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ABSTRACT

This study focuses on moment resisting frames with end plate beam-to- column moment
connections, where Cu-based SVIA rods are used as connectors. Firdt, experimentd
tests were performed on a beam-column connection and a one story sted frame that
includes those connections. Later, a prototype low-rise sted building was designed and
an andyticd modd was congructed to investigate the building seismic performance. The
SMA connections were modeled using non-linear rotationa springs capable of
reproducing the observed experimenta behavior of these connections. The modd was
subjected to severa earthquake ground acceleration records. The performance of this
prototype was compared to that of a building with conventional MRFs. The results
showed an improved response of the building with SMA connections in terms of
resdud displacements and damage control.

Introduction

The unexpected damage on stedl structures observed after the Northridge (1994) and Kobe
(1995) earthquakes motivated the development of multiple research projects to investigate and propose
solutions to the problems detected. One of the main conclusions from these efforts was the need to
confine the damage to specific locations (“structura fuses’) where sufficient ductility could be ensured,
thereby limiting the damage in the main structura members (Bruneau et a. 2005).

To provide those fuses, different beam-column connections have been proposed and studied
andyticaly and experimentdly. Few experimentd studies have been conducted to invedigete the
response of a complete structure. Ivanyi (2000) tested quas-daticaly afull-scae frame with semi-rigid
connections, where loading was exerted by means of hydraulic jacks usng three different load patterns.
Ultimate failure occurred with bolt failure in beam-column connections. The test results compared well
with the theoreticd cdculations. Wang et d. (2008) tested, in a shaking table, a 1/3 scae sted frame
with sdf-centering post-tensioned (SCPT) connections. The displacement response of the SCPT frame
was very smilar to that of the fully welded frame but the accel eration response was reduced.

Shape memory dloys (SMA) conditute a family of new materids that exhibit properties
especidly suited to fabricate eements that can act as fuses and, additionaly, provide sdif-centering
capabilities to the structure. SMAS can sudain large inelagtic deformations and recover their origina
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shape immediately upon unloading (superdadiicity) or after subsequent heat application (shape
memory).

This sudy focuses on moment ressing frames with end plate beam-to-column moment
connections, where Cu-based SMA rods are used as connectors. A beam-column connection and a
reduced scale one story frame were tested. Then, athree story benchmark structure that included SMA
connectors was designed according to the current Chilean seismic code (INN 1996) and stedl design
provisons (AISC 2005) and an andyticd modd was condructed to investigate the building seismic
performance. The SMA connections were modeled using non-linear rotational springs capable of
reproducing the observed experimenta behavior of these connections. The modd was subjected to
severd earthquake ground acceleration records. The performance of this prototype was compared to
that of a building with conventiondl MRFs. The results showed an improved response of the building
with SMA connections in terms of residua displacements and damage control.

Experimental Studies
Connection tests

An experimentd study on the feasibility of usng copper-based shape memory dloy rods on a
partialy restrained (PR) connection was conducted previously and reported el sewhere (Sepulveda et &
2008). A summary is presented here.

The proposed configuration consisted on an end plate connection between a rectangular hollow
gructural sted beam (100x5x4mm) and awide flange sted column (150x160x7x9mm) as shown in Hg.
1. Four 240 mm long, 3 mm diameter SMA CuAlBe rods, in audenitic phase, were fixed into
anchorages designed to alow for prestressing of the rods, so that they would sustain tension loads only,
leaving an effective flexible length of 182 mm. This was done to avoid the buckling of the rods under
load reversals that was observed in previous tests (Ocd et d. 2004). The beam end plate was fitted
between two sted stubs welded to the flange column above and below the plate, to support the shear
forces. The tip of the beam was pin-connected to a shaking table, which was used as an actuator to
impose the displacements at the beam tip. The rods were prestressed at the beginning of each test.
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Figure 1. Connection test specimen

The study involved testing the connection by gpplying controlled cyclic displacement higtories at
the tip of the beam with two different characteristic frequencies of 0.25 and 1 Hz. Isolated rods smilar
to those used in the connection were tested previoudy under cyclic tenson to characterize the
mechanica and energy dissipation properties of these components.

Fg. 2 shows the forces on the rods versus the rotation considering the top and bottom rods for



atest performed at 0.25 Hz. Loops are stable and symmetric. For this assembly, and for a drift of 3%,
the equivdent damping ratio was approximately 5.5%. During the different tests, the rods were
subjected to amaximum strain of 1.7%. Most of the energy was effectively disspated by the rods.

FHg. 3 shows a comparison between test results for isolated rods and the rods tested in the
connection. Significant differences can be seen between the dress-strain curves obtained from the
individud rods tested in tenson and from the rods used in the connection. The type of grips or the
amount of pre-strain may explain part of the differences.
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Figure 2. Force-rotation curves

400
%’:’ 300 T
W Lt
I‘:l'_:l. 200 /s i,":‘_ _."-__'- 2
Isolated rod tests
W - - - Connection tests
100

0
-0.005 (1] 0.005 0.01 0.015 0.02 0.025
Strain, mm'mm

Figure 3. Stress-drain relation from isolated rod and connection test.

Frame Tests

A reduced scale one story sted model 1.5m height and 1.5 m by 0.8 m rectangular plan was
built as shown in Fg. 4a. The columns were pinned at the base. Four 180 mm long, 3.3 mm diameter
SMA CuAlBe rods were used at each corner, following the condruction detals of the isolated
connection tedts, leaving an effective flexible length of 130 mm. Top and bottom rods were separated



80 mm apart. The rods were prestressed at the beginning of each test with 1.50 kN. The tota weight of
the structure was 1.8 kN.

The frame was mounted on a 2.1 by 2.0 m, one-degree of freedom shaking table, designed and
fabricated locdly (Barrientos, 2008). The movement of the table is driven by a5 ton hydraulic actuator
with adisplacement range of + 0.2 m, maximum accderation of 9.8 m/s, maximum veodity of 0.6 m/s,
and frequency up to 15 Hz.

The instrumentation consisted on accelerometers located at the top and base of the frame, a
potentiometer to measure the top displacement, and eight load cells and eight potentiometers to measure
the forces and deformations at the top and bottom rods in each connection. Additiondly, a 50 mm
extensometer was used on one rod, asshown in Fig. 4b, to compare the total deformation with the loca
deformation of the rod.
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Figure 4. Test frame characteritics

A period of 0.46 sec and a damping ratio of 1.42% were obtained from pullback tests. The
frame was subjected to asnusoida sgnd with a frequency of 1.5 Hz and amplitude of 8 mm, and to the
N10E component of the Llolleo record from the March 3, 1985 Chile earthquake, reduced to 25%.
These two inputs generated maximum acceleraions at the table of 0.07g and 0.12g, respectively, where
g is the accderation of gravity, while the maximum accelerations a the top were 0.4g and 0.48g,
respectively. The goectra acceleration corresponding to a SDOF with similar characteristics subjected
to 25% of the N10E Llolleo record would be 0.56g, which indicates a moderate reduction.

Fig. 5 shows the dtress-gtrain rdationship for the top and bottom rods due to the seigmic
record. Maximum stresses are 261 and 279 MPa and maximum strains are 0.85 and 1.24%. These
vaues and the disspated energy are lower than those obtained in the isolated connection. At the end of
the tests the rods had no measurable residua deformations.
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Figure 5. Stress-strain response of rods a one connection from frame test

Analytical Studies
Connection Finite Element Mod€

A finite dement modd of the connection tested was developed using ANSY S (ANSY S 2005)
to reproduce the experimentd results (Fig. 6). Usng symmetry congderaions, only one hdf of the
connection was modeled. The column was represented by rigid boundary conditions. Three dimensiond
20-node brick SOLID186 and 10-node tetrahedral SOLID187 elements were used to represent the
SMA rods and the stedl components respectively (Garrau, 2008).

Themode was made up of eight pieces. two SMA rods 178 mm long, two rigid rods 104 mm
long, that represent the grips and pre-loading system, two nuts 41 mm long, the beam, and a block
attached to the beam. Contact dements CONTA174 and TARGE170 were defined between
components. A bonded contact was defined between the rigid rod and the nuts and between the block
and the beam, to impede relative displacements. The contact between the rods and the block was
defined as frictionless in order to dlow the rods could to dide fredy inside the block. The SMIA rods
were fixed at the column sde; the beam end plate had a compression only support to smulate the effect
of adiff column flange; and verticd diding supports were imposed & the plane of symmetry.

A flag-shaped materid stress-drain reaionship available in ANSY S was used to Smulate the
non-linear behavior of the SMA. An dagtic modulus of 90 GPa and a yield stress of 250 MPa were
used based on results from the isolated rod tests.

PRETS179 dement was used to smulate 1 KN prestress in each SMA rod. A vertica load
was applied a the tip of the beam that produced the same displacements registered during the
experimen.

Hgs. 7 and 8 compare experimenta and analytica curvesfor the vertica digolacement a the tip
of the beam versus the applied force, and the noment at the connection versus the rotation caculated
from the strain on the rods, respectively. The differences observed between the experiment and the
modd are related to: the difference between the behavior of the rods tested individudly (used to
cdibrate the modd) and the actua rods used in the connection; the uncertainty in the support conditions
of the beam; and the limitations of the materid modd availablein ANSY S.



Figure 6. Detall of finite dement mode of the connection
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Figure 8. Connection moment-rotation curves

Prototype Design

A 20 by 20 m plan three-story building was designed according to the current Chilean seismic
code (INN 1996). Column spacing was 5.0 m and sory height, 2.5 m. The columns were pinned &t the



base. Floor weights are ligted in Table 1. Fg. 9 shows the resulting conventiond three-story four-bay
ded frame and Table 2 the | beam and column dimensions. Yield stresses for beams and columns were
253 MPa Numericd andyss usng the nonlinear andysis program DRAIN-2DX (Prakash et al. 1993)
were performed.

Table 1. Hoor weight

Floor Sagmic weight (KN)
3 620
2 2410
1 2410
Tota 5440
Table 2. Prototype member dimensions
Sze Height (mm) Web thickness Hangewidth  Hange thickness
(mm) (mm) (mm)
HN 40x159.5 400 12 400 20
IN 30x55 300 5 200 14
IN30x55 IN30x55 IN30x55 IN30x55
2,56m
! © IN30x55 o IN30x55 o IN30x55 o IN30x55 o
26m X % % % %
S IN30x55 3 IN30x55 IN30x55 3 IN30x55 3
X T T T T T
2,6m

>
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Figure 9. Prototype building eevation
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Connection Design

The SMA connections were designed for a frame with the same beam and column sizes asthe
conventiona sted frame. The number and size of SMIA connectors were determined considering the
design objectivesillugrated in Fig 10 and explained below.

For frequent earthquakes, it is expected that the connections will remain below or near the
decompression point. For adesign level earthquake, the SVMIA rods should yidd, but Hill have Sgnificant
deformation capacity. For the maximum considered earthquake, extengve yielding of the SMA rods
and structural members should be expected, but no rod fracture that could end up in structurd collgpse
is dlowed. To achieve the first objective, the decompresson moment was st equa to the moment
generated by the dead and live loads. To achieve the second, the connections were designed in such a
way that the SMA rods yidd for the design load prescribed by the seismic code. Findly, to achieve the
third objective, the connection capacity associated to the fracture of the SMA rods was set higher than
the beam capacity. This design approach was adapted from the one formulated by Garlock et 4.
(2007) for prestressed steel MRFs. With this approach, it is possible to control the performance of the



structure through the selection of the number and size of connectors.
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Figure 10. Design objectives for SMA-MRF

Each SMA connection conssted of four 12 mm-diameter rods that were assumed to be placed
above the top flange and below the bottom flange of the beams.

Prototype Analysis

Two andyticd modds were generated usng DRAIN-2DX (Prakash et a. 1993), one for the
conventional steed MRF and the other for the SMA-MRF. A beam-column dement with plagticity
concentrated at its ends (Element 2 in DRAIN-2DX) was used to model beams and columns, and an
indadtic rotationd oring eement (Element 4 in DRAIN-2DX) was used to model the SMA connection.
The properties of the inglagtic rotationd springs were determined assuming a Y oung Modulus equd to
90 GPa, a hardening ratio equal to 0.345, a total area of SMA wires of 4.52 cnt, and a length of 35
cm. The resulting yidd moment of the connection was 41.3 kN-m and the initia connection tiffness
18.3 MN-m/rad.

The natura period of the SMA-MRF was 1.04 s, while the naturd period of the rigid frame
was 0.675 s. The N10OE component of the Llolleo record (Chile 1985, PGA = 0.65g) was used in the
gmulaion Mass and diffness proportiond Rayleigh damping was considered, with an equivaent
viscous damping ratio of 2% for modes 1 and 3.

The overdl response of the sed MRF and the SMA-MRF was compared in terms of story
displacements, story drifts, resdud drifts, and story shears. Figures 11 and 12 compare base shear and
top displacement for both frames. In the stedd MRF dl beams yielded and resdud displacements were
apparent (0.15 cm at the top). In the SMA-MREF there is nether yielding in the sed dements, nor
resdud displacements. The maximum grain in the SMA rods was 2.5% and they dissipated most of the
seismic energy. Acceleration at the top of both models were amilar.

However, when the SMA-MRF was subjected to other type of seismic records (Sylmar and
Northridge) some beam yidding occurred and the man effect of the SMA rods was to provide
recentering capacity. To condder the variaion of the mechanica properties of the aloy, some
parametric andyses were performed. It was concluded that the rod section could vary between 1.15
and 0.5 of the origind vaues without changing the beneficid effect of usng SVIA rods (Astorga, 2009).
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Figure 11. Story shear comparison
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Figure 12. Top displacement comparison

Concdlusons

An innovative connection usng prestressed superelagtic SMA rods as connectors was
presented. Tests conducted on a prototype showed significant energy disspation and self-centering
cgpabiilities of the connection. A finite dement modd of the test specimen was able to reproduce the
experimenta behavior within reasonable approximation

Based on these results, a methodology for the design of SMA connections was devel oped and
goplied to the design of a prototype building. Andyticd modds of the SMA-MRF building and a
conventional stee MRF were subjected to earthquake ground acceleration records and their responses
were compared. The results showed that the SMA-MREF effectively concentrates the indastic behavior
in the SMA dements, leaving the structural members undamaged, and that resdua deformations are
reduced with respect to the conventional stedd MRF. However, the experimenta test of the frame
showed less disspation than the single connection test. Congtruction details must be improved before
proceeding to red applications.
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