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Steel Beam-Column Connections Using Shape
Memory Alloys

Justin Ocel, M.ASCE1; Reginald DesRoches, M.ASCE2; Roberto T. Leon, M.ASCE3;
W. Gregory Hess4; Robert Krumme5; Jack R. Hayes6; and Steve Sweeney6

Abstract: This study evaluates the feasibility of a new class of partially restrained connections using shape memory alloy
martensitic form, shape memory alloys~SMAs! have the ability to recover large residual deformations by heating the alloy abo
transformation temperature. The proposed connection consists of four large diameter NiTi SMA bars connecting the beam fla
column flange and serve as the primary moment transfer mechanism. Two full-scale connections were tested using the S
protocol. The connections exhibited a high level of energy dissipation, large ductility capacity, and no strength degradation a
subjected to cycles up to 4% drift. Following the initial testing series, the tendons were heated to recover the residual
displacement. After initiating the shape memory effect within the tendons, the connections were retested, displaying repeatable
hysteretic behavior. An additional test was performed under dynamic loading to examine the strain rate effects on the perform
connection. The dynamic tests showed similar behavior, except for a decrease in energy dissipation capacity when comp
quasi-static tests.
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Introduction
In the aftermath of the 1994 Northridge and 1995 Kobe e
quakes, concern has been raised over the unexpected perfor
of fully restrained welded steel connections. Connections in
90 welded moment frames in the Northridge area experie
fracture in the welds joining the beam flange to the column du
lack of fusion discontinuities, low toughness weld metal, and
unfused notch left from the back-up bar. Following these e
quakes, the Federal Emergency Management Agency~FEMA!
initiated a research effort, known as the SAC Steel Pro
~FEMA 1995!, to investigate deficiencies in current moment c
nections and evaluate ways of improving connections in
frames. One of the SAC research initiatives was to evaluat
effectiveness of various types of bolted, partially restrained~PR!
connections as an alternative to fully restrained~FR! welded con
nections~Swanson and Leon 2001!.
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In the SAC project, bolted connections were found to b
viable alternative to fully welded connections. On the glo
scale, PR connections have smaller initial stiffnesses and ‘‘y
ing’’ strength when compared with fully welded counterpa
Hence more connections are required in lateral bracing sy
~Leon 1995!, resulting in a tougher and more redundant struc
system. On the local scale, properly designed PR bolted co
tions can provide more yielding mechanisms and alternate
paths than welded connections, resulting in better local duc
when the connection is properly detailed.

However, the performance of PR connections can be impr
further by introducing ductile damping connecting elem
which will enhance the seismic properties over conventi
bolted connections. The aim of this study is to assess the
bility of SMAs as connecting elements in steel PR connect
Shape memory alloys possess the unique ability to withs
large strain demands~;4–6 %! but recover residual strains wh
heated above their transformation temperature. When SMA
integrated into a steel connection, they offer the possibilit
significantly enhancing the ductility and damping capacity of
connections. In addition, the unique shape memory behavio
vides the possibility of removing the residual deformation wi
the connection by heating the SMAs above their transform
temperature following a seismic event. In the research rep
herein, two proof-of-concept SMA-based connections were t
to determine their cyclic behavior. Following the initial load
protocol, the shape memory effect was initiated by heating
SMAs above their transformation temperature and retested
paper presents the results from these full-scale connection

Shape Memory Alloys

Shape memory alloys are a class of alloys that display se

unique characteristics, including Young’s modulus-temperature
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relations, shape memory effects, pseudoelasticity, and high d
ing characteristics. During deformation, SMAs will unde
phase transformations instead of intergranular dislocation
typically found in metals. These phase transformations ref
spontaneous shifts between martensitic and austenitic c
forms. The material properties of the martensite and aust
phases depend upon the temperature and external stress ap
the crystal@see Fig. 1~a!#. At temperatures slightly aboveAf ~aus-
tenite finish temperature!, the material is austenitic. However, t
martensitic phase can be stress-induced, resulting in what is
monly referred to as the superelastic, or pseudoelastic, effe
temperatures belowM f ~martensite finish temperature!, the mate
rial is in its martensitic form and exhibits the shape mem
effect. The crystallographic change during a shape memory
cycle is illustrated in Fig. 1~b!. Fully twinned martensite form
into alternating layers of rhombic shaped crystals~B19’ mono-
clinic structure!. After loading the SMA beyond a certain stra
threshold, the twinned martensite begins to shift slightly a
twin boundaries to accommodate deformation, in what is c
monly referred to as the detwinning process. Once the crysta
been detwinned, a residual deformation will remain once the
is removed. However, upon heating the SMA above theAf tem-

Fig. 1. ~a! Stress-strain properties of austenitic and martensitic s
memory alloys. Both plots depict one cycle from zero load to a
cific strain and back to zero load.~b! Crystallographic change
through shape memory effect.
perature, a phase transformation from martensite to austenite oc-
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curs, and any residual deformation is recovered. The aust
crystal form is a planar arrangement where the atoms align t
selves in squares~cubic B2 structure!. Upon cooling, the materi
returns to the twinned martensite form, thus completing the s
memory effect cycle. Shape recovery can either be free or
strained. Free recovery allows the material to recover its ori
shape completely, whereas constrained recovery can de
large internal forces useful for actuator applications~Baz et al
1990; Brailovski et al. 1997! or for posttensioning applicatio
~Soroushian et al. 2001!.

Applications of Shape Memory Alloys

In order for SMAs to be viable materials for use in seismic re
tant design and retrofit, they need to possess certain chara
tics. Some of these characteristics include stable hysteretic b
ior, ductility, and large energy dissipation. There have b
several studies which have quantified the material properti
shape memory alloys. However, the majority of these stu
were related to biomedical applications. Applications includ
arterial stents~Phatouros et al. 2000!, bone plates~Funakubo
1987!, and orthodontic wire~Widu et al. 1999! have taken adva
tage of the shape memory and superelastic properties of
memory alloys. Since the majority of SMA research has bee
biomedical applications, only small and thin cross sections
as wires and ribbons have been investigated. Seismic applic
have been implemented using superelastic alloys using wra
bundles of wires, instead of large bars, due to the uncertain
size effects when large cross sections are used. One exam
the retrofit and rehabilitation of three cathedrals in Italy u
wrapped wire superelastic devices~Indirli 2001; Croci 2001!.
Other applications, only experimentally or analytically
searched, include passive damping devices for bridges~Wilde
et al. 2000; Delemont 2001! and buildings~Cardone et al. 199
Inaudi and Kelly 1994; Krumme et al. 1995; Higashino 1996!.

Experimental Program

Shape Memory Alloy Connection Specifications

Two SMA-based, partial strength, partially restrained mom
connections were tested as part of this study. The first conne
was designed by the E*Sorb Systems and the second by resea
ers at Georgia Tech. The design of the two connections was
on simplifying the analysis of internal forces within the conn
tion and fully exploiting the unique properties of SMAs. This w
done through the design of the shear tab which had five hole
round hole in the center and two slotted holes on either side o
round hole, thus forcing rotation about the center of the shea
With rotation forced about the beam’s neutral axis, the SMA
fully exploited by placing the tendons on the outside of the b
flanges, maximizing the axial deformation of the tendons. A
deformations of martensitic SMAs were shown to be the m
efficient when compared to bending and torsion deforma
modes~MANSIDE 1999!. The resulting design did not necess
ily reflect that of a typical connection. However, it does allow
a proof-of-concept specimen to address the feasibility of inte
ing shape memory alloys into steel moment connections.

The first connection tested, S1, joined a W3603237 ~W14
3159! column to a W6103140 ~W24394! beam using four ma

tensitic Nitinol SMA tendons, two on each flange of the beam, as
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shown in Fig. 2. The shear force in the beam was transferr
the column by use of a shear tab, which was 381312739.5 mm
~153533/8 in.! with five holes for 25.4 mm~1 in.! bolts. The
four outer bolt holes of the shear tab had 38.1 mm~1.5 in.! long
slots to allow the beam to freely rotate about the standard r
hole in the center of the shear tab without the shear tab tran
ring significant moment to the column. This detail was also
tended to enforce rotation about the centroid of the beam, im
ing equal tension and compression in the tendons. The
tendons were 381 mm~15 in.! long with a diameter of 35 mm
~1.375 in.! in the 229 mm~9 in.! central gage length. The ends
the tendons were 44 mm~1.75 in.! diameter with a 12-pitc
threading; this allowed each tendon to be threaded into two
ferent anchorage blocks. The top anchorage block had dimen
of 50.831023203 mm ~23438 in.! and was wedged~no me-
chanical fastening was used! between two 2033102312.7 mm
~43831/2 in.! rectangular tubes using shim stock to fill the g
between the top anchorage block and rectangular tube. The
angular tubes were, in turn, fillet welded to the outer beam fl
surfaces, allowing the top anchorage block to resist loads in
directions. The bottom anchorage blocks were 76 mm~3 in.!
square blocks, long enough to fit in-between the column flan
and were fillet welded to the column flange opposite of the b
Since the tendons were rigidly anchored to both the beam
column, they could transfer both tension and compression
were expected to buckle under compression. Tendon buc
was not constrained in the connections because previous re
using martensitic rods with buckling restrained found asymm
stress-strain and stiffness behavior. The stiffness and stren
compression are higher than in tension~Lui et al. 1998!.

The second connection tested, connection S2, utilized
same design philosophy as S1, but the detailing of various
ments was slightly altered to address deficiencies found d
testing of connection S1. Specifically, the top anchorage b
was welded prior to testing and smaller stiffened angles
welded to the top column flange~not shown in Fig. 3! to restrict
the out-of-plane movement of the beam flanges, which wa
countered in testing of connection S1. This connection use

Fig. 2. Details of first shape
same column and shear tab but the beam was replaced with a
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h

lighter W610382 ~W24355! section as shown in Fig. 3, whi
represented a more realistic connection since the tendons
now develop more of the beam’s moment capacity. Two stiffe
angles replaced the rectangular tubes used in S1 and wer
welded to each of the outer flange surfaces of the beam. Th
anchorage block was welded between the two stiffened a
instead of relying on friction to keep it in place. The tendons w
made from the same martensitic Nitinol composition alloy bu
dimensions of the tendons were increased to 457 mm~18 in.! long
and 36.5 mm~1.44 in.! diameter in the 273 mm~10.75 in.! gauge
length.

Laboratory Setup

The specimen and load frame utilized for this experiment
shown in Fig. 4. The column was 3,760 mm~148 in.! long, mea
sured from the centerline of the pin supports, and the beam
tion was 4,534 mm~178.5 in.! from the actuator centerline to t
column centerline. A bracing system using a separate load
with outriggers and angle sections was used to laterally su
the beam at three brace points.

The connection was tested using the instrumentation and
ing protocols outlined in SAC Report BD-97/02~SAC 1997!. The
tests were run in displacement control in accordance with
protocol using a closed-loop servovalve hydraulic actuator.
SAC load history is based on the interstory drift angle~rad! which
is the actuator displacement divided by the beam length~from
actuator centerline to column centerline! using Eq.~1!

u total5
D

Lb
(1)

whereu total5total rotation of the connection measured in radi
D5beam tip deflection~mm!; and Lb5length of beam~4,534
mm!. The loading protocol consists of six cycles each of 0.
0.5, and 0.75% drift, followed by four cycles of 1% drift, a
concludes with two cycles of 1.5, 2, 3, and 4% drift. The fi
displacements were applied to the tip of the beam at a rate o
mm/min ~2 in./min!. The total rotation reported is the sum of

ory alloy-based connection, S1
mem
rotation components calculated using Eq.~1!. The concentrated
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rotation is the relative rotation between the beam and co
measured over a length of one beam depth from the column
using four LVDTs in the connection region.

Initial Testing Events and Results

Connection S1 behaved primarily in an elastic fashion throug
first three load steps of the protocol. In the middle of the 1%

Fig. 3. Details of second sha

Fig. 4. Schematic of load frame
JO
load step, the hard oxide coating on the tendons began to
off, an indication that the tendons were experiencing large st
At the first peak of the 1.5% load step, the tendons starte
detwin, which can be seen as a plateau in the moment v
concentrated rotation plots. Later in the 1.5% load step, th
anchorage block on the top side of the beam slipped app
mately 5 mm~3/16 in.! laterally and approximately 3 mm~1/8 in.!
away from the beam flange, as shown in Fig. 5. The moveme
the block was not accompanied by any noises or load drop

emory alloy-based connection, S2

shape memory alloy connection, S2
pe m
with
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dicating it must have been a slow, gradual process. The b
continued moving throughout the remainder of testing, increa
in amplitude with each load step of the SAC loading proto
The 3% drift cycles caused severe buckling of the SMA ten
in compression. This cannot be seen in photographs from co
tion S1 because the tendons were hidden inside the recta
tubes. However, Fig. 6 shows similar buckling which occu
during testing of connection S2. In the first 4% drift cycle,
buckling of the SMA tendons and lateral translation of the
anchorage block caused a secondary deformation mode th
sulted in discontinuation of the test. In this deformation mode
flanges of the beam began to wrap around the shear tab as a
of a shear force exerted at the top of the tendons from buc
and the misalignment of the tendons from the anchorage
slippage. Since the shear tab was not designed to handle
lateral loads, a 25.4 mm~1 in.! long weld fracture formed on ea
end of the shear tab after the first 4% drift cycle. For fear
sudden brittle failure in the shear tab weld, the test was sto
before a second 4% drift cycle could be completed. At the en
the test, connection S1 was left with a residual rotation of 0
radians.

As with the S1 connection, specimen S2 behaved elast
through the first three load steps. As with connection S1,
was a small amount of hysteresis in the beginning load steps
tendons began to scale their oxide coating in the 0.75% drift

Fig. 5. Photo taken at conclusion of initial test of connection
depicting top anchorage block movement

Fig. 6. Tendon buckling on connection, S2. Similar buckling w
observed in connection S1
736 / JOURNAL OF STRUCTURAL ENGINEERING © ASCE / MAY 2004
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As testing progressed into the 1.5% drift cycles, the beam fla
began to engage against the restraining angles, an indicatio
the tendons had begun to buckle. This first occurred at the s
peak of the first 1.5% drift cycle when the Bottom-South restr
ing angle became engaged. Once the cycle reversed, the
South restraining angle engaged. For the remainder of the
these beam flanges contacted with the same two restra
angles, as the beam was pushed to drifts exceeding 1.5%. T
continued until two 4% drift cycles were completed, but
stopped at this stage so proper comparisons could be ma
connection S1. At the end of testing, the beam was left with
mm ~3.4 in.! of residual displacement. This residual displacem
is quite large when compared to the residual tip displaceme
S1. This difference was due to a slight error in the loading
tocol for specimen S2. After the last 4% drift peak of connec
S2, the tip was not forced to zero displacement and then unlo
to zero force, as in S1. Instead, it was unloaded to zero
immediately, hence not completing the cycle, and leaving a
residual displacement.

The results of the initial testing of both connections yiel
similar results. Fig. 7 shows the plots of the moment versus
centrated rotations for the two connections which demons
stable hysteresis with no pinching behavior, no strength deg
tion, and good energy dissipation. In the first 1.5% drift cycle
both connections, there is a perfectly ‘‘plastic’’ part to the hys
esis at the peak of the cycle. This plateau portion signifies tha
SMA tendons had begun to detwin. However, the second cyc
1.5% drift did not show the plateau, indicating that cyclic re
sals did not detwin the martensite in the other direction~Xie et al.

Fig. 7. Moment versus concentrated rotation of initial tests for
nection S1~top! and connection S2 plotted with previously tes
T-stub connection FS-07~bottom!
1998!. This same behavior also occurred in the 2% and 3%
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cycles, but did not occur in the 4% drift cycle, meaning the S
tendons had exhausted their stress plateau and begun to
harden.

Both connections were cycled to maximum drifts of 4%. H
ever, Fig. 7 shows the maximum concentrated rotations bet
3.5% and 3.8% corresponding to 4% total rotation. Summin
components of rotation, the concentrated rotation is app
mately 80–95% of the total rotation after accounting for ela
beam and column deformation, and panel zone shearing. Sin
inelasticity occurred in the steel elements, the SMA tendon
responsible for this concentrated rotation.

Table 1 compares the two SMA connections tested agains
previously tested T-stub connections at Georgia Tech~Smallidge
1999!. As shown in Table 1, the elastic stiffnesses for the T-
connections are considerably larger than that for the SMA
nection. This difference in stiffness is primarily due to the
value of the modulus of elasticity for NiTi SMA compared w
structural steel. The modulus of elasticity for martensitic N
SMA is typically on the order of 21–41 GPa, compared w
approximately 200 GPa for steel. This is clearly an issue
would need to be addressed when considering the use of thi
of connection. Table 1 also shows a comparison of the tota
ergy dissipated between the T-stub and SMA connections
though the energy dissipated per cycle is clearly less in the
connection~as shown in Fig. 7, bottom!, the total energy is ap
proximately the same, since the SMA connection was subjec
more loading cycles before failing.

Initiating Shape Memory Effect

After each connection was initially tested, the tendons w
heated above their transformation temperature to initiate
shape memory effect and attempt to recover the residual tip
placement in the beam. Two different methods were used to
the tendons above theirAf temperature of approximately 93
~200°F!. Since a significant amount of heat was required, pro
torches were found to be most effective for connection S1. A
tendons were being heated with the torches, the actuator app
22 kN ~5 kip! force in a direction to help the tendons recover t
shape. After eight minutes, the propane torches heated the te
to 288°C~550°F!, bringing the total recovered displacement to
mm ~0.7 in.!, which corresponds to a 76% recovery of residua

Table 1. Connection Property Comparison between Shape Mem

Specimen FS-07

Beam sectiona W24355
Column sectiona W143145
Connectora WT10.5346.5

Mmax/Mp
b 1.135

Elastic stiffnessc

kN m/rad ~k in./rad!
2.70E5

~2.39E6!
Energy dissipated
kN m ~k in.!d

5.38E2
~4.76E3!

aSection sizes are in English units.
bM p is based onf51.0 andFy from mill certificates.
cRepresents the initial stiffnesses~secant stiffness at 0.375% drift!.
dDissipated energy is recorded as the integration of the moment ve
displacement.

JO
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During the recovery phase for S2, the ability to initiate
shape memory effect was investigated while the connection
under load, simulating dead load moments expected in a ty
connection. The shape memory process is both thermal an
chanical, meaning that an increase in stress is equivalen
decrease in temperature. Therefore, placing a stress on th
dons~via the imposed load! should result in a requirement for
higher temperature to initiate the shape memory effect. The
stant load was created by putting the actuator into load co
with 244.5 kN ~210 kip! force at the beam tip in a directi
resisting the motion of the beam during the straightening pro
This load corresponds to approximately 138 MPa~20 ksi! of
stress in each tendon. Each side of the connection was h
simultaneously with two torches, one on each tendon. The
heating cycle lasted for 15 min and recovered 20 mm~0.787 in.!
of tip displacement. This corresponded to an approximate re
ery of 20% of the residual displacement. Since these results
less than desirable, it was decided to change the load in th
tuator to12.2 kN ~10.5 kip! to help tendons recover their sha
and heating continued for an additional 12 min, which recov
another 19.5 mm~0.768 in.!. In total, 39.5 mm~1.555 in.! of tip
displacement was recovered, which is only 39.5% of the tota
this point, the surface temperature of one tendon was mea
with a thermocouple to be;254°C~490°F!. The propane torche
still were not achieving the desired results and it was determ
that more heat needed to be applied to the tendons. An
acetylene torch with a no. 8 rosebud was used to heat the te
of S2 a second time. The actuator was kept in load control
13.6 kN ~10.8 kip! of load applied at the beam tip, again to h
the tendons recover their shape. The oxy-acetylene torch wa
to get the tendon surface temperature up to 400°C~752°F!, mea-
sured with a thermocouple. Through 27 min of heating, only
other 13 mm~0.499 in.! of beam tip displacement was recover
resulting in a total beam tip recovery of 41.4 mm~2.054 in.!
through the two heating iterations, which corresponds to 5
total recovery. Fig. 8 shows how much shape recovery act
occurred within the tendons themselves, with dotted lines s
ing the residual shape superimposed with the actual picture
after the heat straightening process.

Retesting Connections

Once the tendons were straightened, the connection was sub

lloy Connections and Previously Tested T-Stub Connections

FS-08 S1 S2

24355 W24394 W24355
143145 W143159 W143159
10.5346.5 1.375f

Tendons
1.4375f
Tendons

1.363 0.447 0.868

.32E5

.05E6!
7.17E4

~6.35E5!
7.22E4

~6.39E5!
.84E2
.17E3!

4.48E2
~3.97E3!

5.35E2
~4.74E3!

otal rotation hysteresis up until connection failure.
ory A

W
W

WT

2
~2
5

~5

rsus t
to a modified version of the SAC protocol to address the cyclic
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stability of the connections at high drifts. The modified proto
consisted of 1 cycle of 0.5, 0.75, 1, 1.5, 2, and 3% drift, follow
by 20 cycles of 4% drift. Before S1 could be retested a thi
weld was placed over the old shear tab weld to address the
ture in the weld toe. In addition, the top anchorage block
fully welded to fix any translational degrees of freedom. Fin
small angle sections were welded to the column flange to pr
out-of-plane distortions of the beam flanges. Connection S2
not need any modifications because its original design addr
the issues of out-of plane beam flange distortions.

Connection S1 made it through the eighth 4% drift cycle
fore one of the tension tendons fractured near the peak o
cycle. Loading was continued until the second tension te
fractured, at which point the connection was considered to
failed. Both of the tendons that broke in connection S1 fract
at the transition radius from the gauge length to the threade
of the tendons. Connection S2 made it through the modified
tocol up to the eighth 4% drift cycle when loading ceased.

Fig. 9 shows the moment versus concentrated rotation fo
retest of both connections after the tendons had been
straightened. The hysteresis loops for connection S2 show
asymmetry during cycling. This was probably due to the fact
after heat straightening, the buckled tendons never comp
straightened out. Since the tendons were prebuckled befo
retest began, the small drift cycles did not induce enough b
tip displacement to cause the prebuckled tendons to strai
out. However, after the first 4% drift cycle, the connection be
to show a symmetric behavior.

Several comments can be made regarding the retesting
connections. First, the moment-rotation behavior in the rete
nearly identical to that observed during the initial test. This is
shown in Fig. 10, which superimposes the first 4% drift cycle
the initial and retest of connection S1. Results from connectio
are similar. Second, the hysteresis loops for the eight conse
4% drift cycles demonstrate repeatability with no stiffness de
dation for both of the connections, whereas conventional con
tions most likely would demonstrate some stiffness degradati
this displacement level. The stable hysteretic behavior is a d
result of the stable cyclic behavior in the shape memory al
Individual tests of the SMA components used in the conne
showed a repeatable stable hysteresis with no stiffness or st

Fig. 8. Photo of connection S2 tendons after heating; dashed
represent residual shape before heating
degradation for strains,4% and an increase in strength for

738 / JOURNAL OF STRUCTURAL ENGINEERING © ASCE / MAY 2004
strains beyond 4%~Ocel 2002!. Previous researchers have sho
similar behavior~Lui et al. 1999!. Since the SMA tendons are t
load transfer mechanism in the connection, this behavior ca
directly extrapolated into the moment/rotation behavior of
connection. Finally, the hysteresis loops of the retest show a
teau at the first peaks of moderate drift intensities, signif
detwinning of the SMA tendons was occurring. This indicates
the shape memory effect was at least partially initiated durin
heat straightening process even though the recovery of re
beam tip displacement was not complete.

Fig. 9. Moment versus concentrated rotation of retest for conne
S1 ~top! and connection S2~bottom!

Fig. 10. Hysteresis comparisons of initial and retests of conne
S1; data are similar for connection S2
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S2 tion
Dynamic Testing of Connection S2

Several studies on the strain rate effects in martensitic s
memory alloys have been performed. Liu et al.~1999! found tha
the damping properties were insensitive to strain rate for sam
tested at 0.01 Hz to 0.5 Hz at a maximum strain of 4%. Howe
for higher strain rates, studies have shown that there is a de
in energy dissipation in the martensitic SMAs~Ocel 2002; MAN-
SIDE 1999!. Since previous studies have led to conflicting in
mation, connection S2 was tested for a third time with large b
tip displacement rates~henceforth referred to as dynamic lo
ing!.

The first dynamic loading consisted of 15 cycles at 3% d
using a sine wave function at a frequency of 0.15 Hz, and
primarily performed to gauge the response of the actuator.
this first dynamic loading, slight adjustments were made to
data acquisition and hydraulic systems before a second lo
was induced. The second dynamic loading continued with
drift cycles at 0.25 Hz. This loading rate would induce63.95%
strain cycles in the SMA tendons at a rate of 1% strain/s. A
five cycles, the Top-North~see Fig. 4! tendon fractured within th
top anchorage block, indicating failure of the connection.

Fig. 11 shows a graph of the moment versus concentrate
tation through the dynamic test just before the SMA tendon
tured. The outer loop shows five 3% drift cycles together,
identical behavior, thus confirming the repeatable performan
the SMA connection. The most obvious feature of the dyna
hysteresis is the pronounced difference in energy dissipatio
tween the initial and retests. The energy dissipated during
dynamic test is approximately 1/3 that of the initial test, sign
ing that the martensitic tendons display obvious strain rate ef
This is also clearly shown in Fig. 12, which shows a compar
of the first 3% moment versus concentrated rotation cycle fo
initial, retest, and dynamic tests for connection S2.

Conclusions

This study investigated the effectiveness of partially restra
connections using shape memory alloy connecting elements
proof-of-concept study resulted in the following conclusions:
1. SMA connections exhibited stable hysteresis, with

strength degradation in their initial testing up to the 4% d

Fig. 11. Moment versus concentrated rotation for connection
dynamic test~3% drift cycle at 0.25 Hz!
level. The martensitic SMA tendons were used as a moment

JO
e

resistance connection element, but doubled as a deform
fuse. SMAs have very high deformation capacity, so at
connection rotations the energy can be dissipated throug
SMA tendons and not through yielding mechanisms in
beams and columns. The concept of a deformation fuse
confirmed with these tests as no significant yielding was
served in the beam and column sections.

2. After the connections were tested, the tendons were h
to initiate the shape memory effect. The recovery of resi
displacement was attempted with load~simulated dead loa
moment! and no load. Both connections failed to comple
recover the original shape of the tendons under load. H
ever, without load, the tendons were able to recover 76
the beam tip displacement when unconstrained and
when load constrained.

3. Once the shape memory effect was initiated and the ten
were straightened, both were retested. Each conne
showed nearly identical hysteretic behavior during the r
to that in the initial test for both connections S1 and S2
the retest, the loading protocol specified each connectio
subjected to eight 4% drift cycles. The hysteresis loop
the eight 4% drift cycles were identical, with no loss
strength, stiffness, or any signs of fatigue. This implies t
hybrid connections could be reused following a seis
event, if the tendons can be appropriately heated to in
the shape memory effect.

4. The results of this proof-of-concept test show promise
the use of shape memory alloys in seismic resistant d
and retrofit. However, several factors would need to be
sidered, including the cost of the material and the metho
ogy used for the connection of the SMA component to
structure. The cost of shape memory alloys has decre
significantly in the past few years from over $1,110/kg
1996 to less than $111/kg today. It is expected that as
commercial applications use SMAs in large quantities,
cost will continue to decrease. However, a potentially m
challenging issue is how these materials will be connect
the structure under consideration. Welding has proven
cult, since it creates a brittle region around the welding z
and machining is difficult and expensive.

Recommendations for Future Work

The two connections tested were designed to evaluate the ef

Fig. 12. Moment versus total rotation comparisons for connec
S2
of shape memory alloys in steel beam-column connections. The
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results from this proof-of-concept test proved very promis
However, a few areas still need further research:
1. More field applicable connections need to be designed

two connections placed the tendons on the outside o
beam flanges to maximize the strain in the tendons. H
ever, this can possibly interfere with composite slab syst
Other types of connections should either place the ten
level with the beam flanges, or under the beam flange ne
the web.

2. Initiating the shape memory effect in large diameter ma
sitic SMA tendons needs more investigation. The tend
used in this study were not able to completely restore
connections to their original geometry, partly due to the
ficulty in providing uniform and adequate heat to suc
large section. One way to alleviate this problem would b
use many small diameter bars in parallel to equate
strength of a large diameter tendon. In addition, the effe
stress on the ability to initiate the shape memory effect n
further study.

3. Analytical studies need to be performed to evaluate th
fectiveness of the SMA connection in improving the seis
performance of the building. Using a fiber model of the c
nection, the effects of tendon length, diameter, type of S
~martensitic or austenitic!, number of tendons, and over
connection geometry can be evaluated.
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