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Abstract – This paper presents the design, implementation, and validation of shape memory alloy (SMA)-augmented
tension rods for seismic response mitigation at the University of California, Berkeley’s Grimes Engineering Center
(GEC). The SMA devices, integrated with buckling-restrained braces (BRBs), reduce torsional response, floor acceler-
ations, peak and residual drifts, and demands on structural members, thereby enhancing post-earthquake functionality.

The system was validated through multi-scale experimental testing, including component, device, and frame-
level tests, as well as in-situ field measurements. Results demonstrate stable hysteretic behavior, strong self-centering
capability, and good agreement between measured and predicted responses. The study highlights the feasibility of
implementing SMA-based recentering systems in building-scale applications.

Keywords: buckling-restrained braces, field verification, seismic resilience, shape memory alloy, structural
testing, tension rods

1. Introduction
The application of innovative materials, components, and systems to improve seismic performance in

practical applications requires a thoughtful and rigorous research investigation that includes material testing,
component testing, numerical modeling, practical detailing, defined operational ranges, and reliable failure
mechanisms. When possible, both static and dynamic testing can be pursued to gain a more complete
understanding of potential behaviors. Shape-memory alloy (SMA) are among such innovative materials.

SMA is a metallic material composed of two or more elements that, when alloyed and heat-treated, exhibit
a reversible solid-state phase transformation that allows them to recover a predefined shape after deformation.
Depending on composition and heat treatment, SMA can exhibit two distinct behaviors: superelasticity and
the shape memory effect.

• Superelastic effect: A strain-induced, solid-state phase transformation that enables large, fully recov-
erable strains, even under significant deformation (e.g., up to approximately 6% in Nitinol).

• Shape memory effect: A thermally induced, solid-state phase transformation by which an SMA
recovers a previously defined geometry after being deformed.

For this application, superelastic Nitinol, a nickel–titanium shape memory alloy, is used. It can sustain
recoverable strains of approximately 6%, significantly exceeding conventional structural steel (≈ 0.2%). This
behavior enables efficient energy dissipation and recentering, making SMA particularly suitable for seismic
applications. Further details on SMA behavior and applications are available in the literature, e.g., [1–4].

This study focuses on the use of SMAs to increase the post-earthquake resilience and rapid reoccupancy
capability of a major campus building at the University of California, Berkeley (UCB), namely the Grimes
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Engineering Center (GEC). The paper presents the experimental studies, field verification, and numerical
simulations that support the design and implementation of this system.

2. Project Context
The GEC at UCB is a seismic renovation and addition to the Bechtel Engineering Center. The building

site is only a quarter mile from the north–south-trending Hayward Fault, which has a 33% probability of
producing a magnitude 6.7 or larger earthquake before 2043. Therefore, seismic performance was the major
consideration in the renovation and addition design.

The original Bechtel Engineering Center had extensive landscaping on its roof, consisting of a thick
gravel drainage layer, a topping slab, and 1′ to 3′ of soil. The new building removed this landscape, and
the weight of the new floors is approximately equal to that of the existing landscaping. This minimized the
retrofit work on the existing reinforced concrete structure.

The new building was designed in accordance with the California Building Code and the UCB Campus
Design Standards, including the UC Berkeley Seismic Guidelines and an ASCE 41 Tier 3 evaluation [5].
In the building numerical model, the following components used nonlinear modeling: shear and flexure in
existing shear walls, rotation at new steel beam ends, rotation at new steel columns’ ends, SMA cables, axial
tension yielding and compression buckling of the tension rod, tension/compression of buckling-restrained
braces (BRBs), and compression-only soil springs under footings supporting columns below the BRB frames.
While modal response spectrum analysis was used for early proportioning, the lateral–force–resisting system
design, including BRBs and SMA tension rods, was conducted using nonlinear response-history analysis.

The steel columns are HSS 12 × 12 sections; the framing at Level 2 terrace and Level 3 consists of W21
girders and W18 joists; and the roof framing consists of double MC18 members along gridlines and W14
joists between them. BRB frames utilize wide-flange beams with a single-pin connection to gusset plates.
The existing pan-joist system typically consists of a 4.5-in one-way slab supported by 20-in joists, resulting
in a total depth of 24.5′′. Fiber reinforced polymers (FRP) was applied to the diaphragm and to a few beams.
Only a few footings under the BRBs required retrofit because of increased loads. All new columns are placed
on existing columns. Fig. 1(a) is a rendering illustrating the existing and new construction of the building.

(a) Existing and new construction. (b) Completed building.

Fig. 1: Grimes Engineering Center.

The center of the building includes a large “forum” space, a common area for students and faculty to use
for a broad range of functions. The BRB core would need to be shifted to maximize the openness and function
of the forum. Therefore, the BRB core was shifted eccentrically relative to the new building, resulting in a
primarily torsional response (particularly in the east-west direction) when subjected to ground motions. To
mitigate this response, a light perimeter system was envisioned, integrated with the architectural design, to
efficiently reduce torsion while avoiding heavy demands on existing concrete columns and footings.
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A tension rod system at the perimeter is desirable to mitigate torsion, except for the tension rod’s poor
performance in strong ground motions, where axial elongation results in unpredictable response. Skidmore,
Owings & Merrill (SOM) engineers considered a range of options, including small viscous dampers, friction-
based devices, and SMA cables to insert a “fuse” in the tension rod, thereby protecting the tension rod and
mitigating unreliable behavior while introducing additional damping. The fuse candidates were evaluated
considering cost, performance, and potential repair and maintenance. Based on collaboration with university
representatives, peer review panels, and cost estimates, SMA tension rods were selected for incorporation.

With the structural system otherwise unchanged, the inclusion of SMA tension rods reduced floor
accelerations, peak story drifts, and torsional response (due to uniform stiffness contribution of perimeter
SMA frames and SMA modal damping) by about 10%, 20%, and 35%, respectively, reduced residual story
drifts by 50% on average (with some reductions as high as 75%) mainly due to reduction in torsional response,
and reduced BRB frame demands. Although the building was not explicitly designed for functional recovery,
these improvements are expected to facilitate post-earthquake reoccupancy. If the building had been designed
without SMA, the BRB sizes would likely have been increased and/or additional BRBs would have been
added in the north-south (the concentric) direction to control torsion. This would have increased the column
and beam sizes in the BRB frame and affected the supporting reinforced concrete columns and footings
below. Fig. 1(b) illustrates the completed building.

3. Proof-of-Concept Shaking Table Testing
After SMA was selected as the fuse element in the tension-rod system, the next step was to finalize the

detailing of the SMA tension rods. Initially, SOM selected Nitinol as the superelastic SMA for this application
because it is available as a cable from vendors in a range of wire diameters and cable configurations.
Additionally, Nitinol’s stable hysteresis across typical temperature ranges, resistance to corrosion, and low
strain-rate dependence [2] provided an opportunity to use superelastic SMA in a new building in a high-
seismic region. The SMA material can be difficult to attach using conventional methods such as welding,
bolting, or threading. A novel approach proposed in prior work used individual SMA wires assembled into
a rope and connected to carbon steel by swaging a threaded bolt to the end of the SMA cable. The reported
results indicated that the swage connection can fully develop the strength of the SMA cable and ensure failure
away from the bolt for a reliable and ductile connection up to ultimate strength. SOM obtained two cable
sizes and swage anchors from multiple vendors to evaluate and confirm that the favorable behavior observed
in the literature could be reliably repeated across a range of cable sizes, swage bolt types, and vendors. Based
on this testing, a reliable SMA cable vendor was selected and the swage anchor type was confirmed. With
material and swage connections confirmed, SOM then conducted large-scale dynamic testing at the Pacific
Earthquake Engineering Research Center (PEER) six-degrees-of-freedom 20 ft × 20 ft shaking table. Testing
was conducted using PEER’s three-story modular steel frame, known as the REconfigurable Platform for
EArthquake Testing (REPEAT) frame.

The three-story frame was initially tested without any SMA tension rods to determine its fundamental
period and estimate damping. The fundamental periods were identified from white noise tests. The damping
ratios were identified by exciting the structure in each of the three modes of vibration for a few cycles and
recording the consequent free vibrations. The first three periods were identified as 0.50 s (representative
of buildings similar to the GEC), 0.14 s, and 0.04 s. The first-mode damping ratio was approximately
3% (representative of steel buildings without SMA rods). The SMA tension rods were fabricated off-site
and shipped to the laboratory. The team assembled the tension rods, installed transducers, and applied a
modest pre-stressing to the tension rods. Instrumentation included displacement, acceleration, and force
measurements to capture component and system response (see Fig. 2).

A suite of ground motions with increasing intensity (25% to 100%) was applied. During the most
demanding motions, the SMA cables experienced tensile strains of approximately 6%. The stresses discussed
below were measured using load cells attached to the tension rods. Dynamic interaction effects were observed
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