximum payload capacity of 20 MN.


Table 1. Performance characteristics of LHPOST in its 1-DOF configuration for sinusoidal motions.

[image: Table 1]

The LHPOST is controlled via an MTS 469D controller located on the first floor of the Hydraulic Power System building. An Operator Control Room resides on the second floor of the same building and houses a PC workstation directly connected to the 469D that functions as the main user interface for operations and control of the LHPOST. A second workstation serves as the Data Acquisition Central Communication Computer to interface with the National Instruments DAQ nodes used to sample the sensors deployed on the specimen tested on the shake table.

The LHPOST includes a hardware and software platform for real-time hybrid shake-table (RTHST) testing. These capabilities were verified in commissioning tests in 2017 (Vega et al., 2020). The RTHST hardware and control equipment available consist of a 500 kN, ±203 mm dynamic actuator, a four-channel MTS FlexTest controller, and a SCRAMNet ring for real-time communication and synchronization of data flow between the shake-table controller, the FlexTest controller, and Simulink Real-time Target PC. Numerical substructures can be programmed in Simulink for hard real-time implementation or in OpenSees (McKenna et al., 2020) using high performance computers capable of extending application to complex structural models. The OpenSees/OpenFresco (Schellenberg et al., 2008) open source software framework for hybrid simulation implemented in LHPOST is readily extendable to 6-DOF shake table substructure testing (Schellenberg et al., 2014).



DESCRIPTION OF LHPOST UPGRADE TO 6-DOF CAPABILITY

As mentioned earlier, the LHPOST pictured in Figure 1 was conceptually designed as a 6-DOF shake table. However, it was constructed as a 1-DOF (uniaxial) system in 2002–2004 to accommodate funding available at the time. With a grant from the National Science Foundation and additional financial resources from UC San Diego, the LHPOST is being upgraded so that it can operate along all six degrees of freedom, namely the longitudinal (E-W direction or X), transverse (N-S direction or Y), and vertical (Z) translational, and roll (about the X-axis or RX), pitch (about the Y-axis or RY), and yaw (about the Z-axis or RZ) rotational motions. This is achieved by doubling the number of existing horizontal actuators and arranging them in V-shape configuration, adding a hold-down strut at the center of the table, and equipping each of the existing vertical actuators with a high-flow and high-speed servovalve. The upgrade also requires a major increase in the hydraulic power system capacity: number of pumps, accumulator bank capacity, and piping layout.

Similar to the original design of the LHPOST, the preliminary design of the LHPOST6 was developed in a collaborative effort between UC San Diego and MTS Systems Corporation. The target performance of the LHPOST6 was defined through its ability to reproduce the six tri-axial strong ground motions defined in Table 2. These ground motions are from the 1978 Tabas (Iran), 1994 Northridge (California), 1995 Kobe (Japan), 1999 Chi-Chi (Taiwan), and 2015 Nepal earthquakes, and an AC-156 compatible artificial earthquake record developed for seismic qualification testing (ICC Evaluation Services Inc., 2007).


Table 2. Tri-axial strong ground motion records considered for the preliminary design of the LHPOST6.

[image: Table 2]

The above design criterion requires a significant expansion of the 1-DOF LHPOST hydraulic power system. The original 9.5 m3 of accumulator banks will be upgraded to a new 36.9 m3 system of accumulator banks consisting of 75 bottles of 0.38 m3 (130 gallon) each. The expanded hydraulic power system was designed using inverse simulation. Inverse simulation uses a target tri-axial ground motion record as input and computes the system demands in terms of displacement, velocity, acceleration, force, servovalve opening, oil flow and pressure, assuming that the shake table controller can perfectly track the signal and accounting for the actual hydraulic power (accumulator banks and pumps). The inverse model takes into consideration many parameters including the equation of motion of the platen in six DOFs, the non-linear flow equations in the servovalves, as well as the dissipative forces between the platen and the vertical actuators. Inverse simulation is useful for determining (a) the physical demands for producing a desired table motion, and (b) whether a test will exceed any of the physical capacities of the system. The physical capacities of the system include actuator stroke (i.e., displacement limit), flow limits which induce velocity limits, and actuator force limits. Table 3 reports the peak demand flow rate and total demand flow required to reproduce the six considered tri-axial earthquake records in Table 2. It is observed that the Chi-Chi and Nepal earthquake records require a total flow demand exceeding 8.0 m3 (2,100 gallons), dictating the need for a new 36.9 m3 (9,750 gallon) accumulator bank, which can provide approximately 9.0 m3 (2,300 gallons) of oil at 20.7 MPa (3,000 psi).


Table 3. Peak demand flow rate and total demand flow required to reproduce the tri-axial strong ground motion records defined in Table 2; bare table condition.

[image: Table 3]

The ability of the LHPOST6 to reproduce tri-axial strong ground motions such as those considered in the design requires a very high flow, particularly through the large-diameter vertical actuators. As a result, each of the six existing vertical actuators will be ported with a 19 m3/min (5,000 gpm) high-flow 3-way servovalve.

The V-shaped horizontal actuator configuration is kinematically capable of producing a transverse displacement of the platen (in the N-S direction) of ± 0.94 m (±37 in) dynamically and ± 1.16 m (±45.7 in) statically (in the cushions). However, due to the geometry of the transverse cross-section consisting of the platen, reaction mass, and vertical actuators, the platen is constrained to move transversally in the range ± 0.43 m (± 17 in) as shown in Figure 4. With this new horizontal actuator configuration, it will be possible for the actuators to drive the table into an interference condition (impact between shake table platen and reaction mass or vertical actuators) in an out of control situation (e.g., loss of power) or operator programming error. There will be three lines of defense against such potential interference. The first line of defense will consist of a software limit detector (i.e., if a programmed limit is exceeded, the hydraulic system automatically shuts down). The second line of defense will consist of physical limit switches connected to a Programmable Logic Controller, which is connected to the shake table controller. A crash protection system defined later will provide the third line of defense in case of an interference. The bumpers of the crash protection system consume 0.05 m (2 in) of the available travel range in the N-S direction to dissipate the required energy in an impact condition, thus limiting the shake table travel range in the N-S direction to ± 0.38 m (±15 in).


[image: Figure 4]
FIGURE 4. Displacement limit in the transverse (N-S) direction.


The uniaxial sinusoidal performance characteristics of the LHPOST6 for sinusoidal motions are shown in Table 4 for bare table condition and for the table loaded with a rigid payload of 4.9 MN (500 metric tons), respectively. The performance characteristics were determined using inverse modeling of the upgraded table system configuration.


Table 4. Uniaxial performance characteristics of the LHPOST6 Sinusoidal motions—Bare table condition—Centered rigid payload of 4.9 MN (1,100 kips).

[image: Table 4]

Figure 5 provides a rendering of the hydraulic power system (HPS) for the LHPOST6 design. The accumulator bank is equipped with six blow-down valves (manifolds) which convert the high-pressure oil from the accumulators (between 21 and 35 MPa) to a system pressure output of 21 MPa (3,000 psi) for supplying the system actuators. This pressure may be allowed to drop below 21 MPa near the end of a shake table test.


[image: Figure 5]
FIGURE 5. Hydraulic power system (HPS) the LHPOST6. (A) Isometric of HPS, (B) Primary HPS components, (C) Plan view of HPS and Piping Layout, and (D) HPS in Pump House and Reaction Mass.


For the LHPOST6, two 0.3 m (12 in) diameter pressure lines transport the high-pressure oil from the existing building to the entrance in the reaction mass, instead of one pressure line for the 1-DOF LHPOST, see Figures 3A, 5. In the reaction mass, these two pressure lines feed a “pressure” ring main (0.3 m diameter single steel pipe) that goes around the inside of the reaction mass passing through and feeding the servovalves of all the horizontal and vertical actuators as shown in Figures 5A,C (red colored piping in the figure images). The return flow from all the horizontal and vertical actuators is directed to the surge tank through a “return” ring main that goes around the inside of the reaction mass and then through two 0.3 m (12 in) diameter steel tubes that cross the tunnel between the reaction mass and the hydraulic power system building as shown in Figure 5 (blue colored piping in the figure images). The 0.05 m (2 in) diameter pilot flow pressure and return lines for the 1-DOF LHPOST will be extended accordingly and replaced with 0.075 m (3 in) diameter steel piping. The existing surge tank capacity (20 m3 or 5,280 gallon) is sufficient for the 6-DOF upgrade. As mentioned previously, the upgrade also requires the doubling of the pumps, i.e., one 720 liter/min at 21 MPa (190 gpm at 3,000 psi) pump to provide pilot flow to the servovalves of all actuators for servo-control, and three 430 liter/min at 35 MPa (114 gpm at 5,000 psi) pumps to pressurize (charge) the accumulator banks (see Figure 5) before and during a shake table test, as well as a new transfer pump for each of the two new pumps. The electrical power substation must be upgraded to 2.5 MW with a 3,000 amp transformer to support the power requirement of the LHPOST6. Figure 6 shows the 19 m3/min (5,000 gpm) high-flow 3-way servovalve, which will be added to each of the six vertical actuators in order to provide the very high flow required to reproduce tri-axial strong ground motions such as those considered in the upgrade design (see Table 2). The additional hold-down strut at the center of the platen required by the upgrade can be seen in Figure 6C. It is identical to the other two hold-down struts used for the LHPOST.


[image: Figure 6]
FIGURE 6. High-flow servovalves for vertical actuators: (A) servovalve-actuator pair, (B) connection of servovalve to pressure (red) and return (blue) pipes, and (C) longitudinal cut through the reaction mass longitudinal axis.


The LHPOST6 required a redesign of the cover plate system comprising of twenty steel plates (19 mm thick) supported on high-speed castor wheels and hinges, corner tubes, and concrete planks. The cover plate system provides physical protection to the servo-hydraulic system in the reaction mass from falling debris and objects. The cover plate system also offers a degree of protection against the elements and prevent wild animals from falling into the reaction mass pit. The cover plate system must satisfy many physical constraints while accommodating multi-DOF movements of the platen. Figure 7A depicts the cover plates with the platen at the rest position. At the corners, the plates are connected via a series of telescopic tubes, see Figure 7B. Several removable rubber membranes in the form of fish scales will be placed on top of the tubes and the edges of the steel plates. These membranes will be removed during shake table testing to provide adequate ventilation to the reaction mass pit.


[image: Figure 7]
FIGURE 7. View and rendering of the cover plate system: (A) steel plates locations in the at rest position, and (B) steel plates and telescopic tubes at the corners.



Crash Protection System

The objective of the crash protection system is to prevent or minimize damage to the shake table system or reaction mass from an uncontrolled motion condition (impact hazard) due to a loss of power or operator programming error which are not caught properly by the first two lines of defense (software limit detector and physical limit switches). The crash protection system consists of four energy dissipation devices (bumpers) mounted near the four corners of the platen through heavy steel plates bolted to the top and bottom plates of the platen as shown in Figure 8. The main design criterion for the crash protection system is to absorb the kinetic energy of a specimen mass of 10 MN (1,000 ton), in addition to the platen mass of 1.75 MN (178 ton), moving at 1 m/s into the bumpers (including the actuator driving force) and dissipate this energy over a bumper travel of 0.05 m (2 in). For two bumpers (per side of the platen), this results in a force of 10 MN per bumper. In each bumper, the compressive impact force is transferred into 42 tensile rods of highly ductile stainless steel (see Figures 8A,B) engaging into a plastic tensile yielding behavior at near-constant force. After an impact, the yielded tensile members would be replaced. A detailed non-linear finite element analysis of the reinforced concrete reaction mass was performed and showed that an impact force of 10 MN will be resisted with very small displacements and deformations (fractions of a mm) of the reaction mass.


[image: Figure 8]
FIGURE 8. Crash protection system: (A) view of 42 tensile rods, (B) internals of crash protection device, (C) crash protection device and impact plate, (D) distance between crash protection devices and impact plates, and (E) overall view of shake table platen and two of the crash protection devices.




Horizontal Actuators

The two new horizontal actuators will have the same functionality and performance capabilities as the two horizontal actuators for the 1-DOF LHPOST. The new actuators will have different manifold configurations to support the operation of the system in the 6-DOF mode. The existing two horizontal actuators will also be equipped with the new manifold configurations. Figure 9 shows several views of the LHPOST6 with its horizontal actuators in V-shape configuration within the reaction mass.


[image: Figure 9]
FIGURE 9. Overall design configuration of the LHPOST6: (A) horizontal actuators in V-shape configuration, vertical actuators and pedestals to park the platen, (B) transverse view with horizontal actuators and hold-down struts, (C) horizontal actuators connected to shake table platen equipped with crash protection devices, and (D) transverse view with shake table platen equipped with crash protection devices.




LHPOST6 Controller

The existing MTS 469D Seismic System Controller used on the 1-DOF LHPOST will be completely replaced with MTS' latest electronics and control software. The new MTS 469D controller will provide for simpler shake table tuning, system operation, and test execution. It will permit faster set up and more “tools” to handle difficult (e.g., non-linear degrading) specimens. The control software provides an advanced graphical user interface (GUI) with full functionality provided for system tuning, test set up and operation, table data acquisition, and advanced high-level adaptive control for high fidelity earthquake waveform reproduction. It also includes a set of high level fixed control techniques such as: (i) Degree of Freedom Control (DOF), (ii) Three Variable Control (TVC), (iii) Delta Pressure Stabilization (DPS), (iv) Adaptive Control Techniques (e.g., Adaptive Inverse Control—AIC), (v) EZ Tune (automatic tuning wizard for AIC), and (vi) Safe Abort, as well as tools for Off-Line Iterative (OLI) Compensation. The Safe Abort option allows a test to be interrupted with a very quick smoothly damped trajectory to a safe position without causing abrupt system motion which can damage the specimen. This Safe Abort, like all MTS safety limits, can be triggered by system limit detectors, or operator intervention. The new MTS 469D controller will be customized for the characteristics of the LHPOST6. The two existing table feedback uniaxial accelerometers will be replaced with a set of eleven uniaxial feedback accelerometers (3 E-W, 3 N-S, and 5 vertical) to control all six degrees of freedom of the LHPOST6.

The TVC portion of the 6-DOF 469D controller is exactly the same for each of the six DOFs and the same as for the 1-DOF LHPOST. There are six control channels, one for each DOF, and the controller for each DOF takes only feedback associated with that DOF (i.e., the TVC does not mix DOF feedbacks between the SDOF controllers). The controller uses back-and-forth transformations from Cartesian DOFs to actuator DOFs (from Cartesian space to actuator space). The dynamic cross-coupling between DOFs is mitigated by Adaptive Inverse Control (AIC) and Off-Line Iterative (OLI) Compensation, which take care of the diagonal and off-diagonal terms of the 6 × 6 total shake table transfer function matrix. The load balancing control algorithm for the LHPOST6 remains the same as for the 1-DOF LHPOST. The only difference is that the vertical actuators have dynamic capabilities (i.e., are capable of more velocity) in the LHPOST6.



Performance Simulation of LHPOST6

The design of the LHPOST6 was modeled using inverse simulation and was then validated using forward simulation. The forward model of the LHPOST6 includes the rigid body dynamics in 6-DOFs of both the platen and a rigid specimen, servovalve and actuator dynamics (with non-linear flow equations), accumulator banks and line accumulators, and a virtual replica of the MTS 469D controller that will be installed on the LHPOST6 (Thoen, 2019). In the forward model, the controller was tuned for the characteristics of the LHPOST6 design using the new 469D Auto-Tuner capability. The tuned closed-loop forward model provides the ability to perform “dry runs” of the LHPOST6 system and thus evaluate, pre-construction, its signal tracking performance capability. After completion of the LHPOST upgrade, the forward model will also allow for offline tuning based on the test specimen characteristics and will be very useful for safe offline operator training (i.e., shake table simulator). Figure 10A compares the target (or desired) and simulated achieved translational acceleration time histories of the shake table, and Figure 10B compares the target and achieved five-percent damped tri-partite (displacement/pseudo-velocity/pseudo-acceleration) linear elastic response spectra for the three components of the 1994 Northridge earthquake record (refer to Table 2). Similar levels of signal tracking fidelity were observed for the other strong tri-axial earthquake records considered for the upgrade design. These comparisons show a good signal tracking capability of the LHPOST6 design. This is especially true for the vertical ground motion components, given the fact that the vertical actuators of the LHPOST are single-acting, i.e., they can only push (upwards) and cannot pull (downwards) the platen since they have zero retraction force. The nitrogen-filled hold-down struts pull the platen down but without closed-loop dynamic capabilities. The level of fidelity in signal reproduction for the vertical component and other motion components can also be further improved through the advanced control capabilities built in the MTS 469D controller such as Adaptive Inverse Control (AIC), On-Line Iteration (OLI) and Specimen Dynamics Compensation (SDC) (Thoen et al., 2012).
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FIGURE 10. Comparison of target and (simulated) achieved tri-axial 1994 Northridge earthquake record (see Table 2): (A) acceleration time histories, and (B) 5% damped tri-partite linear elastic response spectra.


A simple mechanical model of the rigid platen supported by the oil column springs of the 4 horizontal and 6 vertical actuators results in the oil column frequencies and modes reported in Table 5. The frequency of the oil column mode in the longitudinal (E-W) direction of the 1-DOF configuration of the LHPOST is approximately 10.6 Hz. The three lowest oil column frequencies of the LHPOST6 are 7.4, 8.9, and 9.3 Hz in the transverse, yaw, and longitudinal directions, respectively. As for the 1-DOF LHPOST, the resonant peaks of the oil column modes will be damped out numerically by the shake table controller using the delta-pressure feedback gains and adjusting the notch filters' parameters.


Table 5. Prediction of oil column frequencies and modes for the LHPOST6 (bare table).
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Instrumentation of Test Specimens and Data Acquisition System

Experiments conducted on the LHPOST typically require fifty to six-hundred sensor measurement channels. The NHERI LHPOST facility has a large inventory of sensors available to instrument test specimens. These sensors and their quantities include: (i) MEMS-based accelerometers (205), (ii) Linear displacement transducers (142), (iii) String potentiometer displacement transducers (119), (iv) Load jacks (4), (v) Load cells (31), (vi) Soil pressure transducers (32), and (vii) GPS System with RTD_NET Software by Geodetics with 3 receivers operating at 50 Hz to measure translational motions in 3D with a precision of 1.5 mm. Strain gauges are used extensively but are considered disposable instrumentation. The site also has an array of 1080 and 4K high definition (HD) video cameras running at 30 frames per second (fps) that are fully synchronized with the sensors: GoPros 4K (15), Axis 240Q/241Q video servers streaming (4), IQeye streaming/time-lapse video (3).

The LHPOST6 facility will be equipped with a new data acquisition (DAQ) system consisting of 12 nodes with 64 channels each (for a total of 768 measurement channels) at 24-bit Analog-to-Digital resolution, simultaneous sampling, and a sampling rate up to 25.6 kS/s per channel. This DAQ will provide superior aliasing rejection with user-configurable digital anti-aliasing filters, and zero skew time between different channels due to simultaneous sampling, thus enabling accurate recordings from very small (ambient vibrations) to very large (seismic testing) motions.

The site is open to explore the use of new measurement/sensor technologies such as Digital Image Correlation techniques to measure the motion and deformation of test specimens. However, the site's top priority is to provide highly reliable measurements and high-quality data to the researchers and/or commercial clients. Research teams using the site are also encouraged to deploy payload projects exploring innovative sensing technologies (e.g., low-power wireless sensors).

The site also has calibration equipment for sensors and data acquisition systems, as required for its ISO/IEC Standard 17025:2005 accreditation. The NHERI@UC San Diego Experimental Facility also has a fully configured, end-to-end, live video streaming production system with high resolution and low latency. NHERI@UC San Diego is on social media (youtube, facebook, twitter).




PAST EXPERIMENTS CONDUCTED ON THE LHPOST AND IMPACTS

Since the LHPOST commissioning on October 1, 2004, and until its closure on October 1, 2019 for the 6-DOF upgrade, 34 major research and commercial projects were conducted on the LHPOST during its life as a national shared-use NSF-NEES and NHERI equipment facility. The following is the list of specimens tested, in chronological order, on the LHPOST from 2004 to 2019, with the scale of the specimen and a picture of each of them provided in Figure 11: (1) seven story structural wall building slice (full-scale) (Panagiotou et al., 2011); (2) seismic base isolator (miniature scale); (3) bridge abutment and soil embankment inside large laminar soil box (scale: distorted); (4) new type masonry building structure and masonry veneer—Phase 1 (full-scale); (5) precast concrete building with deformable diaphragms and re-centering post-tensioned RC walls (scale: 0.40) (Belleri et al., 2014); (6) non-ductile RC frames with infill walls—Phase 1 (full-scale) (Billington et al., 2009); (7) new type masonry structure and masonry veneer—Phase 2 (full-scale); (8) non-ductile RC frames with infill walls—Phase 2 (full-scale); (9) retaining wall with and without sound wall inside large laminar soil box (scale: distorted) (Mock and Cheng, 2015); (10) 65-kW steel wind turbine (full-scale) (Prowell et al., 2011); (11) industrial-type metal building (full-scale) (Uang et al., 2011); (12) RC bridge pier (full-scale) (Schoettler et al., 2009); (13) reinforced masonry wall building (full-scale) (Stavridis et al., 2016); (14) five story dual wall-frame RC building with non-structural components and systems (full-scale) or BNCS project (Chen et al., 2016; Pantoli et al., 2016a); (15) reinforced masonry wall building (full-scale); (16) geogrid reinforced soil retaining wall inside large stiff soil confinement box (full-scale); (17) RC bridge columns supported on rocking shallow foundations (scale: 0.333) (Antonellis et al., 2015); (18) four story woodframe building with soft bottom story (full-scale) (Bahmani et al., 2017); (19) four story RC building with inertial force-limiting floor anchorage system (scale: 0.4) (Zhang et al., 2018); (20) partially grouted reinforced masonry building (full-scale); (21) seismically isolated unibody residential building (full-scale); (22) 500kV bus support structure with retrofit added to the base of the pylons (full-scale); (23) cut-and-cover shallow tunnel embedded in soil inside large laminar soil box (scale: 0.111) (Kim and Elgamal, 2017a); (24) helical piles embedded in soil inside large laminar soil box (full-scale) (ElSawy et al., 2018); (25) spillway retaining wall embedded in soil inside large laminar soil box (distorted scale) (Kim and Elgamal, 2017b); (26) six story light-gauge cold-formed steel framed building subjected to seismic and fire tests (full-scale) (Wang et al., 2015b); (27) electrical relay racks (full-scale); (28) seismic isolated RC slabs for hybrid shake table commissioning tests (scale: 0.25) (Vega et al., 2020); (29) two-story cross-laminated (heavy) timber building with re-centering (rocking) post-tensioned walls (full-scale) (Pei et al., 2019); (30) pile foundation in multi-layer saturated soil strata inside the large laminar soil box (distorted scale); (31) shear-dominated reinforced masonry wall system—Phase 1 (full-scale); (32) repetitively framed mid-rise cold-formed steel building (full-scale); (33) shear-dominated reinforced masonry wall system—Phase 2 (full-scale); (34) steel building with seismic collectors (scale: 0.5). The geo-structures require the shake table to be used in combination with one of the two large soil boxes available at ESEC: (1) a steel laminar soil shear box of dimensions 6.7 m (L) × 3.0 m (W) × 4.7 m (H), and (2) a composite steel-concrete stiff soil confinement box of dimensions 10.0 m (L) × 4.6 m or 5.8 m (W) × 7.6 m (H) (Fox et al., 2015).
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FIGURE 11. Specimens tested on the LHPOST in the period 2004–2019.


Most tests performed on the LHPOST are landmark tests. The seven-story structural wall building slice (see insert 1 in Figure 11) and reinforced concrete bridge pier (see insert 12 in Figure 11), which were densely instrumented and tested to the brink of collapse, provided the community with a unique dataset. Blind predictions were organized for these two tests, and the predictions provided a unique opportunity to look into model uncertainty and human error (Restrepo, 2007; Terzic et al., 2015).

The three-story precast concrete building (see insert 5 in Figure 11) was a capstone of the multi-university (University of Arizona, Lehigh University, and UC San Diego) Diaphragm Seismic Design Methodology (DSDM) research project jointly funded by the Precast/Prestressed Concrete Institute (PCI) and NSF with outstanding industry support and input. Three different types of precast concrete diaphragms were incorporated into this building. Because the test program included many (sixteen) design earthquake tests, a pair low-damage re-centering precast post-tensioned concrete walls were used to provide lateral load resistance to the building. The DSDM project was extremely successful and culminated with the inclusion of floor acceleration provisions for precast building diaphragms and other systems in the ASCE 7–16 standard.

The large-scale tests conducted on masonry structures with the LHPOST facility represent major masonry research efforts in the US to advance the seismic performance assessment and design of existing as well as new masonry construction. In particular, data from the masonry-infilled non-ductile reinforced concrete frame study (see inserts 6 and 8 in Figure 11) led to improved performance assessment methods that have been adopted into ASCE 41–17. Data from the studies of reinforced masonry (see inserts 13, 15, and 20 in Figure 11) contributed to the development of new shear-friction design provisions in TMS 402–16, and led to the development of improve load-displacement backbone curves for masonry walls, which are being implemented in ASCE 41. Data from the building system tests (see inserts 15, 31, and 33 in Figure 11) provided new insight into the displacement capacity of masonry buildings and has been used to validate detailed as well as simplified numerical models that were used to solve the short-period building performance paradox in the ATC 116 project.

The BNCS project (see insert 14 in Figure 11) enabled, for the first time, the full-scale experimental investigation of a wide range of functioning non-structural components when installed in a system setting. Subjected to service, design and maximum credible earthquake scenarios, the various NCSs in this total building specimen were allowed to interact with the structural system as well as with other NCSs. Vertical and horizontal spanning NCSs were installed within the test building, using seismic and non-seismic compliant detailing. Findings from these tests demonstrate the efficacy of building base isolation, as the building and its NCSs were undamaged and the system suffered no loss of functionality. Under fixed base condition, the BNCS building earthquake test results also facilitated advancements to design and practice provisions within ASCE 7 (ASCE/SEI, 2016), including provisions for ductile corner connections for precast concrete facades (Pantoli et al., 2016b), higher importance factors for stairs (Wang et al., 2015a), and improved boundary condition detailing for elevators (Wang et al., 2016), to name a few important impacts.

The data, information and knowledge gained from the experiments conducted on the LHPOST have greatly advanced analysis and design tools, design guidelines and codes, design practice, and seismic response predictive capabilities for buildings (old and new), bridges, critical facilities, non-structural components and systems, wind turbines, geo-structures and foundation systems, leading to improved earthquake safety in the community overall. Moreover, the full-scale dynamic testing capability provided by the LHPOST has enabled new and innovative low-damage earthquake protective systems to be tested and incorporated into practice. Indeed, the ability to test full size structures has made it possible to physically validate the seismic performance of many systems that previously could only be assessed with computer models or using small-scale physical models. However, with the limitation of the LHPOST in its 1-DOF configuration, important aspects of seismic response for many problems in earthquake engineering and application scenarios could not be investigated. Currently, the only large-capacity 6-DOF shake table capable of performing such tests is the E-Defense facility in Japan (Nakashima et al., 2018). The only shake table in the world that has a larger payload capacity than the E-Defense table is the LHPOST. Existing moderate to large scale 6-DOF shake tables in the U.S. at the University of California at Berkeley (0.70 MN payload), University at Buffalo (2 × 0.45 MN payload), and University of Nevada Reno (0.45 MN payload) have contributed toward understanding the multi-component seismic response of equipment, building and bridges, albeit at reduced scale for large structural systems. The multiple tables at Buffalo and Reno (when paired with three additional bi-directional tables) have supported landmark testing of long-span bridge structures.



FUTURE RESEARCH ENABLED BY THE LHPOST6

The LHPOST6 will enable ground-breaking experimental research in earthquake engineering related to structural, geo-structural, soil-foundation-structural, and non-structural components and systems, including how these systems behave during realistic multi-component earthquake excitations, and how they should be conceived and designed to resist such excitations best. A select set of important research areas and studies that will be made possible by the LHPOST6 are described in the following sections.


Building Structures

One of the largest and diverse areas of research is in low-rise, mid-rise, or high-rise buildings made out of a variety of materials such as structural steel, cold-formed steel, reinforced/prestressed/precast concrete, high-performance concrete, wood-frame, cross-laminated (heavy) timber, unreinforced and reinforced masonry, and advanced materials. Topics also include the seismic performance of total building systems, those designed with super columns or outriggers, and special issues such as floor vibration isolation.


Masonry Components and Systems

Unreinforced Masonry (URM) buildings have suffered severe damage or collapse in past earthquakes. The failure of an URM building in a seismic event has often been characterized by the out-of-plane collapse of the walls (Felice and Giannini, 2001). The resistance of an URM wall to out-of-plane forces relies on arching action, which could be weakened by damage caused by in-plane forces. As a result, bi-axial horizontal ground motions are particularly damaging to an URM building, and URM walls subjected to uniaxial in-plane forces have been reported to exhibit significantly better performance compared with bi-axial loading conditions. Furthermore, the vertical ground acceleration could change the axial load on a wall and thus its in-plane and out-of-plane shear resistance, while also affecting the arching mechanism and stability of the wall. The LHPOST6 will enable the robust assessment of the seismic safety of URM buildings and the development of effective retrofit and strengthening methods.



Steel Systems

There has been extensive research on the seismic performance of hot-rolled structural steel and cold-formed steel systems in the areas of structural stability and progressive collapse mitigation, connection behavior, and seismic risk and life-cycle cost quantification (Stojadinović et al., 2000; Khandelwal et al., 2008). However, additional research is needed to assess interactions in building systems undergoing earthquakes, e.g., competing inelasticity in vertical and horizontal lateral-force resisting systems, overstrength and system effects derived from the participation of gravity and non-structural framing in lateral response (e.g., Imanpour et al., 2016; Peterman et al., 2016; Cravero et al., 2020).



Structural Concrete Systems

Structural concrete has been a prevailing construction material for low, high-rise, and super-tall buildings. However, most research supporting seismic design with structural concrete has been limited to components (e.g., Kurama et al., 1999; Lehman et al., 2004; Naish et al., 2013; Tazarv and Saiid Saiidi, 2016) or reduced-scale models of building systems (e.g., Rodriguez et al., 1995). In the US, only three landmark building tests were performed at large- or full-scale on a shaking table (Schoettler et al., 2009; Chen et al., 2016; Zhang et al., 2018) but under single-axis excitation. Therefore, research is needed on innovative, resilient, seismic-resistant concrete systems under multi-axial excitation, specifically to improve modeling and analysis capabilities for component and system behavior. Of particular interest are the use of high strength materials (reinforcing bars and concrete) and advanced materials for seismic civil applications, special concrete moment frames, and structural walls including the combination of dual systems, precast concrete frame, and wall structures, and sustainable reinforced concrete structures utilizing recycled materials. Of great interest, and somewhat neglected in research, is the evaluation of the seismic performance of commercial tilt-up buildings. Many such buildings behaved poorly during the 1994 Northridge earthquake (Mitchell et al., 1995), which prompted the need to revisit various diaphragm-to-wall connection methods. Recent research indicates that some of these structures may still be quite earthquake vulnerable (Koliou et al., 2016). The LHPOST6 will benefit the above research areas by providing the opportunity to conduct large-scale multi-axial shake table tests of complete buildings and structures of complex geometries.

Current seismic design standards, such as (ACI, 2014; AISC, 2016; ASCE/SEI, 2016, 2017; TMS, 2016) are largely based on data obtained from quasi-static testing of structural components, most of which were conducted with in-plane horizontal loading. While such data are crucial for the development of design and detailing requirements to ensure the ductile behavior of structural members, how a building will perform in an earthquake is also highly dependent on how these components are proportioned, connected, and interact with each other as a system. Without due consideration of the system's behavior in design, the actual seismic response and load-resisting mechanism of a building could differ significantly from what is anticipated by current design standards. Current design standards also rely on 3D computational models of structures to extrapolate results of uniaxial shake table tests to project structural performance under multi-axial loading conditions. The lack of pertinent data to validate the accuracy of computational models for these predictive analyses is an important issue. Multi-axis shaking-table tests are needed to study more realistically the behavior of civil structures and to improve current seismic design methods and standards.



Non-structural Components and Systems (NCSs)

NCSs, generally categorized as architectural, mechanical, electrical, and plumbing, or building contents, are elements that facilitate operation of a building. Importantly, they typically comprise 75–85% of the construction cost of commercial buildings (Miranda and Taghavi, 2003). NCSs have suffered significant damage, led to appreciable losses, and endangered occupants during past earthquakes (Federal Emergency Management Agency FEMA E-74, 2012). Significant efforts have been undertaken to develop simplified design procedures to account for the range of practical NCSs configurations, and the limitations are well-known (Filiatrault and Sullivan, 2014). The scarceness of full-scale building shake table tests that incorporate NCSs limits our understanding of the seismic response of these non-structural components. For example, the landmark NSF-funded Building Non-structural Components and Systems (BNCS) test program (refer to #14 in Figure 10, Pantoli et al., 2016a) incorporated a complete suite of NCSs, including operable egress (stairs and elevators), facades (precast concrete and light-weight cold-formed steel), and interior equipment and architectural support contents (ceilings, HVAC, piping, etc.). This project focused on the “total building” and, in particular, the interactions between components (non-structural-to-non-structural and structural-to-non-structural) and offered new insight into understanding the seismic response of a wide range of NCSs, but the tests were carried out under single-axis ground motions. This test program would have immensely benefited from the upcoming capability of the LHPOST6. NCSs are by their nature secondary systems; their response depends upon the response of the supporting primary system, in most cases a building. The varying vibratory response of a building under multi-directional input motion will then naturally affect the input motion to the NCSs. Important to enveloping a building, the wide range of architectural facades have a high degree of variability in their connectivity to the supporting structure, and thus their response to multi-axis input requires understanding (Pantoli et al., 2016b). Limited recent tests, supported by field observations, demonstrate the importance of advancing our understanding and predictive capabilities under multi-directional loading of NCSs in building systems. Full-scale multi-axial shake table tests are needed to advance the development of a reliable, unified design strategy for NCSs accounting for multi-directional earthquake excitation.




Advanced/Innovative Earthquake Protective Systems

Extensive damage in conventional buildings have caused a push in earthquake affected communities in the past two decades to use low-damage structural earthquake protective systems. Such systems can sustain significant non-linear response, large lateral displacements, and damping with practically no damage and maintained operability after strong earthquake ground motions. This is currently a very active research area that includes base isolation, rocking foundations and systems, self-centering systems, inertial force-limiting floor anchorage systems, dampers, buckling-restrained braces, and new materials (Ozbulut et al., 2011; Belleri et al., 2014; Bahmani et al., 2017; Pei et al., 2019).

Many structures have survived strong earthquakes unscathed, courtesy of rocking of the foundation (Housner, 1963). In competent soils not susceptible to liquefaction, rocking can be used as a mechanism that concentrates the non-linear response and provides energy dissipation in some structures. This aspect has been widely demonstrated in centrifuge, field, and 1-g shake table testing (e.g., Deng and Kutter, 2012; Gelagoti et al., 2012; Pecker et al., 2014). At the LHPOST facility, Antonellis et al. (2015) carried out shake-table testing of two 1:3 scale bridge piers with shallow foundations designed to rock (refer to #17 in Figure 10). The test specimens were placed inside the large stiff soil confinement box described in Fox et al. (2015), which was partially filled with poorly graded medium sand and water. Because of the uni-directional limitation of the LHPOST, one of the test units was aligned with the direction of the excitation, whereas the other was rotated 30 degrees. While this promoted multi-directional input to the specimen, the two horizontal translational input motions were fully correlated. The LHPOST6 used in combination with a large soil box will enable more realistic investigation of earthquake protective systems of all types at large or full-scale, including passive, semi-active, and active seismic response modification devices such as dampers, low-cost unbonded fiber-reinforced elastomeric bearings, and buckling-restrained braces, as well as new electroactive and electromagnetic materials and shape memory alloys (Ozbulut et al., 2011).



Dynamic Soil-Structure Interaction (SSI)

The LHPOST6 is ideally suited for experimental investigations of dynamic SSI. The kinematic interaction of the foundation with the soil (in the absence of the superstructure) under internal seismic wave excitation leads to translational and rotational components of foundation input motion. This occurs for embedded foundations for all types of elastic wave excitation and for surface foundation subjected to non-vertically incident waves and to spatially random ground motions. When a superstructure is present, the inertial interaction results in additional rocking components of motion of the foundation and additional torsional components, particularly, when the structure is not symmetrical. Thus, even when it can be assumed that the foundation is sufficiently rigid, the motion of the foundation will have at least 6-DOFs, including translational and rotational components of motion (e.g., Luco, 1980; Roesset, 1980). The following three general types of experimental SSI studies can be envisioned with the LHPOST6:


Verification Studies Under Tri-axial Excitation

Computer models of the complete soil, foundation, structure system can be used to obtain the total translational and rotational motion of the foundation, which can then be applied at the base of the structure placed on the LHPOST6. The resulting experimental motion of the structure can be compared with the numerical simulation to validate both the theoretical model and computational method. Independent of the validation justification, the response of structures to simultaneous translational and rotational motions is of interest for research aimed at representing the free-field ground motion as consisting of both translational and rotational components, extending the current practice of including only translational components (in the absence of SSI) (Lee and Trifunac, 1985, 1987).



Hybrid Tests

In these ambitious tests, the soil will be modeled in the computer, and the foundation input motion (i.e., the response of the foundation to seismic waves) computed numerically; the compliance matrix (i.e., used to compute the response of the “foundation and soil” to external forces from the superstructure) will be computed numerically as well. In the test, the total foundation motion will be applied (through the shake table platen) at the base of the structure placed on the shake table and the force that the structure exerts on the platen will be obtained from the motion of the structure thus closing the loop. These tests could be used to study the non-linear seismic response of structures in the presence of soil-structure interaction, as well as studies of the torsional response of structures.



Large Soil Box Tests Under Tri-axial Excitation

In these tests, scaled models of structures will be supported on soils placed in one of the large soil boxes available. The soil box will be subjected to tri-axial base motions to better simulate the seismic excitation. These tests could be used to study the non-linear response of soils, the response of partially saturated soils, and the non-linear interaction of foundations, structures, and the soil. The contribution of radiation damping into the soil to the apparent damping in the structure could also be studied in this fashion. The effects of the coupling through the soil on the seismic response of adjacent structures, a topic of importance in the urban environment and in farms of storage tanks and wind turbines, could also be investigated through this approach.




Geostructures

Soil Foundation Structure Interaction (SFSI) can be beneficial or detrimental to the performance of structures during earthquakes. Design guidelines considering these effects are mostly based on analytical models, computational simulations, small-scale shake-table experiments in centrifuges, large-scale field testing of pile and slab foundations, and field observations from past earthquake events. Large-scale field testing provides pertinent data to calibrate soil properties in analytical and computational models; however, it cannot conclusively validate how SFSI affects structural response during an earthquake because these tests neglect the dynamics of soil response and the inertial interaction with the superstructure. Moreover, they are generally at amplitudes lower than design target earthquake demands. The scale of SFS specimens in centrifuge tests must be necessarily very small. This means that detailing of superstructure elements and materials for these tests necessitates simplicity due to the small scale. Therefore, the results of such tests will have limited accuracy regarding the behavior of the actual structure or foundation. Shake-table tests used in combination with large soil boxes with reasonable size foundation and structural models are needed to complement centrifuge tests to validate corresponding computational models. These types of tests can also be used to study the performance of underground structures (such as energy vaults, pipelines, and deep and shallow tunnels), bridge abutments, earth retaining walls, levees, embankments, large cut and fills, and slope stability in hillside construction. The LHPOST6 can support the testing of underground pipelines subject to liquefaction loads or fault crossing demands by taking advantage of the large displacement capacity of the LHPOST6, enabling researchers to conduct large-scale dynamic testing of underground facilities and pipelines and techniques for evaluating ground movement patterns and stability for a variety of excavation, tunneling, micro-tunneling, and mining conditions (O'Rourke et al., 2008).




SUMMARY AND CONCLUSIONS

The Natural Hazards Engineering Research Infrastructure (NHERI) UC San Diego Large High-Performance Outdoor Shake Table (LHPOST) Experimental Facility and its capabilities under its past 1-DOF configuration (LHPOST) and future 6-DOF configuration (LHPOST6) were described. The LHPOST is a national shared-use facility supported by the National Science Foundation and available to researchers to conduct research in earthquake engineering and seismic hazard mitigation. The LHPOST is the largest facility of its kind in the US for conducting earthquake engineering research. It has the largest payload capacity in the world (20MN) and ranks second in size after Japan's E-Defense shake table. The tallest structures ever tested on a shake table have used the LHPOST, which is free from height restrictions.

The vision for the NHERI@UC San Diego Shake Table Experimental Facility is rooted on three critical needs for advancing the science, technology, and practice in earthquake disaster mitigation and prevention: (1) fundamental knowledge for understanding the system-level behavior of buildings (including non-structural components and systems), critical facilities (e.g., energy structures), bridges, and geo-structures during earthquakes, from the initiation of damage to the onset of collapse; (2) Experimental data to support the development, calibration and validation of high-fidelity physics-based computational models of structural/geotechnical/soil-foundation-structural systems that will progressively shift the current reliance on physical testing to model-based simulation for the seismic design and performance assessment of civil infrastructure systems; and (3) Proof of concept, benchmark and validation/verification tests for seismic retrofit methods, protective systems, and the use of new materials, manufacturing methods, components, systems, and construction methods that can protect civil infrastructure systems against earthquakes.

The LHPOST was conceptually designed as a 6-DOF shake table. However, it was constructed as a 1-DOF system in the period 2002–2004 to accommodate funding available at the time. Since its commissioning on October 1, 2004, 34 landmark research and commercial projects have been conducted on the LHPOST, contributing to advancing our understanding of the seismic response behavior of civil infrastructure systems, improving design codes and standards, validating high-fidelity 3D computational models, and developing accurate decision-making tools necessary to build and maintain sustainable and disaster-resilient communities. Some of these research projects were briefly described in this paper. All test results and research data are shared through the NHERI Data Depot repository at NHERI DesignSafe (https://www.designsafe-ci.org/data/browser/public/).

The LHPOST6 is currently being built and is scheduled to reopen for operations in fall 2021. Once upgraded, the LHPOST will be able to reproduce all six components of ground motion experienced during earthquakes, which will enable the investigation of many important aspects of the seismic response of structural, geostructural and soil-foundation-structural systems that could not be researched experimentally with the past limitation of the LHPOST to uni-directional input motion. The LHPOST6 will allow researchers to investigate the combined effect of realistic near-field translational and rotational earthquake ground motions applied as dynamic excitation to full 3D and at large- or full-scale structural, geotechnical, or soil-foundation-structural systems, including the effects of SSI (both kinematic and inertial), non-linear soil and structural responses, and soil liquefaction. A select set of important research areas that will be made possible by the LHPOST6 were discussed in this paper.

More information about the NHERI@UC San Diego Experimental Facility can be found at the facility's website at https://ucsd.designsafe-ci.org/. This information includes the facility overview, equipment portfolio, experimental protocol, payload projects, workshops, resources, and contact information.
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