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Motivation: The natural gas surface infrastructure in California includes above and below-ground
systems and subsystems, which serve to support storage facilities, transmission, and distribution
systems. Select portions of this infrastructure must cross rivers, while other portions of the infrastructure
include large-scale facilities storage and processing facilities. Within the transmission system, metering
and pressure regulating stations, and compressor stations are integral to the above-ground system.
Importantly, this surface infrastructure generally contains similar components and subsystems such as
tanks, pressure vessels, a network of steel pipelines on supports, tee joints, elbows, and bolted flange
joints. However, the configuration and geometry vary depending on the purpose of the surface
infrastructure. Because of this complexity and variability, predicting the seismic behavior of the natural
gas surface infrastructure requires use of both complex (high-fidelity) and efficient, simpler numerical
models, ideally validated using experimental results.

Objectives: The objective of this report is to describe the numerical analysis performed on surface
natural gas components and subsystems and subsequent generation of seismic fragility curves in support
of the OpenSRA software. Components analyzed included common fittings used in surface subsystems,
namely welded steel elbows and tee joints. To this end, numerical models of these fittings were first
created in the high-fidelity finite element analysis software Abaqus and their cyclic behavior validated
against results from a companion experimental program. Subsequently, Abaqus was used to predict the
response results of these fittings under varied boundary and loading conditions. Phenomenological
(lumped) element material properties were then derived for the suite of fittings tested and modeled
within Abaqus. These lumped models were integrated within numerical models of two types of surface
subsystems and analyzed using the software OpenSees. The two surface subsystems of interest were: 1)
the wellhead and piping (WTP) subsystem and 2) the vertical pressure vessels (VPV) subsystem, see
Figure 1.

Methodology: To study the cyclic behavior of welded steel tee joints and elbows, results from
component tests performed at UC San Diego were used to validate and refine important steel nonlinear
properties. This effort was undertaken using three-dimensional finite element models constructed in the
high-fidelity Finite Element Analysis platform Abaqus. The optimized material properties were then
used to investigate the behavior of these components under load and boundary conditions typical of
storage facilities in California.

Models of the subsystems were created in OpenSees. The WTP model was validated using dynamic
properties measured experimentally while the VPV OpenSees model was validated using a more refined
model of the same subsystem in Abaqus. The failure points of the WTP subsystem were assumed to be
the elbows and tees of the wellhead piping.



(a)

Figure 1. Photographs of sample subsystems: (a) wellhead and piping and (b) vertical pressure vessel

Fragility curves for the WPT subsystem were generated using three functions: one correlating the
probability of failure to the damage measure (DM, strain in this case), the second providing the
engineering demand parameter (EDP, peak rotations in this case) as a function of the DM, and the third
correlating the EDP with some intensity measure (IM) of the input earthquake and selected key
geometric parameters of the subsystem. In the case of the VPV subsystem, fragility curves were
generated comparing the demands obtained from OpenSees models and the capacities obtained from
design calculations developed using closed-form analytical methods. Two configurations were
considered: one without stretch length in the base anchors and one with stretch length.

Results: A set of optimal nonlinear hardening parameters of steel were determined. Blind predictions
using these optimized material parameters resulted in robust prediction of the global behavior of the
components measured experimentally with minimal error, while also capturing local strains. The
subsystems analyzed revealed that the risk of leakage or rupture for the WTP subsystems remains
relatively small even for large earthquakes. However, the probability of failure for the VPV subsystem is
larger, especially if the base connection does not include provision for ductility, e.g. via a design anchor
stretch length.

Conclusions: The seismic fragility methodology developed herein for surface infrastructure can be
readily extended to other types of subsystems of interest in the natural gas inventory. Moreover, analysts
utilizing OpenSRA are afforded readily computed curves for integration within their seismic risk
calculations, considering either a generic or more specific geometric configuration.

Future directions/References: Suggestions for future studies include using the validated material
properties to study different components and loading conditions, including reducing tee joints and
components loaded at an angle instead of purely in-plane and out-of-plane. In addition, the methodology
to study subsystems could be applied to different subsystems such as pipe racks and horizontal pressure
vessels.
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