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Motivation: The natural gas infrastructure in California comprises underground and surface
systems. The surface infrastructure includes storage facilities, metering and pressure regulating
stations, and compressor stations. In general, surface facilities contain subsystems such as tanks,
pressure vessels, a network of steel pipelines on supports, interconnected through tees, elbows,
and bolted flange joints. Many components of surface natural gas infrastructure have
demonstrated good seismic performance during past earthquakes. However, there are some
exceptions where components have demonstrated less than desired seismic performance.
Furthermore, it is unknown whether some of the newer technologies used in California facilities
might have additional vulnerabilities.

To address the known and unknown seismic vulnerabilities of industrial systems, with the goal
of improving their overall seismic performance, researchers at University of Nevada, Reno
conducted multi-shake table experiments on a generic representative surface gas subsystem.

Objectives: This research had the following objectives: 1) assess the response of a representative
piping subsystem when subjected to different levels of earthquake ground motions including new
data on the response to significant relative support motions; 2) improve understanding of the
resilience, evolution of damage and potential failures in natural gas subsystems; 3) allow
validation of the first OpenSees nonlinear model of the piping subsystem through the comparison
of numerical predictions with measured system response; and 4) provide a new and unique
dataset of high-quality data, which will be an important asset for future validation and calibration
of numerical models of piping systems in support of numerically-based fragility function
generation. Given the myriad of configurations of aboveground piping systems, the ability to
reliably model system response will prove important in future risk assessments.

Methodology: While natural gas storage and distribution systems are built in many
configurations, they all comprise some basic elemental components such as storage tanks,
pressure vessels, pipes, elbows, tee-joints, pipe connectors, reducers, and pipe supports.
Consequently, a representative subsystem (Figure 1) was designed comprising critical
components, which were most likely to fail or experience non-linear behavior due to seismic
load. The subsystem was divided into four separate zones. Each zone was air pressurized to 15
psi and pressure sensors were installed to detect if leakage occurs in any zone during testing.
The subsystem was fitted with 145 sensors to measure strain, displacement, internal pressure,
rotation, and acceleration.

The subsystem was subjected to a suite of ground motions. These motions, which resulted from

preliminary OpenSees analysis, were designed to identify, validate, and induce non-linearity into
the subsystem. The motions included white noise, synchronous motions comprising uniaxial and
biaxial ground motions of the 1940 El Centro earthquake record with increasing amplitude of up



to 200%, and asynchronous (time shifted) relative support motions which subjected the two
tables and the subsystem to a relative displacement from 5 in to 17 in.

Results: The experiments demonstrated the resilience of the subsystem. No yielding, damage, or
loss of pressure was observed in the subsystem under strong synchronous motions. The
subsystem did not experience any yielding, damage, or loss of pressure when subjected to the
asynchronous motions with a relative displacement of up to 8 in between the tables. At larger
relative displacements, however, data from strain gages indicated a clear progression of
nonlinear behavior, with yielding at an increasing number of locations as the relative
displacement increased. Significantly, it was also noted that the subsystem did not experience
any leaks or loss of pressure despite the extreme deformation the system experienced at 17
inches of relative displacement, which is equivalent to 7.8% rotation relative to the span of the 4-
in pipeline and 6.7% rotation relative to the span of the 8-in pipeline. However, at such rotation,
damage was observed in one of the concrete pedestals at one pipe support.

Figure 1. Photograph of the subsystem tested at UNR.

Conclusions: This experiment demonstrated the resiliency of natural gas pipeline infrastructure.
The subsystem remained elastic when subjected to high amplitude earthquake motions.
Furthermore, despite the large rotation and the significant deformation experienced by the
subsystem, leakage, which is the key metric for damage, never occurred. Such resiliency can be
attributed to the high-quality welding and steel pipes. Thus, with proper maintenance to preserve
the structural integrity of the different components of the natural gas infrastructure, such
resiliency can be achieved.

Future directions/References: Additional investigations of surface subsystems would be
desirable; especially where large relative seismic displacement is expected. For example, natural
gas pipelines crossing rivers above ground, though not as common, still pose risks to failure of
the system in the event of the large relative movements that can be generated for example by a
supporting bridge spanning water crossings. While such investigations could be performed using
numerical parametric studies, experimental validation and calibration will be essential.
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