Abstract

DAS, SATRAJIT Seismic Design of Vertically Irregular Reinforced Concrete Structures.
(Under the direction of Dr. James M. Nau)

Seismic building codes, such as the Uniform Building Code (UBC) do not allow the
equivalent lateral force (ELF) procedure to be used for structures with vertical irregularities.
The UBC defines a structure to be irregular based on the ratio of magnitudes of either
strength, stiffness, mass, setback or offset of one floor to that of an adjacent floor. The
criteria defining the limits of irregularity are somewhat arbitrary, but are introduced in
the code to provide unambiguous, enforceable provisions. The purpose of this study is
to quantify the definition of irregular structures for four different vertical irregularities -
stiffness, strength, mass and nonstructural masonry infills. A total of 87 building structures
with interstory stiffness and strength ratios ranging from 0.09 to 1.89 and 0.27 to 1.07,
respectively, and mass ratios of 1.0, 2.5, and 5.0 are considered for a detailed parametric
study. The lateral force resisting systems (LFRS) considered are special moment resisting
frames and shear walls. These LFRS’s are designed based on the forces obtained from the
equivalent lateral force procedure. An ELFpg analysis, considering the actual first mode
shape and the actual fundamental period, is carried out, and the story drift ratios are
compared to those obtained from time history (7'H) analysis. Finally, nonlinear dynamic
analysis is performed in order to assess the seismic performance of these buildings. The
results show that the restrictions on the applicability of the equivalent lateral force procedure
are unnecessarily conservative for irregular structures. Most structures considered in this
study, designed on the basis of the ELF approach, perform reasonably well. In some cases,
however, there is an initiation of an undesirable collapse mechanism. It is recommended
that capacity based criteria in the design phase be appropriately used in the vicinity of the

irregularity in order to ensure desired performance and behavior.
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Chapter 1

Introduction

1.1 Background and Motivation

The part of a structure responsible for resisting the earthquake forces is called the
lateral force resisting system (LFRS). The LFRS of a building structure is of various
types, the most common forms of which are special moment resisting frames, shear
walls, and frame-shear wall dual systems. Damage from earthquake ground motion
generally initiates at locations of structural weaknesses present in the LFRS. Further,
these weaknesses tend to accentuate and concentrate the structural degradation, often
leading to complete collapse. These soft zones or weaknesses may be created by
sudden changes in stiffness, strength and/or mass between adjacent stories.

Sudden changes in stiffness and strength between adjacent stories are associated
with changes in structural system along the height, changes in story height, setbacks,
changes in materials and unanticipated participation of nonstructural components.
Examples of structural damage or collapse due to such discontinuities are common-
place in earthquake reconnaissance literature.

Irregularity of mass distribution in vertical and horizontal planes can result in



irregular responses and complex dynamics. Concrete as an architectural fill and soil
for landscaping on top of structural slabs provide unnecessary mass without structural
benefit. Excessive live loads may occur frequently from changes in occupancy of a
building. Excess mass can lead to abrupt increase in lateral inertial forces, reduced
ductility in columns, and increased tendency of collapse due to P — A effects.

A common form of vertical discontinuity arises from the unintended participation
of nonstructural elements. This problem is most severe in structures having relatively
flexible LFRS. In these cases, the nonstructural components can comprise a significant
portion of the total stiffness. Such situations commonly occur in the case of infilled
frames. If properly designed, the infills can improve the performance of the frame
because of their stiffening and strengthening actions. However, soft stories can result
if infills are omitted in a single story, as often occurs in the first story. There have been
several instances of this phenomenon. Even if placed continuously and symmetrically
throughout the structure, a soft story can form if one or more infills should fail.

Partial height infills are also common in many buildings. In this form of con-
struction, an infill extends between columns from the floor level to the bottom of the
window line, leaving a portion of the column exposed in the upper portion of the
story. If this effect of the infill is not considered in the design of the structure, it can
result in the “captive column” effect. This form of construction is a common cause
of building damage and collapse during earthquakes.

In order to provide an estimate of forces developed in a structure during an earth-
quake, building codes such as the Uniform Building Code (UBC), Federal Emergency
Management Agency (FEMA) and Structural Engineers Association of California
(SEAOC) recommend special provisions. Most of these codes propose a simplified

method called the equivalent lateral force (ELF) procedure to compute design forces.



This method assumes that the dynamic forces developed in a structure during an
earthquake are proportional to the maximum ground acceleration. These forces are
approximated as a set of equivalent lateral forces which are distributed over the height
of the structure. The ELF method is, however, based on a number of assumptions.
These assumptions are true for regular structures, namely, structures with uniform
distribution of stiffness, strength, and mass over the height. As pointed out earlier, an
irregular distribution of these characteristics is common in real building structures.
Therefore, it is important to develop criteria which will enable the use of the ELF
method in the analysis of irregular structures. The first such criteria in the UBC were
published in the 1988 edition. These criteria were based on the 1988 edition of the so
called Blue Book - “Recommended Lateral Force Requirements and Commentary” by
SEAOC. These criteria were somewhat arbitrary and were introduced in the code on
an empirical basis. As pointed out by Porush [77], “It is true that research is needed
to verify these limits. However, without such limits there cannot be unambiguous
enforceable provisions.”

The current version of the UBC defines a structure to be irregular based on the
ratio of magnitudes of either strength, stiffness, mass, setbacks or offsets of one floor
to that of the corresponding value of an adjacent floor. Under normal circumstances, a
regular building will have either an essentially uniform distribution of these structural
properties or a distribution where the strength and stiffness decrease with height.
However, if the stiffness of a story is less than the stiffness of the story above, the
structure is considered to be irregular. Likewise, if the strength of one story is less than
the strength of the story above then the structure is also considered to be irregular.
Such irregularities are evident in structures with taller first story columns. Limits

of irregularity due to mass, setbacks and offsets are also included in the appropriate



sections of the code. The values of these limits are based on past experience in
behavior and performance of buildings during earthquakes. If a structure fails to
satisfy these limits, the UBC does not allow the ELF method alone to be used for the
evaluation of the design forces in a structure. In such situations, the UBC recommends
the use of detailed dynamic lateral force procedures - response spectrum analysis or

time history analysis.

1.2 Scope and Organization

The objective of this study is to quantify the definition of regular and irregular struc-
tures for three different vertical irregularities - stiffness, strength and mass. An en-
semble of reinforced concrete structures is chosen representing practical designs with
a range of story strengths and stiffnesses. These structures represent both regular and
irregular configurations as defined in the UBC and are designed according to Chapter
21 of ACT 318-95, ACT 318-99 and UBC-1997. ACI 318-99 contains the revised pro-
visions for design of shear walls which is referred to in the present study. The effects
of presence of nonstructural infills in the overall behavior of these structures are also
studied to quantify a meaningful design criteria.

This introductory chapter has presented various instances of vertical irregularities
that may exist in building structures. In addition, the technique used to compute
the lateral forces in a structure subjected to earthquakes is briefly discussed. Some
of the restrictions imposed by the UBC in the analysis of irregular structures are
also explained. Together, these presentations provide the background and enable the
formulation of the objectives for the research task reported in this thesis.

Chapter 2 begins with a presentation of some actual structural failures that have



occurred in past earthquakes. These failures are primarily due to the presence of
vertical irregularities in the LFRS of the building. In order to recognize the complex
behavior of an irregular structure during an earthquake, the UBC has defined and
specified certain guidelines which are explained in detail in Chapter 2. A discussion
of previous research conducted on irregular structures is also included. Finally, an
inventory of buildings which forms the backbone for the selection of the type of LFRS
considered in this research is briefly presented.

Chapter 3 contains a presentation of the building models chosen for the purpose of
this research. The parameters describing the irregularities in these structural models
are described. Finally, a brief review of the pertinent design provisions contained in
ACI 318-95, ACI 318-99 and UBC-1997 is also presented.

Chapter 4 describes the analytical modeling techniques available for representing
the actual behavior of different structural components in a building and also discusses
the equivalent lateral force procedure. This discussion is followed by a description of
other numerical techniques available for analysis of structures subjected to earthquake
ground motion.

Chapter 5 discusses the design earthquakes considered in this study. Further,
Chapter 5 presents the results of the detailed parametric study of the earthquake re-
sponse of several building models. These responses are calculated using both DRAIN-
2DX (which gives the design forces from the ELF analysis) and RUAUMOKO-99
(which gives the nonlinear time history solution in the inelastic domain).

Finally, Chapter 6 presents a summary including the salient features and the

significant conclusions from this study.



Chapter 2

Literature Review

This chapter starts with a description of various building failures that have taken place
during past earthquakes. Most of these failures were either initiated or aggravated
by the presence of vertical irregularities in the lateral force resisting system of the
structure. The presentation of these structural failures is followed by a treatise on
the UBC perspectives on vertical irregularities. Later in the chapter, a description
of the previous work done on irregular buildings by other researchers is enumerated.
Finally, an inventory of lateral force resisting systems chosen for the purpose of seismic
resistant design is reported. This inventory forms the basis for selection of the building

models chosen for this study.

2.1 Failures from Past Earthquakes

A building structure may suffer severe damage during an earthquake because of sud-
den changes in stiffness, strength or mass either in the vertical or horizontal plane.
A typical example of the detrimental effects that these discontinuities can induce is

in the case of buildings with a ‘soft story’ or a ‘weak story’. Inspection of earthquake



damage of actual buildings has shown that structural systems with soft stories can
lead to serious problems during severe earthquake ground shaking. The following
paragraphs illustrate some of the failures that primarily resulted from interruptions
of strength and stiffness along the height of the structure.

The Olive View Medical Center was a six story reinforced concrete structure. Dur-
ing the San Fernando earthquake in 1971, the upper stories moved as a unit and were
only lightly damaged. The severe damage to this building was found to be primar-
ily due to large changes in stiffness and strength across the second floor level. This
abrupt change was caused by the presence of a structural wall above the second floor
level as shown in Fig. 2.1. Also, the presence of excess mass in the form of earthfill
at the first floor level required a heavy slab at the same level where significant dis-
continuities already existed in stiffness and strength. These discontinuities in vertical
stiffness and strength along with the presence of a heavy mass led to an unanticipated
ductility demand in the elements of the first two stories. Hence, the stories which
supported all others were the first to fail. It was also noted that several columns in
the ground floor failed due to inadequate lateral confinement of core concrete and
longitudinal steel, as shown in Fig. 2.2. The building very nearly collapsed due to
excessive deformation and was subsequently demolished.

Commercial Building Casa Micasa S.A., Managua, Nicaragua was a 2-story rein-
forced concrete frame building which suffered significant lateral displacement at the
second floor level during the Managua earthquake in 1972. The hinging at the top
and bottom of the first story columns was evident at all locations and is shown in
Fig. 2.3. The first story was a ‘soft story’ with a reduced stiffness and strength than
the floor above. The first story was completely open except for a glass partition all

around, while the second story had walls and partitions that significantly increased



the lateral stiffness of the second story relative to the first.

A similar instance of failure was observed in a four story apartment building
located on Beach Street in the Marina District of San Francisco, California, during
the Loma Prieta earthquake in 1989. A soft story mechanism formed at the open
first floor level as shown in Fig. 2.4. This story mechanism arose from the presence of
partition walls which increased the lateral stiffness of the upper floors of the structure
apparently rendering the first floor susceptible to earthquake damage.

The Imperial Valley County Services Building was a modern multistory reinforced
concrete building with a rectangular plan, six stories tall, and with a small mechan-
ical penthouse on the roof. During the El Centro earthquake of 1979, the building
very nearly collapsed. Lateral resistance for this building was provided by moment-
resisting frames in the longitudinal direction and shear walls in the transverse direc-
tion. Shear walls on the upper floors were provided for the full width of the building
on its east and west faces. At the ground level, the shear walls in the transverse
direction were offset and were considerably smaller as shown in Fig. 2.5. This offset
lead to a discontinuity in the load path and a simultaneous reduction of both strength
and stiffness of the first story. Lateral forces that developed in exterior walls in the
upper stories had to be transmitted by the diaphragms through shear to interior
first-story walls. Large overturning forces that developed in the discontinuous exte-
rior walls had to be carried by columns supporting the walls. This effect contributed
to a compression failure in the inadequately tied columns as shown in Figs. 2.5 and
2.6.

The effect of nonstructural components on the response of the structural system
is now illustrated. Analysis of building performance during earthquakes has revealed

that numerous building failures have resulted from the fact that basic structural



systems are designed neglecting the structural modifications introduced by the non-
structural components, particularly by the addition of infills (partitions and walls).
The following cases demonstrate failures that were exacerbated by the presence of
nonstructural components in building structures.

A detailed view of the behavior of one of the first and second story columns of the
Olive View Medical Center is shown in Fig. 2.7. The shear failure of the second story
column was induced by what was explained earlier as the “captive column” effect. The
unbraced length of the column at this location was shortened by the wall panels that
were placed at the top and bottom of this story. These wall panels were essentially
treated as nonstructural elements. However, the presence of these panels decreased
the height and hence increased the stiffness of this column. The increased stiffness
resulted in a very high force demand in this short column during the earthquake.
Also noteworthy is the large permanent distortion of the first story column. While
the well-confined concrete of the spirally-reinforced core of this column was capable
of supporting the building, the unconfined concrete cover had spalled off.

A four story medical building in El Asnam, Algeria, failed catastrophically during
the El Asnam earthquake in 1980. The building exhibited severe stiffness and strength
discontinuities in the first story. The corner location of a stiff stairway and a reinforced
concrete shear wall contributed to the collapse of the building. Usually stairways are
considered as nonstructural components in spite of the fact that in most cases they are
rigidly attached to the structure of a building, particularly in the case of reinforced
concrete buildings. The landing of the stairway was connected rigidly to the column
at its midheight, converting it into a short column with a much higher force demand
than that computed neglecting the stairway. This high force demand caused the

column to fail severely during the earthquake as shown in Fig. 2.8.
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A two-story reinforced concrete building in Managua, Nicaragua, suffered severe
damage in the Managua earthquake in 1972. The reinforced concrete column which
was a part of the structural system failed due to its shortening by the presence
of the masonry wall as shown in Fig. 2.9. The masonry walls were considered as
nonstructural elements.

The Mene Grande Building in Caracus, Venezuela suffered severe damage in the
Caracas earthquake of 1967. This building, a 16-story reinforced concrete frame with
a H-shaped plan, had tile walls in the four exterior ends of the building. The design
neglected the interaction effects of these tile walls. During the earthquake, there was
not only considerable nonstructural damage to the tile walls in the lower floors of the
building, but there was also severe failure in most of the first story corner columns.
This damage is shown in Fig. 2.10. The building was repaired and retrofitted by
adding shear walls and reinforcement to the eight corner columns.

This section has provided a few examples of actual structural failures during earth-
quake ground motion. All of these failures resulted from the presence of vertical ir-
regularities in the lateral force resisting system. Therefore, in order to recognize the
adverse dynamic behavior of irregular structures during earthquakes and to treat the
presence of such irregularities with due caution, the UBC has recommended guide-
lines for structural engineers. The following section enumerates and then explains

these guidelines in detail.
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2.2 UBC Perspective on Vertical Irregularities

Observations during past earthquakes have repeatedly shown that buildings having
irregular configurations suffer greater damage than buildings having regular config-
urations. Inelastic behavior can concentrate in the zones of irregularity resulting in
sudden failure of structural elements in the vicinity of these areas. In addition, some
irregularities introduce unanticipated stresses into the structure which designers fre-
quently overlook when detailing the structural system. Finally, the elastic analysis
methods typically employed in the design of structures often cannot reliably predict
the distribution of earthquake demands in an irregular structure, leading to inade-
quate design in the regions of irregularity. For these reasons, the UBC has specified
certain limits of ratios of strength, stiffness, mass, setbacks and offsets between adja-
cent stories of a lateral force resisting system. If the LFRS of any building structure
exceeds these limits, the structure must be treated as irregular. Typical vertical ir-
regularities in buildings along with the respective limits according to the UBC are
explained in greater depth in the subsequent paragraphs of this section. These limits
are presented in Table 2.1 and are shown diagrammatically in Fig. 2.11.

The most prominent of the problems caused by discontinuous stiffness is that of
the “soft story”. This term has commonly been applied to buildings whose first story
is more flexible than those above. However, a soft story at any floor may create a
problem. Since the forces are generally greatest towards the base of the building, a
stiffness discontinuity between the first and second floors tends to result in the most
serious condition. This irregularity might occur because one floor, usually the first, is
significantly taller than the remainder as in Type-A of Fig. 2.11. The taller columns

result in decreased lateral stiffness. Discontinuities may also occur as a result of a
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common design concept in which all vertical framing elements are not brought down
to the foundation, i.e., some are curtailed at the second floor to increase the openness
at the ground level as in Type-B of Fig. 2.11. The soft story may also be created
by an open floor that supports heavy structural or nonstructural walls above as in
Type-C of Fig. 2.11.

It is obvious that a reduction in stiffness of a floor may be associated with a simul-
taneous reduction in strength, in which case the resulting story is also a “weak story”.
A taller first story will generally produce a soft story and a weak story. Similarly,
the result of either an interruption of vertical framing elements on a floor other than
the ground level, or an open floor carrying heavy structural or nonstructural walls,
will be a combination of both a soft and a weak story. In order to treat structures
with either soft or weak stories, the UBC specifies limits as enumerated in Table 2.1.
The UBC requires that a structure with a soft or a weak story must be treated as
irregular if the lateral stiffness of one story is 70% or less of that of the story above,
or less than 80% of the average stiffness of the three stories above. However, the
UBC specifies that a structure with a soft story whose stiffness is 70% or less than
the stiffness of the story above may not be treated as irregular if the story drift for
the softer story is less than 1.3 times the adjacent story drift. This is an exception
to the rule as specified in Table 2.1. Similarly, if the lateral strength of one story is
80% or less of that in the story above, the structure must be considered irregular.

A common case of mass irregularity may be introduced if a particular floor or a
set, of floors is reserved for specific use such as a machine room, a parking deck or a
roof top swimming pool. Type-D of Fig. 2.11 represents this class of buildings. The
UBC requires that a structure with a heavier mass on a particular story be classified

as irregular if the heavier mass is 150% or more than the mass of the adjacent story.
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However, the UBC indicates that a roof that is lighter than the floor below need not
fall under this category.

Setback configurations are a common vertical irregularity in building geometry.
Setbacks may vary greatly with regard to their proportion between tower and base in
height, the symmetry of the base and the tower portions of the building, and the types
of construction used for each portion. A type of setback configuration in which the
building grows larger with height is termed an “inverted setback”, as in Type-E of Fig.
2.11. In most practical situations, setback configurations cause reductions in strength
and stiffness in upper floors as in Type-F of Fig. 2.11. These reductions do not cause
strength and stiffness irregularities in the structure. However, these structures suffer
from what is known as the “notch effect” due to a sudden and drastic setback at an
intermediate floor. The “notch effect” introduces severe stress concentration in the
structural elements in the vicinity of the setback, and leads to high ductility demands
in the associated elements. UBC specifies that a structure with a setback is irregular
if the horizontal dimension of the LFRS in any story is more than 130% of that in an
adjacent story. This rule is included in Table 2.1.

When shear walls form the main lateral load resisting elements of the building,
they may be required to carry very high loads. If these walls do not line up in plan
from one floor to the next, the forces created by these loads cannot flow directly
down through the walls from the roof to the foundation. The consequent indirect
load path can result in serious overstressing at the points of discontinuity. Thus,
the discontinuous shear wall which stops at the second floor represents a “worst
case” of the soft first floor condition. Type-G of Fig. 2.11 is representative of this
class of buildings. In order to treat structures with such in-plane discontinuities, the

UBC specifies that a structure is irregular if it has an in-plane offset in the lateral
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force resisting elements greater than the length of these elements. This definition is
specified in the Table 2.1.

Infilling is often done as a remodeling activity later in building life. It may also
be the result of infilling of portions of frames with “nonstructural” but stiffening
material to create high strip windows. This kind of construction may lead to what
is recognized as “captive columns”. A variation of both stiffness and strength may
take place both within a story or between adjacent stories depending on the location
of the infills. Random stiffening of a frame structure by masonry infill is a common
instigator of damage and failure. The mechanism is always the same: the earthquake
forces are attracted to the areas of greatest stiffness, and if these are not designed to
accommodate these forces, they are prone to failure. UBC does not directly recognize
such irregularities.

This section has discussed how the UBC defines and treats different kinds of
vertical irregularities in a building structure. The following paragraphs summarize
these requirements in formal terms with reference to the relevant sections of UBC-
1997. This is included here for completeness and ready reference.

Section 1629 of the Uniform Building Code (1997) describes the general require-
ments for seismic design of structures. Section 1629.5.3 of the UBC cites the following
definitions of vertically irregular structures:

1. Irregular structures have significant physical discontinuities in configura-

tion or in their lateral force resisting systems. Irregular features include,
but are not limited to, those described in Table 2.1 (Table 16L of UBC).

2. Structures having any of the features listed in Table 2.1 shall be designated

as if having a vertical irregularity.

Exception: Where no story drift ratio under design lateral forces is greater than 1.3
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times the story drift ratio of the story above, the structure may be deemed to not have

the structural irregularities of Type 1 or 2 in Table 2.1.
Section 1629.8.3 of the UBC allows the equivalent lateral force procedure (static

analysis) to be used for the following cases:

1. All structures, regular or irregular, in regions of low seismicity and for less
important structures.

2. Regular structures under 240 feet in height with lateral force resistance
provided by systems listed in Table 16N of the UBC-1997, except where
Section 1629.8.4, Item 4, applies.

The lateral force resisting systems listed in Table 16N of the UBC [9] in-
clude Special Moment Resisting Frame (SMRF), Intermediate M oment
Resisting Frame (IMRF), Ordinary Moment Resisting Frame (OMRF),
Shear Walls and Frame-Shear wall dual systems among others. The struc-
tural systems are categorized based on the degree of special detailing re-
quired for desirable ductile behavior of the structure. Chapter 21 of the
ACI 318-95 and ACI 318-99, and Chapter 19 of the UBC-1997 provide

guidelines to satisfy these requirements for concrete structures.

3. Irregular structures not more than five stories or 65 feet in height.

4. Structures having a flexible upper portion supported on a rigid lower
portion where both portions of the structure considered separately can be
classified as being regular, the average story stiffness of the lower portion
is at least 10 times the average story stiffness of the upper portion and
the period of the entire structure is not greater than 1.1 times the period

of the upper portion considered as a separate structure fixed at the base.

Section 1629.8.4 of the UBC recommends the dynamic lateral force procedure of
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Section 1631 for all other structures. The procedures recommended in these sections
are the response spectrum method and time history analysis. These methods are

described in Chapter 4.

2.3 Previous Research

Analytical and experimental investigations by a number of researchers have identified
differences in dynamic response of regular and irregular buildings. Most notable are
altered displacement response and ductility demands in the vicinity of the imposed
irregularity. Discussions on the significance of the various response quantities and the
dynamic characteristics of building structures are well documented in Refs. [19], [73].
The next few pages highlight the work done by previous investigators. A summary
of these findings is tabulated in Table. 2.2.

Chopra [21] studied the dynamic, bilinear response behavior of a series of eight
story shear buildings subjected to earthquake ground motion. The specific objec-
tive of the investigation was to determine under what conditions a yielding first
story can adequately protect the upper stories from significant yielding. The results
demonstrated that a very low yield force and an essentially perfectly plastic yielding
mechanism are required in the first story to provide effective protection to the super-
structure. It was observed that a 70% strength reduction in the first story resulted in
reduction in ductility demand in higher stories which ranged between 1% and 35%.
This strength reduction also resulted in an increase in ductility demand in the first
story which ranged from 9 to 47.

Humar and Wright [40] studied the dynamic behavior of multistory steel rigid-

frame buildings with setback towers. The following observations were made from
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a detailed parametric study. The fundamental period decreased by 35% for a set-
back of 90%. The higher modes of vibration of setback buildings made substantial
contributions to their total seismic response; these contributions increased with the
slenderness of the tower. The contribution of higher modes increased to 40% for a
setback of 90%. For very slender towers, the transition region between the tower
and the base was, in some cases, subjected to very large story shears. The increase
in shear force in the vicinity of a setback was observed to be as high as 300% to
400% for a setback of 90%. Story drift ratios and story shears for tower portions of
setback buildings were substantially larger than for buildings without setbacks. For
the slender tower portion, the increase in interstory drift was found to be four times
compared to that of a uniform structure. This increase was influenced by the extent
of the setback. It was also observed that the beam ductility demand in the tower
portion showed a large increase with an increase in the slenderness of the tower. The
column ductility demands in the tower portion also showed a similar trend. A 300%
increase in ductility demand was observed in beams; the column demand showed an
increase of 200% for a setback of 90%.

Fernandez [31] evaluated the effects of uneven distribution of mass and stiffness
on the elastic and inelastic response of multistory buildings. It was noted that the
type of earthquake record did not have an appreciable influence in the response of
low rise (5 story) buildings compared to that of high rise (10 story) buildings. It was
further observed that a reduction of first story stiffness by 17% to 67% increased the
first story drift by 20% to 100%. In general, it was noted that good behavior of a
structure was obtained when the structure had a continuous variation of stiffness and
mass along the height.

Moehle [62] studied the seismic response of four irregular reinforced concrete test
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structures. These test structures were simplified models of nine-story three bay build-
ing frames comprised of moment frames and frame-wall combinations. Irregularities
in the vertical plane of these structures were introduced by discontinuing the struc-
tural wall at various levels. Based upon measured displacements and distributions of
story shears between frames and walls, it was apparent that the extent of the irregu-
larity could not be gaged solely by comparing the strengths and stiffnesses of adjacent
stories in a structure. Structures having the same stiffness interruption, but occur-
ring in different stories, did not perform equally. It was observed that the curvature
ductility demand in beams varied from 3.9 to 7.2 and for columns, from 1.8 to 2.9,
for an abrupt termination of shear walls at different levels along the height.

Aranda [11] studied the nonlinear response of irregular reinforced concrete frames.
Two reinforced concrete frames, irregular in height, were idealized as single stick mod-
els with masses lumped at the floor levels. It was found that irregularities in elevation
increase the ductility demand by a factor of 2. This effect was more pronounced where
there was a sudden change in the stiffness distribution along the vertical height of the
building.

Moehle and Alarcon [63] presented a combined experimental and analytical study
to examine the seismic response behavior of reinforced concrete frame-Shear wall
structures. In one of the models, vertical irregularity in the frame-Shear wall system
was introduced by interrupting the shear wall at the first story level. Inelastic dynamic
analysis was capable of adequately reproducing measured displacement waveforms,
but accurate matching of responses required a trial and error approach to establish the
best modeling assumptions. It was observed that in the vicinity of the discontinuity,
the elements exhibited a curvature ductility demand 4 to 5 times higher than in the

case of the model without any interruption of the shear wall.
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Bariola [12] investigated the influence of strength and stiffness variation on seismic
behavior of structures. He studied the nonlinear response of an 8 story building, with
five bays per floor, subjected to five different earthquakes. Three different categories
of building periods were considered - low, medium, and high. For every building, two
cases were considered, one weak building and one strong. The weak building had
a base shear strength of 15% of the total weight of the building, while the strong
building had a base shear strength of 30% of the total weight. The results of this
study indicated that the period of a structure increases during an earthquake, with
larger period elongation for weaker structures. He stated that if this increase in period
is considered along with an increase in damping, a standard linearly-elastic response
spectrum can be used to estimate the building response.

Costa, Oliveira and Duarte [24] studied the seismic behavior of reinforced con-
crete buildings exhibiting vertical irregularities. Sixteen story buildings were studied
for three different horizontal layouts and five vertical configurations. The buildings
were idealized as a set of plane moment resisting frames connected to shear walls
by rigid diaphragms. Based on their study, Costa et al., put forward the following
observations. A discontinuity in the frame markedly increased the ductility demand
in the shear wall. Further, the distribution of ductility demand was irregular in shear
walls but was fairly regular in the frames, except for stories immediately above a
discontinuity, where there was a significant increase in frame ductility demand. For
irregular buildings, the ductility demands were observed to be nearly twice as high as
those of regular buildings. In general, it was noted that if the irregularity occurred
in the frame, the shear wall exhibited an increase in ductility demand and vice versa.

Costa et al. [23] extended the previous work [24] on seismic behavior of irregular

structures. The study was based on twelve, sixteen, and twenty story reinforced
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concrete building models. Further conclusions that were drawn from this investigation
are enumerated as follows. The role of a shear wall in a mixed structural system was
to distribute the frame ductilities uniformly along the height. The interruption of
a shear wall in part or for the total height of the structure led to a very irregular
distribution of frame ductilities. A significant increase was observed in the first level
above the interruption of the shear wall. Below the interruption, the behavior was
similar to a regular building.

Sharooz and Moehle [85] studied the effects of setbacks on the earthquake response
of multistory buildings. In an effort to improve design methods for setback structures,
an experimental and analytical study was undertaken. In the experimental study,
a six story moment-resisting reinforced concrete space frame with 50% setback in
one direction at midheight was selected. The analytical study focused on the test
structure and on several analytical representations of setback buildings. The following
were the observations from the experimental study. The displacement profiles were
relatively smooth over the height. Relatively large interstory drifts at the base of the
tower were accompanied by a moderate increase in damage at that level. Overall,
the predominance of the fundamental mode on the global translational response in
the direction parallel to the setback was clear from the lateral displacement and
inertia force profiles. Furthermore, the distribution of lateral forces was almost always
similar to the distribution specified by the UBC. The abrupt reduction in forces at
the setback level was consistent with the lower tower mass. Although the degree of
setback exceeded the static analysis threshold of the UBC, no significant peculiarities
in dynamic response were detected. To investigate further, an analytical study was
also carried out on six generic reinforced concrete setback frames. These frames were

designed by the UBC static method and by a modal analysis procedure. All the
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setback frames were classified as having an irregular configuration according to the
current building code (UBC-1988). The following observations were made from the
analytical study. For each of the six setback configurations, all the frames indicated
a similar amount and distribution of ductility demand. For all six frames, the floor
plan dimensions and mass ratios ranged between 300% and 900% respectively. These
were well above the threshold limits for applicability of the static design approach.
Nevertheless, the responses of only a few frames incurred damage concentration in
the tower as indicated by relatively high rotational ductilities. Furthermore, frames
having identical plan dimensions and mass ratios but setback at different heights,
did not experience the same degree of damage. Thus, the approach (UBC 1988) in
which regular and setback structures were differentiated according to plan dimension
or mass ratio appeared to be insufficient.

Esteva [30] studied the nonlinear response of buildings with soft first stories. He
reported extremely large ductility demands for structures with soft first stories (up
to 80 for a structure with a design ductility of 4).

Wood [94] investigated the seismic behavior of reinforced concrete frames with
setbacks. Two small-scale reinforced concrete test structures with setbacks were con-
structed and subjected to simulated ground motion. The displacement, acceleration,
and shear responses of the setback frames were compared with those of seven previ-
ously tested frames with uniform profiles. Each structure considered by Wood in this
study were comprised of two identical planar frames. The tower structure was a sym-
metrical arrangement with a seven story tower and a two story base. The stepped
structure was an unsymmetrical arrangement of a three-story tower, a three-story
middle section, and a three story base. The first story height was approximately 1.4

times the height of the upper stories. These nine structures were classified using the
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UBC-1988 definitions for vertical structural irregularities. Based on this study, the
following conclusions were drawn. The displacement and shear responses of the set-
back frames were governed primarily by the first mode. Acceleration response at all
levels exhibited the contribution of higher modes. The linear mode shapes for setback
frames exhibited kinks that were not present in uniform frames; however, there was
no evidence to suggest that the kinks adversely influenced the dynamic response of
the setback frames. Distributions of maximum story shear were also well represented
by the equivalent lateral force distributions for all frames. Further based on her ob-
servations, Wood pointed out that the differences between the nonlinear behavior of
regular and setback frames do not warrant different design procedures required in
building codes (UBC-1988; BOCA-1989).

Hidalgo, Arias and Cruz [34] presented an analytical study to determine the influ-
ence of vertical structural irregularities on the results of static and response spectrum
analyses. Two shear-wall building models, typical of Chilean reinforced concrete con-
struction, were used. The number of stories in each of these models was 20 and 15
respectively. Stiffness irregularities in these models were introduced by reducing the
stiffness of one or more floors. The stiffness ratios studied were in the range of 17%
to 83% of the original stiffnesses. The depth of the coupling beam in the case of the
coupled shear-wall system was also varied. In order to study the variation of lateral
strength over the height, it was assumed that changes in strength were usually associ-
ated with changes in stiffness. Effects of mass irregularity were also studied by either
increasing or decreasing the mass of one floor with respect to the adjacent floor. The
mass ratios studied were in the range of 25% to 175%. The locations of these stiffness,
strength, and mass ratios were also varied along the height of the structure and were

conceptualized as setbacks. The most relevant conclusions obtained from this study



23

may now be summarized. Considering all cases of vertical structural irregularities,
the most critical was that of a setback at midheight of the building, involving simul-
taneous reductions in plan geometry, stiffness, and mass. The second most critical
was that of a reduction in stiffness in the lower stories. Also, an irregular distribu-
tion of strength could imply a larger demand of ductility at weak sections near the
irregularity during severe earthquakes. It was also pointed out by the authors that
for the type of buildings considered in their study, the UBC limitations for using the
static analysis procedure were too stringent.

Pinto and Costa [75], evaluated the nonlinear seismic behavior of setback build-
ings with reinforced concrete frames. In the study, a set of 17 different buildings
were considered: nine 4 story, four 8 story and four 20 story buildings. All of these
structures had the same plan configuration. However, with regard to elevation, some
were regular but others were irregular with different degrees of setback. The funda-
mental frequencies of these buildings ranged from 0.49 Hz to 3.20 Hz. This covered
all of the key frequencies of the design response spectrum in the Portugese Code.
The main conclusions suggested by the authors may be summarized as follows. For
most buildings, it was evident that a greater concentration of the largest values of
ductility demands occurred in lower stories. However, some critical zones at interme-
diate heights were also observed. For buildings with similar frequencies and different
heights, the tallest exhibited the greatest values either for the ductility demands or
for the story forces at the floor levels. The consequences of the irregularities were
evident on the shear forces for all of the buildings and on the ductility demands of
the 4 story buildings. However, the influence of the irregularities was not evident on
the displacements of the 8 and 20 story buildings. The influence of the characteristics

of ground motion on the response parameters of the buildings analyzed were also
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observed.

Valmundsson and Nau [92] studied two-dimensional shear buildings with 5, 10 and
20 stories. The mass, strength, and stiffness limits for regular buildings as specified by
the UBC were evaluated. Six fundamental periods were considered for each structure
group. Irregularities were introduced by changing the properties of one story or floor.
Floor mass ratios ranging from 0.1 to 5.0 were considered, and first-story stiffness and
strength ratios varying from 1.0 to 0.5 were included. The response was calculated
for design ductility levels of 1 (elastic), 2, 6 and 10 for four earthquake records.
Conclusions were derived regarding the effects of the irregularities on shear forces and
maximum ductility demands. It was found that the mass and the stiffness criteria
of UBC result in moderate increases in response quantities of irregular structures
compared to regular structures. For a mass ratio of 1.5, the increase in ductility
demand was observed to be 20%. This increase depended upon both the number
of stories in the structure and on which story the mass was varied. Reducing the
stiffness of the first story by 30%, while keeping the strength constant, increased the
first story drift by 20 to 40%, depending on the design ductility. However, reducing
the strength of the first story by 20% increased the ductility demand by up to 200%.
Thus, the strength criterion resulted in large increases in response quantities and
thus was not consistent with the mass and stiffness requirements. In other words, a
stiffness ratio of 70% and a mass ratio of 150% imposed demands on the structures
which were much less in magnitude than the demands produced by a strength ratio
of 80%. Based on these findings, several modifications to the criteria were proposed,
which included a revised formula for estimating the fundamental period for buildings

with nonuniform distributions of mass.
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Recent research efforts at Stanford University have focused on developing a “trans-
parent” seismic design methodology. An important and critical part of the method-
ology is the assessment of seismic demands. Krawlinker and Ali Al-Ali (1997-) are
carrying out studies which will try to address the issue of irregular demands within
the proposed design methodology. Assessing the effects of vertical irregularities is pro-
posed to be carried out through a parametric study on ten story single bay frames.
For this study, it is necessary to define a “regular” base case. Then seven irregular
cases are derived by varying the distribution of the critical parameters (mass, stiffness,
or strength) over the height. In this manner, eighteen irregular cases were created
as variations of the “regular” base case. A soft story structure is an example of one
of the cases studied. Eight mass irregular cases are created by varying the vertical
mass distribution. The effects of these irregularities on the dynamic parameters are
studied. These parameters include: initial period value, mode shapes, period ratios,
mass participation factors and modal participation factors.

In summary, it may be observed that analytical and experimental investigations
by previous researchers have identified differences in dynamic response of regular and
irregular buildings. Most notable are the altered displacement response and the high
ductility demands in the vicinity of the imposed irregularity. Some of the studies were
based on simple models (e.g., shear buildings or stick models), and others were based
on experimental behavior of small scale models tested in research laboratories. There
have also been a few detailed studies on real irregular structures which failed during
earthquakes [20], [50], but such studies are small in number. Also, except for a few
researchers [34], [85], [94] and [92], none of them directly address the issue of code
limits which demarcate regular structures from irregular ones. Further, except for

a few studies [34], the analytical and experimental models were chosen to represent
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a range of strength, stiffness and mass discontinuities without due recognition of
the design recommendations of the governing code. Although this approach is quite
attractive from an analytical point of view, it suffers from the disadvantage of not
being able to correlate the model structures and the variations of the irregularities
with the design provisions which are required to be satisfied in all practical situations.

This research aims in identifying realistic analytical models with practical vertical
irregularities that may be imposed in the LFRS. The study is based on realistic design
of each of these models satisfying the relevant requirements of current codes. The
choice of different height categories and the various types of LFRS are based on a

survey which is presented in some detail in the next section.

2.4 Inventory of Buildings

In order to obtain a meaningful selection of lateral force resisting systems predom-
inantly used for practical building models in zones of high seismic risk, reference is
made to an investigation made by ACI Committee 368.

ACI Committee 368 sent surveys to structural engineering firms in the United
States, Canada, Chile, Colombia, Mexico, and Peru. The survey requested that each
firm report the number of buildings that it had designed with each of the lateral-force-
resisting systems (LFRS) defined by the UBC. Eberhard and Meigs [28] published
a total of 85 responses. The responses documented the earthquake-resisting systems
for 4700 cast-in-place reinforced concrete buildings.

The height distribution of the building inventory was not uniform. The number
of buildings in each height category decreased with increase in building height. For

example, 3000 buildings had 1 to 6 stories, but only 500 buildings had more than 15
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stories.

A striking feature of the U.S responses was the frequency with which the Shear
wall LERS was selected. One exception was the 7 to 15 story category in Zones 0 and 1
(low seismicity), for which the OMRF was selected most often. The second exception
was that the SMRF was the most common LFRS for buildings with more than fifteen
stories in Zones 3 and 4 (high seismicity) and this is because SMRFs are designed
and detailed for enhanced ductile behavior and improved seismic performance.

Some U.S. respondents indicated that structural performance was important in
selecting a LFRS, and for these respondents, the most frequently cited consideration
was drift control. However, most of the respondents indicated that the selection of
an LFRS was usually more influenced by architectural and economic factors. The
inventory was consistent with the reported influence of economic considerations. For
example, the SMRF was rarely selected in zones in which the code permitted the
selection of the OMRF or IMRF systems.

Canadian, Chilean, and Peruvian engineers also favored wall systems. For both
the United States and Canada, the combination of bearing/shear walls and building
frame/shear walls accounted for nearly 70% of the survey responses. Chilean engineers
used bearing/shear walls almost exclusively, whereas Peruvian engineers used both
shear walls and dual systems. In comparison, Colombian and Mexican structural
engineers were much more likely to design buildings without a shear wall. In the
United States and Canada, frame/wall dual systems were rarely selected for buildings
with fewer than 15 stories. Dual systems were common in Colombia for buildings
with more than 15 stories, and in Mexico and Peru, dual systems were common for
buildings with more than three stories.

As stated earlier, the UBC places no restriction on static analysis for structures
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with 5 or less stories (or 65 feet tall), even though structures of this height category
comprise of a large part of the present day infrastructure. Therefore, on one hand it
is assumed that static analysis is satisfactory for all structures, regular and irregular,
with heights less than the above limit and on the other hand the method is considered
unsuitable for irregular structures taller than this limit. Although the UBC or any
code writing body would want the recommendations to be on the conservative side,
it is worth evaluating the degree of conservatism or unconservatism involved in such
requirements. These provisions in the UBC relating to the restrictions of the static
procedure lead to the motivation of this study involving an ensemble of reinforced
concrete lateral force resisting systems with a varying range of irregularities. The
inventory of buildings presented in this section serves as a basis for the selection of
low to medium rise structures including five, ten, and twenty stories with the most
prevalent LFRS - special moment resisting frames and shear walls. The next chapter

illustrates the building models chosen for the purpose of this research.



Table 2.1: Limits of vertical structural irregularities

Irregularity Type and Definition - Table 16L, UBC 1997

Stiffness irregularity - soft story

A soft story is one in which the lateral stiffness is less than 70% of that in the
story above or less than 80% of the average stiffness of the three stories above.

Weight (mass) irregularity

Mass irregularity shall be considered to exist where the effective mass of any
story is more than 150% of the effective mass of an adjacent story. A roof that
is lighter than the floor below need not be considered.

Vertical geometric irregularity

Vertical geometric irregularity shall be considered to exist where the horizontal
dimension of the lateral-force-resisting system in any story is more than 130%
of that in the adjacent story. One-story penthouses need not be considered.

In-plane discontinuity in vertical lateral-force-resisting element

An in-plane offset of the lateral-load-resisting elements greater than the length
of those elements.

Discontinuity in capacity - weak story

A weak story is one in which the story strength is less than 80% of that in the
story above. The story strength is the total strength of all seismic-resisting
elements sharing the story shear for the direction under consideration.

29
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Table 2.2: Summary of previous research

Reference
No.

Researcher

Irregularities

Pertinent
Conclusions

1

Chopra et
al., 1973
[21]

Humar and
Wright,
1977 [40]

Fernandez,
1983 [31]

Moehle,
1984 [62]

Soft first stories in frames

Setbacks in frames

Soft first stories, soft top
stories, and linearly vary-
ing stiffness in frames

Discontinuous shear
walls in  frame-shear
walls

30% strength reduction in 1st story
resulted in reduction in ductility
demand in higher stories which
ranged from 1 to 35. This also re-
sulted in an increase in the ductil-
ity demand in the 1st story which
ranged from 9 to 47.

Fundamental period decreases by
35% for a setback of 90%.

Contribution of higher modes in-
creases to 40% for a setback of 90%.

For the slender tower portion, the
increase in interstory drift is four
times compared to that of the uni-
form structure.

Girder ductility demands in the
tower portion show a maximum in-
crease of 300%, and column ductil-
ity demands show a maximum in-
crease of 200% for a setback of 90%.

Reduction in stiffness in the first
story increased the drift from 20%
to over 100%.

Curvature ductility demand in
beams varied from 3.9 to 7.2, and in
columns from 1.8 to 2.9, for abrupt
termination of shear walls at differ-
ent levels along the height.

continued on the next page
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Reference | Researcher Irregularities Pertinent
No. Conclusions

5 Aranda, Irregular stiffness and | Ductility demands increase by a
1984 [10] mass distribution and | factor of 2 in the vicinity of a sud-

setbacks in frames den change in stiffness distribution.

6 Moehle and | Discontinuous shear | In the vicinity of the discontinu-
Alarcon, walls in  frame-shear | ity, the elements exhibited a curva-
1986 [63] walls ture ductility demand 4 to 5 times

higher than in the case of the uni-
form structure.

7 Costa, Setbacks and discontinu- | For irregular buildings, the ductil-
Oliveira ous shear walls in frame- | ity demand can be nearly twice the
and Duarte, | shear walls ductility demand for regular build-
1988 [24] ings.

8 Bariola, Influence of strength and | The period of the structure in-
1988 [12] stiffness in frames creases during an earthquake, with

larger period elongation for weaker
structures.

9 Costa, 1990 | Setbacks and discontinu- | The role of a shear wall in a
(23] ous shear walls in frame- | mixed structural system is to dis-

shear walls tribute the frame ductilities uni-
formly along the height.
The interruption of a shear wall in
part, or for the total height of the
structure, always leads to irregular
distribution of frame ductilities.
A significant increase in ductility is
observed in the first level above the
interruption of the shear wall.

continued on the next page
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Reference
No.

Researcher

Irregularities

Pertinent
Conclusions

10

11

12

13

Sharooz
and Moehle,
1990 [85]

Esteva,
1992 [30]

Wood, 1992
[94]

Hidalgo,
Arias
Crugz,
[34]

and
1994

Setbacks in frames

Soft first stories in frames

Setbacks, irregular distri-
bution of strength and
stiffness in frames

Strength, stiffness, and
mass irregularity and
setbacks in frame-shear
walls

Although the degree of setback ex-
ceeded the static analysis threshold
of the UBC, no significant peculiar-
ities in dynamic response were de-
tected.

Damage concentration was found
to be a function of the level of set-
back, for the same degree of set-
back, and mass ratios. The values
of setback and mass ratios consid-
ered were 300% and 900%. These
values were well above the limit of
UBC.

Extremely large ductility demands
were obtained for structures with
soft first stories (up to 80 for a
structure with a design ductility of
4).

The differences between the nonlin-
ear behavior of regular and setback
frames do not warrant the differ-
ent design procedures required in
building codes.

The most critical is a setback at
midheight of the building, which
involves simultaneous reductions of
plan geometry, stiffness, and mass.

The second most critical is a reduc-
tion of stiffness in the lower stories.

continued on the next page
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Reference
No.

Researcher

Irregularities

Pertinent
Conclusions

14

15

Pinto and
Costa, 1995
[75]

Valmundsson
and  Nau,
1997 [92]

Setbacks in frames

Irregular distribution of

strength, stiffness
mass in shear frames

and

An  irregular distribution of
strength results in larger ductility
demand at the weak sections near
the irregularity.

For the type of buildings considered
in this study, UBC limitations to
use the static analysis (ELF) are
too stringent.

A greater concentration of the high-
est values of ductility demand oc-
cur in lower stories.

The consequences of the irregular-
ity were evident in the shear forces
for all the buildings and on the duc-
tility demands of the 4 story build-
ings.

The influence of irregularities was
not evident on the displacements of
the 8 and 20 story buildings.

If the shift in period associated
with variation in mass is accounted
for, it is possible to determine the
base shear reliably using the ELF
method for a mass ratio of up to
5.0. An emperical formula was rec-
ommended for this purpose.

Reducing the stiffness of the
first story by 30%, while keep-
ing strength constant, increases the
first story drift by 20-40%.

continued on the next page
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Reference | Researcher Irregularities Pertinent
No. Conclusions
Reducing the strength of the first
story by 20% increases the ductility
demand by up to 200%.
16 Krawlinker | Strength, stiffness and | The effects of these irregularities
and Ali | mass irregularities in | on the dynamic parameters are be-
Al-Ali, 1997 | frames ing studied. These parameters in-

clude: initial period value, mode
shapes, period ratios, mass partici-
pation factors and modal participa-
tion factors.
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Figure 2.1: Elevation of Olive View Medical Center, showing discontinuous shear
walls



Figure 2.2: Failure of a column in Olive View Medical Center
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Figure 2.3: Soft-story mechanism in the ground floor of a building in Nicaragua
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Figure 2.4: Soft-story mechanism in the ground floor of a building in the Marina
District of San Francisco
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Figure 2.5: Damage in first story columns due to discontinuous shear walls in the
Imperial County Services Building
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Figure 2.6: Close-up of severe damage in a column in the Imperial County Services
Building
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Figure 2.7: Failure of a second floor column due to the captive column effect in the
Olive View Medical Center
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Figure 2.8: Failure of first story column in a building in Algeria
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Figure 2.9: Failure of a first floor column due to the captive column effect in a
building in Nicaragua
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Figure 2.1 : Severe failure of a first story corner column in a building in Venezuala



Types of Irregularity

1. Stiffness
2. Strength
Type-A
3. Weight
-t
4. Vertical
Geometric L
W
Type -E
5. In-EIane

Type-B

Type-D

Offset

Type -G

Type-C

M4
M3
M2

Type -F

Note: K1, K2 denote the stifness of the first and second story

U1, U2 denote the strength of the first and second story

M1, M2 and M3 denote the mass of first, second and third story

45

Threshold limit

K1 < 70% K2

K2,U2  y1<80% U2
K1, Ul

M3 > 150% M2 or, M4

L >130% W

Offset > L
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