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Abstract

This sudy compares the energy dissipative characteristics of bolted t-stub connections using steel and shape memory alloy (SMA) fasten
The initial phase of the study focused on the optimization of the SMA superelastic effect using two different heat treatment temperatures.
samples were then subjected to tensile testing to determine transformation stress, tensile strength, and fracture strain. In additiontilguecycle fa
tests were conducted to examine the energy dissipative characteristics of these superelastic SMAs heat treated at the two temperatures. The «
samples were then tensile tested to determine the effect of fatigue cycling on transformation stress, tensile strength, and fracture strain. Re
from the mechanical tests were analyzed to determine the preferred detatént temperature that resulted in the least residual strain and the
largest energy dissipative characteristics. The second phase of the study involved t-stub connection testing using steel and SMA double-er
threaded rod fasteners. The optimum heat treatment determined in the first phase was used to develop the SMA fasteners for the t-stub conne
tests. Experimatal hysteresis results from the t-stub connection tests were used to compare the energy dissipation capacity of the connecti
with SMA and steel fasteners.

(© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction memory alloys (SMAs) that have two unique characteristics
known as shape memory and superelastic effects, have been
In the Northridge earthquake of January 17, 1994, more thadsed for seismic applications in structural systems. This is due
150 structures experienced brittle fractures in their weldedo SMAs’ high energy dissipating capabilities and their ability
moment connections, which demonstrated in no uncertain termte withstand large strains (up to 10%) without undergoing
the vulnerability of welded connections to seismic loading. Thispermanent deformation.
premature brittle failure of wekel connections was also noticed Studies related tohe discovery and behavior of the SMAs
in the 1995 Hyogo-ken Nanbu (@be) earthquake. Ductility in by Otsuka and Waymanl], Greninger and Mooradiar2],
the components of structural systems has been demonstrated @hang andRead B], Buehler and Wang], and Castleman and
be effective in dissipating vibrations induced due to earthquak#lotzkin [5] from 1932 to 1968 contributed immensely to the
and/or blast. Researchers have identified that the ductility ofinderstanding of SMAs.
stuctural components and systems would genuinely enhanaghape memory alloys are a special class of smart materials that
structural performance subjected to dynamic loads in generagan recover from large strains (up to 10%) through two distinct
and earthquake/blast loads iparticular. Recently, shape phenomena of shape memory effect (SME) and superelasticity
(SE) as shown irFig. 1(a) and (b), respectively. The SME
mpondmg author. Tel +1 817 272 3877 fax: +1 817 272 2630 describes the apility of the material to restore the or.igin.al
E-mail address abolméa"@“uta_edm_ Abolmaé”)_ ' ' shape of a plastically deform_ed sample through the application
Lcurrent address: Deparent of Civil and Environmental Engineering, of a thermal process. This phenomenon results from a
Imperial College, London, United Kingdom. crystalline phase change known as the thermoelastic martensitic
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(a) | Stress the material is cycled. Tobushi et a¥] [reported the influence

of strain rate on 0.75 mm diameter superelastic NiTi wires.

Their results indicated that strain rates higher than 10% per

minute increased the forward transformation stress and the

dissipated work but decreased tlegerse tansformation stress

Unloading leaves and energy. Wilde et al8] studied a variablegolation system
residual strain for elevated highway bridges consisting of laminated rubber

/ bearings and SMA bars for small, medium, and large sizes of

earthquake loading. Saadat et &l ihvegigated the potential

of using Ni-Ti dloys in auto-adaptive energy dissipation

Detwinning

Strain

—— —— = mechanisms for coastal andland structures subjected to
Strain recovery hurricane loading. Tamai and Kitagaw®0] proposed a new
upon heating type of seismic resisting member made of superelastic wire for
(b) | Stress exposed type column base plates with SMA anchorage and a

braced frame with SMA damper. The damping properties and
damping functional behavior of SMA was discussed in detail

Austenite to Martensite
Forward Transformation

by Humbeeck11].
/Un]ouding leaves Ocel et al. L2] proposed a steel connection consisting of four
no residual strain large diameter SMA bars connecting the beam flange to the

column flange, which served as the primary moment transfer
mechanism. The experimentalvegigation included cyclic
Martensite (o Austenite dynamic loads, which showed that connection test specimens
Reverse Transformation exhibited a high level of energy dissipation, large ductility
Strain_ capacity, and no strength degradation after being subjected
to cycles up to4% drift. DesRoches et al.1B] compared
Fig. 1. Stress-strain bavior of SMA: (a) shape memory effect and (b) cydic behavior of shape memory alloy bars to those of more
superelastic effect. common SMA wires and showed that the residual strain was not
transformation. Below the martensitic finish temperatie, dependent on the diameter of the material. The tests involved

the alloy is in a martensitic phase and the microstructur€Ydic Straining of test specimens up to 6% in increments of
is characterized by self accommodating twins. If a stress i¢%- This study also evaluatetiet cyclical characteristics of
applied, deformation proceeds by twin boundary movemen®MA wire and bars to determinaé re-centering and damping
resulting in a detwinned martensitic microstructure. UponProperties as a function of bar diameter, cyclical strain, and
heding the material to above its austenite finish temperaturd©oading frequency. The results showed that with proper heat
A, the alloy returns to its parent austenitic phase andreatment, nearly ideal supersti propertiesan be obtained
deformation is recovered. in both wire aad bar form of the superelastic Ni-Ti shape
The SE refers to the ability of a material to return to its memory alloys. fally, DesRoches and Smitfi4] presented a
original shape upon unloading after deformation. Above thecritical review of shape memory alloys detailing their potential
austenite finish temperaturdy¢, the materialis in its parent ~and limitations in seismic resistant design and retrofit.
austenitic phase and the atomic structure is a simple cubic

lattice. As load is applied to the material, a stress-induced@ Development of superelastic SMA tensile and fasteners
phase change results and the material undergoes a solid-st@nples

phase transformation from austie to detwinned martensite.

Since the detwinned martensitic phase transformation is stred$1¢ SMA chosen for Phases | and Il testing of this research was
induced, removal of the applied load causes the material t8 5589 wt.% nickel and 44.08 wt.% titanium. This particular
return to its parent austenitic phase. From an atomic point oflloy was chosen as a result of recommendations by the
view, the cubic austenite lattice undergoes a shear-like straiffanufacturer to ensure that theperelatic effect is captured
dueto the applied stress, resulting in an unstable detwinne@nce it was thermally processed. The steel used in Phase II
martensitic structure. Upon removal of the applied stress, théesting was a medium carbordt treated steel with a minimum
crystalline lattice returns to its original cubic structure. tensile strengthfol20 ksi (826 MPa) and a yield strength of 92

A number of researchers have investigated the feasibility ofksi (633 MPa) per ASTM A325-011].

incorporating superelastic shape memory alloys into smarthe tensile samples and double-ended threaded rods were
structures for seismic resisizs or damage tolerant structural manufactured from A2 in. (13 mm) diameter SMA bars.
and mechanical systamnStrnael et al. p] reported the effects Tensle samples were fabricated per ASTM standard E08-
of cycling conditions on three types of thin metal coupons01 [16] and wereused to determine the optimum temperature to
of superelastic Ni-Ti and Ni-Ti Cu shape memory alloys.set the sperelastic effect (Phase This optimum temperature
This study showed that both transformation stress and energyas used to manufacture superelastic double-ended threaded
dissipation @minish and the residual deformation increases asods for t-stub connectiocydic tests in Phase IIFig. 2shows
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0.75in (19mm) 0.75in (19mm) To capture the superelasticity property of SMA, the samples
were heat treated at 300 and 3%0 to obtain an optimum

least amount of permanent strain and high capability in energy
dissipation. The samples were labeled HTXXX, etc. where
the number following HT indicates heat treatment temperature
in °C.

0.5in (1.3mm)

A

T [ heat treatment temperature whiresulted in samples with the

2.55in (65mm)

3. Experimental program
(a) SMA threaded rod.
The experimental program was conducted in two phases. In
3.05in (77mm) Phase |, the optimum heat treatment temperature used to
establish the superelastic effect was determined. Three testing
S i protocols were employed: (1) monotonic tensile testing to
determine the transformation stress, ultimate stress, and failure
strain; (2) cyclic testing to evaate the strain accumulation
during material cycling and the residual strain after each
T cycle; (3) tensile testing of the cycled parts was conducted to
determine the effects of fatigue on transition stress, ultimate
stress, and fracter strain. In Phse II, the cyclic t-stub
(b) Steel threaded rod. connection tests were conducted using steel and SMA double-
ended threaded rod fasteners. The SMA fasteners were heat
treated to the optimal tempewsé determined in Phase | to
sd the superelastic effect. The double-ended threaded steel
rods were manufactured from ASTM A325 bolts and shown
in Fig. 2 Each rod was manufactured by removing the bolt
head and cutting the remaining blank end to the dimensions.
A 1in., 12-13UNC threaded sectiowas tlen machined on
the blank end resulting in a double-ended threaded rod. The
steel rods were machined on a CNC lathe horizontal lathe using
conventional machining techniques. The nuts and washers
conformed to ASTM A563 and F436 respectively. The t-stubs
used in Phase Il testing were cut from WT-4X 12 sections,
the dimensions of which are shown Kg. 4 Since sudden
bolt failure of connections with thick flanges and small bolt
diameters results in low energlissipation when steel bolts
are used17,18], the flange thickness and bolt diameter of the
t-stub in this study were selected to be 0.4 in. (10 mm) and
1/2 in. (13 mm) respectively. This was done to model the
above scenario and to ensure that SMA and steel bolts were
stressed at the early stageslo&ding, in oder to compare
energy dissipating capability of the t-stubs with SMA fasteners
as compared with those of steel fasteners, without contributions
from the end-plate for energy dissipation.

1/2-13 UNC

1.00in (25.40mm) 1.00in (25.40mm)

Fig. 2. Diagram and dimensions of SMA and steel threaded rods.

B

(b) SMA threaded rods.

Fig. 3. Photographs of SMA samples manufactured. 3.1. Phasel—tensileand CyC“C testi ng

) In Phase I, tensile testing wpsrformed in accordance with the
the dmensions of the double-ended threaded rods. Due tasTm E0801 specificationsq6]. The tests were conducted
the difficulty in machining the SMA, a computer numerically displacement control at a rate 0f1025 in/min cross-
controlled horizontal lathe was used to machine the materiahead Separa‘[ion_ The MTS equipment used in th|s Study was
This allowed parameters su@s depthof cut and feed rate equipped with load and displacement conditioners; a strain
to be consistent throughout the machining process. The samgnditioner was not available on the system. As a result of this
procedure was adopted for machining the SMA double-endefimitation, load and strain results from the tensile testing were
threaded rods used in Phase HFig. 3 shows photographs of used to establish the control parameters required for the cyclic
typical SMA tensile and threaded rods used in Phases | and tésts. A cyclic program was then input into the microprofiler
respectively. consisting of segments for each load value corresponding to 1,



834 A. Abolmaali et al. / Journal of Constructional Steel Research 62 (2006) 831-838

e | b —— |
Py
® O_T
d by
. ® »
i "
g
Designation d ty t; be Py g
WT-4 x12- (in) (mm) (in) (mm) (in) (mm) (in) (mm) (in) (mm) (in) (mm)
1'2-4 4 101 0.25 6 | 040 10| 6.50 165 1.25 32 4.00 | 102
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Fig. 4. Diagram and dimensions of t-stubs.

200 1200 Table 1
180 1080 Comparison of energy dissipation for HT300 and HT350 cyclic samples
calculated based on stress—strain hysteresis
160 960
Cycle HT-300 HT350
140 840 m in. m in.
(Nm) (Ibin.) (N'm) (Ibin.)
o120 720 g—:“ 1 0.12 11 015 1.31
= =) 2 0.60 53 073 6.48
g 100 600 % 3 1.72 15.26 2.37 20.96
2 = 4 3.48 30.83 4.02 35.60
©2 80 480 2
ELI500 a 5 5.17 45.74 6.96 61.56
60 360 6 6.31 55.87 7.31 64.68
0 HT350 "0 6-10 5.01 44.38 6.83 60.41
6-25 4.37 38.64 5.77 51.07
20 120 6-50 4.03 35.67 4.78 42.25
6-75 3.79 33.56 4.21 37.29
00 5 10 5 20 25 300 6-100 3.65 32.31 3.90 34.49

Strain (%)

cycles, which are presented as 6-1, 6-10, 6-25, 6-50, 6-75 and 6-
100 cycles, respectivelyable 1presents the engy disspation

2, 3, 4, 5 and 6% strain. Cyclic tests were then performed ier cycle for Cycles 1, 2, 3, 4, 5, 6, 6-10, 6-25, 6-50, 6-75 and
load control corresponding to each strain level with 6% strair6-100. The cyclic hysteresis test results for HT300 samples are
repeated for 100 cycles. not presented here. However, the energy dissipation for each
Fig. 5shows the results of tensile tests, which indicates that heatycle of HT300 and HT350 samples are presentedable 1
treatment at 300C yielded the highest transformation stress. This table shows that maximum energy dissipation occurs at
The transformation and ultimate stress values for each hed#te first 6% strain cycle and decreases as the material is cycled
treatment are easily obtained bigwal inspection of the graphs through the hundredth 6% cycle. Comparing the two heat
of this figure. Cearly, a trend is established giving rise to antreatment temperatures, th#r350 samples show the larger
inverse relationship betweerdt treatment and transformation amount of energy dissipation. In summary, the heat treatment
stress and a dict correlation between temperature and tensildemperatire of 350°C with the highest eergy dissipation
strength. On the other hand, failure strain appears to beapability and smallest amount of residual strain was used to
consistent for all temperature ranges. In addition, the moduludevelop the SMA fasteners of Phase Il of this study.

of elasticity for the austenite phase is consistent for each heat

treatment temperature. 3.2. Phase I1—t-stub connection testing

Results for the cyclic tests fermed at a frequency equal to

0.025 Hz for HT350 are shown iRigs. 6and?. Fig. 6 shows In this phase two t-stubs of identl geometry with different

the test results for Cycles 1, 2, 3, 4, 5, 6, 6-10 and 6-100bolt gauge distances were subjected to cyclic loads similar
These correspond to 1 through 6% strain cycles and the tentb those pecified in SAC 97/02 and reported by Clark
and hundredth cycles for the 6% strain valk&. 7 shows the et al. [L9]. Since the response of t-stub to any type of loading
results for the 1st, 10th, 25th, 50th, 75th, and 100th 6% straiis representative of the behavior of the tension zones of the

Fig. 5. Stress vs. strain plot for various heat treatments.



A. Abolmaali et al. / Journal of Constructional Steel Research 62 (2006) 831-838 835

7600

80
4525
4450
_ 1375 &
g &
= 1300 2
Z 1225 g
1150
+75
0
] 7
Strain (%)
Fig. 6. Stress vs. strain for HT350.
T 600
801 1525 ; ;
o Fig. 8. A photograph of a typical t-stub test set-up.
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. 33
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C:f 1300 2
4 2 45000 1
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75 Z 15000 1
=
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Strain (%) = 50007
~15000 1
Fig. 7. Stress vs. stmaifor HT350 (6% cycles). 25000 |
most bolted moment connections (i.e., end-plate connections) 350001
cyclic tests on t-stubs can be viewed as a tool to understand 450001

their cyclic behavior. After all, the critical failure region in these 55000
connections is in their tension region, which can undergo plate
separation obolt fracture. The test set-up consisted of a MTS

810 system consisting of 100 kip load cell, hydraulic wedge

grips, a microprofiler, and a micro-console. Instrumentations original position to ensure that it did not rotate. The length
consisted of an extensometer with a load and dlsplacemegtf the threaded region under each nut was approximately 3 mm

conditioner. The webs of the t-stubs were attached to the Wedg@ . : . :
. . . /8in.). The detailed explanation of the experimental program
grips Fig. 8, and the t-stubs were loaded according to theIS given ty Abolmaali et al. 20 and Treadway P1].

loading history presented Ifig. 9. Each test was conducted by Fig. 10 shows the results from the t-stub tests with SMA
nFig.

utilizing a quasi-static frequency of 0.025 Hz consistent wit .
gad gquency tIFasternars for WT-4x 12-1}-4 and WT-4x 12-13-3 specimens.

the cyclic testing of the SMA samples in Phase I. The t-stu tability. two test ! d using WT
connection test specimens were designated by WT-2-ps-g 0 ensure repeatabiiity, two 1ests were performed using )

1 ; .
where: ps and g indicate flmge pitch and gauge distances, 4x12-13-4 setion t-stubs andne test was performed using the

respectively. Two general ti configurations were selected WT-4 x 12-13-3 section. Good repeatability was observed for
which were: WT-4 x 12_1711_4 and WT-4 x 12_1%_3_ Each the two t-stub connections, particularly in connection stiffness
configuration was tested using steel and SMA fasteners. SMANd energy dissipation. The first WT>4 12-13-4 connection
threaded rods were developed in this research as describ&s$t failed on the 28t cycle of the test whereas the WT-4
earlier. The steel fasteners were developed from A325 boltdl2-13-3 connection failed on the 22nd cycle. This early-cycle
A563 steel nuts and F436 circular washers were used for bofiilure occurred at the threads notch level, which is attributed
SMA and steel fasteners. Each nut was tightened to a snug the sensitivity of SMA at the thread level to the stress
postion on the threaded rod and then torqued using the turnconcentration induced in théread notch. This is because of
of-the-nut method. A reference mark was scribed onto the bolnachining difficulties with work hardening that the thread root
head and the t-stub flange to identify the initial snug positionwas machined to a point instead of being round. The hysteresis
Each nut was then incrementally torqued until the scribe markoops shown are for each cycle up to and including the failure
was gproximately 180 from its original position. The nut cycle. Fig. 11 shows an imge of a tested WT-4 12-1%1—4
opposite to the torqued nut was also scribed and maintained itconnection with failed SMA fasners as described above.

Fig. 9. Load protocol for t-stub connection tests.
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Fig. 10. Stress vs. strain for SMAWT>4 12 connections.

Fig. 11. A tested WT-4 12—1%—4 with SMA fasteners showing some typical
failed bolts.

Figs. 12and 13 show the corparison between the SMA and
steel fastners for WT-4x 12—1711—4 and WT-4 x 12—173;—3

Table 2
Comparison of energy dissipation for t-stub tests calculated based on the outer
loop of force—displacement hysteresis

Cycle SMA Steel

(N'm) (Ibin.) (N m) (Ibin.)
WT-4 x 12-1%-4 21.35 188.96 9.62 85.17
WT-4 x 12—1%—3 8.92 78.93 8.14 72.07

connections. Since the SMA fasteners failed at a lower stress
level than that of steel fasteners, the hysteresis plots for the
t-stubs with steel fastener habeen truncated to the failure
stress of the SMA fasteners s®t@ make thelirect comparison

of their energy dissipatiorfable 2presents the comparison of
the energy dissipation of the outer loops of t-stub tests with
SMA and steel fasteners. For the WT412-15-4 connection,

the SMA fasteners offer 2.2 times more energy dissipation than
that of steel fasteners. In the case of the W32-4LZ—1§1-3
connection with smaller gauge distance, energy dissipation for
the t-stub with SMA fasteners is 1.1 times more than that with
steel fastners. For both steel and SMA fasteners the energy
dissipation calculations yielded to higher values for the WT-
4 x 12—1%-4 specimens. This is due to the greater bolt gauge
distance (i.eg = 102 mm (4 in.)) for the WT-4< 12-1}-4
specimens compare tg = 76 mm (3 in.) for the WT-

4x 12-1;31-3 specimens. The profound effect of bolt gauge on the
energy dissipation is also documented by Abolmaali etlal. [
and Kukreti and Abolmaalilg]. Finally, It is true that SMA
threaded rods failed before those with steel due to the stress
concentration at the notch level; however, for the same applied
load level t-stubs with SMA exhibited higher energy dissipation
for both cases. Since the comparison is made at the same stress
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Fig. 12. Comparison of SMA and steel fasteners for \/\I>71'-212-1%1 -4 connections.
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Fig. 13. Comparison of SMA and steel fasteners for W>T—212-1%-3 connections.

level (for steel below yield and for SMA above transformation4. Conclusions
stress but below wid), the added energy dissipation is . . .
attributed to the suﬂer)elastic behavior of géyMA Trrl)e au'[horThe feasibility of using superelastic shape memory alloy
P ) ' asteners in steel connections was studied through a two-
are currently manufacturing SMA double-ended threaded rod hase experimental program. In Phase I, the optimal heat
with reduced section at their mid-shank level. This shouldyeatment temperature used to establish the superelastic effect
force failure away from the thread notch toward the middle ofwas determined. The heat treatment temperature was found
the dank. to affect the transition and ultimate stress of the material.
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A higher transition stress was found for the lower heat treatment4] Buehler WJ, Wang FE. A summary of recent research on the Nitinol alloys
temperature, while a higher ultimate strength was observed for ~and their potential application in ocean engineering. Journal of Ocean
the higher heat treated samples. However, the heat treatment Engineering 1967;1:105-20. _ . N

. . . [5] Castleman LS, Motzkin SM. The biocompatibility of Nitinol.
t“jmper?t“re had little effect on the ultimate strain. The energy In: Williams DF, editor. Biocompatibility of clinical implant mate-
dissipation was compared for HT300 and HT350 heat treated ygis, vol. 1. CRC Press: 1981. p. 129-54.
samples and the higher heat treatment temperature was foungb] Strnadel B, Ohashi S, Ohtsuka H, Ishihara T, Miyazaki S. Cyclic
to have slightly better energy dissipation. As a result, a heat stress—strain chacteristics of Ti-Ni and Ti-Ni-Cu shape memory alloys.

treatment temperature of 35@ was chosen for the SMA Materials Science and Engineering 1995;A202:148-56.
fasteners used in Phase Il of this study. [7] Tobushi H, Shimeno Y, Hachisuka T, Tanaka K. Influence of strain rate

. . on superelastic properties of TiNi shape memory alloy. Mechanics of
In Phase IlI, 4 t-stub connection tests were performed using  materials 1998:30:141—50.

steel and SMA fasteners and a comparison of the energys] wilde K, Gardoni P, Fujino Y. Base isolation system with shape memory
dissipation was made. The t-stubs were assembled with WT-4 alloy device for elevated highway idges. Engineering Structures 2000;
12 sections with two different bolt gauges. Since for relatively _ 22:222-9.

Il fa thick d with bolt di t the[9] Saadat S, Noori M, Davoodi H, Hou Z, Suzuki Y, Masuda A. Using NiTi
sma nge thicknesses as compared wi 0 lameter, SMA tendons for vibration control of cetl structures. Smart Materials

energy is dissipated by the yielding of flange materials, the  ang structures 2001:10(4):695-704.

t-stubs were designed with relatively thick flange thicknessegio] Tamai H, Kitagawa Y. Pseudoelastic behavior of shape memory alloy
[t = 0.40 in. (10 mm)] to force the deformation in the bolts wire and its application to seismic resistance member for building.
[1/2 in. (13 mm) diameter]. The experimental results showed __ Computational Materla Science 2002;25:218-27.

. . [11] Van Humbeeck J. Damping capacity of thermoelastic martensite in shape
that for the connections with ¢hSMA fastners, the threaded memary alloys. Journal of Alloys and Compounds 2003;355:58—64.

rods failed at early stages of loading at 28th and 22nd straifi2] ocel J, DesRoches R, Leon RT, Hess GW, Krumme R, Hayes JR et al.

cycles for the first and second tests, respectively. This failure  Steel beam-column connections using shape memory alloys. Journal of

was dtributed to the sensitivity of SMA at the thread level due ~  Structural Engineering 2004;130(5):732-40. _ _

to the stress concentration induced in the thread notch. Thus, ti?] DesRoches R, McCormick J, lenont MA. Cyclical properties

hysteresis results obtained from t-stub tests with steel fasteners of superelastic shape memory alloys. ASCE Joural of Structural
ys Engineering 2004;130(1):38—46.

were truncated to the same stress level as that of SMA. A4 pesRoches R, Smith B. Shape memory alloys in seismic resistant design

comparison between the energy dissipation of the connections and retrofit: a critical review of their potential and limitations. Journal of

tested showed that energy dissipation of the t-stubs with SMA  Eathquake Engineering 2004;8(3):415-29.

fasterer was higher that those with steel for the particular stres&°] ASTM A325-01. Standard specifitan for structural bolts, steel, heat
level under consideration treated, 120/105 ksi minimum tdles strength (A325-01/A325M-00).

Philadelphia (PA): American Saatly for Testing and Materials; 2001.
[16] ASTM EO08-01. Standard test methods for tension testing of metallic
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