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Introduction: Natural hazards present significant risks to infrastructure and communities, emphasizing the importance of advanced tools and methods to better understand and mitigate these challenges. The Natural Hazards Engineering Research Infrastructure (NHERI) experimental facility at the University of Texas (NHERI@UTexas), funded by the National Science Foundation (NSF), addresses this need by offering unique resources for large-scale field testing.Methods: NHERI@UTexas contributes unique, large-scale, literally one-of-a-kind, mobile dynamic shakers and associated instrumentation to investigate seismic, cyclic, and static in-situ testing. These capabilities allow researchers to conduct experiments on actual infrastructure and geotechnical systems under real-world conditions, often impossible to accurately simulate in the laboratory.Results: NHERI@UTexas has supported pioneering research in several areas, including: (1) enhanced 2D/3D geotechnical and seismic subsurface imaging, (2) in-situ characterization of liquefaction resistance and nonlinear dynamic soil behavior, (3) development of in-situ nondestructive soil-foundation-structure interaction (SFSI) methods, and (4) rapid geotechnical assessments following natural hazard events. These efforts have advanced the validation and calibration of numerical model and methodologies using full-scale experimental data.Discussion: NHERI@UTexas enable researchers to gain new insights and drive innovations in advancing resilient and sustainable solutions for natural hazards problems.Keywords: NHERI@UTexas, large mobile shakers, in-situ seismic testing, subsurface imaging, liquefaction testing, soil-structure interaction
1 INTRODUCTION
The Natural Hazards Engineering Research Infrastructure (NHERI) is a nationwide, shared-use network of large-scale facilities dedicated to advancing natural hazards engineering research. The NHERI program is funded by the National Science Foundation (NSF) with goal of enhancing the resilience of the civil infrastructure and communities against earthquakes, windstorms, tsunamis, and other natural hazards. A key aspect of NHERI is its nationally distributed facilities, which provide state-of-the-art experimental, computational, and simulation tools to support diverse research needs. The NSF-supported facilities not only offer access to cutting-edge technology, but also provide comprehensive data management, enabling the collection, storage, and sharing of valuable research data. This wealth of resources, combined with collaboration opportunities across institutions, is made available to the broader research community, facilitating innovation and the development of effective solutions to mitigate the impact of natural hazards.
In alignment with this purpose, the NHERI@UTexas, Large-Scale Mobile Shakers facility, supported 20 shared-use projects and more than 25 non-shared-use projects from 2016 to 2024. Shared-use projects are funded by NSF which are typically led by researchers from other universities, often in collaboration with UT researchers, and focus on developing new testing techniques to achieve specific goals. Shared-use projects are typically funded by the Division of Civil, Mechanical, and Manufacturing Innovation (CMMI). However, NHERI@UTexas has recently expanded its scope to include efforts that advance the understanding of Earth’s systems, allowing it to also secure funding from the Division of Earth Sciences (EAR). Over the past 5 years, about half of the shared-use projects have been supported by EAR funding. From designing field studies and developing sensors to conduct tests, uploading, and analyzing data, each project typically lasts between 1 to 3 years. Non-shared-use projects have not been supported by NSF and have typically been conducted by researchers at UT. These types of projects generally contribute to improving the sustainability and resilience of civil infrastructure against natural hazards, including nuclear power plants and, more recently, Small Modular Reactor (SMR) facilities. With rising concerns about global warming, nuclear energy is becoming a key zero-emission clean energy option. SMRs offer enhanced safety, flexibility, and cost advantages, which makes them a promising solution in the future of nuclear power generation. The NHERI@UTexas facility has been actively involved in researching soil stiffness profiles for earthquake response studies ranging in depth up to 450 m for both new and existing nuclear power plants and is recognized as a leader in this area. These types of projects often last about 6 months. In this article, the equipment capabilities at NHERI@UTexas are discussed, and key areas of investigation and example shared-use projects are presented. These examples showcase how NHERI@UTexas equipment contributes to advancements in various areas of research. More information about NHERI@UTexas and the NSF-supported NHERI program can be found at https://utexas.designsafe-ci.org/.
2 OVERVIEW OF NHERI@UTEXAS
NHERI@UTexas provides unique large, mobile dynamic shakers and associated instrumentation for in-situ testing of civil infrastructure. These innovative field-testing methods can be used to evaluate the behavior of existing infrastructure as well as enhance the design of future infrastructure, which will contribute to the development of more resilient communities. While laboratory shake tables at both small and large scales provide valuable insights into dynamic infrastructure behavior, focusing on these methodologies exclusively, without the ability to test real structural and geotechnical systems under actual field conditions, would leave a significant gap in the transformative tools needed for the next frontier of natural hazards research.
The equipment available at the NHERI@UTexas experimental facility includes: (1) five large, hydraulically-controlled shakers mounted on mobile platforms (i.e., trucks) that can provide wide-band dynamic excitation sources for geotechnical and structural systems, (2) a tractor-trailer necessary to transport the four largest shakers, (3) a supply truck with resources for mobile shaker maintenance and refueling in the field, (4) an instrumentation van that houses data acquisition systems and power generators, (5) an air-conditioned instrumentation trailer that serves as a work space in the field, and (6) a wide array of field instrumentation, data acquisition systems, and various sensors for measuring vibrational motions and pore water pressures (Stokoe, et al., 2020).
The five mobile shakers, shown in Figure 1 and summarized in Table 1, are named (1) T-Rex, (2) Liquidator, (3) Raptor, (4) Rattler, and (5) Thumper. The force and frequency generation capabilities of these shakers are presented in Figure 2. The two heaviest shakers are T-Rex (29,000 kg) and Liquidator (32,800 kg). T-Rex (Figure 1A) can be used to generate large dynamic forces in any of three directions (vertical, horizontal in-line, and horizontal cross-line), and the shaking direction can be changed with a simple push of a button by the operator. The shaking system, mounted on an off-road, all-wheel-drive vehicle, can produce a maximum force output of around 267 kN in the vertical direction, and around 134 kN in each horizontal direction, as shown in Figures 2A, B, respectively. In addition to T-Rex’s shaking capabilities, it can also be used to: (1) push cone penetrometers and other custom-made vibration and/or pressure-sensing instrumentation into the ground using a hydraulic ram located on the rear bumper of the vehicle (shown in Figure 3D), and (2) perform pull-over tests of large-scale structural models in the field using a hydraulically-operated winch on the front bumper of the vehicle. In total, T-Rex’s capabilities make it unique in the world. Liquidator (Figure 1B) is a unique, custom-built shaker designed specifically for low-frequency, large-motion operation. To change the shaking direction from the vertical mode to the cross-line horizontal (shear) mode requires approximately two working days at the manufacturer’s facilities in Tulsa, OK. The shaker can generate a maximum force output of approximately 89 kN in either mode down to a frequency of 1.3 Hz, as shown in Figure 2. However, a modified configuration where the entire off-road mobile platform is lifted off the ground and oscillates in the vertical mode allows Liquidator to generate maximum forces of 89 kN down to a frequency of 0.7 Hz. Below 0.7 Hz, the force level decreases but is still substantial to about 0.3 Hz. This modification provides unique capabilities that can facilitate deeper (1 km or more) active-source subsurface imaging (Stokoe, et al., 2019). Like T-Rex, the Liquidator shaking system is also housed on an off-road vehicle with hydraulic penetrometer/instrumentation pushing capabilities mounted on the rear steel bumper of the vehicle and a winch with pull-over capabilities mounted on the front steel bumper. Use of these pull-over capacities are illustrated in field studies with 1/4-scale bridge bents by Stokoe, et al. (2017).
[image: Figure 1]FIGURE 1 | Photographs of the five mobile shakers and tractor-trailer rig available at NHERI@UTexas: (A) High-force, three-axis shaker called T-Rex, (B) Low-frequency, two-axis shaker called Liquidator, (C) Single-axis, vertical shaker called Raptor, (D) Single-axis, horizontal shaker called Rattler, (E) Urban, three-axis shaker called Thumper, and (F) Tractor-trailer rig, called the Big Rig, loaded with T-Rex (after Stokoe, et al., 2017).
TABLE 1 | Key features of the five mobile shakers available at NHERI@UTexas
[image: Table 1][image: Figure 2]FIGURE 2 | Theoretical force outputs of the five mobile shakers at NHERI@UTexas in the: (A) vertical mode and (B) horizontal mode (Stokoe, et al., 2017).
[image: Figure 3]FIGURE 3 | Photographs of the field supply truck, mobile instrumentation trailer and some associated instrumentation available at NHERI@UTexas: (A) Field supply truck and instrumentation trailer, (B) Customized Ford cargo van, (C) 1-Hz vertical geophones and cables, (D) Cone penetration test equipment, (E) Data Physics analyzers, (F) Trillium Compact Seismometers and Taurus Digitizers, (G) SmartSolo IGU-16HR 3C nodal stations, and (H) OptaSense ODH4 Distributed Acoustic Sensing (DAS) interrogator (after Stokoe, et al., 2017).
Raptor and Rattler provide intermediate-level force generation. Raptor (Figure 1C) is called a compression-wave (P-wave) shaker in the geophysical exploration community. The maximum vertical force output is about 120 kN, as shown in Figure 2A. Raptor is ideal for situations where Thumper’s force output (discussed below) is not sufficient for the desired testing application and T-Rex’s triaxial shaking capability and/or higher force output is not required. Rattler (Figure 1D) is a horizontal (shear-wave) vibrator mounted on an off-road vehicle. Rattler has a frequency-force response which is similar to T-Rex in the shear mode, as shown in Figure 2B. By having two shear-wave vibrators (T-Rex and Rattler), this equipment can be used simultaneously with synchronized force outputs to generate a larger surface area of high shear strains. Thus, for in-situ liquefaction and nonlinear soil testing, soil beneath the two shakers, in which the instrumentation is placed, can be excited in a nearly plane-strain condition. T-Rex and Raptor can also be used in tandem to create similar conditions in the vertical direction. Since T-Rex, Liquidator, and Rattler are not street-legal, the 26-wheel, tractor-trailer rig, called the Big Rig and shown in Figure 1F, is generally used to transport them to the test site.
Thumper (shown in Figure 1E) is the smallest shaker and is mounted on a street-legal truck and has a moderate force output, making it ideal for testing in urban areas. The maximum force output of Thumper in the vertical or horizontal directions is about 27 kN, as shown in Figure 2. With around 2 hours of work in the field, Thumper’s direction of shaking can be changed at the test site. It is important to note that hydraulic take-off connections are provided on T-Rex, Liquidator, and Thumper, which can be used to power other hydraulic equipment at the site. For example, these three vibroseis could be used at the test site to run linear hydraulic actuators for in-situ, pushover or pullout testing of superstructure and substructure subassemblages in the field (Stokoe, et al., 2017). Also, the hydraulic shakers mounted on the T-Rex, Liquidator, and Thumper vehicles can also be removed and mounted on a structure, while the hydraulics and electronics on the associated truck can be used to run the shaker. The selection of an appropriate mobile shaker depends primarily on the desired frequency range, sufficient force output, and shaking direction. For instance, if a researcher aims to image deeper areas with a wide range of sensor deployments, Liquidator is an optimal choice due to its ability to vibrate down to 0.7 Hz with a special configuration. On the other hand, if the goal is to study structural responses to different shaking directions, T-Rex is ideal, as it can switch shaking directions within seconds. Additional details regarding cost and operational support are available at https://utexas.designsafe-ci.org/.
NHERI@UTexas instrumentation and field support vehicles are shown in Figure 3. The supply truck, shown in Figure 3A, carries fuel and spare parts for the shaker trucks. Additionally, there is a customized Ford cargo van (shown in Figure 3B) and a 2.4 m by 4.8 m instrumentation trailer (shown in Figure 3A) that both provide an air-conditioned workspace, data acquisition systems, and electrical power. The NHERI@UTexas facility also has a significant amount of field instrumentation, including: (1) four primary data acquisition systems (discussed below), (2) 85, 1-Hz vertical geophones (Figure 3C), (3) 24, 1-Hz horizontal geophones, (4) 6 high-capacity dynamic load cells, (5) 18 triaxial MEMS accelerometers, (6) cone penetrometer test (CPT) equipment and seismic CPT equipment (Figure 3D), (7) 6 direct push crosshole sensors, (8) 10, 120-seconds and 10, 20-seconds Trillium Compact broadband seismometers (Figure 3F), (9) 100 SmartSolo IGU-16HR 3C nodal stations (Figure 3G), and (10) OptaSense ODH4 Distributed Acoustic Sensing (DAS) interrogator (Figure 3H).
The four main data acquisition systems are a 96-channel Data Physics spectrum analyzer system, a SmartSolo with integrated data acquisition system, 10 three-channel Nanometrics Taurus and 10 three-channel Nanometrics Centaur digitizers, and a DAS interrogator. The Data Physics system uses the SignalCal 730 software to generate input signals (sinusoidal, stepped-sine, white noise, frequency sweeps, etc.) that drive the mobile shakers and to record output signals from various sensors. The Data Physics system (shown in Figure 3E) consists of four dynamic signal analyzers, which have a total of 96 channels. The Data Physics analyzers can be set up as four separate units with different sampling rates, or they can be linked together as a single system. The Data Physics spectrum analyzers have the capacity to record data for hours of time at a high sampling rate up to 200 kHz. The Data Physics control software can also be used to perform real-time frequency domain calculations and display auto-power spectra, transfer functions, coherency, and phase plots to facilitate reviewing and analyzing data in the field.
For field studies requiring a distributed sensor array, with sensors spaced hundreds of meters to a kilometer apart, such as in passive surface wave testing or topographic amplification studies, the SmartSolo, Taurus, and Centaur digitizers are suitable options, as shown in Figures 3F, G. The SmartSolo is a cost-effective, all-in-one nodal system that integrates the sensor, data logger, and battery, making it highly portable and easy to deploy. In contrast, while the Taurus and Centaur digitizers are less portable due to the need for external sensors, they offer a higher dynamic range, more flexibility in sensor choices, and greater versatility in sampling rates.
The OptaSense ODH4+ DAS Interrogator system, shown in Figure 3H, utilizes advanced fiber optic technology to detect vibrations over long distances. In a DAS system, laser pulses travel through the fiber optic cable, and any disturbances or acoustic signals along the cable cause changes in the backscattered light, which are then recorded and analyzed. This effectively turns the fiber into thousands of individual sensors, capturing data at precise points along its length. The OptaSense ODH4+ DAS Interrogator can operate with various fiber types, including single-mode, multi-mode, and enhanced high-backscatter fibers, offering a sampling rate of up to 100 kHz and selectable gauge lengths from 2 to 32 m.
3 ESTABLISHING A TEST SITE NEAR AUSTIN, TX FOR VALIDATING METHODOLOGIES OR SIMULATION MODELS
The mobility features inherent in the NHERI@UTexas facility have enabled projects across a wide geographical range, both domestically and internationally. Domestically, the facility has supported projects around the United States, including Hawaii, as shown in Figure 4. Internationally, NHERI@UTexas has also conducted several projects in Taiwan, Canada, and New Zealand (See Figure 4). This mobility feature allows researchers to perform tests in complex and site-specific ground conditions or on permanent structures in various locations. For example, the T-Rex shaker was used to investigate the 3D magma structure of the Kilauea summit in Hawaii. Additionally, the facility has contributed to assessing liquefaction susceptibility at several sites in the states of Washington and Oregon, where liquefaction events have previously been recorded. The only drawback of an out-of-state Texas project is the cost of transporting the large shakers.
[image: Figure 4]FIGURE 4 | Project locations of NHERI@UTexas mobile shakers since 2015 (from Google Earth).
To support researchers in validating methodologies or simulation models using the large mobile shakers without high travel costs, NHERI@UTexas has established a local testing site, Hornsby Bend (HB), approximately 3.5 km north of the Austin-Bergstrom International Airport in Austin, Texas. The site is located away from buildings and infrastructure, making it optimal to conduct vibration-related testing. Additionally, the site is situated on an alluvial plain with relatively simple geology. CPT test results show the upper 8 m consist of sandy silt and clay, followed by 5 m of clayey sand or clayey gravel with sand, underlain by shale. Numerous tests have been performed at this site particularly near a fiber optic cable line equipped for Distributed Acoustic Sensing (DAS), as shown in Figure 5. In 2021, two types of fiber optic cables were installed, and subsequent data collected using DAS interrogators have been analyzed to assess the benefits of this emerging technology. Recent publications presenting these results are included in Abbas et al., 2024b, Yust et al., 2022b, and Yust et al., 2023. These studies demonstrate the efficacy of DAS in capturing high-resolution waveforms across long arrays. This capability not only enhances 2D and 3D subsurface imaging but also enables support to other applications, such as damping measurements. Extensive testing has been conducted at the HB site to compare DAS results with other methods, including thirteen CPTs, two triangular Microtremor Array Measurements (MAM), downhole seismic testing at two boreholes, and four direct push crosshole tests. Additionally, borehole logs are available for both boreholes, with P-wave reflection and electrical resistivity testing scheduled for November 2024. This comprehensive dataset is available through DesignSafe (Vantassel et al., 2022; Yust et al., 2022a) and provides an invaluable resource for researchers seeking diverse analytical opportunities, supported by robust ground-truth information.
[image: Figure 5]FIGURE 5 | A satellite image of the Hornsby Bend (HB) site showing the various testing locations near the fiber optic cable line.
4 KEY AREAS OF INVESTIGATION
The NHERI@UTexas facility is focused on four main challenges. These challenges are: (1) performing deeper, more accurate, higher resolution, 2D/3D subsurface geotechnical imaging through the use of cutting-edge equipment and analysis methods, (2) developing innovative testing techniques to propagate waves to greater depths for in situ characterization of the nonlinear dynamic response and liquefaction resistance of complex geomaterials, (3) developing rapid, in-situ methods for nondestructive structural evaluation and soil-foundation-structure interaction (SFSI) studies to better understand how structures respond to seismic and dynamic forces, and (4) conducting rapid investigation of geotechnical parameters at high-profile and natural hazard events for preventing secondary hazards and immediate risk assessment (after Stokoe et al., 2017). These challenges are substantial, yet the unique equipment resources at NHERI@UTexas are well-positioned to help researchers to address them. The progress achieved in each area over the past 10 years using NHERi@UTexas equipment is outlined, and advancements are described in the sections below.
4.1 Performing deeper, more accurate, higher resolution, 2D/3D subsurface imaging
The progress in non-invasive imaging has revolutionized healthcare, with technologies like X-rays, CAT scans, ultrasounds, and MRIs now an essential part of modern diagnostics. Despite ultrasound imaging only gaining popularity in the United States in the 1970s, it is now ubiquitous, with 3D color ultrasound imagery accessible in commercial settings. This trajectory suggests a promising parallel for subsurface imaging in civil engineering applications. Developing high-resolution, 3D images of the subsurface that include precise elastic properties, such as shear modulus, constrained modulus, and Poisson’s ratio, could fundamentally change the approach to designing resilient and sustainable infrastructure. The NHERI@UTexas facility is already equipped with the advanced technology necessary to drive this development, marking a crucial step toward in making this vision a reality.
In addition to enhancing civil infrastructure and geotechnical systems, NHERI@UTexas also supports improved seismic imaging of natural topography, such as magma systems beneath volcanoes. This capability can provide vital information for understanding geological processes and assessing natural hazards. As these imaging techniques continue to progress, their potential applications in environmental monitoring and resource management will grow substantially, fostering a future where sophisticated subsurface imaging becomes as accessible and essential as ultrasound technology is today. Although many examples exist, the focus in this article is on two sites where advanced subsurface imaging enhanced engineering research and practice: one site demonstrates 2D/3D imaging of geotechnical systems, and the other site is focused on natural topography.
4.1.1 Continuous 2D/3D in-situ profiling for anomaly detection in newberry, Florida
The comprehensive experiments and projects conducted over the last 10 years at a dry retention pond in Newberry, Florida, a site known for its karst cavities and subsurface anomalies, illustrate significant advancements in 2D and 3D subsurface imaging techniques. This work demonstrates the continuous support from NHERI@UTexas, emphasizing the facility’s commitment to enhancing our understanding of complex subsurface environments.
Tran and Hiltunen (2011) conducted surface wave testing at the Newberry site, but the study was confined to a smaller area and used less advanced equipment. The findings from the surface wave testing indicated that the subsurface is composed of medium-density fine sand and silt ranging in depth from 2 to 10 m overlying a highly variable limestone. Subsequently, Tran et al. (2013), Tran et al. (2020) applied full waveform inversion (FWI) techniques to detect subsurface anomalies. These studies utilized equipment from the NHERI@UTexas, including the uniaxial, small vibroseis called Thumper. In their 2013 study, Tran et al. employed 2D FWI and successfully identified an underground anomaly that was later confirmed to be a void through Standard-Penetration-Test (SPT) soundings. However, the predicted depth of the void was greater than its actual depth, which was attributed to the difference between the measured wavefield, and the assumed plane strain condition used in the 2D FWI. Building on this work, in 2020, Tran et al. expanded the FWI studies by exciting the ground at 65 locations within a 2D grid of 48 vertical geophones arranged in a 4 m × 12 m configuration, covering an area of 12 m × 36 m. The 3D FWI analysis resulted in a subsurface model identifying three voids, although only two of these were confirmed by SPT soundings. These earlier studies highlighted the challenges in accurately detecting and imaging subsurface anomalies using real field data, primarily due to limitations such as smaller spatial coverage, less dense spatial sampling, and the use of single-component sensors. While NHERI@UTexas supported the equipment, more advanced sources, such as the broadband T-Rex vibroseis shaker truck, were not utilized. Additionally, the presence of sinkholes of varying sizes and depths combine with some sinkholes filled with uncontrolled material, complicated the subsurface imaging efforts. These limitations highlighted the need for more comprehensive and technologically advanced approaches to subsurface imaging, particularly in complex karst environments like the Newberry site.
Our current study builds on this previous work, representing a significant advancement in experimental design and data collection. Supported by the U.S. National Science Foundation (Grant Numbers CMMI-2120155, CMMI-1930697, and CMMI-2037900), this experiment combined an extensive 2D DAS fiber-optic cable network with a dense array of three-component nodal seismometers. This setup is shown in Figure 6 and includes approximately 2 km of DAS cable deployed in a zigzag pattern, creating 1920 horizontal component channels, complemented by 144 three-component nodal seismometers arranged in a 12 × 12 grid. This configuration provides unprecedented spatial resolution over the 75 m × 155 m experimental area. In the experiment, the powerful T-Rex vibroseis truck is utilized as the active source for these measurements, exciting the ground at 260 distinct locations in three directions. Additionally, impact sources were also employed at 286 locations within the instrumented area, resulting in a total of 367 source positions. The shot locations are categorized as “Shots Inside” (SI) and “Shots Outside” (SO), with the SO positions further divided into south (SOS), west (SOW), and north (SON) locations. This strategic arrangement provides excellent spatial coverage and enables a wide range of measurements, offering unique opportunities for developing and testing advanced subsurface anomaly detection and imaging techniques (Abbas et al., 2024a). The integration of high-density DAS technology with traditional seismometers, along with the use of both active and passive sources, represents a significant leap in geophysical imaging capabilities. This study addresses crucial needs in earthquake engineering, geohazard assessment, and infrastructure development, particularly in complex karst environments like Newberry, Florida. By providing open-access data through DesignSafe (Abbas et al., 2023), this experiment is contributing significantly to the broader scientific community, facilitating further research and development in geophysical imaging techniques and paving the way for more accurate and higher-resolution 2D/3D subsurface geotechnical imaging.
[image: Figure 6]FIGURE 6 | Schematic layout of the test site showing locations of the: 3C geophone nodal stations, fiber-optic cable, T-Rex and impact shots, and voids that are visible from the ground surface. The layout is comprehensive, including all the line numbers, letters, and dimensions in meters used to arrange the equipment (from Abbas et al., 2024a).
4.1.2 Imaging of structure and magma system beneath the summit of Kilauea Volcano
The Kīlauea volcano in Hawaii is one of the world’s most active volcanoes and has attracted scientific interest for centuries. Despite extensive research on various aspects of the volcano, a definitive understanding of the size and configuration of Kīlauea’s magmatic plumbing system remains elusive. Past estimates of the volumes of the magma system have varied significantly, ranging from 0.2 to 240 cubic kilometers (Decker, 1987; Denlinger, 1997; Fiske and Kinoshita, 1969; Pietruszka et al., 2015; Poland et al., 2014). These estimates have proposed differing storage systems, from disconnected dikes and sills to large subterranean bodies with established connections. The lack of size and configuration of the magmatic plumbing inhibits scientists’ ability to predict the volume and duration of eruptions, resulting in extensive damage to the infrastructure and nearly destroying 2,000 properties in May 2018. In response to the challenges posed by the 2018 eruption, Congress allocated supplemental funding to the U.S. Geological Survey (USGS) for rebuilding the Hawaiian Volcano Observatory and enhancing research capabilities. USGS proposed a passive imaging experiment and, in collaboration with academic partners, secured additional NSF funding for active source seismic imaging through the NSF project titled “Collaborative Research: Active and Passive Seismic Imaging of the Three-Dimensional Structure and Magma System beneath the Summit of Kilauea Volcano” (Award Number, EAR-2218645/2218646).
This project on the Kilauea summit marks the largest and most complex field experiment ever conducted on an active volcano, with more seismic nodes and a larger active source component than previous studies at sites like Yellowstone and Mount St. Helens. Approximately 1,815 seismometers were deployed across Kīlauea’s summit region, including areas affected by the 2018 caldera collapse. A central component of the experiment was the 34-ton triaxial vibroseis shaker truck called T-Rex supported by NEHRI@UTexas. In total, T-Rex shook at 396 locations around the summit of the Kilauea volcano. At 132 of these shot points, a 3-direction sweep was performed. At the rest of the 264 shot points, a one-direction sweep was performed. A photograph of T-Rex at a shot point on the summit of the Kilauea volcano is shown in Figure 7A. With data from both the T-Rex active source and natural seismicity recorded by the HVO and summit nodes, the researchers detected approximately 35,000 local earthquakes within 30 km of the center of Kīlauea, resulting in nearly 192 million waveforms for analysis. This extensive data set is enabling the creation of cross-sectional images of the volcano’s internal structure, similar to CT scans in medical imaging as shown in Figure 7B (Denlinger and Flinders, 2024). These images will gradually reveal the configuration of magma system, offering new insights into how Kīlauea stores and transports magma, feeds distant lava flows, and collapses at the summit. These findings will not only enhance scientific understanding of Kīlauea’s eruption mechanisms and magma storage but also provide valuable information for emergency managers, policymakers, and the public on the hazards posed by this evolving volcano system. Such insights are vital for informing future monitoring and response strategies, potentially minimizing the risks to nearby communities.
[image: Figure 7]FIGURE 7 | Seismic imaging of the three-dimensional structure and magma system beneath the summit of Kilauea volcano project: (A) T-Rex at a shot point on the summit of the Kilauea volcano. (B) An example tomographic slice below the Kīlauea volcano at sea level produced using both earthquakes and controlled seismic source data (Denlinger et al., 2024).
4.2 Characterizing the nonlinear dynamic response and liquefaction resistance of complex geomaterials in situ
Natural geotechnical materials, including soil and rock, play a critical role in the performance of our nation’s infrastructure during earthquakes and other natural hazards, such as hurricanes and floods. For example, the devastating effects of soil liquefaction and site amplification have been observed in essentially every significant earthquake. Additionally, the impact of geotechnical materials during hurricanes and floods is significant, often governed by compacted soils that form levees, dams, and dikes, as well as the underlying natural materials. The poor performance of levees during hurricanes can lead to extensive inundation, as evidenced by the failure of levees surrounding New Orleans, Louisiana, during Hurricane Katrina in 2005. Furthermore, global warming compounds these risks, intensifying the frequency and severity of extreme weather events. Rising temperatures, increased precipitation, and higher sea levels increases the susceptibility of certain soils to liquefaction, posing even greater challenges for earthquake-prone and flood-impacted areas. Unfortunately, natural geotechnical materials are the least investigated, most variable, and least controlled of all materials that form part of the U.S. infrastructure inventory (Coduto et al., 2015). Therefore, a significant challenge to making our infrastructure resilient and sustainable is characterizing the nonlinear dynamic response and liquefaction resistance of complex geomaterials in situ.
Nonlinear dynamic soil properties are required in predicting the response of geotechnical and structural systems during earthquakes and hurricanes. The key nonlinear properties include: (1) the variation of shear modulus (G) and material damping ratio in shear (D) with shear strain (γ), and (2) how these properties vary with soil type and number of cycles of loading. These properties are typically expressed as G-log γ and D-log γ relationships, as the shear strains induced during natural hazards can easily range over a factor of 1,000 (γ from below 0.001% to above 1.0%). Before the Network for Earthquake Engineering Simulation (NEES) and NHERI programs were funded by NSF, these dynamic soil properties could not be measured in the field due to the challenges of generating controlled, sinusoidal loading across a wide range of strains and number of loading cycles. Therefore, the field G-log γ and D-log γ relationships were empirically estimated by combining large-strain nonlinear measurements from small-scale dynamic laboratory testing of intact or reconstituted soil specimens with the limited, low-strain, field seismic testing that was available at that time.
4.2.1 In situ nonlinear measurement using a helical pile
Over the past 20 years, the NEES/NHERI@UTexas mobile shakers facility has pioneered and advanced a generalized, staged-loading approach to measuring the in-situ G-log γ and pore-water pressure-log γ relationships. This form of in situ parametric testing is essential for both understanding the limitations of empirical methods and for testing geotechnical materials that cannot be easily or cost-effectively assessed in the laboratory. The latest technique developed by NHERI@UTexas involves installing a helical pile to a depth of the target liquefiable soil layer, as shown in Figure 8A. One of the four vibroseises shown in Figure 1 and capable of controlled shaking in the vertical direction is positioned on top of the helical pile. Vertical waveforms generated by the vibroseis propagate directly into the soil at the desired testing depth. This approach overcomes limitations of conventional in-situ liquefaction testing, where the vibroseis excitation occurs at the ground surface. In traditional methods, rapid attenuation of cyclic strain with depth restricts the effective testing zone to approximately 2 m. With this new enhanced technique using the helical pile, cyclic strains at any depth can be achieved at levels of 0.3%–0.4%.
[image: Figure 8]FIGURE 8 | Nonlinear field measurements using the helical pile: (A) Helical pile installation using a skid steer and (B) Comparison of normalized shear modulus versus shear-strain relationship from field and laboratory tests.
Two NSF-funded projects are utilizing this pioneering liquefaction testing technique to measure nonlinear dynamic soil properties in situ. The first project, titled “RAPID/Collaborative Research: Investigating the Liquefaction Susceptibility of Calcareous Sand in Hawaii with an Enhanced NHERI@UTexas Large Mobile Shaker” (Award Numbers CMMI-2317659/2317660), focuses on studying the cyclic behavior of calcareous soils at the Kawaihae Harbor. Initial results indicate differences between field and laboratory data, likely due to limited resources on remote islands. For example, the low-capacity skid steer required for installing the helical pile may inadvertently disturb the soil. The second project, titled “Engineering Research Center for Bio-mediated and Bio-inspired Geotechnics” (Award Number EEC-1449501), examines the nonlinear properties of soils treated using the Microbially-Induced Desaturation (MID) method. Here, the nonlinear field measurements obtained from the testing pad are consistent with laboratory results, as shown in Figure 8B. The results from a depth of 2.95 m demonstrate the effectiveness of this enhanced testing technique, surpassing the limitations of conventional methods. The maximum strain level achieved at this depth reached 0.4%, a significant improvement in capturing in situ nonlinear soil behavior. These promising findings build upon the initial research conducted in Hawaii, which included improvements such as sensor array modifications, vibroseis adjustments, sensor recalibration, and crosshole sensor installations to ensure high-quality data. Insights from these projects have contributed valuable knowledge for evaluating and mitigating earthquake hazards in liquefaction-prone areas.
4.3 Developing rapid, in situ methods for nondestructive structural evaluation and soil-foundation-structure interaction (SFSI) studies
The NHERI@UTexas facility also offers equipment uniquely capable of conducting in-situ testing on structural engineering systems. Unlike the vast majority of structural engineering experimental research that comprises quasi-static, pseudo-dynamic, or shake table tests to characterize structural performance under idealized boundary conditions, NHERI@UTexas’s equipment enables the examination of complex soil-foundation-structure interaction (SFSI) behaviors in real-world settings. Traditional experimental research on SFSI often involves on small-scale models (scaled 1:30 to 1:100) tested in uniform soil containers on shake tables or in centrifuges, which may not accurately represent construction materials, methods, or varied soil conditions. While scaled laboratory studies are valuable, NHERI@UTexas facilitates a wide range in field testing that incorporates a range of soil environments, offering a realistic approach to understanding SFSI in full-scale infrastructure. The NHERI@UTexas shakers enable multiple testing approaches, including indirect excitation of the structure by shaking the surrounding soil, direct excitation by placing the shaker mechanism on or attaching it directly to the structure, and quasi-static testing methods in situ. Originally designed for geotechnical applications, the shakers generate maximum force outputs at relatively high frequencies, which may limit their ability to induce nonlinear or damaging responses in large-scale structures. For testing where nonlinear behavior is essential, smaller-scale structural specimens can be designed to align with force and frequency capacities of the mobile shakers.
4.3.1 Seismic isolation of embedded foundations using periodic barriers
An NSF-funded project titled “Collaborative Research: Seismic Isolation of Embedded Foundations using Periodic Barriers to Create Resilient Structures” (Award Number CMMI-1761597) is an example of using the mobile shakers for direct and indirect dynamic testing of a soil-foundation-structure system in the field. The aim of this research effort is to develop a periodic barrier capable of effectively attenuating incoming seismic waves. The project goals include: (1) deriving the analytical solution of the Rayleigh-wave frequency band gap of periodic metamaterial, (2) conducting passive isolation tests and active isolation tests to evaluate the performance of the barriers, and (3) establishing a finite element model for a comprehensive parametric study of periodic barriers. Field testing is being performed to examine the feasibility of the periodic barrier for seismic isolation, facilitated by NHERI@UTexas’s state-of-the-art equipment. The T-Rex mobile shaker is being used to provide surface wave excitation in three directions—vertical, horizontal crossline, and horizontal inline—while an array of surface sensors from NHERI@UTexas are being used to record real-time ground and structural responses as shown in Figure 9. Effectiveness of the periodic foundation and the periodic barriers were determined based on the motions recorded with these sensors.
[image: Figure 9]FIGURE 9 | A photograph of T-Rex used as a vibrational source in passive isolation tests with a model structure accompanied by arrays of 3D geophones and 3D accelerometers.
Key findings from this study (Zhang et al., 2022; Wang et al., 2022; Huang et al., 2020; Huang et al., 2021) demonstrate the vibration mitigation potential of periodic barriers and foundations, as well as the impact of various excitation methods and directions of motion on the screening performance. In Figure 10, the results of the field tests with T-Rex show significant vibration reduction across multiple frequencies and directions, which ambient vibrations alone would not reveal. The advanced excitation capabilities of T-Rex provided a comprehensive view of the total system, revealing the broad frequency-band gaps achieved by combining periodic barriers and foundations. Numerical simulations, primarily using 2D finite element models, showed good agreement with the field experiments, validating their use in predicting and optimizing the barrier performance. While these test programs successfully demonstrated the effectiveness of metamaterial-based isolation systems for both active and passive vibration mitigation, further in-situ field testing of complex systems is necessary to better address research needs related to broadband vibration control and optimization of barrier-foundation systems for various applications.
[image: Figure 10]FIGURE 10 | Vibration reduction level of the wave isolation system composed of the periodic barrier and periodic foundation obtained from seismic excitation tests in all three directions generated by T-Rex (Zhang et al., 2022). (A) Vertical acceleration response during vertical excitation. (B) Horizontal crossline acceleration response during horizontal crossline excitation. (C) Horizontal inline acceleration response during horizontal inline excitation.
4.4 Rapid field investigation of geotechnical parameters at high-profile and natural hazard events
The mobile capability of the NHERI@UTexas facility can be leveraged to rapidly investigate geotechnical parameters after devastating natural or man-made hazards. An example of this rapid field response is the investigation of the Champlain Towers South collapse, a project funded by NIST through the NSF NHERI program. In collaboration with Utah State University, NHERI@UTexas utilized an urban vibroseis called, Thumper, to assess the foundation and surrounding soil conditions with minimal disturbance to the site. Given the high-profile nature of the Champlain Towers South investigation, data publication is restricted at this time.
5 SUMMARY
The specialized, mobile field equipment available at the NHERI@UTexas facility for dynamically and cyclically loading the natural and built environments is discussed in this article and examples are presented. This facility offers researchers worldwide access, under the NSF NHERI shared-use policy, to five large, hydraulically controlled shakers, a tractor-trailer for transporting the largest shakers, field-support vehicles, and an extensive array of field instrumentation and sensors. The NHERI@UTexas facility targets four main challenges: (1) performing deeper, more accurate, higher resolution 2D/3D subsurface geotechnical imaging, (2) characterizing the nonlinear dynamic response and liquefaction resistance of complex geomaterials in situ, (3) developing in-situ methods to perform nondestructive soil-foundation-structure interaction (SFSI) studies, and (4) rapid investigation of geotechnical parameters at high-profile and natural hazard events (after Stokoe et al., 2017). In this article, examples of how this unique equipment has been applied to support the goals of numerous researchers and also outlines the enhancements made to expand field testing capabilities.
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