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PREFACE

The National Center for Earthquake Engineering Research (NCEER) was established to expand
and disseminate knowledge about earthquakes, improve earthquake-resistant design, and imple­
ment seismic hazard mitigation procedures to minimize loss of lives and property. The emphasis
is on structures in the eastern and central United States and lifelines throughout the country that
are found in zones of low, moderate, and high seismicity.

NCEER's research and implementation plan in years six through ten (1991-1996) comprises four
interlocked elements, as shown in the figure below. Element I, Basic Research, is carried out to
support projects in the Applied Research area. Element II, Applied Research, is the major focus
of work for years six through ten. Element III, Demonstration Projects, have been planned to
support Applied Research projects, and will be either case studies or regional studies. Element
IV, Implementation, will result from activity in the four Applied Research projects, and from
Demonstration Projects.

ELEMENT I
BASIC RESEARCH

• seismic hazard and
ground motion

• Solis and geotechnical
engineering

• Structures and systems

• Risk and reliability

• Protective and
Intelligent systems

• Societal and economic
Impact program

ELEMENT II
APPLIED RESEARCH

• The Building Project

• The Nonstructural
Components Project

• The Lifelines Project

• The Bridge Project

ELEMENT III
DEMONSTRATION PROJECTS

Case Studies
• Active and hybrid control
• Hospital and data processing

facilities
• Short and medium span

bridges
• Water supply systems In

Memphis and San Francisco
Regional Studies
• New York City
• Mississippi Valley
• san Francisco Bay Area

ELEMENT IV
IMPLEMENTATION

• ConferencesIWorkshops
• EducationlTralnlng courses
• Publications
• Public Awareness

Research in the Building Project focuses on the evaluation and retrofit of buildings in regions of
moderate seismicity. Emphasis is on lightly reinforced concrete buildings, steel semi-rigid
frames, and masonry walls or infills. The research involves small- and medium-scale shake table
tests and full-scale component tests at several institutions. In a parallel effort, analytical models
and computer programs are being developed to aid in the prediction of the response of these
buildings to various types of ground motion.
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Two of the short-tenn products of the Building Project will be a monograph on the evaluation of
lightly reinforced concrete buildings and a state-of-the-art report on unreinforced masonry.

The protective and intelligent systems program constitutes one of the important areas of
research in the Building Project. Current tasks include the following:

1. Evaluate the perfonnance of full-scale active bracing and active mass dampers already in
place in tenns of perfonnance, power requirements, maintenance, reliability and cost.

2. Compare passive and active control strategies in terms of structural type, degree of
effectiveness, cost and long-tenn reliability.

3. Perfonn fundamental studies of hybrid control.
4. Develop and test hybrid control systems.

One of the passive energy dissipation devices studied at NCEER is made ofshape memory alloys.
The basic idea behind the use of shape memory structural dampers in a structure is to take
advantage of the superelastic material properties of shape memory alloys so that significant
damping effect can be achieved, while a centering force can be generated to restore the structure
to its original position after an earthquake.

This report describes the design,fabrication, and laboratory testing of a class of shape memory
structural dampers. Their performance, when added to a 2lS-scale model structure, is compared
with that achieved by using traditional viscoelastic dampers.
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ABSTRACT

The results of material tests on the shape memory alloy

Cu-Zn-Al are presented and discussed. The results of the material

tests are then applied in the design of a structural damper, with

Cu-Zn-Al providing the dominant damping force. Different damping

designs are examined to determine the best design. The finalized

design was then mechanically tested.

Seismic response characteristics of a 2/5 model five story

building, with and without added Cu-Zn-Al shape memory dampers are

studied experimentally. These results are then compared with the

studies of viscoelastic dampers tested on the same model five story

building.
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SECTION 1

INTRODUCTION

The use of structural dampers and base isolators have been

shown to greatly reduce the damage to a structure due to an

earthquake [5,9,11,12]. The study of these devices is somewhat

limited, in terms of the material used in the structural dampers

and base isolator devices. Viscoelastic structural dampers have

been studied in [5, 9], and frictional structural dampers were

studied in [10,11]. Rubber bearing base isolation devices have

also been studied. These are, however, only a few of the many

materials which may be used to create the vibration control desired

during an earthquake. The emphasis in this study is to research

the possible benefits, to passive structural vibration control

techniques, of the relatively new class of materials, the shape

memory alloy.

Constitutive relation for the shape memory alloy (SMA) have

been developed in [13]. In addition, the material properties of a

few different shape memory alloys are explored in [7,12]. The

objectives of this study were to design, build and test a

structural damper which uses a shape memory alloy. The testing of

the SMA damper included a study of the dynamic response of a 2/5

scale five-story steel frame structure with added SMA dampers.

These results were then compared to viscoelastic dampers, which

were tested on the same structure.
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SECTION 2

MATERIAL CONSIDERATIONS

2.1 Pseudoe1asticity

A shape memory alloy (SMA) undergoes a reversible phase

transformation or phase reorientation when deformed. In addition,

the SMA can undergo a reversible change in geometry with a change

in temperature, which is due to a phase transformation.

Pseudoelasticity is the constitutive behavior which describes the

above mentioned phenomena. In this study, however, we will only be

concerned with stress induced pseudoelastic behavior.

There are two different classes of stress induced

pseudoelastic behavior: large area hysteretic behavior and

superelasticity. The difference between the two is due to

differing At and Mf temperatures. The Mf temperature is the

temperature below which the alloy has a body centered tetragonal

(BCT) martensitic crystal structure. Conversely, above the Af

temperature the alloy has a body centered cubic (BCC) austenitic

crystal structure. It should be pointed out that At>Mf • In

addition, if the material temperature falls between Af and Mf the

material will have a mixture of both BCC and BCT crystal

structures.

If a SMA at a temperature below its Mf temperature is cyclicly

loaded, a large area hysteresis loop is formed. This hysteresis

loop, however, is not formed by the dislocation glide mechanism

typical of a plastically deforming metal. This loop is due to the

growth, shrinkage and rotation of the martensitic crystals. This
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allows the SMA to undergo many more large strain high damping

cycles than a typical plastically deforming metal. In addition to

resistance to large strain fatigue, the material reverts back to

the original crystal orientation and therefore to its original

shape, if the temperature is raised above the Af temperature. Thus

the material exhibits a shape memory effect.

The superelastic constitutive model describes the stress­

strain relation of a SMA at a temperature above the Af temperature.

At low stress levels, a material with superelastic properties will

behave elastically. However, at some higher stress level, which

depends on the material and its heat treatment, a phase

transformation from BCC to BCT begins. This transformation will

reduce the modulus of the material as seen in Fig. 2.1. Upon

unloading, the material undergoes a reverse transformation at a

lower stress level. The difference in the transformation stress

level between loading and unloading is due to internal friction in

the diffusionless phase transformation. Once the reverse phase

transformation is complete, the material behaves elastically, and

with complete unloading of the material, a complete recovery is

ideally seen. The complete cycle is shown in Fig. 2.1.

Stress

Stro.1n

Fig. 2-1 Superelastic Stress Strain Relationship
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2.2 Materia~ Se~ection

Initially this project began by using the SMA nitinal to

verify the proposed superelastic constitutive law in [6,16]. While

nitinal has very good SMA material properties, it is extremely

difficult to machine. Because nitinal is hard and highly abrasive,

it requires special tools for machining and thus some machining

operations are impractical [6,16]. In addition, nitinal's high

cost inhibits its use. Therefore a considerably less expensive

shape memory alloy (Cu-Zn-AI) was selected. In addition to its

attractive low cost, the machining of this alloy required no

special tools and could be completed relatively quickly.

2.3 Cu-Zn-~ Phases and Heat Treatment

The composition of Cu-Zn-AI by weight percent used in this

study was 69.1% Cu, 26.9% Zn, 3.75% AI, and 0.1% Zr. This

composition of Cu-Zn-AI, in equilibrium at room temperature, has

two phases a and y. The a phase is the copper FCC structure, and

the y phase is an intermediate compound with the composition of

CusZne • Above 725 °C, the Cu-Zn-AI is in the f3 phase which has a BBC

structure. Just below 725°C, the equilibrium phases are f3 and a.

The y phase appears below 300·C and has much slower kinetics [14].

Even with a moderately slow cool to room temperature, only the a

and f3 phases would be present.

Since the tensile bars were machined from a 3 inch diameter

bar of Cu-Zn-AI, considerable machining was necessary. This

machining heats up the material significantly. To prevent the
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problem of the machining process annealing the heat treatment, the

Cu-Zn-Al SMA was heat treated after the machining process was

complete.

The heat treatment began by heating the Cu-Zn-Al SMA in an

argon bath at 800·C for 30 minutes, which is then followed by a

water quench. At 800·C the microstructure of Cu-Zn-Al is the

single phase~. Immediately after the water quench, the Cu-Zn-Al

is aged at 80·C for 24 hours. The argon bath was used to prevent

nitrogen embrittlement, and reduce dezincification during the high

temperature part of the heat treatment [15]. Since the second part

of the heat treatment is at a much lower temperat.ut"e, it was

performed without an argon bath. The water quench from 800·C

prevents the Cu-Zn-Al from transforming from the ~ phase, however

the martensitic transformation temperature of this as-quenched

single ~ phase is unstable. The aging at 80·C allows the short

range order of the ~ phase to reorient to a more stable form [7].

Despite the use of the argon gas to prevent extensive damage to the

surface of the specimen during heat treatment, the surface still

needed hand sanding to remove some damaged surface without heating

up the material.

2.4 Material Testing

Tensile and differential scanning calorimeter (DSC) tests were

performed to verify the Af and Mf temperatures as well as the

superelastic properties. The DSC tests were performed at Memry

Technologies Inc. by Dr. Wu.
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A Mechanical Testing System (MTS) machine was used to perform

the mechanical tests. This MTS machine was configured to use

feedback control of strain to produce a ramp strain loading on the

sample. The strain was measured with a model 11B-20 MTS

extensometer. This extensometer measures the average strain over

an one inch region. An OPTILOG data acquisition system, which was

connected to a PC, was used to convert the voltage signals from the

MTS load cell, displacement transducer and extensometer to

mechanical measurements, which could be stored on computer disk.

The tensile bars used in the mechanical testing were designed

to undergo both tensile and compressive loads without bucking.

Appendix B contains drawings of both the tensile bar and the grip

design. Sample bar D was heat treated then tested under strain

controlled conditions to a maximum strain of .1% strain to

determine the elastic modulus. The elastic modulus was found to be

7.2x10 6 Psi. Sample bar A was heat treated then tested under

strain controlled conditions to a maximum strain of 2.2%. Six

tension compression cycles were performed. The resulting stress­

strain curve is presented in Fig. 2.2. The initial elastic modulus

of the first cycle of the stress strain curve was 7.6x106 Psi. At

.25% strain the modulus begins to drop and at 1.00% strain it has

leveled out at 5.8x10 5 Psi. The maximum tensile strain was 2.22%

under a load of 34.8 Ksi. A plastic constitutive law would predict

that the remaining strain after unloading would be 1.76%. The

remaining strain was .26% which indicates a 1.50% strain

springback.

2-5



The first cycle of the stress strain curve has a much more

pronounced superelastic characteristic than the subsequent cycles.

Notice in Fig. 2.2 that the loading of the first compressive load

show a pronounced softening of modulus at -.25% strain. The second

compressive cycle has a less pronounced softening of modulus at

-.7% strain. This softening of modulus all but disappears after

the 3rd cycle. The overall appearance of the 3rd and subsequent

cycles is of a slightly hour-glass-shaped hysteresis loop. The

local modulus of the Cu-Zn-Al after several cycles is 3.3xl06 on

initial unloading of the stress. This is much less then the

elastic modulus measured. In addition, the modulus reduces during

the unloading to 2. 2xl06 Psi. If the Cu-Zn-Al were deforming

though dislocation slip/glide mechanisms, then these moduli would

be equal to the elastic modulus.

The test was repeated on sample bar C with the same heat

treatment and the results were similar. These results are

presented in Fig. 2.3.
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Heat Treatment: eoo'c 30 min (Argon) W.Q.

eo'c 24 hours (Air)

E Limits: -0.022/0.022 (Rate=.000077/sec)

Test Section Diameter D = 0.496 in

Extensometer Gage Length: L = 1.0 in

6 Cycles

....

~
~~~ ~

~
-
~./

/ (7/
./~

V W ~

~

~ ~ '/
V d ~/

/ ~~ /
;,f ~~~

'tr. ?
-50

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5
% Strain (in/in)

50

40

30

20

,-....
10VJ

~
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VJ 0
VJ
C1l

.;: -10
V1

-20

-30

-40

Fig. 2-2 Six Cycle test of heat treated CU-Zn-~, Bar A
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Heat Treatment: 800·C 30 min (Argon) W.Q.

80·C 24 hours (Air)

E Limits: -0.020/0.020 (Rate=.000382/sec)

Test Section Diameter D = 0.485 in

Extensometer Gage Length: L = 1.0 in

6 Cycles

60...,------------,-----------------,

40

20
.......

rn
~.......
rn 0
rn
OJ
~-V'l

-20

-40 +-----,~-_7}?£_:_r_-___:;>..c.---t------------_1

-60 +---.,------,--,-----,----+----,--,----...,-----,-----1

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5
% Strain (in/in)

Fig. 2-3 Six Cycle test of heat treated Cu-Zn-~, Bar C
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A DSC test was performed on a sample of the strained section

of bar A. A DSC was also performed on a unstrained heat treated

sample of the Cu-Zn-Al for comparison.

results of these tests.

Table 2.1 presents the

Heat treated Heat treated
DSC Test Results Unstrained Strained Bar A

~h for BCC to BCT phase -0.S6 cal/gram -0.34 cal/gram
transformation

~h for BCT to BCC phase 1.21 cal/gram 0.S7 cal/gram
transformation

Onset temperature of BCC to -S·C -lS·C
BCT phase transformation

Completion temperature of
BCC to BCT phase -30·C -S2·C
transformation

Onset temperature of BCT to -12·C -23·C
BCC phase transformation

Completion temperature of
BCT to BCC phase S·C l·C
transformation

Table 2-1 DSC Results of Strained and Unstrained Cu-Zn-~

The onset and completion temperatures are lower for the

strained bar, and the total temperature range in which the phase

transformation takes place is wider for the strained sample. In

addition, the magnitude of the enthalpy change (~h) for both phase

transformations is smaller in the strained sample.

It should be noted that the magnitude of the enthalpy change

for the BCC to BCT phase transformation is smaller than the

magnitude for the BCT to BCC transformation. If the

transformations were thermodynamically reversible, the magnitudes
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of the enthalpy changes would be identical. However this is not

the case with Cu-Zn-Al.

martensitic transformation.

Frictional energy is lost during a

This frictional energy will always

contribute a positive term to the enthalpy change. The BCC to BCT

transformation is endothermic, and will produce a negative enthalpy

change. The BCT to BCC phase transformation is exothermic, and

will produce a positive enthalpy change. The frictional term is

added to both of these reactions, which decreases the magnitude of

the BCT to BCC enthalpy change and increases the BCC to BCT

enthalpy change. If we assume that the frictional energies

produced by both the forward and reverse martensitic

transformations are the same, then the average of the magnitudes of

the enthalpies is the enthalpy associated with phase

transformation. with the same assumption, one half the difference

of the magnitudes is the enthalpy change due to friction.

1:1 h = I!::J. hBCT-BCC I+ I!::J. hBCC-BCT I
·'"pt 2

A h I!::J.~CT-BCC 1- I!::J. hBCC-BCT I
'-l f= 2

Thus

(2.1)

where subscripts pt and f refer to phase transformation and

friction respectively.

The ~hpt of the unstrained sample is 1.05 cal/gram, while the

~hpt of the strained sample is 0.61 cal/gram. This indicates that

less of the strained sample is transformed. The frictional

enthalpy change was calculated as 0.16 cal/gram for the unstrained
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sample and 0.26 cal/gram for the strained sample, using Eq. 2.1.

Thus the strained sample had a smaller amount of material

transformed and a greater amount of friction associated with this

transformation.

With the

transformation

above knowledge of

and the decrease

the increased

in the amount

friction of

of Cu-Zn-Al

transforming, the Stress vs Strain curves of Fig. 2.2 can be

explained. The first cycle is the expected superelastic

relationship. During this cycle, the dislocations are formed from

the phase transformation [17] and the internal friction increases.

The increased friction has the effect of widening the interval

between the loading and unloading stress strain paths. In

Cu-Zn-Al, this widening is large enough to cause a stress strain

curve to look like a simple hysteresis loop .

•
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SECTION 3

DAMPER DESIGN

3 . 1 Requirements of SMA Damper

The essential idea behind the damper design was to create a

structural damper that would take advantage of the Cu-Zn-Al

superelastic material properties, discussed in Sec. 2, to damp the

building's motion and generate a centering force on the building.

The purpose of this form of a damper is to minimize the motion of

the building during the earthquake, and to restore the building to

its original position after the earthquake is over.

A model five story building, built by the joint U.S.-China

Cooperative Research Program, was used to test the SMA dampers.

The building was designed to allow different dampers to be

installed in the cross bracing. The cross bracing is at a 45·

angle to the floor as shown in Fig. 3.1.

The dampers had to be designed to satisfy the requirements of

the model five story building, on which the earthquake tests were

performed. Because the building is used for many tests, the tests

must of course not damage the building. To prevent such damage,

the maximum inter-story drift was limited to .25 inches.

Furthermore, since we did not want to drastically change the

natural frequency of the building, the maximum additional inter­

story stiffness, due to the presence of the dampers, was set at

9000 Ibs/inch maximum.

Along with constraints imposed by the building there were also

some material constraints to be considered in the design. The
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15'-8'

Figure 3-1 Five Story Model building
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maximum strain in the Cu-Zn-AI was set at 2% to guarantee that the

material would not yield plastically. However the design had to

ensure that strains up to this 2% maximum would be induced, because

larger energy absorbing shape memory hysteresis loops occur at the

high strain levels.

3.2 Selecting Damper Design

Four designs for producing such a damping device using

Cu-Zn-AI were investigated. The designs' principal mechanisms were

the bar in torsion, beam in bending, axially loaded beam and the

clamped plate loaded in the center. In the comparison of these

different types of devices, a linear constitutive law was used

although it is quite clear from Sec. 2 that a nonlinear model would

more accurately predict the behavior. However, it became clear,

from the linear analysis to follow, which design would work the

best. A nonlinear model was then used to more accurately determine

the exact dimensions of the design.

In the following analysis, the shear and Young's moduli were

estimated from the tensile tests on Cu-Zn-AI (Sec. 2.4). Young's

modulus was taken to be the stress divided by the strain at 2.4%

strain. The shear modulus was then taken to be half the Young's

modulus. The values gave a rough estimate on the performance of

the damper, and was all that was needed to determine which design

to use.

The first design considered was the Cu-Zn-AI annular plate

clamped at the inside edge and at the outside edge (Fig. 3.2).
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After an examination at the force deflection equation [1], with

thicknesses and radii of Cu-Zn-AI washers that were practical to

machine, it was found that the idea was much too stiff and resulted

in very small strains. The axially loaded beam was also found to

be unsuitable, because the constraints of stiffness and strain

would cause a beam, made from Cu-Zn-AI with these properties, to

buckle.

The torsional bar and bending beam designs both could be made

with the suitable stiffness and the desirable strains. Therefore

an analysis comparing the two energy absorbing capabilities of the

two designs was completed in order to determine which design is

best. Since larger strains clearly result in more energy absorbed

during cyclic loading (Sec 2), the strain ranges E~~ to E~ that

contain 90% of the strain energy was compared between the two

designs. Below is the development of the analysis for both the

bending beam and torsional bar designs.

The bending beam design (Fig. 3.3) is clamped in the middle

and at the outside edges. Note that the direction of the

deflection of the damper (0) is in the same direction as the

applied force F. The force (F) deflection (0) equation in terms of

the length of the beam (L), width of beam (B), height of beam (H),

and modulus of Cu-Zn-AI (E) becomes [1]

(3.1)

Due to the constraint of stiffness (S) imposed by the building, we
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shall ensure the proper stiffness S by setting it to the expression

s= 2EBH
3

(3.2)
L3

Therefore the force deflection equation reduces to F=SO. The

bending moment equation along the length of the beam [2] is

FM (X) =- [2X-L]
4

(3.3)

Combining the linear elastic constitutive law ~=Ec~, the strength

of materials flexure formula, and the bending moment equation

above, and then solving for the strain yields

e = 3Fy [2X-L]
xx EBH 3

(3.4)

The maximum strain cm= occurs at x=L, y=H/2, and the maximum force

F=S~, where ~ is the maximum expected displacement of the damper.

Substituting these values in Eq. (3.4) yields

e = 3LSA
max 2EBH:2

Solving Eq. (3.2) and (3.5) for Band H then yields

(3.5)

(3.6)

Substituting Eq. (3.6) back into Eq. (3.4) yields

3-7



(7)

Eq. (3.6) and Eq. (3.7) allow the constraints of stiffness (S),

maximum strain (E=), and maximum deflection (~) to be prescribed,

so that the height (H) and thickness (B) of the beam becomes a

function of L only.

The strain energy density is given by Uo=~E2=. The strain

energy function is symmetric in both the horizontal and vertical

directions. Therefore, it is necessary to integrate over only one

quarter of the beam. However, if only one quarter of the beam is

used for integration, the total strain function must be multiplied

by eight, since there are two symmetric beams (Fig 3.3) of length

L with four sections of symmetry.

energy is thus

The integral of the strain

In order to integrate over the region of high strain, the

limits of integration must be found. The region of high strain

shall be defined as the region with strains between E10" and Emax .

Since the strain is not a function of the z direction, the limits

become Z~n=O and zmax=B. Clearly the end of the beam is the high

limit of integration in the x direction thus Xmax=L. The lower

limit can be found by substituting into Eq. (3.7) the values E==E10"

and y=H/2, and solving for x.

resulting expression yields

Substituting Eq. (3.6) into the
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Xmin=1::[ e low +1]
4 emax

(3.9)

The top of the beam is clearly the max limit in the y direction

Ymax=H/2. The lower limit can be found as a function of x by

setting E==E~~ and solving for y. This limit becomes

(3.10)L3e low
Ymin= 6.6. (2x-L)

The integral over the area of high strain, with appropriate limits,

now becomes

(3.11)

Integrating and substituting ~=E~ow/Emax yields

(3.12)

If E~ow=O then ~=O and Eq. (3.12) simplifies to U=~2S/2 which is the

total energy of the system.

The strain energy of the torsional bar will now be

investigated. The basic dimensions of the damper used in the

design are the torsion arm length D, radius of torsion bar R, and

length of torsion bar L (Fig. 3.4). Note that the torsion bar

length L is defined as the distance between the torsion arm and the

side grips as shown in the drawing of the torsional bar design

(Fig. 3.4) The torsion arm length is measured from the center of
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the torsion arm to the center of the pivot. The displacement S is

again in the same direction as the force F (Fig. 3.4).

From solid mechanics, the angle of twist e of a solid round

bar of radius R and length L with a torque T applied at the end of

the bar is

(3.13)

The angle of twist e due to the displacement S is expected to be

small, therefore

~=sin (6) ..6
D

(3.14)

The equation for shear strain cxy ' in terms of the L, D, S and the

radial distance from the center of the Cu-Zn-Al bar r, is

e = 6r = llr
xy 2L 2LD

(3.15)

Also, the equation for the force F on the damper in terms of L,D,S

and r is given by

As before, the stiffness S is defined so that F=SS, giving

s=_'Jt_G..:..;R~4

LD 2
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The maximum shear strain occurs at r=R when 0 is equal to the

maximum deflection allowed (~).

yields

Substitution into Eq. (3.15)

e = aR
max 2LD

Solving Eq. (3.17) and Eq. (3.18) for Land D yields

(3.18)

(3.19)

Upon substitution of Eq. (3.19) into Eq. (3.15) the following

simple expression for shear strain results

(3.20)

The equation for strain energy density is Uo =2Gt2
:z:y • This

equation must be integrated over the high strain region in a manner

similar to the procedure used for the bending beam design. The

strain is independent of the y and e directions, so those limits

become y~n=O, y~=L, e~n=O and e~=2n. The maximum limit in the r

direction is r~=R. The minimum value of r can be found by

substituting £10" for £:z::z: in Eq. (3.20); this limit then becomes

The total strain energy function, after using Eq.

(3.19) to eliminate L, finally becomes
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2

2Ge: low r 3drdyd6
R 2

(3.21)

Integrating and substituting ~=El~/E~ yields

U= ~2S [1-P4]
2

(3.22)

If E1ow=0 then ~=O, and Eq. (3.20) simplifies to U=~2S/2 which is the

total energy put into the system.

The strain energy equations Eq. (3.12) and Eq. (3.22) can be

divided by ~2S/2 to yield the percent of the total strain energy

~2S/2 as a function of the strain range ~ integrated over. Fig.

3-5 is a comparative plot of the percent total strain energy vs the

strain range ~ for the torsional bar and the bending beam designs.

It can be seen from Fig. 3-5 that for any given ~ between 0 and 1

the percent of total strain energy contained within that region is

higher for the torsional bar damper design. This means that more

of the energy is put into higher strain regions in the torsional

bar design than the bending beam design. The larger strain results

in a greater amount of energy absorbed, and therefore the torsional

bar design apparently results in a more effective damper.

3.3 Final Damper Design

The finalized damper design was determined though analytical

and experimental methods. The first damper was designed by

employing available analytical tools and material data.
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design was then built and tested on the MTS tensile tester. The

results were then used to modify the estimated material properties

and determine a new design.

After the torsional bar design was chosen, a more accurate

nonlinear model for design was developed. The constitutive law

used in the analysis was bilinear, i.e.

(3.23)

Notice there are two shear moduli: G1 which is the elastic shear

modulus and G2 the inelastic shear modulus (see Fig 3.6). Also
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note from the figure that tt is the value of the strain at which

the stress strain diagram changes slope.

step function and is defined as follows:

U (x) ={10 if X~O}if x>O
(3.24)

The stress strain curve for Eq. (3.23) is given in Fig 3.6.

The torque produced from the two torsional bars in the damper

design (Fig. 3.4) is

(2ft (R
T=FD=2J

o
J
o

('t xy r) rdrd6 (3.25)

Substituting in the constitutive law, Eq. (3.23), and Eq. (3.15)

for the shear strain, and solving for the force F gives the

following:

Assuming that R>2LDtt /5, the integration of Eq. (3.26) simplifies

after some manipulation to

(3.27)

The above equation gives the force deflection curve for different

values of L, D and R. For design, however, we must control the
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maximum strain ~ and the stiffness S. The stiffness will now be

redefined as the force needed to produce the maximum deflection ~,

divided by~. with B equal to ~ and with S as defined above, Eq.

(3.18) and Eq. (3.27) are solved for D and R in terms of L. The

results are as follows:

(3.28)

The original damper was designed to err on the stiff side,

because the radius of the torsional bar could be turned down on the

lathe and then retested until the correct stiffness was achieved.

After the first damper was built and tested at different radii, the

shear modulus was modified to fit the results of the testing and

the final design was determined. A schematic drawing of the damper

and the bracing is presented in Appendix A.

It should be noted that in the torsion bar design, the

Cu-Zn-Al bar acts as a beam in bending in addition to the desired

mechanism of a bar in torsion. Since the Cu-Zn-Al bar is clamped

on both ends, the deflection of the Cu-Zn-Al bar due to bending can

be modeled as a beam clamped at the ends and loaded at midspan.

using a linear constitutive relationship, the stiffness K of the

torsion bar in bending is

The stiffness due to torsion for the same bar is given in Eq. 3.17.
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(3.29)

Dividing Eq. 3.17 by Eq. 3.29 and replacing G with E/(l+v) gives

with a little rearrangement

~= 1 (DL)2
K 6(1+\,)

(3.30)

To ensure that the deflection of the Cu-Zn-Al bar in bending is

insignificant in comparison to the deflection due to the torsion,

we set S/K<O.l. Assuming v=O.3, D>1.13L would satisfy the above

conditions.

3.4 Cu-Zn-~ Damper Testing

After the damper had been constructed and the Cu-Zn-Al heat

treated, the damper was tested on the MTS machine. Fig. 3.6 shows

the force deflection relationship of the Cu-Zn-Al torsional bar

structural damper. The shape of the force deflection curve changes

in a similar fashion to the Cu-Zn-Al stress strain curves in Sec.

2.4. The first cycle of the force deflection curve has a much more

pronounced superelastic characteristic than the subsequent cycles.

A comparison between the stiffness and energy loss between the

SMA damper and the viscoelastic damper can now be made. The

stiffness of the SMA damper was 8813 lb/inch, which was the target

stiffness. In addition, the energy loss per cycle was calculated

to be 68.1 lb-in. The fourth cycle was used for this calculation

since the force deflection curve has stabilized at that cycle. The
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viscoelastic damper's stiffness and energy loss per cycle varied

with frequency, temperature and percent strain [5]. At 0.1 Hz, 5%

strain and 40°C, the viscoelastic damper had a energy loss per

cycle of 69 lb-in and a stiffness of 322 lb/inch. However at 4 Hz,

and 20% strain and 21°C, the same viscoelastic damper had a energy

loss per cycle of 28431 lb-in and a stiffness of 5311 lb/inch.

These results would indicate that the viscoelastic damper would

provide greater damping than the SMA damper.

It should be pointed out that while the SMA damper does not

provide as much damping as a viscoelastic damper, it can be used in

applications where the viscoelastic damper cannot. The three

fundamental advantages of a damper designed with SMA material over

viscoelastic material are: SMA are much stronger, relatively

insensitive to temperature, and it can provide a restoring force.

These three factors make SMA materials suitable for a base

isolation system. A base isolation system must be strong enough to

support the building and should restore the building back to its

original position after an earthquake. The viscoelastic damper

could not be used for this purpose since the material is much to

soft to support this type of load.
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SECTION 4

EARTHQUAKE SIMULATOR TESTS

4.1 Test Set-Up

As noted in Sec. 3, the test structure used was a five-story

model building (refer back to Fig. 3.1) The model building is

224.0" in height and 52.0" on each side. Diagonal braces with SMA

dampers were bolted to the gusset plates welded to the girders

(Fig. 4.1) The acceleration and absolute displacement in the

horizontal direction were measured on the east and west sides of

the concrete base and on each floor of the building. In addition,

the displacement 8, across the damper between the second and third

floors on both sides of the building, was also measured. The

placement of the displacement and acceleration measurement devices

is shown in Fig. 4.2. Temposonic displacement transducer's and

Endevco accelerometer's were used for the displacement and

acceleration measurements. Strain was also measured using strain

gauges on the top and bottom of the girders of the second and third

floors, where the strain was expected to be the largest.

A banded white noise test was run to determine the frequency

response function of the structure. This frequency response

function was then used to construct simulated ground motions of the

Hachinohe, Olympia, El Centro and Quebec earthquake records. To

prevent damage to the structure, each ground motion was initially

run with a conservatively small peak acceleration of 0.06g's. The

magnitudes of the ground motions were then increased until it was

determined that the structure would be damaged by any further
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increase. The maximum inter-story drift and maximum strain

measured during the tests determined whether or not an earthquake

of greater magnitude would be run. All four earthquakes and banded

white noise were run with peak accelerations of 0.06g, 0.12g, 0.24g

and O. 36g. In addition, the structure was subjected to banded

white noise and the four ground motions at 0.06g's with no dampers.

4.2 Test Results

Bar graphs, which compare the damped to undamped building

responses for the four earthquake records, are given in Figs. 4.3­

4.15. Figs. 4.3-4.6 present the maximum relative floor

displacements, with and without dampers, for the four earthquake

records. Figs. 4.7-4.10 present the maximum floor accelerations

for the same cases. Finally, Figs. 4.11-4.15 present the maximum

inter-story drift for these same cases. Table 4.1 summarizes the

results of Figs. 4.3-4.15 by listing the maximum responses of the

undamped structure and the percent reduction of responses of the

damped structure, for all the above mentioned cases.

In Sec. 3.3, we noted that larger damper displacements

resulted in larger energy absorbing hysteresis loops. It was also

noted that the damper stiffness decreases with increasing

deflections. This change in stiffness and energy absorbing

hysteresis loops with deflection, was expected to cause a change in

the natural frequency and damping ratio of the building as the

magnitudes of the ground motions increased. Since the damper

stiffness decreases with larger deformation (Sec. 3.3), the natural

4-4



o.

0.1

o.

~

i
~
~
i5 0.15

~
E

.~
~ 0.05

o~==
1 2 3

Floor
4 5

I_ Damped • Undamped

Fig 4-3 Max Floor Disp. (0.06 EI Centro)

0~==::1

o.~-r--------------------------------.....,

cc. O.

~ 0
c..
i5 o.

~
E 0.2

~
~ 0.1

I_ Damped • Undamped

Fig 4-4 Max Floor Disp. (0.06 Hachinohe)

4-5



0.25

o-ld===
2 3

Floor
4 5

,_ Damped • Undamped

Fig 4-5 Max Floor Disp. (0.06 Olypia)

0.09..........---------------------------------,

0.07

0.06

0.05

42

0.08

o~==

I
0.
.!!2o
8 0.04
u::
E 0.03
:;:)

.~ 0.02

::E 0.01

,_ Damped • Undamped

Fig 4-6 Max Floor Disp. (0.06 Quebec)

4-6



O.35---A"'-----------------------------,

'J1 o.
..9
c:o..
its O.
«
~u..
E
~ 0.1

~ 0.05

0'*== 1 2 3
Floor

4 5

,_ Damped 11IIIII Undamped

Fig 4-7 Max Floor Acceleration (0.()6 EI Centro)

543
Floor

21

O.~...-----------------------------------,

O-i-:===

; o.

i..... o.

~
E 0.2

~
~ 0.1

I_ Damped 11II Undamped

Fig 4-8 Max Floor Acceleration (0.06 Hachinohe)

4-7



o.

~ 0.25
c:,g
~ 0.2

~ 0.15

~
U-S 0.1

E

~ 0.05

o~==
2 3

Floor
4 5

I_ Damped • Undamped I
Fig 4-9 Max Floor Acceleration (0.06 Olypia)

0.2

0.18
Ui'
:g 0.16
5
~ 0.14

~ 0.12

it. 0.1...
~ 0.08

~ 0.06
.~ 0.04

::E 0.02

0+:===
1 2 3

Floor
4 5

,_ Damped • Undamped I
Fig 4·10 Max Floor Acceleration (0.06 Quebec)

4-8



0.08

0.07

0.06

0.05

0.04

0.03
E
::l
E 0.02
.~

~ 0.01

o-¥!===
1-8 2-1 3-2

Floor
4-3 5-4

I_ Damped • Undamped

Fig 4-11 Max Inter-Story Drift (0.06 EI Centro)

0.16---------------------------------..,

(j) 0.14

~:§. 0.12

0.1

0.08

0.06
E
::l
E 0.04

~ 0.02

o-¥:!===
1-8 3-2

Floor
4-3 5-4

I_ Damped 11II Undamped

Fig 4-12 Max Inter-Story Drift (0.06 Hachinohe)

4-9



4-33-2
Floor

2-11-6
o-¥!===

O.06~----------=

i 0.05

~
:;..

€ 0.04
"0

f
Ul 0.03
~

.sa,.;
E 0.02

.§
~ 0.01

I_ Damped • Undamped

Fig 4-13 Max Inter-Story Drift (0.06 Olypia)

0.035

L:
€
"0
~ 0.02

C{i
~ 0.015
,.;

~ 0.01

~ 0.005

,_ Damped • Undamped I
Fig 4-14 Max Inter-Story Drift (0.06 Quebec)

4-10



Maxmmm Floor Earthquake s wIth O.06g max acceleration
Response Level Hachinohe EI Centro

Undamped % Reduction Undamped % Reduction
Relative 1 0.074 60.4~ 0.039 53.4~

Floor 2 0.211 62.7~ 0.113 66.4~

Disp. 3 0.237 48.9~ 0.182 67.6~

(inch) 4 0.436 64.4~ 0.238 68.9~

5 0.507 63.5~ 0.283 67.5~

Maximum 1 0.119 12.6~ 0.093 11.8~

Floor 2 0.267 29.2~ 0.163 23.3~

Ace. 3 0.387 36.7~ 0.203 33.5~

(g's) 4 0.461 36.2~ 0.251 34.7~

5 0.554 35.6~ 0.303 37.3~

Inter- 1-B 0.074 60.4~ 0.039 53.4~

Story 2-1 0.144 65.3~ 0.077 68.8~

Drift 3-2 0.130 64.6~ 0.070 70.0~

(inch) 4-3 0.100 66.0~ 0.059 71.2~

5-4 0.071 57.7~ 0.045 60.0~

Quebec Olympia
Undamped % Reduction Undamped % Reduction

Relative 1 0.015 13.3~ 0.032 37.5~

Floor 2 0.039 20.5~ 0.088 44.3~

Disp. 3 0.053 O.O~ 0.136 42.6~

(inch) 4 0.060 -8.3~ 0.181 44.2~

5 0.083 4.8~ 0.217 44.7~

Maximum 1 0.094 33.0~ 0.131 32.1~

Floor 2 0.167 37.7~ 0.190 28.4~

Ace. 3 0.141 13.5~ 0.203 15.3~

(g's) 4 0.119 -23.5~ 0.187 -23.5~

5 0.182 8.8~ 0.292 16.4~

Inter- B-1 0.015 13.3~ 0.032 37.5~

Story 2-1 0.026 15.4~ 0.059 49.2~

Drift 3-2 0.022 4.5~ 0.050 42.0~

(inch) 4-3 0.021 28.6~ 0.048 52.1~

5-4 0.033 51.5~ 0.039 51.3~

Table 4-1 summary of Dynamic Response of Hodel Building
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frequency of the building was also expected to decrease under the

larger earthquakes. Fig. 4.15a shows the expected decrease in the

natural frequency with increase of the base excitation. Under

larger deformation, larger energy absorbing force deflection cycles

are experienced which causes an increase in the damping ratio.

Fig. 4.15b shows such an increase in damping with larger

earthquakes.

It should be noted that the above mentioned damping ratios

were calculated by the half-power method [5] for the first mode of

vibration only. Since the damping ratio is less the 15%, the half­

power method can be considered accurate. A plot of a typical third

floor acceleration frequency transfer function with SMA dampers

(Fig. 4.16), reveals the first and second modes of vibration

clearly. However, the frequency response of the sAcond mode of

vibration is less then half that of the first mode. Therefore, the

discussion of results will be limited to the first mode of

vibration, since it dominates the dynamic response of the

structure. In addition to the damped third floor transfer function

the undamped the bare frame transfer function the undamped third

floor acceleration frequency transfer function (Fig. 4.17) is shown

for comparison. The bare frame transfer function is characterized

by a tall and narrow spike at 3.2 Hz. This indicates little

damping. The frequency response of the SMA damped building is

wider and shorter which shows an increased damping from the

undamped case.
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4.3 Discussion of Results

It seems apparent from an examination of Table 4.1 that the

effectiveness of the damper varies with the earthquake. For

instance, the percent reduction of the maximum relative floor

displacement due to the Hachinohe ground motion averaged over the

five floors is 60.0%, while same averaged percent reduction for the

Quebec earthquake case is only 6.1%. In fact, the forth floor

maximum relative floor displacement and maximum acceleration of the

damped building was greater then the response of the undamped

building in the Quebec earthquake case. The other floors maximum

responses as well as the inter-story drift response for all floors,

however, were smaller in the damped case then the undamped case.

These sizable differences can be accounted for by noting that the

frequency contents of the four ground motions are different. The

Quebec earthquake has a larger content of higher frequencies then

the Hachinohe earthquake. Since the SMA dampers increase the

natural frequencies of the building (Fig. 4.15a), the SMA dampers

will be more effective against earthquakes with lower frequencies.

The calculated damping ratios are less dependent upon the

frequency content of the earthquake record. Fig. 4.15b shows an

increase of damping over the undamped case. However, the damping

for SMA dampers is not as great as for viscoelastic dampers.

Viscoelastic dampers have been shown [5] to yield a damping ratio

between 5% and 14%, depending on the temperature of the

viscoelastic material, for the same five story model building.

Whereas the SMA damper properties are not highly temperature
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dependent, the damping measured was less than for the viscoelastic

dampers at their least favorable temperature. Since the SMA damper

was designed to maximize the benefits of the Shape Memory Material

properties of Cu-Zn-Al (Sec. 3.3), there is no evidence to indicate

that a redesign of the damper would result in improved damping.

In spite of the above drawbacks, the potential for effective

SMA damping is apparent. The dampers did mitigate the building's

motion and the building was safely tested with the SMA dampers at

levels where the building would have been severely damaged without

the dampers. In addition, the test results indicate that the SMA

damper is probably best suited for base isolation applications.

One of the features of the SMA damper is the self centering

hysteresis loop. It became evident that this feature is not

effectively utilized in structural damping, because the building's

inherent stiffness creates a self centering force that is much

greater than the damper's. However, in base isolatibn this self

centering property would be of great benefit, since the base

isolation device acting alone must restore the building to its

original position.

Another indication that the SMA damper would be useful in base

isolation is the change in natural frequency of the building with

increased levels of base excitation (Fig. 4 .15a). A base isolation

device should be stiff for small deflection, so that wind loading

and small tremors will not cause the building to move excessively.

In the event of a large earthquake, the stiffness should reduce and

allow the building greater mobility to isolate itself from the
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ground motion. The decrease in natural frequency of the damped

building (Fig. 4.15a) with increased base excitation indicates a

corresponding decrease of damper stiffness with increased damper

deflection. This same change in damper stiffness was also noted in

Sec. 3.3.
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SECTION 5

SUMMARY AND CONCLUSION

The results of experimental studies on the material properties

of the shape memory material (SMA) Cu-Zn-AI have been presented and

analyzed. Experimental results on the seismic behavior of a

Cu-Zn-AI SMA damped steel-frame 2/5 scale model structure have also

been presented. In addition, a discussion of the advantages of the

torsion bar SMA damper over other SMA damper designs was included.

The material test results show that this composition of

Cu-Zn-AI has a superelastic stress strain relation for a very

limited number of cycles. After a few cycles, the internal

friction will increase and cause a hysteretic material behavior

with a very small amount of spring back. The final hysteretic

stress strain behavior was found to be caused by martensitic

transformation rather than by slip/glide dislocation motion.

The seismic test results demonstrated that Cu-Zn-AI dampers

are effective at mitigating the 2/5 model five story building's

response to various ground motions. The results were compared to

results of tests done with viscoelastic dampers, and it was

concluded that the Cu-Zn-AI dampers were not as effective as the

viscoelastic dampers. The test results of the structural dampers

indicated that the SMA dampers are better suited for base

isolation.
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APPENDIX A

DAMPER ASSEMBLY

All parts of the damper are made from steel, except the

torsion bar which is made from Cu-Zn-Al SMA (Fig. A-l). After the

Cu-Zn-Al has been machined into the torsion bar, whose dimensions

are given in Fig. A-l, it is heat treated by the heat treatment

given in Sec. 2. After the heat treatment, the Cu-Zn-Al bar must

be hand sanded to remove the damaged surface.

Assembly

1. Slide the center square section of the torsion bar (Fig. A-I)

in the grove of the torsion arm (Fig. A-2)

2. Take the large clamp (Fig. A-S) and align its holes with the

tapped screw holes of the torsion arm. Screw the large clamp

in tightly. This should prevent the torsion bar from sliding

out of the grove in the torsion arm.

3. Place a small amount of oil on the pin (Fig. A-S), and then

slide the pin through the reamed hole in the torsion arm.

4. Slide a connector (Fig. A-3) over the pin to each side of the

torsion arm.

5. Next fit the torsion arm into the groves of the holder (Fig.

A-4) .

6. Screw the small clamps to the holder to clamp the torsion bar

in place.

7. Bolt with 1/4 inch bolts the holes labeled A in brace A (Fig.
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A-6) to the holes labeled A in the holder. Bolt with 1/4 inch

bolts the holes labeled B (Fig. A-7) in brace B to the holes

labeled B in the holder.

8. Arrange brace D and brace E so that the two holes near the

center of the bar are aligned. Place a spacer between the

bars and bolt brace D to brace E with a spacer in between.

9. Place a double spacer between brace D and brace E aligned with

the 1.25" space holes. Align the connectors with the 1.25"

spaced holes of brace D and Brace E and bolt in place. Note

that these bolts should pass through these components in the

following order: connector, brace, double spacer, brace,

connector.
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APPENDIX B

TENSILE BAR AND GRIP DESIGN

Cu-AI-Zn BUTTON END TEST SAMPLE
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