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Abstract. The paper considers aspects of the energy dissipation response of selected realistic forms
of torsionally balanced and torsionally unbalanced building systems, responding to an ensemble of
strong-motion earthquake records. Focus is placed on the proportion of the input seismic energy which
is dissipated hysteretically, and the distribution of this energy amongst the various lateral load-resisting
structural elements. Systems considered comprise those in which torsional effects are discounted in the
design, and systems designed for torsion by typical code-defined procedures as incorporated in the New
Zealand seismic standard. It is concluded that torsional response has a fundamentally significant influence
on the energy dissipation demand of the critical edge elements, and that therefore the allocation of
appropriate levels of yielding strength to these elements is a paramount design consideration. Finally,
it is suggested that energy-based response parameters be developed in order to assist evaluations of
the effectiveness of code torsional provisions in controlling damage to key structural elements in severe
earthquakes.
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1. Introduction and background

In carthquake-resistant design, economic constraints require that the lateral load-resisting ele-
ments of structures be designed to respond inelastically beyond yield. Such structures, if efficiently
and etfectively designed. will take advantage of the strength reserves present in structural materials
in their post-yield range. Static response parameters quantifying the degree of inelastic response,
such as the maximum displacement ductility demand (Tso and Zhu 1992, Goel and Chopra
1994), disregard the cyclic response characteristics of the structure when subjected to severe seismic
ground motion. In this respect, an important aspect of the efficient design of inelastic structures
is their ability to dissipate large quantities of seismic energy, whilst incurring minimal damage.
Such energy quantities may be employed as structural response parameters, to comprehend more

t Graduate Student
t Professor and Head
#f Reader in Earthquake Engineering



256 JC. Correnza, GL. Hutchinson and A.M. Chandler

fully the influence of earthquake characteristics and key structural parameters on the inelastic
dynamic behaviour and response of buildings excited by seismic events (Zahrah and Hall 1984,
Tembulkar and Nau 1987, Uang and Bertero 1990).

At the cessation of the ground motion and the associated building movements, all the imparted
seismic energy must have been totally dissipated by the structure. At any instant during the
dynamic response, a proportion of the energy will have been dissipated through structural dam-
ping and by the hysteretic behaviour of the load-resisting structural and non-structural components
of the building. The dissipation of energy by hysteresis can only occur in the inelastic response
range of the structure. The remaining part of the input energy accumulated by that moment
in time is instantaneously stored in two forms. These comprise the kinetic energy concentrated
in the mass of the idealised floor system(s), and the elastic strain energy in the lateral load
supporting walls and columns, as well as in other elements which may be nominally non-structu-
ral.

In previous studies of earthquake energy absorption in idealised and simplified structures
(referred to above), focus has been placed on the translational (lateral) response of single-degree-
of-freedom (SDOF) systems. Such systems possess symmetry in their distributions of mass, lateral
stiffness and lateral yield strength, as well as having a symmetric geometric configuration. These
studies are necessarily limited because few, if any, realistic buildings are symmetric in all these
respects. Asymmetry results in the presence of a structural eccentricity between the centres of
mass and lateral stiffness (detailed definitions of structural eccentricities relevant to dynamic
response studies are presented in Chandler, er al. 1994). Hence the response of all buildings
to earthquake-induced loadings (and other forms of dynamic loading) has a lateral and a torsional
component; the latter often heavily influences the response of the key load-resisting elements
situated at the building perimeter (Chandler, er al. 1994, Chandler and Hutchinson 1987). In
the design process, therefore, to account for these torsional effects, building codes specify a torsio-
nal moment applied to the floor, which is applied when determining the distribution of lateral
design strength amongst the load-resisting elements.

This paper considers the inelastic response of selected, typical and realistic torsionally unbalan-
ced building systems. Four key aspects of their behaviour are examined:

(1) The proportion of the input energy which is dissipated hysteretically is established.

(2) The distribution of this energy amongst the various lateral restraining elements is evaluated,
for systems designed for torsion according to the New Zealand earthquake standard (Stan-
dards Association of New Zegaland 1992, designated NZS-92). and for systems in which
torsional effects have not been allowed for. In the latter systems. the element strengths
are directly proportional to their lateral stiffnesses (termed ‘stiffness and strength proportio-
nal’, or SSP systems).

(3) This hysteretic energy distribution between the various elements is evaluated for systems
with a range of natural periods, and comparisons are made between torsionally balanced
and unbalanced systems subjected to a series of well-known strong motion earthquake
input motions.

(4) Finally, the influence of the magnitude of the structural eccentricity on the hysteretic energy
dissipated for the torsionally balanced and unbalanced systems is studied. for the same
ensemble of earthquake ground motions.

2. Model definition and ground motion input

A single storey structural model is employed in this paper. as shown in Fig. 1(a). such that
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Fig. 1 Plan configurations for (a) torsionally unbalanced (TU) system, and (b) torsionally balanced (TB)
reference system.

the lateral y-direction earthquake resistance is provided by three beam-column elements, which
in turn support a rigid floor diaphragm of dimensions b and a. It is herein assumed that firstly,
the lateral stiffnesses of elements 2 and 3 are equal, and hence the structural system has a
moderate level of torsional resistance, and secondly that the plan aspect ratio (defined as A=4/a)
is equal to 2.0, these properties being representative of prototypical asymmetric buildings (Cor-
renza. of al. 1994a). The centre of resistance (stiffness) CR, centre of mass CM and geometric
centroid GC are noted along with the structural or static eccentricity e,.

The stiff and flexible sides of the building are defined. The structural system considered has
a uniform (balanced) distribution of mass, and hence CM is coincident with GC. However,
the element stiffness distribution is non-uniform and hence the structure is termed torsionally
unbalanced (TU), whereby CR is offset from CM and GC by the static eccentricity e,, which
herein is normalised to the plan dimension b, in the form e,=e/b. For the results presented
in this study, TU systems have been considered with large normalised static eccentricity (hence
giving significant dynamic torsional response components), corresponding to ¢,=0.3. For reference
purposes, corresponding torsionally balanced (TB) systems responding only in translation under
laterally-induced carthquake loading are defined, as in Fig. 1(b). This latter system is achieved
by modifications such that CM coincides with CR. without altering the values of any other
parameters. In the TB system, the position of CR (and CM) with respect to GC is defined
by the geometric or CR eccentricity e,, whose normalised value is taken herein as e,=¢,/b=0.3.
A more detailed discussion of all aspects of these models, including the definition of relevant
torsional stiffness parameters, has been presented in detail in Chandler, er al. (1994) and Correnza
(1994).

The structural system has been subjected to an ensemble of six strong-motion western U.S.
carthquake records (Correnza. er al. 1994a), whose 5% damped elastic response spectra correspond
closely to the well-known Newmark-Hall smoothed linear elastic design response spectrum, or
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SLEDRS (Newmark and Hall 1982). The strong-motion duration of each record is greater than
10 secs, ensuring that several cycles of inelastic response occur in each system. Given that the
systems analysed have periods T, at the extreme ends of the velocity-controlled region of the
response spectrum (ie.. 0.5 secs and 2.5 secs), the ground motions have all been normalised
to a peak ground velocity ¥V, equal to 0.35 m/s. The 6 earthquake input records have been
divided into 3 pairs, according to the value of the ratio A/V (A=peak ground acceleration,
in units of g). This ratio influences, amongst other factors, the spectral energy content of earthquake
ground motions.

The total lateral design strength F, is determined for the purposes of inelastic design by direct
reduction from the Newmark-Hall SLEDRS, using a force modification factor Fx of 5. This
value is compatible with systems designed with high levels of ductility capacity, such as special
seismic moment-resisting frames. The force-deformation characteristic of the lateral load-resisting
frames is assumed to be bi-linear, with 2% strain hardening in the post-yield range. The justifica-
tion of this material behaviour model for studies of the present type has been presented by
Correnza, et al. (1992).

3. Definition of structural energy quantities

To derive the energy equations, and hence the fundamental energy response parameters, analogy
is made with a viscously damped bi-linear SDOF system. For this system, the equation of dynamic
motion may be written as:

mii+cu+R,=—mii, (D

where m=mass of the structure; c=viscous damping coefficient; R,=internal restoring force:
u=relative displacement of the mass. with respect to the ground, and u,=the earthquake ground
displacement (Note: the absolute or total displacement of the mass is defined as u,=u+ u,).
Appropriate differentiation of the above displacements with respect to time results in the cor-
responding velocity and acceleration quantities, as in Eq. (1).

The earthquake energy imparted to the structure is completely dissipated and absorbed through
the various mechanisms referred to in Section 1 above. Integrating the equation of motion (1)
with respect to the relative displacement u, gives:

fmﬁdu-%fcudu*%fR,duZ—fmﬂgdu 2)

The first integral on the left-hand side of Eq. (2) defines the instantaneous kinetic energy
E.. and is equal (Uang and Bertero 1990) to [/2mir, where i is the instantaneous velocity of
CM, relative to the ground. The second term on the left-hand side represents the damping energy,
which is always positive, and is written (Zahrah and Hall 1984) as:

£~ J wdi 3)

where ¢ is the viscous damping ratio (herein taken as 005). T, is the elastic lateral period of
the system, and E, is determined (as with E;) for the whole structure, with respect to the instanta-
neous velocity of CM. From the form of Eq. (3). it is observed that the dissipated damping
energy is a time-accumulated quantity, which increases as the response history progresses.
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Analogous to the kinetic energy, the instantaneous recoverable elastic strain energy, E, which
is_determined with respect to the displacement of CM. is equal (Uang and Bertero 1990) to
R /2k, where k is the instantaneous lateral stiffness of the system. This result is obtained from
the third integral on the lefi-hand side of Eq. (2). This integral also gives the dissipated hysteretic
energy Ej, which is evaluated as the sum of the areas circumscribed by the R, versus u graphs,
for the various elements. Therefore, the energy dissipated by each structural component (frame
elements 1-3), when loaded beyond their yield strength, proportionally contributes to the total
E, dissipated by the entire system. As with the damping energy quantity, E, is an accumulated
quantity, evaluated for each element as the sum of the energy dissipated in each loading cycle.

The proportions of each of the above energy types at any particular instant during earthquake-
induced loading, vary for different earthquakes and structural configurations. However, conserva-
tion of energy prevails in all cases, and hence the sum of the energy quantities above must
equal the total energy input E; which is defined by the integral on the right-hand side of Eq.
(2). This may be summarised as follows:

E+E,+E+E,=E, )

4. Seismic energy input

The energy quantities defined in Section 3 have been determined directly from the integrals
given in Eq. (2). These have been appropriately normalised to the structural mass m., and hence
have units of energy per unit mass or (mm/sec)’. In order to study the variation of all the
energy quantities over the earthquake loading duration, the SSP model has initially been adopted.
Later results presented in Sections 6.2, 7 and 8 are concerned with the corresponding model
designed for torsional effects according to the provisions of the New Zealand seismic standard,
which is representative of the codified approach to torsional design employed in all the major
earthquake building codes. These latter results therefore enable comments to be made in relation
to code evaluation. as also given in studies employing a ductility-based response parameter (for
example, Tso and Zhu 1992). Furthermore, since the trends discussed below in relation to the
time-history of energy response have been found in Correnza (1994) to be consistent for each
of the earthquake ground motions in the ensemble referred to in Section 2, results have been
given for the representative case of the 1940 El Centro, California earthquake (NS component),
as in Figs. 2-9. The example systems consist of the TU (e,=0.3) case, along with its corresponding
TB reference system (Fig. 1), each of which are taken with fundamental lateral periods of 7,=05
sec (short-period) and 2.5 sec (long-period).

The time-history of the total accumulated seismic input energy, E, (Eq. (4)), is represented
in Figs. 2 and 3 by the uppermost curve. For this ground motion record and others with similar
spectral characteristics, the majority of the seismic energy is input to the structures (and correspon-
dingly dissipated and absorbed) within the first 30% of the strong-motion loading duration, which
for the El Centro NS record is approximately 27 secs. At the end of the strong-motion duration,
the energy input to systems exhibiting torsional inelastic response (TU cases) is found to be
somewhat less than for the laterally-responding TB cases, although the redistribution of hysteretic
energy dissipation amongst the load-resisting elements (as discussed in Section 5.2 below) is
also of major design significance.

Finally, for the El Centro NS record (and others with similar characteristics), comparison
of Figs. 2 and 3 shows that the total energy input for short-period systems is generally in the
order of 20-2.5 times larger than for long-period systems.
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Fig. 2 Time history of energy response for SSP-designed short-period system.
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5. Dissipation and absorption of seismic energy

5.1. Strain and kinetic energy components

At the end of the earthquake strong-motion, the structure continues to oscillate in elastic
free-vibration. However, the instantaneous strain and kinetic energies associated with these move-
ments are found to be negligible, as indicated on the upper right-hand side of Figs. 2 and
3. Therefore, this implies that all of the imparted seismic energy has been dissipated by a combina-
tion of damping action and hysteretic cyclic inelastic response. For short-period systems (Fig.
2), the velocity & and displacement u of CM relative to the ground are very small, and cor-
respondingly the instantaneous kinetic and strain energies absorbed by the system are small.
This is indicated by the difference between the uppermost curve (input energy) and the curve
immediately below. The latter curve, by energy conservation, indicates the total dissipated energy
(E ,+ E,: Section 5.2). Contrastingly, longer-period systems (Fig. 3) exhibit much higher kinetic
and strain energies, as a result of the larger relative movement of CM. Furthermore, the phasing
between the kinetic and strain energy response curves is evident in Fig. 3, such that as one
quantity reaches its maximum, the other is reduced to zero.

5.2. Damping and hysteretic energy components

As expected in view of the larger relative velocity of CM in the longer-period system (Fig.
3). a greater proportion of the seismic input energy is dissipated by damping action, compared
with short-period systems (Fig. 2). Furthermore, the damping energy accumulates at an approxi-
mately constant rate over the strong-motion duration in all cases.

The total hysteretic energy dissipated by the structure is composed of contributions from each
of the 3 lateral load-resisting elements, when loaded beyond yield. For each yield excursion,
hysteretic energy is accumulated and this results in a stepped pattern of increase for this energy
quantity, as evident from Figs. 2 and 3. The pattern of the seismic energy input to the system
is clearly strongly dependent on the pattern of hysteretic energy accumulation, as seen most
clearly for the short-period case (Fig. 2). From an engineering design viewpoint, it is important
to quantify the damaging potential of the earthquake with respect to tne individual elements.
This may be assessed by studying the relative contributions to the total hysteretic energy (E;)
made by each element. This is also related to the yielding sequences and variation of internal
element restoring forces. as discussed in detail below.

6. Load duration pattern of hysteretic energy dissipation

For the energy response time-histories illustrated in Figs. 2 and 3, the corresponding variations
of element yielding sequences and internal restoring forces have been plotted in Figs. 4-6. For
these latter figures, results have been given only for the critical edge elements 1 (stiff-edge) and
3 (flexible-edge). The centrally-located element 2. also on the flexible side of the structure (Fig.
1). gives similar patterns of response to the flexible-edge element 3 (Correnza 1994), but the
magnitudes are considerably smaller and hence are not critical for design of flexible-side elements.

For a given system, the initial yield forces of the respective edge elements are stated in Figs.
4-6. For the SSP case, these are proportional to the element stiffnesses, and no account is taken
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Fig. 4 Time history of element restoring force and yielding sequence for flexible-edge element of SSP-
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Fig. 6 Time history of element restoring force and yielding sequence for stiff-edge element of SSP-
designed long-period system.

of codified torsional design provisions. As a result, the initial yield capacity of the edge elements
is the same in both the TB and TU systems. For the short-period TU system in Fig. 4(b),
for example, element 3 undergoes its first yield as indicated in the diagram, when the internal
element restoring force first reaches the initial yield strength of 28 kN. Subsequently, because
of the strain hardening effect incorporated in the bi-linear model, the yield capacity is dependent
on the cyclic response behaviour of the element, and hence further yielding occurs at values
different from the initial yield force. The differences for the adopted model are small, and are
indicated by the element restoring force responses plotted in Figs. 4-6.

6.1. SSP model

For the laterally-responding TB cases (Figs. 2(a) and 3(a)), each element undergoes an identical
pattern of yield sequences. Furthermore, the amount of hysteretic energy dissipated by elements
2 and 3 is identical, since their stiffness and strength properties are equal. Despite the identical
number of yield excursions in element 1, compared with the flexible-side elements, its higher
stiffness and strength results in a proportionally higher contribution to the total hysteretic energy
dissipated.

To assess the influence of torsion on the pattern of hysteretic energy dissipation amongst
the elements, the short-period system is first examined, as presented in Figs. 2 and 4. In Fig
4, focus is placed on the response of element 3, which demonstrates significant increases in
both the number of yield excursions and their duration in the TU case (b), compared with
the TB reference model (a). This increased response, arising from torsional effects, makes the



264 J.C Correnza, G.L. Hutchinson and AM. Chandler

flexible-edge element more vulnerable to earthquake damage. This is clearly shown in Fig. 2.
whereby for this element £, in the TU system is up to five times greater than for the TB case.
For this same case, the so-called ‘beneficial effects’ of torsion are apparent for the stiff-edge
element 1, in that no yielding occurs in this element in the short-period TU system (Fig. 2(b)).
The comments made for the short-period system are also generally applicable for long-period
cases, as shown in Figs. 3, 5 and 6. Worthy of note is that the stift-edge element undergoes
some yield excursions in the long-period TU system (Fig. 6&(b)), although their number and
duration remains considerably smaller than in the corresponding TB system without torsion
(Fig. &(a)). The corresponding reduction of F, dissipated by this element is by a factor of about
4 (Fig. 3). For element 3. an increase in the number of yield excursions due to torsion is apparent
(Fig. 5), and their duration is significantly longer. This gives an increase of about 3 times in
E, dissipated by element 3 (Fig. 3).

6.2. NZS-designed model

Analysis has been made of energy dissipation patterns in a long-period (7,=2.5 sec) TU
system having identical properties to the SSP case discussed above. but designed with a strength
distribution obtained according to the seismic torsional regulations of the Standards Association
of New Zealand (1992). These provisions (Chandler, er al. 1994) affect the element strength distribu-
tion, to give added protection to the flexible-edge element whilst taking advantage of the expected
beneficial influence of torsional response on the stiff-edge element by permitting a reduction
of its design yield strength. The codified increase of element 3 strength is by a ratio of 24.6/697=3.5
(compare Figs. 8(b) and 5(b)), and the corresponding reduction of element [ strength is by a
ratio 26.2/383=0.7 (Figs. 9b) and &(b)).

In the TB case, the New Zealand code design provisions (in common with other leading
seismic codes) require that element strengths be increased throughout the structure (compared
with the SSP case), to account for so-called accidental torsional effects (Correnza, et al. 1992).
Comparing the initial yield forces given in part (a) of Figs. 8 and 9 with the corresponding
cases in Figs. 5 and 6, shows that this increase for accidental torsional effects is by the ratio
11.4/697=1.64 for the flexible-edge element 3. and 444/383=1.16 for the stiff-edge element I.
The larger increase for element 3 accounts for its greater vulnerability to torsional effects. resulting
from its location furthest distant from the centre of resistance (stiffness) CR, as in Fig. 1. Conse-
quently, comparing the New Zealand code-designed TB case with the SSP-designed TB case
shows that the yield sequences are significantly different, with the number of yield excursions
being decreased for both elements 1 and 3. For element 3, this number reduces from 10 to
3. Furthermore, for similar reasons the total hysteretic energy E, dissipated by the code-designed
TB system (Fig. 7(a)) is about 20% less than for the SSP-designed TB system (Fig. 3(a)). However,
the distribution of E, amongst the three elements is not noticeably affected by the inclusion
of the accidental eccentricity, with element | contributing the majority of the total hysteretic
energy dissipated.

The effects of implementing the code torsional provisions are by comparing the performance
of the edge elements 1 and 3 in the long-period TU systems of Figs. 7-9 (NZS-92), with the
same elements in Figs. 3, 5 and 6 (SSP). For element 3, the factored strength increase of 3.5
(see above) reduces dramatically the number of yield excursions (from 12 to 1), and consequently
the proportion of hysteretic energy dissipated by this element is very small in the code-designed
system (Fig. 7(b)). Hence with respect to the flexible-edge element, the code objective of reducing
torsion-related response (and consequent damage) is clearly met satisfactorily, as also concluded
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by Tso and Zhu (1992) and Chandler, et al. (1994). However, the same cannot be said of the
performance of the stiff-edge element [. For this element, the codified strength reduction of
30% referred to above, leads to increases in both the number of yield excursions (from 6 in
the SSP case to 9 in the code-designed system), and also in the proportion of hysteretic energy
dissipated by this element. In respect of the latter measure of response, element 1 dissipates
around 75% of E, in the code-designed system (Fig. 7(b)), and may therefore by vulnerable
to increased damage. This deduction is also compatible with the conclusions of the ductility-
based research studies referred to above. Finally. it is noted that the overall increase of lateral
strength (known as overstrength) in the code-designed system, which arises partly from the al-
lowance for dynamic torsional effects and also from the accidental torsional provisions, leads
to a reduction of the hysteretic energy dissipated by around 40% (compare Figs. 3(b) and 7(b)).

7. Hysteretic energy spectra

As previously mentioned, the general characteristics of the distribution of energy, as identified
in the time-histories presented earlier, are applicable to a wide range of earthquake ground
motions with various properties. However, the pattern of yielding sequence and therefore the
energy absorption and dissipation are highly dependent upon the earthquake event and its parti-
cular characteristics (Correnza 1994). Therefore the effect of the ensemble of six earthquake
events on the hysteretic energy E, dissipated in the TB and TU model configurations has been
studied (Figs. 10 and 11). and the individual contributions of each element to E, identified
for a sample of three records (Fig. 12). In this latter figure, the quantity H; is referred to as
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Fig. 10 Hysteretic energy spectra for lateral elements in NZS-designed TB systems subjected to an ensem-
ble of earthquake ground motions.

the proportional hysteretic energy ratio, where i is the element number (1, 2 or 3). This parameter
is the ratio of the hysteretic energy dissipated by a particular element, to the total hysteretic
energy E, dissipated by the system.

These studies have been conducted employing the New Zealand (NZS-92) torsional code provi-
sion to distribute the lateral element strengths, and the variations in E, are presented for systems
with moderately large stiffness asymmetry (e,=0.3) as energy spectra, for systems with a range
of fundamental lateral periods (7,=0.2-2.5 secs). The earthquake records utilised have been divided
according to Section 2 into 3 pairs, such that in Figs. 10-12, the records in parts (a) and (b)
have moderate values of the ratio A/V, records in parts (c¢) and (d) have intermediate 4/V
and records in parts (¢) and (f) have low 4/V. In general terms, systems with short periods
have a tendency to respond more severely to records with higher 4/V, whereas systems with
long periods tend to have higher response when subjected to records with lower values of 4/V.

For the TB system (Fig. 10), it is noted that the stiff-edge element 1 dissipates most of E,
whereas elements on the flexible side (2 and 3) dissipate relatively small but approximately
equal amounts of energy over the period range considered. This is further clarified by results
given on the left-hand side of Fig. 12, which correspond to three selected records shown in
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Fig. 11 Hysteretic energy spectra for lateral elements in NZS-designed TU systems subjected to an ensem-
ble of earthquake ground motions.

Fig. 10 (one record for each 4/V category). Fig. 12 shows that for the TB case, 75-90% of E,
is associated with the yielding of the stiff-edge element |. The elements located on the flexible
side of the structure each contribute about 5-10% of E,.

The general trends of dissipated hysteretic energy with period are similar for TU systems
(Fig. 11), compared with the reference TB cases (Fig. 10), although the total E, dissipated is
considerably smaller (by 2040%) in the code-designed TU systems, for the reasons discussed
in Section 6 above. With regard to the proportion H; contributed by each of the elements in
TU systems towards the total hysteretic energy dissipated by the structure. the results presented
on the right-hand side of Fig. 12 show that there is considerable variation depending on the
system period and the earthquake category (4/V ratio). For short-period systems with 7,<0.8
sec, subjected to the El Centro record with moderate 4/V (=0.8), element 3 contributes roughly
60% of the hysteretic energy dissipated. The same ratio applies within the wider period range
T,<12 sec, for systems subjected to the 4680 Wilshire record (4/V=0.6), and the corresponding
period range is further extended to 7,<1.8 sec for the Long Beach record (4/V=04). In the
same period ranges, element 1 yields only slightly and contributes around 20% of the hysteretic
energy dissipated by the system. For systems with periods longer than those given above, element
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Fig. 12 Proportional hysteretic energy spectra for lateral elements in NZS-designed TB and TU systems
subjected to selected earthquake ground motions.

I increases its extent of yielding (H,). with a compensating reduction in H,. However, H, remains
approximately constant throughout the full period range. These trends highlight the period-depen-
dency of inclastic torsional effects. as discussed in greater detail in Chandler, er al. (1994).

8. Influence of structural eccentricity on hysteretic energy

An investigation has been made of the effect of varying the level of stiffness eccentricity,
on the total hysteretic energy dissipated and its composition with respect to element energy
dissipation, for TB and TU systems designed according to the New Zealand (NZS-92) static
code torsional provisions. These systems have been analysed in response to the three selected
earthquake events with a range of 4/ V ratios. as referred to in Section 7. The results are presented
in Fig 13 for short-period systems (7,=0.5 sec), and results for systems with longer periods
have been presented in Correnza (1994).

For the TB system (left-hand side of Fig. 13), the normalised CR eccentricity e, defines the
position of CR with respect to GC. as in Fig. 1(b). For the symmetric case with e, =0, the
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Fig. 13 Effect of eccentricity on the hysteretic energy dissipated in lateral elements in NZS-designed
short-period TU and TB systems subjected to selected carthquake ground motions.

properties of all elements are identical, and hence each element contributes equally towards
E, With increasing 2, the strength amplifying effects of the accidental torsional provisions,
described in Section 6.2 above, cause the hysteretic energy dissipated by elements 2 and 3 to
reduce, and their contribution becomes negligible for highly eccentric systems with e,=04. Conve-
rsely, although the accidental torsional provisions amplify the strength of element 1. this effect
is greatest when the system is symmetric, ie. for e,=0, for which the lever arm between the
stiff-edge element and CR is greatest. Therefore, the contribution of hysteretic energy dissipated
by element 1 increases rapidly as e, becomes larger.

For the TU case (right-hand side of Fig. 13), increasing the normalised static eccentricity
2, causes a reduction in E, for systems subjected to the E1 Centro record (4 /¥=0.8). Contrastingly,
the hysteretic energy dissipated E, shows slight increases with larger e, for systems subjected
to records with 4/V=06 and 04. As &, increases, the contribution of element 3 to E, increases
and that of element 1 decreases, but the contribution of element 2 remains approximately constant.
The presentation of results in all earlier figures for the case ¢,=03 appears to be justified, on
the basis that neither the hysteretic energy dissipated, nor its distribution amongst the elements,
are as sensitive to variations in eccentricity, compared with variations in lateral period or the
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category of earthquake input record.

9. Application to damage estimation

Previous studies (Park and Ang 1985, McCabe and Hall 1989) have incorporated energy-based
parameters and the total number of yield excursions to derive damage models or indices for
application in design procedures or in analytical and experimental research. The results presented
in the current paper indicate the potential for extending this approach to torsionally responding
inelastic systems, in order to define energy-related damage indices for the critical edge elements
in such systems. These indices have the potential to provide information for evaluating the
efficiency and effectiveness of code torsional provisions, particularly in preventing excessive da-
mage for ultimate limit state design of torsionally-responding systems subjected to severe earthqua-
kes. Comparisons with existing code evaluation studies (Tso and Zhu 1992, Chandler, er al.
1994, Goel and Chopra 1994) based on inelastic ductility and deformation demands would then
be feasible, to obtain a more complete code assessment procedure. Studies are currently being
carried out towards this objective and some preliminary results have been included in Correnza
(1994).

10. Conclusions

The studies presented in this paper have employed energy response parameters to assess the
effect of various earthquake events, structural configurations and fundamental system parameters
on the inelastic response of torsionally balanced and unbalanced structural models. The latter
have included both the stiffness and strength proportional case, and a typical code-designed
torsionally-responding system. The energy imparted to structures by earthquake-induced loading
has been investigated, by considering its breakdown into instantaneous (or absorptive) components
and dissipative components. Of the latter type, the hysteretic energy is indicative of the damaging
potential of a given ground motion, and for torsionally responding systems the distribution of
hysteretic energy amongst the resisting elements permits assessments firstly of response characteri-
stics in eccentric systems, and secondly an evaluation of the effectiveness of code torsional provi-
sions.

The introduction of torsional response has been observed to have a very significant influence
on the energy response behaviour of inelastic systems. Of particular note is the re-distribution
of hysteretic energy dissipation, such that for torsionally unbalanced systems, elements on the
flexible side of the building (and especially the flexible-edge element) dissipate almost all of
the hysteretic energy of the entire system. This is in contrast to the laterally-responding torsionally
balanced reference system, with stiffness distribution identical to the torsionally unbalanced sys-
tem, which relies on a very high contribution from the stiff-edge element towards the dissipation
of imparted seismic energy. These effects have been observed both for systems designed for
torsional effects, and to a greater extent for systems in which element design strengths take
no account of changes arising due to torsional response.

The total hysteretic energy dissipated by both laterally-responding and torsionally-responding
systems, and its distribution amongst the lateral load-resisting elements, have been studied in
the form of energy response spectra. The total hysteretic dissipated energy is influenced to a
similar degree in both forms of system, by variation of the ground motion A/V ratio. Whilst
the relative contributions of elements to the hysteretic energy dissipated by the system remain
almost constant with lateral period for torsionally balanced systems, in code-designed torsionally
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unbalanced cases the energy is largely dissipated by the flexible-edge element in short-period
systems whilst the stiff-edge element contributes significantly only in longer-period systems.

The inclusion of codified accidental eccentricity provisions in determining element design
strengths for the torsionally balanced case causes the contribution to energy dissipation made
by the flexible-side elements to decrease as the eccentricity of the stiffness centre increases, and
this effect is substantially compensated by an increase in the contribution from the stiff-side
element. For the corresponding torsionally unbalanced code-designed system. the increase of
static eccentricity causes the flexible-edge element to increase significantly its contribution to
hysteretic energy dissipation, whilst the contribution of the stiff-edge element correspondingly
reduces as the beneficial effects of torsional response become apparent. The need to protect
the flexible-edge element in torsionally-responding systems by specifying a sufficient increase
in its design yield strength is therefore paramount.

Finally, it is suggested that energy-based response parameters be developed in order to assist
evaluations of the effectiveness of code torsional provisions in controlling damage to key structural
elements in severe earthquakes.
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