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ABSTRACT

The earthquake behavior of lightly-damped, torsionally-coupled moment resisting steel
space frames is investigated by analyzing the recorded three-dimensional response of a “regular”
thirteen story steel frame building located in San Jose, California, and by performing several elastic
and inelastic computer analyses of this and similar structures. Several earthquakes have been
recorded in the case study building. Of these, three earthquakes are considered in this report: the
1984 Morgan Hill, the 1986 Mt. Lewis and the 1989 Loma Prieta events. During these events the
building responded severely, though no structural damage was observed. The recorded responses of
the structure were unusual; characterized by long duration, narrow banded periodic motions, with
strong amplitude modulation; by large displacements and torsional motions; by large amplification
of the input ground motions; and by slow decay of the building’s dynamic responses.

Three-dimensional linear and nonlinear numerical models of the complete structure are
developed to simulate the recorded responses and to study the effects of changes in various parame-
ters. The dynamic analyses consider unidirectional as well as bi-directional input motions with and
without torsional input excitations. A “best fit” model employing standard analysis and design
procedures is identified. The parameters affecting the correctness of the response are determined.
The effects of such factors as inelastic behavior, amount of equivalent viscous damping, additional
plan eccentricities, and input motion characteristics on the overall response of the structure are
studied. Typical design code recommendations for this type of structure are also evaluated as part
of this investigation.

The investigation concludes that lightly-damped regular space frame structures like the
one studied are highly susceptible to strong lateral-torsional and modal coupling because of the
closeness of their predominant periods and the possible severe effects of “small” accidental eccen-
tricities. It is shown that even small input motions can produce large responses, if the predominant
periods of the structure match those of the site. These various effects together with the large
flexibility often found in steel moment resisting frames can create structures that exhibit unusually

severe seismic responses.
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CHAPTER 1

INTRODUCTION

1.1 General

During the past few decades extensive strong motion instrumentation programs have been
undertaken around the world. One of the most densely instrumented areas is California where
several hundred ground sites as well as a considerable number of structures are currently being
monitored. In recent years, a series of important earthquakes has occurred in California producing
a large amount of data on the response of buildings, bridges, dams and other structures. This
information on the “actual” behavior of structures during earthquakes provides researchers with
a unique opportunity to validate or reject analytical theories and design assumptions, to verify
and improve analytical models, and to identify the basic factors governing the seismic response
characteristics of various types of structures.

Some of the most significant and unusual response time histories obtained to date have
been recorded in an apparently regular thirteen story government office building, located in San
Jose, California (see Fig. 1.1). This building is instrumented with twenty-two unidirectional strong
motion accelerographs, positioned as shown in Fig. 1.2.

Several earthquake records have already been obtained in this structure. The three most
intense responses recorded to date are those obtained during the Morgan Hill earthquake of April
24, 1984 (M; = 6.2), the Mt. Lewis earthquake of March 31, 1986 (M; = 5.8) and the October
17, 1989 Santa Cruz Mountains-Loma Prieta earthquake (M; = 7.1). The acceleration records are
shown in Figs. 1.3 through 1.5 [20]. Peak horizontal ground accelerations recorded for these events
at the base of the building (Channels A20, A21 and A22) were 4, 4 and 11 % g, respectively. The
building substantially amplified these base motions so that the maximum structural accelerations
during the earthquakes were 17, 32 and 36 % g, respectively. This degree of amplification is unusual,
especially for the Mt. Lewis event. During each of the earthquakes, the motion of the structure
caused widespread damage to contents and disruption of services. Some of this damage can be seen
in Fig. 1.6.

Another unusual feature of the responses shown in Figs. 1.3 through 1.5 is that the struc-
ture continued to vibrate vigorously for more than 80 seconds. The input motion (see Channels
A20, A21 and A22 in these figures) was much shorter in duration and maximum structural re-

sponses occurred generally long after the apparent end of the strong motion portion of the base



excitation. The records also exhibit a strongly modulated pattern and locally indicate that the
structure experienced substantial torsion.

This behavior is apparent, for example, in the two EW direction acceleration time histories
of the twelfth floor (Channels A8 and A9) obtained during the Mt. Lewis event, and shown in Figs.
1.4 and 1.7. These figures clearly show the long duration of the motions, the slow decay of the
amplitudes with time and the strong modulation of the response. The response modulation can be
identiﬁed in Fig. 1.7 by the large dip in amplitudes around second 25. The amplitude of the motion
grows substantially after this time even though the intensity of the input motion has diminished
significantly. Torsional behavior can also be observed in this figure, especially around second 25,
when the records obtained at opposite corners of the building, are nearly 180° out-of-phase.

In addition, occupants of the building have indicated that even for small earthquakes the
structure oscillated strongly, and for long periods of time.

This building appears to be a relatively typical example of a steel moment-resisting space
frame structure. For office use, such systems generally have large open spaces, regular floor plans
and lightweight exterior cladding. Because this building represents a commonly used structural
system and because of its apparently unusual and severe recorded response to “service level” earth-

quakes, a detailed study of the building’s response is warranted.

1.2 Previous Work on the Building

The response of this building has been the focus of several previous studies. Results of
some of these studies will be described later in more detail.

Shakal and Huang {47] showed that the building exhibits significant torsional response.
Bard [3] investigated the importance of foundation rocking on the response of the building. He
found that the flexibility of the foundation did not contribute significantly to the large amplification
of base motion observed in the building.

Lin and Papageorgiou [30] performed a system identification analysis of optimally syn-
chronized records. In their investigation predominant periods and damping values were obtained
as functions of selected time windows. Boroschek et al. [2, 6, 7, 8, 33] also estimated the dynamic
characteristics of the structure, obtained envelopes of structural responses during the Morgan Hill
and Mt. Lewis earthquakes, and suggested some causes for the behavior of this building by di-
rect analysis and interpretation of the recorded responses. Both of these studies noted complex
three-dimensional mode shapes and closely spaced natural periods.

Arnold [1] and Naaseh [37] described the behavior of the occupants of the building and

the nonstructural damage observed in the building during the earthquakes mentioned.



1.3 Literature Review

Because of the possibility that the torsional response contributed to the intensity of mo-
tion observed in the building, a brief review of the literature on this topic follows. Analytical

investigations are summarized and recommendations in building codes reviewed.

1.3.1 Torsional Response, Analytical Studies

Several investigations have studied torsional and lateral-torsional coupling in structures
in the linear and nonlinear range. For examples, see References 10, 14, 15 17, 18, 24, 25, 26, 41,
43, 46, 50, and 55.

Linear analyses of one-story systems have indicated that coupling of lateral and torsional
motions occurs when stiffness or mass eccentricities are present in a system. The structural pa-
rameters that control the response of simple linear torsionally-coupled systems under bi-directional
input motion are the uncoupled translational periods, the ratios of the translational to the torsional
uncoupled periods, the ratios of the stiffness eccentricities to the radius of gyration of the story,
and the viscous damping coefficient.

Under unidirectional translational input, a structure with a single eccentricity (orthogonal
to the direction of excitation) exhibits a torsionally-coupled response that causes, relative to a
comparable uncoupled system, an increase in rotation and torque, an increase of the shear on
vertical elements located away from the center of stiffness, a reduction of the displacement at the
center of mass in the direction of input, and a reduction of the base shear and overturning moment.
These effects are more strongly observed when the ratio of uncoupled translational to torsional
period is close to unity. As observed by Newmark [40], systems tend to have identical torsional and
translational uncoupled periods when they have a uniform distribution of member stiffness in plan.
Closely spaced modal periods were noted for the apparently symmetric San Jose office building.

The behavior of systems with eccentricities in two orthogonal directions differs from that
observed for single eccentric systems, especially when the two translational uncoupled periods are
the same [25]. The behavior is quite complicated and depends not only on the properties of the
system, but also on the characteristics of the input motion. Nevertheless, the following general
observations have been made for eccentric models (with eccentricities in both global directions)

subjected to one component of input motion [25]:

o The base shear in the direction of loading does not exceed that observed in an associated

uncoupled system.

e The base shear in the direction transverse to the input motion can be large (even similar



to the shear in the direction of motion) especially for large eccentricities associated with the

direction of motion.

¢ The torque typically increases with increase in the eccentricity transverse to the direction of

loading, but could decrease if the eccentricity in the direction of loading increases.
e The effect of torsional coupling decreases with increase in the amount of viscous damping.

o Small eccentricities, in regular structures with similar uncoupled translational and torsional
periods, subjected to a ground motion characterized by a hyperbolic variation of the spectral
acceleration with period, produce large amplifications of the static torque (i.e., the ratio of
the dynamic torque to the torque obtained by multiplying the base shear of an uncoupled
system by the eccentricity present in the coupled system), when compared with a system
with larger eccentricities. On the other hand the effect of small eccentricities on base shear

is small for these systems.

In the inelastic range additional parameters, such as the yield characteristics of the ele-
ments and the number and distribution of elements, affect the response. These parameters deter-
mine the position of the center of strength. This center is defined in a single-story system as the
point at which a lateral load should be applied so no story rotation occurs when all elements yield
(i.e., the plastic centroid).

An extensive study of inelastic one-story laterally-torsionally coupled structures with one-
way eccentricity and unidirectional input was recently undertaken by Goel and Chopra [14, 15].
They found that stiffness eccentricities typically increase the story rotation and reduce the dis-
placement at the center of stiffness in comparison with the associated uncoupled system. These
effects were found to be less pronounced for systems with only stiffness eccentricities (compared
with systems with both stiffness and strength eccentricities). Ductility demands on elements (which
typically depend on the position of the element with respect to the centers of mass and stiffness)
generally increase with increasing stiffness eccentricity. This increase occurs for systems without
strength eccentricities for all periods, and mainly in the constant velocity (intermediate period)
portion of the input response spectrum for systems with strength eccentricities.

Special attention was given by Goel and Chopra [15] to nonlinear systems with small
stiffness eccentricities. Their investigation concluded that the dynamic amplification of the static
torque and the reduction of the displacement at the center of stiffness in the direction of loading
caused by lateral-torsional coupling are considerably reduced in comparison with those of similar
linear structures.

When bi-directional inputs are included the nonlinear problem is further complicated

because torsional rotations could occur in symmetric systems (mass, stiffness and strength) if full



moment-axial load interaction is present in the resisting elements. Some examples of this effect are
presented by Kobori [27], Pecknold [42] and Zeris [56]. There are only a few studies in the literature
referring to nonlinear torsionally-coupled systems with bi-directional input; for example, the work
by Yamazaki [55] and Prasad and Jagadish [43]. These investigators worked with simple one-
story mass eccentric structures consisting of four columns having bi-directional moment interaction
surfaces which do not vary with axial load. Because of the large number of parameters involved in
the response and the rather small set of input motions and structural configurations evaluated, it
is hard to generalize from these studies.

It is nonetheless clear that coupling of lateral and torsional responses could make an
important contribution to the severity of the responses observed in the San Jose office building
because of its closely-spaced modal periods and potentially small energy-dissipation capacity in the

elastic range.

1.3.2 Code Recommendations for Torsionally-Coupled Structures

In contrast to the rather complex parameters and considerations employed in analytical
studies of torsionally-coupled systems, building design codes generally present very simple proce-
dures to account for these effects. For torsional design, the codes first require identification of the
static stiffness eccentricity, €satic, O categorization of the structure as being irregular or regular in
plan, or both.

To take into account different factors in the responses of torsionally-coupled buildings, the

static eccentricity present in a structure is usually modified using an equation of the form [41]

€design = Q€static T /B[D] (11)

or
€design = VE€static — ﬂ[D] (1‘2)

in which D is a representative plan dimension of the building and o and § are constants. These
equations try to include in a simple manner the dynamic amplification of the static eccentricity,
input torsion, and accidental torsional eccentricities due to errors in calculation of material prop-
erties, modeling assumptions and non-uniform “live load” distributions. The modified eccentricity
that produces the most severe effect on the element being designed, is used. Some codes (e.g., 1988
UBC [22]) indicate that when considering the additional eccentricity no reduction of forces should
be allowed, i.e., these equations are only used to increase force levels in elements.

For example, to consider torsional effects in building structures, the 1988 and 1991 Uniform

Building Codes [22, 23] and the 1988 NEHRP [11] recommendations require that the structure be



initially analyzed with an additional (accidental) mass eccentricity, taken as 5% of the building
major plan dimension in the direction of loading. The structure is then characterized as being
regular or irregular. A structure is considered to be torsionally irregular “when the maximum story
drift, computed including accidental torsion, at one end of the structure transverse to an axis is
more than 1.2 times the average of the story drifts of the two ends of the structure.” If the structure
is considered torsionally irregular, is under 20 meters (65 feet) in height or no more than five stories
tall, and is located in the most severe seismic zone (Zone 4, Z=0.4) then an additional static analysis
with an amplified (accidental) eccentricity should be used. The amplification factor ranges between
1 and 3, and depends on the ratio of the maximum in-plane displacement (including torsion) and an
average floor displacement. Only increases are allowed in forces on the elements when considering
this additional eccentricity. If the structure is higher than 20 meters, torsionally irregular and in
seismic zone 4, then a three-dimensional dynamic analysis with the accidental eccentricity is also
required. For this case and for any three-dimensional model, if a response spectrum approach is
taken, a modal combination procedure that considers modal interactions shall be used.

The New Zealand building code (1984) [21] requires that “the main elements of a building
that resist seismic forces shall, as nearly as is practicable, be located symmetrically about the
center of mass of the building” so the ductility demands do not increase because of torsional
effects. The structure is categorized as regular or irregular in terms of the geometric characteristics
of the plan and in terms of the eccentricity. Regular plans are those that do not have large re-
entrant corners. A moderate eccentricity is defined as one producing in the most unfavorably
affected element a shear due to torsion that does not exceed three quarters of that due to lateral
translational motion. For regular (geometry) structures more than four stories high with a high
degree of eccentricity, the torsional effects can be considered using static or dynamic analysis of a
two-dimensional mathematical model; however, a three-dimensional model is recommended. For
irregular structures more than four stories high with a high degree of eccentricity, torsional effects
are treated by using a dynamic analysis and a three-dimensional model. For either case (static or
dynamic), an additional eccentricity of 10% of the building dimension is considered.

The 1986 Costa Rican seismic design code [21], similar to the UBC, first characterizes
the structure as being regular or irregular. For this categorization, the code requires that stiffness
eccentricities be evaluated at each floor (each story is treated as an independent structure). No
story may have an eccentricity exceeding 5% of the largest building dimension to qualify as regular.
Also, the code requires that the center of stiffness and mass for all floors be contained within a
rectangle with maximum dimensions equal to 10% of the building dimension. Furthermore, for
each story treated independently, the coupled translational periods should be at least 42% larger

than the coupled torsional period. A static analysis can be applied, if the structure is regular



and below seven stories or not more than 30 meters in height. A dynamic analysis is required for
structures over seven stories tall even if they are regular. When torsional irregularities exist, but
lateral and torsional story periods are well separated, a static load procedure can be used along
with a three-dimensional mathematical model. No accidental eccentricity needs to be added to the
static eccentricity for these analyses. For irregular structures with close fundamental periods, a
dynamic analysis is required and modal maxima should be combined by a method that considers
modal interaction effects. In addition, the Costa Rican code does not permit structures that have
a floor eccentricity larger than 30% of the maximum building dimension.

The 1987 Mexican seismic code [21] requires that in order to qualify a structure as regular
the static stiffness eccentricity for all stories of the building should be less than 10% of the maximum
planar dimension of the building. To design for torsional effects, the code sets limits on the stiffness
and strength eccentricities of a given floor. It is indicated that the eccentricity of the center of
strength, e,, for a reduction factor (Q) of 3 e, > e,—0.2[D] and for Q greater than 3 e, < e;—0.1[D],
where D is the maximum building dimension in plan. Also, lateral loads at each story should be
placed at a design eccentricity given by the following equations, that is more critical for the frame

or wall being designed:

€design = 1.5¢, + 0.1]D] (1.3)
€design = €5 — 0.1[D] (1.4)

There is not explicit indication in the code that forces due to this eccentricity are not to be
used if they reduce the force found using the basic static eccentricity. There are two additional
requirements: the static eccentricity for a given floor cannot be less than half the value of the static
eccentricity for any of the floors below, and the design torque applied at a given floor cannot be

smaller than half the value found for any of the upper floors.

1.4 Recorded Data

Because accelerograph records will be used to investigate the seismic behavior of the struc-
ture it is important to understand the accuracy and limitations of this data. The dynamic response
of the San Jose office building was recorded using uniaxial accelerometers connected to two central
recording units. The data was recorded on seven inch wide photographic film and then processed
using a standard procedure defined by the California Strong Motion Instrumentation Program
(CSMIP). A detailed description of this data processing technique can be found in Reference [20].

In this procedure records are typically digitized at 200 points/sec using a computer driven

optical scanner. “Corrected” acceleration, velocity and displacement time histories are derived by



performing a series of data integrations and corrections. The basic corrections involve compensation
for transducer errors, determination of the zero base line, making starting time adjustments, and
low and high band pass filtering. The resulting data typically has 50 points/sec, a 25 Hz Nyquist
frequency. An Ormsby filter is used for the filtering. The ramps on this filter are set for a group of
records depending on the relative characteristics of the signal, the noise present in the records and
the intrinsic “noise level” of the procedure.

The expected “noise level” for the CSMIP procedures can be seen in Figs. 1.8 and 1.9.
The pseudo-velocity spectrum of the system noise, Fig. 1.8, is used to set the long period limit of
the filter so that a target signal-to-noise ratio for the set of records is achieved. Typically this ratio
is set to 10/1. Figure 1.9 shows the average values of peak acceleration, velocity and displacement
obtained by processing several records with zero acceleration with the CSMIP procedure; they
are presented as a function of the long cut-off period of the filter used. Thus, this figure is an
indicator of the likely errors present in processed records. The trend shown in this figure indicates
that the expected acceleration noise is independent of the filter limits and near 1.5 cm/sec/sec
(0.16% g). Velocity errors tend to vary proportionally to the cut-off period (~ (T/10) cm/sec)
and displacement errors vary with the period squared (=~ (T/10)? cm). Thus, when processing the
accelerograph records to study the behavior of a structural system the filter cut-off ramps should be
carefully set taking into account the expected predominant periods of the structure, the recording
noise and the processing procedure limitations. Similarly, when using recorded response data the

inherent resolution error must be recognized, especially for low-level signals.

1.5 Objectives and Scope

Because of the unusual and severe response of the San Jose office building and the oppor-
tunity to use the response records to identify the causes of this response, an investigation with the

following objectives was initiated:

o To identify the basic structural and/or ground motion characteristics that caused the unusual

response of the building.
o To evaluate the ability of conventional linear and nonlinear models to reproduce the response.

e To evaluate the adequacy of current design procedures to identify and control this type of

response,

¢ To evaluate the effect that factors such as lateral-torsional coupling, modal interactions, and

viscous damping have on the response of nearly regular space frame structures.



e To investigate the possible nonlinear behavior of the structure under more intense ground

motions.
¢ To identify ways of improving the behavior of the structure.

In Chapter 2 basic formulae that demonstrate the causes and effects of torsionally-coupled
response are developed for simple linear one-story systems. Also, examples are presented to describe
qualitatively the effect of multi-directional input motions and viscous damping on the response of
these systems.

The basic structural characteristics of the San Jose office building are described in Chapter
3 with details of the instrumentation and the site conditions.

In Chapter 4 the recorded responses of the building during the 1984 Morgan Hill, 1986
Mt. Lewis and 1989 Loma Prieta earthquakes are described. Dynamic properties of the building
are obtained from analyses of the structural response records. Envelopes of derived response pa-
rameters (maximum displacements, interstory drifts, torsion, rocking, deformed shapes, base shear
and overturning moments) are also presented. Similarities between the response of this building
and those observations made in Chapter 2 for simple one-story structures are also discussed.

Several linear elastic computer models are developed in Chapter 5 to evaluate different
aspects of the observed structural behavior. The ability of these mathematical idealizations to
reproduce the recorded building response is examined. The sensitivity of the response of the
model to variations in mechanical, damping and inertial properties and to different ground motion
records is presented. Typical building design code recommendations for this type of structure are
also examined in this chapter.

The possible effects of inelastic behavior on the response characteristics of the building are
discussed in Chapter 6. A three-dimensional model of the building is analyzed to assess the effects of
the severity and type of ground motion, the degree of static eccentricity present and viscous damping
on the response of multi-story frame structures. Comparisons are made in this chapter between
the results of the inelastic response analyses and observations made previously regarding one-story
torsionally-coupled systems and systems with different amounts of viscous damping. Methods for
controlling the adverse aspects of the observed response are discussed as well.

Chapter 7 presents the conclusions of this investigation and areas for future research.

Details of certain aspects of the study are contained in the Appendices. Appendix A
develops simple formulae describing beating behavior resulting from constructive and destructive
reinforcement of closely spaced modes. These formulae are used to simulate the response of the

building.
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Simple formulae to determine the ratio of uncoupled lateral and torsional periods for
regular space frame structures are presented in Appendix B.

Appendix C presents the results of an investigation carried out to help clarify the effect
of viscous damping on the dynamic response of inelastic one degree-of-freedom systems. The
effect of damping on maximum ductility demand, cumulative ductility demand, and the amplitude
and apparent duration of the response envelope are examined considering single degree-of-freedom

systems.
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Figure 1.3: Building horizontal acceleration records. Morgan Hill earthquake.
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Figure 1.6: Non-structural damage observed during the Santa Cruz Mountains-Loma Prieta event.
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CHAPTER 2

TORSIONALLY-COUPLED RESPONSE OF ONE-STORY SYSTEMS

2.1 General

The coupled lateral-torsional responses of one-story systems have been studied extensively
for several years [10, 14, 15, 17, 18, 24, 25, 26, 41, 43, 46, 50, 55]. Some general conclusions
from these investigations were reviewed in Section 1.3. In this chapter an attempt is made to
describe in more detail the basic dynamic and behavioral characteristics of one-story systems with
small eccentricities. The results obtained are compared in subsequent chapters with observations
developed from analyses of the case study structure.

A simplified analytical approach is used in this chapter to study the effects of small
eccentricities on the dynamic and response characteristics of simple elastic systems. The general
equation of motion for a one-story structure, with three degrees of freedom, is formulated. Closed
form solutions for the natural periods and mode shapes are then obtained for a system with identical
translational stiffness in orthogonal directions. The causes and effects of modal interaction and
beating in laterally-torsionally coupled systems are then investigated for a general eccentric system.
Numerical sensitivity studies are also perform to identify the effect of damping and the direction of
input motion on the response of these systems. Nonlinear effects are not presented in this chapter,

but are reviewed later in Chapter 6.

2.2 The Eigenvalue Problem for a Simple Eccentric System

The period and mode shape characteristics of a linear one-story system with three degrees
of freedom (Fig. 2.1) can be obtained by formulating an eigenvalue problem about its center of mass

in terms of the global stiffness at the center of stiffness and the distance between these centers, as

follows:
~Kye, (Ko+ Kqe2+ Kye) Kye, | ~mw) |0 12 0 vgn | = | 0 (2.1)
0 Kye; K, 0 0 1 Vyn 0
where

K is the story translational stiffness in the X direction at the center of stiffness,
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K, is the story translational stiffness in the Y direction at the center of stiffness,
K is the story torsional stiffness at the center of stiffness,
r is the story radius of gyration,

e; is the distance from the center of mass to the center of stiffness in the global X
direction,

ey is the distance from the center of mass to the center of stiffness in the global Y
direction,

wy, is the natural frequency for mode “»” and n = 1,2, 3,
Ugn, Von, and vy, are the translational and rotational components of mode n, and

m is the story mass.

The general eigenvalue problem presented here cannot be solved in closed form because of
the cubic form of its characteristic equation. Nevertheless, this equation can be solved for the special
case of identical translational stiffnesses in the X and Y directions. In this case K, = K, = K.
The solution of this special problem, provides, as shown below, good insight into the more general
problem. If Equation 2.1 is divided by K and the matrices are transformed to evaluate rvg, instead

of vg,, then the following equation is obtained:

1-Q, - 0 Von 0
~ (@ (@) (=) - ) = || o | =0 2.2)
0 £z 1-9Q, Vyn 0
where
w? = -‘% is the square of the uncoupled translational natural frequency of the system,

Q, = (ﬂwm)2 is the square of the ratio of coupled to uncoupled frequency, and

e? = K¢ is the ratio of torsional to translational stiffness at the center of stiffness. Note

=

that (e,/r)? for a mass eccentric system is equal to the ratio of translational to torsional
uncoupled period.

The eigenvalue solution for this system can be expressed as

Q = 1 (2.3)

Q5 =

| =
TN
-
-+
N
'm
(=]
N’
[ &}
-+
N
| o
N—”
[ &)
N——
-+
| —a— |
TN
[y
+
TN
l«s
o
N——’
[ ]
+
TN
=0
N—
[+
N———
|
S
N
5 |&
——’
2
=

where
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62'—‘62.-{—632/

After some numerical manipulation it can be shown that

€

(1-2)(1-03)=— (—)2 (2.4)

P

Figures 2.2 and 2.3 present the variation of the eigenvalues with respect to the parameters
(e,/7)? and (e/r)%. These figures show that these functions are smooth and that an increase in the
global static eccentricity (e) produces a separation of the natural periods of the coupled system.
Additionally, for torsionally flexible systems (i.e., (e,/r)? < 1) and small global eccentricities Q;
has values smaller than unity and the values of Q3 are close to one. The opposite is found for
torsionally stiff systems. This implies that for ¢,/r close to one and small static eccentricities, the
three coupled natural periods of the system could be extremely close.

The mode shapes that correspond to this special eigenvalue problem have the following

form, if e, # 0 and ey # 0:

eﬂ/r ez eﬂ/r
1— € 1-Q3

e=| 1 0 1 (2.5)
~exfr ey —ezfr

1- e 1-Q3
The mode shape that corresponds to {2, is purely translational; the predominant direction
of the mode is skewed relative to the reference axes, in accordance with the static eccentricity.
For the case of systems with small eccentricities ((e/r)? < 1), and similar lateral and

torsional uncoupled natural periods ((e,/r)? ~ 1), Equations 2.3 and 2.5 can be approximated by

lel—g; Q2=1and93z1+§ (2.6)
and
v B,
¢ = -\}-5 0 ﬁ =[01 & @3] (2.7)

where the mode shapes are normalized so that ®!®; = 1.
Similar torsional and translational uncoupled periods are typically observed in systems
that have uniform distribution of stiffness in plan [40], like regular space frame structures (see

Appendix B for more information) and base isolated structures [26].
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Finally, the coupled natural frequencies of such systems can be estimated from Equation

2.6 making use of the assumption of small eccentricities, i.e.,
le le
wlmw(1—§;); wy = w; and w3zw(1+§;) (2.8)

Similar equations were obtained by Kelly [26] for structures with small eccentricities,
starting from more restrictive model assumptions.
These equations for predominant periods and mode shapes will be used subsequently to

study the effect of modal interaction on the response of structures with small eccentricities.

2.3 Equations of Motion and Beating Behavior for Coupled Lateral-Torsional Sys-

tems with Multi-Directional Inputs

The equation of motion for a one-story, three degree-of-freedom system can be expressed

in matrix form as

[MIIV]+ [CIV] + [K]IV] = —[M](RI[Vy($)]

where
(100
Ml=m|[0 1 0| =m[l])
(0 0 1
) [ V(1)
[Vo()] = | rVye(t) | is the matrix of effective ground accelerations, and
| Vau(®)

[R] is the influence coefficient matrix, taken as [I3] for the following studies.

Using a modal solution, the elastic response of the system is

where the components of [Y] are given by
¢
Ya(t) = / £"—(t—)e‘g"“’"(t"") sin(wan(t —7))d 7 ;
0 Wdn
where
(8,7 [M][R][Vy(1)]

Folt) =~ M@,

&, is the viscous damping ratio associated with mode n, and

Wyn = Wpy/ 1 — §n2 is the damped frequency associated with mode n.
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For a single acceleration impulse
Ya(t) = _1;1_ ( / Pu() dt) e~Ennt sin (wgnt) (2.9)
dn

To study some of the effects of modal superposition, the case of a one-story system with
small eccentricities (Equations 2.7 and 2.8) and similar damping ratios for all modes subjected to
an acceleration impulse will be considered. In this case e~§1%1t s g=82w2t ny g=8wst g ¢=¢w! Then,

the motion of the system has the following form for the global X or Y direction:
Vi or y = €594 A sin(wgt) + B sin(waat) + C sin(wgst)) (2.10)

where

A, B and C are constants.

The responses in the X and Y directions are a combination of three trigonometric series
with closely space periods. As shown in Appendix A, the sum of these trigonometric series results
in a strong modulation of the response, because of the constructive and destructive interference of
each term in the series. The resulting “beating” phenomenon is often observed in the response of
lightly damped mechanical systems with closely spaced coupled modes.

For small amounts of damping, wg, can be approximated by w,. Using formulae devel-
oped in Appendix A, and assuming that the trigonometric functions have similar characteristic

amplitudes, the beating periods of the response can be approximated by

8rr 4dmr
TBl = TB2 = E and TB3 = —U;e— (211)

and the apparent periods of oscillation are given by

27 27 2

o= o= eany ™= = v = o e

(2.12)

Assuming no torsional input motion, noting that
Pi(t) = —Py(t)

and taking

P(t) . Bs(1)
wy ~ w3

an estimate can be obtained for the rotational component:

—E&wt
Vs = \/56

( / Pl(t)dt) [cos(wt) sin(w-0) (2.13)

wy
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for which the beating period is

Tg = 27 (2.14)
we
and the apparent period of oscillation is
27
TN = - (2.15)

It can be seen from Equations 2.11 to 2.15, that the response in each degree of freedom is
characterized by a relatively rapid oscillation and a slowly varying amplitude envelope, typical of

beating behavior.

2.4 Response of Coupled Systems: Examples

Some examples of the modal superposition effects on torsionally-coupled systems, sub-
jected to simple acceleration impulses or more complex acceleration histories, are presented in
Figs. 2.4 to 2.13. Five structural models are presented in these figures. The parameters of the

models as related to the eigenvalue problem presented in Equation 2.2, are as follows:

o Model A: (2)* = 1.0and & = % = 0.0, m = 1 and no damping.

Model B: (%2)* 4+ (£)® = 1.0and — & = & = 0.05,m = 1 and no damping.

fl

Model C: (%)? + (¢&)?

l1.land — & = % = 0.05, m = 1 and no damping.

o Model D: (%2)* = 1.062and & = 2 = 0.0, m = 0.125 and 1 and 5% modal damping.

Model E: (2)? 4 (£)* = 1.072and & = — % = 0.072, m = 0.125 and 1 and 5% modal

damping.

The models were subjected to a triangular acceleration pulse of relative amplitude one
and one time step duration, in the X direction, and alternately, -1, 0 or 0.85 in the Y direction.
In addition, Models D and E were also subjected to the two base acceleration records obtained at
CSMIP Station 57357 (the case study building) during the 1986 Mt. Lewis earthquake. Further
descriptions of these records can be found in the following chapters and in Appendix C.

Responses of the models to these input motions are shown in Figs. 2.4 through 2.13.
Figures 2.4, 2.10 and 2.12 present the response of the uncoupled Models A and D for a bidirectional
pulse and the ground acceleration histories. Figures 2.5 through 2.13 present the response of the
coupled models for different input combinations. The displacement histories shown were obtained
at the “center of mass” of the system.

Some important results are observed from these figures.
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o Small eccentricities between the center of mass and stiffness result in coupled lateral and
torsional responses, and large modifications of the response envelope (amplitude and apparent

duration) relative to the associated uncoupled system.

e The response of coupled systems is sensitive to small changes in the uncoupled periods. For

example, compare the responses of Model B (Fig. 2.5) and Model C (Figs. 2.6).

e The coupled models subjected to a unidirectional pulse (X=1 and Y=0), Figs. 2.5 and 2.6,
exhibited a modulated response envelope in the direction orthogonal to the input motion
(Y direction). The envelope in this direction starts from zero and reaches a first maximum
after several cycles of the apparent natural period of the signals. The number of cycles that
the structure has to undergo to reach this first maximum can be estimated in the following
manner. The beating and the apparent natural period present on the response of the system
can be estimated from the following equations (developed in Appendix A) for the interaction

of two trigonometric signals with natural periods Ty and Tz (T3 > T3).

The period of the envelope modulation (beating)

2T\,
T = T T, (2.16)
and the apparent natural period
2T T,
Ty = 217
N Th+1> ( )

The number of cycles to reach the first maximum in the response can then be estimated as

1T T+ 1>
4Ty ~ ATy - Tz) (2.18)

and the time needed to reach this point is T5/4. It can be observed that the time of occurrence

of the maximum increases rapidly as modal periods approach one another.

It must be recognized that damping could have a strong effect on the overall elastic response
of such systems by diminishing the amplitude of the oscillations in each mode before the
maximum superimposed response of the undamped system is reached. As an example, Figure
2.9 shows the decay envelope for a single oscillating signal for different percentages of critical
damping. For free oscillations of systems with little (1% of critical) or no damping the
attenuation of the response is not sufficient to invalidate the trends suggested by the equations
presented above. However, for moderate amounts of damping (5% of critical), the beating

and modal reinforcement are not as noticeable.

o The response characteristics of coupled systems, subjected to multi-dimensional input, depend

strongly on the relation between the direction defined by the vector between the centers
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of mass and stiffness and the “predominant direction” of the input motion. Figures 2.6
through 2.8 present the response of Model C to a combination of impulses in both directions
(X=1, Y=-1, 0 and 0.85). It can be observed from these figures that the torsional response
increases or decreases depending on the combination of impulses used. The envelopes of the
translational components of motion are also greatly modified, but the responses are never

larger than those obtained for the associated uncoupled system.

The response of the coupled model to an earthquake record is more complex. Figures 2.10
through 2.13 show that the effect of coupling tends to increase considerably the response of the
lightly damped system (Model E, 1% of critical) after the maximum has been attained in the
associated uncoupled model. This effect is caused by modes of the structure constructively
reinforcing each other. The system with higher damping (Model E, 5% of critical) is not
affected by this constructive modal reinforcement as expected from the observations made

above for the systems subjected to impulse loads.

Conclusions

In this chapter the closed form solution for the predominant periods and mode shapes

of a coupled, linear, three degree-of-freedom system were derived in terms of the basic dynamic

properties of an associated uncoupled system and the eccentricity between the centers of mass and

stiffness present in the system. The form of this solution and the responses of the coupled systems

studied indicate the following:

The natural periods of a coupled system are smooth functions of the eccentricity between
the centers of mass and stiffness and the ratio of the uncoupled translational and torsional

periods of the associated uncoupled system.

Systems with small eccentricities and similar uncoupled periods have closely spaced natural

periods.

Systems with coupled modes, closely spaced predominant periods and low damping can in-
crease considerably the severity (effective duration and amplitude) of the response because of

modes constructively reinforcing one another.

Damping has a strong effect in modifying the duration and the amplitude of the response of

the coupled system, especially in the free decay portion of the response.

The orientation of the eccentricity with respect to the “predominant direction” of the multi-

directional input has a strong effect on the response of coupled systems.



28

Figure 2.1: One story plan definitions.
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CHAPTER 3

CASE STUDY BUILDING AND SITE DESCRIPTION

3.1 Building Location and Structural Characteristics

The building studied (shown in Fig. 1.1) is located at 70 West Hedding Street, San Jose,
California (Coordinates : 37.353 N, 121.903 W). It is a thirteen-story steel building designed in
1972 and constructed between 1975 and 1976. It has a nearly rectangular base and floor plan with
external dimensions 52.7 x 50.9 meters (173 x 167 feet) at the base and 50.9 x 50.9 meters (167 x
167 feet) at a typical floor. Story heights are 4.1 meters (13 feet 6 1/2 inches), Fig. 1.2.

The vertical load carrying system consists of an 8.9 cm (3 1/2 inches) thick light-weight
concrete slab on a metal deck supported on steel beams, girders and columns. The lateral force-
resisting system consists of four interior moment frames in each orthogonal direction and a perimeter
moment-resisting frame with tapered girders. The perimeter frame is aligned along lines B, M, 2
and 12 in Fig. 3.1. Structural steel for the main members is ASTM A572 Grade 50; for other
members it is ASTM A36.

Interior floor girders are typically 53 cm (21 inch) deep wide-flange sections and most
perimeter frame girders are built-up members, Fig. 3.2. The elevation of the tops of the interior
girders oriented in the EW direction and of all of the perimeter girders is 91 cm (3 feet) below the
nominal floor level. The floor deck system is oriented in the EW direction. Because of this floor
framing system, only the NS oriented girders are in contact with the floor deck. An additional set
of NS oriented beams at floor level is provided between column lines. These beams are supported
on a short stub-column resting at the midspan on the EW oriented girders, as shown in Fig. 3.3.
Full composite action, between girders and floor slab is not expected because shear connectors are
not provided. Typical connections between deck and floor girders are specified as 1.9 cm (3/4 inch)
plug welds in each trough.

Columns are typically 35 cm (14 inch) wide-flange sections with full height, 1.9 cm (3/4
inch) thick cover plates provided to form a box column. Heavy built-up box columns are provided
at the corners of the perimeter frame. Typical frame connections on the perimeter and interior
frames are moment resisting. Joint plate stiffeners and cover plates are provided (2.9 ¢cm (1 1/8
inch) thick), Fig. 3.4.

An additional external bent is supplied along each of the West and South sides of the

building to accommodate elevators, stairs and enclosed offices. Lighter steel framing elements are
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found in this area. Some connections for the EW oriented beams in this area are only shear resisting.

A mat foundation is provided to support the structure. A typical interior and perimeter
frame footing detail is shown in Fig. 3.5. Base plate dimensions are generally 91 x 91 x 10 cm (3 x
3 x 1/3 feet). Welds are specified between column and base plate. No plate stiffeners are indicated
on the plans.

The exterior of the building is covered on the West and South sides with corrugated
weathering steel siding attached by clips. The East and North sides are covered with glass curtain
walls. The building interior is generally open except on frame lines A, B, 12 and 13, (Fig. 3.1),
where partitions are provided. Typical partitions consist of gypsum wall boards or perforated metal
sheathing.

Using building plans and site inspection the dead weight of the building was estimated
as 4788 N/m? (100 psf). Considerable additional weight is present in the structure because of the
existence of large amounts of stored material.

The structural and architectural drawings for the building are available from the California

Division of Mines and Geology, Strong Motion Instrumentation Program.

3.2 Site Soil Characteristics

The building is situated in the Santa Clara Valley. The valley is characterized by deep
alluvial deposits [9, 45, 53, 54]. A detailed evaluation of the near-surface soil characteristics was
obtained from three soil studies carried out by Woodward-Clyde-Sherard Associates [53, 54] and
Earth Sciences Associates [9]. The latter study classified the first 15 meters (50 feet) of soil as stiff
to very stiff brown clay with an average undrained shear strength of 96 kPascal (2000 psf). Layers
of sand and gravel were found beneath the clay.

Depth to bedrock in the area is not known exactly. Nonetheless, well boring logs obtained
near the structure indicate that the depth is at least 244 meters (800 feet) [45]. Other reports
suggest that bedrock could be located as deep as 460 meters (1500 feet) [9].

Microtremor studies by Gibbs and Borcherdt {13] provide additional information on site
characteristics. It can be concluded from their work that predominant periods around 2 seconds
could be expected at sites close to the building. Also, transfer functions presented in their in-
vestigation at nearby sites show higher spectral amplitudes in the NS direction than in the EW
direction, for periods over one second. This signal directionality could be related to the underlying
geologic structure of the valley (approximately aligned in the NS direction [54]), but it could also
be related to the direction of the incoming waves considered in their studies.

Further evidence of this characteristic directionality and of the site periods can be found



42

on response spectrum plots derived from strong motion records at SMIP stations No. 57355 and
57356 during the 1984 Morgan Hill, 1986 Mt. Lewis and 1989 Santa Cruz Mountains earthquakes,
Fig. 3.6. These records were obtained at the base of two, ten-story structures located close (& 2
km) to the case study building. Although the ground motion records were modified by the building
motion [7] it appears that above 1 second the period content in the records was not severely affected,
since the values of the fundamental periods of the building for SMIP station No. 57355 are 0.6
second in the EW direction and 0.95 second in the NS direction and, for SMIP station No. 57356,
0.5 and 0.7 second, for the EW and NS directions, respectively, [7]. Also, the close agreement
between recording stations for periods above 1 second can be noticed from these spectra. A more

detailed study is required to assess more definitively the dynamic characteristics of the site.

3.3 Sensor Layout

Twenty-two analog accelerometers are installed in the case study structure [SMIP Station
No. 57357]. These accelerometers are connected to two separate central recording units. The
nominal time difference between the recording systems is 0.1 second [20]. The accelerometers are

distributed, as shown in Fig. 1.2, with

o three vertical accelerometers at the base located at the NW, SW and SE corners,

o three horizontal accelerometers at the base, with two in the EW direction and one in the NS

direction, and

o four horizontal accelerometers at the second, seventh and twelfth floors and at roof level, with

two in the EW direction and two in the NS direction.

This sensor layout permits the evaluation of such response features as drift, torsional
motion, modal characteristics, roof amplification, in-plane floor slab deformation and foundation
rocking.

A free-field instrument had been installed, but the owner requested that it be removed

shortly before the Morgan Hill event. It was re-installed following the Loma Prieta earthquake.
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48

CHAPTER 4

DYNAMIC CHARACTERISTICS AND RECORDED RESPONSE

4.1 General

The building studied has been subjected to several earthquakes. Its recorded responses
during the Morgan Hill (1984), Mt. Lewis (1986) and Loma Prieta (1989) earthquakes, are described
below. These events caused major disruption to the contents and occupants of the building, but
only minor damage to non-structural elements.

The basic response values presented in this chapter were obtained using CSMIP accelera-
tion records and derived velocity and displacement histories. No analytical models of the structure
were used for this part of the investigation. A series of specialized programs for vector manipu-
lation, frequency domain analysis (Fourier amplitude spectra, transfer functions, moving window
Fourier amplitude spectra and power spectral densities) and animation were developed and used

to reduce the large amounts of data available for the building [5].

4.2 Earthquake Records

Three different sets of earthquake records were considered to evaluate the behavior and
dynamic characteristics of the building. The first earthquake, designated Morgan Hill, occurred
at 13:15 local time (21:15:19 GMT) on April 24, 1984. The epicenter of this magnitude 6.2 (M;)
event was South-East of the building, at 37.31 N and 121.68 W; a focal depth of 8.4 km (5.3
miles) was reported [20]. The second earthquake, designated Mt. Lewis, occurred at 3:56 local
time (11:55:40 GMT) on March 31, 1986. This earthquake was somewhat smaller, M), = 5.8; it
was located more to the North (37.466N, 121.69W), and had a shallower focus, 6.5 km (4.1 miles).
The third earthquake, designated Loma Prieta, occurred at 17:04 local time (00:04:02 GMT) on
October 17, 1989. The epicenter of this magnitude 7.1 (M;) earthquake was South-West of the
building, at 37.037N and 121.883W; with a focal depth of 18 km (11 miles) [48]. The distances
from the epicenter to the building were 21, 23 and 35 km (13, 14 and 22 miles) for the Mt. Lewis,

Morgan Hill and Loma Prieta earthquakes, respectively.
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4.3 Record Processing and Description

The records from the earthquakes studied were processed by CSMIP using standard pro-
cedures [20]. An Ormsby filter, with low and high-band pass ramps of 0.20-0.30 and 23-25 Hz,
respectively, was used for the Morgan Hill and Mt. Lewis earthquakes. For the Loma Prieta earth-
quake the filter ramps were 0.12-0.24 and 23.0-25.0 Hz, respectively. These filter ramps generated
records with an expected signal-to-noise ratio higher than 10 to 1. According to SMIP [20], the use
of a low ramp near 0.25 Hz gives a reliability of about 1.5 cm/sec/sec (0.0015 g) and 0.1 cm (0.04
inch) for absolute accelerations and displacements, respectively, Fig. 1.9.

In this study, records from the horizontal sensors are denoted by a symbol indicating their
recording orientation, followed by the floor level and the side of the building where the instrument
was installed. Thus, EW /r/S refers to the East-West direction roof record obtained on the South
side of the building. The records from the vertical sensors at the foundation level are specially
identified using the letters “VER” and the corner where the sensor is located. Thus, VER/NW is
the vertical record obtained in the North-West building corner. Table 4.1 list the different positions
of the sensors.

Analysis of the records indicated the presence of a time shift between signals. As an
example of this time shift, the absolute acceleration at the EW/7/N station was calculated using
the other three recordings obtained at the floor level and the assumption of an in-plane rigid
diaphragm. Channel EW/7/N was stored on a different recorder than the other sensors on the
floor. The calculated and recorded motions are presented in Fig 4.1. The systematic time shift
observed in this figure can be associated with the presence of two recording units and/or the
difference in setting the beginning of each record trace at the time of processing. The presence
of this time shift will have an effect on the identification of higher modes from transfer functions
and in-plane diaphragm deformations. Correction of this time shift was not accomplished in this
investigation. No other appreciable recording or processing errors were observed from the records

studied.

4.4 Dynamic Characteristics

4.4.1 General

The strong building response during the earthquakes considered allowed identification of
several modal parameters and the investigation of other important dynamic response characteristics

of the structure.
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4.4.2 Natural Periods and Mode Shapes

Several analyses in the time and frequency domain were performed on the response records
to estimate the natural periods of the structure. Some results are presented in Table 4.2 and in
Figs. 4.2, 4.3, 4.4.

Because of apparently small mass and stiffness eccentricities present in the structure, the
building exhibited coupled lateral-torsional responses and beating during the excitations studied.
The periods that correspond to the three-dimensional modes participating in the response can be
identified from the Fourier amplitude spectra computed for the roof records during the Morgan
Hill earthquake, Fig. 4.2. Similar results are found from the other earthquakes. Figures 4.2(b) and
4.3 show the Fourier amplitude spectra for the EW roof and twelfth floor records. Here, the two
peaks between 2.2 and 2.0 seconds denote the first two three-dimensional modes. The predominant
direction of these modes can be obtained directly from Figs. 4.2(c) and (d). The figures indicate
that the shorter period (2.0 sec) corresponds to the NS direction and the longer one (2.2 sec) to the
EW direction. The predominantly torsional period is observed in these figures with its peak near
1.7 seconds. It is important to note from these figures that the amplitude of this “torsional” peak
is much larger for motions recorded at the NW and SE corners than for the SW corner, indicating
that the eccentricities present cause the structure to have higher torsional deformation in these
areas. Fourth and fifth predominant periods are observed between 0.6 and 0.7 second. The period
estimates are summarized in Table 4.2.

The closeness of the natural periods obtained for this building is typically associated with
structures with similar structural systems in orthogonal directions and a uniform distribution of the
stiffness in plan (see Appendix B). For example, for “regular” one-story shear frames (as defined

in Appendix B), the square of the ratio of the uncoupled translational and torsional predominant
period ((Tux / Tug)z) is given by

(243)2 _ [(ds/dy)?(ky/ke)(Ns? = 1) + (N,* — 1)] (4.1)

Tus (Nz - 1)2(dm/dy)2 + (Ny - 1)2
where
Ny or y is the number of column lines in the x or y direction. This value must be greater
than one.
dy or y is the spacing between two consecutive columns in the x or y direction;
kz or y 15 the effective stiffness of a column in the x or y direction; and

T or ur is the uncoupled natural torsional or translational period.

For the special case of a building with identical element stiffness and number of elements

in the X and Y directions, this formula is simplified since
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Ny=Ny=N,k;=kyand N > 1.

Then,

This ratio quickly approaches unity, as the number of columns increases, Fig. B.2. Equation 4.2 for
6 column lines gives a ratio of 1.4, and for 10 column lines it gives a ratio of 1.2. These values could
give an indication of the uncoupled period of the structure. Because the eccentricities present in
the building are not known, the “uncoupled periods of the structure” cannot be found, but they are
expected to be relatively close to the coupled period of the structure. The ratio of coupled periods
for the building is 1.3 (2.2/1.7).

Because of the three-dimensional nature of the motion and the closeness of the natural
modes, a clear identification of the different mode shapes cannot be obtained with the simple non-
parametric techniques used here. Nevertheless, from drift plots presented later (c.f. Section 4.5.3),
a shear deformed shape, typically associated with frame structures, is apparent. Some irregularities
in the displaced shape occur at the roof level. These are apparently related to a change in vertical
structural elements that occurs at the twelfth floor, and the effect of the higher modes.

A comparison of the Fourier spectra, moving window Fourier amplitude spectra and re-
sponse spectra for the different earthquakes, presented in Fig. 4.4, shows no significant change
in building response periods during the earthquakes. This indicates that no appreciable yielding
occurred in the structure during these events.

As indicated above, because of the difference in the time base for each record, it was ex-
pected that higher modes would be difficult to identify using transfer function techniques. Nonethe-
less, it was found from the Fourier amplitude spectra, that most of the response was controlled by

the first five three-dimensional modes, which were clearly identified.

4.4.3 Damping

Because of the closeness of the natural modes, damping could not be accurately estimated
from the records. On the basis of the long duration response and the slow decay of the response
envelope, it is believed that damping is about 2-4% for the predominant modes; see Table 4.2.
Lin and Papageorgiou [30] applied system identification techniques based on a modal minimization
method to a three-dimensional model of the structure. They found that the damping for the first
mode varied during the Morgan Hill earthquake from 0.2% to 12.1%. For the second mode the
damping value varied from 1.0% to 3.7%. These values should be interpreted with caution, because

of the difficulty of determining damping in highly-coupled systems [4].
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4.5 Building Response

4.5.1 General

In general, the structural response to the events studied was characterized by a long
duration, narrow-banded, periodic motion with strong amplitude modulation, by large lateral and
torsional motions, and by large amplification of the input signals. The responses were more than
80 seconds in duration. The set of acceleration records used in this study is presented in Chapter 1,
Figs. 1.3 to 1.5. A summary of the peak response values, as obtained from the records, is presented
in Table 4.3.

4,5.2 Acceleration

The maximum horizontal ground acceleration at the building site was 0.04 g for the
Morgan Hill and Mt. Lewis earthquakes and 0.11 g for the Loma Prieta earthquake, Figs. 4.5, 4.6,
4.7. Maximum vertical accelerations were half the horizontal values at the ground for the Morgan
Hill and Mt. Lewis events and 10% larger than the ground horizontal values for the Loma Prieta
earthquake.

Figure 4.8 presents the response spectra for the horizontal components of motion at the
base of the building, for the earthquakes studied. These spectra show well defined peaks near 2
and 1 second. These peaks are believed to be associated mainly with the input signal and to a
lesser degree with modification of the base motions due to feedback from the structural response.
Predominant peaks for the Morgan Hill and Mt. Lewis earthquakes were at 2.1 and 1.0 seconds. For
the more intense Loma Prieta event the peaks were slightly shifted, with predominant periods near
2.4 and 1.2 seconds. As obtained in other structures in the area, predominant periods were more
strongly present in the NS direction than in the EW direction, indicating a strong directionality of
the input motion (Fig. 3.6).

The calculation fo the strong motion duration of the building base records was based
on the criterion that the slope of the cumulative root mean squared acceleration (CRMSA) {35)
remains positive.

The cumulative root mean squared acceleration (CRMSA) is defined as follows:

S0 (a(t)))?

CRMSA = N 1

(4.3)
where

a(t;) is the acceleration at time step (¢;), and

N is the maximum number of points considered in the analysis.



53

This criterion establishes that when the slope of the CRMSA is negative, the strong motion
duration has ended or the “periods of high energy pulses” on the site have ceased. To obtain the
time of the beginning of the strong motion duration, the slope of the CRMSA is calculated for the
acceleration histories reversed. And to obtain the time of the end of the strong motion duration,
the slope of the CRMSA is calculated for acceleration histories as recorded. Maximum durations of
56, 32 and 35 seconds were obtained for the Morgan Hill, Mt. Lewis and Loma Prieta earthquakes,
respectively. These long durations, relatively large for the magnitude of the earthquakes that
produced them, had an important impact on the overall behavior of the structure, especially for
the Morgan Hill event.

The maximum structural acceleration obtained during these events was 0.34 g for the
Loma Prieta earthquake. A study of the records indicates that the time of occurrence of the
maximum recorded acceleration above the ground was considerably later than that corresponding
to the base, especially during the Morgan Hill and Mt. Lewis earthquakes. This indicates that
the structure during these events resonates with the input signal (Fig. 4.9) thereby amplifying its
response. The longer predominant input period observed in the Loma Prieta input records seems
to have prevented the formation of the strong resonance observed during the previous two events.

The foundation of the structure was observed to rock during the events studied. This
effect can be seen in Fourier amplitude spectrum plots of the vertical acceleration records in Figs.
4.10,4.11 and 4.12. These figures show, for the Mt. Lewis and Loma Prieta earthquakes, a rocking
motion with a period similar to that found for the predominant structural period, near 2.2 seconds.
The maximum difference of the vertical acceleration histories across the base of the building was
found for the Loma Prieta earthquake. It was obtained between the VER/NW and VER/SW
sensors and had a magnitude of 0.06 g. Despite the high value of this difference, relative to the
peaks value of the records, the maximum difference is part of a high frequency signal so the actual
effect on the lateral response of the structure is expected to be small. For example, analyses were
performed to estimate the effect of foundation rocking on the relative horizontal acceleration of
the structure. The difference between the vertical SW and NW corner records was scaled properly
to simulate a horizontal motion at the location of sensor NS/7/W assuming the structure to be a
rigid body. Then, the Fourier amplitude spectra of the actual record and the predicted rigid body
motion caused by the rocking were compared, around the predominant period. In this way, it was
found that for all the events studied, the rigid rocking motion of the structure had an effect of
less than 1% on the first mode relative acceleration. Also, using moving window techniques, it was
found, as expected, that the rocking occurred mainly at times of strong response of the structure,
see Fig. 4.12.

It is interesting to note that the “maximum acceleration amplification ratio” (defined as
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the ratio of the peak acceleration at a location to the corresponding acceleration at the ground)
was 4.9, 7.1 and 3.8 for the Morgan Hill, Mt. Lewis and Loma Prieta events, respectively. It
appears that the difference between these values, for example, for the Mt. Lewis and Loma Prieta
events, is not necessarily due to higher energy dissipation in the structure associated with structural
and non-structural damage. Rather, differences in the input frequency content, Fig. 4.8, and the

duration of the input are believed to be responsible.

4.5.3 Displacements

Analyses of derived displacement histories indicate that the building suffered large lateral
drift and torsional rotations during the events studied. Some of the records of displacement and
relative drift studied are presented in Figs. 4.16 to 4.25.

Story relative displacements were obtained by subtracting the story absolute displacement
and the corresponding displacement at the ground. Displacements for stories without recording
instruments were estimated by linearly interpolating the displacements obtained on floors with
recording stations. A more sophisticated interpolation scheme, for example one that takes into
account typical modal shapes, was not considered because mode shapes are complicated by the
three-dimensional nature of the structural response. In view of the many assumptions needed, this
increased complexity was not believed to be necessary.

The expected error in the displacement records obtained from the CSMIP procedures is
0.1 cm (0.04 inch) for the filter long-period cut-off ramp used (3.3 to 4.1 seconds). For relative
displacements, an upper bound for the error will be about twice this amount. Because displacements
recorded on the structure are considerably larger than these values (see below) it is not likely that
these errors would affect the interpretation of the response.

The maximum roof displacement relative to the ground, 38.2 cm (15.0 inches), was ob-
tained at the SW building corner (instrument location), during the Loma Prieta event. Average
story drift ratios (IDX) were found by subtracting displacements at two adjacent instrumented
levels and dividing the result by the difference in floor elevation. The drift indices were greatest
between the second and seventh floors. These were about 0.40%, 0.72% and 0.85% for the Morgan
Hill, Mt. Lewis and Loma Prieta events, respectively. The maximum displacements occurred for all
the earthquakes at the SW corner of the building. Associating this behavior with simple one-story
structures would indicate that the “center of mass” of the structure is to the West and South of
the “center of stiffness”.

Significant torsion occurred in the building during the earthquakes (see Figs. 4.14, 4.15,
4.17, 4.18, and 4.21). For example, torsion can be observed in Fig. 4.17 between seconds 25 and
35 for the Mt. Lewis earthquake and in Fig. 4.21 between seconds 15 and 25 for the Loma Prieta
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event.

The maximum torsional deformations were observed for the Loma Prieta earthquake. In
this event the maximum relative displacement obtained between two recording stations on opposite
sides of a floor (which is a measure of torsional deformation) was 12.32 cm (4.85 inches).

Figure 4.22 presents the deflected shape of the building at different times during the Mt.
Lewis earthquake. The pairs of lines in this figure represent the motion of the SW and SE corners
in the NS direction and the motion of the SW and NW corners in the EW direction. A shear type
deflected shape is apparent for the motion in the NS direction. Figure 4.23 shows the motion of
the twelfth floor slab during the same period. Large torsional deformations can be seen in the EW
direction during the strong response in the NS direction. At other times the motion in the EW
direction exhibits shear type deformations or nearly pure torsional responses. The behavior during
the three earthquakes studied was similar, for example see Fig. 4.24.

Figure 4.25 presents the total and relative particle motion of the twelfth floors, at the
SW corner. These plots show a strong bi-directional response. Comparisons of total and relative
displacement plots indicate that structure deformations were far larger than those associated with
movement of the ground. These figures show that the predominant axis of motion were not similar
for the earthquakes. The principal axes of motion for the Morgan Hill earthquake were approxi-
mately at 45 and 110 degrees of azimuth with respect to the reference North. For the Mt. Lewis
event the azimuths of these axes were approximately 90 and 165 degrees; and for the Loma Prieta
event the azimuths were approximately 45 and 165 degrees. Animation of the drift plot indicates
that, during the free vibration, the building’s motion slowly changed from one predominant axis to
the other. This effect was apparently caused by the constructive and destructive reinforcement of

the three-dimensional modes of the structure during the different portions of the response.

Several of the observations made in Chapter 2 for a simple torsionally-coupled system
with low damping can be seen in the response records of the building.

The motion of the building shows the three-dimensional interaction of more than three
modes with close natural frequencies. This phenomenon is clearly shown for the Mt. Lewis and
Loma Prieta events where the beating modulation of the records is strong, Figs. 4.13 to 4.21. For
example, Fig. 4.16 shows the interaction between the EW and NS directions, presenting a large dip
in the envelope for the EW direction at second 25. The long duration amplitude modulation in
this figure has a beating period of nearly 100 seconds. The long duration of the response observed
during this earthquake in the EW direction, Fig. 4.17, as will be demonstrated in Chapter 5, was
caused by the interaction of the three-dimensional modes of the lightly damped structure and not by
the input motion. The shorter beating observed in the derived torsional records and displacement

records has a period of 16 seconds.
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These beating periods are directly related to the first three modes of the structure. It
can be shown, by use of the formulae presented in Appendix A, that this beating modulation and
the apparent periods found from the records (2.2 seconds for translational records and 1.85 for
derived torsional records) were produced by three time series with periods close to 2.2, 2.1 and
1.7 seconds. These indeed correspond to the first three natural periods found from the frequency
domain analysis of the response records. The apparently longer beating period observed for the
Morgan Hill earthquake with a period of 140 seconds appears to be strongly influenced by the input
characteristics and by the sensitivity of the beating period (see Fig. A.2) to small changes in the

periods of the individual signals (small structural nonlinearities).

4.5.4 In-Plane Diaphragm Flexibility

The in-plane flexibility of the floor diaphragms was investigated by comparing the maxi-
mum torsional motions computed from EW and NS displacement records, Fig. 4.15. The difference
between maximum values of the computed torsional motion was calculated to be equivalent to a
shear strain of 0.0005. However, the imprecise location of some of the instruments, the presence of
noise and the different time bases used for some of the recordings at the same level, could contribute

to this value as well.

4.5.5 Base Shear and Force-Displacement

Story shears and overturning moments were estimated as functions of time from accel-
eration records and story masses (associated with dead weight). Total accelerations at the floor
“center of mass” were estimated for the instrumented floors. Then, the “center of mass” values were
linearly interpolated, at every time step, to the rest of the floors. Inertial forces were calculated by
multiplying the mass and acceleration at every level.

The maximum base shear calculated from this procedure was obtained for the Loma Prieta
earthquake. It was calculated as 22685 and 21350 kN (5100 and 4800 kips) for the EW and NS
directions, respectively. These values correspond to base shear coefficients (V/W) of 0.18 and 0.17
for the EW and NS directions, respectively. The maximum calculated overturning moment was
also obtained for the Loma Prieta event. This had a value close to 760,000 kN-m (560,000 kip-feet)
for both directions.

Figure 4.26 was generated by plotting the calculated base shear versus the seventh floor
relative displacement. It is believed that the complex hysteresis loop shapes in these figures are
not those typically associated with structural yielding, but rather the combined effect of higher
modes, as found by Lin and Mahin [31] and others, and the simplicity of the method used. The

overall slope of these curves is nearly constant for all the earthquakes with a value between 980 and
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1015 kN/cm (560 and 580 kip/inch) for the EW direction and between 1050 and 1120 kN/cm (600
and 640 kip/inch) for the NS direction. If the twelfth floor relative drift is considered, the slopes
during the Morgan Hill and Mt. Lewis earthquakes are close to 630 and 700 kN/cm (360 and 400
kip/inch) for the EW and NS directions, respectively.

As a measure of the distribution of the earthquake forces on the structure, the approximate
position of the centroid of the shear force (a) needed to produce the computed overturning moment
was calculated as

M

a = ﬁ (44)

where

M is the overturning moment,
V is the base shear, and

h is the total height of the structure.

Figure 4.27 presents the curves that result from plotting the base overturning moment against the
base shear, for the earthquakes studied. The slopes observed from these plots corresponds to the
position of the base shear required to produce the corresponding overturning moment (ah). These
slopes are similar for all the earthquakes and for both directions. The value a was found to be
close to 0.67 indicating that the distribution of load at the maximum response was approximately

triangular.

4.6 Conclusions

It can be concluded from the analysis of the response records that the building is a rather
flexible structural system with relatively low damping. The predominant period was found to be
near 2.2 seconds and modal damping is believed to be below 3% of critical. Because of the similar
structural characteristics of the frame in both directions and the relatively uniform distribution of
stiffness in plan, the predominant periods of the system are quite close. The closeness of the periods
together with the small eccentricities present in the structure produce the strongly coupled lateral-
torsional behavior observed in the records. Because of the spatial characteristics of the frame, the
coupling affects motions in both directions as well as the rotation. The eccentricity that produced
the torsionally coupled response is likely associated with the irregular distribution of the mass and
stiffness (a greater number of structural and nonstructural elements on the west and south sides of
the building).

The structure responded strongly to these relatively minor earthquakes. It is believed

that the intensity of the structural response was caused by the relatively low energy-dissipating
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capacities of the building (in the linear range), the three-dimensional modes of the building con-
structively reinforcing one another during portions of the motion, the long input duration, the
possible resonance effect on the building caused by the close match of the dynamic characteristics
of the site and the structure, and the relatively large flexibility of the structure.

The following maximum response values were found from the analysis of the building

response records during the 1984 Morgan Hill, 1986 Mt. Lewis and 1989 Loma Prieta events:

e Acceleration : 0.34 g

Relative Displacement (between recording stations) : 38.17 cm

Interstory drift ratios (between recording stations) : 0.85%,

o Base shear coefficient : 0.18

Torsional rotations (between recording stations) : 12.32 em

Taking into account that no appreciable change in period or behavior was observed for the different
records, any yielding that might have occurred in the structure did not substantially affect the

dynamic characteristics and response of the structure.
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Table 4.1: Record Description

POSITION | RECORD
VER/NW 1
VER/SW 2
VER/SE 3

EW/r/N 4
EW/r/S 5
NS/r/W 6
NS/r/E 7
EW/12/N 8
EW/12/S 9
NS/12/W 10
NS/12/E 11
EW/7/N 12
EW/7/9 13
NS/7/W 14
NS/7/E 15
EW/2/N 16
EW/2/S 17
NS/2/W 18
NS/2/E 19
EW/0/N 20
EW/0/S 21
NS/0/W 22

Table 4.2: Natural Periods and Damping

PREDOMINANT | MODE | PERIOD | DAMPING®
DIRECTION (sec) (%)
EW First 2.15-2.20 2-3
NS Second | 2.05-2.10 2-4
Torsion Third 1.70 -
EW Fourth | 0.65-0.75 -
NS Fifth | 0.60-0.70 -

(¢) Values based on the appearance of response wave

forms.
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Table 4.4: Estimated Story Weights

LEVEL WEIGHT

(kN)
13 9450
12 14175
11 9000
10 9225
9 9225
8 9225
7 9225
6 9450
5 9450
4 9450
3 9675
2 9675
1 9675
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Figure 4.8: Acceleration response spectra of building base records. (a) EW direction, Morgan Hill
earthquake. (b) NS direction, Morgan Hill earthquake. (c) EW direction, Mt. Lewis
earthquake. (d) NS direction, Mt. Lewis earthquake. (e¢) EW direction, Loma Prieta
earthquake. (f) NS direction, Loma Prieta earthquake.
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Figure 4.15: Twelfth floor torsion. Morgan Hill earthquake.
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CHAPTER 5

ANALYTICAL MODELS AND RESPONSE: LINEAR CASE

5.1 General

Several analytical computer models were developed to study different aspects of the struc-
tural behavior described in the previous chapter and to confirm the ability of mathematical ide-
alizations to reproduce the observed building response. Then the sensitivity of these models to
different design parameters and load conditions was investigated.

Since the building response appeared to be essentially linear elastic, a modified version of
the linear analysis structural program ETABS [34] was selected for the analyses reported in this
section. This program models a building as a three-dimensional grid of columns, panels, braces
and beams. Each floor diaphragm is assumed rigid in its own plane, giving the structure up to two
lateral and one rotational dynamic degrees of freedom per floor. Static gravity loads, lateral loads,
and ground input acceleration histories can be specified in the analysis. Rigid beam-column joints of
finite size may be incorporated in the model. Options are also available in the program to consider
P-A effects, and UBC and ATC equivalent static lateral loads. The original program allowed only
one component of input to be considered. Because of the three-dimensional nature of the building
response, the program was modified for this investigation to include two horizontal orthogonal
input ground motions, a torsional base input, and base rocking accelerations. In addition, a modal
response output option was added. Because of the large size of the structure, a graphic interface,
based on the Graphic Kernel System (GKS), was developed. This interface allows the user to

corroborate visually the geometry of the structure and element property assignment.

5.2 Model Description and Procedure

Different models were developed to identify the parameters affecting the building response.
Once a model matching the recorded response was found, a series of sensitivity studies were per-
formed to identify the contributions of various design variables to the behavior of the building.

Two of the models were developed using information available only from the building
plans (Models 1 and 2). They were intended to represent analytical models that might be typically
used for design.

The model of the structure was then modified until the recorded behavior was reproduced

more closely. Parameters considered in these analyses were the amount of viscous damping, the
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mass distribution, the partial composite action of floor beams with the deck, the participation of
non-structural elements and the beam-column joint flexibility. Models 3 and 4 are the result of this
process. Of these four models, Model 3 provided the best correlation with the recorded results.

Sensitivity analyses were then performed on Model 3 to estimate the effect of several basic
analytic assumptions on the response. The parameters studied were stiffness of main floor beams
(Model 5), P-A effects (Model 6), the position of the center of mass (Model 7) and the amount of
inertial mass (Model 8).

In addition, the standard design model (Model 2) was modified to evaluate the ability of
the static lateral force procedures considered in the 1988 UBC [22] and ATC 3-06 [38] to identify
the base response characteristics of the structure. To comply with these documents, the center of
mass of the model was moved in-plane to provide a 5% in-plane additional torsional eccentricity.
The resulting model was designated Model 9.

The models are described below. Results of the analyses are presented in subsequent

sections.

5.2.1 Model 1 : Bare Frame - Rigid Joints

For this model, the basic geometry and element characteristics were obtained from the
building plans. The complete structure was modeled as a single frame. The floor diaphragms were
considered rigid so there were three dynamic degrees of freedom per story. Thirteen stories were
defined.

Story weights were estimated from structural and architectural drawings. Nevertheless,
some uncertainties remained regarding the mass, especially at the mechanical level. The average
value used for the story dead weight was 4800 N/m? (100 psf). No masses corresponding to live
loads were considered in the dynamic analyses. The location of the center of mass was based on the
first moment of area of the floor plan (2.24 meters from the geometric center of the square made
by the perimeter frame, in the direction of the SW building corner). Assuming that the elements
between frame lines A and B, and 12 and 13 do not provide any stiffness to the structure and that
the remaining stiffness is uniformly distributed in plan, the selected position of the center of mass
will correspond to an equivalent story mass eccentricity of 3.5% of the maximum building plan
dimension.

The basic geometry was defined using frame element centerlines. The model considered
the beam-column connections as being rigid. The finite size of the joints was taken into account by
providing rigid zones at the element ends: 18 cm (7 inches) wide at the end of each beam and 53 cm
(21 inches) tall at the top of each column. Twenty one different column properties and seventeen

different beam properties were used in the analysis. Taking into account the foundation detailing
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and service level loads, column bases were assumed fixed. The different elevations of the beams
at the floor level (described in Section 3.1 and Fig. 3.4) were disregarded in this simplified model.
Floor elevation was taken as the elevation of the top of the concrete slab. Non-structural elements
were not considered in the analyses.

The dynamic analysis was performed using the first nine modes of the analytical model;
this allowed the participation in the response of more than 90% of the structural mass for each
principal direction.

Viscous damping was assumed to be 3% of critical for all modes. This value is consistent

with welded steel buildings in which the element stress level is below the yield point.

5.2.2 Model 2 : Bare Frame - Flexible Joints

Model 2 is similar to Model 1; however, the possible flexibility of the beam-column joints
was approximated by eliminating the rigid zones used in Model 1. Past experiences have shown that
modeling steel frames with center-to-center dimensions and no element rigid zones helps to balance
the error caused by neglecting the shear distortion that develops in the panel zones [28, 29, 52].
More complex modeling of the beam-column connection flexibility was not considered necessary at

this stage of the investigation. This model was viewed as being a reasonable design oriented model.

5.2.3 Model 3 : Adjusted Model - “Normal” Damping

This model was developed to find a better correlation with the recorded values. Thus,
knowledge of the behavior of the building and its dynamic characteristics were used to modify the
parameters of Model 2 to obtain a better match with the response. The changes performed are
described below.

Four additional beam properties were defined to incorporate the effects of possible com-
posite action of the floor deck and girders, and to model more closely the framing near the elevators.
The floor system consists of a structural deck, with no special provision to develop full compos-
ite action between floor and steel beams. Nevertheless, the moment of inertia of the NS oriented
beams was increased by 10%, as an approximation of the possible participation by the deck in the
response and in order to reduce the predominant NS period value to that found from the study of
the seismic records.

A study of the building after the Morgan Hill and Mt. Lewis earthquakes, determined
that little damage occurred to the exterior and interior steel siding or to the interior gypboard
partitions. Nevertheless, connection details found on the architectural plans and during building
inspections indicate that there are areas where interaction was possible. This was confirmed by

investigations of the building behavior and damage during the 1989 Loma Prieta earthquake which
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showed that some partitions did interact with the framing (resulting in partition cracking). The
exterior steel siding is attached to the frame system using light clips. As a result the cladding system
is rather flexible and believed to introduce little stiffness to the system. The interior steel sheathing
could contribute to the stiffness, but its effect could only be roughly estimated. Using shear values
obtained for typical metal decks, an equivalent story stiffness of 770 kN/m (4 kips/inch) per floor
was selected to model this effect. Interior gypboard partitions could also contribute to the stiffness
of the structure. Because of the method of attachment, the gypboard partition stiffness could
change considerably with the level of shaking. Using the work presented by Freeman [12], a shear
modulus of 20700 kPa (3 kips/inch/inch) was selected: this gave an equivalent story stiffness in
each direction of 3190 kN/m (18 kips/inch). To include the effect of the partitions on the structural
stiffness, two shear panels per story were included in the model. These were located on the West
and South sides of the building (lines A and 13).

To obtain a better match for the torsional response, the story rotational mass moment of
inertia was also increased by 10%. This is reasonable, considering the presence of enclosed office
space in the exterior bent on the South and West sides and the tendency of the occupants to store
considerable material around the perimeter “aisles” of the building.

Viscous damping for the second predominant mode was changed to 2% of critical for this

model; other modes remained at 3% of critical.

5.2.4 Model 4 : Adjusted Model - “Low” Damping

Model 4 is similar to Model 3, but damping is changed for all modes to 1% of critical.
This model tried to obtain a better match of some model response values when subjected to the

Mt. Lewis and Loma Prieta events and to estimate the sensitivity of the system to damping.

5.2.5 Model 5 : Reduced Beam Stiffness

Model 5 is similar to Model 3, but the moment of inertia of the interior frame beams, in
both directions, are reduced by 10%. This model estimated the sensitivity of the system to this

design parameter.

5.2.6 Model 6 : P-A Effects

Model 6 is similar to Model 3, but includes the P-A effect. P-A effects are considered
in the ETABS program by way of a geometric stiffness matrix that reduces the lateral structural
stiffness of the system. The vertical load, considered in the analysis, is based on the assigned

mass of the story times a scale factor. In the analysis this factor was considered to be 1.4 times
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the gravity value to include, conservatively, dead and live load effects. This model was used to

estimate the sensitivity of the system to geometric effects.

5.2.7 Model 7 : Position of the Center of Mass

Model 7 is similar to Model 3, but the center of mass is displaced 5% (2.25 meters (7.4
feet)) of the largest planar dimension of the building towards the West side of the building. This

model was used to estimate the sensitivity of the system to accidental eccentricities.

5.2.8 Model 8 : Inertial Mass

Model 8 is similar to Model 3, but translational (both directions) and rotational masses
at each level are reduced by 10%. This model was used to estimate the sensitivity of the system to

uncertainties in estimating the reactive mass.

5.2.9 Model 9 : Code Static Lateral Forces

Model 9 is similar to Model 2, but the center of mass is displaced 5% of the building’s
largest planar dimension towards the West side. This model was used to perform a code type static

analysis on a typical design model with the required “accidental” eccentricity.

5.3 Loading Cases

The models presented above were subjected to various loading conditions:

The Morgan Hill, Mt. Lewis and Loma Prieta earthquakes were used to match the model’s
response against the recorded motions and to evaluate the building behavior under different earth-
quake loadings. For each model different combinations of horizontal and derived torsional base
accelerations were imposed. The derived torsional motion was obtained from the difference of the
EW horizontal input ground motions. In the EW direction the horizontal input was the average
of the existing EW base records. Input rocking accelerations were not considered in these analyses
because of the expected small effect that the rocking deformations had on the observed response
of the structure and the absence of unperturbed vertical acceleration records.

The NS component of the 1940 El Centro and the N9OW component of the SCT record
obtained during the 1985 Mexico earthquake were used to evaluate the sensitivity of the structure
to other ground motions. For these analyses, the originally recorded maximum accelerations of 0.34
g for El Centro and 0.17 g for the SCT record were used. The input ground motions were applied

in these cases only in the NS direction.
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Static design lateral loads were established using ATC 3-06 and 1988 UBC. These were
applied to Model 9

5.4 Results of the Analyses

The particular combinations of model and load conditions are identified below first by the
model used (1 to 9), second by the earthquake record considered (Morgan Hill (MH), Mt. Lewis
(ML), Loma Prieta (LP), Transverse SCT 1985 (SCT) and El Centro (CENT)), and third by the
input type (i.e., bi-directional with torsion (BT), bi-directional without torsion (B), torsional (T),
unidirectional, North-South only, (NS)). For example, CASE 3-MH-B corresponds to an analysis
where Model 3 was subjected to bi-directional input, without torsion, corresponding to the Morgan
Hill earthquake.

Table 5.1 presents the predominant periods and effective mass factors (EMF) of the an-
alytical models considered. The EMF is defined as the fraction of the total mass participating in
each of the global translational or rotational directions for a given mode [34]. Mathematically, the

factor is as follows:

(5.1)
where,

EMF,, is the fraction of the total translational or rotational mass of mode ¢ that is
participating in the global v direction,

M is the diagonal mass matrix,
®; is the vibrational mode shape for the i** mode,
R, is the earthquake influence coefficient vector for the direction v, and

Mr is the total translational mass or rotational mass moment of inertia of the building.

This factor was used to determine the number of modes required in the analysis. The sum
of the EMF was at least 90% for all the cases studied.

Because the EMF shows the ratio of the mass participating in each global degree-of-
freedom for each mode, its relative magnitude can be used to indicate the degree of lateral-torsional
coupling present in each model. This is also true because the version of the program used sets the
modes of the uncoupled system, with identical predominant periods, to uncoupled shapes in the
global degrees of freedom.

Tables 5.2, 5.3 and 5.4 present the maximum building response values at the center of
mass derived from the strong motion records (designated RECORDED in the Tables) and the

ones obtained from the different analytical models. Parameters considered include the maximum
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twelfth floor relative displacements and rotation at its center of mass, the center of mass maximum
interstory drift and the story of its occurrence, and the maximum base shear. (The program
employed estimates the base shear from the sum of inertial forces at all levels, not by the sum of
shear in the elements connected at the base.) Figure 5.1 presents the modal shapes obtained for
Models 1 and 3. Figures 5.2 to 5.20 present the twelfth floor SW corner relative displacements and
derived torsional histories (SW corner minus NW corner relative displacement records) obtained

from the different models and input records.

5.5 Model Validation

In this section, results of analyses of the first four models are presented to identify the
“best fit” model. Two key limitations affect the results presented below. First, the input ground
motion records obtained from the events studied were probably modified by the response of the
building. If so, they do not represent the actual motion to which the whole soil-structure system
was subjected and the model being fitted will not correspond to the actual building structure.
Nevertheless it is assumed, that these effects are small. Second, the response of the system is likely
to be sensitive to small modeling changes (i.e., small period shifts) because of the rapid variation

of spectral acceleration with period at the low levels of viscous damping considered.

5§.5.1 Model 1 : Bare Frame - Rigid Joints

This model includes the basic frame geometry, beam-column elements and the rigid joint
assumption. Model 1 represents a typical design model. The first three predominant periods
obtained from the analysis were 1.93, 1.87 and 1.40 seconds (about 90% of the recorded ones).
However, the computed response values, CASE 1-MH-BT, Fig. 5.2, were about half those observed
during the Morgan Hill earthquake. The EMF values for this model, listed in Table 5.1, showed a
high degree of lateral-torsional coupling. The roughly 10% difference between model and structure
periods changed the ordinate on the pseudoacceleration response spectrum (3% damping) from 0.12

g to 0.09 g. The ability of this model to simulate the dynamic response was unsatisfactory.

5.5.2 Model 2 : Bare Frame - Flexible Joints

The periods and displacements were improved by including the flexibility of the panel
zones on Model 1, Fig. 5.3, 5.4 and 5.5. Results from CASES 2-MH-BT, 2-ML-BT, 2-LP-BT show
that the maximum twelfth floor displacements differ from the recorded ones by a maximum of 18%
in the NS direction and only 9% in the EW direction. Drift coefficients differed by a maximum of

16% from those estimated from the records. The maximum base shear coefficients had a maximum
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error of 13% in the EW direction for the Morgan Hill earthquake and 12% in the NS direction for the
Mt. Lewis earthquake. This simple model, representative of another possible design approach, gave
good results and permitted the identification of the basic response characteristics of the structure.

The EMF values were similar to those found for Model 1.

5.5.3 Model 3 : Adjusted Model - “Normal Damping”

This model further adjusted the mass, the contributions of the architectural details to the
lateral stifiness of the structure, the deck contribution to beam stiffness and the amount of viscous
damping. The results obtained with this model were virtually identical to those observed from the
records, see Figs. 5.6, 5.9 and 5.10.

From CASES 3-MH-BT, 3-ML-BT and 3-LP-BT the maximum difference of 12% in dis-
placement response values was found for the NS direction during the Loma Prieta event. The
drift coefficients were closer to the average coefficients estimated from the records with a maxi-
mum difference of 13%. The base shear had a maximum difference of 13% for the Morgan Hill
earthquake.

Model 3 was developed from Model 2 by making minor changes in some parameters. A
systematic analysis of interim models showed that increasing the moment of inertia for the NS
oriented floor beams to include the effect of partial composite action had the strongest effect. This
resulted in a greater separation of the predominant periods of the building and a reduction of the
modal coupling. Evidence of this was the change in the EMF ratio for the first mode translational
components (EMFy,/EM Fy;) from 0.44 to 0.11. The large effect that changing beam moments
of inertia had on modal coupling shows the strong sensitivity of the model to this parameter and
points out the difficulties in reproducing coupled behavior in the analysis of space frame structures.

Including non-structural elements in the model, did not have an important effect on the
response envelopes. Nevertheless, it helped to get a better visual match between recorded and
computed response histories.

The increased rotational mass moment of inertia changed the predominantly torsional
period of the system by 5% and increased the torsional EMF of the predominant translational
modes. If this last change had not been made in Model 3, the maximum displacement in both
directions would have changed by less than 1%. Nevertheless, the maximum rotation would have
been reduced by 13%.

Element stresses were obtained from the model subjected to the Morgan Hill and Mt.
Lewis earthquakes. They show that for the main elements of the perimeter and interior frames, the
stresses, including gravity and earthquake loads, were below the yield capacity. Maximum beam

stresses were around 70% of yield and typical column stresses were around 85% of yield. It should
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be recalled that the peak ground accelerations in these cases were only 4% g. A more detailed
distribution of capacity demands for these and the Loma Prieta earthquake is given in the next

chapter.

5.5.4 Model 4 : Adjusted Model - “Low Damping”

Model 4 was constructed to obtain a better match than Model 3 of some displacement
histories at the twelfth floor for the Mt. Lewis and Loma Prieta earthquakes, and to evaluate the
effect of damping on the response. Modal damping was reduced to 1% of critical for all the modes
considered in the analysis. As observed from the results, shown in Figs. 5.11 to 5.14 and Tables
5.3 and 5.4, the reduction of the damping caused the response values to be overestimated. The
maximum difference between recorded and computed relative displacements was about 16% for the
Mt. Lewis event and 26% for the Loma Prieta event. Interstory drifts were overestimated by as
much as 28%. The maximum difference in computed and derived base shear, obtained for the NS
direction during the Mt. Lewis event, was 33%. The better amplitude match for Model 4, observed
in the EW direction during the Mt. Lewis earthquake, was caused mainly by the reduction of
the damping in the predominant EW mode. The actual building response can be assumed to be
bounded by Models 3 and 4.

An element stress check was performed for Model 4 for the Mt. Lewis bi-directional input.
For this case some beams and columns just reached their theoretical yield capacity. Because this
model overestimated the base shear, the stress values found are not necessarily those that occurred
in the structure.

This model also gave some insight into the apparent causes of the severity and duration
of the response. Figure 5.13 shows the response of Model 4 to the first 40 seconds of the Mt. Lewis
earthquake (Fig. 5.12 shows response to the complete input record). In part (a) of Fig. 5.13, the
response of the analytical model with 1% viscous damping is compared with the recorded motion.
Parts (b) and (c) show the first and second mode contributions to the displacement in the EW
direction. Here it can be seen that the first and second modes individually have lightly attenuated
responses after about 30 seconds of motion. However, the two modes go in and out of phase;
this results in constructive and destructive interference that produces a large dip in the combined
response at second 30 and an increase in response up to second 60. This analysis confirms that the
severe response observed at the end of the records was not associated with the input motions.

An analysis was also performed considering 5% viscous damping. Here (Fig. 5.13d), the
responses of the individual modes attenuate so quickly that virtually no beating under free vibration

can occur and little significant motion occurs after 35 seconds.
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5.6 Sensitivity Studies

The models developed were also used to assess the sensitivity of the response of the
building to certain design parameters. A complete parametric study was not performed because of

the large dimensions of the structure and associated computer costs.

5.6.1 Earthquake Components

The models were subjected to different combinations of input motions. Comparisons of the
results for the CASES 3-MH-BT and 3-MH-B, 4-ML-BT and 4-ML-B, and 4-LP-BT and 4-LP-B,
in Tables 5.2, 5.3 and 5.4 indicate that input torsion had only a small effect on the overall building
response. The maximum difference was found for the twelfth floor torsional rotation with a 12%
increase. Nonetheless, including this component had less than a 2% effect on the twelfth floor SW
corner displacements. For other response values the effect was below 2%. In one case, the Mt.
Lewis event, including the torsional input actually reduced torsional rotations in the structure by
5%.

Model 3 was also subjected to a case with only the NS component of the Morgan Hill
earthquake, CASE 3-MH-NS, Fig. 5.8. Maximum displacements, drift coefficients and base shear
in the NS direction were reduced by 20% when one, rather than two, horizontal components of

excitation were considered.

5.6.2 Reduced Beam Stiffness

To evaluate the sensitivity of the response to uncertainties in the calculation of the mo-
ments of inertia of the interior frame beams (both directions), Model 5 was subjected to the Morgan
Hill earthquake, CASE 5-MH-BT, Fig. 5.15. The 10% reduction in the beam moment of inertia
from that of Model 3 produced a 2% increase in the predominant periods and had minor effects on
the EMF. The maximum difference in displacements and base shear between CASE 5-MH-BT and
CASE 3-MH-BT was 6%. As mentioned above (Section 5.5.3) the model is very sensitive to the
variation of the beam moment of inertia in only one direction because of the separation of natural

periods and uncoupling that could occurs in the model.

5.6.3 P-A Effects

Because of the flexibility of the building and the relatively large lateral displacements
developed, geometric nonlinearities (P-A effects) could be important. To evaluate the sensitivity of
the response to this effect, Model 6 was subjected to the Morgan Hill earthquake, CASE 6-MH-BT,

Fig. 5.16. For this case the changes in response values were less than 7% and the increases in the
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predominant periods were less than 3%, when compared with CASE 3-MH-BT. Thus, P-A effects

appear not to have a significant influence on the observed linear response of this building.

5.6.4 Position of the Center of Mass

To study the effect of the uncertainty in the position of the center of mass on the building
response a 5% eccentricity was added to Model 3, CASE 7-MH-NS, Fig. 5.17. The following effects
were found in comparison with CASE 3-MH-NS: the twelfth floor maximum displacement was
reduced by 3% in the NS direction and 36% in the EW direction; and the maximum rotation was
increased by 144%. Also the SW corner NS maximum displacement increased by 18%. The base
shear in the NS direction decreased by 6%, and by 36% in the EW direction. The base torsional
moment was increased by 160%. (These values imply an increase in the ratio of the maximum base
torsional moment to maximum base shear of 181%.) This is consistent with observations made on
the basis of analyses of simpler structures, see for example References {25, 17]. It appears that the

response of the building was very sensitive to small changes in the location of the center of mass.

5.6.5 Inertial Mass

To evaluate the sensitivity of the response to uncertainties in the calculation of the mass
of the structure, Model 8 was subjected to the Morgan Hill earthquake, CASE 8-MH-BT, Fig. 5.18.
The 10% reduction in translational (both directions) and rotational mass produced a 5% decrease
in the predominant periods and, as expected, did not change the EMF. Nevertheless, maximum
displacement and base shear decreased by 43% in the NS direction when compared with that
of CASE 3-MH-BT. This effect, as noted before, was likely associated with the rapid variation
in spectral acceleration at the low damping values considered. The effect of changing only the

rotational mass is considerably lower as noted in Section 5.5.3.

5.7 Model Uniqueness

The models developed are not unique. It is expected that other models with different
assumptions and parameter combinations could also predict the observed response. Nevertheless,
the importance of the models presented is that they were all developed using a set of assumptions
consistent with those typically employed in seismic design and analysis of structures.

Although the response characteristics (amplitude envelope, beating phenomenon, displace-
ments, interstory drifts and base shear) predicted by the analytical models (Model 2, 3 and 4) were
close enough to the observed behavior to identify the factors controlling the structural response,

some features observed in the records were not completely reproduced. For example, maximum tor-
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sional rotations were underestimated by nearly 30% in some of the models. Although more detailed
analyses and system identification studies could be undertaken to determine precisely the most suit-
able model for the structure, the overall response characteristics were adequately established using

procedures commonly employed in design practice.

5.8 Response to Static Lateral Forces

Model 9 was used to evaluate the response parameters generated by applying the 1988
UBC and ATC 3-06 equivalent static lateral force methods. This model was similar to Model 2
(the model based only on information from building plans) with an additional 5% eccentricity as
required by the design recommendation considered. For simplicity of presentation equivalent static
lateral loads were applied only in the NS direction. Consequently, two positions for the center
of mass were investigated, one to the West and one to the East of the computed center of mass.
Maximum diaphragm torsional rotations were obtained for the case where the eccentricity was
applied to the West of the original center of mass. Only these results are presented below.

Using criteria established by the 1988 UBC (Section 2312 (d) 5 and Tables No. 23-M and
23-N) the building was determined to be a “regular structure.” “Torsion irregularities,” as stated
by the UBC, exist when “the maximum story drift computed, including accidental torsion, at one
end of the structure transverse to an axis [of load application] is more than 1.2 times the average of
the story drifts of the two ends of the structure” [22]. For Model 9 this ratio was computed to be
1.11, so the building does not need to be designed considering torsional irregularities. Because the
structure is considered regular in plan and in elevation and its height is less than 73 meters (240
ft.), the equivalent static load procedure described by the UBC could be used for this structure.

Design code base shear demands are a function of structural period. The 1988 UBC
presents two methods (A and B) to estimate the natural period of the building. Method A, with
the formula for steel moment-resisting frames, T = 0.035 (h)3/4, gave a value of 1.77 seconds (80%
of the observed value). Method B allows the use of a period “calculated using the structural
properties and deformation characteristics of the resisting elements in a properly substantiated
analysis” [22]. For Model 9 a value of 2.2 seconds was computed. This period value complied
with the requirement that the base shear coefficient (C), obtained by this method, would not be
less than 80% of the coefficient obtained with the period calculated by Method A. ATC 3-06 has
similar recommendations for estimating natural periods. Nonetheless, a constraint on the value
of the calculated period, and not on the value of the seismic coefficient (C or C;), is prescribed.
According to ATC 3-06, the period estimated from structural properties of the building should not

exceed 1.2 times the value obtained by the formula shown above. Thus, the period used for the
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ATC 3-06 analysis was limited to 2.12 seconds. The selection of these periods implies approximately
15% reduction in base shear in comparison with the base shear given by the standard formula
recommended by these regulations for steel moment-resisting frames (i.e., T = 0.035 (h)3/4).

The site soil coefficient was selected for the analysis assuming that soil properties were
not known in sufficient detail (i.e., S=1.5 for the 1988 UBC and S=1.2 for ATC 3-06). Other

parameters for the evaluation of the design base shear were taken as follows:
¢ The importance factor (I) was taken as 1.0 in both cases;

o The structural system factor (R, or R) was assumed to be 12 for the 1988 UBC and 8 for
ATC 3-06.

¢ The seismic zone factor (Z, or A, and A,) was taken as 0.4 in both cases.

Results for the static load application are shown in Table 5.6. Code-based shears were
substantially smaller than those derived from the earthquake records even though the peak ground
accelerations were quite small. The non-factored, 1988 UBC working stress level base shear was 43,
25, and 21% of the demand for the Morgan Hill, Mt. Lewis and Loma Prieta events, respectively.
For ATC 3-06 these values were 75, 44 and 36%, respectively. The differences between the two
documents are in part due to the fact that the UBC forces are computed at working stress levels
whereas ATC uses ultimate strength procedures. The structural analyses also show that the building
members would not generally be overstressed when subjected to 1988 UBC lateral forces. The
maximum model story drift ratio obtained from the applied UBC static loadings was 72% of the
limit established by that Code (0.03/R,,, with R,,=12). For the ATC static loading the maximum
story drift ratio was 81% of the limit established by that recommendation (i.e., 0.0015/Cy, with
Cq = 5.5).

Thus, it appears that the design recommendations studied would have shown that the
building was generally satisfactory and the unusually severe response exhibited by the structure

would not have been identified using equivalent static design procedures alone.

5.9 Response to Other Ground Motions

The likely effect of more intense input ground motions on the response of the structure is

briefly presented in this section.

5.9.1 Response to the NS component of the 1940 El Centro Record

Model 3 was used to estimate the response of the building to the NS component of the

1940 El Centro earthquake, see record spectrum in Appendix C. This record is commonly used in
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seismic analysis of structures. The peak ground acceleration used in this analysis was 0.34 g. The
input ground motion was applied to the model in only the NS direction. Results are presented in
Table 5.5 and Fig. 5.19.

Relatively large displacements, torsional rotations, and story drifts were observed. Al-
though the response was severe, it did not exhibit the large amplification observed for the previous
events. The peak ground acceleration of the El Centro record was 8.5 times the recorded Morgan
Hill and Mt. Lewis values, but the base shear was only 2.3 times the value obtained for the Morgan
Hill event and 1.4 times that for the Mt. Lewis event. The main reason for this behavior is that
the predominant period of the El Centro record is near 0.3 second. Consequently for 3% damping
its spectral acceleration at 2.2 seconds is 0.21 g, only 1.5 times the value obtained for the Mt.
Lewis event. Thus, the frequency characteristics of the input ground motion have a large effect on
the response. It is clear that the ground motions used for design analyses must be selected with
care, especially where the predominant period of the ground motion may be similar to one of the

fundamental periods of the structure.

5.9.2 Response to the Transverse Component of the Mexico City 1985 Record

Model 3 was also subjected to the N9OW (transverse) component of the SCT record
obtained during the 1985 Mexico earthquake, see record spectrum in Appendix C. This ground
motion was recorded on soft soil and has a predominant period similar to that of the building. The
input motion was applied to the model in the NS direction. The peak base acceleration was 0.17
g, 4.3 times greater than the Morgan Hill and Mt. Lewis events and 1.7 times greater than the
Loma Prieta earthquake. However, its response spectrum has predominant periods near 2 seconds
resulting in an ordinate in this period range about 6 times higher than that for the Mt. Lewis
event.

Results of the structural analyses are presented in Table 5.5 and Fig. 5.20. Extremely large
deformations were calculated in the elastic analysis (e.g., 180 cm (71 inches) of lateral displacement
and 0.0101 radian of torsional rotation at the twelfth floor). The computed base shear for the SCT
record was 12 times the value obtained for the Morgan Hill event and 7 times the value obtained
for the Mt. Lewis event. As expected, the response was severely amplified because of the near
concurrence of predominant input and structural periods.

The strong response calculated for the model would not necessarily be that of the structure
under similar ground motion conditions because a considerable amount of element yielding would

be expected for this level of shaking, as will be shown in the following chapter.
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5.9.3 Comments

El Centro and SCT ground motion records are more severe than the events recorded at
the building site to date. Also the base shears resulting from the records are significantly higher
than those currently used in code-based design. It would be desirable to assess the response of the
structure with the excitation scaled to code design levels. For instance, the 1988 UBC in Section
2312 (f) 5 C indicates that base shears obtained from dynamic analyses for regular structures need
not exceed 90% of the value found from the static force procedure presented in Section 2312 (e)
of the Code. If this procedure is followed for the El Centro or SCT records, the interstory drift
ratios and the member forces would satisfy relevant UBC criteria. The values obtained would also

be lower than those obtained from an equivalent static lateral load analysis conforming to the 1988
UBC.

5.10 Conclusions
The following conclusions can be drawn from these elastic analyses.

1. Analytical Models

The response of the building derived from the recorded accelerograms (i.e. periods, dis-
placement, interstory drift, base shear, etc.) can be reproduced adequately using simple
elastic computer models. A good match was found for models that included the center-to-
center member dimensions, no rigid element zones, the magnitude and distribution of mass
as estimated from structural plans, nominal element properties, and a modal damping ratio
typically associated with steel structures responding in the linear range. By further adjusting
the actual mass distribution and incorporating the deck contribution to the beam stiffness,
global results were virtually identical to recorded values. Structural factors that did not have
a strong effect on the response were the lateral stiffness of light partitions and cladding and
P-A effects.

From analyses obtained considering different loading conditions, it was found that both hor-
izontal components of the ground motion records were needed to reproduce the building
response. Bi-directional effects accounted for nearly 22% of the maximum response am-
plitude in orthogonal directions and had a large effect on the shape of the time histories.
Torsional input motion was found to have a relatively small effect on the overall response of

the structure.

The viscous damping ratio had an important effect on the computed responses of the mod-

els. Because of the rapid fluctuation of spectral acceleration with period in lightly-damped
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systems, the responses of the models with low damping were very sensitive to modeling un-

certainties that influenced period estimates.

The models also showed a strong sensitivity to the position of floor center of mass. Increasing
the eccentricity by 5% of the largest plan dimension of the building reduced the NS displace-
ments at the center of mass by 3%, increased the NS displacements at the SW corner by
18%, increased floor rotations by nearly 144%, reduced the NS base shear in 6%, and base
torque by 160%. The ratio of maximum base torque to maximum sum of inertial forces was
increased by 180% when this additional eccentricity was included. This is consistent with

observations made on the basis of analyses of simpler structures.

The modal coupling was quite sensitive to model parameters. Small changes of stiffness in
one direction reduced the coupling in some modal components by nearly 75%. This points
out the difficulty of accurately reproducing the coupled behavior of such structures. Also,
this sensitivity suggests that the response characteristics of the real structure might change

significantly as a result of small nonlinearities.

. Response of the Model to Other Ground Motions

Markedly different responses were obtained from analyses of the computer models subjected
to the NS component of the 1940 El Centro earthquake, the NOOW (transverse) component of
the 1985 Mexico City SCT record and the building base records. Differences in the response
characteristics were caused mainly by the different frequency content of the input motions.
This indicates the importance of selecting for design dynamic analyses several ground motions
that correspond to the expected input signal at the site, especially when the predominant
periods of the ground motion at the location could be similar to one of the fundamental

periods of the structure.

. Code Recommendations

The steel moment-resisting space frame system used in the structure is very flexible. Pre-
dominant periods observed (near 2.2 seconds) and computed were well above those estimated
using Code-type empirical formulae (i.e., 0.1 N = 1.3 sec. or 0.035(h)3/4 = 1.8 sec.). Such
code relations will result in conservative base shear design values for Code-type design spec-
tra. Nevertheless, this will not necessarily be the case for site dependent spectra, nor will

lateral displacement be conservatively predicted.

The building was identified by the 1988 Uniform Building Code design recommendations as
a regular structure. The static procedures, specified by the UBC were not able to identify

the unusual response developed by this structure. It is significant that the design base shear
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coefficient required by the 1988 UBC was only 25% of the one actually developed by the
building during the minor (0.04 g) Mt. Lewis event. The drifts experienced by the building
were 240% larger than accepted by the Code (0.03/R,,) for nonfactored design loads. If the
response values were scaled proportionally, so that the base shear obtained from the models
(or derived from the building records) corresponded to the Code recommended design base
shear (as allowed by the 1988 UBC according to Section 2312 (f) 5 C), then drifts and drift
ratios would satisfy recommended UBC limitations. Similar observations can be made with

the ATC provisions.

. Computed Building Response

The analytical models confirmed the conclusions developed from the interpretation of the
building records. They indicate that the unusual behavior of the building was related to
the relatively low amount of structural damping, the lateral-torsional coupling, the three-
dimensional modes of the building constructively reinforcing one another during portions of
the motion, the resonance effect on the building caused by the agreement of the site input
ground motion characteristics and the structure, and the relatively large flexibility of the

structure.

From the small set of parametric studies performed herein, it was observed that a moderate
amount of modal viscous damping (i.e. 5% of critical), substantially reduced the effective
duration of the response. The peak values, nevertheless, were not considerably affected by

the small increase in the amount of viscous damping.



98

Table 5.1: Model Periods (sec) and Effective Mass Factors.

MODEL

1

2

3-4

5

6

7

8

RECORDED

YE}
T,
13
Ty
Ts
EMFzy
EM Fyy)
EMFy,
EMFoy)
EMFqy
EM Fzy
EM Fy)
EM F3,

1.93
1.87
1.40
0.70
0.68
0.528
0.249
0.000
0.246
0.521
0.008
0.004
0.004
0.769

2.21
2.15
1.63
0.80
0.77
0.538
0.236
0.000
0.232
0.531
0.009
0.005
0.005
0.764

2.19
2.10
1.68
0.80
0.76
0.697
0.077
0.002
0.074
0.689
0.010
0.005
0.007
0.764

2.23
2.12
1.71
0.80
0.77
0.696
0.079
0.002
0.076
0.689
0.010
0.005
0.007
0.765

2.25
2.14
1.70
0.80
0.77
0.699
0.077
0.002
0.074
0.691
0.010
0.005
0.007
0.764

2.19
2.14
1.65
0.79
0.77
0.657
0.118
0.001
0.114
0.604
0.056
0.005
0.051
0.719

2.09
1.99
1.59
0.76
0.72
0.698
0.077
0.002
0.074
0.691
0.009
0.005
0.006
0.765

2.15-2.20
2.05-2.10
1.65-1.70
0.65-0.75
0.60-0.70
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Table 5.4: Building and Model Response Values, Loma Prieta Earthquake.

CASE RECORDED® | 2-LP-BT | 3-LP-BT | 4-LP-BT | 4-LP-B
12* Floor Drift

EW (cm) 30.58 33.43 32.92 38.51 38.56

NS (cm) 34.85 37.21 30.73 33.86 33.71

Rot. (rad.) 0.0027 0.0016 0.0015 0.0018 | 0.0016
Max. Drift Coeff.

EW (%) 0.74(2-7) 0.86(5) | 0.84(3-5) | 1.00(3) | 1.00(3)
NS (%) 0.81(2-7) 0.90(5) | 0.74(5) | 0.78(5-6) | 0.79(7)
Base Shear

EW (102 kN) 22.69 22.80 22.78 27.22 27.26

NS (103 kN) 21.35 24.29 21.64 22.73 22.64

Numbers in parenthesis indicate level where maximum drift index was obtained.

7 Derived values at Center of Mass.

Table 5.5: Model 3 Response Values, SCT Mexico and 1940 El Centro

Earthquake.
EARTHQUAKE SCT EL CENTRO
12t Floor Drift
EW (cm) 32.64 6.55
NS (cm) 180.34 28.70
Rot. (rad.) 0.0101 0.0020
Max. Drift Coeff.
EW (%) 0.80(5) 0.17(3)
NS (%) 4.42(5) 0.82(3)
Base Shear
EW (10° kN) 23.40 4.97
NS (102 kN) 129.24 25.21

Numbers in parenthesis indicate level where maximum drift index was obtained.

7 Derived values at Center of Mass.




102

Table 5.6: Model 9 Response Values, Building Code Static Loads.
Applied in the NS Direction.

CODE UBC-88 ATC 3-06
12t Floor Drift

EW (cm) 0.20 0.25
NS (cm) 7.52 9.32
Rot. (rad.) 0.0004 0.0005
Max. Drift Coeff.

EW (%) 0.01 0.01
NS (%) 0.18 0.22
Base Shear

EW (103 kN) 0 0
NS (103 kN) 4.69 5.54

1988 UBC Coefficients: Z=0.4, S=1.5, T=2.2 sec., I=1.0 and R,,=12.
ATC 3-06 Coefficients: A, = A,=0.4, 5=1.2, T=2.12 sec., [=1.0 and R=8.
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Figure 5.17: CASE 7-MH-NS. Twelfth floor motion. (a) EW relative displacement, SW corner.
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Figure 5.18: CASE 8-MH-BT. Twelfth floor motion. (a) EW relative displacement, SW corner.
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Figure 5.19: CASE 3-CENT-NS. Twelfth floor motion. (a) EW relative displacement, SW corner.
(b) NS relative displacement, SW corner. (c) Derived torsion, SW-NW corner relative

displacement.
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Figure 5.20: CASE 3-SCT-NS. Twelfth floor motion. (a) EW relative displacement, SW corner.
(b) NS relative displacement, SW corner. (c¢) Derived torsion, SW-NW corner relative

displacement.
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CHAPTER 6

ANALYTICAL MODELS AND RESPONSE: NONLINEAR CASE

6.1 General

Several nonlinear models were developed to evaluate the behavior of the building and to
perform parametric studies under severe loading conditions. A modified version of the ANSR-I
program was used for the nonlinear analyses [36]. ANSR-I is a general purpose computer program
for three-dimensional, nonlinear, dynamic and static analysis of structures. In the program, a
structure can be idealized as a three-dimensional assemblage of discrete finite elements connected
at nodes. Several elements are provided with the program.

Static and/or dynamic loads can be applied at the nodes. For dynamic loading, the
structural mass is assumed to be lumped at the nodes. Damping can be assigned at the element
or structure level, and can be specified as a function of the mass or the initial or tangent stiffness.
Ground motions can be specified for the three global axes of the structure. In this case all “base”
nodes are constrained to move in phase.

Several solution strategies are available in the program. These are based on combinations
of the Newton-Raphson and constant stiffness iteration schemes.

Because of the complexity of the computer input for this problem, a graphic interface
was developed, which allows the input geometry and member properties to be graphically verified.

Examples of the interface output are presented later.

6.2 The Nonlinear Model

The basic characteristics of the best fit linear elastic model, presented in Chapter 5,
were utilized to formulate the nonlinear analytical model. Thus, the structure was modeled three-
dimensionally, with three degrees of freedom per story, using element center-line dimensions (no
rigid element zones), partial composite action of the NS oriented girders (in stiffness, but not in
strength), an average translational inertial weight of 9450 kN (2100 kips) per story, an average
rotational floor inertial mass of 1.0 x 10% kg-m? (3.1 x 10° b-in?) and an average gravity load of
6703 N/m? (140 psf) [ dead ~ 4788 N/m? (100 psf) and live ~ 1915 N/m? (40 psf)]. The stiffness
and strength of the exterior siding and interior partitions were not considered in the nonlinear
model, because of their small effects on the linear model and uncertainties in their properties.

Because of differences between the computer programs and modeling constraints, the linear
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response envelopes obtained from the ETABS and ANSR-I programs are not identical. Differences
in the responses can be related, in part, to the elimination of the nonstructural panel elements and
the torsional input in the ANSR-I model, and the different modeling assumptions for the element
stiffness and structural damping. The results indicate that these differences are generally less than
10%.

In consideration of the size of the problem and the limitations on computer time and
memory, the rather simple, three-dimensional beam and beam-column elements developed by Riahi
et al. [44] were used to model the structure. The basic characteristics of these elements are presented

below, but a more detailed presentation is given by Riahi et al.

6.2.1 Imitial Capacity Analysis

A simple static lateral load capacity analysis of the structure and members was carried
out using nominal element properties and assuming no element strain hardening. Gravity load

effects were included in the analyses. The analyses indicate the following

o If inelastic action occurs in the structure, plastic hinges in the interior frame girders will
typically form at the element ends. In the perimeter frames, hinging occurs in the reduced
section of the built-up members, at the ends of the taper. Main elements were found to have
compact sections. Some of the EW oriented girders in the interior frame could have lateral
stability problems at large inelastic deformations since no lateral bracing was provided at

plastic hinge locations.

¢ The maximum axial load that can be transferred to a column (not located at a corner), is
limited to approximately 15% of the its nominal axial load capacity (FyA). This estimate
is based on girder yielding and tributary gravity loads. Similarly, for the perimeter frame
corner columns, the maximum axial load is about 31% of their nominal axial capacity, when
all girders above the column in one direction and the tributary weight are considered. For

bi-directional loading this value could nearly double.

e A strong column-weak girder design philosophy, considering expected ultimate axial loads,

was implemented for the interior and perimeter frames.

e The yielding capacity of joints located in the interior and perimeter frames was estimated

using the following simplified formula

Vy capacity = 0.55d Fyt (6.1)

where
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Vy capacity is the yielding capacity of the joint,

d. is the column depth,

F, is the specified minimum yield stress, and

t is the total thickness of the joint panel zone, including doubler plates.

Values obtained using this formula indicate that the joint yield capacities for the interior
frames are from 1.0 to 1.5 times those demanded by the nominal plastic moment capacities
of the girders connected at the joint. Higher values are found at the lower floors. For the
perimeter frame connections, values between 0.92 and 0.98 were found from the first to the

seventh floor, 0.85 for the eighth and ninth floor and 1.33 from the tenth to thirteenth floors.

Thus, plastic hinging would be expected in the girders for the interior frames. For the
perimeter frames, yielding would be expected to initiate in the girders but would spread,
especially in the lower floors, to the joints as the plastic moment capacity of the girders is

approached.

6.2.2 Beam Elements

Girder and beam members in the structure were modeled with the simplified beam-column
elements developed by Riahi et al. [44]. While these line elements can be oriented arbitrarily in
the space, yielding is allowed in only one plane. Deformation hardening is taken into account
by assuming that the element consists of elastic and elasto-plastic components acting in parallel.
With this procedure, a moment-rotation relationship, instead of a moment-curvature relation, is
achieved. Inelastic axial and shear deformations are not allowed in this element. Two types of
yield surfaces are provided with the element: a “beam” type in which no interaction exists between
axial and moment capacity, and a “column” interaction curve where simplified axial load-moment
interaction is considered.

Flastic axial, flexural and shear stiffness corresponding to the plane in which yielding is
permitted can be specified directly. Torsional and minor axis stiffness properties are derived from
the major axis stiffness terms using scaling factors. Elements with variable cross sections can be
accounted for by specifying appropriate stiffness and carry-over factors.

In the computer model of the building, the girders were modeled using nominal plastic
capacities (Z Fy) and the “beam” yield surface provided by the program. The deformation hard-
ening was considered to be 5% of the initial elastic stiffness. Under seismic excitations yielding
in the built-up girder elements on the perimeter frame will occur at the end of the reduced sec-
tion. Therefore, the capacity specified at the ends of the built-up girders on the perimeter frame

was derived from the capacity of the reduced section of the girder, considering equilibrium under
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anti-symmetrical loading and the location of the hinges along the length. A total of 1,456 beam

elements were used in the analyses.

6.2.3 Column Elements

Taking into account the low axial load expected in the columns, the strong column-weak
girder condition present in all the important elements, and the results of the linear analyses, columns
were also modeled above the second floor using the two dimensional beam-column elements. For
these elements a “beam” yield interaction surface was again prescribed. The major axis for these
elements was oriented in the direction in which nonlinearities could occur in the elements, consider-
ing the beam arrangement, higher mode effects or beam-element strain hardening. A deformation
hardening ratio of 5% was assumed for these elements. An additional 814 elements were used to
model these columns.

For the first two floors, three-dimensional beam-column elements were employed to model
the columns. These column elements, developed by Riahi et al. [44], are an extension of the
two dimensional beam-column elements presented above. However, tri-linear relationships can be
prescribed directly for the moment-rotation characteristics in both principal axes as well as for the
torque-twist and force-extension characteristics. Parabolic and elliptical interaction surfaces are
employed to formulate a generalized plastic hinge.

These columns were modeled using their nominal plastic properties and a parabolic inter-
action surface which had the following form:

M, \? (M, P\’
- \G2) +G) |+ (7) 02

No torsional stiffness was specified for individual columns. A 5% deformation hardening ratio was

7 1/2

assumed. For the first two floors, 148 three-dimensional beam-column elements were employed.

6.2.4 Beam-Column Connections

Beam-column connection yielding was not considered directly. To approximate the elastic

joint deformation, element center-to-center dimensions were specified.

6.3 Response Parameters Monitored

Because of the size of the model, only selected response parameters will be presented for

the different analyses. These include:

¢ the twelfth story displacement and rotations at the model’s center of mass;
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the displacement at the SW corner of the twelfth floor;
the difference between the SW and NS corner displacements at the twelfth floor;

the inter-story drift indices computed at the centers of mass for floors 1 to 12;

In cases where additional eccentricities were added, the initial center-of-mass loca-
tions are still used for comparison.

the maximum rotational ductility (1) and cumulative rotational ductility (u.) demands for

the perimeter frame built-up girders (these elements are located between floors 1 and 9);

The ductility demand g on the girder elements was derived by dividing the maxi-
mum plastic rotation and cumulative plastic rotation by the yield rotation of the
element, assuming that the element acted in double curvature in the absence of
gravity loads.

(o= 0y /0y +1 (6.3)
po =14 |Ab,|/0y (6.4)

where

8, is the yield rotation of the element assuming the element acts under
double curvature with a maximum elastic moment equal to the nominal
plastic moment,
Omyp is the maximum plastic rotation of the element, and

. ABp; is the plastic rotation increment at time step :.

For elastic behavior the ratio of maximum computed moment to plastic moment is
used as the ductility ratio instead of the rotation ratio, and cumulative values are
not considered.

o the sum of the squared displacements (for a given constant time step);

o the axial load and moments at the base of the first story column at the SE corner of the
building (Column M-12, Fig. 3.1);

N
SSD, =) _d2, (6.5)

1
where d;, is the displacement at time step ¢ in the global v direction, and N is the
number of recording points considered. This parameter will be used to compare the
effects of different variables on the amplitude and duration of the response. The
SSD values were evaluated for the SW corner displacements at the twelfth floor.

The values obtained are presented normalized with respect to their respective nom-
inal plastic capacities.

e the number of elements that exhibited inelastic behavior.
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The final model mesh used in the analysis is presented in Figs. 6.1 to 6.4. Summaries of

the global response characteristics are presented in Tables 6.1 to 6.7 and in Figs. 6.13 to 6.59.

6.3.1 Static Load-to-Collapse Analysis

Static lateral loads on the model were monotonically increased to estimate the lateral
capacity of the building and typical deformed shapes. Analyses were performed for both principal
directions of the building. The forces were applied at the center of mass of each floor and distributed
in elevation as defined by the pattern of design lateral loads in ATC 3-06 [38]. Dead and live gravity
loads were included in the analyses. Models with and without P-A effects were considered. Figures
6.5 to 6.12 present relations between base shear and twelfth floor displacement, building deflected
shapes, ductility demand distribution and inter-story drift distribution. The results of the static
analyses confirm that the structure is quite flexible and deformable.

If the base shear-twelfth floor displacement relation (Fig. 6.5) is associated with that of a

single degree-of-freedom system then several observation can be made.

e The initial slope observed from the base shear-twelfth floor displacement, Figure 6.5, is 578
kN/cm (326.5 kips/inch), which is similar to that found from the analysis of the earthquake

records (see Section 4.5.5).

e When P-A effects were not considered, appreciable deviation from linear behavior (local yield-
ing) was detected when the twelfth floor displacement plots, in the EW direction, exceeded

48 cm (19 inches). This corresponds to a base shear coefficient of 0.22.

An equivalent yield displacement (or global yielding displacement) for the model was defined
as the intersection of the initial elastic and average post-yielding slope of the force-deflection
relation. The equivalent yield displacement found in this manner was 64 cm (25 inches,
1.3% average drift). This corresponds to an effective base-shear yield coefficient of 0.29. A
complete energy dissipation (“collapse”) mechanism had apparently not formed at a base
shear coefficient of 0.48 and a displacement of 644 cm (253 inches) (corresponding to a 13.0%
average drift and displacement ductility of 10). At this point the post-yielding tangent stiffness
had a slope corresponding to approximately 6.1% of the initial elastic stiffness (indicating that
some of the elements required for a complete energy dissipation mechanism still remained
elastic). The structure did not reach an unstable condition, even for higher displacements,
because of the absence of P-A effects in this analysis, the 5% deformation hardening ratio
prescribed for all elements of the structure and the unlimited plastic rotation capacity assumed

in the analysis for the members.
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e The results indicate that there is a 32% increase in base shear between local and global
yielding and a 118% increase between local yielding and the formation of the energy dissipation
mechanism. The characteristics and capacity of the model were similar in both directions, as

shown in Fig. 6.5.

Building deflected shapes for different load levels are presented in Fig. 6.6. The deflected
shape changes with increased loading concentrating deformations in the lower half of the building,.
Because of the characteristics of the deformed shapes, higher inter-story drifts and, consequently,
higher rotational ductility demands in the girders were found between the second and seventh floors.

Figures 6.7 and 6.8 present the inter-story drift and rotational ductility demands at a
building global displacement ductility demand (u4) of about 3 (i.e., a twelfth floor displacement of
2.03 meters (80 inches)). For this level of deformation the maximum rotational ductility demand
and maximum inter-story drift index were found at the fifth floor. The maximum plastic hinge
rotation ductility was 8.5, 2.6 times larger than the global displacement ductility of 3. Similarly,
the fifth story drift was 6%, 71% larger than the average inter-story drift at this stage.

A total of 903 elements of the model had yielded at a displacement ductility of 3. Of
these, 615 were beam elements (out of a total of 1456 beam elements), 181 were two-dimensionally
modeled columns (out of a total of 814) and 102 were three-dimensionally modeled columns in the
bottom two stories (out of a total of 148). Because there are 74 column lines per story, the numbers
presented above indicate that nearly all columns in the first two stories and 22% of columns between
the third and thirteenth stories yielded at a global building displacement ductility of 3. This is due
to (2) the deformation hardening in the girders which increased moments to a level sufficient to yield
columns despite the strong column-weak girder behavior expected, (i%) inelastic load redistribution
and (7i7) yielding in columns in the exterior frame.

The large lateral displacements that corresponds to a global displacement ductility demand
of 3 make it unlikely that the building could reach this level of inelastic behavior for the earthquakes
expected at the site. Nonetheless, the analyses indicate several interesting characteristics of steel
frames at these large displacement amplitudes.

It was observed from the static load-to-collapse analyses that yielding reduced the apparent
coupling between translational and rotation motions and between the translational motions in the
two orthogonal directions. For example, Figure 6.9 presents the normalized (to a maximum value of
one) ratio of orthogonal displacements (Ans/Agw) and the normalized ratio of in-plane rotation
to displacement in the loading direction (6/Agw). Both ratios are computed at the center of mass
of the twelfth floor.

This figure shows that while the system is elastic these ratios are constant (the increase

in rotation is in the same proportion as the increase in displacement). When yielding occurs, the
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ratio of orthogonal displacements decreases monotonically with increasing deformation, indicating
an apparent decoupling between the two directions. The displacement orthogonal to the direction
of loading results from the difference between the locations of the centers of mass and rotation.
The “center of rotation” actually changes during the loading because of yielding. Thus, the shape
of this curve depends on the point being monitored. The decrease in Anys/Agw as Agw increases
indicates that, when significant yielding occurs, displacements increase much faster in the direction
of loading than in the orthogonal direction. The decrease does not reflect an actual decrease in the
orthogonal displacements.

The normalized ratio of in-plane rotation to EW displacement is constant while the system
remains elastic. The ratio then initially grows reaching a maximum near the point of global yielding,
and then decreases for higher displacements. Thus, as yielding initiates torsional effects increase
at a faster rate than lateral displacements because of the irregular location of plastic hinging and
a sudden shift of the “center of rotation”. As a Jateral collapse mechanism begins to form, the rate
of increase in the lateral displacements becomes greater than that for the in-plane rotation, Figs.
6.10 and 6.11.

Building models including P-A effects indicate that this condition has consequences mainly
on the post-yielding behavior of the structure, Fig. 6.12. The initial effective elastic stiffness is
only 3.2% lower than the case where P-A effects were disregarded. Nevertheless, the post-yield
stiffness is 4.6% of the initial stiffness at 2 meters (80 inches) twelfth floor displacement, a 52%
reduction compared with the case without P-A effects. Furthermore, these results are based on 5%
deformation hardening and a smaller value might be appropriate for these large deformation levels.

If the deformation hardening values used for all elements of the model are reduced from
5 to only 1% of the initial elastic stiffness of the member, then P-A effects produce a sudden static
failure of the structure under monotonic loading after the equivalent global yield displacement (64
cm [25 inches]) has been reached. P-A effects can have important consequences on the global
inelastic behavior of such types of structures.

In the previous chapter it was found that the 1988 UBC required a base shear coefficient
of 0.037 at working stress levels for the structure studied. An approximation to the yield base shear
coefficient prescribed by the Code can be obtained by multiplying this value by 1.5 (1.5 x 0.037
= 0.056). ATC 3-06 recommends a yield base coefficient of 0.049. From the results of the static
load-to-collapse analysis, it is clear that the capacity of the structure is considerably higher than
expected by the design recommendations. The base shears for local yielding, global yielding and
formation of the energy dissipation mechanism are approximately 4.2, 5.6 and 9.1 times the 1988
UBC design base shear, respectively. Codes in force at the time the structure was designed would

have required an even smaller design base shear. Nevertheless, it should be recalled that the linear
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dynamic analyses of the building indicated that several structural elements were close to yield for

earthquake events with peak ground accelerations of only 0.04 g.

6.3.2 Model Response to Earthquakes Recorded at the Site

The studies of the linear models presented in the previous chapter indicated the possibility
that some element yielding might have occurred in the structure during the Mt. Lewis and Loma
Prieta events. To evaluate the effect of these nonlinearities two models with different amounts of
viscous damping (1 and 3% of critical) were considered. Rayleigh damping was incorporated into
the model as a combination of the mass and initial stiffness matrices. The first and third structural
fundamental periods were used to specify the desirable amount of damping.

The nonlinear model was subjected to the building base ground records of these earth-
quakes, in both directions. For the EW direction an average of the base corner records was used.
P-A effects were not considered; a time step of 0.02 second was used. The duration of the records
considered for the analyses was 80 seconds, resulting in 4000 time steps. Step-by-step integration

without iteration was used to solve the equation of motion. Results of the analyses are summarized
in Table 6.1.

6.3.2.1 The Mt. Lewis Event

The linear model studies showed that the 1% viscous damping model overestimated some
aspects of the response of the system, but captured the basic behavioral characteristics observed
during the recorded events. Thus, this model is used herein to represent an upper bound for the
response of the nonlinear model of the structure. The global response parameters obtained from
this low damping model for the Mt. Lewis event are presented in Figs. 6.13 to 6.15 and Table 6.1.

Comparison of the SW corner displacement in the model with the recorded response, Fig.
6.13, corroborates that the model overestimates the response, especially during the latter portion
where the input motion is small and the decay of the response is dominated by the free decay of
the modes. However, there is general agreement with the basic response characteristics during the
more intense force vibration portion of the response.

Figure 6.15a shows the vertical distribution of maximum inter-story drift indices at the
story center of mass, for the NS and EW building directions. The NS deformations were consider-
ably larger than those computed for the EW direction. This model predicts a maximum inter-story
drift index (IDX) of 0.89%, located at the fifth level.

A small amount of element yielding occurred in the model. Figure 6.14 shows the times
at which the program detected yielding in the structure. The figure shows that yielding was

concentrated between 26 and 42 seconds of the response. This time agrees with the time of strong
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deformations in the NS direction. For this earthquake, only 36 girder elements yielded, Table
6.1. The distributions with elevation of the maximum (z) and cumulative {p.) rotational ductility
demands for the perimeter frame built-up girders are presented in Fig. 6.15b. This type of element
was present in the perimeter frame only from the first to the ninth floor. Above this level wide
flange beams were used (W21x82). Figure 6.15b shows that element yielding in the built-up girders
was limited to the fifth floor and that the maximum rotational ductility demands on these elements
were small, u= 1.06. Because of the limited present in the structure, only a few cycles of inelastic
behavior occurred in the perimeter frame girders. As a consequence, the maximum cumulative
rotational ductility observed was also small, u.=1.09. For the built-up girders that remained elastic,
maximum normalized moments are highest between floors 3 and 6 corresponding to the levels with
high drift. It should be recalled from Section 6.2.1 that beam-column joint yielding could occur at
these levels for moment ratios between 0.92 and 0.98. Similarly, since plastic moment capacities
are used to define yielding in the girders, girder yielding would be expected for moment ratios less
than 0.88.

Figures 6.15c, d and e present the axial load-moment and bi-directional moment inter-
actions for the monitored column (first story, Column M-12). Column forces and moments are

normalized to their nominal plastic capacities. Sections shown in these figures are as follows:

P/P,-My, /My, with M,, /M., = 0,
P/Pp-M.,/M,, with My, /M,, = 0, and
M,/ M.p-Myy /M, with P/ P,=0.

The force diagrams for the monitored columns show a regular pattern similar to that observed from
particle plots of the twelfth floor displacements, see Fig. 4.25.

The model with 3% damping exhibited reduced deformation and no yielding (¢ = 0.69)
in the structure. Envelope characteristics were closer to those observed from the records. Other
response envelopes for this analysis are presented in Table 6.1.

It is concluded from these analyses that little significant yielding occurred in the main
elements of the building during the Mt. Lewis event, despite the severe displacement response of

the structure.

6.3.2.2 The Loma Prieta Event

During the Loma Prieta event it appears that yielding occurred in the structure. According
to the model with 3% damping, 16 elements suffered moderate yielding. None of these were part
of the perimeter frame. Girders on the perimeter frame, nevertheless, were close to their plastic

capacity (¢ = 0.92), Table 6.1. These demands may have been sufficient to initiate yielding in the



133

perimeter girders and panel zones. The ductility demand (i.e. normalized moment) distribution for
the perimeter frame girders is presented in Fig. 6.16b. This figure shows that the demands were
again highest between the second and sixth floors.

Figure 6.17 presents displacement histories of the SW corner at the twelfth floor from the
analysis and the earthquake response records. The correlation is good. Because a good agreement
was also found for the linear models, it is concluded that yielding had only minor effects on the
overall response of the structure. Figure 6.18 shows the times when the yielding occurred in the
structure. This figure indicates that yielding was concentrated between 13 and 22 seconds of the
response when a strong response occurred in the NS direction.

Inter-story drift indices indicate that the EW and NS deformations were similar for this
event, with concentration between the second and sixth floors, Fig. 6.16a. This agrees with the con-
centration of nonstructural damage observed in the building after the earthquake. The maximum
inter-story drift index (IDX) computed was 0.89% at the fifth floor.

The axial load-moment interaction plots for the monitored column show a clear direction-
ality and several cycles of moderate stress intensity, Figs. 6.16¢c, d and e.

The model with 1% damping shows an increase in the number of elements that yield
(47). Perimeter frame girders yielded for this model, with a maximum ductility demand of 1.13.
Because this model overestimates the response of the structure, it is believed that the model with

3% damping is more representative of what actually happened in the building during this event.

6.3.3 Parametric Studies

A number of parametric studies were performed on the complete three-dimensional non-
linear model to identify the effects of damping, nonlinearities, eccentricities and earthquake loading
on the global response.

Five earthquake records were considered in these analyses: the recorded base building
records during the Morgan Hill (1984), Mt. Lewis (1986) and Loma Prieta (1989) events, as
well as the Mexico SCT (1985) and El Centro (1940) events. Both horizontal components of
these earthquakes were used in all the analyses. Because it was observed from these records that
maximum structural responses could occur long after the strong phase of the earthquake input
ended and in order to evaluate cumulative damage effects, 80 seconds of input were considered in
all the analyses, with the exception of those involving the El Centro records for which durations of
40 seconds were considered. Linear response spectra of the records used are presented in Chapter
4, Fig. 4.8 and Appendix C, Figs. C.1 and C.2.

Different effective peak accelerations (EPA) were used in the analyses. The effective peak

accelerations were obtained by increasing the peak record acceleration by a scaling factor so that
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the 5% viscous damping peak spectral acceleration of the record divided by 2.5 was equal to the
desirable EPA value. In each analysis the scaling factor was applied to both components of the
input earthquake records. Values of EPA used were 5, 15, 25, 40, 60 and 180% of g. The latter
value is unrealistic but was used to assess the ultimate inelastic behavior of the structure. Because
of the bi-directional input, these values were adjusted for only one direction of motion as follows:
¢ El Centro 1940: NS direction.
Mexico SCT 1985: N9OW (transverse) direction.
Building base record, Morgan Hill 1984: NS direction.

Building base record, Mt. Lewis 1986: NS direction.
Building base record, Loma Prieta 1989: NS direction.

The orthogonal components were then scaled by the same factors.

To study the effects of the position of the floor center of mass, two different additional
mass eccentricities were considered. These were expressed as a percentage of the building plan
dimension (e/D). Values used were 0, 10 and 25%: the value of 0 means that only the original model
eccentricities were considered. No additional stiffness or strength eccentricities were added to those
already present in the model. Care should be taken when interpreting the results presented below,
because several other investigations [14, 50] observed that the inelastic response characteristics of
stiffness eccentric and strength eccentric structures differ from those of mass eccentric structures.

To evaluate the effect of viscous damping on the response, models were analyzed with 1, 5,
10, 20 and 40% of critical damping. This damping was incorporated in the model as a combination
of the mass and initial stiffness matrices. Again, the latter models are unrealistic, but can be used
to assess the effectiveness of retrofitting the structure by adding devices to increase the effective
viscous damping,.

Because of the large computing cost of each nonlinear analysis, a complete combination
of these parameters was not feasible for this investigation. Nevertheless, some general trends in the
response can be observed from the limited set of data.

As a way to obtain an upper bound on the response, most of the studies were performed
using the low damping models (1% of critical). This should be considered in the interpretation of
the results because the response spectra for the records studied change considerably with period
for such a low damping value.

The results of these analyses are summarized in Tables 6.2 to 6.12 and in Figs. 6.19 to
6.59. In these figures the following denomination of model damping and ground motion input is

used:

e Model with 1% viscous damping subjected to the Mt. Lewis event building base records:
ML-1.
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e Model with 5% viscous damping subjected to the Mt. Lewis event building base records:
ML-5.

o Model with 1% viscous damping subjected to the Morgan Hill event building base records:
MH-1.

e Model with 1% viscous damping subjected to the Loma Prieta event building base records:
LP-1.

e Model with 1% viscous damping subjected to the Mexico SCT records: SCT-1.

e Model with 1% viscous damping subjected to the El Centro records: CENT-1.

Results of Parametric Studies
6.3.3.1 Effect of Different Ground Motions on the Response

Five different ground motions were studied in this part of the investigation. On the basis
of the frequency content characteristics of the ground motions studied, the building base records
and the Mexico SCT record can be classified as a “soft soil” record. The El Centro ground motion,
corresponds to a “firm soil” record.

The effect of the different ground motions on the response of the structure was found to
be dependent on the level of inelastic behavior of the model. Figures 6.40, 6.41 and 6.42 present
the maximuxﬁ twelfth floor displacement at the center of mass, the maximum in-plane rotation of
the twelfth floor and the maximum inter-story drift index for an elastic and an inelastic model,
respectively, for the same earthquake intensity (EPA=60% g). Figures 6.43 through 6.47 present
other response parameters for the inelastic models subjected also to ground motions with 60% g

effective peak acceleration.

Analyses of the results indicate the following:

o There is a clear difference in the severity of the response between the soft soil records and the
firm soil record. The El Centro record, with its relatively high frequency content and short
strong motion duration, has a relatively small effect on the structure. On the contrary, the
soft site ground motions, with their predominant frequencies close to the natural periods of
the building and with their long durations, produce larger displacements, inter-story drifts

and ductility demands on the structure.

e The difference between earthquakes is more pronounced for structures responding in the

linear range. This could be attributed to the resonance effect present in these lightly-damped
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models. The most severe responses were obtained in the linear models subjected to the Mt.
Lewis event. The elastic analysis indicates global displacement 6 times greater than the
yield displacement for this scaled record. The behavior changes considerably in the inelastic
range for relatively large earthquake intensities (EPA=60% g). At this level of intensity, the
difference in response for different input ground motions is greatly reduced, especially for

soft-site records.

For example, inelastic global ductility demands are very similar for the earthquakes studied,
and in general much smaller than predicted by elastic analyses. The marked reduction in
this parameter can be associated with the limiting of resonance effects because of structural
nonlinearities. Similar observations can be made regarding in-plane torsion and inter-story
drift. Local element rotation ductilities, while larger than global displacement ductilities, are
also relatively small, about 4, Fig. 6.43. Cumulative rotational ductilities vary more among
the different ground motions, but results indicate that the cumulative effects are equivalent
to only 2 to 3 complete cycles of reversals at the maximum rotational ductility, Fig. 6.44.

Many elements have inelastic excursions, Figs. 6.45 and 6.46.

The earthquake causing the severest response depends on the particular parameter:

— the Morgan Hill event is the most severe in terms of the number of yielding elements

and cumulative rotational ductility demands, Figs. 6.44, 6.45 and 6.46;
— the Mt. Lewis event is the most severe in terms of the maximum in-plane story rotations,

Fig. 6.41;

— and the Mexico SCT event is the most severe in terms of the maximum rotational
ductility demands; maximum inter-story drift index and twelfth floor displacements,

Figs. 6.40, 6.42 and 6.43.

There is a strong difference in torsional response to the various ground motions studied, Figs.

6.41 and 6.47. A discussion of this behavior is presented in Sections 6.3.3.3 and 6.3.3.4.

6.3.3.2 Effect of Acceleration Level on the Response

The effect of peak ground acceleration on the response of the building was invest‘iga,ted by

studying the response of several models to effective peak ground accelerations (EPA) of 5, 15, 25,

40, 60 and 180% g. Models with 1 and 5% damping were considered in these analyses. The effects

of effective acceleration level on several response parameters are presented in Figs. 6.48 through

6.50.
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Figure 6.48 shows the relation between the global ductility demand, ug, (maximum twelfth
floor center-of-mass displacement divided by global yield displacement found from the static load-
to-collapse analyses) and the EPA. This figure shows that the effective global ductility demands
are quite small (less than 2) for relatively large EPA (60% g). Even for the unrealistic EPA=180%
g, global ductility demands have values lower than 5. Correspondingly, values of maximum and
cumulative rotational ductility demands for individual members are relatively small (u< 5 and p.<
60) for EPA=60% g, Figs. 6.43, 6.44 and 6.49.

This response characteristic can be attributed to the relatively large flexibility and strength
of the structure for which even small global ductilities imply large deformations. For example, a
3% inter-story drift index corresponds to global ductility demands of 1.5 (observed for the model
subjected to the Mt. Lewis and Loma Prieta earthquakes for a 60% EPA, Fig. 6.50a.) Larger
displacements are not attainable with the ground motions recorded thus far at the building site, or
with the two other ground motions used in this study, at credible values of EPA. Similarly, if one
were to limit drift indices to 1.5%, the EPA for the motions considered can not exceed 25% g.

Because of the weak girder-strong column design present in the structure, only a few
columns yield even for large values of EPA. For example, for the 1% damping model subjected to
the Mt. Lewis event with an EPA of 60% g, only 92 columns yielded (37 between the third and
thirteenth story and 55 in the first two stories) and 1196 girders yielded, Figs. 6.46 and 6.50b and
c. Most of the girder elements yield for EPA values greater than 60% g, Figs. 6.45 and 6.50b.

In some cases the structure benefits from this small amount of inelastic behavior. For
example, Figs. 6.40 and 6.42 show significant reductions in maximum twelfth floor displacement
and inter-story drift index when compared with an elastic system subjected to the same earthquake
intensity. These figures show that considerable reductions are obtained for even small global duc-
tility demands (1.5) or EPA (60% g). Nevertheless, the benefit of this reduction depends on the
earthquake used and the viscous damping present in the model. As mentioned above these benefits

can be associated in part with the limiting effect that nonlinearities have on structural resonance.

6.3.3.3 Effect of Yielding on Torsional Response

The effect of yielding on building torsional response was investigated by studying the effect

of earthquake intensity on two parameters:

1. the ratio of the computed in-plane rotation of the twelfth floor in the nonlinear model to that

of an equivalent linear model for the same level of earthquake intensity:

ginela.stic (66)
Gelastic
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2. the ratio of the in-plane rotation to the maximum displacement at the twelfth floor, for elastic

and inelastic models at the same level of earthquake intensity:

inelastic or elastic (67)
Ai'n,ela.stic Aelastic

These ratios are presented in Tables 6.8 and 6.9 and Figs. 6.41 and 6.47.

The results indicate that these ratios are quite sensitive to input ground motion charac-
teristics, effective peak acceleration, and damping. The reason for these differences could relate to
different of the properties of the ground motion (predominant direction, frequency content, etc.)
and to the different sensitivities of response parameters to inelastic behavior and damping (e.g.,
displacements are more sensitive than rotation to different levels of inelastic behavior).

Despite the different behavior observed in the models for the ground motions studied,
the results show that inelastic torsional rotations are generally smaller in amplitude than those
predicted using elastic models, and that ratios of nonlinear to linear elastic torsional rotation con-
sistently decreases with increasing nonlinearity. Nevertheless, ratios of maximum in-plane rotation
to maximum lateral displacement are greater for the nonlinear models than for the linear idealiza-
tions, at least for EPA=60% g. For other intensities a clear trend in these data was.not identified.
For example, results of the models subjected to the Mt. Lewis event indicate that torsional defor-
mation increased with respect to translational deformation with increasing levels of effective peak
acceleration, Table 6.9. On the other hand, results from the Loma Prieta event indicate that this
ratio could grow or decrease depending on the level of EPA.

Also, it was observed from some of model responses that the history of the torsional
behavior changes considerably when nonlinearities are introduced in the response. Figure 6.51
shows the torsional response at the twelfth floor (normalized to a value of 1) of several elastic and
inelastic (EPA=60% g) models. The elastic and inelastic response histories differ considerably. For
example, in the case of the 1% damping model subjected to the Mt. Lewis earthquake, the nonlinear
torsional response tends to decrease considerably after yielding has occurred in the structure, Fig.
6.51a (after 34 seconds). This effect was not as clearly observed in the other cases, but it implies
that torsional behavior could be considerably reduced in some cases when nonlinearities occur
in the system. These effects may be associated with yielding which changes and separates the
effective “modal periods” of the structure, thereby reducing the coupling, and breaking up the

elastic resonance.

6.3.3.4 Effect of Additional Eccentricities on the Response

The effect of additional mass eccentricities was studied by displacing the center of mass at

each floor towards the SW corner of the building by an equal amount (10 and 25% of the maximum
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building plan dimension) in both directions. No attempts was made to move the center of stiffness
or the center of strength of the floor. Because of the regular geometry of the building and the
member locations and properties, the “center of stiffness and resistance of the floor” is located
approximately in the geometric center of the square formed by the perimeter frame.

The movement of the center of mass by 10% and 25% of the building dimension increased
the floor rotations by more than 100% in most of the analyses, Fig. 6.52 and Table 6.10. Other

observations are as follows:

e The increase in eccentricity produced a reduction in the center of mass displacement in one
direction and an increase in the orthogonal direction for the Mt. Lewis, Mexico SCT, and
Loma Prieta events, a reduction in both directions for the El Centro event and an increase in
both directions for the Morgan Hill event. Because the additional eccentricity was provided
by moving the floor “center of mass”, the comparison between these displacements was not
strictly evaluated at the same position. To evaluate the displacement at a common point for
all models and to consider the combined effect of rotations and displacements, the twelfth floor
displacements at the SW corner (which was found from analysis of the building records to have
the most severe response) were derived from the center-of-mass displacements and rotations.
For this case, a reduction in one direction and an increase in the orthogonal direction were
found for the Mt. Lewis event only, an increase for both directions was found for the Morgan
Hill, Mexico SCT and El Centro events, and a reduction in both directions was found for the
Loma Prieta event. These results indicate the strong dependence of the torsional response
of the building on the dynamic characteristics of the structure and properties of the input

ground motion. A similar pattern was observed for inter-story drifts, see Figs. 6.19 to 6.39.

o Also, the increase in eccentricity produces a reduction in the ratio of inelastic to elastic
rotation and an increase in the ratio of rotation to maximum displacement at the twelfth
floor for most of the records, Tables 6.8 and 6.9. In the case of the Mexico SCT record the
rotation ratio (Ginetastic/Gelastic) increases and for El Centro it does not change. For the large
additional eccentricity, e/D=25, there was considerable change in the initial period of the
structure so the apparent change in rotational amplification is likely very dependent on the

shape of the earthquake response spectrum.

¢ From response tables for the different earthquakes and Table 6.10 it can be seen that the
change in eccentricity had the effect of consistently increasing the maximum ductility demand
of the perimeter frame girders (maximum increment was 22%) and reducing the cumulative
rotational ductility demand on these same elements (maximum reduction was 58%) and the

SSD values (maximum reduction was 56%). For the elastic modes, the moment ratios of the
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perimeter girders increased (up to 40%) or decreased (25%) depending on the ground motions

studied. Similar trends were observed for inter-story drifts.

One explanation for the behavior of the maximum and cumulative rotational ductility de-
mands can be deduced by examining Figs. 6.54 to 6.59. These figures show the distribution
of maximum ductility and maximum cumulative ductility for the fifth floor perimeter frame
built-up girders. Each value on the horizontal axes represents a column position (there are
10 columns on each side of the perimeter frame), Fig. 6.53. Each side of the building is
represented in these figures by a different type of line. The cases of 0 and 10% additional ec-
centricities are presented. These figures show that when additional eccentricity was considered
(which in all cases increased torsional rotations and maximum girder rotational ductilities)
there usually was a redistribution of inelastic demand between orthogonal directions. This
redistribution generally caused an increase in maximum ductility demand and a reduction in
cumulative damage (the demands tended to average out). For example, in the case of the Mt.
Lewis event shown in Fig. 6.55, the addition of eccentricity shifted the maximum ductility

demand from the West side to the South side of the building.

o Despite the large increase in torsional deformations caused by the additional mass eccentric-
ities considered, increases in maximum rotational ductility demands and moment ratios were
relatively small. This effect can be related to the presence of a relatively strong and stiff
perimeter frame that creates a torsionally stiff structural system, (i.e. the first predominant

torsional period is shorter than the predominant translational period).

e Column forces also changed when the position of the center of mass was displaced: moments
increased or decreased depending on the earthquake and column section orientation and the

peak axial load generally decreased with increasing eccentricity.

6.3.3.5 Effect of Additional Damping on the Response

Several nonlinear analyses were initially performed on inelastic single degree-of-freedom
oscillators to investigate the effect of viscous damping on yielding systems (see Appendix C). An
elasto-perfectly-plastic model was selected for the analyses. Eleven different ground motions were
used in the studies, six obtained on relatively firm soils and five on relatively soft soils. Damping
values studied were 0, 1, 2, 5, 10, 20, 40 and 80% of critical. Five different structural strengths
and 20 different structural periods were considered. Response parameters considered were the
maximum and cumulative displacement ductility demands, the sum of the squared accelerations
and the apparent strong motion duration. A detailed description of the analyses and results may

be found in Appendix C.
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From these analyses it was found that increasing the amount of damping generally reduced

the amount of yielding in the system.

¢ Maximum ductility demand and cumulative damage decrease with increasing viscous damp-
ing.

e The total accelerations (related to base shear and overturning moments) could increase or
decrease in the system depending on the period and capacity of the structure. Generally,
an increase in inertial forces was found for weak systems and for structures with periods
below the predominant period of the ground. This could be expected because weak and short
period structures generally have high ductility demands. Damping forces may thus be large

in comparison with the structural yield force.

e Strong motion duration, based on acceleration histories, can also increase or decrease with
increasing damping, depending on the system capacity and period. Nonetheless, in most cases

duration decreases with increasing damping and, if it increases, it is only by a small amount.

o A general conclusion of the study in Appendix C, was that there is an optimum value of
viscous damping after which further increases have relatively little influence on the response.
This value is between 20 and 30% for maximum and cumulative ductility, between 10 and
20% for the sum of the squared accelerations and around 10% for response duration. The

apparent “optimal-limit damping” for all parameters studied would be 30% of critical.

The effect of additional damping on the response of the complete three-dimensional model
was studied using the Mt. Lewis and Loma Prieta events. Results showing the effect of damping on
inelastic responses are presented in Tables 6.1 through 6.7 and Tables 6.11 through 6.12. Additional

parameters were monitored for this part of the study:

¢ The maximum inertial force at the base of the building:

N=12
Vi=MAX, | 3 m; a;'-(t)) (6.8)
7=1

where

V; is the base inertial shear in the 7 direction,
m; is the translational mass of floor j, and
aj-(t) is the total acceleration at floor 7, in the ¢ direction, at time ¢.
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This parameter is a measure of the total inertial forces in the building. For low levels of viscous
damping it is similar to the base shear obtained by summing element shears at the base of the
structure, at the time of maximum response. For high levels of damping, the damping forces
are considerably larger, so it will overestimate the shears present in the elements at the base
of the building. However, this parameter may reflect the actual base shear and overturning

moments if damping forces are introduced in the building by means of mechanical devices.

e The square root of the floor sum of the squared total acceleration values for the first to the

twelfth story:

N=12 ) 2

RSA; =, > 3 (ai(n)” A (6.9)
=1 ¢t

RSA will be used to compare the effects of different amounts of damping on the amplitude

and duration of the response for a given direction .

Results indicate similar behavior to that found for the one degree-of-freedom studies, Table
6.11. In general, those parameters that are related to displacement values decreased with increasing
amounts of damping. The decrease was smaller for large inelastic behavior in the structure and was
larger for cumulative values (g and SSD) than for maximum values (maximum displacement at
twelfth floor, IDX and p), see Table 6.11. Maximum in-plane rotation of the twelfth floor was, nev-
ertheless, affected more by the amount of viscous damping than cumulative values. The response
of the model to Mt. Lewis event illustrates clearly the effect of viscous damping for different levels
of inelastic behavior. In this case the ratio of the maximum rotational ductility and maximum
cumulative rotational ductility between models with 1 and 5% damping (i.e , [(2)e=s0/(1)e=1%)
[(1c)e=5%/(Hc)e=1%]) were 20 and 49% larger for EPA=60% g than that for EPA=25% g, re-
spectively (i.e., benefit of viscous damping decreased with increasing level of nonlinearities). The
different effect of viscous damping on cumulative and maximum values can be observed from the
response of the models with 1 and 5% for EPA = 25% g subjected to the Mt. Lewis event. For
this case the reduction in cumulative rotational ductility demand ([(c)e=5%/(ttc)e=1%) =0.42) was
nearly three times that in the maximum rotational ductility demand ([(1)e=s%/(1)¢=19%) =0.80).

For parameters depending on maximum acceleration values (inertial base shear) increases
or decreases were found depending on the level of nonlinearities present in the structure, Table 6.12.
For parameters depending on the complete acceleration history (RSA) a decrease was observed with
increasing damping. Again, the reduction is smaller for higher levels of nonlinearities. For example,
for the Loma Prieta event and the model with 10% damping the base shears due to inertial forces

and RSA values were 20 and 47% larger for EPA = 180% g than those for EPA=60% g, respectively.
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The structural response improves when additional viscous damping is included in the
model. From the linear analysis of the full structural model it was found that small amounts of
viscous damping (5% of critical) substantially reduced the apparent duration of the response. As
presented above, studies from the nonlinear model indicate that viscous damping, as provided in
the computer models, generally reduces the response (peak and cumulative parameters) of the
structure. The benefits are, nevertheless, much greater for cumulative values than for peak values

of the response, and the benefits are reduced with increasing inelastic behavior in the system.

6.4 Summary and Conclusions

A nonlinear model of the building was generated to evaluate the behavior of the structure
during the recorded earthquakes and to perform parametric studies. The following conclusions were

found from these analyses:

1. Static Load-To-Collapse Analysis

The structure was found to be relative strong, flexible and deformable. The mode of behavior
in the main elements of the structure is strong column-weak girder. Column axial loads at the
ultimate load level are relatively small. Apparently, care was taken in the design to provide
for strong columns in the perimeter frame, especially at the corners. Girder-column joints,
nevertheless, have yield strengths that are on average 10% below the plastic strength of the

connecting girders.

Several observations can be made by comparing the base shear-twelfth floor displacement rela-
tion obtained from these analyses with that of a single degree-of-freedom system. Appreciable
departure from linear behavior (local yielding) occurred for a base shear coefficient (V/W) of
0.22 and a twelfth floor displacement of 48 cm (19 inches). This corresponds to a 1% average
drift index. The effective twelfth floor yield displacement (global yielding) for the structure
was estimated to be 64 cm (25 inches, 1.3% average drift); the base shear coefficient at this
point was 0.29. A nearly complete energy dissipation (“collapse”) mechanism, in the absence
of P-A effects, was not formed until a base shear coefficient of 0.48 and a displacement of 644

cm (253 inches, 13.0% average drift) were achieved.

Models including P-A effects indicated that this condition has consequences mainly on the
post-yielding tangent stiffness of the structure. The initial effective elastic stiffness was only
3.2% lower than the case where P-A effects were disregarded. Nevertheless, the post-yield stiff-
ness was reduced by 52% in comparison with the case without P-A effects. These geometric

effects make the response of the computer model sensitive to the selection of the deformation
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hardening modulus, since this parameter controls the post-yielding tangent stiffness of the
structure. For the models studied, when deformation hardening ratios were changed in all
elements from 5% to 1% of the elastic stiffness, a sudden “static failure” was observed in the

model after the equivalent yield displacement of the model was reached (1.3% average drift).

Also, it was observed from the static load-to-collapse analyses that the high levels of yielding
had the effect of reducing the ratio of the in-plane floor rotation to the translational displace-
ment in the direction of loading, and of the displacements in the two orthogonal translational
directions at the center of mass. The reduction of these ratios, or apparent de-coupling, indi-
cates that after severe yielding occurs in the structure rotations and orthogonal displacements

do not increase as fast as the displacements in the direction of loading.

The ATC 3-06 and 1988 UBC base shear design values are considerably lower than the

capacities estimated from the static load-to-collapse analyses of the structure.

2. Response of the Building Models to Recorded Earthquakes

Several nonlinear models were subjected to the Mt. Lewis and Loma Prieta events to inves-
tigate nonlinear behavior on the structure. It was observed from studies of the computed
responses that some elements may have yielded, especially during the stronger Loma Prieta
event. Nevertheless, these nonlinearities had only a small effect on the overall response of the

structure.

3. Parametric Studies

o Analyses using different ground motion records indicated that the frequency content and
the duration of input motion have a strong effect on the response of the models. These
effects, however, are more pronounced for elastic than for inelastic response (not taking
into account cumulative damage parameters). Of the ground motions considered, the
amplified Mt. Lewis event (because of its frequency content and duration) presented
the most severe demands on linear models. For nonlinear models, the Morgan Hill and
the Mexico SCT events were generally more severe, but the variations in response to

different ground motions was relatively small.

e Several analysis with more severe ground motions than those recorded in the structure
were performed. They indicate that large displacement and inter-story drift could be
expected under these events. Nevertheless, inelastic ductilities demands remained rela-
tively small for effective peak accelerations lower than 60% g because of the relatively
large flexibility and strength of the structure. However, drifts may become excessive

because EPA values greater than 25% g resulted in average drift indices exceeding 1.5%
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e The ratio of in-plane torsional rotations to lateral displacements (“apparent coupling”)
could increase or decrease depending on the level of inelastic behavior and the character-
istics of the input ground motion. The scatter of the results indicates that more analyses
are needed to identify definitively the factors controlling the response. The efficacy of
observations regarding potential decoupling of torsional and lateral motions made on the
basis of the static load-to-collapse studies in this chapter, and the effect of input motion
predominant direction observed from the simple models in Chapter 2, need to be more

thoroughly investigated.

o Results from the analyses that considered added mass eccentricities indicate that, con-
trary to what has been found for models subjected to unidirectional inputs (Refs. [25, 17,
14]), displacement at the center of mass (or at a fixed distance from the center of mass)
could decrease or increase depending on the building characteristics and the properties
of the input ground motion.

An increase in eccentricity, from e/D=0 to ¢/D=10%, in models that responded in-
elastically had the effect of increasing the maximum rotational ductility demand on
the perimeter frame girders (maximum increment was 22%), and reducing the cumula-
tive ductility demand on these same elements (maximum reduction was 58%) and the
SSD values (maximum reduction was 56%). On the other hand, for the elastic models,
moment demands for the perimeter girders increased (up to 40%) or decreased (25%) de-
pending on the ground motion studied. Similar trends were observed for the inter-story
drifts.

Also, the addition of this mass eccentricity redistributed inelastic demands between
orthogonal directions. In some cases, the maximum ductility demand for a given earth-
quake changed from one direction to the orthogonal direction when the additional ec-

centricity was included.

The results of this part of the investigation agree with findings from the analyses of
simple mass eccentric structures developed in Chapter 2 and in other investigations. In
general, increased torsional response increases the stress or ductility demands in elements
located far away from the center of rotation and changes the maximum translational dis-
placements. These effects are more severe for elastic structures than inelastic structures

and are highly dependent on the characteristics of the input ground motion.

¢ It was found that increasing the amount of damping reduces the amount of yielding
in the system. This implies that maximum ductility demands, cumulative damage, the

sum of the squared displacements and generally the strong motion duration decrease
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with increasing viscous damping. However inertial forces in the structure could increase
or decrease depending on the period and strength of the structure.

From analyses of single degree-of-freedom systems it was found that there is a value of the
critical damping ratio after which increased damping does not affect the response very
much. This value is between 20 and 30% for maximum ductility and cumulative ductility
demands, between 10 and 20% for the sum of the squared accelerations and around 10%
for duration of the response. The benefits of increased damping are, nevertheless, much
greater for cumulative values than for peak values of the response, and they are reduced

with increasing inelastic behavior in the system.
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Table 6.1: Model Response to the Recorded Earthquakes
Earthquake Mt. Lewis Loma Prieta
Damping 1% 3% 1% 3%
12t* Level Drifts
Center of Mass

EW (cm) 16.45 | 13.13 | 40.12 | 34.22
NS (cm) 36.20 | 23.71 | 36.77 | 30.97
Rot. (rad) 0.0023 | 0.0016 | 0.0022 | 0.0016
Disp. SW Corner

EW (cm) 19.56 | 14.29 | 41.50 | 36.06
NS (cm) 39.68 | 26.04 | 40.41 | 33.53
Tors. Rot. (cm) 9.113 | 6.340 | 8.598 | 6.340
Max. IDX* 0.0089 | 0.0058 | 0.0105 | 0.0089
Max. p* 1.06 | 0.69 | 1.13 | 0.92
Max. p.* 1.09 0.00 1.15 0.00
SSD x10°

EW (cm?) 0.2802 | 0.0604 | 0.7135 | 0.3640
NS (cm?) 0.9649 | 0.2587 | 0.4220 | 0.2831

Normalized Max.
Column Forces

Myy [ Mp yy 0.42 0.28 0.45 0.38
M, /M, 0.25 0.17 0.56 0.48
P/P, 0.16 0.13 0.18 0.15
Number of Inelastic

Elements

Columns 0 0 0 0
Beams 36 0 47 16

(#) Inter-story drift index at the position of the center of mass of
models with no additional eccentricity.

(#7) For perimeter frame built-up girders.
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Table 6.4: Model Response to the Morgan Hill Record

Effective Peak Accel. 60° 60’ 60 60
Damping 1% 1% 1% 1%
Added Eccentricity 0 10 0 10

12t* Level Drifts
Center of Mass

EW (cm) 314.12 | 272.78 | 91.55 | 105.47
NS (cm) 372.54 | 253.04 | 77.66 79.73
Rot. (rad) 0.0237 | 0.0532 | 0.0129 ; 0.0268
Disp. SW Corner

EW (cm) 345.14 | 342.30 | 96.53 | 131.64
NS (cm) 383.03 | 289.82 | 75.42 | 87.48
Tors. Rot. (cm) 93.968 | 210.956 | 51.036 | 106.350
Max. IDX* 0.0920 | 0.0748 | 0.0309 } 0.0327
Max. pu 10.99 9.34 4.40 5.17
Max. p. 0.00 0.00 60.23 | 49.22
SSD x10°

EW (cm?) 24.0880 | 9.3540 | 6.6376 | 5.6924
NS (cm?) 24.7800 { 7.6170 | 3.8175 | 4.7496

Normalized Max.
Column Forces

My, /M,y 4.70 2.59 0.98 0.91
M, IM,.,, 4.44 4.79 0.99 0.96
pP/pP, 3.73 3.33 0.44 0.39
Number of Inelastic

Elements

Columns 0 0 167 147
Beams 0 0 1251 1200

(?) Linear analysis.
(#¢) Inter-story drift index at the position of the center of mass

of models with no additional eccentricity.
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Table 6.5: Model Response to the SCT Mexico Record

Effective Peak Accel. 60" 60* 60 60
Damping 1% 1% 1% 1%
Added Eccentricity 0 10 0 10

12%% Level Drifts
Center of Mass

EW (cm) 241.32 | 157.55 | 78.06 | 76.99
NS (cm) 226.73 | 244.60 | 93.32 | 103.82
Rot. (rad) 0.0219 | 0.0452 | 0.0080 | 0.0224
Disp. SW Corner

EW (cm) 277.51 | 183.54 | 79.01 | 85.94
NS (cm) 245.62 | 300.85 | 105.27 | 133.26
Tors. Rot. (cm) 86.645 | 178.908 | 31.739 | 88.639
Max. IDX* 0.0603 | 0.0643 | 0.0330 | 0.0357
Max. p 6.77 8.13 4.97 | 5.91
Max. p. 0.00 0.00 | 42.54 | 42.24
SSD x10°

EW (cm?) 4.4818 | 4.1200 | 3.6942 | 3.7706
NS (cm?) 5.03747 | 4.6400 | 4.4733 | 4.1707

Normalized Max.
Column Forces

Myy [ My yy 2.75 2.09 0.80 0.74
M. /M, .. 3.55 2.32 0.80 0.87
P/P, 1.73 1.16 0.38 0.32
Number of Inelastic

Elements

Columns 0 0 60 81
Beams 0 0 1048 1031

(7) Linear analysis.
(#7) Inter-story drift index at the position of the center of mass

of models with no additional eccentricity.
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Table 6.6: Model Response to the El Centro Record

Effective Peak Accel. 60° 60° 60 60
Damping 1% 1% 1% 1%
Added Eccentricity 0 10 0 10

12" Level Drifts
Center of Mass

EW (cm) 79.73 | 54.46 | 56.11 | 43.70
NS (cm) 74.51 | 52.53 | 44.76 | 43.51
Rot. (rad) 0.0084 | 0.0234 | 0.0075 | 0.0208
Disp. SW Corner

EW (cm) 88.55 | 82.60 | 65.69 | 69.42
NS (cm) 78.74 | 80.51 | 51.63 | 67.89
Tors. Rot. (cm) 34.097 | 92.780 | 29.678 | 82.339
Max. IDX* 0.0214 | 0.0203 | 0.0147 | 0.0150
Max. p 233 | 256 | 2.07 | 2.50
Max. p. 0.00 | 0.00 | 10.06 | 4.27
SSD x10°

EW (cm?) 1.3560 | 0.1903 | 1.9346 { 0.8414
NS (cm?) 1.2300 | 0.2006 | 1.1339 | 1.0360

Normalized Max.
Column Forces

My, /M, ,, 0.94 0.54 0.60 0.55
M..IM,., 1.38 1.57 0.77 0.82
P/P, 0.75 0.61 0.36 0.25
Number of Inelastic

Elements

Columns 0 0 5 27

Beams 0 0 655 577

(¢) Linear analysis.
(i7) Inter-story drift index at the position of the center of mass

of models with no additional eccentricity.
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Table 6.8: Ratio of Inelastic to Elastic Torsional Rotations at
12th FlOOl‘, (oinelastic/eelastic)-

e/D
Record Damping | EPA| 0 10 25
Mt. Lewis 1% 25 |1 0.76 ] 0.67 | 0.92
Mt. Lewis 1% 40 | 0.63 - -
Mt. Lewis 1% 60 | 0.60 1 0.55| 0.57
Mt. Lewis 5% 25 | 1.03] - -
Mt. Lewis 5% 60 |0.7410.63} -
Mt. Lewis 5% 180 | 0.11 - -
Morgan Hill 1% 60 | 054|050 -
Mexico SCT 1% 60 | 0.37 ] 0.50 -
El Centro 1% 60 | 0.89]0.89| -
Loma Prieta 1% 60 |0.85]0.41]| -
Loma Prieta 1% 180 | 0.58 | - -

Table 6.9: Ratio of Torsional Rotations to Maximum Lateral

Displacement at 12¢* Floor, (8/A).

e/D
Record Damping | EPA 0 10 25
Mt. Lewis 1% elastic | 0.62 | 1.83 | 2.19
Mt. Lewis 1% 52 | 064 - -
Mt. Lewis 1% 25 13141211 2.10
Mt. Lewis 1% 40 1.44 | - -
Mt. Lewis 1% 60 1.81 3.50 | 3.77
Mt. Lewis 5% elastic { 0.70 | 2.15 [ -
Mt. Lewis 5% 25 0.70 | - -
Mt. Lewis 5% 60 1.03 | 2.69 -
Mt. Lewis 5% 180 1.52 - -
Morgan Hill 1% elastic | 0.64 | 1.95 ] -
Morgan Hill 1% 60 141254 | -
Mexico SCT 1% elastic 1 0.90 | 1.85 | -
Mexico SCT 1% 60 0.86 | 2.16 -
El Centro 1% elastic | 1.05 { 4.30 | -
El Centro 1% 60 1.34 |1 4.76 -
Loma Prieta 1% elastic | 0.56 | 2.48 { -
Loma Prieta 1% 15.7 1055 ] - -
Loma Prieta 1% 60 091203]| -
Loma Prieta 1% 180 | 0.52| - -
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Table 6.11: Ratio of Model Response Parameters. Damping Ef-
fects. e/D=0.

Damping Ratio
Record Parameter | EPA | 5/1 | 10/1 | 20/1 | 40/1
Mt. Lewis SSD elastic | 0.12 - - -
Mt. Lewis IDX: elastic | 0.46 - - -
Mt. Lewis g’ elastic | 0.47 | - - -
Mt. Lewis Rotation’ | elastic | 0.53 - - -
Mt. Lewis " 25 0.80 - - -
Mt. Lewis e 25 0.42 ~ - -
Mt. Lewis SSD 25 0.47 - - -
Mt. Lewis IDX® 25 | 0.84) - - -
Mt. Lewis st 25 1091 - - -
Mt. Lewis Rotation®* 25 0.71 - - -
Mt. Lewis i 60 0.96 | 0.80 | 0.50 | 0.24
Mt. Lewis fhe 60 0.60 ] 0.38 | 0.15 | 0.02
Mt. Lewis SSD 60 0.70 | 0.46 | 0.24 | 0.19
Mt. Lewis IDX’ 60 |0.90| 0.79 | 0.55 | 0.35
Mt. Lewis Bt 60 | 1.03] 0.94 | 0.69 | 0.44
Mt. Lewis Rotation** | 60 | 0.66 | 0.41 | 0.23 | 0.10
Loma Prieta W 60 - | 0.65 ¢ 0.45 | 0.25
Loma Prieta M 60 - 0.27 | 0.10 | 0.03
Loma Prieta SSD 60 - 0.30 | 0.17 | 0.05
Loma Prieta IDX? 60 — | 0.67 | 0.46 | 0.33
Loma Prieta gt 60 ~ 10.89 | 0.75 { 0.48
Loma Prieta | Rotation”® | 60 - | 051|024 0.14
Loma Prieta I 180 - 1072 0.52 -
Loma Prieta e 180 - | 059 | 0.36 -
Loma Prieta SSD 180 - 0.51 | 0.33 -
Loma Prieta IDX¢ 180 - 0.72 | 0.53 -
Loma Prieta gt 180 - | 072|054 -
Loma Prieta | Rotation® 180 - 0.48 | 0.31 -

(¢) Inter-story drift index at the position of the center of mass of models
with no additional eccentricity.

(#7) Global ductility demand: maximum twelfth floor displacement divided
by global yield displacement from static load to collapse studies (64 cm (25
inches)).

(#72) Maximum in-plane rotation at twelfth floor.
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Table 6.12: Ratio of Model Acceleration Response Parameters. Damping
Effects. e/D=0.

Damping Ratio
Record Parameter EPA | 5/1 | 10/1 | 20/1 | 40/1
Mt. Lewis Max. Base Shear (EW) | 60 | 0.93 | 0.99 | 1.03 | 0.81
Mt. Lewis Max. Base Shear (NS) | 60 | 0.92| 0.98 | 1.01 | 0.83
Mt. Lewis RSA (EW) 60 | 0.76 | 0.62 | 0.52 | 0.43
Mt. Lewis RSA (NS) 60 | 0.84 | 0.73 | 0.60 | 0.46
Loma Prieta Max. Base Shear (EW) | 60 - | 1.00 | 0.99 | 0.84
Loma Prieta Max. Base Shear (NS) | 60 - 1099|097 0.77
Loma Prieta RSA (EW) 60 - 0.55 1 0.44 | 0.34
Loma Prieta RSA (NS) 60 - 1067 | 0.54 | 0.41
Loma Prieta Max. Base Shear (EW) | 180 | - | 1.18 { 1.38 | -
Loma Prieta Max. Base Shear (NS) | 180 | - | 1.20 | 1.42 | -
Loma Prieta RSA (EW) 180 - | 0811076 ] -
Loma Prieta RSA (NS) 180 - | 084|079 -
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Figure 6.1: Building model. NE corner view.
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Figure 6.2: Building model. SW corner view.
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Figure 6.3: Building model. Plan view.
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Maximum inter-story drift. EW NS----- . (b) Perimeter frame girder ductility.
Maximum ————, Cumulative - - - - - . (¢) Normalized column forces, P-M,,. (d)

Normalized column forces, P-M,,. (e) Normalized column forces, M,,-M,,.
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Figure 6.20: Global model parameters. Mt. Lewis event, 1% damping model, EPA=25, ¢/D=10.
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Figure 6.22: Global model parameters. Mt. Lewis event, 1% damping model, EPA=40, ¢/D=0. (a)

Maximum inter-story drift. EW NS----- . (b) Perimeter frame girder ductility.
Maximum ————, Cumulative - - - - - . (c) Normalized column forces, P-My,. (d)

Normalized column forces, P-M,. (e) Normalized column forces, M,,-M,,.
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Figure 6.23: Global model parameters. Mt. Lewis event, 1% damping model, EPA=60, ¢/D=0. (a)

Maximum inter-story drift. EW NS----- . (b) Perimeter frame girder ductility.
Maximum —————, Cumulative - - - - - . (c) Normalized column forces, P-M,,. (d)

Normalized column forces, P-M,,. (e) Normalized column forces, M,,- My, .
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Figure 6.24: Global model parameters. Mt. Lewis event, 1% damping model, EPA=60, ¢/D=10.

(a) Maximum inter-story drift. EW NS ----- . (b) Perimeter frame girder
ductility. Maximum ———, Cumulative - - - - - . (¢) Normalized column forces, P-

Myy. (d) Normalized column forces, P-M,.. (e) Normalized column forces, M- M,.
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Figure 6.25: Global model parameters. Mt. Lewis event, 1% damping model, EPA=60, e/D=25.
(a) Maximum inter-story drift. EW

NS ----- . (b) Perimeter frame girder
ductility. Maximum —————, Cumulative - - - - - . (¢) Normalized column forces, P-

My,. (d) Normalized column forces, P-M,. (e) Normalized column forces, M,,-M,,.
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Figure 6.26: Global model parameters. Mt. Lewis event, 5% damping model, EPA=25, ¢/D=0. (a)
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Figure 6.27: Global model parameters. Mt. Lewis event, 5% damping model, EPA=60, ¢/D=0. (a)

Maximum inter-story drift. EW NS----- . (b) Perimeter frame girder ductility.
Maximum —————, Cumulative - - - - - . (c) Normalized column forces, P-My,. (d)

Normalized column forces, P-M,,. (e) Normalized column forces, M,,-My,.
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Figure 6.29: Global model parameters. Mt. Lewis event, 10% damping model, EPA=60, ¢/D=0.

(a) Maximum inter-story drift. EW NS ----- . (b) Perimeter frame girder
ductility. Maximum ————, Cumulative - - - - - . (¢) Normalized column forces, P-

My,. (d) Normalized column forces, P-M,,. (e) Normalized column forces, M,,.-M,,.
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Figure 6.30: Global model parameters. Mt. Lewis event, 20% damping model, EPA=60, ¢/D=0.
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Figure 6.31: Global model parameters. Mt. Lewis event, 40% damping model, EPA=60, ¢/D=0.
(a) Maximum inter-story drift. EW

NS----- . (b) Perimeter frame girder
ductility. Maximum ————, Cumulative - - - - - . (¢) Normalized column forces, P-

M,,. (d) Normalized column forces, P-M,,. (e) Normalized column forces, M,,-M,,.
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Figure 6.32: Global model parameters. Morgan Hill event, 1% damping model, EPA=60, ¢/D=0.

(2) Maximum inter-story drift. EW NS----- . (b) Perimeter frame girder
ductility. Maximum ——————, Cumulative - - - - - . {¢) Normalized column forces, P-

Myy. (d) Normalized column forces, P-M,,. (e) Normalized column forces, M, - My,.
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Figure 6.33: Global model parameters. Morgan Hill event, 1% damping model, EPA=60, ¢/D=10.
(a) Maximum inter-story drift. EW —— NS - - - - - . (b) Perimeter frame girder
ductility. Maximum ————, Cumulative - - - - - . (¢) Normalized column forces, P-

M,,. (d) Normalized column forces, P-M,,. (e) Normalized column forces, M,,-My,.
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Figure 6.34: Global model parameters. Mexico SCT event, 1% damping model, EPA=60, ¢/D=0.
(a) Maximum inter-story drift. EW —— NS - - - - - . (b) Perimeter frame girder
ductility. Maximum ———— Cumulative - - - - - . {c¢) Normalized column forces, P-

My,. (d) Normalized column forces, P-M,,. (e) Normalized column forces, M, - My,.
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Figure 6.35: Global model parameters. Mexico SCT event, 1% damping model, EPA=60, e/D=10.

(a) Maximum inter-story drift. EW

NS ----- . (b) Perimeter frame girder

ductility. Maximum ———, Cumulative - - - - - . {¢) Normalized column forces, P-

Myy. (d) Normalized column forces, P-M,,. (¢) Normalized column forces, M,,-M,,.
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Figure 6.36: Global model parameters. El Centro NS 1940, 1% damping model, EPA=60, ¢/D=0.
(a) Maximum inter-story drift. EW —— NS - - - - - . (b) Perimeter frame girder
ductility. Maximum ——————, Cumulative - - - - - . {¢) Normalized column forces, P-

M,,. (d) Normalized column forces, P-M,,. (e) Normalized column forces, M,,-My,.
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Figure 6.37: Global model parameters. El Centro NS 1940, 1% damping model, EPA=60, ¢/D=10.
(a) Maximum inter-story drift. EW —— NS - - - - - . (b) Perimeter frame girder
ductility. Maximum —————, Cumulative - - - - - . (¢) Normalized column forces, P-

Myy. (d) Normalized column forces, P-M,,. (e) Normalized column forces, M..-M,,.



Ap o HpEXD

[2R-NN -]

“pOnBun

187

13 13
12 12}
1 b 1 b
10 } 10
9 | B g}
L \\
8t D 8&Ff .
1} ¢ 2t N
- ¥ L\ T
6 P T ———
5k o 5| T~
4 - R -
R ’\\
3t 3r 4
2t 2 I
N I R
o ° . L s L L . .
0.00 0.04 0 s 10 15 20 25 30 35 40
DX (a) Ductility (b)
1.1
A
x
i
a
o0
L
o
a
d
-1.1

0.0 1.1
Moment YY (¢}

0.0 1.1
Mement 2Z (d)

1.1

S
M ‘.; »‘\\“\ \
° / “'l'- “‘(‘\\\t){‘,\
B LANRN R
P NI
1
z

-1.1
-1.1

0.0 1.1

Moment YY (e)

Figure 6.38: Global model parameters. Loma Prieta event, 1% damping model, EPA=60, ¢/D=0.

(a) Maximum inter-story drift. EW —— NS - - - - - . (b) Perimeter frame girder

ductility. Maximum , Cumulative - - - - - . (¢) Normalized column forces, P-

My,. (d) Normalized column forces, P-M,,. (e) Normalized column forces, M,,- My,.
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Figure 6.39: Global model parameters. Loma Prieta event, 1% damping model, EPA=60, ¢/D=10.

(a) Maximum inter-story drift. EW NS----- . (b) Perimeter frame girder
ductility. Maximum ————, Cumulative - - - - - . (¢) Normalized column forces, P-

Myy. (d) Normalized column forces, P-M,,. (e) Normalized column forces, M,,-My,.
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Figure 6.54: Fifth floor built-up girder rotational ductility distribution. Mt. Lewis event, 1%
damping, EPA=25%. (a) Maximum ductility distribution, ¢/D=0%. (b) Maximum
ductility distribution, e/D=10%. (c) Cumulative ductility distribution, ¢/D=0%. (d)
Cumulative ductility distribution, ¢/D=10%. South side , Northside -+ -- -+ , West
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6.53 for column position.
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Figure 6.55: Fifth floor built-up girder rotational ductility distribution. Mt. Lewis event, 1%
damping, EPA=60%. (a) Maximum ductility distribution, ¢/D=0%. (b) Maximum
ductility distribution, ¢/D=10%. (c¢) Cumulative ductility distribution, ¢/D=0%. (d)
Cumulative ductility distribution, e/D=10%. South side , North side - - -- - - , West

side - - - - - , East side —=—-—~— . Horizontal axis show column position. Refer to Fig.

6.53 for column position.
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Figure 6.56: Fifth floor built-up girder rotational ductility distribution. Morgan Hill event, 1%
damping, EPA=60%. (a) Maximum ductility distribution, ¢/D=0%. (b) Maximum
ductility distribution, ¢/D=10%. (c) Cumulative ductility distribution, e/D=0%. (d)
Cumulative ductility distribution, e/D=10%. South side , Northside « -+ .- , West

side - - - - - , Fast side ———— . Horizontal axis show column position. Refer to Fig.

6.53 for column position.
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Figure 6.57: Fifth floor built-up girder rotational ductility distribution. SCT-Mexico event, 1%
damping, EPA=60%. (a) Maximum ductility distribution, e/D=0%. (b) Maximum
ductility distribution, e/D=10%. (c) Cumulative ductility distribution, e/D=0%. (d)
Cumulative ductility distribution, e/D=10%. South side , North side

, Bast side ———— . Horizontal axis show column position. Refer to Fig.

6.53 for column position.
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Figure 6.58: Fifth floor built-up girder rotational ductility distribution. El Centro event, 1% damp-
ing, EPA=60%. (a) Maximum ductility distribution, ¢/D=0%. (b) Maximum ductility
distribution, e/D=10%. (c¢) Cumulative ductility distribution, ¢/D=0%. (d) Cumula-
tive ductility distribution, e/D=10%. South side , North side ------ , West side

----- , Bast side =—-—-— . Horizontal axis show column position. Refer to Fig. 6.53

for column position.
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Figure 6.59: Fifth floor built-up girder rotational ductility distribution. Santa Cruz Mountain,

Loma Prieta event, 1% damping, EPA=60%. (a) Maximum ductility distribution,
e/D=0%. (b) Maximum ductility distribution, e/D=10%. (c¢) Cumulative ductility
distribution, ¢/D=0%. (d) Cumulative ductility distribution, e/D=10%. South side

column position. Refer to Fig. 6.53 for column position.

, North side «+ .- , West side - - - - - , East side =~ Horizontal axis show
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

7.1 Conclusions

The following are the general conclusions drawn from this investigation. More detailed

conclusions are found at the end of each chapter.

1. Response of the Building to Recorded Ground Motions

The recorded seismic behavior of the building studied was unusual and characterized by
large amplification of the input motions, large drifts, torsion response, strong amplitude
modulation, long durations and slow decay of the amplitude of the response. From analysis
of the building response and the computer models it was found that the peculiar response
characteristics were caused by the building’s low damping, the three-dimensional modes of
the building constructively reinforcing one another during portions of the motion, the long
input duration and the resonance effect on the building caused by the close match of the
dynamic characteristics of the site and the structure. Thus, the unusual behavior of the
building during the earthquakes studied can be associated with its structural system and the

relation of its dynamic characteristics to those the site,

e The use of a regular steel moment-resisting space frame, with similar structural proper-
ties in orthogonal directions and with a nearly uniform distribution of stiffness in plan,
produced a rather flexible system, with similar translational and torsional periods, and

low-energy dissipation capacities (when responding in the linear range).
o The existence of small plan eccentricities coupled the lateral and torsional motions.

e The separation of the few non-structural elements in the building from the structural

system limited their participation in the dissipation of energy in the structure.

o The use of a flexible structure with low energy dissipation capacities (when responding
in the linear range) on a relatively soft soil site allowed a resonance phenomenon in the

structure, resulting in high amplifications.

The results of the linear and nonlinear analyses of the building models and of the building
records themselves suggest that the structure remained essentially elastic during the Morgan

Hill earthquake. Minor yielding could have occurred in the structure for the other recorded
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events, especially during the stronger Loma Prieta motion. Nevertheless, these nonlinearities

are believed to have had only a small effect on the overall response of the structure.

From static load-to-collapse analyses, base shear coefficients (V/W) of 0.22, 0.29 and 0.48
were obtained for local and global yielding and for the formation of an energy dissipation
mechanism, respectively. Hence, the building is very strong in comparison with current code
requirements (e.g., the 1988 UBC design base shear, amplified by a factor of 1.5, is still only
19% of the computed global yielding base shear capacity). Nevertheless, the possibility that
yielding occurred during the relatively small recorded earthquakes indicates that substantially

worse behavior would have occurred had the structure been designed less conservatively.

From the parametric studies on the building models, it is concluded that the building response,
in the linear and nonlinear ranges, can be improved by adding even moderate viscous damping
to the system. The linear analyses of the full structural model showed that small amounts
of viscous damping (5% of critical) can substantially reduce the apparent duration of the
response. From the nonlinear model studies it was found that viscous damping, as provided
in the computer models, generally reduced the response (peak and cumulative parameters)
of the structure. The benefits are, nevertheless, much greater for cumulative values than for
peak values of the response, and the benefits reduce with increasing inelastic behavior in the

system.

. Computer Modeling of the Building

The linear response observed in the building during the recorded events can be adequately
reproduced by simple three-dimensional linear elastic computer models. A good match can be
found with models that include center-to-center dimensions (with no rigid element zones, to
account approximately for the flexibility of the beam-column connections), mass magnitude
and distribution as obtained from the plans, nominal element properties and modal damping
values typically associated with steel structures responding at low element stress levels (2-3%
of critical damping). By further adjusting the actual mass distribution and incorporating a
small slab contribution to the beam stiffness, global analytical results can be obtained that
are virtually identical to recorded values. Factors that do not have a strong effect on the
response of the linear models are the stiffness of the light partitions and cladding used in the

building and torsional input motion.

Because of the small amount of damping present in the models, their response is highly
susceptible to small variations in those design parameters that affect the fundamental period

of the model.
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3. Parametric Studies

Parametric studies were performed in the linear and nonlinear ranges to evaluate the effects
of ground-motion characteristics, effective peak acceleration, additional mass eccentricities

and the amount of viscous damping on the response of the structure.

(a) Ground Motion Characteristics

Frequency content and duration of the input motions have a strong effect on the response of
the models. These effects were found to be more pronounced in the elastic (rather than in
the inelastic) range of response. Motions representative of soft-soil sites were found to have

a particularly severe effect on the structure.

(b) Lateral-Torsional Coupling

The ratio of in-plane torsional rotation to lateral displacement (“apparent coupling”) can
increase or decrease depending on the level of inelastic behavior and the input ground motion
characteristics. From the static lateral load-to-collapse analyses, it was observed that this
apparent coupling increases for low levels of yielding and then decreases for increasing levels
of nonlinearities when compared with an elastic model. This type of behavior was observed in
dynamic analyses for only one of the input ground motions used. More analyses that include
other multi-directional motions and different strength, stiffness and mass eccentricities are

required to identify controlling factors.

When additional mass eccentricities were incorporated into the models in such a way that

torsional rotations increased for all earthquakes, the following results were obtained:

e The displacement at the center of mass (or at a fixed point on the perimeter frame) could
decrease or increase depending on the relative orientation of the eccentricity, building

characteristics and the properties of the input ground motion.

e The addition of this eccentricity has the effect of re-distributing inelastic demands be-
tween frames in orthogonal directions. For most of the cases studied the maximum duc-
tility demand in the monitored elements of the perimeter frame increased (up to 22%),
with the increase in eccentricity. In contrast, it was found that cumulative values, such
as the cumulative ductility demand and the sum of the squared displacements, tended to
decrease when additional eccentricities are added. One explanation for the difference in
behavior for maximum and cumulative rotational ductilities is that the addition of the
eccentricities apparently tended to balance the inelastic cumulative demands between

the two orthogonal directions.
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(c) Effect of Acceleration Level on the Response

Analyses of the models to different ground motion intensities also showed that the build-
ing can benefit from small nonlinearities in the response by reducing the amplitude of the
displacements and torsional rotations observed in the linear models for the same level of
earthquake intensity. This is because the nonlinear response is less sensitive to resonant like

excitations.

(d) Effect of Additional Damping on the Response

Analyses of single degree-of-freedom oscillators and the building models indicated that in-
creasing the amount of viscous damping present in a structure reduces the inelastic behavior
of the system. Maximum ductility demands, cumulative damage, sum of the squared acceler-
ations and generally the strong motion duration decrease with increasing amounts of viscous
damping. Inertia forces can increase or decrease in the system depending on the period and
capacity of the structure. Analyses of the single degree-of-freedom system showed that there
is a critical damping value after which and increase has little effect on the response. This
value is between 20 and 30% for maximum ductility and cumulative ductility demands, be-
tween 10 and 20% for the sum of the squared accelerations and around 10% for strong motion

duration.

. Code Recommendations

Design seismic recommendations such as the 1988 UBC and ATC 3-06 based on static lateral
loads, were unable to predict the unusually severe response in the structure. The building
periods, drifts and base shear observed from earthquake records and computer models differed
considerably from those “expected” by the code, making an evaluation of the structure by
a code approach unreliable. Even code response-spectrum analysis procedures used with
standard normalized spectra would not be able to identify the potentially severe response of

the building.

The problem is that the unusual behavior of the structure is controlled, in part, by factors that
are not addressed directly by these codes. These factors include the low-energy dissipation
capacity of the structure (at service-level loads) and the use of a structural system with a
fundamental natural period close to the apparent predominant period of the site. Codes in
other parts of the world and the more recent 1991 UBC code [23] include recommendations
to increment lateral loadings in case of possible site-structure resonance. The effects of these

recommendation on the behavior of structures similar to the one studied should be addressed.

Design codes are not intended to be used to simulate the observed response of a structure.

Nevertheless, some codes do try to indicate the important factors that affect response. Most
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codes try to address the problem of torsional response through accidental and static eccentric-
ities. Nevertheless, as found from this and other investigations, the behavior is also greatly
affected by the existence of closely-spaced translational and torsional periods, by the amount
of viscous damping, and by the relation between strength, stiffness and mass eccentricities
among other variables. The 1986 Costa Rica and the 1987 Mexico design codes try to include
at least one of these additional variables. This does not mean that other codes are incorrect.
Nevertheless, inclusion of these parameters can guide users of these codes on how to consider

variables that could adversely affect the response of the structure.

The building studied herein is a good example of the necessity of performing design analyses
considering different levels of structural response. In terms of capacity, the building was
found to be adequate. Nevertheless, the behavior under service-level earthquake loading was
undesirable. The basic behavioral characteristics of the structure for each level of response
should be considered for the analysis. These studies also indicated that care should be taken
in design to evaluate the expected site response spectra in relation to the expected building
properties. On sites were resonance is possible, evaluations should be undertaken to modify
the stiffness of the structure and to provide enough damping, even for a low level of element

stress, to limit the severity of the response in the structure.

7.2 Areas of Future Research

This investigation could be extended in several ways. Some of the areas of possible future

research are presented below:

¢ Records from the new free-field instrument outside the building and new earthquake

events should be included in a more comprehensive study of soil-structure interaction.

e The responses of the building should be compared with the responses of other build-
ings with similar structural characteristics to obtain more general conclusions about the

behavior of this type of structure.

¢ A more extensive parametric study should be performed on this type of structure to
develop more reliable design procedures. Consideration should be given to other building
configurations, larger eccentricities, variation of strength, stiffness and mass eccentricities

in multiple directions, different yield capacities and other input motion characteristics.

¢ Studies should be undertaken to evaluate the effectiveness of improving the response of
such buildings by increasing the stiffness and energy dissipation capacities, separating

the natural periods and uncoupling the natural modes of the structure.
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¢ P-A effects in the nonlinear response of the structure should be assessed more accurately.
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Appendix A

THE MODAL BEATING PHENOMENON

A.1 Introduction

A beating phenomenon occurs in linear multiple degree-of-freedom systems having closely-
spaced modal periods (and mode shapes that interact). Generally, the response histories of systems
thus affected are characterized by a modulated pattern envelope of cyclic responses. For example,
the free vibration response of a simple undamped two-mode system is shown in Fig. A.1. If the
modes are well-separated the response is as shown in Fig. A.1a. Here, the the effect of the second
mode is simply superimposed on top of the first mode response. For this example, the second mode
amplitude and period are taken as 1/2 and 1/5 of the values corresponding to the first mode. This
type of response is typically observed in structures with well separated (period) planar modes.

However, if the two modes have similar but not identical modal frequencies, the beating
phenomenon, as shown in Fig. A.1b, occurs. For this example, the amplitudes are the same and
the period of the second mode is taken as 80% of the value corresponding to first mode. The
apparent frequency of vibration is similar (but not equal) to the interacting modal frequencies, and
the amplitude of peak cyclic motion is modulated with a much larger period.

A simple analogy using trigonometric series will be used here to assess this behavior. The
sum of two harmonic waveforms with different periods and amplitudes, varying as cosine functions,

can be expressed as

Aj cos (27r-1t71) + Ajcos (2#%) = A; [2 cos (7rt (%1— + —%)) cos (7rt (Til — %)) (A.1)
As t
# (3 - eos (o)
where

A; and T; are the amplitude and period of vibration of the i** interacting wave form,
and

t represents time.

By appropriate manipulation of this relation, the beating period can be estimated as

Ty~ 20T

o8 (A.2)
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with Ty > T,; and the equivalent natural period of the composite motion can be expressed as

T,
N~T1+T2

(A.3)

Figure A.2 (a and b) shows that the apparent (equivalent) natural period differs from the
actual dynamic characteristics of either interacting modes and that the beating period increases
rapidly as the two system periods approach one another.

The same approach can be expanded to the case of superimposing three constant (unit)

amplitude cosine wave forms with different periods
1
cos(A) + cos(B) + cos(C) = cos [5(‘4 + B)] cos [%(A - B)] + (A.4)
1
cos [5(A + C)] cos [%(A - C)] +

cos E(B + C’)} cos E(B — C)]

in which A = 271'%1, B = 27r7§-;,and C = 271’:%3.
The resulting signal has three beating periods

2T1 T2 2T2 T3 2Tl T3
T = b T = —:2 T =
B=mp T,y BT Ty BT T T

A.2 A Simple Application for the Building Studied

The use of this trigonometric analysis will help clarify the behavior observed in the building
studied. From displacement response records of the building during the 1986 Mt. Lewis earthquake
two apparent beating periods (16 and 100 seconds) and two equivalent natural periods (2.2 seconds
for translational records and 1.85 seconds for torsional records) were present, Figs. A.4a and A.5a.
From Equations A.2 and A.3 and using the 100 second beating period and the 2.2 seconds natural

period, it can be estimated that the signals producing this effect have the following periods

Ty = 2.25 seconds.
T, = 2.15 seconds.

These are reasonable estimates of the first two predominantly translational three-dimensional
natural periods of the structure, as found from frequency domain studies.

These values are further corroborated by information obtained from torsional records. The
average apparent first torsional period is 1.85 seconds, Fig. A.5a, and the beating period observed
in the torsional record is approximately 16 seconds, Again, using Equations A.2 and A.3, the two

periods of vibration that produce this behavior are calculated to be
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Ty = 2.09 seconds.
T = 1.66 seconds.

Again these are reasonable estimates of the periods of a predominantly translational and
a torsional mode of vibration, respectively. The translational period computed here would likely
correspond to the value of 2.15 seconds computed earlier. The average could reasonably be taken as
an estimate for this mode, considering the crudeness with which the beating periods were estimated
from the records.

A reasonable conclusion is that the modulated displacement pattern exhibited by the
building time histories mentioned, is the result of the beating of three modes with periods approx-

imately equal to 2.2, 2.1 and 1.7 seconds.

A.3 Simulation of Structural Response.

Following a reverse procedure, time histories were generated using simple trigonometric
time series and the results are compared with the measured response. To shape the generated
response, a modified Bogdanoff amplitude envelope, as shown in Fig. A.3, was applied to simple

harmonic waveforms. The equation of this envelope is as follows

amplitude(t) = v/2be(05-t%) (A.5)

where b controls the time of maximum amplitude (¢,,4,) and the decay of the signal

1
b=
212

maxr

(A.6)

The recorded history that corresponds to the NS/r/W drift during the Mt. Lewis earth-
quake, Fig. A.4a, was first simulated using two trigonometric series having equal amplitudes of
1.0 and periods of 2.25 and 2.15 seconds. The amplitude of the resulting time series was modified
with an envelope with constant b=0.000556 (tp,,z=30 sec., from Eq. A.6). Figure A.4b shows
the resulting signal. The agreement with Fig. A.4a is good, considering the simple and restrictive
model used. The apparent length of the beating period is difficult to reproduce because it is clearly
affected by a third signal that produces the pattern seen near t=22 sec. If a third time series is
added, with amplitude 0.2 and a period of 1.66 seconds, and maintaining the same envelope, the

agreement is nearly perfect, as shown in Fig. A.4c.
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The derived torsional time histories from EW displacement records, Fig. A.5a, again
exhibit the high displacement levels in the first part of the records seen in Fig. A.4a showing the
great effect that lateral-torsional coupling has on the displacement response. After that, a slowly
decaying free torsional motion, affected by beating, occurs. The first part of the records is the effect
of three signals and the second part mainly the effect of two signals. This record was simulated
using two trigonometric series with periods of 2.1 and 1.66 seconds. The amplitude was modified
again with an envelope with constant b=0.000556. Here, also, the agreement is particularly good,

Fig. A.5b and c.
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Figure A.1: Beating trigonometric time series. (a) Amplitudes 1.0 and 0.5. Period: 10.0 and 2.0

seconds. (b) Amplitudes 1.0 and 1.0. Period: 2.5 and 2.0 seconds.
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tion: two signal beating. Amplitudes: 1.0 and 1.0. Periods: 2.25 and 2.15. Envelope
constant b=0.000556. (c) Simulation: three signal beating. Amplitudes: 1.0, 1.0 and
0.2. Periods: 2.25, 2.15 and 1.66. Envelope constant b=0.000556.
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Envelope constant b=0.0006. (c) Simulation: two signal beating. Amplitudes: 1.0 and
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Appendix B

TRANSLATIONAL TO TORSIONAL UNCOUPLED PERIOD RATIO FOR
A ONE STORY SHEAR STRUCTURE

B.1 Introduction

It has been observed from actual buildings and mathematical models that the fundamental
torsional and translational periods are often close for structures that have a uniform distribution
of stiffness in plan [24, 41]. Uniform distribution of stiffness in plan is typically found in regular
space frame structures.

A simple derivation is carried out to study the relation between torsional and translational
periods for this type of structure. The solution will be presented for the case of a shear frame
building having an odd number of columns in each direction of the structure. Similar results may
be found for even, or for even and odd, numbers of columns.

The one-story shear structure must have the following characteristics :

(a) Multiple columns evenly distributed.

(b) Uniform distribution of mass.

(c¢) Coincident centers of mass and stiffness.

(d) All columns with the same stiffness in a given direction.

(e) Shear building behavior (no beam flexibility effects), with three degrees of freedom
per story (two horizontal translations and one in-plane rotation at the center of mass).

(d) Negligible torsional stiffness for all vertical elements.

The notation used is as follows (see Fig. B.1):

N o y is the number of column lines in the x or y direction. This value must be greater
than one.

dyz or y is the spacing between two consecutive columns in the X or Y direction.
kg or y is the stiffness of an individual column in the X or Y direction.

K, is the total story translational stiffness in the X direction.

K, is the total story torsional stiffness.

Tz is the uncoupled translational period in the X direction.

Ty is the uncoupled torsional period.

kyz = ky/kg.

Mo ory = (No or y = 1)/2.



225

B.2 General Derivation

The story translational stiffness in the X direction and story rotational stiffness can be

expressed as

Ky = N Nk, (B.1)
and
NN, N:N,
Ko= " (kya? +koy?) = ko Y (kyao? +7) (B.2)
i=1 i=1
Because columns are located at regular spacing d, or d,
Nf:vy z? = 2Nyd§ZV:‘i2 = 2N,din,(n, + 1)@%—*‘—1) (B.3)
i=1 i=1
and
Nivy y! = 2Nodgny (ny + 1)@%2 (B.4)
=1
Then, the story torsional stiffness can be expressed as
Ko = %kz[knyydgnz(nz +1)(2ng + 1) + Nod2ny(ny + 1)(2n, + 1)] (B.5)

For a rectangular floor plan with uniform distribution of mass, the radius of gyration can be

expressed as

1
rf = (Ve = 1)%d2 + (N, — 1)d]] (B.6)
Then, from
Tuz 2 1{9
(72) =7 (>0

and substituting Equations B.1, B.5 and B.6 in B.7

(_Tu_z>2 ~ 4[knyyd:‘;nx(nI +1)(2ng + 1) + Ned2ny(ny + 1)(2n, + 1)] B.g
Tw) NNy [(Ne — 1)2dZ + (Ny — 1)*d}] (:5)
Noting that
N;-1 Ny +1
and similar expressions for n, and Ny, then
(@ ) _ [(de/dy)?(ky/Rs)(N2” = 1) + (N2 — 1)] (B.10)
Tus (N = 1)2(da/dy)? + (Ny ~ 1) '
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B.3 Special Type of Building

For the special case of buildings with the same number of columns and column stiffness

in the principal directions this formula can be simplified as follows:

Ny =Ny = N,and k; =k,

so that
T.z\?> (N+1)
—=] == B.11
<Tu0) (N - 1) ( )
It can be seen in Fig. B.2 that this ratio quickly approaches unity as the number of columns
increases.

For multiple story shear structures, with identical floor characteristics on all levels and
the restrictions shown above, the same formulae apply for each group of modes (i.e. for the first
translational and torsional modes, for the second translational and torsional modes, etc.). Also,
because these formulae apply to this type of structure, the ratio of the translational to torsional

uncoupled periods is the same for all groups of modes.
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Figure B.2: Ratio of uncoupled translational and torsional periods for a regular one-story structure.
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Appendix C

DAMPING EFFECTS ON NONLINEAR STRUCTURES

C.1 General

An attempt is made to evaluate the effect of viscous damping on the response character-
istics of one degree-of-freedom nonlinear oscillators, by studying the variation of selected response
parameters to variable amounts of viscous damping. The effect of damping on linear oscillators has
been studied extensively; see for example Refs. [16, 19, 39, 51].

A modified version of the program NONSPEC [32] was used to compute the inelastic
responses. The oscillators considered had elasto-perfectly-plastic (EPP) hysteretic curves. Eleven
earthquake records were used in the studies, six on relatively firm soils and five on relatively soft
soils; see Table C.1 for a list of ground motions. Linear response spectra for the records and different
amounts of viscous damping are presented in Figs. C.1 and C.2. Viscous damping values studied
were 0, 1, 2, 5, 10, 20, 40, 80% of critical. Several system capacities were considered. The capacity
of the system relative to the earthquake intensity was defined by the nondimensional parameter n
(eta) as follows [32]:

"= e (€1
where V,, is the yield shear, M is the mass of the system and PRA is the peak record acceleration.

Values of 7 of 2.0, 1.0, 0.8, 0.4, 0.2 were considered in the analyses.

The following parameters were used to evaluate the effect of viscous damping on the

response of nonlinear oscillators.

e Maximum displacement ductility demand:

Amam

Ha =7~ (C.2)

where Ap,q; is the maximum displacement and A, is the yield displacement of the system.

This parameter is a measure of the maximum inelastic deformation of the system.

¢ The maximum cumulative ductility:

fhe = Z |AineAlastic|j +1 . (C3)
j Yy
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where |Ajpelqstic]; is the absolute inelastic displacement at time step j. This definition implies
that if the oscillator responds only in the elastic range p. has a value of one. This parameter

is a good measure of the total hysteretic energy dissipated by EPP systems.

e Sum of the squared accelerations:
A? =) "alét (C4)

where q; is the acceleration at step ¢ and §t; is the time step at step ¢. This is an indicator of
the response envelope characteristics (amplitude and duration) and the base for the definition

of apparent duration presented below.

e Apparent strong motion duration (7):
Defined as the elapsed time between 5% and 95% of A%. This definition of strong motion
duration has been used previously for ground records by Trifunac and Brady [49] among
others, and has given reasonable results. A more detailed description of the procedure can

be found in Reference [49].

C.2 Results

To evaluate the effect of viscous damping the nonlinear response spectra for twenty dif-
ferent periods, five capacity values and eight damping values were first obtained. For example,
Figures C.3 to C.8. present the 5% of critical viscous damping nonlinear response spectra for the
different parameters studied. Next, all spectra were normalized with respect to their respective 0%
of critical viscous damping spectra. Finally, the variation of the selected parameter was plotted
against the amount of viscous damping. No averaging over the different records was computed.
Normalized spectra for each individual record are shown in Figs. C.11 to C.22, for the parameters
studied (pq, fe, A%and T) as functions of damping. Two sets of plots are presented for each spec-
tra: (1) Figures where all capacity values are plotted together differentiated only by undamped
periods (0.5, 2.0 and 3.0 seconds) and soil conditions. (2) Figures where two selected undamped
periods (0.5 and 2.0 seconds) are plotted for all records (firm soils, [solid lines] and soft soils, [dotted
lines], i.e., there are 6 solid and 5 dotted lines in each of these figures) and selected capacities (0.2,
0.8, 1.0, 2.0).

The results are summarized as follows.

1. Figures C.11 to C.13 present the normalized spectra for maximum ductility demands. These

plots show the following;:
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¢ The displacement ductility (and displacements) demand decreases with increasing amount

of viscous damping.

o The decay rates for firm and soft soils are similar with more dispersion on values for

firm soil records, Fig. C.11.

o For oscillators with relatively short periods (with respect to the earthquake predominant
period) and low capacities, the reduction of the response due to damping was larger for
soft than for firm soils. For high strength capacity values, the reduction is larger for firm
than for soft soils, Fig. C.12.

For longer periods, the ratio tends to be the same for both soil types, but larger disper-

sions are found for the firm soil records, Fig. C.13.

e The incremental effect of viscous damping is strong between 0 and 30% of critical.

2. Figures C.14 to C.16 present the normalized spectra for cumulative ductility demands. The
horizontal lines observed in these figures correspond to the cases in which the system, with
viscous damping, responded elastically (i.e., the value of u. is one); so the normalized value
shown is the inverse of p. for the the case of 0% viscous damping. These plots show the

following:

e This parameter decays with increasing amount of viscous damping.

¢ The decay rates for firm and soft soils are similar. As expected, systems with larger

periods tend to behave linearly for most of the firm soil records, Fig. C.14.

e The incremental effect of viscous damping is strong between 0 and 30% of critical. For
the majority of the cases studied, a value of viscous damping higher than 40% tends
to produce linear responses for systems in the displacement controlled region of the
spectrum (i.e. for system periods larger than the predominant period of the records),

Figs. C.15 and C.16.

3. Figures C.17 to C.19 present the normalized spectra for the sum of the squared accelerations.

These plots show the following:

o This parameter can either decay or increase with increasing amounts of viscous damping,
Fig. C.17. An explanation for this is that, for large amounts of viscous damping, a
considerable portion of the inertial forces is resisted by damping forces. This increase in

damping force limits yielding and allows higher accelerations to occur in the system.
e The rate of change of the sum of the squared accelerations with viscous damping was
typically smaller for soft soils than for firm soils. For some records first a decrease and

later an increase of the ratio was observed with increasing amounts of viscous damping.
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o Large dispersion of the parameter for the different records is observed from these figures.

¢ Viscous damping has its strongest effect between 0 and 20% of critical for most records.

4. Figures C.20 to C.22 present the normalized spectra for strong motion duration. These plots

show the following:

e This parameter generally, but not always, decreases with increasing amounts of viscous

damping. The effect of damping in the different records, Fig. C.20, varies considerably.

¢ Damping has a significant effect especially between 0 and 10% of critical, and the ratios

for soft soils tend to be slightly higher than for firm soils.

It can generally be concluded from this parametric study that there is a critical value of
viscous damping after which an increase in the parameter does not affect the response very much.
This value is between 20 and 30% for maximum ductility and cumulative ductility, between 10 and
20% for the sum of squared accelerations and about 10% for strong motion duration. A single value

for all parameters studied would be 30% of critical.
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Table C.1: Earthquake Records

Earthquake Year Recording Component Peak Soil
Station Accel. (g) | Type*
Imperial Valley 1940 El Centro NS 0.34 firm
Western Washington 1949 Olympia N86E 0.28 firm
Kern County 1952 Taft S69E 0.18 firm
Santa Cruz Mountains | 1989 Corralitos NS 0.64 firm
Santa Cruz Mountains | 1989 Capitola EW 0.47 firm
Santa Cruz Mountains | 1989 Santa Cruz EW 0.44 firm
Santa Cruz Mountains | 1989 | Oakland Wharf 305° 0.27 soft
Santa Cruz Mountains | 1989 | CSMIP 57357 | Channel 22 0.10 soft
Morgan Hill 1984 | CSMIP 57357 | Channel 22 0.04 soft
Mexico 1985 SCT N9OW 0.17 soft
Mt. Lewis 1986 | CSMIP 57357 | Channel 22 0.04 soft

* Classification was based on record predominant period.




234

A 4.0
3.6 Damping: 0% ———- Damping: 20%
3, ( Damping: 5% = ----- Damping: 80%
————. Damping: 10%
3 3.2
2 2.8
s 5. s 2.4
A )%
2.0
¢ % {
k:4 g 1.6
y 1 )
3 1.2
° 0.8
0 0.4
. e A . 0.0
. 4 5 5
Period (sec) Period (sec)
(a) (b)
3.0 8.0

s

2 3 4 5

f

Period (sec) Period (sec)

(¢) (d)

b

2 3 4 5

Period (sec) Period {(sec)

(e) (f)

Figure C.1: Linear response spectra, firm soils. (a) El Centro NS 1940. (b) Olympia N86E 1949.
(c) Taft S69E 1952. (d) Santa Cruz EW, Santa Cruz Mountains, Loma Prieta 1989.
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