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ABSTRACT

The conventional derivation of an energy equation for the seismic response of structures is
revicwed and compared with an alternative definition which is physically more meaningful. The
following engineering parameters computed using these two definitions are compared: (1) the
profiles of energy time histories for short and long period structures, which are shown to be
significantly different; (2) input energy spectra based on a constant ductility ratio for which
significant difference exists for both the short and long period ranges, although for periods in the
range of practical interest in building design the difference is small for most of the recorded
ground motions. It was also found that the maximum input energy is closely correlated to the

strong motion duration.

The reliability of using input energy spectra derived for a single-degree-of-freedom system
to predict the input energy to multi-siory buildings is illustrated by correlating the analytical
prediction with the experimental results of a six-story steel frame. Finally, the uniqueness of the
energy dissipation capacity of a structural member is evaluated. Test results for three types of
structural members — steel beams, reinforced concrete shear walls, and composite beams — are
examined, with the conclusion that the energy dissipation capacity is not unique but is highly

dependent on the loading and the deformation paths.
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I. INTRODUCTION

1.1. Statement of the Problem

Traditionally, displacement ductility has been used as a criterion to establish inelastic
design response spectra (IDRS) for earthquake-Tesistant design of buildings.!6-2! The minimum
required strength (or capacity for lateral force) of a building is then based on the selected IDRS.
As an alternative to this traditional design approach, an encrgy-based method was proposed by
Housner.1? Although Anderson and Bertero? cstimated the energy input in steel structures
designed considering inelastic behavior in 1969, it is only recently that this approach has gained
extensive attention.Z38,12-15,18,22 Thig design method is based on the premise that the energy
demand during an earthquake (or an ensemble of earthquakes) can be predicted and that the
energy supply of a structural element (or a structural system) can be established. A satisfactory

design implies that the energy supply should be larger than the energy demand.

1.2. Objectives

The first objective of this report is 10 analyze the physical meaning of two energy equations
that are derived and used in the literature. The second objective is to use these two definitions to
construct inelastic input energy spectra for a single-degree-of-freedom (SDOF) system, and then
to compare the specira, as well as to evaluate the reliability of using SDOF energy spectra to
predict the input energy to multi-story buildings. The third objective is to assess the reliability of
predicting the encrgy dissipation capacity of a given structural member or structural system, and
to investigate how different loading and deformation paths can affect the energy dissipation capa-

cities of structural members.



1.3. Scope

Evaluation of the energy equations is limited to an elastic-perfectly plastic SDOF system.
Five earthquake ground motions (see Table 1.1 and Fig. 1.1) including some recently recorded
destructive earthquakes are used in this study. The reliability of using SDOF input energy spectra
for determining the input energy to a multi-story building is assessed by studying the correlation
of SDOF results with those obtained from shaking table experiments conducted on a six-story
steel frame. The energy supplies, in particular energy dissipation capacities, of three types of
structural members — steel, reinforced concrete and composite members — subjected to cyclic

loading, are discussed.
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II. PREDICTION OF INPUT ENERGY DEMANDS

2.1. Derivation of Energy Equations for a SDOF System

Given a viscous damped SDOF system subjected to a horizontal earthquake ground motion

(Fig. 2.1a), the equation of motion can be written as
my, + cv + f, =0 2.1
where m = mass
¢ = viscous damping coefficient
Iy = restoring force
v, = v + v, = absolute (or total) displacement of the mass
v = relative displacement of the mass with respect (o the ground
v, = earthquake ground displacement.

Note that f; may be expressed as kv for a linear elastic system (k = stiffness.) By letting

V¢ =V + ¥,, Eq. 2.1 may be rewritten as
mv + cv o+ fi = -my, . 2.2)

Therefore the structural system in Fig. 2.1a can be convenicntly treated as the equivalent system
in Fig. 2.1b with a fixed base and subjected to an effcctive horizontal dynamic force of magnitude
—mv,. Although both systems give the same relative displacement, this ‘‘convenience’” does
cause some cornfusion in the definition of input energy and kinetic energy. Depending upon
whether Eq. 2.1 or 2.2 is used to derive the energy equation, different definitions of input and

kinetic energies may result.
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2.1.1, Method 1 — Derivation of ‘‘Absolute’’ Energy Equation
Integrate Eq. 2.1 with respect to v from the time that the ground motion excitation starts:
[midv + [cvav + [fidv =0 . (2.3)

Replacing v by (v,~v,) in the first term in Eq. 2.3, then

. . v . m@)Y
jmv,dv = ‘[mv,(dv;—dvg) = J‘def—dv, -J'mvtdvg = 2‘ —Imv,dvg . 2.4)
Substituting Eq. 2.4 into Eq. 2.3 yields
mv, ) ) .

2‘ + I cvdv + jfsdv = va,dvg . 2.5)

The first term of the above equation is the ‘‘absolute’’ kinetic energy E;

- 12
m(

Y = (21) (26)

because absolute velocity (v,) is used to calculate the kinetic energy. The second term in Eq. 2.5

is the damping energy (E¢), which is always non-negative because
Er = [cvay = [ev’dr . @7

The third term in Eq. 2.5 is the absorbed energy (E,), which is composed of recoverable elastic

strain energy (E,) and irrecoverable hysteretic energy (£;) :
E, = [fidv = E; + E, (2.8)

A
2%

where E; =
The right-hand side term in Eq. 2.5 is, by definition, the input energy (£;):
E = jm'ﬁ, dvg . 2.9

In this study E; is defined as the ‘‘absolute’’ input energy. This definition is physically meaning-
ful in that the term my, represents the inertia force applied to the structure. This force, which
from Eq. 2.1 is equal 10 restoring force plus damping force, is the same as the total force applied
to the structure foundation. Therefore E; represents the work done by the total base shear at the

foundation on the foundation displacement. The absolute energy equation (Eq. 2.5) then can be



written as follows:

E;=Ek+E§+Ea=Ek+Eg+ES+Eh. (2.10)

2.1.2. Method 2 — Derivation of “‘Relative’’ Energy Equation

Integrate Eq. 2.2 with respect to v:
[midv + [codv + [fidv = =[migdv . @2.11)

Notice that the second term (=E'¢) and the third term (=E,) on the lefi side of the equation remain

unchanged. The first term in Eq. 2.11 can be rewritten as

. av o, TN
Imvdv = mdt dv = J-mdv(v) =

m(v)*
2

which is the ‘‘relative’’ kinetic energy (E}) calculated from relative velocity:

-2
E} = % . (2.12)

The right-hand side term of Eq. 2.11 is conventionally defined as the ‘“input energy’” (E}):
Ei = —[migdv . (2.13)

In this study E? is defined as the ‘‘relative’’ input energy. This definition of input energy physi-
calty represents the work done by the static equivalent lateral force (—mv,) on the equivalent
fixed-base system; that is, it neglects the cffect of the rigid body translation of the structure. The

relative encrgy equation is then expressed as

E; = E, + Ex + E, =E, + Eg + E, + Ej . (2.14)

2.2. Comparison of Energy Time Histories

Input encrgy as defined by either Eq. 2.9 or 2.13 is a function of time. Figure 2.2 shows the
energy time hisjories for a short period (T = 0.2 sec) and a long period (T = 10.0 sec) elastic-

perfectly plastic SDOF structure subjected to the 1971 Pacoima Dam earthquake ground motion.

Damping energy (Eg), strain energy (E;), and hysteretic energy (Ej) terms are uniquely

defined, irrespective of what method is used, but the input energy and kinetic energy are different,
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depending upon which method is used. High fluctuations in the E; time history are apparent for
the short period structure, and the same phenomenon for E; is apparent for the long period struc-
ture. Note also the significant difference in the magnitudes of £; and E for the long period struc-
ture. When the period of the structure is significantly larger than the predominant excitation
period of the ground motion, the structure’s center-of-mass essentially remains stationary. There-
fore the absolute input energy for the relatively long period structure should be low, as is

reflected in the E; time history.

To construct input energy spectra, the time at which the input energy is evaluated should be
specified. Most previous researchers evaluated the input energy at either (i) the end of the earth-
quake ground motion, or at (i) the end of the earthquake ground motion plus a time equal to one
half of the period of free vibration of the structure,? or at (iii) the end of the earthquake ground
motion plus a time at which the velocity of the structure changes sign.12 If the relative energy
equation is used, the time at which the input energy is evaluated by the methods just described, is
suitable for short period structures (see Fig. 2.2); for long period structures these methods may
significantly underestimate the maximum input energy that may occur early in the ground motion
(see Fig. 2.2b.) For this reason the maximum input energy fneasured during the ground motion is
used to construct the input energy spectra in this study. It should be noted that if E; and E; are
evaluated at the end of the ground motion, which corresponds to the time at which v, = 0, the

rigid body kinetic energy is zero and hence the values of E; and E; are identical.

To solve the problem of the nonzero initial condition of each ground motion, the method of
prefixing a two second acceleration pulse, proposed by Pecknold and Riddle,!” was adopted in

these analyses.

2.3. Estimation of the Difference between Input Energies from Different Definitions

The definition of input energy given by Eq. 2.9 has been used by Berg and Thomaides,
Goel and Berg,® Mahin and Lin, !* Uang and Bertero,2® among others. Equation 2.13 has been
used by most other researchers. The difference between the input energies of Methods 1 and 2 is

derived below.
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S
I

[midv, = [ mi)dv~dv) = [ (midv,— [mG + Vp)dv

m,. m,. m,. .. ’
?(v,)z—?(v)2 + FE] = —2~(vg)2 + mw, + E;

that is,

E-E = —’;1(1':8)2 + mivg (2.152)

It can be proved easily that the difference between the kinetic energies due to the different
definitions is:

E —E} = %(izg)?- + miv, . (2.15b)

Because the last term in the above equation contains the term v, the error cannot be estimated
easily. However, the values of E; and E; for very long and very short period structures can be

calculated as follows.

For a structure with very long period (7" — <), the input energy tends to converge to a

constant value, depending upon which definition of input energy is used. For a structure with

infinitely long period,
Vo= v
V=V + v, =0 ; v, =0
Therefore,
Method 1: E [¥rdvy = [@dvg =0 (2.16a)
m
Method 2: B —[¥y dv = [V, (~dvy) = [V, dv, = (1-,;)2 (2.16b)

i.e., the difference between the input energies £; and £; for a structure with 7= o is equal to
m(i;g)zl 2. If the input energy E; is cvaluated at the end of duration, its value will be very small
because v, tends to be vanishingly small. If E; is evaluated as the maximum throughout the

. . .2 )
duration, then E;/m will then converge to v ¢ (max) /2 for long period structures.

For a structure with very short period (7' — 0), the input energy will also converge to a

constant value, depending upon the definition used. For a structure with zero period, i.e., a rigid



structure,
Vt - i’g
Vi = Vg, or v =20.
Therefore,
' E oo . G
Method 1: Pl [vrdvg = [Vpdv, = 5 (2.172)
Method 2: B ~[Vpdv = =¥, (@ =0 (2.17b)
e ovivabndlioedd m 4 £

i.e., the difference between the input energy spectra for a structure with zero period is equal to
m\')z (max) | 2-

On the basis of the above derivation, it appears that from the energy point of view the peak
ground velocity plays an important role as a damage index. It would be misleading, however, to
use £; as a damage index for very long period structures because the value of E; is very small.
Such structures are so flexible that nonstructural component damage in real buildings may be
excessive. The use of E} in this case may give a more reasonable index for damage. Similarly,
the use of E; for a very short period structure serves as a better damage index than the use of E}.
Relative input energy may give misleading information for a rigid structure because Eq. 2.17b

implies that no energy is input to a rigid structure.

2.4. Comparison of Input Energy Spectra

The input energy spectra for five earthquake records (see Table 1.1) are generated for a con-
stant displacement ductility of five. The input energy is converted to an equivalent velocity by

the following relationship:

V,~=\/ C V;=.\/2Ef _ (2.18)
m m

The input energy equivalent velocity spectra are shown in Fig. 2.3; the solid line represents the
input energy calculated by Method 1 and the dashed line by Method 2. Note again that the input
energy (E; or E}) plotted is the maximum input energy; this energy may occur before the ground

motion ends.
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Figure 2.3 shows that V; and V] are very close in the intermediate period ranges: to be more
specific, the input energies calculated by Methods 1 or 2 are very close in the vicinity of the
predominant excitation periods of the earthquake ground motions. The difference between V; and
V; increases for longer and shorter period structures. The level of maximum ground velocity
Vg (max) iS also shown in Fig. 2.3 for each earthquake record. The trend that V; converges to
V¢ (max) as the period of the structure tends to zero and that V; converges t0 v (nqy) as the period of
the structure tends to infinity (as stated in Egs. 2.16b and 2.17a) is clearly shown in Fig. 2.3. The
tendency for V; in the short period range and for V; in the long period range to decrease to zero

can also be observed (see Egs. 2.16a and 2.17b.)

2.5. Influence of Displacement Ductility Ratios on Input Energy Spectra

It has been concluded that E; (or V; in the form of equivalent velocity) spectral values
evaluated at the end of the duration of the ground motion are relatively insensitive to the dis-
placement ductility level.22 The variation of input energy equivalent velocity spectra for displace-
ment ductility ratios of 2, 5, and 8 are shown in Fig. 2.4. It can be observed that the input energy
(E;) spectra are generally insensitive to the level of ductility ratio. The cnly exceptions to this
observation are the spectra of the 1985 Mexico City Earthquake. For this highly harmonic, long
duration earthquake record the input energy is significantly affected by the ductility level (espe-
cially from | = 2 to p = 5) in the period range to the left side of the predominant excitation

period.

The peak of the spectrum, which corresponds to the predominant period of the ground
motion, tends to shift slightly towards a smaller period value as the displacement ductility ratio is
increased. Therefore, as the value of the displacement ductility ratio increases, the values of V; in
the period range immediately to the left of the peak increase and the values in the period range to

the right of the peak decreasc.
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2.6. Verification of Housner’s Assumption

For a linear elastic system the maximum input energy that is stored in a SDOF system is

Ep = %k(sd)2 = %m(s‘,‘,)2 (2.19)

where §; is the linear elastic spectral displacement and S, is the linear ¢lastic pseudo-velocity,
both being a function of period and damping ratio. It should be noted that Ep is the maximum
clastic energy that is stored in the structure; the damping energy is not included. Housner'?
assumed that Ep, (or S, in the form of equivalent velocity) can be used as the energy demand for
an inelastic system in his proposed limit design method. If S,, spectra with 5% damping are

compared with the V; spectra with 5% damping and a ductility ratio of 5, it is seen from Fig. 2.5

that S, may significantly underestimate V.

2.7. Approximate Inelastic Input Energy Spectra

Inelastic behavior has the effect of (i) increasing the effective natural period, and (ii)
increasing the effective damping ratio of a structure. On the basis of a study of a class of hys-
teretic structures subjected to a total of 12 earthquake ground motions, Iwanl! found that an ine-
lastic response spectrum can be approximated by an elastic spectrum corresponding to an

equivalent viscous damping (€,) and an equivalent natural period (7T,):

i

£, = & + 0.0587 (u-1)>"! (2.20a)

1+ 0.121 (u-1)09% (2.20b)

~ |

where § is the nominal viscous damping ratio, T is the natural period in the elastic range, and W is

the ductility ratio.

For a given ductility ratio, the elastic input energy equivalent velocity spectra, constructed
by using an equivalent damping ratio of &, (Eq. 2.20a) and then performing a period shift using
Eq. 2.20b, are compared with the inelastic spectra shown in Fig. 2.4. Figure 2.6 shows such a
comparison for L = 5. It can be observed that although inelastic input energy equivalent velocity
spectra appear to be predicted very well by clastic spectra constructed using Iwan’s procedure,

there are some significant differences. For example, for a period of about 2 seconds Iwan’s
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elastic V; spectral value for the Mexico City earthquake is twice the inelastic V; spectral value;
and therefore the elastic E; valuc will be 4 times the value of the inelastic E;. It is believed that
this can be attributed to the highly harmonic nature of the Mexico City ground motion and that

- this type of motion was not taken into account in Iwan’s derivation of Eq. 2.20.

In his study of the relationship of £, and T, for both harmonic and typical earthquake exci-
tations, Hadjian’ has shown that the equivalent damping ratios due to harmonic excitation are
about five times those due to earthquake excitation, and the period changes due to harmonic exci-
tation are about twice those due (o earthquake excitation. It is believed that Eq. 2.20 significantly
underestimates the values of &, and T, for the 1985 Mexico City earthquake. An increase in the
value of £, will lower the magnitude of Iwan’s elastic input energy spectra, making them more
comparable to the actual inelastic input energy spectra. Deriving appropriate vaiues of &, and 7,

for the 1985 Mexico City earthquake is oulside the scope of this study.

2.8. Input Energy Equivalent Velocity Amplification Factor and Strong Motion Duration

Relationship

It is well-known that clastic spectral values like elastic pseudo-acceleration cannot reflect
the effect of strong motion duration. This shortcoming carries through to any inelastic design
spectra derived from them. Since input energy reflects the effect of the duration directly through
integration, it is worthwhile to investigate the relationship between the maximum equivalent
velocity of input energy and the strong motion duration. Two quantitics — amplification factor

and the strong motion duration uscd in this study — are described first.

The amplification factor (V) of an input energy equivalent velocity spectrum for a given

ductility ratio (W) and a viscous damping ratio (§) is defined by the following:

ymE oy,
T S L) @21)

Vg (max)

where VP** (&) is the maximum value of V; evaluated throughout the whole period range. In
general V" (1,&) occurs in the immediate vicinity of the predominant period of the carthquake

ground motion.
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One commonly used definition of strong motion duration is that due to Trifunac and
Brady:1?

Ip = togs —Loos (2.22)

where £q05 and tp 95 define the times at which 5 percent and 95 percent, respectively, of the value

of the Arias intensity (I,) is achieved. Arias intensity is defined as follows:*
iy )
bid .
Iy = —] v, (dt (2.23)

where ¢, is the total duration of the earthquake record. The calculated values of ¢, for each earth-
quake record are listed in Table 1.1. A plot of ¥ (u=5,6=5%) versus f, for the five earthquake
motions is shown in Fig. 2.7. It is observed that ¥ and ¢, are linearly dependent; by letting the
intercept of the line of best fit, shown in Fig. 2.7, be 1.0, the following equation is obtained by the

method of least-squares:
Y (=5 &=5%) = 1.0 + 0.12¢ (2.24)

Therefore, if the strong motion duration at a given site is known, it is possible to predict the max-
imum energy input to a structure with a specified ductility ratio (5 for the case used in developing
Eq. 2.24.) The period of the structure at which this maximum input energy occurs is close to the

predominant excitation period of the expected earthquakes at the site under consideration.

For example, if it is expected from previous earthquake records at a certain site that the
maximum ground velocity is 30 in/sec and that the strong motion duration ¢, is 20 sec, the max-
imum input energy per unit mass for a structure having a damping ratio of 5 percent and a ductil-

ity ratio of 5 can be ¢stimated by the following procedure:

¥ = 1.0 + 0.12¢, = 1.0 + 0.12Q20) = 34

Vi = WV imar) = 3.4(30) = 102in/sec

ET*® 1 1
-2-(V:-“")2 = 52—(102)2 = 5,202 in?/sec? = 36 ft?/sec?
m
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2.9. Input Energy to Multi-Story Buildings

The “‘absolute’’ energy equation for an N-story building has been derived as follows:20
1.7 . .T T N o
Ev, mv, + J'v cdv + J'fs dv = J'(Zmiv,,') v, (2.25)
i=1

where m, ¢, and v are the diagonal mass matrix, viscous damping matrix, and relative displace-
ment vector, respectively; m; is the lumped mass associated with the i-th floor, ¥,; is the total
acceleration at the i-th floor. The kinetic energy and input cncrgy are calculated as follows:

1 N

B = 23 mv, = Ly me? (2.263)
2 221

E;

N
[ (Emiv) av, (2.26b)
i=1

where E, is the summation of the kinetic energy at each floor level, calculated using an absolute
velocity (V) at the i-th floor, and E; is the summation of the work due to an inertia force (m;v,;) at

each floor for ground displacecment.

Akiyama? has shown that the relative input energy E} based on a SDOF system can provide
a very good estimate of the input energy for multi-story buildings. Although no parametric study
is attempted here to verify the same conclusion for the absolute input energy E;, shaking table test

results for a six-story concentrically braced steel structure will be used to support this conclusion.

Figurc 2.8 shows the 0.3-scale test model during the shaking table test; the 1978 Miyagi-
Ken-Oki (MO) earthquake was used as the input ground motion. The test structure is classified
by the UBC! as a dual system with two exterior ductile moment-resisting frames and one interior
concentrically K-braced frame in the excitation direction. The magnitude of the earthquake
record was scaled to different levels to represent different limit states of the structure responses.
Details of the test resulls are reported in Reference 20. During the collapse level test (MQO-65
Test, which had a measured peak base horizontal acceleration of 0.65g), the model experienced
severe brace buckling in the bottom five stories, and the braces in the fifth story even ruptured.
Figure 2.9 shows the envelope of base shear versus critical inter-story drift index obtained from
different limit state tests. As a result of brace buckling and rupture, the envelope exhibits

strength deterioration. Figure 2.10 shows the energy time histories of the MO-65 Test. Note that
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the ‘‘viscous damped energy’’ curve was calculated indirectly by the following expression:

Et = E;—E,—E,—E,, . Q27

In order to compare the experimental input energy of this frame with an elastic-perfectly
plastic SDOF system, an estimate of the displacement ductility ratio for this frame from the test
envelope in Fig. 2.9 is needed. If this nonlinear envelope is approximated by two linear seg-
ments, with the yield level calculated from simple plastic analysis,2 the corresponding ductility
ratio is 2.6. The calculated input energy spectrum of a SDOF system with a ductility ratio of 2.6
and a viscous damping ratio of 2%, which was the measured first mode equivalent viscous damp-
ing ratio, is shown in Fig. 2.11. The quantities presented in Fig. 2.11 have been scaled to the pro-
totype level by similitude laws, The correlation between the experimentally measured V; for the
multi-story structure and the calculated V; for a SDOF system is excellent. It is concluded from
this case study that the input energy spectra for a SDOF system can be used to predict the input

energy demand for this type of multi-story building structure reliably.
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1. ESTIMATION OF STRUCTURAL MEMBER ENERGY SUPPLY

3.1. Introductory Remarks

In the energy-based seismic design methods proposed by previous rescarchers, 210 i1 i
commonly assumed that the energy dissipation capacity (or supply) of each member can be
predicted reliably; this capacity is assumed to be identical under cyclic loading to that provided
under monoetionic loading. Some test results are considered with the purpose of examining this
assumption. Test results of a series of steel beams under the same type of deformation pattern but
with varying amplitudes are examined first in order to study the effect of amplitude on the energy
dissipation capacity of a structural member. To study the effect of deformation path on the
energy dissipation capacity, test results for two identical shear walls and two identical composite

becams are examined.

3.2. Steel Beam Testing

A series of cantilever steel beams have been tested under strain reversal for different ampli-
tudes.® The number of cycles required for the beam to fail versus strain amplitude is shown in
Fig. 3.1. By ignoring strain hardening and Bauschinger effects a typical moment-curvature curve
under cyclic loading can be idealized as shown in Fig. 3.2: these two factors tend to compensate
each other from the standpoint of energy dissipation. The dissipated energy per unit length, e, is

the area enclosed by the hysteresis loop:
ea= [ M,do, =2M, 20,) = 4M, O, = 4M,0 (3.1)

where M, is the plastic moment, ¢, is the plastic curvature, and ¢ is the controlling {constant)
curvature, which from Fig. 3.1 is the sum of ¢, and the yielding curvature ¢,. Plastic curvature
¢, is approximated by 6 in Eq. 3.1; this is a reasonable assumption when the controlling curvature

is much larger than the yielding curvature. By letting

£

b = i (3.2)
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where € is the controlling strain at beam flange, and d is the beam depth, the total energy dissi-

pated in n cycles (n = number of cycles required to rupture the beam), is
- 8M. -
ey =4Mpn8(%) - —2(n®) . (3.3)

Figure 3.1 also shows the ne versus € curve. By assuming constant plastic hinge length L, for all
the specimens tested, the total energy dissipation capacity e,/., will be significantly smaller for

beams subjected to larger amplitude cyclic deformations.

By extrapolating the energy dissipation capacity from the ne curve for n =1, which
corresponds to the case of monotonic loading, it is concluded that the energy dissipation capacity
is much lower than that provided under cyclic loading, especially when the ductility ratio is low.
If energy were 10 be used as a criterion for design, the energy dissipation capacity of structural

elements derived from monotonic loading tests would be too conservative.

3.3. Shear Wall Testing

Figure 3.3 shows the hysteretic behavior of two identical reinforced concrete shear wall
structures tested under monotonic and cyclic loading.” Although Wall 3 has a larger ductility
ratio, the total encrgy dissipation capacity of Wall 3 is only 60% of that of Wall 1. This demon-
strates that the energy dissipation capacity of a structural element is highly dependent on the

loading path, the deformation path or both.

3.4. Composite Beam Testing

Figure 3.4 shows the load-deformation curves of two 0.3-scale compositec beams tested
under different deformation paths.2? The first beam (CG1) experienced large displacement ductil-
ity in the first half cycle, followed by reversed loading in the opposite direction that caused severe
flange local buckling. The energy dissipated is 27 kip-in. The second beam (CG3) was subjected
to two complete cycles of loading reversals with displacement ductility smaller than that imposed
on CG1. Amnother five complete cycles with displacement ductility similar to that imposed on
CG1 were then applied. The energy dissipated in this beam is 128 kip-in, 4.7 times larger than
that dissipated by CG1.
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Strictly speaking, the comparison made above for these two composite beams is question-
able. There is no reason why CG1 cannot dissipate more energy although it suffers flange local
buckling when loaded into the reverse direction. Although the test of CG1 was terminated when
strength deterioration was observed, it is believed that if a similar deformation path to that of
CG3 but with higher displacement amplitudes were applied to CG1, the energy dissipation capa-

city would be smaller.

3.5. Concluding Remarks

These experimental results demonstrate that energy dissipation capacity is not constant and
depends on loading path or deformation path or both. From analysis of available test results it
appears that for properly designed and detailed structures, the encrgy dissipation capacity under
monotonic loading is a lower limit on the energy dissipation capacity under cyclic loading or ine-
lastic deformation or both. However the use of this lower limit could be too conservative for
earthquake-resistant design, particularly if the ductility ratio is limited to low values with respect
to the ductility ratio reached under monotonic loading. Thus, efforts should be devoted to deter-
mining experimentally the energy dissipation capacity of main structural elements as a function
of the maximum deformation ductility that can be tolerated, and the relationship between energy

dissipation capacity and loading and deformation paths.
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IV. CONCLUSIONS

From the results obtained in the studies that have been summarized in this report, the fol-

lowing observations can be made.

¢y

)

(3

@

3

(6)

The use of an ““absolute’’ energy equation rather than a ‘‘relative’’ energy equation has the

advantage that the physical energy input is reflected.

The profiles of the energy time historics calculated by the absolute energy equation differ
significantly from those calculated by the conventional relative energy equation (see Fig.

2.2)

The absolute and the relative input energies for a constant displacement ductility are very
close in the period range of practical interest, namely 0.3 to 5.0 sec (from Fig. 2.3.) The
difference between these two input energies increases as the structure period differs more
and more from the previous range. As the period decreases, the absolute input energy
approaches m{zz(m)/Z, Where Vg (max) is the maximum ground velocity, and the relative

input energy approaches zero. The situation is reversed for long period structures.

For certain types of earthquake ground motion, the absolute input energy spectra are sensi-

tive to the variation of ductility ratio.

Except for the highly harmonic earthquakes (1985 Mexico City earthquake for example),
the absolute input energy spectra for a constant ductility ratio can be predicted reliably by
the elastic input energy spectra using Iwan’s procedure which takeé into consideration the

effect of increasing damping ratio and natural period.

The maximum energy input to a structure whose fundamental period is close to the predom-
inant excitation period of an expected carthquake can be predicted reliably with the
expecied maximum ground velocity and the amplification factor ‘¥ (one such expression for
ductility ratic 5 and damping ratio 5 percent is presented in Eq. 2.24.) The amplification
factor ¥ is approximately linearly related to the strong motion duration #, defined in Eg.

2.22,
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©)

-19 -

For medium rise steel dual systems it is possible to estimate with sufficient accuracy the
input energy to a multi-story building from the SDOF absolute input energy spectra using

the fundamental period of the multi-story structure.

The energy dissipation capacity of a structural member is not unique and depends on the
loading or deformation paths or both. The energy dissipation capacity of a member under
monotonic loading can only provide a lower bound estimate and may significantly underes-
timate its energy dissipation capacity, especially when the ductility ratio is limited to values
that arc low compared with the ductility ratio reached under monotonic loading.

There is an urgent need to determine the energy dissipation capacity of the main types of

structural elements and structural systems as a function of the maximum deformation duc-

tility that can be tolerated and of the dynamic characteristics of the actual ground motions.
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APPENDIX - NOTATION

viscous damping cocfficient

viscous damping matrix

beam depth

hysteretic dissipated energy of a steel beam
absorbed energy, (= E;+Ey)

maximum elastic energy stored in a SDOF system
hysteretic dissipated energy

absolute input energy

relative input energy

absolute kinctic energy

relative kinelic cnergy

recoverable elastic strain energy

damping energy

restoring force

restoring force vector

Arias intensity

lumped floor mass

mass matrix of an N-story building structure
plastic moment

linear elastic pseudo-velocity

linear elastic spectral displacement

total duration of an earthquake record

strong motion duration of an carthquake record
cquivalent period

small-amplitude (or elastic) period

relative structural displacement

relative structural displacement vector



Vy

Vi
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relative structural velocity

relative structural acceleration

absolute structural displacement

absolute structural velocity

absolute structural acceleration

earthquake ground displacement

earthquake ground velocity

maximum earthgquake ground velocity

earthquake ground acceleration

absolute input energy equivalent velocity, (= QE;)/m)
relative input energy equivalent velocity, (= \QE)/m)
nominal viscous damping ratio

equivalent viscous damping

curvature

plastic curvature

yield curvature

controlling flange strain

amplification factor of V; above v, gnax)
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Fig. 2.8 Overall View of 0.3-Scale Model with Reference Frame2°
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