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Abstract

Strong ground motion from a nearby fault has frequency content in the same range as
the natural frequencies of tall buildings. This may have serious repercussions and is the
topic of this dissertation. Buildings are designed per building code standards. But, are the
code provisions adequate? Strong motion from large earthquakes has been recorded only
in recent times in the near-source region. Have the current codes used this information
to update tall structure design guidelines? Considerable damage has been observed in
tall buildings from the Northridge, Kobe, Turkey, and Taiwan earthquakes. How will tall
buildings designed per the latest code regulations perform if they were to be shaken by any
of these earthquakes? This thesis attempts to answer these questions.

Tall buildings by their nature are computationally intensive to analyze. They consist of
thousands of degrees of freedom and when subjected to strong ground motion from a nearby
source, exhibit inelastic response. Modeling this inelastic response requires an iterative ap-
proach that is computationally expensive. Furthermore, a large class of buildings, classified
as irregular, exhibits complex behavior that can be studied only when the structures are
modeled in their entirety. To this end, a three-dimensional analysis program, FRAME3D,
has been developed incorporating two special beam-column elements — the plastic hinge ele-
ment and the elastofiber element that can model beams and columns in buildings accurately
and efficiently, a beam-column joint element that can model inelastic joint deformation, and
4-noded elastic plane-stress elements to model floor slabs acting as diaphragms forcing the
lateral force resisting frames in a building to act as one unit. The program is capable of
performing time-history analyses of buildings in their entirety.

Six 19-story irregular steel moment frame buildings (with buildings 2A and 3A being
variants of buildings 2 and 3, respectively) have been designed per the latest code (Uni-
form Building Code, 1997). Two of these buildings have reentrant corners and the other
two have torsional irregularity. Their strength and ductility are assessed by performing
pushover analyses on them. To assess their performance under strong shaking, FRAME3D
models of these buildings are subjected to near-source strong motion records from the Iran

earthquake (M, = 7.3, Tabas Station) of 1978, the Northridge earthquake (M,, = 6.7, Syl-
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mar Station) of 1994 and the Kobe earthquake (M,, = 6.9, Takatori Station) of 1995. None
of the buildings collapsed under these strong events in the computer analyses. However,
when compared against the acceptable limits for various performance levels in FEMA 356
document, the damage in terms of plastic deformation at the ends of beams and columns
and at joints would render the buildings inadequate in terms of life safety in quite a few
cases and would even indicate possible collapse in a couple of cases. Thus, in these terms,
the code falls short of achieving its life safety objective, and the near-source factors intro-
duced in the code in 1997 in recognition of the special features of near-source ground motion
seem to be inadequate.

The ductility demand, in terms of plastic rotation at the ends of beams and columns and
in joints, on these buildings during this class of earthquakes is up to 6% of a radian, which
is far greater than a typical limiting plastic rotation of 3% associated with fracture and
consequent failure of large wide-flanged steel sections during experiments. Thus, if strength
degradation due to fractures, local buckling, etc., were to be included in the analysis, then
the results would likely to be worse, as far as the ability of these buildings to withstand
these earthquakes without collapse is concerned.

Due to damage localization, the peak drifts observed in the structure far exceeded the
inelastic drift limit in the code of 0.02 (in some cases up to 3 times). This points to serious
non-structural damage to facades, interior dry wall, etc. Furthermore, large roof permanent
offsets after the events indicate significant post-earthquake repair requiring considerable
disruption and building closure.

Column yielding was minimal thus validating the strong-column weak-beam criterion in
the code. Redundancy factors used to assess the redundancy in the system need to take into
account the case of torsionally sensitive structures where frames in both principal directions
are simultaneously activated. Stress concentration was not observed at the reentrant corners
in L-shaped buildings.

Finally, the data catalogued in this work could be useful for future code development

and tall structure design guidelines.
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Chapter 1 Introduction

Strong ground motion from a nearby source has frequency content in the same range as the
natural frequencies of tall buildings. This may have serious repercussions and is the topic of
this dissertation. Buildings are designed per code standards. But, are the code provisions
adequate? Near-source strong motion from large earthquakes has been recorded only in
recent times. What is the implication of this information with respect to updating tall
structure design guidelines? Considerable damage has been observed in tall buildings from
the Northridge, Kobe, Turkey & Taiwan earthquakes. How will tall buildings designed per
the latest code regulations perform if they were to be shaken with an intensity, frequency
content and duration similar to these earthquakes? These are some of the questions that
can be answered through finite element models of tall buildings.

The next three sections give some background on near-source ground motion, tall irreg-
ular buildings, and finite-element models for modeling tall structures, followed by a brief
description of the analysis of four 19-story irregular buildings designed per the latest codes

and subjected to strong ground motion records.

1.1 Near-Source Ground Motion

Near-source ground motion is characterized by rapidly occurring (i.e., high velocity) dis-
placement pulses [34, 30]. Both the static component of the displacement that occurs along
the surface trace of the fault and the shear wave component of the displacement associated
with the seismic waves generated at the fault during rupture and oriented normal to the
fault attain large amplitudes in the near-source region. Large displacements would be of
little consequence if they occurred slowly (unless a structure straddled the fault). It turns
out that the duration of these displacements is closely related to the characteristic slip time
of a point on the fault, and there is compelling evidence that this slip is rapid [31]. Both
the static and shear wave displacements can occur as pulses. Further, a shear-wave dis-
placement pulse can have both a forward and back phase which can be more damaging to

a structure than the forward-only static pulse. The rapid velocity at which these displace-
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Figure 1.1: Comparison of Response Spectra of Tabas Near-Source Record and El Centro
Far-Source Record

ments occur lead to pulses in the velocity time-histories as well. The characteristic period of
these pulses is typically in the range of 2-6 seconds which corresponds to the fundamental
natural period range of 20-60 story structures.

To bring out the difference between near-source and far-source records, plotted in Figure
1.1 are the response spectra of the Tabas near-source (1.2 km from the fault rupture) record
from the Iran earthquake (M,, = 7.3) of 1978 and that of the Imperial Valley far-source
(11.5 km from the fault rupture) record from the El Centro earthquake (M, = 6.9) of 1940.
Observe that while for short buildings, the structure response to the Tabas record is on the
average 2.5 times its response to the El Centro record, this ratio varies from 3-10 for tall
buildings.

In the simple analysis above, it was assumed that the structure remains elastic and

in addition, vibrates purely in the fundamental mode. Of course both these assumptions
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may be incorrect. In a large event, that is the focus of this study, almost all structures are
bound to yield leading to lengthening of periods and significantly altered structure displaced
configurations. A more rational way to approach this problem is by taking the velocity pulse
from a near-source record and study its propagation through the height of the structure
as a wave. This velocity pulse produces a shear wave that causes a velocity-proportional
strain in the structure [30].

The wave has a forward pulse and a reverse pulse. The forward pulse gets the building
going in one direction. Now the reverse pulse comes in and imparts a velocity to the base
in the opposite direction. This causes large strains in the building. It turns out that if
the period of the pulse is close to the building period then there is constructive interference
between the forward pulse reflecting off the free surface and the reverse pulse that is entering
the building. This will lead to localization of strains in the region of interference and
consequently severe yielding. The yielding remains localized as the wave slows down because
of the reduction of the stiffness in the structure due to yielding. Depending upon the gravity
load distribution, P-Delta effects could cause instability in the building, significant enough
to lead to collapse.

In a uniform shear building, it is easy to predict when and where along the height of the
building the yield localization would occur. This is not the case, however, in real buildings
that are bound to exhibit nonlinear behavior at discrete locations in beams, columns and
joints. Hence, a detailed analytical model is necessary to study the impact of near-source

motions in real buildings.

1.2 Tall Irregular Buildings

Buildings with 10 stories or more can be classified as tall buildings. Fundamental natural
periods of tall buildings vary from about 0.8 seconds for a 10-story building (= 40 m height)
to 10-15 seconds for a 100 story building (= 400-450 m height). In the traditional forms
of construction, three classical lateral force resisting systems have been utilized to resist
wind and earthquake forces in tall buildings - the moment frame system, the braced frame
system and the shear wall system. In very tall buildings (> 40 stories), combinations of
any two of these three systems, aptly termed dual systems, have been utilized successfully.

Reinforced concrete and steel have been the popular materials of construction. Composite
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columns with concrete-filled steel tubes with nominal reinforcement are quite common in
super-highrise construction. Four building characteristics that dictate the performance of
the structure during earthquakes are strength, stiffness, ductility and damping. This study
focuses on a set of 19-story steel moment-frame structures.

A large class of tall structures, classified as irregular, exhibits complex behavior that can
be studied only when the structures are modeled in their entirety, i.e., we need to have a
program capable of performing 3-D analysis. Tall buildings are classified as being irregular
when any one of a number of special features are present in the design. Such features
include but are not limited to torsional plan irregularity (wherein the center of mass does
not coincide with the center of resistance, causing the building to have a significant twisting
component in its response to seismic loading), reentrant corner irregularity (wings in L-
shaped buildings have a tendency to flap causing twisting in the building if they flap in phase
and causing stress concentration at the reentrant corner if they flap out-of-phase), vertical
stiffness discontinuity (when the stiffness of a given story is much higher or lower than
the story immediately above or below), vertical mass discontinuity (large mass difference
between consecutive stories), etc.

This study focuses on tall irregular buildings with either a torsional plan irregularity or

a reentrant corner irregularity.

1.3 Finite Element Models: Joints (Panel Zones)

A joint in a moment frame consists of a length of column within the depth of the connecting
beams at the beam-column intersection. A typical beam-column joint consists of plates in
two orthogonal directions, termed panel zones. The load on a panel zone is a double couple
derived from the end moments and shears of the connected beams and columns, one couple
coming from the beam end moments and column shears and the other coming from the
column end moments and beam shears. The 3-D joint element developed herein consists
of two orthogonal panel zones, one assimilated by combining all the column flange plates
and the other combining all the column web plates including any doubler plates added to
strengthen the joint. The two orthogonal panels form a cruciform section. Behavior of each
panel zone is governed by either a bilinear or a linear-quadratic hysteretic relation between

this moment and the resulting shear strain. The mathematical formulation of this element



is presented in Chapter 3.

1.4 Finite Element Models: Beam-Columns

Finite element models developed for beam-columns in buildings can be classified broadly
in two categories - the plastic hinge type [38, 29, 11, 3, 36, 50, 51] and the fiber element
type [8, 29, 11, 69, 68, 35, 46]. The plastic hinge element is a stiffness-based standard
cubic-interpolated beam element (with cubic Hermitian polynomials for the transverse dis-
placement and linear shape functions for the axial displacement, both of which represent
the exact solution for a linear elastic prismatic beam) with material nonlinearity lumped
into discrete locations at the ends of the element called plastic hinges. When the moment
reaches the moment capacity of the section at these locations, the material yields and the
element develops a kink. Attala, Deierlein, and McGuire [5] have proposed a concentrated
hinge model that accurately captures the spread of plasticity with the computational ease
of an elastic-plastic hinge model and without the need to discretize across the section or
length of a member. They use nonlinear force-strain relations for the cross-section that
are calibrated to data from inelastic analyses and numerical integration of the cross-section
model along the element length to obtain inelastic flexibility coefficients for the member.
The flexibility coefficients are employed in generating an inelastic stiffness matrix in which
geometric nonlinearity is also accounted for.

The fiber element is a heavily discretized element designed to replicate true nonlinear
beam behavior in flexure to the largest possible extent. The element is subdivided into a
number of segments along its length and each segment is further subdivided into a number
of fibers in the cross-section. The forces in the segment are computed as a summation of
the forces in all the fibers. The axial force in the segment is the sum of the axial forces in all
the fibers while the moment in the segment about either major or minor axis is the sum of
the product of the axial force and the distance of each fiber from the corresponding neutral
axis of the cross-section. The axial stress-strain relation of each fiber includes yielding and
strain-hardening. This element is computationally expensive and has been used primarily
to analyze two-dimensional frames in tall buildings.

Over the last 5-10 years research has been focussed on extending 2 dimensional formula-

tions of these two element types to 3 dimensions as well as developing new, fast and efficient
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finite elements for use in modeling complex structural systems.

To handle non-prismatic members (especially concrete sections with varying reinforce-
ment along the length of the element), flexibility-based elements that utilize interpolation
functions for the internal forces are more convenient [48, 49, 62, 63, 64, 24, 9, 10, 61, 60].

In this work, the 2-D plastic-hinge beam-column element [29] has been extended to
3 dimensions. The mathematical formulation of this element is given in Chapter 4. To
overcome the inherent weaknesses of the plastic-hinge element and the heavy computational
requirements of the fiber element, a new hybrid element called the elastofiber element is
introduced in this work. It combines the attractive features of the plastic-hinge and fiber
elements. An element is subdivided into three segments - two end fiber segments that
exhibit nonlinear behavior and an interior segment that remains elastic. This element is
suitable for applications such as moment frames where nonlinearity /damage is restricted to
the ends of elements. End fiber segments are meant to include nonlinear behavior at the
ends of the beam-column element and also in the beam to column connection. The two
fiber segments are subdivided in cross-section into a number of fibers and the behavior of
these fibers is governed by a cubic-ellipsoidal (nonlinear) stress-strain law with appropriate
hysteretic rules to describe the fiber stress-strain state during unloading. Rupture and
fracture are included in the fiber segment formulation. The elastic segment is modeled as a
standard cubic-interpolated stiffness-based beam element. The mathematical formulation
of this element is presented in Chapter 5. Three examples validating the elastofiber and

joint elements are presented in Chapter 7.

1.5 FRAMES3D: Program for Nonlinear 3-D Building Anal-
ysis

A number of nonlinear analysis programs incorporating various types of beam and column
elements have been developed by research groups in seismic engineering. These include
ANDERS [8], CU-DYNAMIX [17], DRAIN2DX [3], DRAIN3DX [56, 55], FEDEAS [24],
IDARC [52, 43, 42], IDARC3D [44], and ISTAR-ST [45]. A summary of their capabilities
is provided in Reference [8].

The programs capable of 3-D modeling are ANDERS, DRAIN3DX, and IDARC3D.

ANDERS models buildings using planar frames arranged in an orthogonal pattern. Two-



7

dimensional multi-segment fiber elements are employed except at the intersections of the
frames where three-dimensional fiber elements are needed to model bi-axial behavior. The
orthogonal frames are constrained to move together at floor levels using a master-slave
constraint. DRAIN3DX includes a fully discretized fiber element with a trilinear axial
stress-strain law for the fibers. P — A effects are included by adding a geometric stiffness
matrix to the tangent stiffness matrix for each element and accounting for second order
effects in the resisting force computation. Geometric updating of the model nodes is not
done. Thus, equilibrium is checked in the original configuration and not in the updated
configuration. IDARC3D is a program developed for the modeling of reinforced concrete
structures in which beams and columns are modeled as inelastic single component elements
with distributed flexibility. Beam-column elements are modeled as simple flexural springs
in which shear deformation effects are included. During the time-history analysis, updating
of stiffness matrices is carried out only in the event of a stiffness change. A single-step
force-equilibrium correction procedure is used. P — A effects are accounted for by a simple
equivalent force method.

In this work, the computational challenges posed by three-dimensional seismic analysis
of tall buildings are addressed here by the development of a comprehensive nonlinear Finite
Element Analysis program, FRAMESD, that is capable of performing time-history analysis.
The focus is on steel moment frames, although braced frames can also be modeled with slight
modifications.

There are two distinguishing features of the program. First, a geometric updating feature
is provided to accommodate large nodal translations and rotations. This automatically
accounts for P — A effects and allows the analysis to follow a building’s response well into
collapse. Second is the use of computationally efficient elements which incorporate the
important types of nonlinear behavior. Full three-dimensional analysis can be made of
large, complex structures. At the present time, the element library of FRAME3D includes
the following finite elements: (1) 3-D plastic hinge element to model beam-columns, (2)
3-D elastofiber element to model beam-columns, (3) 3-D joint element to model panel zones
in beam-to-column joints of frames and (4) elastic plane-stress element to model floors in
buildings that act as diaphragms tying the frames together (Chapter 6). The first three
element types contain material nonlinearity, and the plastic hinge and elastofiber elements

include geometric stiffness. An overview of the analysis procedure which is the basis for



this program is presented in Chapter 2.

1.6 Tall Building Analysis

To address the questions regarding the safety of tall irregular structures raised at the begin-
ning of this chapter, two 19-story torsionally irregular structures and two 19-story irregular
structures with reentrant corners are designed per the 1997 Uniform Building Code, UBC97
[33], and analyzed for strong shaking from three near-source ground motion records from
the Northridge earthquake (M,, = 6.7) of 1994, the Iran earthquake (M,, = 7.3) of 1978,
and the Kobe earthquake (M,, = 6.9) of 1995. The designs of these buildings and results
from the analyses are presented in Chapters 8 and 9. The irregular features in buildings 2
and 3 were such that the frames had to be considerably stiffened (and as a result strength-
ened) to satisfy empirical wind drift limits. Such limits are generally imposed by practicing
engineers to ensure occupant comfort and the safety of non-structural components since the
codes do not specify a wind drift limit. Hence it is of interest to study the behavior of these
two structures if they were not designed to satisfy any wind drift limit criterion. Thus,
buildings 2A and 3A were designed to withstand earthquake and wind loads, but only the
earthquake drifts were controlled to code-specified values.

The conclusions of this study and future work in this area are summarized in Chapter
10. Built-up sections were used in the design of the six buildings and their dimensions
are tabulated in Appendix B. Moment frame elevations with beam and column sizes are
presented in Appendix C. Maps indicating the location of the centers of mass and stiffness
of all the six buildings are presented in Appendix D. Important data from the pushover and
ground-motion analyses including pushover curves, displacement and drift time-histories,
bar diagrams of peak drifts, damage maps of beam-columns and joints, floor diaphragm
stress maps, and element response time-histories that could be valuable for future work

involving code modifications is catalogued in Appendices E, F, G, H, I, and J.



Chapter 2 Overview of Analysis Procedure

2.1 Description of Model

This work deals with the modeling of 3-D frame structures consisting of grids of beams and
columns. The structural model is comprised of three element types: panel zone elements,

beam elements for beams and columns, and diaphragm elements (See Figure 2.1).

2.1.1 Panel Zone Element

This element models nonlinear shear deformation in the region of the joint where the beams
and columns intersect. The joint region consists of a length of column within the depth of
the connecting beams. The shear deformation is due primarily to opposing moments from
the beams and columns at the joint caused by the frame being subjected to lateral loads
(Figure 2.2). Each panel zone element is associated with a global node J, K, etc. at the
center of the joint and where the global degrees of freedom (DOF) are defined. Each panel
zone element consists of two orthogonal panels [J and [J which always remain planar and
orthogonal. Edges of these panels contain attachment points a, b, ¢, and d, where beams
attach and e and f on the top and bottom where columns attach. Details of the panel zone

element are presented in Chapter 3.

2.1.2 Beam Element

This element is used to model beams and columns. Two types of beam elements have
been developed: plastic hinge type and elastofiber type. The plastic hinge element has 2
nodes with local node numbers 1 and 2, while the elastofiber element consists of 3 segments
with 4 nodes. The exterior nodes at the ends of the element are numbered 1 and 2, while
the interior nodes are numbered 3 and 4. Both types of beam elements consider nonlinear
behavior for flexural and axial deformations. Details of the plastic hinge element and the

elastofiber element are presented in Chapters 4 and 5, respectively.
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2.1.3 Diaphragm Element

This element is used to model the in-plane stiffness of floor slabs. It is essentially a 4-noded

plane-stress element connecting to global nodes J, K, L, and M. Details of the diaphragm

element are presented in Chapter 6.

2.1.4 Coordinate Systems

The following are the various coordinate systems used in the structural model:

1. XY Z: The global coordinate system, XY Z, is the fixed coordinate system that is

used to define the structure in space. The coordinates of the nodes defined by the

user are in this coordinate system. For the building analysis presented in this work,

Z axis is taken to be vertical (direction of gravity) and the X and Y axes are oriented

in the two principal directions of the building.

2. XY Z: This coordinate system is local to the panel zone element. X lies along the line

connecting attachment points e and f, in the direction of a vector running from f to

e. X — Z is the plane of panel 0 and X — Y is the plane of panel 0. This coordinate
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system translates and rotates with the panel zone element.

3. X'Y'Z'": This coordinate system is local to the plastic hinge beam element. X' lies
along the longitudinal axis of the beam running from node 1 to node 2. Y’/ — Z’ is the
cross-sectional plane of the beam. Y is the major principal axis of the cross-section
while Z' is the minor axis. This coordinate system translates and rotates with the

beam element.

4. X'Y'Z': This coordinate system is local to each segment of the elastofiber beam el-
ement. Its orientation is similar to the plastic hinge beam element except that each
segment has its own X'Y’Z’ system. Each translates and rotates with the correspond-

ing segment of the element.

5. X'Y": This coordinate system is local to the plane of the diaphragm element with
nodes J, K, L, and M. Its origin lies at the center of the element. X' axis is in the
direction of the vector running from node K to L and Y' is perpendicular to X’ and

in the plane of the element.

2.1.5 Structure Degrees of Freedom

The global degrees of freedom (DOF) are associated only with the nodes J, K, etc. at the
centers of joints. The structural model consists of 8 global DOF at each node, J. These

DOF are listed below:
1. Ujx: Translation in the X direction.
2. Ujy: Translation in the Y direction.
3. Ujyz: Translation in the Z direction.
4. 6,%: Rotation of panel zone element as a rigid body about the X axis.

5. 0%,: Rotation of the line e — f about the Y axis. It corresponds to deformation of
panel 0 into the shape of a parallelogram (Figure 2.3a). The B indicates that the

rotating panel edges are connected to beams.

6. 0%,: Rotation of the line a — b about the Y axis. It corresponds to deformation

of panel O into the shape of a parallelogram (Figure 2.3b). The C indicates that
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the rotating panel edges are connected to columns. Note that 0%/ and 0%, together

accommodate a rigid rotation of panel 0 about Y plus its shear deformation.

7. GfZ: Rotation of the line e — f about the Z axis. It corresponds to deformation of
panel O into the shape of a parallelogram (Figure 2.3c). The B indicates that the

rotating panel edges are connected to beams.

8. 0?2: Rotation of the line c—d about the Z axis. It corresponds to deformation of panel
0 into the shape of a parallelogram (Figure 2.3d). The C indicates that the rotating

B (&

panel edges are connected to columns. Note that 6, and 67, together accommodate

a rigid rotation of panel 00 about Z plus its shear deformation.

Panel zone elements contribute stiffness directly to the four global DOF, 0%,, 9%,, 0?2,
and 9?2. Beam elements are formulated in terms of 3 translational and 3 rotational DOF
at each of the local nodes (1 and 2 for plastic hinge element and 1, 2, 3, and 4 for elastofiber
element). However, none of these DOF appear in the global equations. Appropriate stiffness
terms are assembled into the global DOF through transformation matrices based on the
geometry of the deformed panel zone elements at nodes 1 and 2.

In addition to material nonlinearity, geometric stiffness (effect of axial force on flexural
stiffness) is included with the beam elements. In addition, as the building deforms, locations
of global nodes, local beam nodes and attachment points are updated, as are all the local
coordinate systems. This ensures that P — A effects are accounted for accurately.

Mass is lumped into the global translational DOF at nodes J, K, etc. Damping is
assumed to be of the Rayleigh type (stiffness and mass proportional). Building foundation

is assumed to be rigid.

2.2 Equations of Motion and Solution Process

The matrix equation of motion of the building [16, 13] as a function of time, ¢, is

M {0®) } +1C1{U® } + (RO} = {15} - M1 {Ty (1)} (2.1)

In the above,
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Figure 2.3: Degrees of Freedom of Panel Zone Element
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. {U(t)} = Vector of global displacements at time, ¢, comprising of the set of 8 global

translations and rotations at each node, J, K, etc.

. {U(t)}, {U(t)} = Vectors of nodal velocities and accelerations, respectively corre-

sponding to the 8 global translations and rotations at each node.

. [M] = Structure mass matrix. The mass in the structural system is lumped into
the translational degrees of freedom at the joint nodes rendering the mass matrix
diagonal. Further, the rotary inertia of the lumped nodal masses is neglected, and so
the only non-zero terms of the mass matrix are the diagonal terms corresponding to

the translational degrees of freedom.

. [C] = Structure damping matrix.

Damping is assumed to be of the Rayleigh type (stiffness and mass proportional).

Thus, the damping matrix is computed as
[C] = ao [M] + oq [K] (2.2)

where ag and a; are user defined proportionality constants. The initial elastic stiffness

matrix is used in the above computation.

In the linear elastic case, where modal superposition is valid, if Rayleigh damping is
assumed, the modal damping in the i mode can be written in terms of the corre-
sponding modal frequency as
1 aq
= | qw; + — 2.3

G = 5 (anwi+ ) (2.3
If we plot w; vs (;, the curve is found to be reasonably flat in the intermediate frequency
range. Assuming that the structure exhibits approximately equal damping values in

all the modes, two frequencies, w and Rw, are picked covering the frequency range of

interest and the desired amount of modal damping. Then ay and a1 can be computed
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as

_ 2(wR

% =TrR (2.42)
_ %

o] = w (1 T R) (24b)

5. {R(t)} = Vector of stiffness forces corresponding to the configuration, {U(t)}. It is

computed considering all material and geometric nonlinear effects.
6. {fy} = Vector of static gravity loads for which a static analysis is performed first.

7. {ﬁg (t)} = Vector consisting of two horizontal components (X and Y') and one vertical
component (Z) of the free-field ground acceleration at time ¢. The ground motion is

assumed uniform.

8. [r] = A 3-column matrix of zeroes except for ones in the first, second, and third

columns in the positions corresponding to the X, Y, and Z DOF, respectively.

9. The base DOF are fixed and are not included.

The nonlinear effects contained in { R(¢)} can be linearized over the time interval between

t and t + At as:
{R(t + At)} = [K7] {AU} + {R(t)} (2.5)

where [K7] is the tangent stiffness matrix corresponding to the configuration, {U(t¢)}. Eq.
2.5 will be substituted into eq. 2.1 written at time, ¢+ At, along with the following relations

representing a constant average acceleration over the time step, At:

{U(t+At)}={U(t)}+{U( )+Ut+At} (2.6a)
4

2
[U(+an) = (A‘lt) (Ut + At) — oo} - {0} @)

The result is

[ (Ai) M+ —C + KT] {AU} = {fy} — {R(t)} — [M][r] {Ug(t)} n 2.7)
[M]{ LU + Ut )} +[C] {U(t)}
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Solution of eq. 2.7 for {AU} leads to the new displacements via

{Ut+At)}={U@®)}+ {AU} (2.8)

Once [K7] and R are updated to time t + At and {U(t+ At)} and {U(t + At)} are
determined from eqs. 2.6a and 2.6b, the next time step can commence. This process
continues forward in time step by step.

However, since its unlikely that the linearization in 2.5 will hold throughout the entire
time step without [K7] changing, iterations are used within each time step. In iteration
[, displacement configuration {Ul} has been reached, and the equation to be solved uses

K!] and {R'} corresponding to this configuration:
T

G+ O K a0y = 1 (R} - ) {B,0) +
[M] {éU(t) + éf](t) + U(t)} +
] {%U(t) + U(t)} _ [ﬁM + éc] {v')

(2.9)

Solution of eq. 2.9 leads to {AU} which adds to {U'} to give {U'™'}. The next itera-
tion uses the updated values of [KITH] and {R""'} corresponding to configuration U'*L.
Iterations continue until convergence, and then the next time step begins. Convergence
is determined based on user-defined tolerances on the force imbalance represented by the
right-hand-side of eq. 2.9.

For nonlinear problems, the basic computational task is to update [Kﬂ and {Rl} using
{AU}. It should be mentioned that [KZTH] generally includes only linearization of material
nonlinearities, not geometric ones. This omission is not very important, however, and any
inaccuracy in [Kéfrl] gets removed in the iteration process as long as all nonlinear effects
are properly included in {Rl+1}. In fact, even material nonlinearities will not be correct
in [Ké?q] if loading and unloading behaviors of the material differ because it will not be
possible to foresee which parts of the structure will be loading and which will be unloading.

This is one reason why iterations are performed.
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Element assembly is used to construct [KF}H] and {Rl+1}, i.e., contributions to [KF}H]
are the element matrices, [Kll,‘zH], [Kll)”,:l], [Ké}Ll] and [Kéﬂ], and contributions to {Rl‘H}
are the element vectors, {Rgﬂz'l , {Rlpzl}, {Rle’}l}, and {Rffl}. The subscripts stand for
panel zone element, plastic hinge beam element, elastofiber beam element, and diaphragm
element, respectively.

Take, for example, computation of the updated [K Il)’,tl] and {Rﬁl} for a plastic hinge

element. The following steps are performed:

1. The 16 global displacement increments from {AU} computed by eq. 2.9 for the nodes
J and K associated with the plastic hinge element are extracted and placed in the

vector {AUpp}.

2. Using a matrix [ngh]7 vector {AUp,} is transformed into {AU]'Jh}L which contains
displacement increments for the element’s 12 degrees of freedom at nodes 1 and 2 in

the X'Y'Z' coordinate system:
{aU}, = [Th] {AUM} (2.10)
The subscript, L, indicates that the vector contains terms for the element’s 12 DOF

at its local nodes 1 and 2.

3. The element’s displacement increments {AU;h}L are used to first compute [K;l,j'l] s

and {R;f,:“l}L, which are in terms of the element’s 12 DOF.

4. Then, [K]’fh"'l] ; and {R;Jl,j' 1}L are transformed to the global DOF at nodes J and K

using the matrix [T;;'L'l] updated to the [ 4+ 1 configuration:

5" [ [z 211)

[Tlﬁgl] g {R;},jl}L (2.12)

'

'}

The updating process is a little different for the other element types. Since the #” and

6¢ degrees of freedom for the panel zone element are also global degrees of freedom, no
transformation with a 7' matrix is necessary. Some additional steps are necessary for the

elastofiber element because the presence of interior nodes means that a nonlinear structural
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analysis problem must be solved for each element, using iterations. These iterations are
within those performed during the global solution process. Details for the panel zone,
plastic hinge, elastofiber, and diaphragm elements are provided in Chapters 3, 4, 5, and
6, respectively. Parts dealing with the element tangent stiffness matrices use a differential

notation since tangent is a limit concept.
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Chapter 3 Panel Zone Element

Each joint is modeled by a panel zone element consisting of a length of column within the
depth of the connecting beams. This implies that one column, the associated column of
the joint (ACJ) runs continuously through the height of the joint. The panel zone element
is an idealization of the joint region of this column. It consists of two rectangular panels
which are perpendicular to each other, panel 0 in the X — Z plane and panel 0 in the
X —Y plane, forming a cruciform section (Figure 3.1). The thicknesses of all web plates
and web doubler plates of the ACJ are combined to form the thickness of panel [J, tE, while
the thicknesses of all flange plates of the ACJ are combined to form the thickness of panel
d, tE. The depth, D, of the joint is taken to be equal to the depth (dimension along the
minor axis, Z') of the ACJ. The width, W, of the joint is taken to be equal to the width
(dimension along the major axis, Y') of the ACJ. The height, H, of the joint is taken to
be equal to the depth of the deepest beam framing into that joint. Beams and columns
modeled using beam elements connect to the panel zone element at the mid-points of the
edges of the two panels. These connection points are henceforth referred to as attachment
points. There are six attachment points, a through f. Attachment points a, b, ¢, and d are
reserved for beams, while attachment points e and f are reserved for columns.

The panels are assumed to deform only in shear as a result of the end moments and shears
of the attached beams and columns. However, they remain planar and perpendicular to each
other at all times. The relation between the shear stress, 7, and the shear strain, -, can be
a nonlinear relation. Detailed experimental [37, 40, 54, 7] and analytical [53, 39, 37, 54, 23]
studies have been carried out on steel-frame joints and have resulted in a much better
understanding of their hysteretic behavior. Two material shear stress-strain models (bilinear
and linear-quadratic [11, 29]) are implemented in this work.

Each panel has two degrees of freedom as shown in Figure 2.3: 9%, and 9%,

for panel
0, and 0532 and 0?2 for panel O, where J is the global node at the center of the joint.
These DOF are also global DOF. Strain or rotation in one of the panels causes a rigid body
rotation but no strain in the orthogonal panel.

The joint coordinate system with origin at the center of the joint (at the node), XY Z
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is defined as follows:

1. X axis: Defined as the vector from attachment point f to attachment point e of the

joint.

2. Y axis: It is a vector normal to the plane consisting of attachment points a, b, e and
f. A unit vector in the direction of Y axis is computed as a cross-product of the
vector going from point b to point a with the vector going from point f to point e

and dividing by the length of the resulting vector.

3. Z axis: It is a vector normal to the plane consisting of attachment points c, d, e,
and f. A unit vector in the direction of Y axis is computed as a cross-product of the
vector going from point d to point ¢ with the vector going from point f to point e

and dividing by the length of the resulting vector.

Thus, at the beginning of the analysis, the joint coordinate system is the same as the
local element coordinate system of the associated column of the joint (ACJ). The direction

cosines of the X axis w.r.t.the Global Coordinate System (XY Z) are given by

_ Xe — Xf
Pz = (3.1a)
\/(Xe —Xp)P + (Yo = Yp)? + (Ze — ;)
Py = Yoo s (3.1b)
\/(Xe = Xp)'+ (Yo=Y + (Ze — Zp)*
) Zo—Z;
(3.1¢c)

Py =
\/(Xe ~ X0+ (Yo = Yp)’ + (Ze - Z4)°

Noting that the Y axis is normal to the plane consisting vectors ‘_/Zb and V'e f, a vector,
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‘7}7, in the direction of the Y axis is computed as follows:

V?ZvabXVe)f

k

S| Xa—Xp YooYy Zo— 2
Xe—X; Yo-Y; Z.—Z;

-~
<y

= [(Ya - YIJ)(Ze - Zf) - (Y; - Yf)(Za - Zb)]z
+[(Xe = Xp)(Za — Z) = (Xa — Xo)(Ze — Zp)] 7

-

+ [(Xa - Xb)(Ye - Yf) - (Xe - Xf)(Ya - Yb)] k

Now, the direction cosines of the Y axis w.r.t.the Global Coordinate System (XY Z) are

given by
_ (Ya - Yb)(Ze - Zf) — (Y; - Yf)(Za - Zb)
qz = I
Y
_ (Xe - Xf)(Za - Zb) - (Xa - Xb)(Ze - Zf)
Iy = L-
Y
_ (Xa - Xb)(Ye - Yf) - (Xe - Xf)(Ya - Yb)
qz = L
where

Ly = {[(Ya = Ys)(Ze — Z5) — (Ye = Y})(Za — %))’
+[(Xe = X)(Za = Zb) — (X0 — X3)(Ze — Zy))

+[(Xa — Xp) (Yo = ¥)) — (X — X)) (Yo — V3)]? }3

(3.3a)
(3.3b)

(3.3¢)

(3.3d)

Similarly, noting that the Z axis is normal to the plane consisting vectors V; 7 and ﬁd,
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a vector, VZ, in the direction of the Z axis is computed as follows:

k
= Xe—Xf Ye—Yf Ze—Zf
Xe—Xa Yo=Yy Zc— 24

-~
<

= [(Ye - Yf)(Zc - Zd) - (Yc - Yd)(Ze - Zf)]z
+ [(Xc - Xd)(Ze - Zf) - (Xe - Xf)(Zc - Zd)];

-

+ [(Xe = Xp)(Ye = Yo) — (X — Xa)(Ye - Yf)] K

Now, the direction cosines of the Z axis w.r.t.the Global Coordinate System (XY Z) are

given by
_— (Ye = Y3)(Zc — Z4) — (Ye — Ya)(Ze — Zy)
T = L
—— (Xc - Xd)(Ze - Zf) - (Xe - Xf)(Zc - Zd)
Ty = 7
7= (Xe - Xf)(Yc - Yd) - (Xc - Xd)(Ye - Yf)
where

Ly = { [(Ye = Y})(Ze — Za) — (Yo — Ya)(Ze — Zp))?
+[(Xe — Xa)(Ze — Z5) — (Xe — Xf)(Ze — Za))*

FIKe = X ) (Ve = Ya) = (Xe = Xa)(Ye - V)

Finally, the panel zone direction cosine matrix is given by

Pz py Dz
[CJ ] - qdz ij qz

Ty Ty T

(3.5a)
(3.5b)

(3.5¢)

(3.5d)

(3.6)
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3.1 Material Models for Panel Shear

3.1.1 Bilinear Model

The bilinear model was first proposed by Fielding and Chen [23]. The virgin shear stress-
strain curve for the joint hysteresis behavior in this model is bilinear (Figure 3.2). The
virgin curves for positive and negative shears are identical. The shear yield stress, 7, is

given by the von Mises yield criterion:

7, = % (3.7)

where oy is the axial yield stress of the material. The yield strain is given by

T FE
Yy = Ey where G= 72(1 ) (3.8)

In the above, F is the Young’s modulus, G is the shear modulus, and v is the Poisson’s
ratio of the material. For a panel zone with the bilinear material model, the tangent shear

modulus is given by:

Gt = G if panel zone has not yielded (3.92)

Gt = a;,,G if panel zone has yielded (3.9b)

Unloading occurs linearly until zero stress is reached at a rate equal to the elastic
modulus and further loading in the reverse direction follows a bilinear stress-strain relation

in the opposite direction shifted suitably.

3.1.2 Linear-Quadratic Ellipsoidal Model

The linear-quadratic ellipsoidal joint hysteresis model proposed by Challa and Hall [11, 29]
defines a virgin curve for the joint hysteresis behavior as shown in Figure 3.3. The shear
stress-strain is assumed to be linear until a stress of 0.87, is reached corresponding to a strain
of 0.8y, where, as before, 7, and v, are the yield shear stress and strain, respectively. The
ultimate shear stress, 7,, of the panel zone is assumed to be equal to 2.357, corresponding
to an ultimate shear strain, 7,, of 100y,. The post-ultimate behavior is assumed to be

perfectly plastic. The curve between the joint shear strain limits of 0.8y, and 100+, is
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Bilinear shear stress—strain law for a panel zone

Figure 3.2: Shear Stress-Strain Model for a Bilinear Panel Zone Element
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Figure 3.3: Shear Stress-Strain Model for a Linear-Quadratic Panel Zone Element

defined by a quadratic ellipse given by:

(1 —79)°
b2

2
(v — )
(12

+ =1 (3.10)

where oy and vy are the coordinates of the center of the ellipse whose semi-major and
semi-minor axes are g and b, respectively. The hysteresis loops or the branch curves are

defined by cubic ellipses given by:

(v =)* | (1 =m)°

- + = = 1 for positive curve (3.11a)
\3 3
and by ?:)’0) NG b370) = 1 for negative curve (3.11b)
a

The hysteresis rules to define the cyclic response of each panel are given in Reference
[11]. For a panel zone with the linear-quadratic ellipsoidal material model, the tangent shear
modulus, G, is given by the slope of the curve (Figure 3.3) at the current state which is

determined from the stress-strain history and current strain increment.
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3.2 Theory of the Panel Zone Element

Figure 3.4 shows panels [1 and [0 with their dimensions, degrees of freedom, and shear
forces acting on the panel edges. The shear forces come from the end moments and shears
from the connected beam elements modeling beams and columns. Each panel is under a
uniform state of shear stress: 77 for panel O and 7" for panel .

Consider panel [ with its degrees of freedom, 9%, and 9%/. The four edge forces form
a double couple of amplitude, TDtE HD. The halves of this double couple are the panel

moments which correspond to the two rotational DOF and can be written as
c B 0,0
MJY = _MJY =T tp HD (3.12)

O

The shear stress, 7, is related to the shear strain, v”, by the incremental relation,

dr? = GZdy" (3.13)

according to the formulation of the previous section, where G% is the tangent shear modulus
of the previous section. The incremental shear strain is related to the degrees of freedom

by
dy" = dbS; — do (3.14)
Combining egs. 3.13 and 3.14 with the incremental version of eq. 3.12:

B B
aM’¥, _ G20HD 1 -1 o’

(3.15)
M, -1 1 o5

which is the tangent stiffness relation for panel [J.

A similar treatment for panel U results in the following tangent stiffness relation:

B B
dM?Z, _coomw | L do?,

" , (3.16)
aM¢, -1 1 do<,
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Figure 3.4: Panels O (Top) and 0 (Bottom) Showing Dimensions and Degrees of Freedom
(Left) and Edge Shear Forces (Right)
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Combining eqgs. 3.15 and 3.16 leads to
{dsz} = [KT,pz] {dUpz} (3-17)
where {dR,,} is the incremental version of
(Bpz) =( MB MS, ME, MCS,) (3.18)
[KTp,] is the 4x4 tangent stiffness matrix for the panel zone element, and

(dUpz) = ( d0%, a0, do%, doS, ) (3.19)

3.3 Updating Process

In global iteration I, {AU} is computed from eq. 2.9. The four rotation increments for a
panel zone element, AO?}—,, AO%,, AHfZ, and AH?Z, are extracted from {AU} and placed
in {AU,,}. The coordinates of node J of the panel zone element are updated using AU,
AUyy, and AUyz, also obtained from {AU}. Using the new location of node J and the
incremental rotations, {AUp,}, the updated coordinates for attachment points a through
f and the updated orientations for X, Y, and Z axes are found. The procedure for this
geometry updating is given in Appendix A. In addition, the angles, ¢7 and ¢V, used in

Chapter 4 are updated.

The shear strain increments in the two panels are computed as

AyP = A0 — AT (3.20a)

AyP = A%, — A6, (3.20b)
from which the updated shear strains are

,YD,H—I — ,YD,l 4+ A,YD (321&)

7D,l+1 _ 7D,l + AVD (3.21b)

0,1+1

Using the formulation of Section 3.1, the updated shear stresses, 7 and 791, can
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now be found. From eq. 3.12, the moments for panel [] are
Cy+1 _ B+l _ _0,14+1,0
My =-M3" =1 t, HD (3.22)

Similarly, the moments for panel U are given by

MO = M = Py gw (3.23)
Then, as in eq. 3.18,
41y B,l+1 Cl+1 B,l+1 Cl+1
(Rpth) = ( MPIT MG M M) (3.24)

The element tangent stiffness matrix can be updated once the tangent shear moduli,
GEJHI and GE’HI, are found for each panel. This information is available as a result of
computing {R]l[,‘;1 , after which [Kéj:plz] can be found from the formulae in the previous
section.

Since the rotational DOF of the panel zone element are also global DOF, no transfor-
mations of {Rﬁl and [K%Tplz] are necessary before they are assembled into the global

equations.
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Chapter 4 Three-Dimensional Plastic-Hinge

Element

4.1 General Description

The following assumptions are made in the formulation of this element:
1. The cross-section is assumed uniform along the length of the element.

2. The cross-section is assumed to be doubly symmetric (with shear center at the cen-

troid).

3. Plane sections remain plane; however, they do not have to remain normal to the beam

axis. Thus, shear deformations are included.
4. Strains in the element are small.

5. Lateral deflections relative to the chord are small. This means that the effect of
bowing [50, 51, 36] on axial stiffness is neglected. This effect is important only for
very slender members or during post-buckling of compression members such as braces

in braced frames.
6. Warping restraint under twisting is neglected.
7. The element is loaded only at its ends.
8. Composite action with the slab is not included.
9. Local buckling is not included.

The plastic hinge beam element has two nodes which connect to the attachment points
a through f of the panel zone element. This element can model beams and columns in
framed structures. Columns connect to attachment points e and f while beams connect
to attachment points a through d. The beam element along with its degrees of freedom is

shown in Figure4.1. Original length of the element is L.
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Figure 4.1: DOF of the Plastic Hinge Beam Element Showing Nodal Translations and
Rotations and Nodal Forces and Moments
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The plastic hinge element local coordinate system, X'Y”'Z’  is a right-handed, orthogonal

system and is defined as follows:

1. X' axis: It runs along the longitudinal axis of the element at the centroid of the
cross-section. It is defined as a vector from node 1 to node 2 which are also located

at the centroid.

2. Y axis: Y’ axis is orthogonal to X’ and is the major principal axis of the cross-section

of the element.
3. Z' axis: Z' axis is the minor principal axis of the cross-section of the element.

The major and minor principal axes, Y’ and Z’, of the cross-section are oriented using
a user-defined orientation angle, «,,, that is defined differently for beams and columns
as described below. Also described in the following subsections is the procedure used to

compute the direction cosine matrix, [C’], for beams and columns, using a,y.

4.1.1 Direction Cosine Matrix for Columns

For columns, «,, is the angle made by the Z’ axis with a plane passing through the longi-
tudinal axis of the element, X’ and the global X axis (See Figure 4.2). The direction of o,
is defined using the right-hand-thumb rule and is positive if it is in the positive direction of
X' axis. Tt is updated after every iteration during each time step of the analysis based on
the twist (torsional deformation) in the element. See section 4.4 for the updating strategy.
Using Euler angles, the column direction cosine matrix, [C'] can be derived as the

product of three transformations as follows (See Figure 4.3):

1. XYZ — XY1Z;: Rotate XY Z frame about the X axis through angle 8. This rotation
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z T Y ELEMENT ORIENTATION ANGLE, ag,

X
Global Axes Orientation

BEAMS -7

COLUMNS

Node 2

Plane passing through the global X akis

and the element longitudinal axis, X’

Plane passing through the global Z axis

and the element longitudinal axis, X’

BEAMS: oy = Angle made by the Z’ axis with a plane passing through the global Z axis and the element longitudinal
it is measured using the right—-hand-thumb rule with the thumb pointing in the positive direction of the
which runs from node 1 to node 2 of the element

COLUMNS: Agp= Angle made by the Z’ axis with a plane passing through the global X axis and the element longitudinal

it is measured using the right-hand-thumb rule with the thumb pointing in the positive direction of the X
which runs from node 1 to node 2 of the element

Figure 4.2: Element Orientation Angle, o,

Y

Figure 4.3: Rotations Used to Transform Global Axes to Column Element Local Axes
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is achieved with the transformation matrix, [L]; given below.

cosf3 = “y (4.1a)
s + 2
sinff = ——2 (4.1b)
NCRE
Xo-Xi YWY Zy-7
Cp = T, Cy == T, Cy — T (41C)
L= \/(X2 — X)) 4 (Yo = Y1)2 + (Zo — Z1)? (4.1d)
1 0 0
[Lg] =] 0 cospB sinf (4.1e)

0 —sinf8 cosp

2. XY1Z, — X1X'Z;: Rotate XY1Z; frame about —Z; axis through an angle v such
that Y7 axis coincides with X’ axis. This rotation is achieved with the transformation

matrix, [L], given below.

cosy = y/c2 + cZ (4.1f)

Siny = ¢y (4.1g)
cosy —siny 0

[Ly] = | siny cosy 0 (4.1h)
0 0 1

3. X1X'Zy — Z'X'Y'": Rotate X;X'Z; frame about the X’ axis through an angle a,,
such that the X axis coincides with the Z’' axis and the Z; axis coincides with the

Y’ axis. This rotation is achieved with the transformation matrix, [L], given below.

cosyr 0 sinay,
[La] = 0 1 0 (4.1i)

—sinay, 0 cos gy

4. Z'X'Y" — X'Y'Z'; Shift the rows of the transformation matrix resulting from the

previous steps.
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Finally, the column direction cosine matrix is given by

(€7 XY = [La) [L,) [ L] (4.1)
Sy CyCp CyS
(] = TSaorCy  Saor$YCB T CaorSB SaorSySB + Cao, CB (4.1k)
CaorCy  ~CoorSYCB ~ SaorS  ~CaorSySB T S00rCB

where ¢ and s refer to cos and sin, respectively.

4.1.2 Direction Cosine Matrix for Beams

For beams, a,, is the angle made by the Z’ axis with a plane passing through the longitudinal
axis of the element, X' and the global Z axis (See Figure 4.2). When the global Z axis
is the vertical axis, this plane is a global vertical plane passing through the longitudinal
axis of the element. The direction of a,, is defined using the right-hand-thumb rule and is
positive if it is in the positive direction of X' axis. Tt is updated after every iteration during
each time step of the analysis based on the twist (torsional deformation) in the element.
See section 4.4 for the updating strategy.

Using Euler angles, the beam direction cosine matrix, [L] can be derived as the

beam

product of three transformations as follows (See Figure 4.4):

1. XYZ — X1Y1Z: Rotate XY Z frame about the Z axis through angle 8. This rotation

is achieved with the transformation matrix, [L]; given below.

cosff = Ca (4.2a)
ez +cl
. C
sinff = ——— (4.2b)
c2+c2
Xo— X Y, — Y Zo — 7
CI:%; cy = 2L I;sz% (4.2¢)
L= \/(X2 — X1+ (Y2 =)+ (2 — Z1)? (4.2d)
cosff  sing 0
[Lg] = | —sinB cosB 0 (4.2e)
0 0 1
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Figure 4.4: Rotations Used to Transform Global Axes to Beam Element Local Axes

2. X1Y1Z — X'Y1Z;: Rotate X,Y,Z frame about Y] axis through an angle v such that
X axis coincides with X' axis. This rotation is achieved with the transformation

matrix, [L], given below.

cosy = /c2+c2 (4.2f)

siny = ¢, (4.2g)
cosy 0 sinvy
[Ly] = 0 1 0 (4.2h)

—siny 0 cosvy

3. X'Y1Z, — X'Y'Z': Rotate X'Y;Z; frame about the X’ axis through an angle ay,
such that the Y7 axis coincides with the Y’ axis and the Z; axis coincides with the Z'

axis. This rotation is achieved with the transformation matrix, [L], given below.

1 0 0
[La] = | 0 cosay sinay (4.21)

0 —sinay oSy
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Finally, the beam direction cosine matrix is given by

Gy CySp Sy
[C'] = [La] L] [Lg] = — 5007 S7CB — CaprSB  —SaorSvSB t CaonCB  SapyCy (4.2j)

—Caur SYCB T 800, 5B  —CaorSvSB — SaorCB  CaorCy

where ¢ and s refer to cos and sin, respectively.

4.1.3 Degrees of Freedom, and Nodal Forces and Moments

The degrees of freedom (Figure 4.1) of the plastic hinge element are:

1. Uy, Uy = X' translations of nodes 1 and 2, respectively.

2. Viyr, Voyr = Y translations of nodes 1 and 2, respectively.

3. Vig, Vo = Z' translations of nodes 1 and 2, respectively.

4. a1, as = Rotations of the element about X’ at nodes 1 and 2, respectively.

5. 01y, 6y = Rotations of the element about Y’ at nodes 1 and 2, respectively.

6. 01z, 027 = Rotations of the element about Z’ at nodes 1 and 2, respectively.
Corresponding to these DOF are nodal forces and moments (Figure 4.1):

1. P;, P, = Forces in X' direction at nodes 1 and 2, respectively.

2. Q1y’, Qayr = Forces in Y’ direction at nodes 1 and 2, respectively.

3. Qiz, Qa7 = Forces in Z' direction at nodes 1 and 2, respectively.

4. Ty, Ty = Moments about X' at nodes 1 and 2, respectively.

5. Miy', Moy = Moments about Y’ at nodes 1 and 2, respectively.

6. Mz, Myz = Moments about Z' at nodes 1 and 2, respectively.
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Figure 4.5: Sign Convention for Internal Forces and Moments in a Plastic Hinge Beam
Element

4.1.4 Internal Forces and Moments

The set of internal forces and moments in the plastic hinge beam element are as follows:
1. P = Axial force in the element.
2. Qy, Qz = Shear forces in the element in the Y’ and Z’ directions, respectively.
3. T = Twisting moment (torque) in the element.
4. My, Mz = Moments in the element about the Y’ and Z’ axes, respectively.

The sign convention (positive directions) for these forces and moments is shown in Figure

4.5.

4.1.5 Material Nonlinearity

Two types of material nonlinearity are considered.

1. Axial yielding when axial force, P, in the element reaches the yield axial force, Py,
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which is given by:
Py=0,A (4.3)

where oy is the yield stress of the material and A is the area of the cross-section.

. Flexural yielding when the bending moment, My+ or Mz at the ends of the element
reaches the plastic moment capacity, Mpy» or M)z, which depend on the axial force,
P, as shown in Figure 4.6. The plastic moment capacities when P = 0, denoted by

MY, and MY, are given b

MYy = oy Zy (4.4a)
M)y = oyZz (4.4b)

where Zy: and Z; are the plastic moduli of the cross-section of the element about
its major and minor axes respectively. Once |My| or |My/| reaches Mpy+ or M,z
at node 1 or node 2, further loading loading causes a kink, termed a plastic hinge
to form in the beam at that node. Between these plastic hinge locations, the beam
behaves elastically. To approximate the effect of strain hardening, elastic rotational
springs are mounted across the plastic hinges to exert moments proportional to the

kink angles about Y’ and Z' axes.

Transformation Matrix, [T,]

[Tpn) is the transformation matrix between the 16 global DOF at the nodes J and K of the

joints and the 12 local degrees of freedom at nodes 1 and 2. The transformation is carried

out in four steps for displacement increments:

{AU,,} {AUL} 2 {AUp}, 3 {AULY, 4 {AUzth}L where {AUI'),L}L contains

the 12 terms for the local nodes 1 and 2 (indicated by the L subscript) in the X'Y'Z’
coordinate system and {AU,,} contains the 16 global DOF at the nodes J and K of the
joints with translational DOF in XY Z and rotational DOF in XY Z of nodes J and K.

(AUsx AUy AUz A8, A%, A0S, AG%.  A69,

(AUpn) = c B c
AUxx AUxy AUxy Afxgx AGE. AGC. AGE_ A6C)

(4.5)
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Figure 4.6: P — M,y — Mpz Interaction Diagrams Used for the Plastic Hinge Element

The first transformation
{AUph} = [Tl] {AUph} (4.68.)

produces

(4.6b)

where the translational DOF are now in XY Z. Note that the XY Z for node 1 belongs to
node J to which node 1 is connected through one of the attachment points, and the XY Z
for node 2 belongs to node K to which node 2 is connected to an attachment point there.

The second transformation

{AUpw}, = 1] { AU } (4.7a)
produces

<Aﬁph>L: (AUU? AUl? AUIZ Aal}? Ael? A912’ AUQ)? AU2? AUzZ A92X’ A92? Aazz)
(4.7b)

where the 8 DOF at node J have been transformed to the 6 local beam DOF at node 1
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(still in node J’s XY Z) and the 8 DOF at node K have been transformed to the 6 local
beam DOF at node 2 (still in node K’s XY Z).

The third transformation

{AUph}L = [Tg] {AUph}L (488.)
produces

(AUph>L = (AUix AUy AUz Abix Aby Abiz AUsx AUy AUz Abax  Abayy  Abaz)

(4.8b)
where all DOF are now in XY Z.
Finally, the fourth transformation
{A h}L T4 {AUph}L (49&)

produces

(AU[p)L = (AUL AViyr AVigr Aai Abyyr Az AUz AVoyr AVaz  Aas  Abyyr  Abyg)

(4.9b)
where all DOF are now in the beam element’s local X'Y'Z’.
Combining the above leads to
{AUpL Y, = [Tpn] {AUn} (4.10a)
where
[Tpn] = [Tu] [T5] [T2] [T1] (4.10b)
The components, [T1], [T3], [T3], and [Ty] are defined below.
[ [Cf ](3X3) [O] (3x5) [O](3><3) [O](3><5) T
[T ](16X16) _ [0] (5%3) [I] (5%5) [0](5X3) [O](5><5) (4 11)
. [0] (3x3) [O] (3x5) [CK] (3x3) [O](3><5) )
[0] (5%3) [O] (5%5) [0](5X3) [I](5X5)




Figure 4.7: Panel Zone Deformation Geometry for Construction of [T3] for a Column

where [I] is the 5 x 5 identity matrix.

[T3] is different for beams and columns. It also depends on the attachment points to
which the element local nodes 1 and 2 are connected at nodes J and K. As an example, the
following matrix is derived for a column whose local node 1 connects to attachment point f
at node J and local node 2 connects to attachment point e at node K. The source of some

of the terms of this matrix is graphically shown in Figure 4.7.

1.0 00 00 00 0.0 0.0 0.0 00|00 00 00 00 0.0 0.0 0.0 0.0
00 1.0 00 00 00 00 -05H; 00|00 00 00 0.0 0.0 0.0 0.0 0.0
00 00 1.0 0.0 05H; 0.0 0.0 00|00 00 00 00 0.0 0.0 0.0 0.0
00 00 00 1.0 00 0.0 0.0 00|00 00 00 00 0.0 0.0 0.0 0.0
00 00 00 00 00 1.0 0.0 00|00 00 00 00 0.0 0.0 0.0 0.0
(rjcel=f-e(izx16) _ | 00 00 00 00 00 00 0.0 1.0 |00 00 00 0.0 0.0 0.0 0.0 0.0
2 00 00 00 00 00 0.0 0.0 00|10 00 00 00 0.0 0.0 0.0 0.0
00 00 0.0 00 00 00 0.0 00|00 1.0 0.0 00 0.0 0.0 0.5Hg 0.0
00 00 00 00 00 0.0 0.0 00|00 00 1.0 00 -05Hg 0.0 0.0 0.0
00 00 00 00 00 0.0 0.0 00|00 00 00 1.0 0.0 0.0 0.0 0.0
00 00 0.0 00 00 00 0.0 00|00 00 00 00 0.0 1.0 0.0 0.0
L 00 00 00 00 00 00 0.0 00|00 00 00 00 0.0 0.0 0.0 1.0 |
(4.12)

The deformed panel zone geometry for calculating some of the terms of [T3] for a beam
is shown in Figures 4.8 and 4.9. As an example, the following matrix is derived for a beam

whose local node 1 connects to attachment point a at node J and local node 2 connects to
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Figure 4.8: Panel Zone Deformation Geometry for Construction of [T5] for a Beam

attachment point b at node K.

[T];m—a—b(12xl6) _

[ 1.0 0.0 0.0 0.0 0.0 0.5Djcos€} 00 00|00 00 00 0.0 0.0 0.0 0.0 0.0
0.0 1.0 00 —0.5Djycoséj 0.0 0.0 0.0 0.0 |00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 1.0 0.0 0.0 —0.5Dj sin 59 0.0 0.0 [ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0 |00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.5 |00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0 —0.5Dg cos 5%— 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 |00 1.0 00 0.5Dgcoséy 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 [ 0.0 0.0 1.0 0.0 0.0 0.5D g sin 5% 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 |00 0.0 0.0 1.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 [ 0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0

L 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.5

(4.13)

The following matrix is derived for a beam where local node 1 connects to attachment
point ¢ at node J and local node 2 connects to attachment point d at node K. The derivation

of the non-zero and non-unity terms of this matrix is graphically shown in Figure 4.8.
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Figure 4.9: Panel Zone Deformation Geometry for Construction of [T5] for a Beam (Contd.)

[T];m—c—d(12xl6) _
[ 1.0 0.0 0.0 0.0 00 0.0 0.0 —05Wjcos¢y |00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 1.0 0.0 0.0 0.0 0.0 0.0 —0.5Wy sin §‘D, 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 1.0 05Wjcosé; 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.5 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5Wg cosép
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.5Wg sinﬁf{
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 —0.5Wg cos 8% 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.5 0.0 0.0
L 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0

(4.14)
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In the above matrices,

Vi V>
coséf = =% . IZ
VJ,ab VJZ ‘
. Viw Vi
smf? = — 4 - ef
Viab| |Vies
Vie Vied
coséf = L. 56
VJY‘ Vied
. Via Vi
singf = - —% . ef
Vied ‘VJ,ef

(4.15a)

(4.15b)

(4.15¢)

(4.15d)

where VJ,ab is a vector from attachment point b to attachment point a at node J and so on.

Each of the above three [T, matrices is partitioned into four submatrices, [T]3', [T]32,

[T]gl, and [T]gQ. The submatrices [T];2 & [T]gl

are zero matrices. The other two matrices,

[T]3" & [T]3%, depend upon which attachment points the local nodes 1 and 2 of the element in

question is attached to. For example, if an element local node 1 is connected to attachment

point d and its local node 2 is connected to attachment point b, then the [T]%1 matrix for

that element would be the [T]gQ matrix from eq. 4.14 with the K subscript replaced by J

and its [T]3°
by K.

[ [OJ]T(?’X?’) [0](3><3) [0](3><3) [0](3><3)
~ 1T(3%3

[T](12><12) _ [0](3X3) [CJ] () [0](3X3) [O](gxg)

3 [O](3><3) [0](3><3) [C’K] T(3%3) [O](3><3)
] [0](3X3) [O](3X3) [0](3X3) [C’K]T(?’X?’)

where [C_’ J] is given by eq. 3.6.

[ [Cl](3><3) [0](3><3) [0](3><3) [O](3X3) T

[T4](12X12) _ [0](3><3) [C'](3X3) [O](3><3) [O](3><3)

[0](3><3) [O](3><3) [Cl](3><3) [O](3><3)

[O](3><3) [O](3><3) [0](3X3) [Cl](3><3)

matrix would be the [T]%1 matrix from eq. 4.13 with the J subscript replaced

(4.16)

(4.17)
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Figure 4.10: P — € Relation for Plastic Hinge Element

where [C'] is defined in Sections 4.1.1 and 4.1.2 for columns and beams, respectively.

4.3 Theory of the Plastic Hinge Beam Element

4.3.1 Axial Deformation

The axial force, P, in the element is a function of the axial strain, ¢ as shown in Figure
4.10. € is the axial strain at the centroid of the cross-section. Increments in P and € are

related by
dP = ErAde (4.18a)

where Er is the tangent modulus, either Young’s modulus, F, or zero as shown in Figure
4.10, and A is the area of the cross-section.

In terms of P, the nodal forces are

P=-P,=P (4.18b)
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In terms of dU; and dUs, de is given by

de = W2 =401 (4.18¢)
Ly
Combining the above egs.,
dP ErAa|l 1 -1 dUu
i ' (4.18d)
dP, Lo | -1 1 U,

which is the tangent stiffness relation for the nodal quantities associated with axial defor-
mation. Note that the effect of bowing (effect of bending moments on axial stiffness) is not

included explicitly.

4.3.2 Twisting

Twisting is assumed to be linearly elastic with increments in torque, 7', and twisting strain,

w (twist per unit length), related by

dT = GJdw (4.19a)

where G is the shear modulus and J is the torsional constant of the cross-section.

In terms of T', the nodal forces are

Ty=-Ty=T (4.19b)

In terms of day and dao, dw is given by

dag — d
dw = 22221 (4.19¢)
Lo
Combining the above egs.,
dT; 1 -1 do
LGt ' (4.194)
dTy Lo | -1 1 dos

which is the tangent stiffness relation for the nodal quantities associated with twisting.
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Figure 4.11: Geometry of Plastic Hinge Beam Element for Bending and Shearing in the
X' — Z' Plane

4.3.3 Bending and Shearing in the X' — 7’ Plane (Bending about the
Major Axis of the Cross-Section)

Figure 4.11 shows the plastic hinge beam element with the plastic hinges located along the
beam just inside the nodes (“inside” means the side towards the middle of the beam). ¢y~
and @9y are the rotations of the cross-section about Y’ between the plastic hinges and the
nodes, and qZ)ly/ and ngy/ are the rotations of the cross-section about Y’ just inside the
plastic hinges. These rotations are relative to the chord (straight line connecting nodes 1
and 2). Since the behavior between the plastic hinges is elastic,

My | [a b b1y (4.20)

ngl b ¢ QI;QY'
where a, b, and ¢ depend on E, the moment of inertia, Iy about the major axis, G (since
shear deformations will be included [57]), the effective shear area, Agz as shown in Figure
4.12, and P (since effect of axial load on stiffness will be included [59]). For convenience,

subscripts denoting the X’ — Z' plane will be omitted on a, b, and c.
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Figure 4.12: Effective Shear Areas for Wide-Flanged and Box Sections

Solutions for a, b, and ¢ come from the following differential equations:

d? My d?V
T +Qp = P—dX'2 (4.21a)
dQz
_ dy:
MYI = —EIYIW (4210)
dVy &
QZI = GASZ’ (W =+ ¢Y’) (421d)

subject to V7 = 0 at nodes 1 and 2, and quf = qgly: at node 1, and quf = qggy: at node 2.
In these equations, V: is the Z' translation along the beam relative to the chord, and
qASy: is the rotation of the cross-section about Y’ along the beam relative to the chord.

Results are as follows [29, 11]:

1. P=0
By (445
_ Ely (2-8
b="1 G:?> (4.22b)

c=a (4.22¢)
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2. P<O
. Ely: (1 + %pQﬂ) psinp — p?cosp (4.23)
Lo |2(1+ £p%8) (1 —cosp) — psinp
,_ By — (1+ £0°B) psinp + p? (4.23b)
Ly |2(1+ 11—2p2ﬂ) (1 —cos p) — psinp '
c=a (4.23¢)
3. P>0
. _ BIy, | — (1 £;p°B) psinhp+ p? cosh p (424)
Lo |2(1— 4p%B) (1 — coshp) + psinhp '
- ELy: (1 — %pQ,B) psinh p — p? (4.24D)
Ly |2(1- %p2ﬂ) (1 — cosh p) + psinhp '
c=a (4.24¢)

In the above equations,

12EIy: |P| w2 Ely
- — [ 2] Pp=—F" 4.25

Each moment, M1y and Myy, consists of a part carried by the plastic hinge and a part

carried by the rotational spring:

My = MPy, + M$y, (4.26a)

Myyr = M. + M3y, (4.26b)

The hinge contribution is a rigid-plastic function of the kink rotation as shown in Figure

4.13 and the spring contribution is a linear function of the kink rotation:

Mfy: = klh‘,lyl (4.27&)

M;Y’ = kzh}2yl (427b)

where the rotational spring constants at the two ends of the element are k; and ko (subscripts

to indicate X' — Z’ plane are omitted for convenience), and 1y and K9y are the kink angles
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Figure 4.13: M" — k Relation at a Plastic Hinge
given by
Kiyr = b1y — iy
Koy = payr — doy.
Substituting eqs. 4.28 into eq. 4.20:

My a b b1y’ — K1y

Moy b ¢ oy — Koy

and taking the differential form gives

dMy a b dgryr — dk1y
dMQYI b ¢ d¢2YI — dlﬂ?gy/

(4.28a)

(4.28b)

(4.29)

(4.30)

where terms containing dP have been dropped. With appropriate substitutions from above,
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this equation can be rewritten as

dMlyl B ar bT d¢1y/ (4 31)

dMoy br cr dpoy

where ap, by, and cr are tangent stiffness coefficients which depend on whether plastic

hinges are active during the increment.

1. If no plastic hinges are active, dk1y’ = dkoyr = 0 and

ar = a (4.32a)
br = b (4.32b)
cr=c (4.32¢)

2. If an active hinge exists at node 1 only, dk1y' = dA;CIiY' and droy' = 0 and eqgs. 4.30

and 4.31 lead to

k1
or =ap—— (4.33a)
kq
br = 4.33b
T ki+a ( 33 )
b2
—c— 4.
or=c- e (4.33¢)

3. If an active hinge exists at node 2 only, dk1yr = 0 and dkgyr = dﬂ;[—zy' and eqgs. 4.30

and 4.31 lead to

b2

—a— 4.34

R S (4-:342)
ko

by — 4.34b

T kst (4.34b)
ko

- 4.34

T et e (4.34¢)

4. If active hinges exist at both nodes 1 and 2, dk1y' = dﬂ;[iy' and dkoyr = ’“\;CI—';Y' and
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egs. 4.30 and 4.31 lead to

k1 [a(kg +c)— b2]

T ki a)(ky o) — B2 (4.352)
b1k

R P (s (4-35D)

o ko lelhs )1 (1350

(kl + a)(k2 + C) — b2

Equation 4.31 needs to be transformed and expanded to the nodal degrees of freedom.

The following equations are employed:

(aviy )
d 1 dOyv+
o U g o\ (4.36a)
dpoy dVoz
\ dBay J
( 3 B 7 ( 3\
dQ1 1 0 -1 0] [ daviy
SR TG OF SR T UL (436b)
dQoz: dMay 01 -10 1 0 dVaz
| dMoy+ ) i 0O 0 0 O IRt dBsy )
where
1 1
s=| 0
-1 0 L 1
To To

and the L% term is additional geometric stiffness. The Lio terms in [S] come from chord
rotations.

Combining with eq. 4.31 leads to

4 ) B B 7 ( )

dQ 1z 1 0 -1 0 dVig
dMv a b P 0O 0 0 O doiy

) 1Y _ [S]T T bT 5]+ r < 1Y (4.37)
dQaz br cr ol -10 1 0 dVoz

\ dMoy ) i | 0O 0 0 O 11 U dfoy )

which is the tangent stiffness relation for the nodal quantities associated with bending and
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shearing in the X' — Z' plane.

4.3.4 Bending and Shearing in the X' — Y’ Plane (Bending about the

Minor Axis of the Cross-Section)

A formulation similar to the preceding section leads to

(40, | | 1 0 -1 0] [ daviyr )
dMi 7 ar br P 0O 0 0 O db1 7
3 s = |[17" 81+ — X (4.38)
dQay br cr of -1 0 1 0 dVayr
| dMuy )| 0 0 0 0[] | dz |
where
1 1
s=| %
Lo -+ 1
Lo Lo

and a7, by, and cr in terms of a, b, and ¢ are as described previously except that a, b, and ¢

use the minor axis moment of inertia, I/, and the effective shear area, Agy: (Figure 4.12).

4.3.5 Combined Results

The tangent stiffness relations in eqgs. 4.18d, 4.19d, 4.37, and 4.38 are combined into

{dR;Jh}L = [Ké“,ph] L {dU;IIJh}L (4'39)

where L refers to local nodes 1 and 2, {dR;)h}L is the incremental version of

(Rp)L=( P, Qiy Qizx T. Miyr Miz Po Qayr Qop Ty Moyr My ),
(4.40a)

[Ké",ph] s is the 12 x 12 tangent stiffness matrix for the plastic hinge element, and {dUIIJh}L

is the incremental version of

(U)o ={ U1 Viyr Vig a1 biyr 01z Us Vayr Vaz ag Oy gz ). (4.40b)
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4.4 Updating Process

In global iteration I, {AU} is computed from eq. 2.9. The 12 displacement increments in

X'Y'Z" at nodes 1 and 2 for a plastic hinge element are found as

{aU}, = [Th]| (AU} (4.41)

where {AU,, } contains the 16 terms extracted from {AU} corresponding to the joint nodes
J and K connected to element nodes 1 and 2, and [Tlfh] is the transformation matrix
representing configuration /.

Updating the panel zone element geometries as discussed in Section 3.3 will produce
new locations for the attachment points, from which new X, Y, and Z orientations can be
found, leading to [C’g+1] and [C’?’l] and then [Tll'H] and [T3l+1] by egs. 4.11 and 4.16,
respectively. Updating ¢~ and ¢ leads to [TZH'I] for a beam (for example, eq. 4.13 for
an a — b beam, eq. 4.14 for a ¢ — d beam); [Té“] for a column does not need updating
(eq. 4.12, for example). The new attachment point locations also give the new locations for
nodes 1 and 2 and these will give the updated direction for the X’ axis. Next, the updated

value for a,, is found as

Aa; + A
abil = o, 4 22T (4.42)

or or 2

from which the new directions for Y’ and Z’ are found. The updated direction cosine matrix

[C'l‘H] is then used to form [Ti“] by eq. 4.17. Then,

CARCRICRIERICE o

Now {R’lgL 1} is found from {R’lh} and {AU' h} . Consider first the nodal axial
p L rmilr Pmlr
forces PllJrl and P21+1. Once the locations for nodes 1 and 2 are determined, the new

element length, L'*!, can be found. Then

B LA Lo
= T

and Ae=¢€Tl— ¢, (4.44b)

ettt (4.44a)
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Using € and Ae, P! can be found from Figure 4.10. Then,
Pt = _pitt = pitl (4.44c)

Next consider the nodal torques TlH'1 and T2l+1. The increment in twisting strain is

Aw = Az - Am (4.45a)
Ly
and then
T =T + GJAw. (4.45b)
Nodal values are
TH! = i+t = it (4.45¢)

Next is the X’ — Z’ plane bending and shearing. The [ + 1 state will correspond to one
of nine plastic hinge cases which are listed in Table 4.1. The procedure is as follows. The

nodal ¢ rotations are first updated as

AVoz — AV
Ly
AVoz — AVyg:
Ly

Pth = ¢y + DOy + (4.46a)

Py = Phyr + Aboyr + (4.46Db)

Second, the plastic moment capacity is updated to MS},I according to Figure 4.6 using
P1. Then each case is examined using eqn. ?? written for state [ + 1. Then each case is

examined using eq. 4.29 written for state [ + 1:

1 1 1

Mﬁ;, att pitl lf{/, - Hlf;/,
Ml - pitl 1 41 141 (4.47)

oy’ c oyt — Koy

where a't1, b1 and ¢!*! are computed using P!*1.

To examine Case 1, Hlf;,l, = Hlly, and Hl;;,l, = ngy, are substituted into eq. 4.47, and
1 . 1 1 1 1
Mﬁ},l and Mg}, are computed. Then, if Mﬁ;, < ‘M;}, and Mg}, < ‘M]l)")}, , the current

state corresponds to Case 1 and the updated moments are accepted. If Case 1 does not
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Table 4.1: Nine Plastic Hinge Cases Used for Determining {R’l,;L 1}
L

p
Case | Plastic Hinges Mt Mit? ] LT
1 None [#] < MY | x| < MEY | = k) | = &)
2 Node 1 = M |*| < Myth | >k} | = kb
3 Node 1 = —M;""l | %] < MII,""1 <K | =kKh
4 Node 2 %] < M| =M | =kD | > kb
5 Node 2 [#] < M| =—MTt | =KD | <K
6 Nodes 1 and 2 = M = M > kY| > Kb
7 Nodes 1 and 2 = Mt =M} > kb | < Kb
8 Nodes 1 and 2 =M = Mt <kl | >k
9 Nodes 1 and 2 =M}t =M | <kl | <Kh

check, Case 2 is examined. M{;;,l = MIlJ;C,l and mlz‘;l, = néy, are substituted into eq. 4.47,

and the set of egs. is solved for Mg},l and /ilﬁ',l, If ‘Mg},l‘ < Mﬁ;} and mll‘;l, > nlly,, the
current state corresponds to Case 2 and the updated moments are accepted. If not, Case 3

is examined, and so on. Only one out of the nine cases will check. Finally,

M+ MY
1 _ i1 _ Moy 2y"
—Qiy = Qg = TH1 . (4.48)

For X’ — Y plane bending, Qll’;,l,, M{*Z',l, Ql;}',l,, and Mé},l are found by a procedure similar
to the one just described. Then the 12 updated nodal forces and moments are assembled
: 141
into {Rph }L.

The element tangent stiffness matrix can be updated once the updated axial force P!*!
and the appropriate plastic hinge cases for the X’ — Z’ and X’ — Y’ planes are determined.
This information is available as a result of computing {R;Jl,j ! }L, after which [K;f:;}l] , can

be found from the formulae in the preceding section.

The final step is the transformation to the global DOF.

(i) = (23] (i) [T (4.49a)
{Rzloﬁl} = [THI]T {R;fif 1} . (4.49D)

and then assembly into [KlT+1] and { R}
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Chapter 5 Three-Dimensional Elastofiber

Element

5.1 General Description

The following assumptions are made in the formulation of this element:
1. The cross-section is assumed uniform along the length of the element.

2. The cross-section is assumed to be doubly symmetric (with shear center at the cen-

troid).

3. Plane sections remain plane; however, they do not have to remain normal to the beam

axis. Thus, shear deformations are included.
4. Strains in the element are small.

5. Lateral deflections relative to the chord are small. This means that the effect of
bowing [50, 51, 36] on axial stiffness is neglected. This effect is important only for
very slender members or during post-buckling of compression members such as braces

in braced frames.
6. Warping restraint under twisting is neglected.
7. The element is loaded only at its ends.
8. Composite action with the slab is not included.
9. Local buckling is not included.

The elastofiber beam element has 3 segments and 4 nodes. Two nodes numbered 1 and
2 are located at the ends and connect to the attachment points a through f of the panel
zone element. The other two nodes are interior and are numbered 3 and 4 (See Figure
5.1). This element can model beams and columns in framed structures. As in the case of

the plastic hinge element, columns connect to attachment points e and/or f while beams
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connect to attachment points a through d. Original length of a segment is denoted by L.
Segment 1 goes from node 1 to node 3, segment 2 from node 3 to node 4, and segment 3
from node 4 to node 2.
Each segment has its own local coordinate system, X'Y’Z’, which is a right-handed,

orthogonal system and is defined as follows:

1. X' axis: It runs along the longitudinal axis of the segment at the centroid of the
cross-section. It is defined as a vector from node 1 to node 3 for segment 1, from node
3 to node 4 for segment 2, and from node 4 to node 2 for segment 3. All the nodes

are located at the centroid of the cross-section.

2. Y axis: Y’ axis is orthogonal to X’ and is the major principal axis of the cross-section

of the segment.
3. Z' axis: Z' axis is the minor principal axis of the cross-section of the segment.

Initially, beam element is straight and each of the three X'Y’Z’ systems has the same
orientation. Y’ and Z' axes are oriented in the same way as for the plastic hinge element
using the orientation angle, a,,, defined differently for beams and columns as described in
Sections 4.1.1 and 4.1.2. The matrix of direction cosines, [C'], is computed as described in

those sections for segments in beams and columns.

5.1.1 Degrees of Freedom of a Segment, and Nodal Forces and Moments

The degrees of freedom (Figure 5.2) of a segment of the elastofiber element are:
1. U;, U; = X' translations at nodes i and j of the segment, respectively.
2. Viyr, Viyr = Y’ translations at nodes i and j, respectively.
3. Vig, Vjz = Z' translations at nodes ¢ and j, respectively.
4. o4, oj = Rotations of the segment about X’ at nodes 7 and j, respectively.
5. 8;y1, 0y = Rotations of the segment about Y” at nodes i and j, respectively.
6. 0,7, 6,22 = Rotations of the segment about Z’ at nodes i and j, respectively.

Corresponding to these DOF are nodal forces and moments (Figure 5.2):
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3 DIMENSIONAL ELASTOFIBER ELEMENT

7 DOF # 1-6 DOF # 7-12 7 [ DOF # 19-24

DOF #13-18 7' 7'
(Interior DOF) (Interior DOF)\ (Exterior DOF,
\

s

Exterior Node

Node 2

Node 1 Interior Node Interior Nod L
A Node 3 Node 4

| | Middle Segment | |

Elastic Segment

End Segmen End Segmen
Fiber Segment Fiber Segment

Note: X'Y'Z’ refers to the segment local coordinate system

‘ z L hZ
nMber ' Miper 1M
\ 1 ‘
‘ ‘
177 3|a]5]6] 7] 177 3]4]5]6
15 13 : 17
16| 14| : 18]
17] 15 19
"""""""" 18] 16| 20|
19 7|8 [of10]11]12
20
(8] 9 [10[11]12]13]14]
Wide-flange section Box section

Section AA

Figure 5.1: Layout of the 3-Segment Elastofiber Element
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%
%(? \ ViY’ ’QiY’
8z Mz

Figure 5.2: DOF of a Segment of the Elastofiber Beam Element Showing Nodal Translations
and Rotations and Nodal Forces and Moments
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1. P;, P; = Forces in X' direction at nodes i and j, respectively.

2. Qiy', Qv = Forces in Y’ direction at nodes ¢ and j, respectively.
3. Qiz, Qjz = Forces in Z' direction at nodes i and j, respectively.
4. T;, T; = Moments about X' at nodes 7 and j, respectively.

5. M;y+, M;y» = Moments about Y’ at nodes i and j, respectively.

6. M,z , Mz = Moments about Z’ at nodes ¢ and j, respectively.

5.1.2 Internal Forces and Moments in a Segment

The set of internal forces and moments in a segment of the elastofiber element are as follows:
1. P = Axial force in the segment.
2. Qyr, Qz = Shear forces in the segment in the Y’ and Z' directions, respectively.
3. T' = Twisting moment in the segment.
4. My, Mz = Moments in the segment about the Y’ and Z' axes, respectively.

The sign convention (positive directions) for these forces and moments is shown in Figure
4.5.

The middle segment of the elastofiber beam element is an elastic version of the plastic
hinge beam element, i.e., no axial yielding and no plastic hinging. End segments are fiber
segments. As shown in Figure 5.1, fiber segment cross-sections are divided into N fibers;
each fiber runs the length of the segment. Associated with each fiber is a nonlinear hysteretic
stress-strain law for axial stress, 0y, and axial strain, ¢,, where n denotes the n'* fiber. This
accounts for nonlinear coupling between bending about the Y’ (major) and Z’ (minor) axes,
and axial deformation.

The fiber segment is based on finite element methodology whereby the beam translations
and rotations are interpolated linearly and independently from their nodal values. This
requires a one-point integration on the shear terms to prevent locking.

Because of the presence of the interior nodes, the updating process for each elastofiber

beam element requires a nonlinear structural analysis. Iterations for each element are
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Figure 5.3: Stress-Strain Model for a Typical Fiber in a Fiber Segment of an Elastofiber
Element

performed within each global iteration. The multi-segment element analyses are performed

with degrees of freedom transformed to the global coordinate system, XY Z.

5.2 Material Model for Fiber Axial Stress-Strain

The axial stress-strain behavior of the fiber is governed by the hysteretic uniaxial cubic-
ellipsoidal law proposed by Challa [11, 29]. The stress-strain curve for monotonic loading,
shown in Figure 5.3, is symmetric about both the strain and stress axes. It consists of
an elastic portion, a yield plateau and a strain-hardening region which is described by a
cubic ellipse. The monotonic stress-strain curve is characterized by seven parameters: the
yield stress, oy, the ultimate stress, oy, the yield strain, €, the strain at initiation of strain
hardening, €., the strain at ultimate stress, €,, the rupture strain, ¢,, and the tangent
modulus at the initiation of strain hardening, F,,. The cubic ellipse describing the strain
hardening region is assumed to be centered at (e = €,,00) with radii, a and b:

(En - €0)3 (Un - 00)3
ad + b3

=1 (5.1)
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Parameters, o9, a, and b, are determined from the user-defined properties, €51, €4, Egp, 0y,
and oy,.
The hysterysis laws required to describe the stress-strain behavior under cyclic loading
or reversal of loading are described in [11] and [29]. Although not included here, a fiber
fracture capability can be added to approximately represent fracture of welded beam-to-

column connections [26)].

5.3 Transformation Matrix [7T./]

[Tey] is the transformation matrix between the 16 DOF at the nodes, J and K, of the joints
and the 12 degrees of freedom at nodes 1 and 2 of the elastofiber element. Because the
element computations are done for DOF transformed to the XY Z coordinate system, only
the first, second and third transformation steps, discussed in Section 4.2 in the context of
the plastic hinge beam element, is necessary. The displacement vectors, {Upp},, {Uph} s
{Uph}, and {Up,} mentioned there contain the same terms as the elastofiber element, and
can be renamed {U.;},, {U'ef} s {Uef}, and {Us}, respectively. The transformation

matrix is

[Tes] = (T3] [T2] [11] (5.2)

5.4 Theory of the Fiber Segment

Because of the linear interpolation, the axial strain ¢, in fiber n is constant along the
length of the segment. A strain increment de, is caused by nodal displacement increments

as follows:

dU; — dU; N Z} (dojyr — diy) Y (dpjzr — dizr)

de, =
" LsO LsO LSO

(5.3)

where the rotations of the cross-section, ¢;y+, ¢;v7, iz, and ¢;zs, about Y’ and Z’ at the
nodes are relative to the chord (straight line connecting nodes 7 and j of the segment),
and Y, and Z], are the Y’ and Z’ coordinates of fiber n. Figure 5.1 shows the actual fiber

layouts for wide-flange sections (I-sections) and box sections. The axial stress o, is related
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to the axial strain ¢, by the incremental relation
doyp, = Er ndey, (5.4)

according to the formulation of Section 5.2, where E7 ,, is the tangent modulus of the fiber.
The internal axial force, P, and bending moments My and Mz are expressed in terms of

o, as follows.

N

P=) on4, (5.5)

n=1

N
My == 0n,AnZ,, (5.6a)

n=1
N
My = Z onAY! (5.6b)
n=1
where A, is the cross-sectional area of fiber n. The two moment expressions will only be
used for the moments at mid-length of the segment, and this is denoted by~

Expressions for the internal shear forces are expressed using elastic theory and properties

of the entire cross-section:

le = —AsylG¢Zl (5.7&)
QZI = AszlG(ﬁyv (57b)

where Agyr and Agyz are the effective shear areas of the cross-section in the Y’/ and Z’
directions (Figure 4.12) and ¢ys and ¢z are the rotations of the cross-section about Y’ and
Z' along the beam relative to the chord. The shear forces will be assumed constant along

the beam at their values at mid-length to prevent shear locking. Using the  notation,
- biz + bjz
Qy =—-A Swg%

bivt + fiv
2

(5.8a)

Qz = AszG (5.8b)
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Incremental versions of eqgs. 5.5, 5.6, and 5.8, are as follows:

N
dP = ErpAnde, (5.9)
n=1
N
dMyr = =Y BrnA,Z)de, (5.10a)
n=1
~ N
dMy = BrpAnYyden (5.10b)
n=1
using eq. 5.4 and
_ dd; 71 + do; 7
dQyr = —ASY,GM (5.11a)
— d A vel d Vel
dQ = ASZ,GM (5.11b)

For twisting, similar to the plastic hinge element (Section 4.3.2),

AT = GJdw (5.12a)
dw = 24 2% (5.12b)
LsO
da; — day
ar = g2 0% (5.12¢)
LsO

Substituting eq. 5.3 into egs. 5.9 through 5.12, the incremental relations can be written in

matrix form as

( dP ) ( dU]L_dUi )
s0
dMy _ (dd)jY’L::‘Piyl)
25t (s )
< > = [C'r] < =0 > 5.13
dQy (Cr] _ d¢iZ’;d¢jZ’ ( )
dQZI d¢iyl‘|2—d¢jyl
da;—da;
\ dr Y, \ ]Lso Y,
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where
[ N N N T

> ErpnAn — Y. Er,A.Z), > ErnAY, 0 0 0
n=1 n=1 n=1
N , N

. BrnAnZ? -3 ErnA,Y,Z! 0 0 0
n=1 nﬁl

[Cr] = > ErnAnY,? 0 0 0
n=1

symmetric Agy'G 0 0

AszG 0

GJ
(5.14)

The right-hand side vector of eq. 5.13 is expressed in terms of nodal degrees of freedom as

\
(v,
dViy+
dVig
( dU; —dU; )
]LSO do;
dpiy1—do;y i
_% iy
g _W = L s Wiz (5.15)
ST ACVAN du; |
L2 dVjy
doj—do;
\ ]LT / deZ’
doj
dfy
L dng’ )
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where

(-1 0 0 0 0 0 1000 0 0 |
0O 0 0 0 1 0 0000 -1 0
0O 0 0 0 0O 1 0000 0 -1

[S]= (5.16)

0 -1 0 0 0 -Z 0100 0 -Lo
0 0 -1 0 & 0 0010 Lo o

0 0 0 -1 0 0 0001 0 0 |

In incremental form, the nodal forces and moments are expressed in terms of the internal

ones as

dP;
dQ;y
dQ;z

dT;
AM;ys
dM,

dP;
Qv
dQ; 2

dMjy
dM; 71

dpP
dMy+
dM
dQy
dQ g

dr

Sl

T 1
S O © O O O O o oo o o ©

S O O O o = o

|
—

S O o ©

o O O o o = o o

o o © |
[y

©C O © O O o o o o o o ©

o O ©O O O O O o o o o o

S O O O O o o o oo o o ©

S O © O O O O o oo o o ©

S O © O B O O o ©o ©

o O O +H O O o o ©

©C O ©O O O o o o o o o ©

o O ©O O O O O o o o o o

o O O O O O o o o o o o
L 1

dUu;
dVy
dV; g1
da;
db;y
db; 71
au;
dVjy
avi g
daj
dby
db;z

(5.17)

where the matrix consisting of LL;O terms is the geometric stiffness matrix, [G]. Combining

the above leads to

where {dR.} is the incremental version of

(R)=(P Qi Qizz T; My

MZZ’

P, Qv

{dR.} = [K7,] {dU;}

Qjz

[Kr}’s] is the 12 x 12 tangent stiffness matrix for a fiber segment:

[K7,]

1

LSO

[ST" [Cr][S] + [G]

T’j ij/

(5.18)

2) (519)

(5.20)
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and

(AU = dU; dViyr dVig do; dbyyr  db;y dU; dVyyr dVjg doy dfjy dOjz )
(5.21)

5.5 Updating Process

In global iteration I, {AU} is computed from eq. 2.9. The 12 displacement increments in

the XY Z coordinate system at nodes 1 and 2 for an elastofiber element are found as

(AU}, = |Tl] (AU} (5.22)

where {AU,;} contains the 16 terms extracted from {AU} corresponding to the nodes J
and K connected to nodes 1 and 2, and [Téf] is the transformation matrix representing
configuration [.

Updating the panel zone element geometries as discussed in Section 3.3 will produce
new locations for the attachment points, from which new X, Y, and Z orientations can be
found, leading to [C_’lj"l] and [C’?’l] and then [T?E‘H] and [Tll"'l] by eqgs. 4.16 and 4.11,
respectively. Updating ¢7 and £ leads to [Tzl“] by eqs. 4.12, 4.13, and 4.14. Then,

1] =[] ] i 529

Next, the displacement increments, {AUc}, are applied to nodes 1 and 2 of the
elastofiber element, and the resulting displacements of nodes 3 and 4 computed by an
iterative structural analysis. In the k™ iteration of this process (iteration (k) where the ()

denotes element iterations within global iteration /), the equation to be solved is

k k k
Ké‘,}l KT(“,}E AUr _ 0 _ R§ ) (5.24)
k k k )
Ké’,%@[ K;,)EE AUg Fg REE)

which has been partitioned into the 12 DOF group I at the interior nodes 3 and 4, and the
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12 DOF group F at the end nodes 1 and 2, where

k k k
K K ][R
k k k
A

are the tangent stiffness matrix and stiffness force vector for configuration (k), respectively;
{Fg} is a vector of unknown loads applied to the element through nodes 1 and 2 by the
surrounding structure; and {AUg} is set to {AU,;}, for iteration (k) = 1 and to 0 for
iteration (k) > 1. Eq. 5.24 can be solved for {AU;} by substituting in the known vector
{AUg} and then solving the upper partitioned equation, which does not involve {Fg}.
Iterations continue to convergence to the global [+ 1 state when the tangent stiffness matrix

and stiffness force vector are denoted by

I+1 I+1 I+1
KT,II KT,IE d RI

I+1 I+1 an I+1
KT,EI KT,EE RE

These are used to start the beam analysis at (k) = 1 after global iteration { + 1.
The contributions to the global [KITH] and {Rl+1} are obtained from the [ + 1 tangent

stiffness matrix and stiffness force vector by condensing out the I degrees of freedom:

ki) L |[Kbth] — K5 [KZTT}I]_I (Kbt ] (5.25)
{R?f_l} L {RlﬁL 1} - [Kéj,_éI] [Kéj,_]lj]il {Rl1+1} (5.26)

and then transformation to

(K] = [T;;I]T (&) (] (5.27a)
(R} = [ngl]T {rRE'} (5.27b)

These are assembled into [KlT'H] and {Rl+1}.

K1y Krie I
The element matrix, ’ ’ and vector are assembled from the

Krer KrEiee Rg

segment quantities [K'T, s] and {R.} defined in Section 5.4 after transformation to the XY Z
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coordinate system by

(K] = [T,]" [K7,] (T3] (5.28)

{R,} = [Ts]" {R.} (5.29)

where [T}] is similar to [T}] from Section 4.2,

'[C/](3x3) [0](3><3) [O](3><3) [0](3x3) i

T D I I 50
§ [O](3X3) [0](3X3) [Cl](3><3) [O](3X3) )

[O](3X3) [0] (3)(3) [0](3X3) [Cl](3><3)
The updating process for [Ts], {R.}, and [K'T, s] during the element iterations is described
now. The initial {AUg} and the {AU;} computed in iteration (k) are used to update the
locations of the four element nodes. This leads to a new direction for the X' axis for each
segment. Then terms from {AUg} and {AU;} are extracted and stored in {AU;} for each

segment, and then transformed to the X'Y’Z' coordinate system by

{avt} = [1®] {av,} (5.31)

Ts(k+1)] is found as discussed in Section 4.4.

Using Aa; and A, a,r is updated and then [
For the middle segment, {R’s(kﬂ) }, and [K’T(,’ZH)] are found by the procedure described
in Section 4.4 for the plastic hinge element except that no plastic hinges are allowed to form.
The end segments are fiber segments. Consider {R;(kH) } The A¢ rotation increments

are computed as

AVig — AVig
Adiyr = Ny + —H2E 2712 (5.32a)
LsO
AViy — AViy
Adjyr = Abjyr + M (5.32b)
s0
AViyr — AViys
Apizr = Nz — % (5.32¢)
s0
AViyr — AViys
Adiz = Az — JYL—OY (5.32d)
S

where the right-side terms are from {AU/}. Along with AU; and AU, also from {AU/},
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Ag, is found for each fiber from eq. 5.3. Then, using the formulation of Section 5.2, the
(k+1)

updated stresses, oy, are found, and from egs. 5.5 and 5.6:
N
P =3 "5t 4, (5.33)
n=1
N
T = - Z okt 4, 7! (5.34a)
=1
N
Myt =3 ol A,y (5.34b)
n=1

The internal shear forces are updated as

Ad; 71 + ANz
QY — Q%) — 44 Gw (5.35a)
— A V! A Yy
(1) _ g®) 4 4, Gw (5.35b)
and the internal twisting moment is updated as
T+ — ) 4 A%~ A (5.36)
s0

The nodal forces and moments can now be computed using the [S] matrix as in eq. 5.17:

P](lc+1) P(k+1) plk+1) (5.37a)
QWY = -y = QY (5.37b)
QU = - = Q%Y (5.37¢)
Tj(k—l—l) _ _Ti(k+1) — p(k+1) (5.37d)
MG = D + QgL - (5.37e)
My = Mé'f“) ~ _g“,“)% (5.37f)
M](f/—lf—l) _ k+1 ) 4 Q% (k+1) Lso (5.37)
MY = —arg Y - QYY LSO (5.37h)



75

These are assembled into {R’s(kﬂ)}.
After {R’s(k+1)} is computed for a fiber segment, P*+1) for the segment and Egc : Y for
each fiber will be known. Then, [K;g:“)] can be computed using the formulae of Section

5.4.

5.6 Elastofiber Element Calibration Using Fiber Element

The length of the fiber segment in relation to the total clear length of the elastofiber element
has to be calibrated for so as to provide a basis for subdividing the element into the three
segments in the most suitable proportion. This calibration is carried out on a single element
model of a simply supported beam (W30x 116, Figure 5.4) that is 20 feet (about 6.1 meters)
long. A572-Grade 50 steel with an yield stress of 50 ksi and an ultimate stress of 65 ksi
is used. The elastofiber element is calibrated against a fully discretized 8-segment fiber
element model. This element is a two-dimensional element described in references, [11], [12]
and [27]. The element is subjected to the rotation history shown in Figure 5.5 at both ends.
The specified end rotations force the beam into double curvature similar to the situation of
a beam or column that is part of a frame subjected to lateral loading in an earthquake. It
is assumed that there exists no axial restraint in the beam. Results using a fiber segment
length of 3% of the clear span of the beam are presented in Figures 5.5 through 5.8. These
include the moment histories, M;(t) and Ms(t) generated at the right and left ends of the
beam, the axial force history, F'(t), the moment plotted against the rotation at one of the
two ends of the beam, and the stress-strain history of a typical fiber in the top and bottom
flanges of one of the two end fiber segments. These results for the elastofiber element are
compared against those for the 2-D fiber element. There is good agreement between the
elastofiber element with fiber segments of length, 3%L, and the fiber element [28, 27] even
after significant loss of capacity due to the rupture of a few fibers. All the analyses in this
work utilize A572-Grade 50 steel and hence adopt fiber segment lengths of 3% of the clear
span. The results of this analysis demonstrate that there is very little spread of plasticity
into the interior segments of the fully discretized fiber element in the case of A572-Grade
50 steel.

In the case of A36 steel with an yield stress of 36 ksi and an ultimate stress of 58 ksi, the

yielding spreads into the interior segment of the fiber element prior to strain hardening in
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| 6.10m (20'~0") |
! W30x116 !

Figure 5.4: Simply Supported Beam Used for Calibration Studies

the end segment. To capture the true behavior in such cases using the elastofiber element,
it is observed that an end fiber segment length of 11% of the clear span of the beam gives
accurate results (Figures 5.9 and 5.10). Thus, it is recommended that for materials with
low ultimate stress-to-yield stress ratios (less than 1.4) such as A572-Grade 50 steels, end
segment lengths of 3% of the clear span be used while for materials with high ultimate
stress-to-yield stress ratios (greater than 1.4) such as A36 steels, end segment lengths of

11% of the clear span be used.
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Chapter 6 Diaphragm Element

6.1 General Description

The diaphragm element is a 4-noded linear-elastic plane element that can take a quadri-
lateral form in 3-D spatial coordinates, XY Z. It is used to provide translational restraint
caused by floor slabs to columns in buildings. The following assumptions are made in the

formulation of this element:

1. Material is isotropic and linear-elastic, with Young’s modulus, F, shear modulus, G,

and Poisson’s ratio, v.
2. Warping is not considered.
3. A state of plane-stress is assumed in the element.

4. The element continues to provide the same restraint (in magnitude and direction) as
in the original configuration even though during the course of the analysis the nodes

of the element may have translated causing the geometry of the element to change.

5. The element is not externally loaded and all the stresses in the element are generated

by stiffness forces due to the translation of the nodes during the course of the analysis.

The nodes of the element are labeled i, j, m, and n. Each element has its own local

coordinate system, X'Y’, which lies in the plane of the element and is defined as follows:
1. X' is in the direction of a vector from node j to node k.

2. Y' is orthogonal to X' and lies in the plane of the 4 nodes.

6.1.1 Degrees of Freedom, and Nodal Forces

The degrees of freedom (Figure 6.1) of a diaphragm element are:

1. Vixr, Vixr, Viuxr, Vaxr = X' translations at nodes i, j, m, and n of the element,

respectively.
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2. Vivt, Vivt, Vinyr, Vayr = Y/ translations at nodes 4, j, m, and n of the element,

respectively.
Corresponding to these degrees of freedom are nodal forces:

1. Qix', Qjx'y Qmx', Qux» = X' forces at nodes 4, j, m, and n of the element, respec-

tively.

2. Qiv', Qjyr, Qmy’, Qnyr =Y forces at nodes ¢, j, m, and n of the element, respectively.

6.1.2 Internal Stresses in a Diaphragm Element
The internal stresses in the diaphragm element are:

1. ox'x» = Normal stress in X’ direction.

2. oyryr = Normal stress in Y’ direction.

3. ox'yr = Shear stress in the element.

These can be transformed to principal tensile and compressive stresses, o1 and o9, respec-

tively, using Mohr’s circle.

6.2 Theory of the Diaphragm Element

The diaphragm element is a plane-stress element based on the Finite Element Method.
The theory for this element can be found in standard textbooks on FEM [6, 70, 71]. In
the finite element method, the displacement field within an element is defined in terms of
prescribed functions of position called shape functions and the displacements at the discrete
node points of the element. The element is formulated as a planar element in the element
local coordinate system, X'Y'Z’, with 8 degrees of freedom. The stiffness matrix, [K};,];,
and the stiffness force vector, {R};,},, are then transformed to the global translational
DOF in the global directions X, Y, and Z, using a transformation matrix [Ty;,]. These are
then assembled into the appropriate locations of the global structure stiffness matrix and

stiffness force vector, respectively.



85

1(-1.0,1.0)

L.

2 (-1.0,-1.0)

3 (1.0,-1.0)

Derived Elemer

Isoparametric

Parent Element

Figure 6.1: DOF of the Diaphragm Element Showing Nodal Translations and Rotations
and Nodal Forces and the Isoparametric Mapping from a Square Parent Element
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Based on the assumptions described previously, the element force-displacement relation

can be written as

[Kc,lia]L {Uc,iia}[, = {Riiia}[, (6'1)

where the nodal force and displacement vectors are

(Riia) = Qix' Qiv» Qijx' Qjyr Qux' Qmy' Qux' Quy' ) (6.2a)

Ugia) = Vixe Vivi Vixr Viyr Viaxr Viyr Vaxr Vayr ) (6.2b)
The stiffness matrix, [K)), ], is given by
(K] = taia [ [ 1B (D] [B) dx" 2y (6:3)
Adia

where t4;,, and Ag;, are the thickness and area of the element, [B] is a matrix consisting of
the derivatives of the shape functions, and [D] is the material constitutive matrix and is

given below for the case of plane-stress.

1 v 0
E
Dl=1—72|v 1 0 (6.4)
1—v
00 5=

In order to compute the double integral in eq. 6.3 for a diaphragm element that can take
the shape of a quadrilateral, the element will be derived (mapped) from a standard 4-noded
parent element, whose displacement field is described with the same shape functions as
the derived element (hence the parent and the derived elements are isoparametric). The
parent element is a square element with its own coordinate system, £ —n (Figure 6.1). The
coordinates of nodes 1, 2, 3, and 4 of the parent element in the £ — 5 coordinate system are
(-1,1), (-1,-1), (1,-1), and (1,1), respectively. The Jacobian of this transformation is given
by

ax'  ay’
o6 @
1= a)i' axf' (6:5)

on on
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Making a change of variables (X’ — £ and Y’ — 7) in the double integral,

1 1

[Klia] , = taia | / / (B]" (D] [B] dt dn

Z1-1
To solve this double integral, Gauss quadrature will be used.

[Klyia] , = taia |71 [Bl; [D][B], w,

(6.6)

(6.7)

where N, is the number of quadrature points, wg is the weight at quadrature point ¢, and

[B], is the [B] matrix evaluated at quadrature point g.

q
The shape functions, N1, Na, N3, and N4, and the [B] matrix are

Ni=(1-60+n)
Ny = (=61 -n)
Ny= (1401 -1)
Ni= (146 1+n)
W0 G0 Be o0 B o
Bl=| o &G 0 FH oo e oo

ON; ON; ON; ON; 9N, 8Ny ONp, ONg
an o€ an o an o€ an ¢

(6.8)
(6.9)
(6.10)

(6.11)

(6.12)

At the beginning of the analysis the local stiffness matrix (8 DOF) for each diaphragm

element is computed. Then it is transformed to the 12 translational global DOF associated

with the 4 nodes of the element using the transformation matrix Tgy,.

[Kdm](12><12) _ [Tdm]T(smz) [K{zm]fxs) [Tdia](sxm)

(6.13)



88

The transformation matrix, Ty;,, is given by

i [Cdia](2X3) [O](2X3) [0](2X3) [O](2X3)
0 (2x3) Ciia (2x3) 0 (2x3) 0 (2x3)

gz | 07 Cad®? o 611
[0](2><3) [O](ZX?)) [Cdia](2><3) [O](ZX?))

(2x3) (2x3) (2x3) - 1(2%3)
[0] [0] [0] [Caia] ™ ]

where [Cyiq] is a matrix consisting of the direction cosines of the X’ and Y/ axes with respect
to the X, Y, and Z axes.

Py Py D

[Caia] = (6.15)

9 9 4
The [Ky;,] matrices for all diaphragm elements are stored and used for the entire anal-
ysis. Unlike the stiffness matrices of the other type of elements, these are not updated in
accordance with the assumptions described previously.

6.3 Updating Process

In global iteration I, {AU} is computed from eq. 2.9. The contribution of the stiffness

forces in each diaphragm element, {Rfﬁa}, to the {Rl} vector is computed from

[Kaia] {U82} = { Blia} (6.16)

where {Ué%} consists of the total displacements of the 4 nodes of the element in X, Y, and
Z directions from the beginning of the analysis.

The internal stress vector, {0}, } (See Section 6.1.2), is given by

{O-:iia} = [D] [B] [Tdia] {Uézq;} (6.17)

where [Ty, [B] and [D] are the matrices computed and stored at the beginning of the

analysis.
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Chapter 7 Validation of 3-D Elastofiber and

Panel Zone Elements

In this chapter, the ability of the FRAME3D program to model real structures is validated
by way of three examples: (1) Elastic large deflection of a long cantilever beam, (2) Cyclic
loading of a cantilever beam and (3) Comparison of the pushover analysis of a structural
model of a 20-story building consisting of 3-D elastofiber and joint elements against one
counsisting of 2-D fully discretized 8-segment fiber elements [11, 29] and 2-D panel zone

elements.

7.1 Large Deflection of an Elastic Cantilever Beam

The problem of the large deflection of an elastic cantilever beam with a transversely acting
point load at the free end has been analyzed by [47]. It has probably been the “test problem”
most commonly used in the examination of finite element procedures for geometrically
nonlinear beam and frame analysis. The cantilever beam is illustrated in Figure 7.1. Also
illustrated on that figure is the comparison of the numerical solution using elliptic integrals
[47] and the finite element solution using the elastofiber element. The beam was discretized
into 10 elastofiber elements. The load, P, was increased gradually from 0 to 155.74 kN (35
Kips) and the horizontal (u) and vertical (w) deflections of the free end were computed.
These displacements are normalized by the length, L, and plotted against the load, P,
normalized by % The close match indicates the ability of the elastofiber element to solve

large deflection problems accurately.

7.2 Cyclic Loading of a Cantilever Beam

The second example consists of a W21 x 57 cantilever beam (Figure 7.2) of length 2.44 m (96
in) subjected to a specified cyclic vertical displacement, w, at the free end as also shown in
the figure. Two cases are considered - the first without any axial load for which experimental

results are available [18, 19, 38] and the second with a constant axial compressive load of
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Figure 7.1: Large Deflection of a Cantilever Beam

0.3P, = 909.5 kN (204.4 Kips). Measured values of o, of 281.4 M Pa (40.8 ksi) and o,
of 415.2 M Pa (60.2 ksi) were employed in the analysis, along with assumed values of E =
2 x 10° M Pa (29000 ksi), €5, = 0.012, €, = 0.160, ¢, = 0.308, Ej, = 4000 M Pa (580 ksi),
and G = 8 x10* M Pa (11600 ksi). The experimental setup is given in Figure 7.2). Analysis
was carried out using three elastofiber elements with fiber segment length of 11%L for the
two elements modeling the column and 22%L for the element modeling the cantilever beam
as well as using three 2-dimensional, 8-segment fiber elements [29] for comparison with the
experimental data. Shown in Figure 7.3 are results for the first case: the history of the beam
shear force ) resulting from the specified displacement, and a plot of () versus the free-end
vertical displacement w. Results for the two beam elements match quite well, and they also
agree with the experimental data up to the time that local flange buckling decreases the
moment capacity of the test specimen. Even before this time, the response is well into the
nonlinear range.

In Figure 7.4, results using elastofiber elements are compared to those using 2-dimensional
8-segment elements for the case with axial load present. Included in the figure are plots of
the history of @, @ versus w, and () versus the axial displacement u. The constant axial
load causes a greater moment to be reached and an axial displacement which continues to
increase as the beam cycles up and down. Agreement between the two elements for the
Q@ history and @) versus w curves is very good, comparable to the case without axial load.

Axial displacements predicted using the elastofiber elements are within 20% of those using
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Figure 7.4: Cycled Cantilever Beam with Axial Load: Comparison of Elastofiber and 8-
Segment Fiber Element

the more accurate 8-segment fiber elements.

7.3 Pushover Analysis of a 20-Story Building

In 1997, a study comparing buildings designed per UBC94 [32] and the Japanese code
provisions at that time was done by Hall [28, 27]. As part of this study, a pushover analysis
was performed on a 20-story building (referred to as U20 in that study) designed per the
UBC94 code [32] in the X-direction in order to quantify the actual strength of the building.
This building was originally designed by Tsai and Popov [66] and later used in earthquake
collapse analysis of steel frames by Challa and Hall [12]. The fully discretized 2-D fiber

element [11, 29] was used to model the beams and columns along with a two-dimensional

60
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panel-zone element to model joints. This model is picked as the reference against which a
FRAME3D model of the structure is compared.

The typical floor plan of this building is reproduced here for convenience (Figure 7.5).
The sizes of the exterior moment-resisting frames and the interior gravity columns are given
in Figures 7.6 and 7.7. ASTM-A36 steel is used for the beams and columns. The loading
criteria are specified in Table 7.1. The steel material properties used in FRAME3D analysis
are specified in Table 7.2. The remaining design parameters may be obtained from Reference
[27]. The analysis of this model using the elements in that study is repeated here with three
changes from the original Hall analysis - no residual stresses are included, no doubler plates
are included in the panel zones, and slab contribution to beam strength and stiffness is not
included (these changes lead to results that are slightly different from the original study).

To demonstrate the effectiveness of the elastofiber element under severe deformations
(highly nonlinear), a 3-D model of this building (Figure 7.8) is analyzed using elastofiber
beam-column elements and the 3-D panel-zone element to model joints. In this analysis,
the building is subjected to a slow, ramped, horizontal ground acceleration that increases
by O.Sm, and the building response is computed dynamically. This approach enables
the modeling of the structure after the ultimate strength is reached and P — A effects
cause the building to lose stability and it starts tipping over. As the building collapses, the
inertial and damping forces proportional to the building acceleration and velocity become
significant and a dynamic analysis is required to follow the structure response. The masses
for the horizontal and vertical degrees of freedom are computed such that the total mass
equals the total seismic mass with a distribution proportional to the UBC97 [33] static
seismic design loads. The pushover analysis results are compared against those using the
fully discretized 2-D fiber element in Figure 7.9. Note that since the structure is biaxially
symmetric on plan, 3-D effects are negligible. Hence the results from the two analyses can
be compared. Horizontal springs are included at the base of all columns in order to extract
the reaction forces that are then used to compute the total base shear at any instant in
time.

The good match in the base-shear and roof displacement plots between the analysis using
elastofiber elements and the one using fully discretized fiber elements till imminent struc-
tural collapse demonstrates the robustness of the elastofiber elements. Since the elastofiber

elements utilize far less computational time than the fiber elements, we have now con-
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Figure 7.5: Typical Floor Plan of U20 Building

structed an efficient finite element that is accurate as well as fast enough to analyze large
structures in three dimensions. In addition, this analysis also validates the correctness of the
formulation of the 3-D joint element at least when its two-dimensional behavior is compared

against the 2-D joint element described in References [11] and [29].
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FRAME A (ALONG GRIDS A & E): ELEVATION
LEGEND: W - ASCE Wide-flange section

: : : : Section Designation:
!_610(m) ! 610(m) ! 610(m) ' Beph (in) x Weight (Ib/ft)
boowerxed b we7xed ! w2rxed ! Level ROOF EI. 77.88 (m)
A N
W14x109 W21x122 W21x122 W14x109 3.81 (m)
W27x84 W27x84 W27x84 Level 20F El. 74.07 (m)
W14x109 W21x122 W21x122 W14x109 3.81 (m)
W27x94 W27x94 W27x94 Level 19F El. 70.26 (m)
) ] Nt
W14x132 W24x146 W24x146 W14x132 3.81 (m)
W27x94 W27x94 W27x94 Level 18F El. 66.45 (m)
W14x132 W24x146 W24x146 W14x132 3.81 (m)
W30x99 W30x99 W30x99 Level 17F El. 62.64 (m)
A ] Nt
W14x159 W24x146 W24x146 W14x159 3.81 (m)
}M{ }M{ }M{ Level 16F El. 58.83 (m)
W14x159 W24x146 W24x146 W14x159 3.81 (m)
W30x108 W30x108 W30x108 Level 15F El. 55.02 (m)
) ] Nt
W14x176 W24x162 W24x162 W14x176 3.81 (m)
}M{ }M{ }M{ Level 14F El. 51.21 (m)
W14x176 W24x162 W24x162 W14x176 3.81 (m)
W30x116 W30x116 W30x116 Level 13F El. 47.40 (m)
) ] Nt
W14x211 W24x176 W24x176 W14x211 3.81 (m)
}m{ }M{ }w{ Level 12F El. 43.59 (m)
W14x211 W24x176 W24x176 W14x211 3.81 (m)
W30x116 W30x116 W30x116 Level 11F El. 39.78 (m)
) ] Nt
W14x257 W24x176 W24x176 W14x257 3.81 (m)
W30x116 W30x116 W30x116 Level 10F El. 35.97 (m)
W14x257 W24x176 W24x176 W14x257 3.81 (m)
W30x116 W30x116 W30x116 Level 9F El. 32.16 (m)
A S
W14x283 W27x178 W27x178 W14x283 3.81 (m)
W30x116 W30x116 W30x116 Level 8F El. 28.35 (m)
W14x283 W27x178 W27x178 W14x283 3.81 (m)
W30x116 W30x116 W30x116 Level 7F El. 24.54 (m)
A S e
W14x311 W27x178 W27x178 W14x311 3.81 (m)
W30x116 W30x116 W30x116 Level 6F El. 20.73 (m)
W14x311 W27x178 W27x178 W14x311 3.81 (m)
W30x116 W30x116 W30x116 Level 5F El. 16.92 (m)
A S
W14x342 W27x178 W27x178 W14x342 3.81 (m)
W30x116 W30x116 W30x116 Level 4F El. 13.11 (m)
W14x342 W27x178 W27x178 W14x342 3.81 (m)
W30x116 W30x116 W30x116 Level 3F El. 9.30 (m)
A S e
W14x370 W30x191 W30x191 W14x370 3.81 (m)
W30x116 W30x116 W30x116 Level 2F El. 5.49 (m)
W14x370 W30x191 W30x191 W14x370 5.49 (m)
Level 1F EI. 0.00 (m)

Figure 7.6: Elevation of Frame A: U20 Building



96

FRAME B (ALONG GRIDS B, C & D): ELEVATION
LEGEND: W - ASCE Wide-flange section
| 610(m) i 610(m) | 6.10(m) | Section Designation:

Depth (in) x Weight (Ib/ft)
! ! ! Level ROOF El. 77.88 (m)

W21x122 W14x74 W14x74 W21x122 3.81 (m)
Level 20F El. 74.07 (m)

W21x122 W14x74 W14x74 W21x122 3.81 (m)
Level 19F El. 70.26 (m)

W24x146 W14x74 W14x74 W24x146 3.81 (m)
Level 18F El. 66.45 (m)

W24x146 W14x74 W14x74 W24x146 3.81 (m)
Level 17F El. 62.64 (m)

W24x146 W14x82 W14x82 W24x146 3.81 (m)
Level 16F EI. 58.83 (m)

W24x146 W14x82 W14x82 W24x146 3.81 (m)
Level 15F El. 55.02 (m)

W24x162 W14x109 W14x109 W24x162 3.81 (m)
Level 14F EI. 51.21 (m)

W24x162 W14x109 W14x109 W24x162 3.81 (m)
Level 13F El. 47.40 (m)

W24x176 W14x132 W14x132 W24x176 3.81 (m)
Level 12F EI. 43.59 (m)

W24x176 W14x132 W14x132 W24x176 3.81 (m)
Level 11F El. 39.78 (m)

W24x176 W14x159 W14x159 W24x176 3.81 (m)
Level 10F El. 35.97 (m)

W24x176 W14x159 W14x159 W24x176 3.81 (m)
Level 9F El. 32.16 (m)

W27x178 W14x193 W14x193 W27x178 3.81 (m)
Level 8F EIl. 28.35 (m)

W27x178 W14x193 W14x193 W27x178 3.81 (m)
Level 7F El. 24.54 (m)

W27x178 W14x211 W14x211 W27x178 3.81 (m)
Level 6F El. 20.73 (m)

W27x178 W14x211 W14x211 W27x178 3.81 (m)
Level 5F El. 16.92 (m)

W27x178 W14x233 W14x233 W27x178 3.81 (m)
Level 4F El. 13.11 (m)

W27x178 W14x233 W14x233 W27x178 3.81 (m)
Level 3F El. 9.30 (m)

W30x191 W14x283 W14x283 W30x191 3.81 (m)

Level 2F El. 5.49 (m)

W30x191 W14x283 W14x283 W30x191 5.49 (m)

Level 1F EI. 0.00 (m)

Figure 7.7: Elevation of Frame B: U20 Building
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Figure 7.8: 3-D Model of U20 Building (using Elastofiber beam-column elements)

Table 7.1: Building U20 Loading Criteria (UBC94)

Occupancy | Item # Item Load Type Load (T—’fb%)
Typical Floor 1 Dead Load DL 464.00
2 Live Load LL 244.00 (30% used in analysis)
Roof 1 Dead Load DL 391.00
2 Live Load LL 244.00 (30% used in analysis)
Cladding 1 Stone Cladding DL 120.00
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Table 7.2: Steel Material Properties Used in the Analysis

Usage

Property

kgf —m Units

Kip —in Units

Beam-Columns

Elastic Modulus, E
Shear Modulus, G
Yield Stress, oy
Yield Strain, e,

Slope at Initiation of Strain Hardening,
E, for Elastofiber Elements

Ultimate Stress, o,
for Elastofiber Elements

Strain at Initiation of Strain Hardening,
€y, for Elastofiber Elements

Ultimate Strain, €,
for Elastofiber Elements

20388731162.41 £%
8155492464.96 ~%

29528507.20 £%
0.00145

407774623.25 4
35152984.76 L%

0.0120

0.1600

29000.00 ksi
11600.00 ksi
42.00 ksi
0.00145

580.00 ksi

50.00 ksi

0.0120

0.1600

Panel Zones

Shear Modulus, G
Shear Yield Stress, 7,

8155492464.96 £%

m

16873432.69 4

11600.00 ksi
24.00 kst
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Chapter 8 Building Design

8.1 Introduction

Buildings are designed per building code regulations. These regulations provide minimum
standards for use in building design to maintain public safety in the extreme ground shaking
likely to occur during an earthquake. The Uniform Building Code (UBCY7, [33]) is the
standard code of practice adopted in the state of California and many Western states of
the U.S., and is generally considered as one of the premier codes in the world for the
design of earthquake-resistant construction. The code requirements are intended primarily
to safeguard against major failures and loss of life, not to limit damage, maintain function,
or provide for easy repair. The purpose of these recommended design procedures is to
provide buildings that are ezpected to meet this “life safety objective” [15].

To achieve this objective, the code specifies a linear elastic design procedure to resist
lateral forces from an earthquake. The specified design forces are based on the assump-
tion that a significant amount of inelastic behavior may take place in the structure when
subjected to significant ground shaking. As a result, these design forces and related elas-
tic deformations are much lower than those that would be required if the structure were
to remain elastic. For a given structural system, the design requirements outlined in the
code are intended to provide for the necessary inelastic behavior. Representations of the
element force levels and deformations in the fully responding inelastic structure are given
as appropriate multiples of the values that would be determined by linear elastic analysis
of the structure using the design forces specified in the code.

Structures designed in conformance with the code requirements should, in general, be

able to:
1. Resist a minor level of earthquake ground motion without damage.

2. Resist a moderate level of earthquake ground motion without structural damage, but

possibly experience some non-structural damage.

3. Resist a major level of earthquake ground motion - of an intensity equal to the
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strongest earthquake, either experienced or forecast, for the building site - without

collapse, but possibly with some structural as well as non-structural damage.

It is expected that structural damage, even in a major design level earthquake, will
be limited to a repairable level for most structures that meet the code requirements. In
some instances, damage may not be economically repairable. The level of damage depends
upon a number of factors, including the intensity and duration of ground shaking, structure
configuration, type of lateral force resisting system, materials used in the construction, and
construction workmanship.

Unfortunately, conformance to the code requirements does not constitute any kind of
guarantee or assurance that significant structural damage will not occur in the event of
design level earthquake ground motion. To fulfill the life safety objective of the code, there
are requirements that provide for structural stability in the event of extreme structural
deformations and requirements that protect the vertical load-carrying system from fracture
or buckling at these extreme states. While damage to the primary structural system may be
either negligible or significant, repairable or virtually irreparable, it is reasonable to expect
that a well-planned and constructed structure will not collapse in a major earthquake. The
protection of life is reasonably provided, but not with complete assurance.

The code requirements provide minimum design criteria in specific categories stated in
broad general terms. It is the responsibility of the engineer to interpret and adapt these
basic principles to each structure using experience and good judgment. Because of the great
variability and complexity of individual structures, it is impractical and beyond the scope
of the code to go into the detail necessary to specifically cover all of the possible variations
in structure response. The dynamic characteristics of the structure, behavior of structural
elements, the variability in ground motion, and the types of soil all affect building response.
Thus, both latitude and responsibility for the exercise of judgment are given to the engineer.

Where damage control is desired, the design must not only provide sufficient strength to
resist the specified seismic forces, but also provide the proper stiffness or rigidity. Control
of damage is very complex. Some structural elements are sensitive to acceleration, making
floor acceleration the key design consideration, while others are sensitive to inter-story
deformations, making drift the key design consideration. Damage to non-structural elements

may be minimized by proper limitation of deformations, by careful attention to detail, and
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by providing proper clearances for exterior cladding, glazing, partitions, and wall panels. It
must be recognized that major earthquake ground motion can cause inter-story deformations
several times larger than those calculated with the seismic design forces given in the code.

In addition to designing the structure for earthquake forces, the structure needs to be
designed for wind forces. Wind and seismic forces are fundamentally different. Wind force
results from aerodynamic pressures applied to an exterior surface of a structure, whereas
seismic forces result from the inertial response of a structure to accelerations and displace-
ments from earthquake ground shaking. Seismic ground shaking is cyclic in nature and
the structure can be allowed to yield and traverse well into the inelastic regime without
danger of collapse. However, since wind forces are unidirectional, if the structure is allowed
to yield, then, as the wind keeps blowing, the structure will continue to deform rapidly in
the down-wind direction and will ultimately lose stability and collapse. Thus, buildings
are designed to remain elastic under design wind storms. Since the structure is allowed
to deform inelastically during an earthquake, the structural lateral force resisting system
must conform to special detailing requirements in order to accommodate these large de-
formations. These detailing requirements are intended to allow the lateral force resisting
system to deform inelastically without catastrophic failure and to provide the necessary
inelastic energy absorption and toughness necessary to resist actual seismic forces, which,

as mentioned before, far exceed the specified seismic design forces.

8.2 Key Aspects of Code Design

8.2.1 Basis for Design

The procedures and the limitations for the design of structures are determined considering
seismic zoning, site characteristics, occupancy, configuration, structural system and height.
Structures are required to be designed with adequate strength to withstand the lateral dis-
placements induced by the Design Basis Ground Motion, considering the inelastic response
of the structure and the inherent redundancy, over-strength and ductility of the lateral-
force-resisting system. The minimum design strength is based on the Design Seismic Forces

determined in accordance with a static lateral force procedure.
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8.2.2 Seismic Zones and Seismic Zone Coefficient, 7

Every region in the US is categorized under one of four seismic zones based on the effective
peak ground acceleration (EPA) projected for the region in question. The EPA is the
acceleration that a perfectly rigid structure, having a period of 0 seconds, would effectively
experience if subjected to the ground motion. The EPA, when presented in units of “g”,
corresponds in value to the seismic zone coefficient, Z, and takes into account geographical
variations in the expected levels of earthquake ground shaking. Evidence for such variations
can be found both in the historical record of earthquake effects, and also in the distribution
of the major fault systems considered likely to produce significant earthquakes. The seismic
zone map for California is based primarily on historical seismicity and was derived from
the Applied Technology Council (ATC) zoning maps [4], which are based on probabilistic
maps by Algermissien and Perkins [2]. These probabilistic maps estimated peak horizontal
acceleration on rock that has a 10% probability of being exceeded in a 50-year period. This
level of ground motion roughly corresponds to that which would be exceeded roughly once
every 500 years. The seismic zone map presents effective peak acceleration values (or Z
values) in units of “g”. The Z values for Zones 3 and 4 are 0.3 and 0.4, respectively indicating
that the EPA for seismic zones 3 and 4 is expected to be 0.3g and 0.4g, respectively. The

Z coefficient directly enters the design base shear formulation.

8.2.3 Near-Source Factors and Seismic Source Types

Ground motion in Zone 4 near major faults requires special attention, particularly for
structures with periods greater than about 0.3 seconds. In 1978, the authors of ATC 3-
06 Commentary [4] acknowledged the possibility of near-fault ground motion higher than
that corresponding to Z = 0.4. True to their judgment, horizontal components of ground
acceleration during the 1994 Northridge earthquake recorded approximately 5 km from
the fault rupture have instrumental peak ground acceleration (PGA) values over 0.7 g,
and the average acceleration response at a period of 1.0 second is typically over 0.9 g. In
contrast, the UBC spectrum anchored to an EPA of 0.4 g, corresponding to Zone 4, has
1-second acceleration response of 0.4 g for rock sites and about 0.6 g for soil sites. Response
decreases with distance and at about a distance of 10 km from the fault rupture, values are

approximately consistent with the UBC spectrum (anchored to an EPA of 0.4 g).
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Similar features were observed during the Kobe earthquake of 1995. Ground shaking in
Kobe was intense, but of relatively short duration and typical of ground motion recorded
close to fault rupture. Soil effects contributed to the intense shaking in certain areas, but the
primary cause of strong ground shaking felt throughout Kobe was the proximity of the city
to fault rupture. 90% of the buildings that collapsed or were severely damaged were located
within 5 km of the fault rupture. Ground motion records indicate that the near-source
factor is best described by distinguishing between the short-period (acceleration) and long-
period (velocity) domains since the effect is substantially greater at longer periods. This
distinction is made through the use of two near-source factors, N, and N,. The values
for the N, factor are based on the ratio of 0.3 second response predicted by the median
estimates of ground motion attenuation functions to the 0.3 second response of the UBC
spectrum for stiff soil anchored at an EPA of 0.4g. The N, factor is derived similarly for
the 1.0 second period. The near-source factors represent typical horizontal ground shaking
and are not intended to account for higher levels of shaking that occur due to the inherent
variability of ground motion. Similarly, they are not intended to bound ground motion in
the strongest possible (e.g., fault normal) direction of shaking.

Seismic source types are classified based on the maximum magnitude, M, and the slip

rate, SR, on the fault. Type A sources are faults that have a moment magnitude potential

mm
year "

of M >= 7.0 and a slip rate SR equal to greater than 5 These types of faults are
considered to be active and capable of producing large magnitude events. Most segments
of the San Andreas fault are classified as a Type A fault. Type C sources are faults that

have a moment magnitude potential of M less than 6.5 and a slip rate SR less than or equal

to 2 ;’;Z; These types of faults are considered to be sufficiently inactive and not capable
of producing large magnitude events such that potential near-source ground shaking effects
can be ignored. Most faults outside of California are of Type C. Type B sources are all
faults that are not either Type A or Type C, and include most of the faults in California.
Magnitude and slip rate information for faults may be obtained from the USGS or the
California Geological Survey (CGS). For example, a recent compilation of data on all faults

in the Western US has been made by the USGS as a part of Project 97, a national seismic

hazard mapping project [25].
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8.2.4 Site Categorization

Local geology and soil characteristics influence the ground motions at a site. The significance
of this influence varies from essentially nil to very large. Data from the 1985 Mexico City
earthquake and the 1989 Loma Prieta earthquake show that the motions can be significantly
amplified for soft soil sites and moderate accelerations. The largest amplification typically
occurs at the natural period of the soft soil deposit. For example, in the Mexico City shaking,
the rock acceleration was amplified four times by the soft clay deposit at T=0 seconds
while the spectral amplitude at approximately T=2 seconds indicated an amplification of
15-20 times the rock acceleration. Data from the Loma Prieta earthquake also indicate an
amplification at long-period spectral amplitudes of 3-6 times, and the largest amplification
occurred at the natural period of the soil deposit. However, at stronger levels of ground
shaking, the earthquake motions are attenuated as they propagate through a soft soil layer
as the strength of the soil is exceeded and the soil behaves in a highly nonlinear manner.
As the ground motion propagates from rock through the overlying soil medium, the
rock motion is amplified or attenuated as discussed above. Non-homogeneous layered sites
with a soft layer between rock and the stiffer soils complicate the problem. The parameters
necessary to characterize the site and determine analytically the amplification or attenuation
and frequency modification are the thickness of the soft and stiff soil layers, the shear wave
velocities of the rock and soil layers, the soil/rock impedance ratio (which is a function of
the shear wave velocity), the layering and properties of the soil layers including modulus
and damping properties. The impedance contrast must consider the whole soil profile and
thus both the soft and stiff soil layers play a role in determining the damping and the
amplification (or attenuation). The maximum amplification generally occurs at or close
to the natural frequency of the soil deposit, but may occur at the natural frequency of
the soft layer, the natural frequency of the whole soil deposit, or some other frequency.
In all cases, the shear wave velocity of the rock and the soil deposit has a dominant role.
Hence, the code characterizes the site primarily by the shear wave velocity. In shallow or
moderate soil depth sites, where the soil depth is less than 30m, the entire soil deposit is
important to the overall response. In deep soil (greater than 30m) sites having thick (35m)
soft-medium stiff clays, or highly plastic or organic clays and peats of any thickness, cannot

be characterized in this manner and must be evaluated on a site-specific basis. Similarly,
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sites having liquefiable soils, e.g., loose sands, or highly sensitive soils that may lose strength
during an earthquake, e.g., bay muds, must be evaluated on a site-specific basis.
The code characterizes soil profiles into six categories S4 through Sp. S4 corresponds
to hard rock sites (with shear wave velocity, Vs > 15002), Sp to rock sites (760 < Vi <

sec

1500), S¢ to very dense soil and soft rock sites (360 < Vs < 760L), Sp to stiff soil

sec sec

sites (180 < V; < 360.%), Sk to soft soil sites (V; < 180.%), and Sr to soils requiring
site-specific evaluation. Soil profile type, S4 (hard rock) is appropriate for classification of

sites in the eastern United States only.

8.2.5 Seismic Coefficients, C, and C,

Seismic coefficients, C, and C,, are used to construct the design response spectrum, C,
corresponds to the EPA and C, corresponds to the value of the acceleration response at
a structure period of 1.0 second. They are also used to determine the static design base
shear. These coefficients depend on the soil profile type, the seismic zone factor, and the
near-source factors, N, and N,. For soil profile type, Sg, C, and C, are equivalent to the
seismic zone factor, Z, except in the case of seismic zone 4 where they are equivalent to
Z N, and ZN,, respectively. For soil types S¢ through Sg, C, and C, are amplified while
for soil type, S, they are attenuated when compared to soil type, Sp. Seismic coefficients
are not provided for soil profile type, Sr, and must be determined by a site-specific hazard

analysis.

8.2.6 Occupancy Categories

For purposes of earthquake-resistant and wind-resistant design, structures are categorized
into one of five occupancy categories. Each category is assigned a seismic importance
factor, I, and a wind importance factor, I, in addition to special requirements such as
independent design review and an appropriate program of testing and inspection, and con-
struction observation. The I and I, factors are used to scale up the design base shear. The
five occupancy categories include essential facilities, hazardous facilities, special occupancy
structures, standard occupancy structures and miscellaneous structures. All the structures
studied in this work fall under Category IV (standard occupancy structures with I = 1.0
and I, = 1.0).
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8.2.7 Configuration Requirements (Regular and Irregular Structures)

Irregularities in load paths and in structural configuration are major contributors to struc-
tural damage and failure due to strong earthquake ground motion [65]. Vertical and plan
irregularities can result in loads and deformations significantly different from those assumed
by equivalent static design procedures prescribed by the code. Those distributions of mass,
stiffness, or strength that result in earthquake forces and/or deformations over the height
of the structure, which are significantly different from linearly varying distributions, are
designated as vertical irregularities. Those plan or diaphragm characteristics that result
in significant amounts of torsional response, diaphragm deformations, or diaphragm stress
concentrations are designated as plan irregularities. The lack of a direct path for force
transfer is referred to as an irregularity in force transfer, and an example would be where a
lateral force resisting element is offset or discontinuous. This condition can cause a concen-
tration of inelastic demand, and can occur even when no irregularities in plan or elevation
exist. In such cases, the Commentary to the code [15] suggests that the irregularities or
discontinuities and resulting concentrations of inelastic behavior must either be corrected
or strengthened, or the R value (Section 8.2.8) must be decreased to reflect the limited and
concentrated amount of inelastic behavior in the structural system. For structures with
plan or vertical irregularities, the code imposes a penalty of about 11% on the design base
shear. In addition, the code requires the use of dynamic analysis for irregular structures
taller than 19.8 m with the design forces scaled down by scaling the dynamic base shear
from the analysis results to 100% of the static design base shear (Section 8.2.11). If a
dynamic analysis procedure is adopted for a regular structure, the dynamic base shear is
allowed to be scaled down to 90% of the static design base shear. Thus, this constitutes a
penalty of about 11% on the design of irregular structures.

The code classifies vertical structural irregularities into 5 types:

1. 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.

2. Weight (mass) irregularity — Mass irregularity is 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.
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3. Vertical geometric irregularity — Vertical geometric irregularity is considered to exist
where the horizontal dimension of the lateral-force-resisting system in any story is

more than 130% of that in an adjacent story.

4. In-plane discontinuity in vertical lateral-force-resisting element — An in-plane offset of

the lateral-load-resisting elements greater than the length of these elements.

5. 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.
The code classifies plan structural irregularities into 5 types as well:

1. Torsional irregularity to be considered when diaphragms are not flexible — Torsional
irregularity is considered to exist 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.

2. Reentrant corners — Plan configurations of a structure and its lateral-force-resisting
system contain reentrant corners, where both projections of the structure beyond a
reentrant corner are greater than 15% of the plan dimension of the structure in the

given direction.

3. Diaphragm discontinuity — Diaphragms with abrupt discontinuities or variations in
stiffness, including those having cutout or open areas greater than 50% of the gross
enclosed area of the diaphragm, or changes in effective diaphragm stiffness of more

than 50% from one story to the next.

4. Qut-of-plane offsets — Discontinuities in a lateral force path, such as out-of-plane

offsets of the vertical elements.

5. Non-parallel systems — The vertical lateral-load-resisting elements are not parallel to

or symmetric about the major orthogonal axes of the lateral-force-resisting system.
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8.2.8 Structural Systems and R-factor

Structural systems used in buildings and other structures to resist gravity, wind, and earth-
quake loads are classified into one of six categories: bearing wall system, building frame
system, moment-resisting frame system, dual system, cantilever column system, and “un-
defined” structural system. The R-factor defines the numerical coefficient representative of
the inherent over-strength and global ductility capacity of lateral force resisting systems.
The code provides R-factors for each of the 6 structural systems. For special moment resist-
ing frame systems (Section 8.2.20), the ductility factor is 3.4 and the over-strength factor
is 2.5, giving an R-factor of 8.5. As explained before, structures are designed based on
the assumption that a significant amount of inelastic behavior may be exhibited by the
structure when subjected to significant ground shaking. As a result, the design forces are
much lower than those that would be required if the structure were to remain elastic. The
factor by which the design base shear differs from the actual elastic base shear during the
design earthquake is in fact the R-factor. This will be apparent in the code formulae for

the design base shear (Section 8.2.11).

8.2.9 Redundancy/Reliability Factor, p

Redundancy is a characteristic of structures in which multiple paths of resistance to loads are
provided. It has long been recognized as a desirable attribute, especially in cases where loads
are likely to exceed service levels, as with earthquakes. The code design philosophy assumes
inelastic action of structures during a major seismic event. In order to prevent collapse of
structures undergoing inelastic deformations, it is essential to limit strength degradation.
An important part of limiting the strength degradation is to provide multiple paths for the
lateral loads. As portions of the structure yield, increases in loading may be distributed
to other resisting elements and the energy absorbing inelastic action is distributed through
the structure. Redundancy also decreases the probability that flaws in construction or
design will have catastrophic results. Non-redundant structures are those for which failure
of a small number of lateral force resisting components would result in the formation of a
collapse mechanism for the structure. The Redundancy/Reliability factor, p, is intended to
encourage engineers to design redundant structures. If the engineer is not able to achieve

a redundant design, an increase in the seismic design loads are required in an attempt to
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reduce the magnitude of the inelastic response and therefore the ductility demand. The
p-factor is dependent upon the number of lateral load resisting elements provided, the plan
area of the building and the initial distribution of lateral load in the resisting elements. In

SI units, it is given by:

6.1

TmasVAB (8.1)

p=2-

where 7,4, 18 given by the maximum element-story-shear ratio and Ap is the ground floor
area in square meters. For a given direction of loading, the element-story-shear ratio is
the ratio of the design story shear in the most heavily loaded single element divided by
the total design story shear. For any given story level, i, the element-story-shear ratio is
denoted as r;. The maximum element-story-shear ratio, 7,4, is defined as the largest of
the element-story-shear ratios, r;, which occurs in any of the story levels at or below the
two-thirds height level of the building. For moment frames, r; is taken as the maximum
of the sum of the shears in any two adjacent columns in a moment frame bay divided by
the story shear. For columns common to two bays with moment-resisting connections on
opposite sides at Level 7 in the direction under consideration, 70% of the shear in that
column is to be used in the column shear summation. For special moment resisting frames
(SMRF, Section 8.2.20), p cannot exceed 1.25. The number of bays of SMRFs are required
to be increased to reduce r, such that p is less than or equal to 1.25. When calculating

drifts, p can be taken to be 1.00.

8.2.10 Load Combinations (Allowable Stress Design) and Earthquake

loads

Allowable stress design is used for the design of all the buildings in this work. The code
requires structures to be designed for the most critical effects resulting from the following
load combinations. When using these load combinations, a one-third increase is permitted

in allowable stresses for all combinations including W or E.

D+ L+ L, (8.2a)

E
D+ L+ (Worn) (8.2b)
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where D stands for the dead load, L stands for the live load, L, stands for the roof live
load, W stands for the wind load, and E stands for the earthquake load. The code allows
the design live load to be reduced on any structural member supporting more than 13.94

m? of floor area, in accordance with the following formula:
RF =1r(A—13.94) (8.3a)

where RL is the reduction in percentage and r is the rate of reduction equal to 0.08% for
floors. The reduction should not exceed 40% for members receiving load from one level

only, 60% for other members or R” as defined by the following formula:

D
RL =231 (1 + f) (8.3b)

In addition, in Seismic Zones 3 and 4, columns in frames are required to have the

strength to resist the axial loads resulting from the following load combinations:

1.0Ppr, + 0.7Pr1, + Qo Pg in axial compression (8.4a)

0.85Ppr, + Qo PE in axial tension (8.4b)

where Ppy,, Pr1,, and Pg are the axial loads in the column from the dead, live and earthquake
loads, respectively, and €2 is the Seismic Force Amplification Factor, which is required to
account for structural over-strength.

These axial load combinations need not exceed either the maximum force that can be
transferred to the column, by elements of the structure, or the limit as determined by
the overturning uplift which the foundation is capable of resisting. They need not apply
to columns in moment-resisting frames that comply with the strong column-weak beam
criteria where the axial stress, fg4, is less than or equal to 0.3F; for the load combinations
in egs. 8.2, where F), is the yield stress.

The code requires structures to be designed for ground motion producing structural
response and seismic forces in any horizontal direction. The earthquake load, E, is given

by:

E = pE), + E, (8.5)
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where p is the reliability /redundancy factor, E}, is the earthquake load due to the design
base shear, V, described in the next section and F, is the load effect resulting from the
vertical component of the earthquake ground motion and may be taken to be zero for

Allowable Stress Design.

8.2.11 Design Base Shear - Static Force Procedure

The design base shear, V', provides the level of seismic design forces for a given structural
system. The resulting force level is based on the assumption that the structure will undergo
several cycles of inelastic deformation during major earthquake ground motion, and, there-
fore, the level is related to the type of structural system and its estimated ability to sustain
these deformations and dissipate energy without collapse. The total design base shear, V,

in a given direction is given by

V= T w (8.6a)
It need not exceed
2.5C, 1
Vmam = |14 8.6b
; (8.6b)
It cannot be less than
V =0.11C IW (8.6¢)

In addition, for Seismic Zone 4, it cannot be less than

0.8ZN,I
V=_—"""w

= (8.6d)

In the above equations, C;, and C,, are the seismic coefficients, I is the structure Importance
factor, R is the R-factor, T is the structure fundamental period computed as described
below, Z is the Seismic Zone coefficient, N, and N, are the near-source factors, and W
is the seismic weight of the building which includes only the dead weight of the structure
(self-weight, interior partitions, floor fill, equipment, and cladding) and does not include

the live load of the structure. The force level defined above is used not only for the static
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lateral force procedure, but also as the lower bound for the dynamic lateral force procedure.
The code provides an approximate method to compute the structure fundamental period

based on its type and height, hy,(m):
3
T = Cihy (8.7)

The value of C}; depends on the structure type and the code specifies a value of 0.0853
for steel moment-resisting frames. The period may also be computed using a full dynamic
modal analysis of the structure. However, for the purpose of computation of the base shear
in a structure located in Seismic Zone 4, the code requires limiting the value of T" from this

analysis to 130% of the T' computed using the formula above.

8.2.12 Vertical Distribution of Shear - Static Force Procedure

The total design base shear, V, is distributed over the height of the structure in accordance

with the following formulae:

n
V=F+) F (8.8a)
=1
— F)w:h:
F, = w (8.8b)
> wih;
Jj=1

where n is the number of stories, Fj is the force at the i*” story applied over the area of the
building in accordance with the mass distribution at that story, w; is the seismic weight of
the i*" story, h; is the height of the i*" story, and F} is a concentrated force at the top of

the structure given by

F, = 0.07TV (8.8¢)

where T is the period used in the computation of the base shear, V. F; need not exceed
25% of V' and may be considered as zero where T is 0.7 second or less.
This vertical distribution of the base shear is based on a linear mode shape of the

structure, with the force at the top, F}, accounting for higher modal effects.
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8.2.13 Horizontal Distribution of Shear - Static Force Procedure

The design story shear, V;, in any story is the sum of the forces, F; and F; above that
story. The code requires V; to be distributed to the various elements of the vertical lateral-
force-resisting system in proportion to their rigidities, considering the rigidity of the floor
diaphragm.

Where diaphragms are not flexible, the mass at each level is required to be displaced
from the calculated center of mass in each direction a distance equal to 5% of the building
dimension at that level perpendicular to the direction of the force under consideration. The
effect of this accidental eccentricity of the center of mass on the story shear distribution
needs to be considered.

The accidental eccentricity of the center of mass results in horizontal torsion leading
to increased shears. Thus, the torsional design moment at a given story is the moment
resulting from eccentricities between applied design lateral forces at levels above that story
and the vertical-resisting elements in that story plus the accidental torsion resulting from
the accidental eccentricity of the center of mass.

In the case of torsionally irregular buildings, the accidental torsion at each level is
required to be increased by an Amplification factor, A;, determined from the following
formula:

4= [%7] 2 (8.9)
1.28%,,

where 5fw o 1s the average of the displacements at the extreme points of the structure at the

it" level and 6%

i . 18 the maximum displacement at the i** level.

8.2.14 Seismic Drift Ratio

Inter-story drift ratio is defined as the difference in the displacements of the top and bottom
of story normalized by the story height. Drift is associated with damage to non-structural
components including the exterior facade of the building, dry wall interior, and windows,
in addition to being associated with occupant comfort. The drift, A, corresponding to the
design seismic forces is determined at all critical locations of the structure using an elastic
analysis of the lateral-force-resisting system. The calculated drift should include transla-

tional and torsional deflections. The code extrapolates the Maximum Inelastic Response
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Drift, Ajs, of the structure caused by the Design Basis Ground Motion from the elastic

drift ratio, Ag, as follows:

A = 0.7RA, (8.10)

The code requires that the calculated story drift, Ay, shall not exceed 0.025 for structures
having a fundamental period of less than 0.7 seconds and 0.02 for structures with greater
periods.

The design lateral forces used to determine the calculated drift are based solely on
formulae 8.6a and 8.6b. The code allows the limitations of formulae 8.6¢c and 8.6d to be
disregarded for drift computation. In addition, for the purpose of computing this design
base shear for drift computation, there is no restriction on the period computed from a full

dynamic modal analysis to 130% of the period computed using the code formula, 8.7.

8.2.15 P — A Effects

When the lateral forces from an earthquake displace a building laterally, the gravity loads
acting vertically downward cause an overturning moment on the structure about its base,
in addition to the overturning moment caused by the lateral forces themselves. This second
order effect which can lead to global instability of the building is termed the P—A effect. The
code requires that the resulting member forces and moments and the story drifts induced

by P — A effects be considered in the evaluation of overall structural frame stability.

8.2.16 Dynamic Analysis

The distribution of seismic forces on a number of structures is often considerably different
from those that would be given by the static lateral force procedure described in previ-
ous sections. Such differences can occur in buildings with severe setbacks, buildings with
irregular /unusual configuration, and buildings with significant variation in drift from one
story to another. In such instances, a dynamic analysis can bring out the effects of the
structure’s dynamic characteristics on the distribution of lateral forces along its height, the
effects of the structure’s higher modes of response that could contribute substantially to
individual story shears and deformations and the effects of the existence of normal modes

with significant components of torsional motion that can lead to increased demand on the
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structure’s lateral force resisting system.

Implementation of dynamic lateral force procedures involves:

1. Identification of appropriate ground motion representations for use as input to the

analysis.

2. Development of an elastic mathematical model of the structure that represents its

important geometric, stiffness, inertial and damping characteristics.

3. Computation of the model’s dynamic response to the seismic input motion, using
response spectrum or time-history methods and an established structural analysis

computer program, such as ETABS.
4. Careful interpretation and application of the results of the analysis.

The requirements of the horizontal distribution of shear (including accidental eccentric-
ity and torsion), seismic drift ratio and P — A effects described previously are applicable to

the Dynamic Analysis procedure as well.

8.2.17 Response Spectrum Method - Dynamic Analysis Procedures

A response spectrum of an earthquake is the plot of the time period of a single degree of
freedom (SDOF) system with varying natural period, versus the peak acceleration experi-
enced by the mass during the earthquake. In the elastic range, a building response can be
decomposed into a number of modes, each mode corresponding to a period and a deformed
shape (mode shape).

During an earthquake, if a building responds purely in one of its modes, then its peak
acceleration during the earthquake will be the same as the acceleration value on the response
spectrum corresponding to a SDOF system period equal to the building modal period.

A design response spectrum is usually an idealized average spectrum derived from the
spectra of past earthquakes in a region. The UBC97 [33] design response spectrum is shown
in Figure 8.1.

The Response Spectrum Method requires dynamic analysis of a mathematical model of
the building to establish modal frequencies and mode shapes. Using standard mathemat-
ical procedures [14] and a design response spectrum corresponding to the damping in the

building, the modal frequencies and shapes are used to establish spectral demands. The
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Figure 8.1: 1997 Uniform Building Code [33] Response Spectrum

spectral demands are then used to calculate member forces, displacements, story forces,
story shears, and base reactions for each mode of response considered. These forces and
displacements represent the maximum responses of the structure when it is vibrating in that
mode. However, because these maximum modal responses will not occur at the same time
during the earthquake ground motion, it is necessary to combine these maximum modal
responses in a statistical manner in order to estimate the maximum composite response of
the structure. Such procedures are typically based on an appropriate combination of the
maximum individual modal responses, and should account for possible interaction between
any closely spaced modal responses that may exist. A simple and accurate modal com-
bination approach that satisfies this requirement is the Complete Quadratic Combination
(CQC) method [67]. This approach is based on random vibration concepts and assumes
that the duration of the earthquake shaking is long when compared to the fundamental
period of the structure and the design response spectrum exhibits slowly varying ampli-
tudes over a wide range of periods that include the dominant modes of the structure. In
the CQC combination, all the significant modes of the structure need to be included. The
code requires that at least 90% of the participating mass of the structure be included in the

calculation of dynamic response for each principal horizontal direction.
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8.2.18 Reduction of Elastic Response Parameters for Design

The earthquake force levels corresponding to the static analysis procedure described previ-
ously reflect the influence of structural period, ductility, and damping for various structural
systems. Because it is difficult to reflect these influences on a consistent basis for design
using the dynamic procedure, the code allows the Elastic Response Parameters (which are
the results of the response spectrum analysis that is based on an unreduced spectrum and a
linear elastic structural model) to be reduced for purposes of design with the limitation that
in no case shall the Elastic Response Parameters be reduced such that the corresponding
design base shear is less than the Elastic Response Base Shear divided by the value of R.
This scaling is used to make dynamic analysis consistent with the results of the static de-
sign approach. For regular structures, the response parameters may be reduced to 80% (if
site-specific spectrum is used in the dynamic analysis) or 90% (if the generic UBC97 code
spectrum (Figure 8.1) is used in the dynamic analysis) of the corresponding parameters
determined using the static lateral force procedure. For irregular structures, the scaling

down could be up to 100% of the responses from the static lateral force procedure.

8.2.19 Orthogonal Effects

In the case of certain irregular buildings (Plan Types 1 and 5), all building components
in Seismic Zones 2, 3 and 4 are required by the code to be designed to resist the effects
of the seismic forces considering the effects of earthquake forces acting in a direction other
than the principal directions. In addition, the corner columns of all regular and irregu-
lar buildings that are part of two or more intersecting lateral-force-resisting systems are
required to be designed considering orthogonal effects. The requirement that orthogonal
effects be considered may be satisfied by designing such elements for 100% of the prescribed
design seismic forces in one direction plus 30% of the prescribed design seismic forces in the
perpendicular direction. Alternatively, the effects of the two orthogonal directions may be

combined on a square root of the sum of the squares (SRSS) basis.

8.2.20 Special Moment Resisting Frames (SMRF)

The basic philosophy of the design of SMRFs is simply that non-ductile failure modes

should be prevented, and that inelastic deformations should be concentrated in regions that
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have a capacity for ductile behavior. Thus, column buckling and connection failures are
to be avoided. At the same time, frame stiffness and therefore, frame stability, must be
maintained. The code thus specifies some special requirements for the design of SMRF's
intended to minimize the possibility of premature failure of non-ductile elements.

Ductile behavior and inelastic energy absorption are allowed to occur in three elements
of a moment frame - the beams and the columns in which flexural yielding may occur and
the joint panel zones in which shear yielding may occur. Within limits, inelastic behavior of
any or a combination of these three elements is permitted. Some of the special requirements

for steel SMRF design are as follows:

1. The girder-to-columns connection is required to be adequate to develop the lesser of
the strength of the girder in flexure and the moment corresponding to development

of the panel zone shear strength.

2. Connection configurations utilizing welds or high-strength bolts are required to demon-
strate the ability to sustain inelastic rotation and develop the required strength by
approved cyclic test results or calculations, considering the effect of steel over-strength

and strain hardening.

3. The panel zone of the joint is required to be capable of resisting the shear induced by
beam bending moments due to gravity loads plus 1.85 times the prescribed seismic
forces, but the shear strength need not exceed that required to develop 0.8 Y M, of
the girders framing into the column flanges at the joint. To satisfy this requirement,
doubler plates can be added to strengthen the panel zone. However, the thickness of
the panel zone (not including doubler plates) is required to be not less than ﬁ of the

average of the panel zone depth and width.

4. Beam flange width-thickness ratio, 2%, cannot exceed j% in addition to satisfying
Yy

compactness requirements. The outside wall width-thickness ratio of rectangular tubes

used for columns cannot exceed \1/113_’ unless otherwise stiffened. F), is the yield stress
Yy

in ks? units.

5. Most engineers believe that it is better to have flexural hinges form in the girders than
in columns [58]. If flexural hinges form in the columns, additional concerns include

concentration of inelastic behavior in the columns of a story leading to a weak story
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condition and excessive inelastic deformations leading to column failure under the
possible high axial loads that could occur due to maximum expected ground motion.
The strong column-weak beam concept is addressed with the introduction of two
simple formulae that require the potential for yielding at a beam-column joint to be

located in the beam or the joint panel zone.

8.2.21 Wind Design

The forces from wind that a building can be subjected to, depend on the terrain of the
region in which the building is located, the configuration of neighboring structures, the
basic wind speed, height of the building, plan configuration of the building, and the extent
of structure enclosure (extent of openings in the structure). The basic wind speed is defined
as the fastest-mile wind speed associated with an annual probability of 0.02 measured at a
point 10 m above the ground for an area having exposure category C. The code classifies
terrains into three exposure categories, B, C and D. Exposure B has terrain with buildings,
forest or surface irregularities, covering at least 20% of the ground level area extending 1
mile or more from the site. Exposure C has terrain that is flat and generally open, extending
% mile or more from the site in any full quadrant. Exposure D represents the most severe
exposure in areas with basic wind speeds of 80 miles per hour (mph) or greater and has
terrain that is flat and unobstructed facing large bodies of water over 1 mile or more in
width relative to any quadrant of the building site. Exposure D extends inland from the
shoreline % mile or 10 times the building height whichever is greater.

The design wind pressures for buildings are determined for any height in accordance

with the following formula:
P = C,Cyqsly (8.11)

where C, is a combined height, exposure, and gust factor coefficient, Cj is a pressure
coefficient for the structure, ¢; is the wind stagnation pressure at the standard height of
10 m and I, is the building importance factor similar to the importance factor used in
seismic design. The wind stagnation pressure is a function of the basic wind speed. The C,
coefficient is a function of the height and the exposure category. The pressure coefficient,

Cy, varies based on the structural component being designed, for example, primary frames
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and systems, chimneys, tanks, etc. It is different for the windward and leeward faces of the
building.

The primary frames or load-resisting system of every structure are required by the code
to be designed for the pressure, P, using a Normal Force Method or a Projected Area
Method. For tall buildings, the Normal Force Method is to be applied. In this method,
the wind pressures are assumed to act simultaneously normal to all exterior surfaces. For
pressures on roofs and leeward walls, C, is required to be evaluated at the mean roof height.
Since Cy, g5 and I, are constants over the height of the building, it is the coefficient, C,
that dictates the profile of the wind load on the structure. On the windward face, this profile
is quadratic with zero at the street level and maximum at the roof level. On the leeward
face, since a constant C, evaluated at the mean roof height is to be used, the load profile is
uniform as well. This is based on the fact that suction pressures are usually uniform.

The structural elements are designed for the forces resulting from these wind pressures
in conjunction with the gravity loads per the load combinations set forth in eqs. 8.2. Unlike
seismic design where the structure is allowed and expected to behave in an inelastic manner,
in wind design, the code requires the structure to remain elastic at all times (See Section
8.1 for explanation). While the code specifies a limit on the inelastic drift experienced
by the building during the design basis earthquake, it does not specify any limit on the
wind drifts. As explained previously, the primary objective of the code is life-safety. In
the case of earthquakes, where the building is expected to behave in an inelastic manner,
the drift ratio limit of 0.02 serves to define the threshold of deformation beyond which the
P — A effects could become significant enough to threaten the stability of the structure. The
code-writers believe that this level of drift is extremely large and represents possibly the
physical drift capacity of many structural systems. Thus, in this case, the code perceives
drift as being a life-safety issue. However, in the case of wind design, where the structure
is designed to remain elastic, the actual drifts would be small enough that there would be
no risk to the stability of the structure. Thus, wind drift is considered as a serviceability
issue, not a life-safety issue and so the code does not impose any limits on the wind drifts.
However, it is standard practice among engineers to restrict the elastic wind drift ratio to
0.0025. Non-structural components such as the facade and partition walls are then designed

to accommodate this movement during design wind-storms.
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8.3 Selection Criteria, Geometry and Design Criteria for the

6 Buildings

8.3.1 Building Selection Criteria: Philosophy and Motivation

In the event of a large earthquake, strength and stiffness are important, but perhaps the
most important issue is that of ductility. Ductility is a measure of the ability of the struc-
ture to go through multiple inelastic cycles until collapse. Different measures of ductility
have been used in the past. These include ductility ratios, plastic rotations, and energy
dissipation (calculated as the area enclosed by the hysteretic loops). Whatever measure is
chosen to judge ductility, an estimate for actual ductility demands on structural components
and connections in actual earthquakes is needed. Unfortunately, this information is rather
limited. Since strong ground motion from near-source earthquakes has been recorded only
in recent times, data on ductility demands in such cases is even more limited. One means
for estimating plastic rotation demands in beams, columns, and joints is to conduct inelas-
tic dynamic time-history analyses of structural models using past earthquake records. To
gather such data for irregular buildings requires modeling the buildings in 3 dimensions and
for this reason, seismic demand data for irregular structures is almost non-existent. One of
the primary motivations of this study is to gather such data for a carefully selected suite
of irregular buildings by analyzing structural models of these buildings for strong ground
motion from a suite of near-source earthquake records.

Further motivation for this study comes from the fact that codes have been changing
constantly and there has not been a great amount of data to calibrate and verify a number
of design requirements in the code. The question of how a building designed today per the
current code requirements would perform in the event of a major earthquake on a nearby
fault can be answered at least in part by performing these types of analyses using simi-
lar earthquake records. Performance of these buildings can be compared against ad-hoc
performance criteria developed by the National Earthquake Hazard Reduction Program
(NEHRP) of the Federal Emergency Management Agency (FEMA). Unfortunately, these
criteria may not be necessarily accurate since they have been developed from past experi-
ence with limited data from large earthquakes, nevertheless, they provide a basis for such

performance evaluation.
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As described previously, there are a number of potential plan and vertical irregularities
that could occur in structures. Of particular interest are buildings with two types of ir-
regularity that occur quite frequently - a reentrant corner irregularity and a plan torsion
irregularity wherein the centers of mass and stiffness do not coincide. To keep the study
focussed, it was decided to limit this study to buildings with these two types of irregularity.
There are a number of 20-story steel moment frame buildings in Los Angeles and other
seismically active regions of the US close to major faults. It was further decided to limit the
study to this class of buildings. In addition, the fundamental period of all the buildings was
strictly constrained to lie between 3.2 and 3.5 seconds during the design process, so that it
would be reasonable to compare the performance of the buildings against each other. Also,
the conclusions drawn from this data set collected for this narrow range of buildings would
be reliable.

Four distinct buildings, numbered 1 through 4, were planned and designed, two of them
with reentrant corners (Buildings 1 and 2), and the other two with plan torsion irregularity
(Buildings 3 and 4). The design of buildings 2 and 3 were governed to some extent by the
wind drift ratio limit of 0.0025 accepted in practice and since this is not a limit imposed by
the code, it was decided to design alternate versions of these two buildings (Buildings 2A
and 3A) disregarding this limit on wind drift ratios. In the case of buildings 2A and 3A, the
fundamental natural period has been allowed to go well beyond the 3.2-3.5 second range.
These buildings are compared solely against their parent versions, 2 and 3. The following
sections describe the geometry and design criteria for the 6 buildings, and the design process
using a commercial program, ETABS. The next chapter describes the analyses of these

buildings subjected to strong ground motion from near-source earthquakes.

8.3.2 Description of the Buildings

The first building is a 19-story residential tower (70.8m tall) designed using the 1997 Uniform
Building Code [33]. It has a typical floor area of 1810m? and a perimeter of 248m. It is
dumb-bell shaped in plan (Figure 8.2) with two elevator cores to serve the two spines of
the building. The key irregular feature in this building is the presence of reentrant corners.
The primary lateral system consists of moment frames. The presence of setbacks precludes
multiple-bay moment frames along the perimeter. However, there are two 3-bay moment

frames (along grids C and D) in the building long direction (X) and one 5-bay moment
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frame (along grid 4) in the building short direction (Y). The floor is made of concrete slab
on metal-deck (5%” thick with 1” topping) supported by steel beams framing into interior
gravity columns and exterior moment frame columns. All interior beams are pinned at
both ends and their sizes are not relevant to this study. The building is covered with stone
cladding (facade). Partitions are made up of dry wall supported by metal studs. The
floor is carpeted. Typical story height is 3.6m with variations at the lobby level and the
mechanical stories. The isometric view of the building is illustrated in Figure 8.3. The dark
lines represent the moment-frame beams and columns. The gray rectangles represent the
floor slab.

Building 2 is a 19-story office tower (78.3m tall) with a typical floor area of 1024/m?
and a perimeter of 160m. It is L-shaped in plan (Figure 8.4) with one elevator core serving
both wings of the building. The key irregular feature in this building is the presence of a
reentrant corner. The primary lateral system consists of a perimeter moment frame. In
L-shaped buildings such as this, the wings, with fewer moment frame bays, being less stiff
have a tendency to flap during strong shaking. As shown in Figure 8.6, out-of-phase shaking
of the wings leads to stress concentration at the reentrant corner and potential failure in a
tearing mode. In-phase shaking of the wings leads to twisting in the building and potential
failure in a torsional mode. There is a great need for data on the behavior of such buildings
during strong ground shaking and this work is an effort in that direction. The floor is
made of concrete slab on metal deck (5%” thick total) supported by steel beams and girders
framing into interior gravity columns and exterior moment frame columns. The building
is covered with stone cladding (facade). Partitions are made up of dry wall supported by
metal studs. The floor is carpeted. Typical story height is 4.0m with variations at the lobby
level and the mechanical stories. Building 2A has the same plan and elevation as building
2, except that it has been designed without any imposed wind drift limit. The isometric
view of the two buildings is illustrated in Figure 8.5.

Building 3 is a 19-story office tower (78.3m tall) with a typical floor area of 696m? and
a perimeter of 106m. It is rectangular shaped in plan (Figure 8.7) with the elevators and
stairs located along one face of the building. The ocean-view on the building face along
grid 5 precludes the use of deep beams that would restrict the view on that face. Thus,
the moment frame on that face had to be shifted to lie along grid 2. This creates a large

open layout with maximum headroom for the offices between grids 2 & 5, and A & D with
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Figure 8.2: Typical Floor Plan: Building 1
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maximum beam depths being governed by gravity loads. The shifting of the moment frame
away from the face of the building shifts the center of stiffness towards grid 2. On plan, the
center of mass is close to the center of the building. This eccentricity between the locations
of the center of mass and the center of resistance leads to torsional sensitivity in the building.
During an earthquake, there will be a significant contribution from the torsional mode to
the building response. Such torsionally sensitive buildings are classified as irregular in the
code and there is a premium of about 10% placed on the seismic force used for their design.
Torsion in buildings has been the cause of catastrophic failures during earthquakes and there
is a great need for data on the behavior of such buildings during strong ground shaking. In
most cases, since architecture drives the design and often defines the layout, such irregular
designs cannot be avoided. So, a comprehensive effort is needed to understand the behavior
of such structures so that the best possible designs are implemented. The floor is made of
concrete slab on metal deck (5%" thick total) supported by steel beams and girders framing
into interior gravity columns and exterior moment frame columns. The building is covered
with stone cladding (facade). Partitions are made up of dry wall supported by metal studs.
The floor is carpeted. Typical story height is 4.0m with variations at the lobby level and
the mechanical stories. Building 3A has the same plan and elevation as building 3, except

that it has been designed without any imposed wind drift limit. The isometric view of the
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two buildings is illustrated in Figure 8.8.

Building 4 is a 19-story mixed-use tower (75.1m tall) with a hotel on the lower 10 stories
and an office on the upper 9 stories. The hotel floors (Figure 8.9) contain a large atrium.
The presence of this opening shifts the center of mass to one side. Furthermore, the beams
on the atrium face are limited to a depth of 500 mm. This shifts the center of stiffness
away from the atrium face, a greater distance than the shift in the center of the mass,
leading to a torsional eccentricity. The mass on the upper (office) floors is also distributed
unevenly to accentuate the atrium effect below (Figure 8.10). In addition, the glass cladding
on the atrium face, along with stone cladding on the other faces adds to the non-uniform
distribution of the mass. During an earthquake, there will be a significant contribution from
the torsional mode to the building response. As described before, per the code (UBC97 [33]),
torsional irregularity shall be considered to exist 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. A premium of 10%
is placed on the seismic design base shear used for the design of such a torsionally irregular
structure. From a linear dynamic analysis using the commercial program, ETABS, it was
determined that the building did not satisfy this irregularity criterion in spite of all the
seemingly irregular features, in other words, per the code, the building is deemed regular
and its design forces need not be increased by 10%. So here’s a building that seems highly
irregular but is not classified as such by the code and it should be of great interest to study
its performance under strong earthquake events.

The building has a typical floor area of 1216m? at the hotel levels and 1600m? at the
office levels, with a perimeter of 160m. The building is rectangular shaped in plan (Figures
8.9 and 8.10) with separate elevators and stairs servicing the hotel and office levels. Typical
hotel story height is 3.6m while the typical office story height is 4.0m with variations at the
lobby level and the mechanical stories.

The primary lateral system consists of a perimeter moment frame. The atrium at the
lower (hotel) levels requires the termination of columns at grid intersections C-2 and D-2.
The loads from these columns are transferred to the adjacent columns by way of single
story-deep trusses along grids C and D with two bays from grids 1 to 3. The elevation of
these two transfer trusses is shown in Figure C.26. The truss members are assumed to be

pinned at their ends. At the atrium (hotel) levels, the columns of the moment frame along
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grid 1 are laterally braced by horizontal braces extending from columns at grid intersections,
B-2 and E-2 (Figure 8.9). These braces also serve to transfer some of the diaphragm forces
to this frame. Thus, to some extent, they make up for the lack of diaphragms at the atrium.
The braces are pin-connected at their ends. These braces are also shown along with the
moment frame beams and columns in the isometric view of the building shown in Figure
8.11. The floor is made of concrete slab on metal deck (5%" thick total) supported by
steel beams and girders framing into interior gravity columns and exterior moment frame
columns. The building is covered with a glass facade on the atrium face (along grid 1)
and stone cladding (facade) on the other three faces. Partitions are made up of dry wall
supported by metal studs. The hotel floors are completely carpeted whereas a portion of
the office floors consists of marble finish with the rest being carpeted (Figure 8.10).

ASTM-A572, Grade 50 steel is used for all the buildings. It is assumed that the nominal

yield stress is 50 kst and the nominal ultimate stress is 65 ksi.

8.3.3 Gravity Load Criteria

The gravity loading criteria for all the buildings are given in Table 8.1. The loads are based
on the occupancy of a particular floor. For example, building 1 is primarily a residential
tower with two mechanical floors and a roof. Thus, the loads on the typical floor of this
building correspond to the “Residential” occupancy category in this table while the loads
on the mechanical floors and the roof correspond to those listed in the “Mechanical” and
“Roof” occupancy categories. Note that in addition to these loads, the self-weight of the
lateral-force-resisting-system (Moment frame beams and columns) and the gravity columns
is to be included. This is computed internally in the ETABS program and added on to the

seismic mass and the dead load.

8.3.4 Seismic Criteria

All the buildings are assumed to be located in Seismic Zone 4 (UBC97 [33]) at a distance of
5 km from a Type A fault. The soil at the site is assumed to be of Type S, per the UBC97
[33] soil classification. The seismic design criteria for all the buildings are given in Table
8.2. Based on these criteria, the UBC97 response spectrum is computed and is shown in

Figure 8.12.
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Table 8.1: Gravity Loading Criteria (UBC97 [33])

Occupancy | Item Load (%92—)
Residential Concrete Slab on Metal Deck 315.00
Floor Fill (Carpet) 10.00
Partitions (Metal Stud & Dry Wall) | 100.00
Mechanical 50.00
Floor Framing 15.00
Live Load 200.00
Office Concrete Slab on Metal Deck 255.00
Floor Fill (Carpet) 10.00
Floor Fill (Marble, Building 4 only) | 120.00
Partitions (Metal Stud & Dry Wall) | 100.00
Mechanical 35.00
Floor Framing 15.00
Live Load 250.00
Hotel Concrete Slab on Metal Deck 255.00
Floor Fill (Carpet) 10.00
Partitions (Metal Stud & Dry Wall) | 100.00
Mechanical 50.00
Floor Framing 15.00
Live Load 200.00
Mechanical Concrete Slab on Metal Deck 255.00
Floor Fill 120.00
Mechanical 35.00
Floor Framing 40.00
Live Load 1200.00
Roof Concrete Slab on Metal Deck 255.00
Waterproofing 10.00
Mechanical 35.00
Floor Framing 15.00
Live Load (Residential Tower) 200.00
Live Load (Office & Hotel Towers) 250.00
Cladding Stone Cladding 120.00
Glass Cladding 40.00
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Table 8.2: Seismic Design Criteria (UBC97 [33])

Seismic Zone Factor (Z) 0.400
Seismic Source Type A
Closest Distance to Source 5.000 km
Soil Type Sb
Importance Factor (I) 1.000
Structural System Factor (R) 8.500
Structural Over-strength Factor (o) 2.800
Near-Source Factor (Ng) 1.200
Near-Source Factor (INV,) 1.600
Seismic Coefficient (Cy) 0.480
Seismic Coefficient (Cy) 0.640
Lateral System Type Factor (C}) 0.085

1.4 T T T T T

1.2

o
©

o
o

Spectral Acceleration (g)

©
~

0.2

0 I I I
0 1 2 3 4 5 6

Time Period (sec)

Figure 8.12: 1997 Uniform Building Code [33] Response Spectrum Used in Design (C, =
0.48 and C, = 0.64)
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Table 8.3: Wind Design Criteria (UBC97 [33])

Exposure B
Basic Wind Speed (v) 70.00 mph
Importance Factor (1) 1.00
Windward Coefficient (Cy) 0.80
Leeward Coefficient (Cy) 0.50

8.3.5 Wind Criteria

All the buildings are assumed to be located in an area that is categorized as Exposure B
in UBC97 [33] for wind design. The wind design criteria for all the buildings are given in
Table 8.3.

8.4 Design of the Buildings per UBC97 Using the Commer-
cial Program, ETABS

A three-dimensional linear elastic model of the building is built using the commercial pro-
gram ETABS. In addition to the design of beams and columns, the program is capable of
checking for the strong column-weak beam criterion in the code. P — A effects are included
in the analysis. The program accounts for the P — A effects from only the seismic weight
(Dead Load). However, there is a provision to specify a scaling factor for these effects. This
factor can be used to include the P — A effects from Live Load. Assuming that during an
earthquake, the building is loaded with 30% of the design Live Load (which on the average
works out to about 15% of the design Dead Load for all the buildings), a value of 1.15 is
used for this scale factor for all buildings. The design procedure is outlined below. A rigid

foundation is assumed.

e After the structural model (with preliminary member sizes) including masses and
loads is built, a linear dynamic response spectrum analysis is performed. For this
purpose, the UBC97 [33] response spectrum (Figure 8.12) corresponding to the seismic

parameters of the site given in Table 8.2 is used.

e The program computes the frame element weights and these are added on to the dead
weight of the structure to arrive at the total seismic weight. The code static base

shear is then computed based on this total seismic weight.



140
e The program computes the dynamic spectral base shear. Per the code, this base
shear can be scaled down to 100% of the static base shear for the design of irregular

buildings and 90% of the static base shear for the design of regular buildings.

e The program also computes the center of mass for each floor. Per the code accidental
eccentricity criterion, the center of mass is shifted by 5% of the building dimension
in each of the two principal directions. An eccentricity in the location of the center
of mass would generate a torsional component in the response and the intent of the
code is to ensure some torsional resistance in the design to account for modeling and
real-world errors in locating the center of mass (such as openings in the floor slab that

may not been incorporated into the model).

e The analysis is repeated with the new center of mass and the spectral scaling factor.
The member forces from this analysis are scaled up by the frame redundancy factors,
pz and py, in the two horizontal directions. The code requires that there be a minimum
number of bays of moment frames in each of the two principal directions and it
penalizes those buildings that have insufficient redundancy by scaling up the member

forces by p; and p, ([33], Section 1630.1.1).

e The scaled member forces are used to check the stresses in the beams and columns. If
the members are inadequate, the sizes are increased and the process is repeated. This
iterative process is carried out until the design is satisfactory. Similarly the drifts are
checked against allowable limits and the stiffness of the structure is adjusted to satisfy

the drift limits.

e ETABS also computes the required doubler plates at joints as per UBC97 ([33], Section
2213.7.2). The thicknesses of these doubler plates are rounded to the nearest eighth

of an inch.

e The building is then checked for wind forces. The wind pressure is computed per
UBCY7 [33] in conjunction with the Wind Design Criteria specified in Table 8.3. The

wind drifts are restricted to the limit specified therein.

The seismic design parameters and the wind design parameters specific to each building

are given in Tables 8.4 and 8.5, respectively.
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Table 8.4: Seismic Design Parameters for All the Buildings

Seismic Parameter

Building ID

B-1 B-2 B-2A B-3 B-3A B-4
Height of Building (H,, in meters) 70.800 78.300 | 78.300 | 78.300 | 78.300 75.100
Code Fundamental Period (sec) 2.08 2.25 2.25 2.25 2.25 2.18
Base Shear (V*) 6.024% | 6.024% | 6.024% | 6.024% | 6.024% | 6.024%*
Static Base Shear (metric Tonnes) || 1253.41 | 659.27 | 656.17 | 481.76 | 465.23 | 837.61%"
Base Shear for X-Drift 2.234% | 2.215% | 1.814% | 3.765% | 2.734% | 2.202%
Computation™
Base Shear for Y-Drift 2.164% | 2.215% | 1.814% | 2.331% | 1.588% | 2.145%
Computation™
System Redundancy Factor (pz) 1.064 1.000 1.000 1.000 1.000 1.000
System Redundancy Factor (py) 1.086 1.000 1.000 1.241 1.217 1.125
Irregular Building? Yes Yes Yes Yes Yes No
Seismic Inelastic Drift Ratio 0.02 0.02 0.02 0.02 0.02 0.02
Limit, AT
* % of Seismic Weight
+ Only 90% of this is used for design

Table 8.5: Wind Design Parameters for All the Buildings
Wind Parameter Building ID
B-1 B-2 B-2A B-3 B-3A B-4

X-Direction Base Shear (metric Tonnes) || 334.00 | 332.00 | 332.00 | 199.06 | 199.06 | 313.77
Y-Direction Base Shear (metric Tonnes) || 450.00 | 332.00 | 332.00 | 240.53 | 240.53 | 313.77
Drift Ratio Limit 0.0025 | 0.0025 | Nomne | 0.0025 | None | 0.0025
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The elevations of the moment frames (see plans for location) and gravity columns of all
buildings are given in Appendix C. The section sizes shown correspond to the final design
arrived at after multiple iterations of the design process described above. The section
dimensions are given in the section database in Appendix B. The centers of mass and
stiffness at three floors along the height of each building are shown on maps in Appendix
D. The location of the center of mass in relation to the center of stiffness determines the
extent of twisting in the building during an earthquake.

Building 1 moment frame elevations with beam and column sizes are given in Figures
C.1 through C.4. The gravity column sizes are given in Figure C.5. The average weight of
steel in the structure is 84.1 % of plan area.

The building design using ETABS gives good insight into its behavior. The 5% shift in
the center of mass activates the torsional mode. The induced twisting is sufficiently large
for the building to be classified as a torsionally irregular building. Of course, the presence
of reentrant corners in itself is a necessary criterion for the building to be designed as an
irregular building. The single-bay frames on the building perimeter lead to the building
being torsionally soft in addition to reducing the redundancy in the system by forcing the
5-bay frame in the Y-direction and the two 3-bay frames in the X-direction to carry majority
of the seismic shear. Although the building does not have any axis of symmetry, it does
possess a certain kind of geometric symmetry. If mass is uniformly distributed in plan (as
is the case here), both the center of mass and the center of stiffness will lie at the mid-point
of column line 4 (Figure D.1). This precludes twisting under seismic loading, unless the
building yields unsymmetrically, which is possible because the two horizontal components
of ground motion applied simultaneously will cause an unsymmetric load pattern on the
beams and columns. Wind loads should not cause twisting

The design of columns was governed by strength requirements, including the strong
column-weak beam criterion of the code (Section 8.2.20). The design of the moment frame
beams was governed by the stiffness required to maintain the fundamental period between
3.2 seconds and 3.5 seconds.

Building 2 moment frame elevations with beam and column sizes are given in Figures
C.6 through C.8 and the gravity column sizes are given in Figure C.9. The average weight

of steel in the structure is 89.5 % of plan area.



143

The wings have only two bays of moment frames each across their ends and as a result,
tend to be softer than the spine of the building. Wind forces controlled the design for the
moment frames at the wings. Wind forces are applied along the vertical centroidal axes of
the windward and leeward faces of the building. Since the center of resistance (on plan)
of the building is closer to the reentrant corner than to this mid-point, wind forces lead to
twisting in the building. Since the wings are soft, this torsion leads to large drifts at the far
corners (at grid intersections F-1, F-3, C-6 and A-6 in Figure 8.4). Reduction in the drift
due to building translation (sway) was achieved by stiffening all moment frames. To reduce
the drift in the short direction of the wings, the beams and columns in the 2-bay moment
frames at the wings (frames 3 and 6 along grids F and 6 in Figure 8.4) were considerably
stiffened compared to those in the 3-bay and 5-bay moment frames (frames 1, 2, 4 and 5
along grids 1, 3, A and C). The beam depths in the 3-bay and 5-bay frames vary from 400
mm at the roof to 600 mm at the second floor while they vary from 650 mm at the roof
to 750 mm at the second floor in the case of the 2-bay frames at the wings (Figures C.6
through C.8). This moves the center of stiffness from within the spine to a location very
close to the reentrant corner (Figure D.2). However, this remedial measure to distribute the
stiffness (on plan) more uniformly is still not sufficient to eliminate twisting in the building
under wind forces. But the reduction in the translational drift (sway) allows the wind drift
at the far corners (at grid intersections F-1, F-3, C-6 and A-6 in Figure 8.4) to be restricted
to within the 0.0025 limit.

As in building 1, the design of columns was governed by strength requirements including
the strong column-weak beam criterion of the code (Section 8.2.20). In this case, the design
of the moment frame beams was governed by the stiffness required to keep the wind-drifts
below 0.0025.

As described above, at least some aspects of the design of building 2 are governed by
the wind drifts. Since no wind drift limit is imposed by the code (UBC97 [33]), it is of
interest to study the performance of a building that does not satisfy any limits on the wind
drift, but designed to withstand wind forces and earthquake forces with imposed seismic
drift limits alone. Such a building (labeled building 2A) is designed and its performance
under strong ground motion is analyzed.

To arrive at the design of Building 2A starting from Building 2, the stiffness of the

wing moment frames as well as the spine moment frames has been reduced in the same
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proportion. Thus, as in building 2, the beams in the 2-bay moment frames are deeper than
the beams in the 3-bay and 5-bay moment frames to compensate for the fewer bays. The
average weight of steel used in the structure is lower at 86.9 % of plan area compared to
building 2 at 89.5 £4.

Since the fundamental period of building 2A is higher than that of building 2, the static
base shear, to which the dynamic base shear is scaled down for use in the analysis to compute
the seismic drifts, is lower (1.814% of seismic weight compared to 2.215% for building 2).

Building 2A moment frame elevations with beam and columns sizes are given in Figures
C.10 through C.12 and the gravity column sizes are given in Figure C.13.

No wind drift limit is imposed and this allows for lower frame stiffnesses. Thus, the
beam depths in the 3-bay and 5-bay frames (frames 1, 2, 4, and 5 along grids, 1, 3, A
and C in Figure 8.4) in the spine vary from 400 mm at the roof to 500 mm at the second
floor while they vary from 500 mm at the roof to 600 mm at the second floor in the case
of the 2-bay frames (frames 3 and 6, along grids, F and 6). In addition the depth of the
middle column in the 2-bay frame has been reduced by 100 mm. By retaining the higher
relative stiffness of the 2-bay frame in relation to the 3-bay and 5-bay frames, the center of
resistance is held close to the reentrant corner even though there is a greater eccentricity
in the locations of the center of mass and center of resistance relative to each other (Figure
D.3). Some columns are heavier than in building 2 because of the increased P — A effects
resulting from the reduction in the stiffness of the structure.

Some amount of twisting can be observed from the wind drifts. This is due to the fact
that the center of application of wind forces is along the vertical centroidal axis of the face of
the building while the center of resistance/stiffness is closer to the reentrant corner leading
to torsional eccentricity in as far as wind loading is concerned. However, in the case of
seismic forces, there is very little twisting observed consistent with the fact that the centers
of mass and stiffness are located close to each other.

Building 3 moment frame elevations with beam and column sizes are given in Figures
C.14 through C.16 and the gravity column sizes are given in Figure C.17. The average
weight of steel in the structure is 133.7 % of plan area.

Wind forces are applied in X or Y direction along the vertical centroidal axes of the
windward and leeward faces of the building. For Y-direction wind analysis, the center of

resistance does not coincide with the center of applied force (Figure D.4) and this leads
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to twisting in the building. There is considerably greater drift at the soft corners, A-
5 and D-5, when compared to the stiff corners, A-1 and D-1. The drift at these two
corners has two components, one coming from translation in the Y-direction and the other
from the twisting in the building. While the translational component of the wind drift is
resisted by the Y-direction moment frames along grids 1 and 2, the twisting component
is primarily resisted by the X-direction moment frames along grids A and D. Thus, in
order to restrict the overall drift to the generally accepted elastic wind drift limit of 0.0025
(in consideration of occupant comfort), all four moment frames had to be stiffened (and
as a result strengthened). However, since this limit is not imposed by the code (UBC97
[33]), it is of interest to study the performance of a building that does not satisfy any
limits on the wind drift, but designed to withstand wind forces and earthquake forces with
imposed seismic drift limits alone. Such a building (labeled building 3A) is designed and
its performance under strong ground motion is analyzed.

The design of columns was governed by strength requirements, including the strong
column-weak beam criterion of the code (Section 8.2.20). As in building 2, the design of the
moment frame beams was governed by the stiffness required to keep the wind-drifts below
0.0025.

Building 3A has the same plan and elevation as building 3, except that it has been
designed without any imposed wind drift limit. Thus, building 3A (with fundamental
period of 4.74 sec) is far softer than building 3 (with fundamental period of 3.21 sec). The
stiffness of all four frames in building 3A is reduced. Beam depths in building 3A vary from
450 mm at the roof to 650 mm at the second floor as opposed to beam depths of 600 mm at
the roof to 1000 mm at the second floor in building 3. The interior columns in the frames
were reduced in depth from 1000 mm in building 3 to 700 mm in building 3A. The average
steel weight used in the structure is lower at 112.9 % of plan area compared to building 3
at 133.7 29

The reduction in the steel frame weight leads to a reduction in the seismic static base
shear (465.23T compared to 481.76T for building 3). Furthermore, since the building funda-
mental period is higher compared to building 3, the static base shear, to which the dynamic
base shear is scaled down for use in the analysis to compute the seismic drifts, is lower
(2.734% of seismic weight compared to 3.765% for building 3 for the X direction wind drift
and 1.588% of seismic weight compared to 2.331% for building 3 for the Y direction wind
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drift).

Building 3A moment frame elevations with beam and columns sizes are given in Figures
C.18 through C.20 and the gravity column sizes are given in Figure C.21.

The building is designed for wind forces applied in X or Y direction along the vertical
centroidal axes of the windward and leeward faces of the building. As in building 3, for
Y direction wind, there is considerable twisting as a result of the center of resistance not
coinciding with the center of the applied force (Figure D.5). Once again, there is consider-
ably greater drift at the soft corners, A-5 and D-5, when compared to the stiff corners, A-1
and D-1. Of course, this is not of much concern or consequence since no wind drift limit is
imposed in the design of this building.

Building 4 moment frame elevations with beam and column sizes are given in Figures
C.22 through C.24 and the gravity column sizes are given in Figure C.25. The average
weight of steel in the structure is 75.7 % of plan area. The lower amount of steel used
compared to buildings 1 and 2 comes from two sources - the lower design forces (10%) due
to the “regular” classification of this building, and the efficient continuous perimeter tube
moment frame system adopted for the lateral resistance.

Since the centers of mass and stiffness (Figure D.6) do not coincide, there is some amount
of twisting observed during the earthquakes.

Wind forces are applied in X or Y direction at the mid-points of the windward and
leeward faces of the building. In this case, the center of resistance coincides with the center
of the applied wind force in the X direction. In the Y direction, there is a slight eccentricity
between the centers of force and resistance resulting from a 500 mm limit on the beam
depth (architectural requirement) in the moment frame adjacent to the atrium (along grid
1) that moves the center of resistance away from the atrium towards grid 6. The small
eccentricity does not lead to significant twisting due to wind.

As in building 1, the design of columns was governed by strength requirements, including
the strong column-weak beam criterion of the code (Section 8.2.20). The design of the
moment frame beams was governed by the stiffness required to maintain the fundamental
period between 3.2 seconds and 3.5 seconds.

The computed natural periods and the modal directions for all six buildings are given
in Table 8.6. The modal direction factors identify the predominant direction of excitation

associated with each of the modes. The factors are percentages associated with the X and
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Y translational and Z-rotational directions. The sum of the three values add up to 100.

The factors of a particular mode are given by:

%X =100 Mg, (8.12)
%

%Y =100 Mg}, (8.13)
%

%7 =100 Mpidjy,; (8.14)
%

where all summations are over all the stories, M; and Mjy; represent the translational
mass and the mass moment of inertia of the i** story, ¢ x,; and ¢y,; represent the X and Y-
translational mode shape components at the i story, and ¢ z,; represents the corresponding
Z-rotational mode shape component.

The computed drift ratios from the response spectral analyses for all the buildings
are given in Table 8.7. The X and Y drifts corresponding to two cases - spectral direction
corresponding to building X and Y directions - are listed. The elastic drift, Ay, is computed
for each case by taking the square root of the sum of the squares (SRSS) of these drifts.
As described in Section 8.2.14, this elastic drift ratio is converted to an inelastic drift ratio,
A, which is then compared against the code limit, A%,

The computed drift ratios from the wind analyses for all the buildings are given in Table

8.8.
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Table 8.6: Building Natural Periods and Modal Directions (first 3 modes)

Building ID

Mode Number

Period (sec)

Modal Direction Factors

X-Trans | Y-Trans | Z-Rotn

B-1 1 3.50 91.55 3.61 4.84
2 3.41 5.67 89.52 4.81

3 2.69 2.77 6.88 90.35

B-2 1 3.39 50.00 50.00 0.00
2 3.32 49.89 49.89 0.22

3 2.33 0.12 0.12 99.76

B-2A 1 4.15 50.00 50.00 0.00
2 4.11 49.93 49.93 0.14

3 2.78 0.08 0.08 99.84

B-3 1 3.21 0.00 72.64 27.36
2 2.03 100.00 0.00 0.00

3 1.22 0.00 30.99 69.01

B-3A 1 4.74 0.00 79.16 20.84
2 2.75 100.00 0.00 0.00

3 1.85 0.00 20.91 79.09

B-4 1 3.51 0.00 95.49 4.51
2 3.42 100.00 0.00 0.00

3 2.02 0.00 4.67 95.33
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Table 8.7: Building Seismic Drift Ratios

Building ID | Spectral Direction | X-Drift | Y-Drift | SRSS A; | SRSS Ayx | A
B-1 X 0.0026 0.0007 0.0027 0.0159 0.0200
Y 0.0008 0.0025 0.0027 0.0159 0.0200

B-2 X 0.0018 0.0003 0.0018 0.0108 0.0200
Y 0.0003 0.0018 0.0018 0.0108 0.0200

B-2A X 0.0025 0.0003 0.0025 0.0147 0.0200
Y 0.0003 0.0025 0.0025 0.0147 0.0200

B-3 X 0.0011 0.0003 0.0011 0.0065 0.0200
Y 0.0007 0.0018 0.0020 0.0117 0.0200

B-3A X 0.0014 0.0004 0.0015 0.0088 0.0200
Y 0.0011 0.0030 0.0031 0.0187 0.0200

B-4 X 0.0021 | 0.0004 0.0022 0.0120 | 0.0200
Y 0.0007 0.0022 0.0023 0.0140 0.0200
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Table 8.8: Building Wind Drift Ratios

Building ID || Wind Direction | X-Drift | Y-Drift || SRSS A, AT
B-1 X 0.00139 0.00002 0.00139 0.00250
Y 0.00003 0.00173 0.00173 0.00250
B-2 X 0.00249 0.00029 0.00251 0.00250
Y 0.00029 0.00249 0.00251 0.00250
B-2A X 0.00366 0.00004 0.00366 -
Y 0.00004 0.00366 0.00366 -
B-3 X 0.00060 0.00000 0.00060 0.00250
Y 0.00076 0.00244 0.00256 0.00250
B-3A X 0.00121 0.00002 0.00121 -
Y 0.00162 0.00575 0.00597 -
B-4 X 0.00167 0.00000 0.00167 0.00250
Y 0.00022 0.00184 0.00185 0.00250
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Chapter 9 Building Analysis

9.1 Introduction

In the last chapter, the planning and design, based on current codes, of six irregular build-
ings was described. As mentioned there, the motivation for this was to study their per-
formance under strong ground motion from near-source earthquakes and to gather data on
the strength and ductility demands on these structures during such events. To this end,
structural models of all the six buildings are built using elastofiber elements for moment-
frame beams and columns, panel zone elements (with linear-quadratic material model) for
joints and elastic plane-stress elements for floor diaphragms. Gravity columns are modeled
using plastic hinge elements. The loads on these columns which contribute to the P — A
effects on the building are included. Gravity beams that are used for supporting the floor
slab and are pin-connected are not included in the model as they do not contribute to
the lateral force resisting system. Doubler plates as computed by ETABS rounded to the
nearest eighth of an inch are included at panel zone locations. In order to compute reac-
tions at the base of the buildings, translational springs with large stiffness are placed at the
base of all the columns. Two sets of analyses were performed on each building using the
program, FRAME3D [41] - pushover analyses to quantify the strength and ductility of the
buildings and ground motion analyses to study their performance in actual events and to

gather structure ductility demand data in these events.

9.2 Analyses Assumptions

The following are the assumptions made in these analyses:

1. A rigid foundation is assumed with the base of all columns assumed fixed. Structure-

foundation interaction is not included.

2. Strength degradation in the various elements from weld fracture or other means is not

included. Thus, collapse of the structure can occur only through P — A effects.
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Table 9.1: Steel Material Properties Used in the Analysis

Usage

Property

kgf —m Units

Kip — in Units

Beam-Columns

Elastic Modulus, E
Shear Modulus, G
oy, for Plastic Hinge Elements

20388731162.41 X4
g9

8155492464.96 £%
0.02

29000.00 ksi
11600.00 ksi
0.02

Yield Stress, o, 35152984.76 £% 50.00 ksi
Yield Strain, €, 0.0017 0.0017
Slope at Initiation of Strain Hardening, | 407774623.25 %’2— 580.00 kst
E, for Elastofiber Elements

Ultimate Stress, o, 45698880.19 %’5 65.00 kst
for Elastofiber Elements

Strain at Initiation of Strain Hardening, | 0.0120 0.0120

€y, for Elastofiber Elements

Ultimate Strain, €, 0.1600 0.1600

for Elastofiber Elements

Panel Zones

8155492464.96 £%

6 11600.00 ksi
20295585.22 £4

28.87 kst

Shear Modulus, G
Shear Yield Stress, 1y

. Composite action arising out of the shear connection between the concrete slab on

metal deck and the moment frame beams is not included.

. At each level, the story mass is lumped at the location, on plan, of each column based

on its tributary plan area.
. 30% of the Live Load is included along with the Dead Load in the lumped masses.

. An average of 30% of the Live Load is included in the gravity loads for ground motion

analyses.

. Gravity columns are modeled using plastic hinge elements and their contribution to
the P — A effects are automatically included. They are assumed continuous over the

height of the building.

. Trusses and horizontal braces are modeled using plastic hinge elements with pinned-

end conditions.

. Detailed material properties used in the analysis are given in Table 9.1.
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10. An effective thickness of 4" is assumed for the plane-stress elements representing the

concrete slab on metal deck.

11. The concrete elastic modulus is taken to be 3605 ksi corresponding to a compressive

strength of f! = 4000 psi.

12. Poisson’s ratio for the plane-stress elements is taken to be 0.3.

9.3 Pushover Analyses of Buildings

To quantify the actual strength and ductility (deformation potential) of each building in
the two principal directions, pushover analyses are performed in either direction. In these

analyses, the building is subjected to a slow, ramped, horizontal ground acceleration that

g

=, and the building response is computed dynamically. The structural

increases by 0.3
model is identical to that used in the earthquake analyses except that masses for the hor-
izontal degrees of freedom are recalculated to total the seismic-design mass, %, with a
distribution that is proportional to the UBC97 [33] seismic static design loads. Thus, in
this analysis technique, the lateral loads are essentially the horizontal seismic design forces
proportionally increasing with time at a slow rate. With this analysis, the ductility of the
building can also be quantified in terms of its post-yield displacement capacity.

The results of the pushover analyses of all six buildings are presented in Appendix E.
Pushover curves for each building in both X and Y directions (except for buildings 2 and
2A which are symmetric) are plotted in Figures E.1, E4, E.7, E.10, E.13, E.15, E.17, E.19,

E.21, and E.23. Four plots are shown in each figure. These correspond to the results from

pushover analysis in the building X direction or the Y direction. The four plots are:

1. The base shear in the direction of pushing as a percentage of the seismic weight of
the building plotted against the roof displacement. The roof displacements at two
diagonally opposite corners of the building (for example, grid intersections A-7 and
F-1 for building 1) are used for this purpose so that any twisting occurring in the
building can be observed. This plot is usually referred to as the “pushover curve” in

literature.

2. The square root of the sum of the squares (SRSS) of the base shear in X and Y

directions as a percentage of the seismic weight of the building plotted against the
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roof displacements at the two diagonally opposite corners of the building.

3. The base shear in the direction of pushing as a percentage of the seismic weight of the
building plotted against time. This plot should essentially be linear indicating a static
(or slow) rate of loading. Of course, since the analysis is carried out dynamically, some
deviation from linearity is unavoidable. This should have only a negligible effect on

the analysis results.

4. The roof displacements at the two diagonally opposite corners of the building plotted
against time. This plot gives some insight into the rate of post-yield lead-up to the

collapse of the building.

In addition to the pushover plots, plastic hinge maps showing the location and extent of
plastic hinges in the building frames when ultimate strength is reached during the pushover
analyses are also presented in Appendix E (Figures E.2, E.3, E.5, E.6, E.8, E.9, E.11, E.12,
E.14, E.16, E.18, E.20, E.22, and E.24).

From the pushover plots, the following quantities can be extracted:

1. The yield strength of the building and the yield roof displacement, in the direction of
pushing, corresponding to the point on the pushover curve at which the curve ceases

to be linear.

2. The ultimate strength of the building and the ultimate roof displacement, in the
direction of pushing, corresponding to the point on the pushover curve at which the

peak base shear occurs.

These quantities are listed for all 6 buildings in Table 9.2. The design strength listed
in this table corresponds to the design base shear computed using eqs. 8.6a through 8.6d.
Note that for allowable stress design this base shear is scaled down by a factor of 1.4 when
combining with gravity loads (Section 8.2.10).

The ratio of the ultimate strength to the design strength can be viewed upon as an
“over-strength” factor. This over-strength factor varies from 1.5 to 2.3 for all buildings
except buildings 3 and 3A which are torsionally extremely sensitive. The over-strength
factor is as high as 5.5 for building 3 and 2.5 for building 3A.

The ratio of the roof ultimate displacement to its yield displacement is a measure of the
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Table 9.2: Building Pushover Results

Building | Pushover Strength* Roof Displacement (m)
ID Direction
Yield | Ultimate | Design®™ | Yield (m) | Ultimate(m)
B-1 X 11.0 13.4 6.0 0.9 3.2
Y 11.2 13.8 6.0 0.9 2.8
B-2 X 9.0 13.6 6.0 0.8 3.0
Y 9.0 13.6 6.0 0.8 3.0
B-2A X 8.0 10.0 6.0 0.9 2.2
Y 8.0 10.0 6.0 0.9 2.2
B-3 X 22.0 36.5 6.0 0.8 4.5
Y 20.0 33.0 6.0 0.7 5.2
B-3A X 17.0 25.0 6.0 0.8 3.8
Y 10.0 15.1 6.0 0.7 3.4
B-4 X 6.5 8.2 5.4 0.9 3.2
Y 6.5 8.4 5.4 0.9 2.7

* % of Seismic Weight
+ Corresponding to strength design (divide by 1.4 for allowable stress design)
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ductility of the building. This varies from 2.4 to 3.8 for all buildings except buildings 3 and
3A. Ductility of buildings 3 and 3A are 5.6 and 4.9, respectively.

For buildings 2 and 2A, pushover analysis is carried out in the building X direction
only. Since the two wings of these L-shaped buildings are identical, switching the pushover
direction to the building Y direction will simply have the effect of swapping the responses of
the two wings. As expected, both the ultimate strength and the ultimate roof displacement
for building 2A are smaller than for building 2. However, they seem to be disproportionately

smaller when compared to the ratio of the steel weights used in the two cases (% =1.03

compared to ultimate strength ratio of % = 1.36 and ultimate roof displacement ratio of
% = 1.36). This is because only a fraction of this steel actually goes into beams with the
rest going into columns and floor framing that are more or less the same in the two cases.
The performance of building 2A is not necessarily worse than that of building 2 and in fact
it is the other way around when the peak displacements and permanent roof offsets are
compared. Thus, pushover analyses while giving a good benchmark for structure strength
and ductility could be quite misleading when used to compare building performance and
should be used with great care and discretion.

The ultimate strength of building 3A in the X direction was 25% of its seismic weight
(compared to 37% in the case of building 3) while it was just 15% in the Y direction
(compared to 33% in the case of building 3). This is consistent with the lower amount of
steel used in building 3A compared to building 3. As expected, twisting was observed in
both buildings in the Y direction pushover while it was not observed in the X direction
pushover.

The lower ultimate strengths of about 8.2% in the X direction and 8.4% in the Y
direction of building 4 are consistent with the fact that a lower amount of steel was used as
a result of smaller design forces arising out of the “regularity” classification of the structure.

Significant twisting is observed only in the case of buildings 3, 3A and 4 when pushed

in the building Y direction, consistent with the torsional eccentricity in these buildings.

9.4 Description of Ground Motion Records

The ground motions used in this work include the January 17, 1994, Northridge earthquake
(M,, = 6.7) Sylmar station record, the September 16, 1978, Iran earthquake (M,, = 7.3)
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Tabas record, and the January 17, 1995, Kobe earthquake (M,, = 6.9) Takatori record.
These records were picked for the analysis as all three are near-source records with a dis-
tance to source of less than 5 km. In addition, these records are representative of the
potential magnitude 7.0 earthquake that could occur on the Elysian Park fault running
underneath Los Angeles downtown which has many moment frame buildings in the height
range of interest (= 20 stories). The displacement and velocity plots of the strong horizon-
tal component of each of these three near-source earthquakes consist of large-amplitude,
long-period pulses. The effect of these pulses on tall buildings is of great interest and this
was the primary motivation for selecting these records for performance analysis of the 6
buildings. Plots of the acceleration, velocity, and displacement time histories are given
in Figures 9.1 through 9.3. Also plotted on these figures are the spectra of the pseudo-
acceleration response [14] of a single degree of freedom oscillator with 2% and 5% damping
and the UBC97 [33] response spectrum used in the design for comparison. Since the strong
component of the horizontal ground motion could be oriented in any direction, two sets of
analyses were carried out for each ground motion, one with the strong component oriented
in the building X-direction and the other with the strong component oriented in the build-
ing Y-direction. In each instance, the building was accelerated by all three components of
the ground motion simultaneously. The strong components are NS for the Sylmar record,

74° Azimuth (approximately EW) for the Tabas record and EW for the Takatori record.

9.5 Description of Output Quantities and Performance Cri-

teria

There are various performance indicators that can be used to judge the performance of
buildings during earthquakes. Two of the most common performance indicators are the
maximum inter-story drift ratio and the plastic rotations observed at the ends of beams
and columns and at panel-zones.

As described in the previous chapter, inter-story drift ratio is the difference in the
displacements of the top and bottom of the story normalized by the story height. Large
drifts indicate a greater potential for damage to non-structural components. During large
earthquakes, the code requires the inelastic drift to be less than 0.02 to prevent excessive

P — A effects from threatening the stability of the structure. The time-histories of the
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ment and Response Spectra



74 Azimuth Component

159

344 Azimuth Component

500 500
—
(8]
Q
(2]
= 0 0
o)
Q
<
-500 -500
0 10 20 0 10 20
Time (sec) Time (sec)
100 100
—~ 50 50
(8]
(9]
(]
= 0 0
o)
2 -50 -50
-100 -100
0 10 20 0 10 20
Time (sec) Time (sec)
50 50
3
o)
o O 0
£
[a)
-50 =50
0 10 20 0 10 20
Time (sec) Time (sec)
Spectra Spectra
5 5
= |k — — 2% Damped — — 2% Damped
=4 —— 5% Damped at! —— 5% Damped
S V —- UBC97 \ —- UBC97
S 3
©
Q
Q
©
o
e}
o}
()
(2]
a

Time Period (sec)

Time Period (sec)

Vertical Component

500
0
-500
0 10 20
Time (sec)
100
50
0 MMM
-50
-100
0 10 20
Time (sec)
50
0 f AN\ N
-50
0 10 20
Time (sec)
Spectra
5
— — 2% Damped
4 —— 5% Damped
J — . UBC97

4 6
Time Period (sec)

Figure 9.2: 1978 Iran Earthquake Tabas Station Acceleration, Velocity, Displacement and
Response Spectra



160

EW Component NS Component Vertical Component
800 800 800
600 600 600
N: 400 400 400
& 200 200 200
§ o 0 0
:(8 -200 -200 -200
-400 -400 -400
-600 -600 -600
0 10 20 0 10 20 0 10 20
Time (sec) Time (sec) Time (sec)
150 150 150
100 100 100
Q@ 50 50 50
@
§ o 0 T
2 50 -50 -50
-100 -100 -100
-150 -150 -150
0 10 20 0 10 20 0 10 20
Time (sec) Time (sec) Time (sec)
100 100 100
£ 50 50 50
o)
o
£
o 9 0 0 s/ M T
-50 -50 -50
0 10 20 0 10 20 0 10 20
Time (sec) Time (sec) Time (sec)
Spectra Spectra Spectra
4 4 4
— — 2% Damped “ — — 2% Damped — — 2% Damped
| — 5% Damped o —— 5% Damped —— 5% Damped
31| - uscor St 1 - uscor 8 —. UBCY7

Pseudoacceleration (g)
ol N
==

o

o

2 4 6
Time Period (sec) Time Period (sec) Time Period (sec)

Figure 9.3: 1995 Kobe Earthquake Takatori Station Acceleration, Velocity, Displacement
and Response Spectra
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floor/roof displacements and inter-story drift ratios observed at two diagonally opposite
corners of the building (for example, grid-line intersections F-1 and A-7 in the case of
building 1) are presented in Appendix F for each analysis of the 6 buildings. The multiple
plots shown in each plot-box of the figures correspond to the 19 above-ground floor /roof
levels in the case of displacements and the 19 stories in the case of drifts. The peak roof
displacements, peak inter-story drift ratios and the permanent roof displacements extracted
from these figures are listed in Table 9.3 for each building and each ground motion record.

The peak X and Y drifts occurring over the height of each building during each analysis
run are depicted in bar diagrams in Appendix G. These diagrams give an insight into
regions of maximum strain in the buildings during these earthquakes.

Plastic rotation at the ends of beams and columns is defined as the permanent rotation
after unloading the element that has yielded in flexure and is measured in radians or % of a
radian. Panel-zone plastic rotation is defined as the unrecoverable permanent shear strain in
the joint and is also measured in radians or % of a radian. Excessive plastic rotations in the
panel zones, beams and columns indicate damage and structural degradation (not included
in the present analysis), important factors in collapse potential. These plastic rotations
can be compared against the structural performance levels set by the Federal Emergency
Management Agency in its document titled “Seismic Rehabilitation Prestandard”, FEMA-
356 [22], formerly FEMA-273 [21] and FEMA-274 [20]. Even though this document is meant
for the seismic rehabilitation of existing buildings, the performance standards are applicable
to new structures as well and these are utilized here for comparison in the absence of more
suitable specifications regarding damage levels. The three structural performance levels
specified in FEMA-356 are Collapse Prevention, Life Safety, and Immediate Occupancy in
decreasing order of structural damage. The acceptable limits, prescribed in FEMA-356
[22], for plastic rotations in beams, columns, and panel zones in steel moment frames for
each of the performance levels are given in Table 9.4. In Table 9.4, b is flange width, ¢; if
flange thickness, h is section depth, ¢,, is web thickness, F, is expected yield strength of
material, Z is plastic section modulus, [, and I are beam length and moment of inertia,
respectively, [, and I, are column length and moment of inertia, respectively, £ and G are
the material elastic and shear moduli, P is axial load on column, Pgp, is the lower bound
compression strength of the column, Py is expected axial yield force of column and 7, is

the shear yield stress of the panel zone. The ranges indicated in the table for the yield
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Table 9.3: Building Peak Roof Displacements™ (67°%/

peak
roof

(Apear) & Permanent Roof Displacements™ (Sperin)

), Peak Inter-Story Drift Ratios™

Ground Motion Record

Building | Response || Sylmar | Sylmar | Tabas | Tabas | Takatori | Takatori
ID Quantity (X7 Y]~ (X7 Y]~ (X7 Y]
B-1 8000t (m) 0.80 0.90 2.00 1.90 1.30 1.20
Apeak 0.030 0.028 0.054 | 0.048 0.054 0.046
sreet, 0.2 0.2 0.9 0.9 0.7 0.5
B-2 aro0f (m) 0.80 0.80 2.10 2.10 1.10 1.10
Apeak 0.026 0.026 0.050 | 0.050 0.042 0.042
roed. 0.1 0.1 0.9 0.9 0.5 0.5
B-2A | §72%](m) 0.75 0.75 2.30 2.30 0.85 0.85
Apeak 0.030 0.030 0.053 | 0.053 0.047 0.047
roetd. 0.1 0.1 0.8 0.8 0.2 0.2
B-3 a700f (m) 0.95 1.20 1.20 2.00 1.40 1.50
Apeak 0.024 0.033 0.023 | 0.033 0.043 0.040
sreet, 0.1 0.3 0.3 0.3 0.4 0.4
B-3A 87008 (m) 1.10 1.30 1.30 2.60 1.00 1.10
Apeak 0.028 0.046 0.030 | 0.056 0.052 0.062
roetd. 0.2 0.1 0.4 0.8 0.4 0.4
B-4 &700f (m) 0.85 0.90 2.40 2.60 1.00 1.00
Apeak 0.034 0.037 0.061 | 0.065 0.047 0.053
sroet, 0.2 0.2 0.9 1.2 0.3 0.5

* Strong ground motion component in building X direction
** Strong ground motion component in building Y direction
+ In the direction of the strong component of the earthquake
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Table 9.4: Acceptance Criteria for Structural Elements at Various Structural Performance
Levels

Plastic Rotation Limits [22]

Component Yield Rotation, 6, Immediate Life Collapse
Occupancy Safety Prevention
S-5 (I0) S-3 (LS) S-1 (CP)
5 b 2 ZFyel
Beams with 52 < \/2? BT, > = 0.5 - 1.1% 0y 60y 80y
and A <= 418
Tw Ve

ZFyele

. b 52 —
Columns with W < ol m =0.3—-0.5% 0y 66,y 86y
ye
_h 300 ¢ _P_ < 0.20
tw < VFye PcL <
1 ith b 52 __ZFyele .15 _ 0.49 .2 1-175B) 14,1 — 1.75B—
Columns wit 3t; < WorTE GEIC(I—PP ; 0.15 — 0.4% 0.250, 80,y ( 7PCL) 0 ( TPCL)
ve
_h_ 300 _ _P
o < = & 0.2 <= pE <050
Panel Zones Z =0.25% 6y 86, 116,

rotation, 6, correspond to the beam and column sections used in the 6 buildings.

For each moment frame in each building, plastic rotation maps are presented in Ap-
pendix H corresponding to each analysis run. Each map consists of a moment frame de-
picting peak plastic rotations occurring at the ends of beams and columns (solid black
squares) and panel zones (plain white squares) in % of a radian. Each map also depicts
a scale showing the size of these squares corresponding to 1%, 2%, 3%, 4% and 5% plas-
tic rotations. The moment frames are labeled on the plans of the six buildings (Figures
8.2, 8.4, 8.7, 8.9 and 8.10). Also presented in Appendix H are tables listing the plastic
hinges in beams and columns about their major and minor axes, and in panel zones. The
tables list the number of plastic hinges with peak plastic rotations in the following ranges:
< 0.1%, (0.1-1.0]%, (1.0—2.0]%, (2.0 —3.0]%, (3.0 —4.0]%, (4.0 - 5.0]%, and(5.0 — 6.0]%. For
example, building 1 has a total of 361 moment frame beams, with a total of 1444 possible
beam hinges, half of these due to bending about the major axis and the other half due to
bending about the minor axis. The peak plastic rotations observed in these 1444 possible
hinges are summarized in Tables H.1 (major axis bending) and H.2 (minor axis bending).

In the case of corner columns, peak plastic rotations due to biaxial bending, about both
axes of symmetry of the box section are included in the table corresponding to major axis
bending. For example, building 1 has a total of 570 columns (including gravity columns),
with a total of 2280 possible column hinges. Out of these 570 columns, 152 are corner

columns with box sections undergoing biaxial bending. Thus, there are 1444 possible major
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axis hinges and 836 possible minor axis hinges. The peak plastic rotations observed in these
2280 possible hinges are summarized in Tables H.3 (major axis bending) and H.4 (minor
axis bending).

Each joint could have a single panel zone or two panel zones based on whether the
column is undergoing uniaxial or biaxial bending. In the case of building 1, there are 570
panel zones and the peak plastic rotations observed in these are summarized in Table H.5.
Similar data is presented for the remaining five buildings as well in Tables H.10 through
H.30.

As seen in the plastic hinge maps and the plastic rotation tables, there is very little
column yielding in all the cases. Thus, it is the beam and panel zone peak plastic rotations
that dictate the building performance level in accordance with the FEMA criteria (Table
9.4). To this end, Tables 9.5 and 9.6 summarize the number of beam and panel zone hinge
locations with plastic rotations in various ranges in relation to the yield rotation, ¢,, for all
six buildings. Finally, comparing this data with the FEMA performance criteria (Table 9.4),
the performance of each building is classified as IO (Immediate Occupancy), LS (Life-Safe),
CP (Collapse Prevention), or CO (Collapsed).
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Table 9.5: Classification of Building Performance Based on Beam Major

Axis Yielding: Number of locations with peak plastic rotation in each

of six ranges

Plastic Rotation

Bldg. Ground 10# LS# cp# CO#* || Perf.
D Motion <0y || (6y,36y] | (30y,56,] | (56y,66,] || (66y,86,] || > 86, || Level
B-1 Sylmar [X]* || 702 20 0 0 0 0 LS

Sylmar [Y]t | 642 80 0 0 0 0 LS

Tabas [X]* 491 161 70 0 0 0 LS

Tabas [Y]+ 512 120 75 13 2 0 CcP
Takatori [X]* 479 241 2 0 0 0 LS
Takatori [Y]T || 509 207 6 0 0 0 LS

B-2 Sylmar [X]* 736 24 0 0 0 0 LS
Tabas [X]* 579 135 37 9 0 0 LS
Takatori [X]* || 642 112 6 0 0 0 LS

B-2A | Sylmar [X]* 744 16 0 0 0 0 LS
Tabas [X]* 517 196 47 0 0 0 LS
Takatori [X]* || 511 248 1 0 0 0 LS

B-3 Sylmar [X]* 518 14 0 0 0 0 LS
Sylmar [Y]T || 503 25 4 0 0 0 LS

Tabas [X]* 468 64 0 0 0 0 LS

Tabas [Y]" 490 36 6 0 0 0 LS
Takatori [X]* || 457 60 9 0 6 0 CP
Takatori [Y]* || 465 59 8 0 0 0 LS

* Strong ground motion component in building X direction

+ Strong ground motion component in building Y direction

# I0:Immediate Occupancy LS:Life-Safe CP:Collapse Prevented CO:Collapsed
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Table 9.5: Classification of Building Performance Based on Beam Major

Axis Yielding: Number of locations with peak plastic rotation in each

of six ranges

Plastic Rotation

Bldg. Ground 10# LS# cp# CO#* || Perf.
1D Motion <0y || (6y,36y] | (30y,56,] | (56y,66,] || (66y,86,] || > 86, || Level
B-3A | Sylmar [X]* 514 18 0 0 0 0 LS
Sylmar [Y]t | 520 12 0 0 0 0 LS
Tabas [X]* 476 56 0 0 0 0 LS
Tabas [Y]T 412 117 3 0 0 0 LS
Takatori [X]* || 449 72 6 2 3 0 CP
Takatori [Y]T || 428 97 6 1 0 0 LS
B-4 Sylmar [X]* 673 87 0 0 0 0 LS
Sylmar [Y]t || 694 66 0 0 0 0 LS
Tabas [X]* 486 149 118 6 1 0 CP
Tabas [Y]+ 462 191 100 7 0 0 LS
Takatori [X]* || 512 235 13 0 0 0 LS
Takatori [Y]* || 541 206 13 0 0 0 LS

* Strong ground motion component in building X direction

+ Strong ground motion component in building Y direction

# I0:Immediate Occupancy LS:Life-Safe CP:Collapse Prevented CO:Collapsed
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Table 9.6: Classification of Building Performance Based on Panel Zone

Yielding: Number of locations with peak plastic rotation in each of six

ranges
Plastic Rotation
Bldg. Ground 10# Ls# cp# CO#* || Perf.
D Motion <0y || (64,30,] | (304,60,] | (66,,86,] || (86y,116,] || > 116, || Level
B-1 | Sylmar [X]* || 379 149 42 0 0 0 LS
Sylmar [Y]T 413 131 26 0 0 0 LS
Tabas [X]* 365 100 105 0 0 0 LS
Tabas [Y]t 368 125 75 2 0 0 LS
Takatori [X]* 374 115 66 11 4 0 CP
Takatori [Y]T || 402 84 78 6 0 0 LS
B-2 Sylmar [X]* 297 126 67 4 0 0 LS
Tabas [X]* 261 106 54 42 24 7 CO
Takatori [X]* 277 84 112 12 6 3 CcO
B-2A | Sylmar [X]* 330 135 29 0 0 0 LS
Tabas [X]* 253 157 84 0 0 0 LS
Takatori [X]* 283 149 49 8 5 0 CP
B-3 Sylmar [X]* 237 53 46 4 2 0 CP
Sylmar [Y] 206 102 21 7 6 0 CP
Tabas [X]* 232 19 74 17 0 0 LS
Tabas [Y]* 168 69 95 10 0 0 LS
Takatori [X]* 188 73 54 11 7 9 CcO
Takatori [Y]T || 186 63 56 26 3 8 CcO

* Strong ground motion component in building X direction

+ Strong ground motion component in building Y direction

# I0:Immediate Occupancy LS:Life-Safe CP:Collapse Prevented CO:Collapsed
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Table 9.6: Classification of Building Performance Based on Panel Zone

Yielding: Number of locations with peak plastic rotation in each of six

ranges
Plastic Rotation
Bidg. Ground 10# LS# cp# CO# || Perf.
1D Motion <0y || (64,30,] | (304,60,] | (66,,86,] || (86y,116,] || > 116, || Level
B-3A | Sylmar [X]* 207 107 28 0 0 0 LS
Sylmar [Y]T || 239 96 7 0 0 0 LS
Tabas [X]* 197 88 57 0 0 0 LS
Tabas [Y]t 137 105 67 19 8 6 (¢]0)
Takatori [X]* || 197 82 45 10 8 0 CP
Takatori [Y]T || 143 119 71 9 0 0 LS
B-4 Sylmar [X]* 248 165 43 0 0 0 LS
Sylmar [Y]* 227 177 52 0 0 0 LS
Tabas [X]* 202 106 136 12 0 0 LS
Tabas [Y]* 188 128 110 25 5 0 CP
Takatori [X]* || 203 194 59 0 0 0 LS
Takatori [V]T || 206 143 107 0 0 0 LS

* Strong ground motion component in building X direction
+ Strong ground motion component in building Y direction

# I0:Immediate Occupancy LS:Life-Safe CP:Collapse Prevented CO:Collapsed

In the case of buildings with reentrant corners, it has been hypothesized that there
could be stress concentration in the horizontal diaphragms in the vicinity of the reentrant
corners. So, it is of interest to study the stress-distribution in the plane-stress elements and
the beams in buildings 1, 2 and 2A. The principal tensile and compressive occurring in the
plane-stress elements at the second, ninth and Lower Mechanical floors in these buildings
during each earthquake are shown in stress maps in Appendix I. To further see whether
there is stress concentration, the peak slab stress at the reentrant corner (comprising of
the 3 plane-stress elements that create the corner) is compared against the peak slab stress
elsewhere. Similarly, the peak axial stress (%) in the two moment frame beams at the

reentrant corner is compared against the peak axial stress in the remaining moment frame

beams. This data is listed in Table 9.7 for each building, for each ground motion.
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Table 9.7: Building Stresses at Reentrant Corners

Stresses (psi)

Peak Principal Stresses in Slab Peak Axial Stress
in MF Beam
Tensile Compressive Tensile Compressive

Bldg. Ground Corner | Else- Corner | Else- Corner Else- Corner | Else-
ID Motion where where where where
B-1 Sylmar [X]* 286.1 194.1 322.0 207.5 3504.4 1951.8 3314.5 1888.1
Sylmar [Y]* 279.9 183.8 291.5 199.3 2987.1 1816.1 2994.8 1875.8

Tabas [X]* 471.1 276.9 569.0 278.6 4604.8 2899.9 4292.2 2352.5

Tabas [V]1 348.9 354.6 399.4 339.8 4278.13 | 3003.78 4021.3 1835.1

Takatori [X]* 364.8 256.8 388.1 255.3 4160.8 2931.9 3979.5 1949.4
Takatori [Y]* 391.4 245.0 401.2 247.8 3560.4 3053.4 3380.5 2175.6

B-2 Sylmar [X]* 209.7 223.6 246.4 431.8 2592.6 10707.2 2510.0 2191.7
Tabas [X]* 249.0 257.4 298.8 496.5 10310.3 | 14221.8 2773.1 2361.1
Takatori [X]* 221.7 258.7 306.7 264.3 3006.7 10154.9 3506.5 2577.9

B-2A Sylmar [X]* 259.8 249.7 247.2 212.4 3006.3 2467.1 2184.8 1989.6
Tabas [X]* 245.4 236.2 246.6 594.1 2957.7 12584.9 2287.2 1808.5
Takatori [X]* 277.2 237.2 213.3 254.8 3850.11 6916.8 2404.1 2240.9

* Strong ground motion component in building X direction
+ Strong ground motion component in building Y direction

Key element and structure response time histories are plotted for various ground motion
cases in Appendix J. Response quantities include structure base shear in X and Y directions,

beam and column end moments, panel zone moments, and column axial forces.

9.6 Analyses Results

In this section, the results of the ground motion analyses of the six buildings are discussed
in terms of plastic rotations, drifts, and stress concentration. In addition, the performance

of buildings 2A and 3A is compared against buildings 2 and 3, respectively.

9.6.1 Plastic Rotations and Building Performance

Significant yielding was observed in beams and panel zones in almost all cases. Column
yielding was minimal validating the strong column-weak beam criterion of the code (Section
8.2.20). The yielding in the beams and panel zones indicate that in a number of instances,

the buildings were not deemed life-safe. In fact, in a few cases such as building 2 subjected
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to the Tabas and Takatori records, the panel zone plastic rotations exceeded collapse pre-
vention limits. Thus, on the whole the code may not achieve its Life Safety objective for
20-story moment frame buildings subjected to these near-source magnitude 6.7-7.3 earth-
quakes. This also indicates that the near-source factors (Section 8.2.3) to account for the
special features of near-source ground motion, incorporated into the code recently, may be
inadequate. It should be noted that these conclusions are based on analyses that do not
include any strength degradation from weld fractures, etc. This is significant since exper-
iments performed on large beam sections [18] indicate fractures and consequent failure of
section at plastic rotations of less than 3% of a radian (pre-Northridge moment connections
were used in these experiments). The plastic rotation demands on these buildings during
these large earthquakes from these analyses are far greater and vary up to 6% of a radian.

Of all the buildings, buildings 1 and 2A perform the best (Life-safe in all cases except
one) while buildings 2 and 3 perform the worst (Collapse in two cases) going purely by the
magnitude of the plastic rotation compared against the FEMA performance criteria. Build-
ings 1 and 2A exhibit an equitable distribution of yielding between beams and panel zones,
while yielding in panel zones is much greater than in beams in the remaining buildings.

Of the three records, the Tabas record is the most damaging to buildings 1, 2, 3A, and
4 while the Takatori record is the most damaging to buildings 2, 2A, 3 and 3A. Sylmar
record is quite severe on building 3.

In almost all the cases, the nonlinear response in terms of plastic rotations in beams,
columns and panel zones gets localized in one or two regions over the height of the building.
This yield localization leads to a kink in the building and it oscillates about a skewed
axis instead of the vertical axis, leading to a permanent tilt in the building at the end of
the event. This focussed severe demand on certain portions (stories) of the building during
these near-source earthquakes is not accounted for by the code, at present. The seismic drift
criterion (Section 8.2.14) indirectly addresses this issue since excessive yielding is bound to
lead to excessive drifts. However, the elastic response spectral analysis required by the code
cannot capture this localization effect and although the spectral drifts are restricted to the
specified limit, this effect leads to far greater yields during real events as discussed in the
next section.

Buildings 3 and 3A have a torsional plan irregularity. This leads to considerable twisting

especially when the strong component is in the building Y direction. The greater damage
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observed in just two of the four frames (along grids A & D) in all the cases indicates
that the twisting component of the structure response is far greater than the translational
component. Thus, these frames (along grids A & D) are performing double duty of resisting
the translation from the X component of the ground motion and the translation resulting
from twisting generated by the Y component of the ground motion. This implies a smaller
effective redundancy in the system. The code (UBC97 [33]) has a redundancy requirement
that ensures a minimum number of moment frame bays in each direction. It fails, however,
to account for torsional sensitivity in the structure where the redundancy in each of the
two principal directions is satisfactory but the effective redundancy when torsion is taken
into account may be smaller than in each of the two principal directions. This redundancy
criterion in the code needs to be extended to include torsionally sensitive buildings.

In general, the damage to building 4 in the cases with the strong component of the
ground motion in the building Y direction is more severe. This is expected for two reasons
- firstly, the eccentricity due to the uneven mass and stiffness distribution causes twisting
in the building that is proportional to the Y direction accelerations and the stronger com-
ponent being in Y direction would cause greater twisting; secondly, lateral loads cannot be
transferred as efficiently to the atrium frame along grid 1 (in the Y direction) through the
horizontal bracing when compared with a floor diaphragm. Therefore, a greater proportion
of the lateral load is carried by the frame along grid 6, thus making it more susceptible to
damage. This problem does not exist in the X direction since both the frames (along grids

A and F) are well connected into a diaphragm and hence load transfer is efficient.

9.6.2 Building Drifts

Peak inter-story drift ratios in all the buildings vary between 0.028 and 0.046 in the case of
the Sylmar record, between 0.023 and 0.065 in the case of the Tabas record, and between
0.040 and 0.062 in the case of the Takatori record. These drifts are all far greater than the
inelastic drift limit of 0.02 prescribed by the code. These large drifts can be expected to
cause severe damage to non-structural components such as facades and interior dry wall, and
could lead to alignment problems for doors and windows. All buildings exhibit permanent
offsets from the vertical line of plumb due to severe yielding. The permanent offsets at the
roof vary between 0.1m and 1.0m. Significant twisting is observed in buildings 3, 3A, and

4 as evident from the difference in the drifts observed at two diagonally opposite corners
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of the buildings. An interesting observation in the case of building 4 is that in the case
of the Sylmar record analysis with strong component in the Y direction, the peak drift at
one corner (A-1) is 0.037 while it is 0.02 at the diagonally opposite corner (F-6). Thus,
the drift at A-1 is 1.3 times the average of the story drifts at A-1 and F-6 which is greater
than the factor of 1.2 beyond which the code would classify this building to be irregular.
Thus, the linear dynamic analysis of this structure does not really capture the torsional plan
irregularity. Recall that this building was classified as regular per the code and designed as

such to a smaller design force.

9.6.3 Stress Concentration at Reentrant Corners

Based on the analyses results, there is no evidence of any significant stress concentration
at the reentrant corners in the L-shaped buildings, 2 and 2A. In general the axial stresses
in the moment frame beams are far greater than the membrane stresses in the plane-stress
elements. The corner elements in building 1 do experience greater stresses than the other
elements, but this is most likely due to the necking (narrowing/pinching) of the plan area
at the corner locations. Thus, stress concentration observed at corners in solid elements
does not apply to building structures with corners, since the force transfer mechanism in a
solid continuum is completely different from that in buildings which is primarily achieved

through discrete lateral-load-resisting systems.

9.6.4 Performance of Building 2A in Relation to Building 2

As described in the previous chapter, building 2A has the same plan and elevation as
building 2, except that it has been designed without any imposed wind drift limits. Thus,
it is softer than building 2 with a longer fundamental period (4.15 sec compared to 3.39 sec
for building 2). While the Tabas record seems to be slightly more severe on building 2A than
on building 2 as far as peak drifts are concerned, the Sylmar and Takatori records seem to be
distinctly less severe. This is because, while building 2A is softer than building 2, this also
implies that its response is lower when subjected to the Sylmar and Takatori records due to
the frequency content of these earthquakes not matching the softer characteristic frequency
of building 2A as can be seen in the response spectra of these earthquakes (Figures 9.1
through 9.3). However, the Tabas record has a bump in its response spectrum beyond

a structure period of 4 seconds. Of course, these spectra are based on elastic structural
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response, nevertheless, they give a qualitative insight into the differences in the response of
buildings 2 and 2A.

A key difference between the performance of buildings 2 and 2A is that, there is hardly
any panel zone yielding observed in building 2A, but considerably greater yielding at the
ends of beams. This is a direct result of reducing the moment frame beam strengths in
building 2A while maintaining more or less similar columns sizes as in building 2 (Note
that the reduction in seismic moments and axial forces are compensated for by the increase
in P — A effects leading to column sizes remaining the same or even slightly bigger than
in building 2). The yielding has essentially shifted from the beam-column joints to the
interior of beams. The roof permanent offsets at the end of the events for building 2A are
consistently less than those for building 2. This can be attributed to the greater amount
of panel zone yielding in building 2 as compared to building 2A. The hypothesis that panel
zone yielding leads to greater roof offsets when compared with beam-end yielding could
seem intuitive and the data here certainly seems to validate this theory. However, it needs
to be corroborated with lot more data. It should be mentioned here that a greater effort
might be required to repair panel zones at the end of an event, since they are part of
columns that carry loads many times greater than loads carried by beams. The temporary
shoring of columns is in general much more expensive than that of beams. In this sense, it
might be better if all the damage is sustained in the beams. However, in the case of larger
earthquakes that test the structure to the ultimate limit state of collapse, it would definitely
be better if the yielding is well distributed between beams, panel zones and columns. During
such catastrophic events if the beams get overloaded, then they could fail completely and
there could be sudden loss of stiffness in the building leading to instability and premature
collapse. Thus the designer needs to carefully assess the seismic hazard of the site before
making a choice one way or another.

In the worst case scenario, the overall performance of building 2 in terms of plastic
rotations is beyond the Collapse Prevention limit while that of building 2A borders the
Collapse Prevention limit. In this sense, building 2A seems to have performed better than

building 2 for the records chosen.
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9.6.5 Performance of Building 3A in Relation to Building 3

As described in the previous chapter, building 3A has the same plan and elevation as
building 3, except that it has been designed without any imposed wind drift limits. Thus,
it is softer than building 3 with a longer fundamental period (4.74 sec compared to 3.21
sec for building 2). Since both beam and column strengths were considerably reduced
in building 3A, there is far greater yielding observed in beams, columns and panel zones
in building 3A. This greater yielding is what is responsible for the far greater drifts and
permanent roof offsets observed in building 3A. This is unlike in buildings 2 and 2A where
the beam-stiffness and strength were reduced while maintaining the column sizes, shifting
the yielding from panel zones to the ends of beams and resulting in lower permanent roof
offsets in building 2A.

In both buildings, twisting as a result of the torsional eccentricity causes much greater
damage than translation. This is evident from the fact that even when the strong component
of the earthquake is in the building Y-direction, there is greater yielding observed in the
two X-direction frames than in the Y-direction frames.

In the case of the Tabas record, the yielding is uniformly distributed in building 3,
whereas there is some yield localization observed in building 3A. This is probably because
there is a bump in the Tabas response spectrum about the structure period of 4.74 sec,
i.e., the frequency characteristics of the structure match more closely with the frequency

content of the Tabas record in the case of building 3A.

9.6.6 Building Yield Pattern: Pushover Analyses Vs Ground Motion
Analyses

The yield patterns in the building frames during the pushover analyses (Appendix E) can
be compared against the yield patterns observed in the building frames during the ground
motion analyses to judge the ability of pushover analyses to predict the performance of
buildings. In the case of buildings 1 and 2, the yield patterns observed in the pushover
analyses compare well against those observed during the Tabas record ground motion anal-
yses, but do not match well against those observed during the Sylmar and Takatori record
ground motion analyses. In the case of building 2A, the peak yielding occurs in the height

range of 18-38 m during the pushover analysis, while it occurs in the height range of 30-50
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m during the Tabas record ground motion analysis. The pusohver analysis yield pattern
does not match the Sylmar and Talatori ground motion analyses either. Similarly, in the
case of buildings 3, 3A and 4, there is no significant correlation between the yield pattern
during pushover analyses and ground motion analyses. Thus, it can be concluded that
using pushover analyses to predict the performance of tall irregular buildings during strong

near-source earthquakes or to check their adequacy during such events may be misleading.
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Chapter 10 Summary, Conclusions and Future

Direction

10.1 Summary of Research

This thesis is essentially divided into two parts. The first part (Chapters 2 through 7)
describes the development of realistic and efficient computational tools to study the three-
dimensional behavior of tall buildings under strong ground motion from a nearby source.
The second part (Chapters 8 through 9) deals with the performance of four irregular 19-
story buildings designed per the latest code (UBC97 [33]) under measured near-source strong

ground motion records. The following is the summary of this thesis:

1. The theory for a three-dimensional cubic-interpolated plastic hinge element with ma-
terial nonlinearity lumped at its two ends is developed. The moment-rotation relation
at the plastic hinge locations is bilinear to include strain-hardening. Shear deformation
is included in the formulation. The element is suitable for modeling beam-columns
in framed structures where damage is localized primarily at the ends of beams and
columns. Damage to the interior of the beam-columns can be modeled by dividing
the member into an appropriate number of elements thus introducing plastic hinges

in the interior. The element is assumed to remain elastic under shear and torsion.

2. The theory for a three-dimensional elastofiber element is developed. The elastofiber
element is divided into 3 segments - two end nonlinear segments and an interior
elastic segment. The nonlinear segments are further subdivided in the cross-section
into a number of fibers. The axial stress-strain law of the fiber is a cubic-ellipsoidal
hysteretic model that includes yielding and strain-hardening. The axial force in the
segment is the sum of the axial forces in all the fibers while the moment in the segment
about either major or minor axis is the sum of the product of the axial force and the
distance of each fiber from the corresponding neutral axis of the cross-section. The
degrees of freedom at the two interior nodes of the element are not included in the

global system of equations. Instead, a local member iterative technique is adopted
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to determine the displacements and rotations at these degrees of freedom from the
imposed displacements and rotations at the exterior nodes, based on the extent of
yielding in the fibers of the fiber segments. Once the interior degrees of freedom
displacements and rotations are known, the forces in the elastic interior segment are
determined by linear-elastic constitutive laws. The member iterative technique checks
for force equilibrium at the two interior nodes at each iteration step. Thus, force
equilibrium is maintained between the fiber segments and the elastic segment. Shear
deformation is included in the formulation. The element is assumed to remain elastic

under shear and torsion.

. The theory for a three-dimensional joint element is developed. The element idealizes
a joint into two orthogonal panels that form a cruciform section. All the web plates
from the column that the joint is part of (the associated column) are combined into
a single panel and all the flange plates from the associated column are combined to
form an orthogonal panel. Apart from the node located at the center of the joint,
the joint element consists of 6 attachment points at the mid-points of each side of
the two panels. It is at these attachment points that beams and columns connect to
the joint. The end moments and shears from the beams and columns cause a state
of shear in each of the two panels and the panels can yield in shear. Two hysteretic
shear stress-strain models (bilinear and linear-quadratic) are used to characterize the

material behavior of the panel zones.

. A comprehensive three-dimensional building analysis program, FRAME3D, is devel-
oped incorporating all the elements described above. The program is capable of
performing nonlinear time-history analysis. Geometric nonlinearity is included in the
formulation through an updated Lagrangian scheme that updates the coordinates of
all the nodes and attachment points at every stage of the analysis process. In this way,
P — A effects are automatically included. Four-noded elastic plane-stress elements are
used to model floor slabs that act as diaphragms constraining the lateral force re-
sisting frames to act as one unit. The program utilizes a global Newton-Raphson
iterative scheme to march along a nonlinear path dictated by material and geometric
nonlinearity to arrive at the true solution. Equilibrium is maintained at the nodes at

each stage of the iteration process, within a specified force tolerance.
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5. Four irregular 19-story moment frame buildings have been designed using the current
building code (UBC97 [33]). Building 1 is a dumb-bell shaped residential tower with
two reentrant corners. Building 2 is an L-shaped office tower with one reentrant
corner. Building 3 is a rectangular office tower with torsional irregularity. The center
of mass is near the center of the building while the center of resistance is located away
from the center of mass, creating a torsional eccentricity. Building 4 is a rectangular
mixed-use (hotel/office) tower, once again with torsional irregularity. The presence of
an atrium and the 500mm restriction on the beam depth on the atrium face of the
building causes a torsional eccentricity in the structure. Buildings 2A and 3A have
the same plans and elevations as buildings 2 and 3, respectively, except that they
have been designed without any limits being imposed on the wind drifts. Thus, these

buildings are softer than the base buildings, 2 and 3.

6. Pushover analyses are performed on each of the six buildings and their strength and
ductility are quantified. There is considerable variability in the ultimate strengths
and ultimate displacements of the six buildings. Over-strength factors (defined as
the ratio of the ultimate strength to the design strength) vary from 1.5 to 2.3 for all
buildings except buildings 3 and 3A (over-strength factors of 5.5 and 2.5, respectively)
which are torsionally sensitive. Ductility (defined here as the ratio of the roof ultimate
displacement to its yield displacement) varies from 2.4 to 3.8 for all buildings except

buildings 3 and 3A (ductility of 5.6 and 4.8, respectively).

7. The six buildings are subjected to strong ground motion recorded from the Iran earth-
quake (M,, = 7.3, Tabas Station) of 1978, the Northridge earthquake (M,, = 6.7, Syl-
mar Station) of 1994 and the Kobe earthquake (M,, = 6.9, Takatori Station) of 1995,
and their performance is studied using the FRAMES3D program. The data from these
analyses include damage in the buildings in terms of plastic deformations at the ends
of beams and columns and at joints, the nodal displacement time-histories which are
used to determine the inter-story drift time-histories, the base-shear time-histories,
the beam, column and joint element force histories, and diaphragm element principal
stress time-histories and peak values. This data in conjunction with the pushover
analyses data could be extremely useful in reviewing, validating and upgrading code

design guidelines for this class of structures.
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10.2 Conclusions

The conclusions of this research are as follows:

1. The plastic-hinge element is a very efficient beam-column element and can be used to
perform quick preliminary nonlinear analysis of buildings and other structures. It can
also be used for modeling gravity columns even in buildings where greater accuracy is
desired as the gravity columns are generally not expected to experience severe strains

in the nonlinear regime.

2. The elastofiber element is able to simulate true beam behavior as well as a fully
discretized fiber element, as evident from calibration studies performed on the two
elements, while maintaining a relatively low computational demand. In these studies,
it was found that the extent of plasticity spreading into the interior segments of
the fiber element depends upon the ratio of the material ultimate stress to its yield
stress. When this ratio is low, there is not much plasticity spreading into the interior
segments. When this ratio is high, yielding is observed in the first interior segment
at each end of the element. In such cases, the response of the elastofiber element
can be tuned to be as accurate as the fiber element by increasing the fiber segment
length of the elastofiber element. The calibration studies indicate that for materials
with low ultimate stress to yield stress ratios (less than 1.4) such as A572-Grade 50
steels, end segment lengths of 3% of the clear span are suitable while for materials
with high ultimate stress to yield stress ratios (greater than 1.4) such as A36 steels,

end segment lengths of 11% of the clear span are appropriate.

3. Results from a pushover analysis on a 20-story building performed using elastofiber
elements for moment frame beam-columns, plastic hinge elements for gravity columns
and 3-D joint elements for beam-column joints, match very well with similar analysis
in two dimensions performed using fully discretized fiber elements and 2-D panel zone
elements (similar to the joint elements in this work, only these are in two dimensions),

thus validating the various finite elements developed in this work.

4. Results of the ground motion analyses of six 19-story buildings indicate large amounts
of beam and panel zone yielding, deeming most buildings inadequate in as far as

life-safety is concerned. In fact, in a few cases, such as building 2 subjected to the
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Tabas and Takatori records, the panel zone plastic rotations exceed collapse prevention
limits given in the FEMA-356 document [22]. Thus, on the whole, based on the
FEMA performance criteria (Table 9.4), the code may not achieve its Life-Safety
objective for this class of 19-story irregular steel moment-frame buildings subjected
to these near-source magnitude 6.7-7.3 earthquakes. The near-source factors in the
form of two numbers to account for the special features of near-source ground motion,
incorporated into the code (UBC97) recently, may be inadequate to characterize the
complete nature of such motion. Increasing the design forces may be an incomplete

solution to handle such ground motion.

. The ductility demand, in terms of plastic rotation at the ends of beams and columns
and joints, on these buildings during this class of earthquakes is up to 6% of a radian
which is far greater than a typical limiting plastic rotation of 3% associated with
fracture and consequent failure of large wide-flanged steel sections during experiments
(pre-Northridge moment connections were used in these experiments). If strength
degradation due to fractures, etc. were to be included in the analysis, then the results
would likely to be worse, as far as the ability of these buildings to withstand these

earthquakes without collapse is concerned.

. There is considerable localized yielding in almost all the cases leading to large drifts
(two to three times the code inelastic drift limit of 0.02). These large drifts can be
expected to cause damage to non-structural components such as facades and interior

dry wall and could lead to alignment problems for doors and windows.

. The large drifts cause significant permanent offsets at the roofs of the buildings. Post-
earthquake repair in such cases would require considerable disruption and building

closure is inevitable.

. There was very little yielding observed in the columns which validates the strong-

column weak-beam criterion in the code.

. There is no evidence of any significant stress concentration at the reentrant corners
in the L-shaped buildings. The corner elements in building 1 (dumb-bell shaped in
plan) do experience greater stresses than the interior elements, but this is most likely

due to the necking (narrowing/pinching) of the plan area at the corner locations.
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10. In buildings that are L-shaped, twisting is an important factor in building response

11.

12.

to wind since the center of action of wind forces does not coincide with the center of
reaction of the resisting stiffness forces. However, this is not necessarily the case when
it comes to ground shaking, since it is highly likely (from geometric considerations)
that the center of action of seismic forces (the center of mass) is very close to the
center of resisting (stiffness) forces, leading to minimal torsional eccentricity. In fact,
a designer of an L-shaped building with a severe seismic hazard should give special
consideration to this issue and distribute the lateral system stiffness such that the

centers of mass and stiffness coincide.

In buildings that are torsionally sensitive, the engineer needs to ascertain the struc-
tural redundancy taking into account the fact that twisting activates frames in both
directions simultaneously. In fact, the code redundancy requirement fails to account
for torsional sensitivity in the structure while accounting for redundancy in each of the
two principal directions. The greater damage observed in just two of the four frames
(along grids A & D) of building 3 in all the ground motion cases indicates that these
frames are performing double duty of resisting the translation from the X component
of the ground motion and the translation resulting from twisting generated by the
Y component of the ground motion, implying a smaller effective redundancy in the
system. While the redundancy of this system may be adequate in the two principal
directions as per the code guideline, when torsion is considered, this redundancy is
smaller. Thus, the code criterion needs to be extended to include torsionally sensitive

buildings.

In certain irregular buildings (such as building 4 in this study), a linear dynamic
analysis does not bring out detrimental effects of the irregular features in the structure
(such as the effect of the atrium, the effect of the transfer columns, etc.). For example,
in the linear dynamic analysis performed on building 4, the twisting was not significant
enough to deem the building “irregular” per the code criterion. But in the nonlinear
analysis, the various irregular features in the building lead to greater twisting in the
structural response and uneven damage on the building moment frames. Thus, a
nonlinear analysis could bring out the effect of these features on structural response

and a designer must use engineering judgment in deciding to go for a full-blown
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analysis in cases that have a number of obvious irregular features.

13. The large differences in the yield patterns in the building frames during pushover
analyses and ground motion analyses illustrate the inadequacy of pushover analysis
as a tool for the performance analysis of tall irregular buildings subject to strong

ground motion from large near-source earthquakes.

14. The data catalogued in this work could go a long way in understanding the nonlinear
behavior of tall buildings under near-source ground motion. These data can be used

in the development of future codes and tall structure design guidelines.

15. The analyses were performed on Sun Unix machines (SunOS 5.7) with 360 MHz CPU
and 256 MB RAM. Buildings 1, 2, 2A, 3, 3A, and 4, consist of 4050, 3626, 3626,
2662, 2662, and 4572 degrees of freedom, respectively. Analyses were performed using
25 seconds of ground motion record spaced at 0.005 second interval (5000 dynamic
steps). The computing time varied considerably for each building and each ground
motion record, from 14.5 hours for building 3 subjected to the Sylmar record (with
strong component in the Y direction) to about 130 hours for building 4 subjected to

the Takatori record (with strong component in the Y direction).

10.3 Future Directions

1. The current study focuses on the class of 19-story moment frame buildings. Future
work should be focussed on studying buildings; for example, buildings that are 40

stories high, 60 stories high, 80 stories high and 100 stories high.

2. A comprehensive database of tall buildings and their response to strong ground motion
created from all these studies will help guide the future development of code documents

that will ensure safer structures than the current state of the art.

3. Each of these four classes of buildings mentioned above utilize different lateral systems.
To be able to realistically model these systems, the element library of FRAME3D
needs to be considerably expanded. Elements for modeling braces, composite columns,
reinforced concrete columns, and walls need to be developed in order to study the

various tall building types.
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4. Parallel computing may be required for the analysis of the super-highrise buildings

within realistic computing times.

5. Improvements to the plastic hinge element would include a more realistic axial force,
biaxial moment interaction relation with interaction between the major and minor
axes moments considered as well and a trilinear or higher-order material model to

better model the moment-rotation relation.
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Appendix A Updating the Coordinates of Node
and Attachment Points at a Joint

A.0.1 Node Point J

The coordinates of the node J, corresponding to the center of the joint are updated during

every iteration of the solution process as follows:

XU+ at) = xV i+ At) + AU, x (A.la)
Y e+ At = YV (e + At) + AUy (A.1b)
ZW0 (4 At) = 2Vt + At) + AU, (A.lc)

In the above, [ and [ + 1 refer to the iteration number during the solution process for
time step, t + At. The procedure for updating the coordinates of the attachment points

associated with a joint is described in the next few subsections.

A.0.2 Attachment Point f

L) = xV+ at) - xPt + Ay (A.2a)
L =Y+ a0 - Yt + Ab) (A.2b)
L =2t + At) - 29(t + Av) (A.2¢)
Fht+ At) = LT+ LT+ LOE (A.2d)
The panel zone Y and Z axes are defined by the following unit vectors

‘7— —_ e —

_'Y — _;UIL + _yj + _zk (A'3a)

Vy

Vi - o

o = Tpl + Ty) + Tk (A.3D)

Vz

where g, gy and g, are the direction cosines of the Y axis given by equations 3.3, and 7,
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7y and 7, are the direction cosines of the 7 axis given by equations 3.5.

. 7
A,y = AT X (A.da)
Vy
Y s Vz
Vz
Using small angle approximation,
P+ At = 70+ At + 80,5 x 7L+ At) + 80,57 x 7t + At)
i j k i j k
=)+ A)+| g A0B, G, NGB, q.-AGB, |+| 7 -AGB, 7, -AGB. 7. A6P,
L) §) L) L) §) P
(A.5)
Simplifying the above, we obtain
X+ A XU (¢ 4+ At XP(t+ At) — X3Pt + At)
v an o =4 Ve an o+ [UD] S YO0+ A v+ Ay ¢ (Aba)
ZIM(t+ At) Z (& + At) ZP(t+ At) - ZP (¢ + At)
where the coordinate update matrix [U/)] is given by
1 —G. - MOT, — 7. NOT, G- AO%, 47, - A6F,
[U(f)} - 2= A@?}—, + T AG?Z 1 — Qg Ae?p — Ty AG?Z (A.6b)
—qy - A%, — 7y - NG g, - AT 47, - AGY 1
A.0.3 Attachment Point e
Similarly, the updated coordinates of attachment point e are given by
X0t + At) X340 (¢ + At) X0t + At) - X3Pt + At
v @+ =9 v ean o+ [U9]5 YO@+an -y e+ an o (ATa)

7804 1 At 720D (¢ 4+ At Z8 @+ At — ZV(t + At)
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where the coordinate update matrix [U(®)] is given by
[U(e)] - [Um] (A.7b)

since the points e, f, and J lie on the same straight line (based on the assumption that

the panel zone remains planar).

A.0.4 Attachment Points ¢ & d

L@ = xP @+ at) — xP e+ Ar) (A.8a)
L@ =yt + at) - v (¢ + At) (A.8b)
L@ = 29t 4+ at) — 20t + At) (A.8c)
POt + At) = LT+ LT + LOK (A.8d)
o age. Vz
AHJZ = AQJZ—»— (A9a)
Vz
- Vi
Al;x = A0y (A.9b)
s
Using small angle approximation,
A4 Aty = FD( + AL + K8, 5 x FD(E+ AL) + K8, x PO (t+ At)
i 7 E i j E
=+ A +| 7, AT, Ty A0G, T A0G, |H| Pe-AOyx Py -A0,x Pa-AGx
L@ L L@ L@ L L@
(A.10)
Simplifying the above, we obtain,
X8 (¢ + At) X4 At xW(t+at) - xPt + Ar)
YD+ At) 3= Y e+AL) o+ [U(‘”] YO+ At - YO+ A1) p (Alla)

Z8 ) (¢ + At) 7 (& + At) ZP (@ + Aty — 2V (¢ + At)
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where the coordinate update matrix [U(9)] is given by
1 —F, A0S, — P, AOyx Ty A0S, + By Ak
U] = | - 265, +5. - A6,5 1 - A8, — Ba - Ay
—7y - A0S, =Py - A0yx o A0S, + Py - A0, 5 1
(A.11b)

The updated coordinates of attachment point ¢ are given by

XD (¢ + Ab) X5+ Ay X8t + At - X Pt + At
v an ¢ =q s o+ [UO]] 00+ an v s an o (12
78D (¢ + At) 257 (¢ + At) 28t + At) — 23t + At)

where the coordinate update matrix [U(9)] is given by
[U(C)] - [U(d)] (A.12b)

since the points ¢, d, and J lie on the same straight line (based on the assumption that

the panel zone remains planar).

A.0.5 Attachment Points a & b

By analogy to attachment points, ¢ & d, the updated coordinates of attachment points a &

b are given by

X0 (¢ 4 At X0 (¢ 4 At) X+ A1) — X Pt + At)
V@ an g =0 v s o+ VO] v a0 -y an (A1)
780 (¢ 4 At Z0 (¢ + At) ZO (@t + At) — 2Vt + At)

and
X (¢ + Av) X0t + Aty Xy 6+ A1) = X (¢ + At)
WA 3= Y s an b+ [U0]S vO0+an v san | (1130

29 ¢ 4 A ZUHD (¢ + At) Z0(+ At — ZV(t + At)
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where the coordinate update matrices [U{®)] and [U®)] are given by

1 —p: - M0yx —q. - A0Sy py - Abrx + gy - A6y
[U(a,b)] = | p.-A6;x+q.-A65, 1 ~Pr - Ab0;x — G - ATy
—Dy - Abyx =Gy - ATy o Abyx + G ATy !

(A.13c)
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Appendix B Section Database

‘ Section Designation ‘ H (m) ‘ B (m) ‘ Ty (m) ‘ Tw (m) ‘ Closest AISC [1] Section

W39x20x526 1.000 0.500 0.075 0.029 W36x527
W39x20x451 1.000 0.500 0.060 0.029 ‘W40x480
W39x20x407 1.000 0.500 0.055 0.025 ‘W40x397
W37x20x493 0.950 0.500 0.070 0.029 W33x515
W37x20x419 0.950 0.500 0.055 0.029 W36x439
W36x20x369 0.900 0.500 0.050 0.025 W33x387
W35x24x934 0.900 0.600 0.120 0.050 Built-up
W35x24x876 0.900 0.600 0.110 0.050 Built-up
W35x20x526 0.900 0.500 0.065 0.045 W33x515
W35x20x411 0.900 0.500 0.055 0.029 W33x424
W35x20x386 0.900 0.500 0.050 0.029 W33x387
W35x20x361 0.900 0.500 0.045 0.029 W33x354
W34x20x490 0.850 0.500 0.060 0.045 ‘W30x526
W34x20x326 0.850 0.500 0.045 0.022 W33x318
W33x20x586 0.850 0.500 0.080 0.045 W33x567
W33x20x338 0.850 0.500 0.045 0.025 W33x318
W33x18x291 0.850 0.450 0.040 0.025 W33x291
W33x18x274 0.850 0.450 0.036 0.025 W33x263
W32x20x654 0.800 0.500 0.100 0.040 Built-up
W32x20x533 0.800 0.500 0.075 0.040 W27x539
W32x20x421 0.800 0.500 0.060 0.029 W30x433
W32x20x411 0.800 0.500 0.050 0.040 W30x391
W32x20x346 0.800 0.500 0.045 0.029 W30x357
W32x20x306 0.800 0.500 0.040 0.025 W30x326
W32x16x303 0.800 0.400 0.050 0.025 W27x336
W32x18x267 0.800 0.450 0.036 0.025 W30x261
W32x16x248 0.800 0.400 0.036 0.025 W30x261
W32x16x232 0.800 0.400 0.032 0.025 W30x235
W30x20x436 0.750 0.500 0.060 0.036 W27x448
W30x20x324 0.750 0.500 0.045 0.025 W27x336
W30x20x299 0.750 0.500 0.040 0.025 ‘W30x292
W30x16x297 0.750 0.400 0.050 0.025 W27x307
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Section Designation ‘ H (m) ‘ B (m) ‘ Tf (m) ‘ Tw (m) ‘ Closest AISC [1] Section

W30x20x289 0.750 0.500 0.040 0.022 W30x292
W30x20x279 0.750 0.500 0.036 0.025 W27x307
W30x16x231 0.750 0.400 0.036 0.022 W30x211
W28x20x633 0.700 0.500 0.100 0.040 Built-up
W28x20x439 0.700 0.500 0.065 0.032 ‘W24x450
W28x20x430 0.700 0.500 0.065 0.029 W27x407
W28x20x405 0.700 0.500 0.060 0.029 W27x407
W28x20x390 0.700 0.500 0.055 0.032 ‘W24x408
W28x20x380 0.700 0.500 0.055 0.029 W27x368
W28x20x356 0.700 0.500 0.050 0.029 W27x368
W28x22x354 0.700 0.550 0.045 0.029 W27x368
W28x18x317 0.700 0.450 0.045 0.032 W27x307
W28x18x307 0.700 0.450 0.050 0.022 W27x307
W28x20x306 0.700 0.500 0.040 0.029 ‘W24x335
W28x20x293 0.700 0.500 0.040 0.025 ‘W24x335
W28x16x281 0.700 0.400 0.050 0.022 W27x281
W28x20x273 0.700 0.500 0.036 0.025 W27x258
W28x20x263 0.700 0.500 0.036 0.022 W27x258
W28x18x244 0.700 0.450 0.036 0.022 W27x235
W28x16x199 0.700 0.400 0.032 0.019 W27x194
W28x14x171 0.700 0.350 0.029 0.019 W27x161
W26x20x336 0.650 0.500 0.050 0.025 ‘W24x335
W26x20x311 0.650 0.500 0.045 0.025 ‘W24x306
W26x18x301 0.650 0.450 0.050 0.022 ‘W24x306
W26x18x287 0.650 0.450 0.045 0.025 ‘W24x279
W26x20x286 0.650 0.500 0.040 0.025 W24x279
W26x16x284 0.650 0.400 0.050 0.025 W24x279
W26x20x266 0.650 0.500 0.036 0.025 ‘W24x279
W26x18x247 0.650 0.450 0.036 0.025 ‘W24x250
W26x16x219 0.650 0.400 0.036 0.022 ‘W24x229
W26x18x211 0.650 0.450 0.032 0.019 W24x229
W26x16x203 0.650 0.400 0.032 0.022 ‘W24x207
W26x16x182 0.650 0.400 0.029 0.019 W24x192
W26x14x177 0.650 0.350 0.032 0.019 W24x176
W26x14x143 0.650 0.350 0.025 0.016 ‘W24x146
W26x12x108 0.650 0.300 0.022 0.012 W24x117
W24x24x590 0.600 0.600 0.080 0.036 W14x605
W24x24x530 0.600 0.600 0.070 0.036 W14x550
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Section Designation ‘ H (m) ‘ B (m) ‘ Tf (m) ‘ Tw (m) ‘ Closest AISC [1] Section

W24x24x423 0.600 0.600 0.055 0.029 ‘W21x408
W24x20x297 0.600 0.500 0.045 0.022 ‘W24x306
W24x20x271 0.600 0.500 0.040 0.022 W21x279
W24x20x260 0.600 0.500 0.036 0.025 W21x275
W24x16x257 0.600 0.400 0.045 0.025 ‘W24x250
W24x18x250 0.600 0.450 0.040 0.022 W21x248
W24x16x249 0.600 0.400 0.045 0.022 W21x248
W24x18x241 0.600 0.450 0.036 0.025 W21x248
W24x18x232 0.600 0.450 0.036 0.022 W21x248
W24x18x223 0.600 0.450 0.032 0.025 W21x223
W24x16x213 0.600 0.400 0.036 0.022 W21x223
W24x18x206 0.600 0.450 0.032 0.019 W21x223
W24x16x205 0.600 0.400 0.036 0.019 W24x207
W24x16x189 0.600 0.400 0.032 0.019 W21x201
W24x16x177 0.600 0.400 0.029 0.019 W24x162
W24x14x172 0.600 0.350 0.032 0.019 W24x162
W24x14x161 0.600 0.350 0.029 0.019 W21x166
W22x22x457 0.550 0.550 0.065 0.036 ‘W14x455
W22x22x393 0.550 0.550 0.055 0.032 ‘W14x398
W22x22x349 0.550 0.550 0.050 0.025 W21x333
W22x22x294 0.550 0.550 0.040 0.025 ‘W21x300
W22x20x253 0.550 0.500 0.036 0.025 W21x248
W22x18x237 0.550 0.450 0.040 0.019 W21x248
W22x18x234 0.550 0.450 0.036 0.025 W21x223
W22x18x219 0.550 0.450 0.036 0.019 W21x223
W22x16x223 0.550 0.400 0.040 0.022 W21x223
W22x16x216 0.550 0.400 0.040 0.019 W21x223
W22x16x200 0.550 0.400 0.036 0.019 W21x201
W22x16x184 0.550 0.400 0.032 0.019 W21x182
W22x16x172 0.550 0.400 0.029 0.019 W21x166
W22x14x156 0.550 0.350 0.029 0.019 W21x147
W22x12x150 0.550 0.300 0.032 0.019 W21x147
W20x20x389 0.500 0.500 0.060 0.036 W14x370
W20x20x381 0.500 0.500 0.060 0.032 W14x370
W20x20x364 0.500 0.500 0.055 0.036 W21x364
W20x20x356 0.500 0.500 0.055 0.032 ‘W14x398
W20x20x324 0.500 0.500 0.045 0.040 W14x311
W20x20x307 0.500 0.500 0.045 0.032 W14x311
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Section Designation ‘ H (m) ‘ B (m) ‘ Tf (m) ‘ Tw (m) ‘ Closest AISC [1] Section

W20x20x285 0.500 0.500 0.045 0.022 W18x283
W20x20x266 0.500 0.500 0.040 0.025 W18x258
W20x16x202 0.500 0.400 0.036 0.022 W18x192
W20x18x196 0.500 0.450 0.032 0.019 W18x211
W20x16x195 0.500 0.400 0.036 0.019 W18x192
W20x16x188 0.500 0.400 0.036 0.016 W18x192
W20x16x172 0.500 0.400 0.032 0.016 W18x175
W20x16x167 0.500 0.400 0.029 0.019 W18x175
W20x12x164 0.500 0.300 0.036 0.022 W18x158
W20x14x155 0.500 0.350 0.032 0.016 W18x158
W20x14x144 0.500 0.350 0.029 0.016 W18x143
W20x14x130 0.500 0.350 0.025 0.016 W21x122
W20x12x98 0.500 0.300 0.022 0.012 W21x93
W18x18x291 0.450 0.450 0.050 0.029 W18x283
W18x18x274 0.450 0.450 0.045 0.032 W14x311
W18x18x247 0.450 0.450 0.040 0.029 W14x257
W18x18x215 0.450 0.450 0.036 0.022 W18x211
W18x16x174 0.450 0.400 0.032 0.019 W18x158
W18x16x162 0.450 0.400 0.029 0.019 W18x143
W18x12x152 0.450 0.300 0.036 0.019 W18x143
W18x14x140 0.450 0.350 0.029 0.016 W18x130
W18x12x140 0.450 0.300 0.032 0.019 W18x130
W18x12x131 0.450 0.300 0.029 0.019 W18x119
W16x16x281 0.400 0.400 0.055 0.032 W14x283
W16x16x249 0.400 0.400 0.045 0.036 W14x257
W16x16x211 0.400 0.400 0.040 0.025 W14x211
W16x16x195 0.400 0.400 0.036 0.025 W14x193
W16x16x190 0.400 0.400 0.036 0.022 W14x193
W16x16x174 0.400 0.400 0.032 0.022 W14x176
W16x16x169 0.400 0.400 0.032 0.019 W14x176
W16x12x114 0.400 0.300 0.025 0.019 W18x119
W16x12x109 0.400 0.300 0.025 0.016 W16x100
W16x12x92 0.400 0.300 0.022 0.012 W16x89
W14x14x175 0.350 0.350 0.036 0.029 W12x170
W14x14x165 0.350 0.350 0.036 0.022 W14x159
W14x14x156 0.350 0.350 0.032 0.025 W12x152
W14x14x151 0.350 0.350 0.032 0.022 W12x152
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Section Designation ‘ H (m) ‘ B (m) ‘ Tf (m) ‘ Tw (m) ‘ Closest AISC [1] Section

W14x14x136 0.350 0.350 0.029 0.019 W14x132
W12x12x144 0.300 0.300 0.036 0.025 W12x136
W12x12x140 0.300 0.300 0.036 0.022 W12x136
W12x12x125 0.300 0.300 0.032 0.019 W12x120
W12x12x120 0.300 0.300 0.029 0.022 W12x120
W12x12x104 0.300 0.300 0.025 0.019 W10x112
W12x12x100 0.300 0.300 0.025 0.016 W12x96
W12x12x95 0.300 0.300 0.022 0.019 ‘W10x100
B32x32x865 0.800 0.800 0.055 0.055 Built-up
B30x30x739 0.750 0.750 0.050 0.050 Built-up
B28x28x1158 0.700 0.700 0.090 0.090 Built-up
B28x28x1103 0.700 0.700 0.085 0.085 Built-up
B28x28x871 0.700 0.700 0.065 0.065 Built-up
B28x28x749 0.700 0.700 0.055 0.055 Built-up
B28x28x622 0.700 0.700 0.045 0.045 Built-up
B26x26x802 0.650 0.650 0.065 0.065 Built-up
B26x26x747 0.650 0.650 0.060 0.060 Built-up
B26x26x690 0.650 0.650 0.055 0.055 Built-up
B26x26x633 0.650 0.650 0.050 0.050 Built-up
B26x26x574 0.650 0.650 0.045 0.045 Built-up
B24x24x632 0.600 0.600 0.055 0.055 Built-up
B24x24x580 0.600 0.600 0.050 0.050 Built-up
B24x24x527 0.600 0.600 0.045 0.045 Built-up
B24x24x473 0.600 0.600 0.040 0.040 Built-up
B22x22x479 0.550 0.550 0.045 0.045 Built-up
B22x22x455 0.550 0.550 0.045 0.040 Built-up
B22x22x430 0.550 0.550 0.040 0.040 Built-up
B20x20x388 0.500 0.500 0.040 0.040 Built-up
B20x20x366 0.500 0.500 0.040 0.035 Built-up
B20x20x352 0.500 0.500 0.036 0.036 Built-up
B20x20x348 0.500 0.500 0.036 0.035 Built-up
B18x18x346 0.450 0.450 0.040 0.040 Built-up
B18x18x282 0.450 0.450 0.032 0.032 Built-up
B18x18x258 0.450 0.450 0.029 0.029 Built-up
B16x16x276 0.400 0.400 0.036 0.036 Built-up
B16x16x248 0.400 0.400 0.032 0.032 Built-up
B16x16x227 0.400 0.400 0.029 0.029 Built-up
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Section Designation ‘ H (m) ‘ B (m) ‘ Tf (m) ‘ Tw (m) ‘ Closest AISC [1] Section

B14x14x196 0.350 0.350 0.029 0.029 Built-up
B14x14x171 0.350 0.350 0.025 0.025 Built-up
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Appendix C Building Frame Elevations and

Beam-Column Sizes
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FRAMES 1 (ALONG GRID F) AND

Q, & @ @) meemossmpom
O © O @ lameee

LEGEND: W - Wide—flange section
B - Box section

i i i
} 11.00 (m) ‘ 10.00 (m) 10.00 (m) !
i i i Section Designation: Depth (in) x Width (in) x Weight (Ib/fi
| | |
i i i
| | |
i W20x16x167 i W20x16x167 i Level ROOF El. 70.80 (m)
B20x20x348 W20x16x195 W20x16x195 B20x20x348 3.10 (m)
W20x16x167 W20x16x167 : Level UMF EIl. 67.70 (m)
B20x20x348 W20x16x195 W20x16x195 B20x20x348 5.70 (m)
W20x16x167 W20x16x167 Level LMF El. 62.00 (m)
B20x20x348 W20x16x195 W20x16x195 B20x20x348 3.60 (m)
W20x18x196 W20x18x196 Level 17F EI. 58.40 (m)
B22x22x479 W24x18x250 W24x18x250 B22x22x430 3.60 (M)
W20x18x196 W20x18x196 Level 16F El. 54.80 (m)
B22x22x479 W24x18x250 W24x18x250 B22x22x430 3.60 (M)
W20x18x196 W20x18x196 ! Level 15F EI. 51.20 (m)
B22x22x479 W24x18x250 W24x18x250 B22x22x430 3.60 (M)
W20x18x196 W20x18x196 Level 14F EI. 47.60 (m)
B22x22x479 W24x18x250 W24x18x250 B22x22x430 3.60 (m)
W24x20x260 W24x20x260 Level 13F EI. 44.00 (m)
B24x24x632 W28x18x317 W28x18x317 B24x24x527 3.60 (m)
W24x20x260 W24x20x260 Level 12F EI. 40.40 (m)
B24x24x632 W28x18x317 W28x18x317 B24x24x527 3.60 (m)
W24x20%260 W24x20x260 Level 11F EI. 36.80 (m)
B24x24x632 W28x18x317 W28x18x317 B24x24x527 3.60 (m)
W24x20x260 W24x20%260 Level 10F EI. 33.20 (m)
B24x24x632 W28x18x317 W28x18x317 B24x24x527 3.60 (m)
W24x20%260 W24x20x260 Level 9F El. 29.60 (m)
B24x24x632 W28x18x317 W28x18x317 B24x24x527 3.60 (m)
W24x20%260 W24x20x260 Level 8F El. 26.00 (m)
B24x24x632 W28x18x317 W28x18x317 B24x24x527 3.60 (m)
W26x20%266 W26x20x266 Level 7F El. 22.40 (m)
B26x26x802 W32x20x411 W32x20x411 B26x26x690 3.60 (m)
W26x20%266 W26x20x266 Level 6F EI. 18.80 (m)
B26x26x802 W32x20x411 W32x20x411 B26x26x690 3.60 (m)
W26x20%266 W26x20%266 Level 5F El. 15.20 (m)
B26x26x802 W32x20x411 W32x20x411 B26x26x690 3.60 (m)
W26x20x266 W26x20x266 Level 4F EI. 11.60 (m)
B26x26x802 W32x20x411 W32x20x411 B26x26x690 3.60 (m)
W28x20x293 W28x20x293 Level 3F EI. 8.00 (m)
B28x28x1103 W33x20x586 W33x20x586 B28x28x871 3.60 (m)
W28x20x293 W28x20x293 . Level 2F El. 4.40 (m)
B28x28x1103 W33x20x586 W33x20x586 B28x28x871 4.40 (m)
Level 1F EI. 0.00 (m)
STT STT ST )

Figure C.1: Frames 1 & 4 Elevation: Building 1
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FRAMES 2 (ALONG GRID D) AND

@ 3 (ALONG GRID C): ELEVATION
|

LEGEND: W - Wide-flange section
B — Box section

o ©» @
© 0 ¢

i
10.00 (m) ! 10.00 (m) 11.00 (m)
i Section Designation: Depth (in) x Width (in) x Weight (Ib/fl
|
i
|
i W20x16x167 i W20x16x167 i W20x16x167 Level ROOF El. 70.80 (m)
B20x20x366 W22x16x200 W22x16x200 B20x20x388 3.10 (m)
W20x16x167 W20x16x167 W20x16x167 : Level UMF El. 67.70 (m)
B20x20x366 W22x16x200 W22x16x200 B20x20x388 5.70 (m)
W20x16x167 W20x16x167 W20x16x167 Level LMF EI. 62.00 (m)
B20x20x366 W22x16x200 W22x16x200 B20x20x388 3.60 (M)
W20x18x196 W20x18x196 W20x18x196 Level 17F EI. 58.40 (m)
B22x22x455 W24x18x250 W24x18x250 B22x22x479 3.60 (M)
W20x18x196 W20x18x196 W20x18x196 Level 16F El. 54.80 (m)
B22x22x455 W24x18x250 W24x18x250 B22x22x479 3.60 (M)
W20x18x196 W20x18x196 W20x18x196 ! Level 15F EIl. 51.20 (m)
B22x22x455 W24x18x250 W24x18x250 B22x22x479 3.60 (M)
W20x18x196 W20x18x196 W20x18x196 Level 14F El. 47.60 (m)
B22x22x455 W24x18x250 W24x18x250 B22x22x479 3.60 (m)
W24x18x223 W24x18x223 W24x18x223 Level 13F EI. 44.00 (m)
B24x24x580 W28x18x317 W28x18x317 B24x24x580 3.60 (m)
W24x18x223 W24x18x223 W24x18x223 Level 12F EI. 40.40 (m)
B24x24x580 W28x18x317 W28x18x317 B24x24x580 3.60 (m)
W24x18x223 W24x18x223 W24x18x223 Level 11F EI. 36.80 (m)
B24x24x580 W28x18x317 W28x18x317 B24x24x580 3.60 (M)
W24x18x223 W24x18x223 W24x18x223 Level 10F EI. 33.20 (m)
B24x24x580 W28x18x317 W28x18x317 B24x24x580 3.60 (m)
W24x18x223 W24x18x223 W24x18x223 Level 9F El. 29.60 (m)
B24x24x580 W28x18x317 W28x18x317 B24x24x580 3.60 (m)
W24x18x223 W24x18x223 W24x18x223 Level 8F El. 26.00 (m)
B24x24x580 W28x18x317 W28x18x317 B24x24x580 3.60 (m)
W26x18x247 W26x18x247 W26x18x247 Level 7F El. 22.40 (m)
B26x26x690 W32x20x411 W32x20x411 B26x26X747 3.60 (m)
W26x18x247 W26x18x247 W26x18x247 Level 6F EI. 18.80 (m)
B26x26x690 W32x20x411 W32x20x411 B26x26x747 3.60 (m)
W26x18x247 W26x18x247 W26x18x247 Level 5F El. 15.20 (m)
B26x26x690 W32x20x411 W32x20x411 B26x26x747 3.60 (m)
W26x18x247 W26x18x247 W26x18x247 Level 4F El. 11.60 (m)
B26x26x690 W32x20x411 W32x20x411 B26x26x747 3.60 (m)
W28x20x293 W28x20x293 W28x20x293 Level 3F EI. 8.00 (m)
B28x28x871 W34x20x490 W34x20x490 B28x28x1158 3.60 (m)
W28x20x293 W28x20x293 W28x20x293 : Level 2F El. 4.40 (m)
B28x28x871 W34x20x490 W34x20x490 B28x28x1158 4.40 (m)
Level 1F EI. 0.00 (m)
AN N A N AN S W N

Figure C.2: Frames 2 & 3 Elevation: Building 1
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@ @ @ FRAMES 5 (ALONG GRID 1) AND
@ @ @ 7 (ALONG GRID 7): ELEVATION
; LEGEND: W - Wide-flange section
i B - Box section
|

o

i i
1 8.00 (m) ! 8.00 (m) 11.00 (m)
i i Section Designation: Depth (in) x Width (in) x Weight (Ib/fi
| |
i i
| |
P W24x16x177 | i W24x16x177 i Level ROOF El. 70.80 (m)
B20x20x388 W20x16x195 W20x16x195 B20x20x348 3.10 (m)
W24x16x177 W24x16x177 ' Level UMF El. 67.70 (m)
B20x20x388 W20x16x195 W20x16x195 B20x20x348 5.70 (m)
W24x16x177 W24x16x177 Level LMF EI. 62.00 (m)
B20x20x388 W20x16x195 W20x16x195 B20x20x348 3.60 (M)
W26x18x211 W26x18x211 Level 17F EI. 58.40 (m)
B22x22x479 W24x16x249 W24x16x249 B22x22x479 3.60 (M)
W26x18x211 W26x18x211 Level 16F El. 54.80 (m)
B22x22x479 W24x16x249 W24x16x249 B22x22x479 3.60 (M)
W26x18x211 W26x18x211 : Level 15F EIl. 51.20 (m)
B22x22x479 W24x16x249 W24x16x249 B22x22x479 3.60 (M)
W26x18x211 W26x18x211 Level 14F El. 47.60 (m)
B22x22x479 W24x16x249 W24x16x249 B22x22x479 3.60 (m)
W28x20x273 W28x20x273 Level 13F EI. 44.00 (m)
B24x24x580 W28x20x439 W28x20x390 B24x24x632 3.60 (m)
W28x20x273 W28x20x273 Level 12F EI. 40.40 (m)
B24x24x580 W28x20x439 W28x20x390 B24x24x632 3.60 (m)
W28x20x273 W28x20x273 Level 11F EI. 36.80 (m)
B24x24x580 W28x20x439 W28x20x390 B24x24x632 3.60 (M)
W28x20x273 W28x20x273 Level 10F EI. 33.20 (m)
B24x24x580 W28x20x439 W28x20x390 B24x24x632 3.60 (m)
W28x20x273 W28x20x273 Level 9F El. 29.60 (m)
B24x24x580 W28x20x439 W28x20%390 B24x24x632 3.60 (m)
W28x20x273 W28x20x273 Level 8F El. 26.00 (m)
B24x24x580 W28x20x439 W28x20x390 B24x24x632 3.60 (m)
W30x20x299 W30x20x279 Level 7F El. 22.40 (m)
B26x26x747 W32x20x654 W32x20x533 B26x26x802 3.60 (m)
W30x20x299 W30x20x279 Level 6F EIl. 18.80 (m)
B26x26x747 W32x20x654 W32x20x533 B26x26x802 3.60 (m)
W30x20%299 W30x20x279 Level 5F El. 15.20 (m)
B26x26x747 W32x20x654 W32x20x533 B26x26x802 3.60 (m)
W30x20x299 W30x20x279 Level 4F EIl. 11.60 (m)
B26x26x747 W32x20x654 W32x20x533 B26x26x802 3.60 (m)
W32x30x306 W32x30x306 Level 3F EI. 8.00 (m)
B28x28x1158 W35x24x934 W35x24x876 B28x28x1103 3.60 (m)
W32x30x306 W32x30x306 : Level 2F El. 4.40 (m)
B28x28x1158 W35x24x934 W35x24x876 B28x28x1103 4.40 (m)
Level 1F EI. 0.00 (m)
AN S W N

Figure C.3: Frames 5 & 7 Elevation: Building 1
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LEGEND: W - Wide—flange section
B - Box section
Section Designation: Depth (in) x Width (in) x Weight (Ib/ft)

FRAME 6 (ALONG GRID 4): ELEVATION

! !
] | \ | \ |
} 11.00 (m) ! 8.00 (m) ! 8.00 (m) ! 8.00 (m) ! 11.00 (m) !
i i i i i i
] | | | | |
| | | | | |
i W18x16x162 i W18x16x162 | . W18x16x162 | W18x16x162 | | W18x16x162 i Level ROOF El. 70.80 (m
B20x20x348 W20x16x195 B20x20x366 B20x20x366 W20x16x195 B20x20x348 3.10 (m)
W18x16x162 W18x16x162 W18x16x162 W18x16x162 W18x16x162 Level UMF EI. 67.70 (m)
B20x20x348 W20x16x195 B20x20x366 B20x20x366 W20x16x195 B20x20x348 5.70 (m)
W18x16x162 W18x16x162 W18x16x162 W18x16x162 W18x16x162 Level LMF EI. 62.00 (m)
B20x20x348 W20x16x195 B20x20x366 B20x20x366 W20x16x195 B20x20x348 3.60 (m)
W20x18x196 W20x18x196 W20x18x196 W20x18x196 W20x18x196 Level 17F EI. 58.40 (m)
B22x22x430 W24x18x250 B22x22x455 B22x22x455 W24x18x250  B22x22x430 3.60 (m)
W20x18x196 W20x18x196 W20x18x196 W20x18x196 W20x18x196 Level 16F EIl. 54.80 (m)
B22x22x430 W24x18x250 B22x22x455 B22x22x455 W24x18x250  B22x22x430 3.60 (m)
W20x18x196 W20x18x196 W20x18x196 W20x18x196 W20x18x196 Level 15F El. 51.20 (m)
B22x22x430 W24x18x250 B22x22x455 B22x22x455 W24x18x250  B22x22x430 3.60 (m
W20x18x196 W20x18x196 W20x18x196 W20x18x196 W20x18x196 Level 14F El. 47.60 (m)
B22x22x430 W24x18x250 B22x22x455 B22x22x455 W24x18x250  B22x22x430 3.60 (m)
W22x18x234 W22x18x234 W22x18x234 W22x18x234 W22x18x234 Level 13F EI. 44.00 (m)
B24x24x527 W28x18x317 B24x24x580 B24x24x580 W28x18x317  B24x24x527 3.60 (m)
W22x18x234 W22x18x234 W22x18x234 W22x18x234 W22x18x234 Level 12F El. 40.40 (m)
B24x24x527 W28x18x317 B24x24x580 B24x24x580 W28x18x317  B24x24x527 3.60 (m)
W22x18x234 W22x18x234 W22x18x234 W22x18x234 W22x18x234 Level 11F EI. 36.80 (m)
B24x24x527 W28x18x317 B24x24x580 B24x24x580 W28x18x317  B24x24x527 3.60 (m)
W22x18x234 W22x18x234 W22x18x234 W22x18x234 W22x18x234 Level 10F EIl. 33.20 (m)
B24x24x527 W28x18x317 B24x24x580 B24x24x580 W28x18x317  B24x24x527 3.60 (m)
W22x18x234 W22x18x234 W22x18x234 W22x18x234 W22x18x234 Level 9F El. 29.60 (m)
B24x24x527 W28x18x317 B24x24x580 B24x24x580 W28x18x317  B24x24x527 3.60 (m)
W22x18x234 W22x18x234 W22x18x234 W22x18x234 W22x18x234 Level 8F El. 26.00 (m)
B24x24x527 W28x18x317 B24x24x580 B24x24x580 W28x18x317  B24x24x527 3.60
W24x18x241 W24x18x241 W24x18x241 W24x18x241 W24x18x241 Level 7F El. 22.40 (m)
B26x26x690 W32x20x411 B26x26x690 B26x26x690 W32x20x411  B26x26x690 3.60 (m)
W24x18x241 W24x18x241 W24x18x241 W24x18x241 W24x18x241 Level 6F EI. 18.80 (m)
B26x26x690 W32x20x411 B26x26x690 B26x26x690 W32x20x411  B26x26x690 3.60 (m)
W24x18x241 W24x18x241 W24x18x241 W24x18x241 W24x18x241 Level 5F El. 15.20 (m)
B26x26x690 W32x20x411 B26x26x690 B26x26x690 W32x20x411  B26x26x690 3.60 (m)
W24x18x241 W24x18x241 W24x18x241 W24x18x241 W24x18x241 Level 4F El. 11.60 (m)
B26x26x690 W32x20x411 B26x26x690 B26x26x690 W32x20x411  B26x26x690 3.60 (m)
W26x20%286 W26x20%286 W26x20x286 W26x20%286 W26x20%286 Level 3F EI. 8.00 (m)
B28x28x871 W35x20x526 B28x28x871 B28x28x871 W35x20x526 ~ B28x28x871 3.60
W26x20x286 W26x20x286 W26x20%286 W26x20x286 W26x20x286 Level 2F El. 4.40 (m)
B28x28x871 W35x20x526 B28x28x871 B28x28x871 W35x20x526  B28x28x871 4.40 (m)
Level 1F EI. 0.00 (m)
AN N A NN A N N N N N N N

Figure C.4: Frame 6 Elevation: Building 1
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GRAVITY COLUMNS: ELEVATION

-2, D-3, E-2, E-3,
-5,C-6 B-6 B-5
} : : LEGEND: W - Wide-flange section
i i i B - Box section
| | |
i i i Section Designation: Depth (in) x Width (in) x Weight (Ib/fi
| | |
| | |
i i i Level ROOF El. 70.80 (m)
W16x16x169 W16x16x169 W16x16x169 3.10 (m) Level UMF El. 67.70 (m)
W16x16x169 W16x16x169 W16x16x169 5.70 (m)
Level LMF EI. 62.00 (m)
W16x16x169 W16x16x169 W16x16x169 3.60 (M)
Level 17F EI. 58.40 (m)
W16x16x190 W16x16x190 W16x16x190 3.60 (m)
Level 16F El. 54.80 (m)
W16x16x190 W16x16x190 W16x16x190 3.60 (m)
Level 15F El. 51.20 (m)
W16x16x190 W16x16x190 W16x16x190 3.60 (m)
Level 14F EI. 47.60 (m)
W16x16x190 W16x16x190 W16x16x190 3.60 (M)
Level 13F EI. 44.00 (m)
W18x18x274 W20x20x307 W20x20x307
3.60 () Level 12F El. 40.40 (m)
W18x18x274 W20x20x307 W20x20x307 3.60 (M)
Level 11F EI. 36.80 (m)
W18x18x274 W20x20x307 W20x20x307 3.60 (m)
Level 10F EI. 33.20 (m)
W18x18x274 W20x20x307 W20x20x307 3.60 (m)
Level 9F El. 29.60 (m)
W18x18x274 W20x20x307 W20x20x307 3.60 (M)
Level 8F EIl. 26.00 (m)
W18x18x274 W20x20x307 W20x20x307 3.60 (M
(m) Level 7F El. 22.40 (m)
W20x20x356 W22x22x393 W22x22x393 3.60 (m)
Level 6F EI. 18.80 (m)
W20x20x356 W22x22x393 W22x22x393
3.60 () Level 5F El. 15.20 (m)
W20x20x356 W22x22x393 W22x22x393 3.60 (M)
Level 4F EIl. 11.60 (m)
W20x20x356 W22x22x393 W22x22x393
3.60 () Level 3F El. 8.00 (m)
W22x22x457 W24x24x590 W24x24x530 3.60 (m)
Level 2F El. 4.40 (m)
W22x22x457 W24x24x590 W24x24x530 4.40 (m)
Level 1F EI. 0.00 (m)
AN AN N W N

Figure C.5: Gravity Columns Elevation: Building 1
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FRAMES 1 (ALONG GRID A) AND

: I @ @ @ : 4 (ALONG GRID 1): ELEVATION
@ @ @ @ @ @ LEGEND: W - Wide-flange section
T 8.00 (m) T 8.00 (m) T 8.00 (m) T 8.00 (m) T 8.00 (m) T

B — Box section
Section Designation:
i i i i i i Depth (in) x Width (in) x Weight (Ib/ft)

L w20x12x98 | W20x12x98 | W20x12x98 ! . W20x12x98 ! W20x12x98 ! Level ROOF EI. 78.30 (m)

B14x14x196 W20x14x144 W20x14x144 W20x14x144 W20x14x144 B14x14x196 3.10 (m

W20x12x98 W20x12x98 W20x12x98 W20x12x98 W20x12x98 Level UMF El. 75.20 (m)
B14x14x196 W20x14x144 W20x14x144 W20x14x144 W20x14x144 B14x14x196 5.70 (m)

W20x12x98 W20x12x98 W20x12x98 W20x12x98 W20x12x98 Level LMF EI. 69.50 (m)
B14x14x196 W20x14x144 W20x14x144 W20x14x144 W20x14x144 B14x14x196 4.00 (m)

W20x14x130 W20x14x130 W20x14x130 W20x14x130 W20x14x130 Level 17F El. 65.50 (m)
B16x16x227 W22x16x172 W22x16x172 W22x16x172 W22x16x172 B16x16x227 4.00 (m)

W20x14x130 W20x14x130 W20x14x130 W20x14x130 W20x14x130 Level 16F EIl. 61.50 (m)
B16x16x227 W22x16x172 W22x16x172 W22x16x172 W22x16x172 B16x16x227 4.00 (m)

W20x14x130 W20x14x130 W20x14x130 W20x14x130 W20x14x130 Level 15F El. 57.50 (m)
B16x16x227 W22x16x172 W22x16x172 W22x16x172 W22x16x172 B16x16x227 4.00 (m)

W20x14x130 W20x14x130 W20x14x130 W20x14x130 W20x14x130 Level 14F EIl. 53.50 (m)
B16x16x227 W22x16x172 W22x16x172 W22x16x172 W22x16x172 B16x16x227 4.00 (m)

W22x14x156 W22x14x156 W22x14x156 W22x14x156 W22x14x156 Level 13F El. 49.50 (m)
B20x20x352 W24x18x232 W24x18x232 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W22x14x156 W22x14x156 W22x14x156 W22x14x156 W22x14x156 Level 12F EI. 45.50 (m)
B20x20x352 W24x18x232 W24x18x232 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W22x14x156 W22x14x156 W22x14x156 W22x14x156 W22x14x156 Level 11F El. 41.50 (m)
B20x20x352 W24x18x232 W24x18x232 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W22x14x156 W22x14x156 W22x14x156 W22x14x156 W22x14x156 Level 10F EI. 37.50 (m)
B20x20x352 W24x18x232 W24x18x232 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W22x14x156 W22x14x156 W22x14x156 W22x14x156 W22x14x156 Level 9F El. 33.50 (m)
B20x20x352 W24x18x232 W24x18x232 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W22x14x156 W22x14x156 W22x14x156 W22x14x156 W22x14x156 Level 8F El. 29.50 (m)
B20x20x352 W24x18x232 W24x18x232 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W22x16x184 W22x16x184 W22x16x184 W22x16x184 W22x16x184 Level 7F El. 25.50 (m)
B22x22x430 W26x20%266 W26x20%266 W26x20%266 W26x20%266 B22x22x430 4.00 (m)

W22x16x184 W22x16x184 W22x16x184 W22x16x184 W22x16x184 Level 6F El. 21.50 (m)
B22x22x430 W26x20%266 W26x20x266 W26x20%266 W26x20%x266 B22x22x430 4.00 (m)

W22x16x184 W22x16x184 W22x16x184 W22x16x184 W22x16x184 Level 5F El. 17.50 (m)
B22x22x430 W26x20%266 W26x20%266 W26x20%266 W26x20%266 B22x22x430 4.00 (m)

W22x16x184 W22x16x184 W22x16x184 W22x16x184 W22x16x184 Level 4F El. 13.50 (m)
B22x22x430 W26x20%266 W26x20x266 W26x20%266 W26x20%266 B22x22x430 4.00 (m)

W24x16x213 W24x16x213 W24x16x213 W24x16x213 W24x16x213 Level 3F El. 9.50 (m)
B26x26x633 W28x20x306 W28x20x306 W28x20x306 W28x20x306 B26x26x690 4.00 (m)

W24x16x213 W24x16x213 W24x16x213 W24x16x213 W24x16x213 Level 2F El. 5.50 (m)
B26x26x633 W28x20x306 W28x20x306 W28x20x306 W28x20x306 B26x26x690 5.50 (m)

Level 1F EI. 0.00 (m)
SIS\ SIS\ T T e e

Figure C.6: Frames 1 & 4 Elevation: Building 2
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FRAMES 2 (ALONG GRID C) AND

@ @ @ : 5 (ALONG GRID 3): ELEVATION
@ @ @ @ LEGEND: W - Wide-flange section

; 8.00 (m) ; 8.00 (m) ; 8.00 (m) ; Section Degg;e?((i)c;(n?ecnon

i i i i Depth (in) x Width (in) x Weight (Ib/ft)

L W20x12x98 |, |, W20x12x98 | . W20x12x98 | | Level ROOF EI. 78.30 (m)

B14x14x196 W20x14x144 W20x14x144 B14x14x196 3.10 (m

W20x12x98 W20x12x98 W20x12x98 Level UMF El. 75.20 (m)
B14x14x196 W20x14x144 W20x14x144 B14x14x196 5.70 (m)

W20x12x98 W20x12x98 W20x12x98 Level LMF EI. 69.50 (m)
B14x14x196 W20x14x144 W20x14x144 B14x14x196 4.00 (m)

W20x14x130 W20x14x130 W20x14x130 Level 17F El. 65.50 (m)
B16x16x227 W22x16x172 W22x16x172 B16x16x227 4.00 (m)

W20x14x130 W20x14x130 W20x14x130 Level 16F EIl. 61.50 (m)
B16x16x227 W22x16x172 W22x16x172 B16x16x227 4.00 (m)

W20x14x130 W20x14x130 W20x14x130 Level 15F El.
B16x16x227 W22x16x172 W22x16x172 B16x16x227 4.00 (m)

W20x14x130 W20x14x130 W20x14x130 Level 14F EIl. 53.50 (m)
B16x16x227 W22x16x172 W22x16x172 B16x16x227 4.00 (m)

W22x14x156 W22x14x156 W22x14x156 Level 13F EIl. 49.50 (m)
B20x20x352 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W22x14x156 W22x14x156 W22x14x156 Level 12F El. 45.50 (m)
B20x20x352 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W22x14x156 W22x14x156 W22x14x156 Level 11F EIl. 41.50 (m)
B20x20x352 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W22x14x156 W22x14x156 W22x14x156 Level 10F El. 37.50 (m)
B20x20x352 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W22x14x156 W22x14x156 W22x14x156 Level 9F El. 33.50 (m)
B20x20x352 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W22x14x156 W22x14x156 W22x14x156 Level 8F El. 29.50 (m)
B20x20x352 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W22x16x184 W22x16x184 W22x16x184 Level 7F El. 25.50 (m)
B22x22x430 W26x20x266 W26x20x266 B22x22x430 4.00 (m)

W22x16x184 W22x16x184 W22x16x184 Level 6F El.
B22x22x430 W26x20x266 W26x20x266 B22x22x430 4.00 (m)

W22x16x184 W22x16x184 W22x16x184 Level 5F El. 17.50 (m)
B22x22x430 W26x20x266 W26x20x266 B22x22x430 4.00 (m)

W22x16x184 W22x16x184 W22x16x184 Level 4F El. 13.50 (m)
B22x22x430 W26x20x266 W26x20x266 B22x22x430 4.00 (m)

W24x16x213 W24x16x213 W24x16x213 Level 3F El. 9.50 (m)
B26x26x633 W28x20x306 W28x20x306 B26x26x747 4.00 (m)

W24x16x213 W24x16x213 W24x16x213 Level 2F El. 5.50 (m)
B26x26x633 W28x20x306 W28x20x306 B26x26x747 5.50 (m)

Level 1F EI. 0.00 (m)
AN N AN N T T T T T T

Figure C.7: Frames 2 & 5 Elevation: Building 2
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A
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W30x16x231

A

B26x26x690

Plow26x12x108 | !
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A
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A
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W26x16x182
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A
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A
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W28x18x244
W28x14x171

A
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W28x14x171

W28x18x244
W28x14x171

A

W28x18x244
W28x16x199

 ——

W28x20x293
W28x16x199

A

W28x20x293
W28x16x199

 ——

W28x20x293
W28x16x199

A

W28x20x293
W30x16x231

A

W28x22x354
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A

W28x22x354

B14x14x196

B14x14x196

B14x14x196

B16x16x227

B16x16x227

B16x16x227

B16x16x227

B20x20x352

B20x20x352

B20x20x352

B20x20x352

B20x20x352

B20x20x352

B22x22x430

B22x22x430

B22x22x430

B22x22x430

B26x26x747

B26x26x747
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FRAMES 3 (ALONG GRID F) AND
6 (ALONG GRID 6): ELEVATION

LEGEND: W - Wide-flange section
B — Box section

Section Designation:

Depth (in) x Width (in) x Weight (Ib/ft)

Level ROOF EI. 78.30 (m)

3.10 (m)

Level UMF El. 75.20 (m)
5.70 (m)

Level LMF EI. 69.50 (m)
4.00 (m)

Level 17F El. 65.50 (m)
4.00 (m)

Level 16F El. 61.50 (m)
4.00 (m)

Level 15F EI. 57.50 (m)
4.00 (m)

Level 14F El. 53.50 (m)
4.00 (m)

Level 13F EI. 49.50 (m)
4.00 (m)

Level 12F El. 45.50 (m)
4.00 (m)

Level 11F EI. 41.50 (m)
4.00 (m)

Level 10F El. 37.50 (m)
4.00 (m)

Level 9F El. 33.50 (m)
4.00 (m)

Level 8F El. 29.50 (m)
4.00 (m)

Level 7F El. 25.50 (m)
4.00 (m)

Level 6F El. 21.50 (m)
4.00 (m)

Level 5F El. 17.50 (m)
4.00 (m)

Level 4F El. 13.50 (m)
4.00 (m)

Level 3F El. 9.50 (m)
4.00 (m)

Level 2F El. 5.50 (m)
5.50 (m)

Level 1F EI. 0.00 (m)

Figure C.8: Frames 3 & 6 Elevation: Building 2
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W12x12x125
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W14x14x165

W14x14x165
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W16x16x211

W16x16x211

W16x16x211

W16x16x211

W16x16x211

W16x16x211

W18x18x291

W18x18x291

W18x18x291

W18x18x291

W20x20x364

W20x20x364
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GRAVITY COLUMNS: ELEVATION

LEGEND: W - Wide-flange section
B - Box section

Section Designation:

Depth (in) x Width (in) x Weight (Ib/ft)

Level ROOF El. 78.30 (m)

3.10 (m)
Level UMF El. 75.20 (m)

5.70 (m)
Level LMF El. 69.50 (m)

4.00 (m)
Level 17F El. 65.50 (m)

4.00 (m)
Level 16F EI. 61.50 (m)

4.00 (m)
Level 15F EI. 57.50 (m)

4.00 (m)
Level 14F EI. 53.50 (m)

4.00 (m)
Level 13F EI. 49.50 (m)

4.00 (m)
Level 12F EI. 45.50 (m)

4.00 (m)
Level 11F EI. 41.50 (m)

4.00 (m)
Level 10F EI. 37.50 (m)

4.00 (m)
Level OF El. 33.50 (m)

4.00 (m)
Level 8F El. 29.50 (m)

4.00 (m)
Level 7F El. 25.50 (m)

4.00 (m)
Level 6F El. 21.50 (m)

4.00 (m)
Level 5F EI. 17.50 (m)

4.00 (m)
Level 4F EIl. 13.50 (m)

4.00 (m)
Level 3F El. 9.50 (m)

4.00 (m)
Level 2F El. 5.50 (m)

5.50 (m)
Level 1F EIl. 0.00 (m)

Figure C.9: Gravity Columns Elevation: Building 2
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FRAMES 1 (ALONG GRID A) AND

: I @ @ @ : 4 (ALONG GRID 1): ELEVATION
@ @ @ @ @ @ LEGEND: W - Wide-flange section
T 8.00 (m) T 8.00 (m) T 8.00 (m) T 8.00 (m) T 8.00 (m) T

B — Box section
Section Designation:
i i i i i i Depth (in) x Width (in) x Weight (Ib/ft)

Do wiex12x92 . W1ex12x92 | Wi1exi12x92 !, Wi16x12x92 ! = Wi16xi2x92 ! Level ROOF EI. 78.30 (m)

B14x14x196 W20x14x144 W20x14x144 W20x14x144 W20x14x144 B14x14x196 3.10 (m

W16x12x92 W16x12x92 W16x12x92 W16x12x92 W16x12x92 Level UMF El. 75.20 (m)
B14x14x196 W20x14x144 W20x14x144 W20x14x144 W20x14x144 B14x14x196 5.70 (m)

W16x12x92 W16x12x92 W16x12x92 W16x12x92 W16x12x92 Level LMF EI. 69.50 (m)
B14x14x196 W20x14x144 W20x14x144 W20x14x144 W20x14x144 B14x14x196 4.00 (m)

W16x12x109 W16x12x109 W16x12x109 W16x12x109 W16x12x109 Level 17F El. 65.50 (m)
B16x16x227 W22x16x172 W22x16x172 W22x16x172 W22x16x172 B16x16x227 4.00 (m)

W16x12x109 W16x12x109 W16x12x109 W16x12x109 W16x12x109 Level 16F EIl. 61.50 (m)
B16x16x227 W22x16x172 W22x16x172 W22x16x172 W22x16x172 B16x16x227 4.00 (m)

W16x12x109 W16x12x109 W16x12x109 W16x12x109 W16x12x109 Level 15F El. 57.50 (m)
B16x16x227 W22x16x172 W22x16x172 W22x16x172 W22x16x172 B16x16x227 4.00 (m)

W16x12x109 W16x12x109 W16x12x109 W16x12x109 W16x12x109 Level 14F EIl. 53.50 (m)
B16x16x227 W22x16x172 W22x16x172 W22x16x172 W22x16x172 B16x16x227 4.00 (m)

W18x12x152 W18x12x140 W18x12x140 W18x12x140 W18x12x140 Level 13F El. 49.50 (m)
B20x20x352 W24x18x232 W24x18x232 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W18x12x152 W18x12x140 W18x12x140 W18x12x140 W18x12x140 Level 12F EI. 45.50 (m)
B20x20x352 W24x18x232 W24x18x232 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W18x12x152 W18x12x140 W18x12x140 W18x12x140 W18x12x140 Level 11F El. 41.50 (m)
B20x20x352 W24x18x232 W24x18x232 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W18x12x152 W18x12x140 W18x12x140 W18x12x140 W18x12x140 Level 10F EI. 37.50 (m)
B20x20x352 W24x18x232 W24x18x232 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W18x12x152 W18x12x140 W18x12x140 W18x12x140 W18x12x140 Level 9F El. 33.50 (m)
B20x20x352 W24x18x232 W24x18x232 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W18x12x152 W18x12x140 W18x12x140 W18x12x140 W18x12x140 Level 8F El. 29.50 (m)
B20x20x352 W24x18x232 W24x18x232 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W18x12x152 W18x12x152 W18x12x152 W18x12x152 W18x12x152 Level 7F El. 25.50 (m)
B22x22x430 W26x20%266 W26x20%266 W26x20%266 W26x20%266 B22x22x430 4.00 (m)

W18x12x152 W18x12x152 W18x12x152 W18x12x152 W18x12x152 Level 6F El. 21.50 (m)
B22x22x430 W26x20%266 W26x20%266 W26x20%266 W26x20x266 B22x22x430 4.00 (m)

W18x12x152 W18x12x152 W18x12x152 W18x12x152 W18x12x152 Level 5F El. 17.50 (m)
B22x22x430 W26x20%266 W26x20%266 W26x20%266 W26x20%266 B22x22x430 4.00 (m)

W18x12x152 W18x12x152 W18x12x152 W18x12x152 W18x12x152 Level 4F El. 13.50 (m)
B22x22x430 W26x20%266 W26x20%266 W26x20x266 W26x20x266 B22x22x430 4.00 (m)

W20x12x164 W20x12x164 W20x12x164 W20x12x164 W20x12x164 Level 3F El. 9.50 (m)
B26x26x690 W28x20X356 W28x20X356 W28x20X356 W28x20X356 B26x26x802 4.00 (m)

W20x12x164 W20x12x164 W20x12x164 W20x12x164 W20x12x164 Level 2F El. 5.50 (m)
B26x26x690 W28x20x356 W28x20x356 W28x20x356 W28x20x356 B26x26x802 5.50 (m)

Level 1F EI. 0.00 (m)
SIS\ SIS\ T T e e

Figure C.10: Frames 1 & 4 Elevation: Building 2A



206

FRAMES 2 (ALONG GRID C) AND

@ @ @ : 5 (ALONG GRID 3): ELEVATION
@ @ @ @ LEGEND: W - Wide-flange section

; 8.00 (m) ; 8.00 (m) ; 8.00 (m) ; Section Degg;e?((i)c;(n?ecnon

i i i i Depth (in) x Width (in) x Weight (Ib/ft)

Doowiex12x92 |, . WI1ex12x92 |, . WI16x12x92 | | Level ROOF EI. 78.30 (m)

B14x14x196 W20x14x144 W20x14x144 B14x14x196 3.10 (m

W16x12x92 W16x12x92 W16x12x92 Level UMF El. 75.20 (m)
B14x14x196 W20x14x144 W20x14x144 B14x14x196 5.70 (m)

W16x12x92 W16x12x92 W16x12x92 Level LMF EI. 69.50 (m)
B14x14x196 W20x14x144 W20x14x144 B14x14x196 4.00 (m)

W16x12x109 W16x12x109 W16x12x109 Level 17F El. 65.50 (m)
B16x16x227 W22x16x172 W22x16x172 B16x16x276 4.00 (m)

W16x12x109 W16x12x109 W16x12x109 Level 16F EIl. 61.50 (m)
B16x16x227 W22x16x172 W22x16x172 B16x16x276 4.00 (m)

W16x12x109 W16x12x109 W16x12x109 Level 15F El.
B16x16x227 W22x16x172 W22x16x172 B16x16x276 4.00 (m)

W16x12x109 W16x12x109 W16x12x109 Level 14F EIl. 53.50 (m)
B16x16x227 W22x16x172 W22x16x172 B16x16x276 4.00 (m)

W18x12x131 W18x12x131 W18x12x131 Level 13F EIl. 49.50 (m)
B20x20x352 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W18x12x131 W18x12x131 W18x12x131 Level 12F El. 45.50 (m)
B20x20x352 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W18x12x131 W18x12x131 W18x12x131 Level 11F EIl. 41.50 (m)
B20x20x352 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W18x12x131 W18x12x131 W18x12x131 Level 10F El. 37.50 (m)
B20x20x352 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W18x12x131 W18x12x131 W18x12x131 Level 9F El. 33.50 (m)
B20x20x352 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W18x12x131 W18x12x131 W18x12x131 Level 8F El. 29.50 (m)
B20x20x352 W24x18x232 W24x18x232 B20x20x352 4.00 (m)

W18x12x140 W18x12x140 W18x12x140 Level 7F El. 25.50 (m)
B22x22x430 W26x20x266 W26x20x266 B22x22x479 4.00 (m)

W18x12x140 W18x12x140 W18x12x140 Level 6F El.
B22x22x430 W26x20x266 W26x20x266 B22x22x479 4.00 (m)

W18x12x140 W18x12x140 W18x12x140 Level 5F El. 17.50 (m)
B22x22x430 W26x20x266 W26x20x266 B22x22x479 4.00 (m)

W18x12x140 W18x12x140 W18x12x140 Level 4F El. 13.50 (m)
B22x22x430 W26x20x266 W26x20x266 B22x22x479 4.00 (m)

W20x12x164 W20x12x164 W20x12x164 Level 3F El. 9.50 (m)
B26x26x747 W28x20x356 W28x20x356 B26x26x747 4.00 (m)

W20x12x164 W20x12x164 W20x12x164 Level 2F El. 5.50 (m)
B26x26X747 W28x20x356 W28x20x356 B26x26x747 5.50 (m)

Level 1F EI. 0.00 (m)
AN N AN N T T T T T T

Figure C.11: Frames 2 & 5 Elevation: Building 2A
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FRAMES 3 (ALONG GRID F) AND

@ . : 6 (ALONG GRID 6): ELEVATION
: 8.00 (m) : 8.00 (m) :

LEGEND: W - Wide-flange section
B - Box section

Section Designation:

Depth (in) x Width (in) x Weight (Ib/ft)

b w20x12x98 | W20x12x98 | | Level ROOF EI. 78.30 (m)
B14x14x196 W20x14x144 B14x14x196 3.10 (m
W20x12x98 W20x12x98 Level UMF El. 75.20 (m)
B14x14x196 W20x14x144 B14x14x196 5.70 (m)
W20x12x98 W20x12x98 Level LMF El. 69.50 (m)

B14x14x196 W20x14x144 B14x14x196 4.00 (m)

W20x14x144 W20x14x144 Level 17F El. 65.50 (m)
B16x16x227 W22x16x184 B16x16x276 4.00 (m)

W20x14x144 W20x14x144 Level 16F El. 61.50 (m)
B16x16x227 W22x16x184 B16x16x276 4.00 (m)

W20x14x144 W20x14x144 Level 15F El. 57.50 (m)
B16x16x227 W22x16x184 B16x16x276 4.00 (m)

W20x14x144 W20x14x144 Level 14F EI. 53.50 (m)
B16x16x227 W22x16x184 B16x16x276 4.00 (m)

W22x16x200 W22x16x200 Level 13F El. 49.50 (m)
B20x20x352 W24x18x250 B20x20x352 4.00 (m)

W22x16x200 W22x16x200 Level 12F El. 45.50 (m)
B20x20x352 W24x18x250 B20x20x352 4.00 (m)

W22x16x200 W22x16x200 Level 11F El. 41.50 (m)
B20x20x352 W24x18x250 B20x20x352 4.00 (m)

W22x16x200 W22x16x200 Level 10F El. 37.50 (m)
B20x20x352 W24x18x250 B20x20x352 4.00 (m)

W22x16x200 W22x16x200 Level 9F El. 33.50 (m)
B20x20x352 W24x18x250 B20x20x352 4.00 (m)

W22x16x200 W22x16x200 Level 8F El. 29.50 (m)
B20x20x352 W24x18x250 B20x20x352 4.00 (m)

W22x16x216 W22x16x216 Level 7F El. 25.50 (m)
B22x22x430 W26x20x286 B22x22x479 4.00 (m)

W22x16x216 W22x16x216 Level 6F El. 21.50 (m)
B22x22x430 W26x20%286 B22x22x479 4.00 (m)

W22x16x216 W22x16x216 Level 5F El. 17.50 (m)
B22x22x430 W26x20x286 B22x22x479 4.00 (m)

W22x16x216 W22x16x216 Level 4F El. 13.50 (m)
B22x22x430 W26x20%286 B22x22x479 4.00 (m)

W24x16x213 W24x16x213 Level 3F El. 9.50 (m)
B26x26x802 W28x20x356 B26x26x747 4.00 (m)

W24x16x213 W24x16x213 Level 2F El. 5.50 (m)
B26x26x802 W28x20x356 B26x26x747 5.50 (m)

Level 1F EI. 0.00 (m)
A N T T T T T T e

Figure C.12: Frames 3 & 6 Elevation: Building 2A
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W16x16x211

W16x16x211

W16x16x211

W16x16x211

W16x16x211

W16x16x211

W18x18x291

W18x18x291

W18x18x291

W18x18x291

W20x20x389

W20x20x389
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GRAVITY COLUMNS: ELEVATION

LEGEND: W - Wide-flange section
B - Box section

Section Designation:

Depth (in) x Width (in) x Weight (Ib/ft)

Level ROOF El. 78.30 (m)

3.10 (m)
Level UMF El. 75.20 (m)

5.70 (m)
Level LMF El. 69.50 (m)

4.00 (m)
Level 17F El. 65.50 (m)

4.00 (m)
Level 16F EI. 61.50 (m)

4.00 (m)
Level 15F EI. 57.50 (m)

4.00 (m)
Level 14F EI. 53.50 (m)

4.00 (m)
Level 13F EI. 49.50 (m)

4.00 (m)
Level 12F EI. 45.50 (m)

4.00 (m)
Level 11F EI. 41.50 (m)

4.00 (m)
Level 10F EI. 37.50 (m)

4.00 (m)
Level OF El. 33.50 (m)

4.00 (m)
Level 8F El. 29.50 (m)

4.00 (m)
Level 7F El. 25.50 (m)

4.00 (m)
Level 6F El. 21.50 (m)

4.00 (m)
Level 5F EI. 17.50 (m)

4.00 (m)
Level 4F EIl. 13.50 (m)

4.00 (m)
Level 3F El. 9.50 (m)

4.00 (m)
Level 2F El. 5.50 (m)

5.50 (m)
Level 1F EIl. 0.00 (m)

Figure C.13: Gravity Columns Elevation: Building 2A



B20x20x352

B20x20x352

B20x20x352

B22x22x430

B22x22x430

B22x22x430

B22x22x430

B24x24x527

B24x24x527

B24x24x527

B24x24x527

B24x24x527

B24x24x527

B26x26x633

B26x26x633

B26x26x633

B26x26x633

B28x28x749

B28x28x749

5.00 (M)T

8.00 (m)

209

24x16x18?

26x16x21r

26x16x21f
VV26X16X21F
VV26x16x21?
VVZBXIGXZSr
VV28x16x28i
VVZBXIGXZSr
VV28x16x28i
VVZBXIGXZSr
VV28x16x28i
VV30X16X29(
VV30x16x29r
VV30X16X29(
VV30x16x29r
VV32X16X30F
VV32x16x30f

W.
W.
VV24x16x18f
W.
W.

B24x24x473
W24x16x189

B24x24x473

W24x16x189

A

B24x24x473
W26x16x219

B26x26x574
W26x16x219

A

B26x26x574
W26x16x219

B26x26x574
W26x16x219

A

B26x26x574
W28x16x281

B28x28x622
W28x16x281

A

B28x28x622
W28x16x281

B28x28x622
W28x16x281

A

B28x28x622
W28x16x281

B28x28x622
W28x16x281

A

B28x28x622
W30x16x297

B30x30x739
W30x16x297

A

B30x30x739
W30x16x297

B30x30x739
W30x16x297

A

B30x30x739
W32x16x303

B32x32x865
W32x16x303

A

B32x32x865

8.00 (m) @ 8.00 (m) :

124x16><18f1 W24x16x189 | W24x16x189 ' W24x16x189

FRAMES 1 (ALONG GRID A) AND
2 (ALONG GRID D): ELEVATION

LEGEND: W - Wide-flange section
B - Box section

Section Designation:

Depth (in) x Width (in) x Weight (Ib/ft)

Level ROOF El. 78.30 (m)

W32x16x232 W32x16x232 W22x16x172 3.10 (m)

W24x16x189 W24x16x189 Level UMF EI. 75.20 (m)
W32x16x232 W32x16x232 W22x16x172 5.70 (m)

W24x16x189 W24x16x189 Level LMF EI. 69.50 (m)
W32x16x232 W32x16x232 W22x16x172 4.00 (m)

W26x16x219 W26x16x219 Level 17F El. 65.50 (m)
W33x18x274 W33x18x274 W24x18x232 4.00 (m)

W26x16x219 W26x16x219 Level 16F EIl. 61.50 (m)
W33x18x274 W33x18x274 W24x18x232 4.00 (m)

W26x16x219 W26x16x219 Level 15F El. 57.50 (m)
W33x18x274 W33x18x274 W24x18x232 4.00 (m)

W26x16x219 W26x16x219 Level 14F EIl. 53.50 (m)
W33x18x274 W33x18x274 W24x18x232 4.00 (m)

W28x16x281 W28x16x281 Level 13F El. 49.50 (m)
W35x20x386 W35x20x386 W26x20x311 4.00 (m)

W28x16x281 W28x16x281
W35x20x386 W35x20x386 W26x20x311 4.00 (m)

W28x16x281 W28x16x281 Level 11F El. 41.50 (m)
W35x20x386 W35x20x386 W26x20x311 4.00 (m)

W28x16x281 W28x16x281 Level 10F EIl. 37.50 (m)
W35x20x386 W35x20x386 W26x20x311 4.00 (m)

W28x16x281 W28x16x281 Level 9F El. 33.50 (m)
W35x20x386 W35x20x386 W26x20x311 4.00 (m)

W28x16x281 W28x16x281 Level 8F El. 29.50 (m)
W35x20x386 W35x20x386 W26x20x311 4.00 (m)

W30x16x297 W30x16x297 Level 7F El. 25.50 (m)
W37x20x419 W37x20x419 W28x20x356 4.00 (m)

W30x16x297 W30x16x297 Level 6F El. 21.50 (m)
W37x20x419 W37x20x419 W28x20x356 4.00 (m)

W30x16x297 W30x16x297 Level 5F El. 17.50 (m)
W37x20x419 W37x20x419 W28x20x356 4.00 (m)

W30x16x297 W30x16x297 Level 4F El. 13.50 (m)
W37x20x419 W37x20x419 W28x20x356 4.00 (m)

W32x16x303 W32x16x303 Level 3F El. 9.50 (m)
W39x20x451 W39x20x451 W30x20x436 4.00 (m)

W32x16x303 W32x16x303 Level 2F El. 5.50 (m)
W39x20x451 W39x20x451 W30x20x436 5.50 (m)

Level 1F EI. 0.00 (m)
AN N AN N T T T T T

Figure C.14: Frames 1 & 2 Elevation: Building 3
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FRAME 3 (ALONG GRID 1): ELEVATION

LEGEND: W - Wide-flange section

B — Box section

Section Designation:

Depth (in) x Width (in) x Weight (Ib/ft)

! 8.00 (m)
i i i i
I W24x18x206 |, | W24x18x206 | W24x18x206 '
B20x20x352 W32x16x248 W32x16x248 B20x20x352
W24x18x206 W24x18x206 W24x18x206
B20x20x352 W32x16x248 W32x16x248 B20x20x352
W24x18x206 W24x18x206 W24x18x206
B20x20x352 W32x16x248 W32x16x248 B20x20x352
W28x20x263 W28x20x263 W28x20x263
B22x22x430 W33x18x291 W33x18x291 B22x22x430
W28x20x263 W28x20x263 W28x20x263
B22x22x430 W33x18x291 W33x18x291 B22x22x430
W28x20x263 W28x20x263 W28x20x263
B22x22x430 W33x18x291 W33x18x291 B22x22x430
W28x20x263 W28x20x263 W28x20x263
B22x22x430 W33x18x291 W33x18x291 B22x22x430
W34x20x326 W34x20x326 W34x20x326
B24x24x527 W35x20x411 W35x20x411 B24x24x527
W34x20x326 W34x20x326 W34x20x326
B24x24x527 W35x20x411 W35x20x411 B24x24x527
W34x20x326 W34x20x326 W34x20x326
B24x24x527 W35x20x411 W35x20x411 B24x24x527
W34x20x326 W34x20x326 W34x20x326
B24x24x527 W35x20x411 W35x20x411 B24x24x527
W34x20x326 W34x20x326 W34x20x326
B24x24x527 W35x20x411 W35x20x411 B24x24x527
W34x20x326 W34x20x326 W34x20x326
B24x24x527 W35x20x411 W35x20x411 B24x24x527
W36x20x369 W36x20x369 W36x20x369
B26x26x633 W37x20x493 W37x20x493 B26x26x633
W36x20x369 W36x20x369 W36x20x369
B26x26x633 W37x20x493 W37x20x493 B26x26x633
W36x20x369 W36x20x369 W36x20x369
B26x26x633 W37x20x493 W37x20x493 B26x26x633
W36x20x369 W36x20x369 W36x20x369
B26x26x633 W37x20x493 W37x20x493 B26x26x633
W39x20x407 W39x20x407 W39x20x407
B28x28x749 W39x20x526 W39x20x526 B28x28x749
W39x20x407 W39x20x407 W39x20x407
B28x28x749 W39x20x526 W39x20x526 B28x28x749

Level ROOF El. 78.30 (m)

3.10 (m)
Level UMF EI. 75.20 (m)

5.70 (m)
Level LMF EI. 69.50 (m)

4.00 (m)
Level 17F El. 65.50 (m)

4.00 (m)
Level 16F EIl. 61.50 (m)

4.00 (m)
Level 15F El. 57.50 (m)

4.00 (m)
Level 13F EI. 49.50 (m)

4.00 (m)
Level 12F EI. 45.50 (m)

4.00 (m)
Level 11F EI. 41.50 (m)

4.00 (m)
Level 10F EIl. 37.50 (m)

4.00 (m)
Level 9F EI. 33.50 (m)

4.00 (m)
Level 8F El. 29.50 (m)

4.00 (m)
Level 7F El. 25.50 (m)

4.00 (m)
Level 6F El. 21.50 (m)

4.00 (m)
Level 5F EI. 17.50 (m)

4.00 (m)
Level 4F El. 13.50 (m)

4.00 (m)
Level 3F El. 9.50 (m)

4.00 (m)
Level 2F El. 5.50 (m)

5.50 (m)
Level 1F EI. 0.00 (m)

Figure C.15: Frame 3 Elevation: Building 3
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FRAME 4 (ALONG GRID 2): ELEVATION

8.00 (M) 8.00 (M) 8.00 (m) T
i i i i
I W24x18x206 |, | W24x18x206 | W24x18x206 '
B24x24x473 W32x16x248 W32x16x248 B24x24x473
W24x18x206 W24x18x206 W24x18x206
B24x24x473 W32x16x248 W32x16x248 B24x24x473
W24x18x206 W24x18x206 W24x18x206
B24x24x473 W32x16x248 W32x16x248 B24x24x473
W28x20x263 W28x20x263 W28x20x263
B26x26X574 W33x18x291 W33x18x291 B26x26X574
W28x20x263 W28x20x263 W28x20x263
B26x26X574 W33x18x291 W33x18x291 B26x26X574
W28x20x263 W28x20x263 W28x20x263
B26x26X574 W33x18x291 W33x18x291 B26x26X574
W28x20x263 W28x20x263 W28x20x263
B26x26X574 W33x18x291 W33x18x291 B26x26X574
W34x20x326 W34x20x326 W34x20x326
B28x28x622 W35x20x411 W35x20x411 B28x28x622
W34x20x326 W34x20x326 W34x20x326
B28x28x622 W35x20x411 W35x20x411 B28x28x622
W34x20x326 W34x20x326 W34x20x326
B28x28x622 W35x20x411 W35x20x411 B28x28x622
W34x20x326 W34x20x326 W34x20x326
B28x28x622 W35x20x411 W35x20x411 B28x28x622
W34x20x326 W34x20x326 W34x20x326
B28x28x622 W35x20x411 W35x20x411 B28x28x622
W34x20x326 W34x20x326 W34x20x326
B28x28x622 W35x20x411 W35x20x411 B28x28x622
W36x20x369 W36x20x369 W36x20x369
B30x30x739 W37x20x493 W37x20x493 B30x30x739
W36x20x369 W36x20x369 W36x20x369
B30x30x739 W37x20x493 W37x20x493 B30x30x739
W36x20x369 W36x20x369 W36x20x369
B30x30x739 W37x20x493 W37x20x493 B30x30x739
W36x20x369 W36x20x369 W36x20x369
B30x30x739 W37x20x493 W37x20x493 B30x30x739
W309x20x407 W309x20x407 W309x20x407
B32x32x865 W39x20x526 W39x20x526 B32x32x865
W39x20x407 W39x20x407 W39x20x407
B32x32x865 W39x20x526 W39x20x526 B32x32x865

LEGEND: W - Wide-flange section

B — Box section

Section Designation:
Depth (in) x Width (in) x Weight (Ib/ft)

Level ROOF El. 78.30 (m)

3.10 (m)
Level UMF EI. 75.20 (m)

5.70 (m)
Level LMF EI. 69.50 (m)

4.00 (m)
Level 17F El. 65.50 (m)

4.00 (m)
Level 16F EIl. 61.50 (m)

4.00 (m)
Level 15F El. 57.50 (m)

4.00 (m)
Level 13F EI. 49.50 (m)

4.00 (m)
Level 12F EI. 45.50 (m)

4.00 (m)
Level 11F EI. 41.50 (m)

4.00 (m)
Level 10F EIl. 37.50 (m)

4.00 (m)
Level 9F EI. 33.50 (m)

4.00 (m)
Level 8F El. 29.50 (m)

4.00 (m)
Level 7F El. 25.50 (m)

4.00 (m)
Level 6F El. 21.50 (m)

4.00 (m)
Level 5F EI. 17.50 (m)

4.00 (m)
Level 4F El. 13.50 (m)

4.00 (m)
Level 3F El. 9.50 (m)

4.00 (m)
Level 2F El. 5.50 (m)

5.50 (m)
Level 1F EI. 0.00 (m)

Figure C.16: Frame 4 Elevation: Building 3
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GRAVITY COLUMNS: ELEVATION

B-3, B-4, B-5, LEGEND: W - Wide-flange section
c-3 Cc-4 C-5 ' B - B?X section
T T T Section Designation:
! ! ! Depth (in) x Width (in) x Weight (Ib/ft)
| | |
! ! ! Level ROOF EI. 78.30 (m)
W12x12x104 W12x12x104 W12x12x95 3.10 (m)
Level UMF EI. 75.20 (m)
W12x12x104 W12x12x104 W12x12x95 5.70 (m)
Level LMF El. 69.50 (m)
W12x12x104 W12x12x104 W12x12x95 4.00 (m)
Level 17F EI. 65.50 (m)
W14x14x151 W14x14x151 W12x12x120 4.00 (m)
Level 16F EI. 61.50 (m)
W14x14x151 W14x14x151 W12x12x120 4.00 (m)
Level 15F El. 57.50 (m)
W14x14x151 W14x14x151 W12x12x120 4.00 (m)
Level 14F EI. 53.50 (m)
W14x14x151 W14x14x151 W12x12x120 4.00 (m)
Level 13F El. 49.50 (m)
W16x16x195 W16x16x195 W14x14x156 4.00 (m)
Level 12F EI. 45.50 (m)
W16x16x195 W16x16x195 W14x14x156 4.00 (m)
Level 11F El. 41.50 (m)
W16x16x195 W16x16x195 W14x14x156 4.00 (m)
Level 10F EI. 37.50 (m)
W16x16x195 W16x16x195 W14x14x156 4.00 (m)
Level 9F El. 33.50 (m)
W16x16x195 W16x16x195 W14x14x156 4.00 (m)
Level 8F El. 29.50 (m)
W16x16x195 W16x16x195 W14x14x156 4.00 (m)
Level 7F El. 25.50 (m)
W18x18x247 W18x18x247 W14x14x175 4.00 (m)
Level 6F El. 21.50 (m)
W18x18x247 W18x18x247 W14x14x175 4.00 (m)
Level 5F El. 17.50 (m)
W18x18x247 W18x18x247 W14x14x175 4.00 (m)
Level 4F El. 13.50 (m)
W18x18x247 W18x18x247 W14x14x175 4.00 (m)
Level 3F El. 9.50 (m)
W20x20x307 W20x20x324 W16x16x249 4.00 (m)
Level 2F El. 5.50 (m)
W20x20x307 W20x20x324 W16x16x249 5.50 (m)
Level 1F EI. 0.00 (m)
AN AN AN T T T T T T

Figure C.17: Gravity Columns Elevation: Building 3
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8.00 (m) @ 8.00 (m) :

FRAMES 1 (ALONG GRID A) AND
2 (ALONG GRID D): ELEVATION

LEGEND: W - Wide-flange section
B - Box section

™ 5.00 (m)T 8.00 (m) T Section Designation:
! f f 1 Depth (in) x Width (in) x Weight (Ib/ft)
| | | | |
'wisxiex174  wisxiexi74 ! wisx16x174 ! Wisx16x174 ! Level ROOF El. 78.30 (m)
B18x18x282 W20x16x188 W20x16x188 W20x16x172 3.10 (m)
W18x16x114 W18x16x174 W18x16x174 W18x16x174 Level UMF EI. 75.20 (m)
B18x18x282 W20x16x188 W20x16x188 W20x16x172 5.70 (m)
W18x16x174 . W18x16x174 W18x16x174 W18x16x174 Level LMF EI. 69.50 (m)
B18x18x282 W20x16x188 W20x16x188 W20x16x172 4.00 (m)
W20x16x222 W20x16x202 W20x16x202 W20x16x202 Level 17F El. 65.50 (m)
B20x20x352 W22x18x237 W22x18x237 W22x18x219 4.00 (m)
W20x16x222 W20x16x202 W20x16x202 W20x16x202 Level 16F EIl. 61.50 (m)
B20x20x352 W22x18x237 W22x18x237 W22x18x219 4.00 (m)
W20x16x222 W20x16x202 W20x16x202 W20x16x202 Level 15F El. 57.50 (m)
B20x20x352 W22x18x237 W22x18x237 W22x18x219 4.00 (m)
W20x16x222 W20x16x202 W20x16x202 W20x16x202 Level 14F EIl. 53.50 (m)
B20x20x352 W22x18x237 W22x18x237 W22x18x219 4.00 (m)
W22x16x2i: W22x16x223 W22x16x223 W22x16x223 Level 13F El. 49.50 (m)
B22x22x430 W24x20x297 W24x20x297 W24x20x271 4.00 (m)
w22x16xzi: W22x16x223 W22x16x223 W22x16x223
B22x22x430 W24x20x297 W24x20x297 W24x20x271 4.00 (m)
W22x16x2i: W22x16x223 W22x16x223 W22x16x223 Level 11F El. 41.50 (m)
B22x22x430 W24x20x297 W24x20x297 W24x20x271 4.00 (m)
w22x16xzi: W22x16x223 W22x16x223 W22x16x223 Level 10F EIl. 37.50 (m)
B22x22x430 W24x20x297 W24x20x297 W24x20x271 4.00 (m)
W22x16x2i: W22x16x223 W22x16x223 W22x16x223 Level 9F El. 33.50 (m)
B22x22x430 W24x20x297 W24x20x297 W24x20x271 4.00 (m)
w22x16xzi: W22x16x223 W22x16x223 W22x16x223 Level 8F El. 29.50 (m)
B22x22x430 W24x20x297 W24x20x297 W24x20x271 4.00 (m)
W24x16x2i' W24x16x257 W24x16x257 W24x16x257 Level 7F El. 25.50 (m)
B24x24x527 W26x20x336 W26x20x336 W26x20x311 4.00 (m)
w24x16xzi' W24x16x257 W24x16x257 W24x16x257 Level 6F El. 21.50 (m)
B24x24x527 W26x20x336 W26x20x336 W26x20x311 4.00 (m)
W24x16x2i' W24x16x257 W24x16x257 W24x16x257 Level 5F El. 17.50 (m)
B24x24x527 W26x20x336 W26x20x336 W26x20x311 4.00 (m)
w24x16xzi' W24x16x257 W24x16x257 W24x16x257 Level 4F El. 13.50 (m)
B24x24x527 W26x20x336 W26x20x336 W26x20x311 4.00 (m)
W26x16x284 |« W26x16x284 W26x16x284 W26x16x284 Level 3F El. 9.50 (m)
B26x26x690 W28x20x405 W28x20x430 W28x20x633 4.00 (m)
W26x16x2?4 W26x16x284 W26x16x284 W26x16x284 Level 2F El. 5.50 (m)
B26x26x690 W28x20x405 W28x20x430 W28x20x633 5.50 (m)
Level 1F EI. 0.00 (m)
AN N AN N T T T T T

Figure C.18: Frames 1 & 2 Elevation: Building 3A
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FRAME 3 (ALONG GRID 1): ELEVATION

LEGEND: W - Wide-flange section

B — Box section

Section Designation:

Depth (in) x Width (in) x Weight (Ib/ft)

T 8.00 (m)
i i i i
Iwisx16x174 |, | Wi1Bx16x174 | Wi1Bx16x174 !
B18x18x282 W20x16x188 W20x16x188 B18x18x282
W18x16x174 W18x16x174 W18x16x174
B18x18x282 W20x16x188 W20x16x188 B18x18x282
W18x16x174 W18x16x174 W18x16x174
B18x18x282 W20x16x188 W20x16x188 B18x18x282
W20x16x202 W20x16x202 W20x16x202
B20x20x352 W22x18x237 W22x18x237 B20x20x352
W20x16x202 W20x16x202 W20x16x202
B20x20x352 W22x18x237 W22x18x237 B20x20x352
W20x16x202 W20x16x202 W20x16x202
B20x20x352 W22x18x237 W22x18x237 B20x20x352
W20x16x202 W20x16x202 W20x16x202
B20x20x352 W22x18x237 W22x18x237 B20x20x352
W22x16x223 W22x16x223 W22x16x223
B22x22x430 W24x20x297 W24x20x297 B22x22x430
W22x16x223 W22x16x223 W22x16x223
B22x22x430 W24x20x297 W24x20x297 B22x22x430
W22x16x223 W22x16x223 W22x16x223
B22x22x430 W24x20x297 W24x20x297 B22x22x430
W22x16x223 W22x16x223 W22x16x223
B22x22x430 W24x20x297 W24x20x297 B22x22x430
W22x16x223 W22x16x223 W22x16x223
B22x22x430 W24x20x297 W24x20x297 B22x22x430
W22x16x223 W22x16x223 W22x16x223
B22x22x430 W24x20x297 W24x20x297 B22x22x430
W24x16x257 W24x16x257 W24x16x257
B24x24x527 W26x20x336 W26x20x336 B24x24x527
W24x16x257 W24x16x257 W24x16x257
B24x24x527 W26x20x336 W26x20x336 B24x24x527
W24x16x257 W24x16x257 W24x16x257
B24x24x527 W26x20x336 W26x20x336 B24x24x527
W24x16x257 W24x16x257 W24x16x257
B24x24x527 W26x20x336 W26x20x336 B24x24x527
W26x16x284 W26x16x284 W26x16x284
B26x26x802 W28x20x380 W28x20x380 B26x26x802
W26x16x284 W26x16x284 W26x16x284
B26x26x802 W28x20x380 W28x20x380 B26x26x802

Level ROOF El. 78.30 (m)

3.10 (m)
Level UMF EI. 75.20 (m)

5.70 (m)
Level LMF EI. 69.50 (m)

4.00 (m)
Level 17F El. 65.50 (m)

4.00 (m)
Level 16F EIl. 61.50 (m)

4.00 (m)
Level 15F El. 57.50 (m)

4.00 (m)
Level 13F EI. 49.50 (m)

4.00 (m)
Level 12F EI. 45.50 (m)

4.00 (m)
Level 11F EI. 41.50 (m)

4.00 (m)
Level 10F EIl. 37.50 (m)

4.00 (m)
Level 9F EI. 33.50 (m)

4.00 (m)
Level 8F El. 29.50 (m)

4.00 (m)
Level 7F El. 25.50 (m)

4.00 (m)
Level 6F El. 21.50 (m)

4.00 (m)
Level 5F EI. 17.50 (m)

4.00 (m)
Level 4F El. 13.50 (m)

4.00 (m)
Level 3F El. 9.50 (m)

4.00 (m)
Level 2F El. 5.50 (m)

5.50 (m)
Level 1F EI. 0.00 (m)

Figure C.19: Frame 3 Elevation: Building 3A



215

FRAME 4 (ALONG GRID 2): ELEVATION

LEGEND: W - Wide-flange section

B — Box section

Section Designation:

Depth (in) x Width (in) x Weight (Ib/ft)

T 8.00 (m)
i i i i
Iwisx16x174 |, | Wi1Bx16x174 | Wi1Bx16x174 !
B18x18x282 W20x16x188 W20x16x188 B18x18x282
W18x16x174 W18x16x174 W18x16x174
B18x18x282 W20x16x188 W20x16x188 B18x18x282
W18x16x174 W18x16x174 W18x16x174
B18x18x282 W20x16x188 W20x16x188 B18x18x282
W20x16x202 W20x16x202 W20x16x202
B22x22x352 W22x18x237 W22x18x237 B22x22x352
W20x16x202 W20x16x202 W20x16x202
B22x22x352 W22x18x237 W22x18x237 B22x22x352
W20x16x202 W20x16x202 W20x16x202
B22x22x352 W22x18x237 W22x18x237 B22x22x352
W20x16x202 W20x16x202 W20x16x202
B22x22x352 W22x18x237 W22x18x237 B22x22x352
W22x16x223 W22x16x223 W22x16x223
B22x22x430 W24x20x297 W24x20x297 B22x22x430
W22x16x223 W22x16x223 W22x16x223
B22x22x430 W24x20x297 W24x20x297 B22x22x430
W22x16x223 W22x16x223 W22x16x223
B22x22x430 W24x20x297 W24x20x297 B22x22x430
W22x16x223 W22x16x223 W22x16x223
B22x22x430 W24x20x297 W24x20x297 B22x22x430
W22x16x223 W22x16x223 W22x16x223
B22x22x430 W24x20x297 W24x20x297 B22x22x430
W22x16x223 W22x16x223 W22x16x223
B22x22x430 W24x20x297 W24x20x297 B22x22x430
W24x16x257 W24x16x257 W24x16x257
B24x24x527 W26x20x336 W26x20x336 B24x24x527
W24x16x257 W24x16x257 W24x16x257
B24x24x527 W26x20x336 W26x20x336 B24x24x527
W24x16x257 W24x16x257 W24x16x257
B24x24x527 W26x20x336 W26x20x336 B24x24x527
W24x16x257 W24x16x257 W24x16x257
B24x24x527 W26x20x336 W26x20x336 B24x24x527
W26x16x284 W26x16x284 W26x16x284
B26x26x802 W28x20x380 W28x20x380 B26x26x802
W26x16x284 W26x16x284 W26x16x284
B26x26x802 W28x20x380 W28x20x380 B26x26x802

Level ROOF El. 78.30 (m)

3.10 (m)
Level UMF EI. 75.20 (m)

5.70 (m)
Level LMF EI. 69.50 (m)

4.00 (m)
Level 17F El. 65.50 (m)

4.00 (m)
Level 16F EIl. 61.50 (m)

4.00 (m)
Level 15F El. 57.50 (m)

4.00 (m)
Level 13F EI. 49.50 (m)

4.00 (m)
Level 12F EI. 45.50 (m)

4.00 (m)
Level 11F EI. 41.50 (m)

4.00 (m)
Level 10F EIl. 37.50 (m)

4.00 (m)
Level 9F EI. 33.50 (m)

4.00 (m)
Level 8F El. 29.50 (m)

4.00 (m)
Level 7F El. 25.50 (m)

4.00 (m)
Level 6F El. 21.50 (m)

4.00 (m)
Level 5F EI. 17.50 (m)

4.00 (m)
Level 4F El. 13.50 (m)

4.00 (m)
Level 3F El. 9.50 (m)

4.00 (m)
Level 2F El. 5.50 (m)

5.50 (m)
Level 1F EI. 0.00 (m)

Figure C.20: Frame 4 Elevation: Building 3A
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GRAVITY COLUMNS: ELEVATION

B-3, B-4, B-5, LEGEND: W - Wide-flange section
c-3 Cc-4 C-5 ' B - B?X section
T T T Section Designation:
! ! ! Depth (in) x Width (in) x Weight (Ib/ft)
| | |
! ! ! Level ROOF EI. 78.30 (m)
W12x12x104 W12x12x104 W12x12x95 3.10 (m)
Level UMF EI. 75.20 (m)
W12x12x104 W12x12x104 W12x12x95 5.70 (m)
Level LMF El. 69.50 (m)
W12x12x104 W12x12x104 W12x12x95 4.00 (m)
Level 17F EI. 65.50 (m)
W14x14x151 W14x14x151 W12x12x120 4.00 (m)
Level 16F EI. 61.50 (m)
W14x14x151 W14x14x151 W12x12x120 4.00 (m)
Level 15F El. 57.50 (m)
W14x14x151 W14x14x151 W12x12x120 4.00 (m)
Level 14F EI. 53.50 (m)
W14x14x151 W14x14x151 W12x12x120 4.00 (m)
Level 13F El. 49.50 (m)
W16x16x195 W16x16x195 W14x14x156 4.00 (m)
Level 12F EI. 45.50 (m)
W16x16x195 W16x16x195 W14x14x156 4.00 (m)
Level 11F El. 41.50 (m)
W16x16x195 W16x16x195 W14x14x156 4.00 (m)
Level 10F EI. 37.50 (m)
W16x16x195 W16x16x195 W14x14x156 4.00 (m)
Level 9F El. 33.50 (m)
W16x16x195 W16x16x195 W14x14x156 4.00 (m)
Level 8F El. 29.50 (m)
W16x16x195 W16x16x195 W14x14x156 4.00 (m)
Level 7F El. 25.50 (m)
W18x18x247 W18x18x247 W14x14x175 4.00 (m)
Level 6F El. 21.50 (m)
W18x18x247 W18x18x247 W14x14x175 4.00 (m)
Level 5F El. 17.50 (m)
W18x18x247 W18x18x247 W14x14x175 4.00 (m)
Level 4F El. 13.50 (m)
W18x18x247 W18x18x247 W14x14x175 4.00 (m)
Level 3F El. 9.50 (m)
W20x20x356 W20x20x381 W16x16x281 4.00 (m)
Level 2F El. 5.50 (m)
W20x20x356 W20x20x381 W16x16x281 5.50 (m)
Level 1F EI. 0.00 (m)
AN AN AN T T T T T T

Figure C.21: Gravity Columns Elevation: Building 3A
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i i i i i i
! 800(m) ! 8OO(mM ! 800(M ! 800(M) ! 800(mM) !
i i i i i i
3 W20x12x98 : W20x12x98 : W20x12x98 : W20x12x98 : W20x12x98 :
B14x14x171 W22x12x150 W22x12x150 W22x12x150 W22x12x150
W20x12x98 W20x12x98 W20x12x98 W20x12x98 W20x12x98
B14x14x171 W22x12x150 W22x12x150 W22x12x150 W22x12x150
W20x12x98 W20x12x98 W20x12x98 W20x12x98 W20x12x98
B14x14x171 W22x12x150 W22x12x150 W22x12x150 W22x12x150
W22x12x102 W22x12x102 W22x12x102 W22x12x102 W22x12x102
B16x16x227 W24x14x172 W24x14x172 W24x14x172 W24x14x172
W22x12x102 W22x12x102 W22x12x102 W22x12x102 W22x12x102
B16x16x227 W24x14x172 W24x14x172 W24x14x172 W24x14x172
W22x12x102 W22x12x102 W22x12x102 W22x12x102 W22x12x102
B16x16x227 W24x14x172 W24x14x172 W24x14x172 W24x14x172
W22x12x121 W22x12x121 W22x12x121 W22x12x121 W22x12x121
B18x18x258 W26x16x203 W26x16x203 W26x16x203 W26x16x203
W22x12x121 W22x12x121 W22x12x121 W22x12x121 W22x12x121
B18x18x258 W26x16x203 W26x16x203 W26x16x203 W26x16x203
W22x12x121 W22x12x121 W22x12x121 W22x12x121 W22x12x121
B18x18x258 W26x16x203 W26x16x203 W26x16x203 W26x16x203
W24x14x161 W24x14x161 W24x14x161 W24x14x161 W24x14x161
B18x18x282 W28x18x244 W28x18x244 W28x18x244 W28x18x244
W24x14x161 W24x14x161 W24x14x161 W24x14x161 W24x14x161
B18x18x282 W28x18x244 W28x18x244 W28x18x244 W28x18x244
W24x14x161 W24x14x161 W24x14x161 W24x14x161 W24x14x161
B18x18x282 W28x18x244 W28x18x244 W28x18x244 W28x18x244
W24x14x161 W24x14x161 W24x14x161 W24x14x161 W24x14x161
B18x18x282 W28x18x244 W28x18x244 W28x18x244 W28x18x244
W26x14x177 W26x14x177 W26x14x177 W26x14x177 W26x14x177
B20x20x352 W30x20x324 W30x20x324 W30x20x324 W30x20x324
W26x14x177 W26x14x177 W26x14x177 W26x14x177 W26x14x177
B20x20x352 W30x20x324 W30x20x324 W30x20x324 W30x20x324
W26x14x177 W26x14x177 W26x14x177 W26x14x177 W26x14x177
B20x20x352 W30x20x324 W30x20x324 W30x20x324 W30x20x324
W26x14x177 W26x14x177 W26x14x177 W26x14x177 W26x14x177
B20x20x352 W30x20x324 W30x20x324 W30x20x324 W30x20x324
W28x16x225 W28x16x225 W28x16x225 W28x16x225 W28x16x225
B24x24x473 W32x20x346 W32x20x346 W32x20x346 W32x20x346
W28x16x225 W28x16x225 W28x16x225 W28x16x225 W28x16x225
B24x24x473 W32x20x346 W32x20x346 W32x20x346 W32x20x346

FRAMES 1 (ALONG GRID A) AND
2 (ALONG GRID F): ELEVATION
LEGEND: W - Wide-flange section

B — Box section
Section Designation:
Depth (in) x Width (in) x Weight (Ib/ft)

Level ROOF El. 75.10 (m)

Figure C.22: Frames 1 & 2 Elevation:

B14x14x171 3.10 (m

Level UMF EI. 72.00 (m)
B14x14x171 5.70 (m)

Level LMF El. 66.30 (m)
B14x14x171 4.00 (m)

Office Level 17F EI. 62.30 (m)
B16x16x248 4.00 (m)

Office Level 16F EI. 58.30 (m)
B16x16x248 4.00 (m)

Office Level 15F EI. 54.30 (m)
B16x16x248 4.00 (m)

Office Level 14F EI. 50.30 (m)
B18x18x282 4.00 (m)

Office Level 13F EI. 46.30 (m)
B18x18x282 4.00 (m)

Office Level 12F EI. 42.30 (m)
B18x18x282 4.00 (m)

Office Level 11F EI. 38.30 (m)
B18x18x346 4.00 (m)

Hotel Level 10F EI. 34.30 (m)
B18x18x346 3.60 (m)

Hotel Level 9F EI. 30.70 (m)
B18x18x346 3.60 (m)

Hotel Level 8F EI. 27.10 (m)
B18x18x346 3.60 (m

Hotel Level 7F El. 23.50 (m)
B20x20x388 3.60 (m)

Hotel Level 6F EI. 19.90 (m)
B20x20x388 3.60 (m)

Hotel Level 5F EI. 16.30 (m)
B20x20x388 3.60 (m)

Hotel Level 4F El. 12.70 (m)
B20x20x388 3.60 (m)

Hotel Level 3F El. 9.10 (m)
B24x24x580 3.60 (m)

Hotel Level 2F El. 5.50 (m)
B24x24x580 5.50 (m)

Lobby Level 1F EI. 0.00 (m)
Building 4
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FRAME 3 (ALONG GRID 1): ELEVATION

LEGEND: W - Wide-flange section
B - Box section

Section Designation:

O © © o o O

| | | | | |
i i i i i i
i 800(m _; 800(m) _; 800(m) _; 800(m) _; 800(M _:  pepth(in) x Width (in) x Weight (b/ft)
| | | | | |
| | | | | |
L W20x12x98 . W20x12x98 ;. W20x12x98 ;. W20x12x98 ;. W20x12x98 Level ROOF EI. 75.10 (m)
B14x14x171 W18x14x140 W22x14x156 W22x14x156 W18x14x140 B14x14x171 3.10 (m
W20x12x98 W20x12x98 W20x12x98 W20x12x98 W20x12x98 Level UMF EI. 72.00 (m)
B14x14x171 W18x14x140 W22x14x156 W22x14x156 W18x14x140 B14x14x171 5.70 (m)
W20x12x98 W20x12x98 W20x12x98 W20x12x98 W20x12x98 Level LMF El. 66.30 (m)
B14x14x171 W18x14x140 W22x14x156 W22x14x156 W18x14x140 B14x14x171 4.00 (m)
W20x12x117 W20x12x117 W20x12x117 W20x12x117 W20x12x117 Office Level 17F El. 62.30 (m)
B16x16x227 W20x14x155 W24x14x172 W24x14x172 W20x14x155 B16x16x227 4.00 (m)
W20x12x117 W20x12x117 W20x12x117 W20x12x117 W20x12x117 Office Level 16F EI. 58.30 (m)
B16x16x227 W20x14x155 W24x14x172 W24x14x172 W20x14x155 B16x16x227 4.00 (m)
W20x12x117 W20x12x117 W20x12x117 W20x12x117 W20x12x117 Office Level 15F El. 54.30 (m)
B16x16x227 W20x14x155 W24x14x172 W24x14x172 W20x14x155 B16x16x227 4.00 (m)
W20x14x137 W20x14x137 W20x14x137 W20x14x137 W20x14x137 Office Level 14F EI. 50.30 (m)
B18x18x258 W22x16x200 W26x18x301 W26x18x301 W22x16x200 B18x18x258 4.00 (m)
W20x14x137 W20x14x137 W20x14x137 W20x14x137 W20x14x137 Office Level 13F El. 46.30 (m)
B18x18x258 W22x16x200 W26x18x301 W26x18x301 W22x16x200 B18x18x258 4.00 (m)
W20x14x137 W20x14x137 W20x14x137 W20x14x137 W20x14x137 Office Level 12F EI. 42.30 (m)
B18x18x258 W22x16x200 W26x18x301 W26x18x301 W22x16x200 B18x18x258 4.00 (m)
W20x14x151 W20x14x151 W20x14x151 W20x14x151 W20x14x151 Office Level 11F EI. 38.30 (m)
B18x18x282 W24x16x205 W28x18x307 W28x18x307 W24x16x205 B18x18x282 4.00 (m)
W20x14x151 W20x14x151 W20x14x151 W20x14x151 W20x14x151 Hotel Level 10F EI. 34.30 (m)
B18x18x282 W24x16x205 W28x18x307 W28x18x307 W24x16x205 B18x18x282 3.60 (m)
W20x14x151 W20x14x151 W20x14x151 W20x14x151 W20x14x151 Hotel Level 9F EI. 30.70 (m)
B18x18x282 W24x16x205 W28x18x307 W28x18x307 W24x16x205 B18x18x282 3.60 (m)
W20x14x151 W20x14x151 W20x14x151 W20x14x151 W20x14x151 Hotel Level 8F EI. 27.10 (m)
B18x18x282 W24x16x205 W28x18x307 W28x18x307 W24x16x205 B18x18x282 3.60 (m
W20x16x186 W20x16x186 W20x16x186 W20x16x186 W20x16x186 Hotel Level 7F El. 23.50 (m)
B20x20x352 W24x18x250 W30x20x289 W30x20x289 W24x18x250 B20x20x352 3.60 (m)
W20x16x186 W20x16x186 W20x16x186 W20x16x186 W20x16x186 Hotel Level 6F EI. 19.90 (m)
B20x20x352 W24x18x250 W30x20x289 W30x20x289 W24x18x250 B20x20x352 3.60 (m)
W20x16x186 W20x16x186 W20x16x186 W20x16x186 W20x16x186 Hotel Level 5F El. 16.30 (m)
B20x20x352 W24x18x250 W30x20x289 W30x20x289 W24x18x250 B20x20x352 3.60 (m)
W20x16x186 W20x16x186 W20x16x186 W20x16x186 W20x16x186 Hotel Level 4F El. 12.70 (m)
B20x20x352 W24x18x250 W30x20x289 W30x20x289 W24x18x250 B20x20x352 3.60 (m)
W20x16x202 W20x16x202 W20x16x202 W20x16x202 W20x16x202 Hotel Level 3F El. 9.10 (m)
B24x24x473 W26x18x287 W32x20x421 W32x20x421 W26x18x287 B24x24x473 3.60 (m)
W20x16x202 W20x16x202 W20x16x202 W20x16x202 W20x16x202 Hotel Level 2F EI. 5.50 (m)
B24x24x473 W26x18x287 W32x20x421 W32x20x421 W26x18x287 B24x24x473 5.50 (m)
Lobby Level 1F EI. 0.00 (m)
AN N S N S N N N N N

Figure C.23: Frame 3 Elevation: Building 4
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FRAME 4 (ALONG GRID 6): ELEVATION

LEGEND: W - Wide-flange section
B - Box section

Section Designation:

O © © o o O

| | | | | |
i i i i i i
i 800(m _; 800(m) _; 800(m) _; 800(m) _; 800(M _:  pepth(in) x Width (in) x Weight (b/ft)
| | | | | |
| | | | | |
PL W24x12x114 G W24x12x114 G W24x12x114 G W24x12x114 ;0 W24x12x114 Level ROOF EI. 75.10 (m)
B14x14x171 W24x14x161 W24x14x161 W24x14x161 W24x14x161 B14x14x171 3.10 (m
W24x12x114 W24x12x114 W24x12x114 W24x12x114 W24x12x114 Level UMF EI. 72.00 (m)
B14x14x171 W24x14x161 W24x14x161 W24x14x161 W24x14x161 B14x14x171 5.70 (m)
W24x12x114 W24x12x114 W24x12x114 W24x12x114 W24x12x114 Level LMF El. 66.30 (m)
B14x14x171 W24x14x161 W24x14x161 W24x14x161 W24x14x161 B14x14x171 4.00 (m)
W24x12x138 W24x12x138 W24x12x138 W24x12x138 W24x12x138 Office Level 17F El. 62.30 (m)
B16x16x248 W26x14x177 W26x14x177 W26x14x177 W26x14x177 B16x16x248 4.00 (m)
W24x12x138 W24x12x138 W24x12x138 W24x12x138 W24x12x138 Office Level 16F EI. 58.30 (m)
B16x16x248 W26x14x177 W26x14x177 W26x14x177 W26x14x177 B16x16x248 4.00 (m)
W24x12x138 W24x12x138 W24x12x138 W24x12x138 W24x12x138 Office Level 15F El. 54.30 (m)
B16x16x248 W26x14x177 W26x14x177 W26x14x177 W26x14x177 B16x16x248 4.00 (m)
W26x14x177 W26x14x177 W26x14x177 W26x14x177 W26x14x177 Office Level 14F EI. 50.30 (m)
B18x18x282 W28x18x244 W28x18x244 W28x18x244 W28x18x244 B18x18x282 4.00 (m)
W26x14x177 W26x14x177 W26x14x177 W26x14x177 W26x14x177 Office Level 13F El. 46.30 (m)
B18x18x282 W28x18x244 W28x18x244 W28x18x244 W28x18x244 B18x18x282 4.00 (m)
W26x14x177 W26x14x177 W26x14x177 W26x14x177 W26x14x177 Office Level 12F EI. 42.30 (m)
B18x18x282 W28x18x244 W28x18x244 W28x18x244 W28x18x244 B18x18x282 4.00 (m)
W28x14x196 W28x14x196 W28x14x196 W28x14x196 W28x14x196 Office Level 11F EI. 38.30 (m)
B18x18x346 W32x18x267 W32x18x267 W32x18x267 W32x18x267 B18x18x346 4.00 (m)
W28x14x196 W28x14x196 W28x14x196 W28x14x196 W28x14x196 Hotel Level 10F EI. 34.30 (m)
B18x18x346 W32x18x267 W32x18x267 W32x18x267 W32x18x267 B18x18x346 3.60 (m)
W28x14x196 W28x14x196 W28x14x196 W28x14x196 W28x14x196 Hotel Level 9F EI. 30.70 (m)
B18x18x346 W32x18x267 W32x18x267 W32x18x267 W32x18x267 B18x18x346 3.60 (m)
W28x14x196 W28x14x196 W28x14x196 W28x14x196 W28x14x196 Hotel Level 8F EI. 27.10 (m)
B18x18x346 W32x18x267 W32x18x267 W32x18x267 W32x18x267 B18x18x346 3.60 (m
W30x16x247 W30x16x247 W30x16x247 W30x16x247 W30x16x247 Hotel Level 7F El. 23.50 (m)
B20x20x388 W33x20x338 W33x20x338 W33x20x338 W33x20x338 B20x20x388 3.60 (m)
W30x16x247 W30x16x247 W30x16x247 W30x16x247 W30x16x247 Hotel Level 6F EI. 19.90 (m)
B20x20x388 W33x20x338 W33x20x338 W33x20x338 W33x20x338 B20x20x388 3.60 (m)
W30x16x247 W30x16x247 W30x16x247 W30x16x247 W30x16x247 Hotel Level 5F El. 16.30 (m)
B20x20x388 W33x20x338 W33x20x338 W33x20x338 W33x20x338 B20x20x388 3.60 (m)
W30x16x247 W30x16x247 W30x16x247 W30x16x247 W30x16x247 Hotel Level 4F El. 12.70 (m)
B20x20x388 W33x20x338 W33x20x338 W33x20x338 W33x20x338 B20x20x388 3.60 (m)
W32x16x272 W32x16x272 W32x16x272 W32x16x272 W32x16x272 Hotel Level 3F El. 9.10 (m)
B24x24x580 W35x20x411 W35x20x361 W35x20x361 W35x20x411 B24x24x580 3.60 (m)
W32x16x272 W32x16x272 W32x16x272 W32x16x272 W32x16x272 Hotel Level 2F EI. 5.50 (m)
B24x24x580 W35x20x411 W35x20x361 W35x20%361 W35x20x411 B24x24x580 5.50 (m)
Lobby Level 1F EI. 0.00 (m)
AN N S N S N N N N N

Figure C.24: Frame 4 Elevation: Building 4
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B-3. B-4. B-5 GRAVITY COLUMNS: ELEVATION
2| C-4,C-5, D-4,D-5, | C-2, C-3,
2 E-3, E-4, E-5 D-2 D-3 LEGEND: W - Wide-flange section
T T T B - Box section
: : : Section Designation:
i i i Depth (in) x Width (in) x Weight (Ib/ft)
| | |
| | | Level ROOF El. 75.10 (m)
W12x12x100 W12x12x100 W12x12x100 W12x12x100 3.10 (m)
Level UMF EI. 72.00 (m)
W12x12x100 W12x12x100 W12x12x100 W12x12x100 5.70 (m)
Level LMF EI. 66.30 (m)
W12x12x100 W12x12x100 W12x12x100 W12x12x100 4.00 (m)
Office Level 17F EI. 62.30 (m)
W14x14x136 W14x14x136 W14x14x136 W14x14x136 4.00 (m)
Office Level 16F EI. 58.30 (m)
W14x14x136 W14x14x136 W14x14x136 W14x14x136 4.00 (m)
Office Level 15F EI. 54.30 (m)
W14x14x136 W14x14x136 W14x14x136 W14x14x136 4.00 (m)
Office Level 14F EI. 50.30 (m)
W16x16x174 W16x16x190 W16x16x174 W20x20x285 4.00 (m)
Office Level 13F EI. 46.30 (m)
W16x16x174 W16x16x190 W16x16x174 W20x20x285 4.00 (m)
Office Level 12F EI. 42.30 (m)
W16x16x174 W16x16x190 W16x16x174 W20x20x285 4.00 (m)
Office Level 11F EI. 38.30 (m)
W16x16x190 W18x18x215 W20x20x285 4.00 (m)
Hotel Level 10F EI. 34.30 (m)
W16x16x190 W18x18x215 W20x20x285 3.60 (m)
Hotel Level 9F EIl. 30.70 (m)
W16x16x190 W18x18x215 W20x20x285 3.60 (m)
Hotel Level 8F EI. 27.10 (m)
W16x16x190 W18x18x215 W20x20x285 3.60 (m)
Hotel Level 7F El. 23.50 (m)
W18x18x215 W20x20x266 W22x22x294 3.60 (m)
Hotel Level 6F EI. 19.90 (m)
W18x18x215 W20x20%266 W22x22x294 3.60 (m)
Hotel Level 5F El. 16.30 (m)
W18x18x215 W20x20x266 W22x22x294 3.60 (m)
Hotel Level 4F El. 12.70 (m)
W18x18x215 W20x20x266 W22x22x294 3.60 (m)
Hotel Level 3F El. 9.10 (m)
W20x20x266 W22x22x349 W24x24x423 3.60 (m)
Hotel Level 2F EIl. 5.50 (m)
W20x20x266 W22x22x349 W24x24x423 5.50 (m)
Lobby Level 1F EI. 0.00 (m)
AN AN AN T T T T T T T e

Figure C.25: Gravity Columns Elevation: Building 4
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Figure C.26: Transfer Truss Elevation: Building 4
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Appendix D Building Centers of Mass and
Stiffness
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Location of Center of Mass (Black) and Center of Stiffness (White)

-30 -20 -10 0 10 20 30

Figure D.1: Building 1: Location of Centers of Mass and Stiffness - All Floors
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Location of Center of Mass (Black) and Center of Stiffness (White) Location of Center of Mass (Black) and Center of Stiffness (White)
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(a) Second Floor (b) Ninth Floor

Location of Center of Mass (Black) and Center of Stiffness (White)
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(c) Lower Mechanical Floor

Figure D.2: Building 2: Location of Centers of Mass and Stiffness
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Location of Center of Mass (Black) and Center of Stiffness (White) Location of Center of Mass (Black) and Center of Stiffness (White)
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(a) Second Floor (b) Ninth Floor

Location of Center of Mass (Black) and Center of Stiffness (White)
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(c) Lower Mechanical Floor

Figure D.3: Building 2A: Location of Centers of Mass and Stiffness
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Location of Center of Mass (Black) and Center of Stiffness (White)
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15 15
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(a) Second Floor

Location of Center of Mass (Black) and Center of Stiffness (White)
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Figure D.4: Building 3: Location of Centers of Mass and Stiffness

(c) Lower Mechanical Floor

15 20 25

(b) Ninth Floor
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Location of Center of Mass (Black) and Center of Stiffness (White) Location of Center of Mass (Black) and Center of Stiffness (White)

30 30
251 251
20 20
15 15
ml L [] ]
10 10
5 5
0 0
sl sl
10 ‘ ‘ ‘ ‘ ‘ j 10 i i i i i j
5 10 15 20 25 30 5 10 15 20 25 30
(a) Second Floor (b) Ninth Floor

Location of Center of Mass (Black) and Center of Stiffness (White)

25

20

15

10

10 ‘ ‘ ‘ ‘ ‘ ;
o
(c) Lower Mechanical Floor

Figure D.5: Building 3A: Location of Centers of Mass and Stiffness



228

Location of Center of Mass (Black) and Center of Stiffness (White) Location of Center of Mass (Black) and Center of Stiffness (White)

30 30

20 20

10t 10t
or " ofF m []

_10k -10+

-20 -20

-30 L L L i -30 i i i i
-20 -10 0 10 20 -20 -10 0 10 20

(a) Second Floor (b) Ninth Floor

Location of Center of Mass (Black) and Center of Stiffness (White)
30
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-20 -10 0 10 20

(c) Lower Mechanical Floor

Figure D.6: Building 4: Location of Centers of Mass and Stiffness
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Appendix E Pushover Analysis of Buildings:
Roof Displacement Plotted Against Base Shear
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Figure E.1: Building 1 X-Direction Pushover Results
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(a) Frame 1 (b) Frame 2
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Figure E.2: Plastic Rotations (Black:Beam-Columns White:Panel Zones) at Ultimate Roof
Displacement in Building 1 Frames 1-4: Pushover in X Direction
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Figure E.3: Plastic Rotations (Black:Beam-Columns White:Panel Zones) at Ultimate Roof
Displacement in Building 1 Frames 5-7: Pushover in X Direction
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Figure E.4: Building 1 Y-Direction Pushover Results
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Figure E.5: Plastic Rotations (Black:Beam-Columns White:Panel Zones) at Ultimate Roof
Displacement in Building 1 Frames 1-4: Pushover in Y Direction)
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Figure E.6: Plastic Rotations (Black:Beam-Columns White:Panel Zones) at Ultimate Roof
Displacement in Building 1 Frames 5-7: Pushover in Y Direction
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Figure E.7: Building 2 X-Direction Pushover Results
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Figure E.8: Plastic Rotations (Black:Beam-Columns White:Panel Zones) at Ultimate Roof
Displacement in Building 2 Frames 1-4: Pushover in X Direction
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Figure E.9: Plastic Rotations (Black:Beam-Columns White:Panel Zones) at Ultimate Roof
Displacement in Building 2 Frames 5-6: Pushover in X Direction
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Figure E.10: Building 2A X-Direction Pushover Results
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Figure E.11: Plastic Rotations (Black:Beam-Columns White:Panel Zones) at Ultimate Roof
Displacement in Building 2A Frames 1-4: Pushover in X Direction
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Figure E.12: Plastic Rotations (Black:Beam-Columns White:Panel Zones) at Ultimate Roof
Displacement in Building 2A Frames 5-6: Pushover in X Direction
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Appendix F Ground Motion Analysis of

Buildings: Displacement and Drift Time Histories
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Figure F.25: Building 3 X-Direction Displacements & Drifts: Northridge Earthquake (Syl-
mar Record Strong Component in X Direction)
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Figure F.26: Building 3 Y-Direction Displacements & Drifts: Northridge Earthquake (Syl-
mar Record Strong Component in X Direction)
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Figure F.27: Building 3 X-Direction Displacements & Drifts: Northridge Earthquake (Syl-
mar Record Strong Component in Y Direction)
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Figure F.28: Building 3 Y-Direction Displacements & Drifts: Northridge Earthquake (Syl-

mar Record Strong Component in Y Direction)
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Figure F.29: Building 3 X-Direction Displacements & Drifts: Iran Earthquake (Tabas
Record Strong Component in X Direction)
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Figure F.30: Building 3 Y-Direction Displacements & Drifts: Iran Earthquake (Tabas
Record Strong Component in X Direction)
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Figure F.31: Building 3 X-Direction Displacements & Drifts: Iran Earthquake (Tabas
Record Strong Component in Y Direction)
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Figure F.32: Building 3 Y-Direction Displacements & Drifts: Iran Earthquake (Tabas
Record Strong Component in Y Direction)
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Figure F.33: Building 3 X-Direction Displacements & Drifts: Kobe Earthquake (Takatori

Record Strong Component in X Direction)
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Figure F.34: Building 3 Y-Direction Displacements & Drifts: Kobe Earthquake (Takatori

Record Strong Component in X Direction)
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Figure F.35: Building 3 X-Direction Displacements & Drifts: Kobe Earthquake (Takatori
Record Strong Component in Y Direction)
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Figure F.36: Building 3 Y-Direction Displacements & Drifts: Kobe Earthquake (Takatori
Record Strong Component in Y Direction)
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Figure F.37: Building 3A X-Direction Displacements & Drifts: Northridge Earthquake
(Sylmar Record Strong Component in X Direction)
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Figure F.38: Building 3A Y-Direction Displacements & Drifts: Northridge Earthquake
(Sylmar Record Strong Component in X Direction)
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Figure F.39: Building 3A X-Direction Displacements & Drifts: Northridge Earthquake
(Sylmar Record Strong Component in Y Direction)
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Figure F.40: Building 3A Y-Direction Displacements & Drifts: Northridge Earthquake
(Sylmar Record Strong Component in Y Direction)
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Figure F.41: Building 3A X-Direction Displacements & Drifts: Iran Earthquake (Tabas
Record Strong Component in X Direction)
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Figure F.42: Building 3A Y-Direction Displacements & Drifts: Iran Earthquake (Tabas
Record Strong Component in X Direction)
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Figure F.43: Building 3A X-Direction Displacements & Drifts: Iran Earthquake (Tabas
Record Strong Component in Y Direction)
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Figure F.44: Building 3A Y-Direction Displacements & Drifts:
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Figure F.45: Building 3A X-Direction Displacements & Drifts: Kobe Earthquake (Takatori

Record Strong Component in X Direction)
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Figure F.46: Building 3A Y-Direction Displacements & Drifts: Kobe Earthquake (Takatori
Record Strong Component in X Direction)
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Figure F.47: Building 3A X-Direction Displacements & Drifts: Kobe Earthquake (Takatori

Record Strong Component in Y Direction)
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Figure F.48: Building 3A Y-Direction Displacements & Drifts: Kobe Earthquake (Takatori
Record Strong Component in Y Direction)
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Figure F.49: Building 4 X-Direction Displacements & Drifts:
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Figure F.50: Building 4 Y-Direction Displacements & Drifts: Northridge Earthquake (Syl-
mar Record Strong Component in X Direction)
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Figure F.51: Building 4 X-Direction Displacements & Drifts: Northridge Earthquake (Syl-

mar Record Strong Component in Y Direction)
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Figure F.52: Building 4 Y-Direction Displacements & Drifts: Northridge Earthquake (Syl-

mar Record Strong Component in Y Direction)
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Figure F.53: Building 4 X-Direction Displacements & Drifts: Iran Earthquake (Tabas
Record Strong Component in X Direction)
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Figure F.54: Building 4 Y-Direction Displacements & Drifts: Iran Earthquake (Tabas
Record Strong Component in X Direction)
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Figure F.55: Building 4 X-Direction Displacements & Drifts: Iran Earthquake (Tabas
Record Strong Component in Y Direction)
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Figure F.58: Building 4 Y-Direction Displacements & Drifts: Kobe Earthquake (Takatori
Record Strong Component in X Direction)
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Figure F.59: Building 4 X-Direction Displacements & Drifts: Kobe Earthquake (Takatori
Record Strong Component in Y Direction)
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Figure F.60: Building 4 Y-Direction Displacements & Drifts: Kobe Earthquake (Takatori
Record Strong Component in Y Direction)



315

Appendix G Ground Motion Analysis of
Buildings: Bar Diagrams of Peak Drifts
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Figure G.1: Building 1 Peak Drifts During the Northridge, Iran and Kobe Earthquakes ([X]
and [Y] indicate strong component in X and Y directions, respectively)
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Figure G.2: Building 2 Peak Drifts During the Northridge, Iran and Kobe Earthquakes ([X]
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Figure G.3: Building 2A Peak Drifts During the Northridge, Iran and Kobe Earthquakes
([X] indicates strong component in X direction)
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Figure G.4: Building 3 Peak Drifts During the Northridge, Iran and Kobe Earthquakes ([X]
and [Y] indicate strong component in X and Y directions, respectively)
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Figure G.5: Building 3A Peak Drifts During the Northridge, Iran and Kobe Earthquakes
([X] and [Y] indicate strong component in X and Y directions, respectively)
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Figure G.6: Building 4 Peak Drifts During the Northridge, Iran and Kobe Earthquakes ([X]
and [Y] indicate strong component in X and Y directions, respectively)
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Appendix H Ground Motion Analysis of
Buildings: Maps and Summary of Plastic

Deformation in Beam-Columns and Joints
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Figure H.1: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 1
Frames 1-4: Northridge Earthquake (Sylmar Record Strong Component in X Direction)
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Figure H.2: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 1
Frames 5-7: Northridge Earthquake (Sylmar Record Strong Component in X Direction)
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Figure H.3: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 1
Frames 1-4: Northridge Earthquake (Sylmar Record Strong Component in Y Direction)
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Figure H.4: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 1
Frames 5-7: Northridge Earthquake (Sylmar Record Strong Component in Y Direction)
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Figure H.5: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 1
Frames 1-4: Iran Earthquake (Tabas Record Strong Component in X Direction)
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Figure H.6: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 1
Frames 5-7: Iran Earthquake (Tabas Record Strong Component in X Direction)
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Figure H.7: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 1
Frames 1-4: Iran Earthquake (Tabas Record Strong Component in Y Direction)
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Figure H.8: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 1
Frames 5-7: Iran Earthquake (Tabas Record Strong Component in Y Direction)
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Figure H.9: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 1
Frames 1-4: Kobe Earthquake (Takatori Record Strong Component in X Direction)
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Figure H.10: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 1
Frames 5-7: Kobe Earthquake (Takatori Record Strong Component in X Direction)
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Figure H.11: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 1
Frames 1-4: Kobe Earthquake (Takatori Record Strong Component in Y Direction)



334

70t & = 1.0% 70t f = 1.0%
L Ji:
601 | 601
A m 2.0% A | m 2.0%
50t = 50t =
B 30% H 3%
40t 40t
30r H— = S 30r = S —
B 2% B 20%
Hll—= o-—H Hl—a - —H
Hll—= —a—H Hil— ——
20f = [ —Y 201 e lm— m
. - " o = - " 50
10} B 10} B
o o
L L L L J L L L L L
10 0 -10 -20 -30 -40 -10 0 10 20 30
(a) Frame 5 (b) Frame 7
701 il i .- 1.0%
i - = i
60|
m 2.0%
501 —es——HE—HE——sss————
B 3.0%
a0t
30r = = HE == =i @
B 20%
s — i — e
H—ees—a—8a——sss—&
20r = " B === =
- il e " o
10+ T
0 |-
L L L L L L L J
30 20 10 0 -10 -20 -30 -40
(c) Frame 6

Figure H.12: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 1
Frames 5-7: Kobe Earthquake (Takatori Record Strong Component in Y Direction)



335

Table H.1: Building 1 Moment Frame Beam Plastic Rotations (Major Axis Bending)

Ground Moment Frame Beam Plastic Rotations (Major Axis Bending)
Motion
£01% (0.1-11% (1-2]% (2-3]1% (3-4]% (4-5]% (5-6]%

Northridge 368 313 41 0 0 0 0
Sylmar [X]*
Northridge 411 273 38 0 0 0 0
Sylmar [Y]*"

Iran 289 194 70 104 52 13 0
Tabas [X]*

Iran 308 211 61 75 67 0 0
Tabas [Y]**

Kobe 260 203 207 31 21 0 0

Takatori [X]”

Kobe 311 189 190 30 2 0 0
Takatori [Y]**

* Strong component in building X direction
** Strong component in building Y direction

Table H.2: Building 1 Moment Frame Beam Plastic Rotations (Minor Axis Bending)

Ground Moment Frame Beam Plastic Rotations (Minor Axis Bending)
Motion
£01% (0.1-1]1% (1-2]% (2-3]1% (3-4]% (4-5]% (5-6]%

Northridge 689 33 0 0 0 0 0
Sylmar [X]*
Northridge 703 19 0 0 0 0 0
Sylmar [Y]**

Iran 671 51 0 0 0 0 0
Tabas [X]*

Iran 684 38 0 0 0 0 0
Tabas [Y]**

Kobe 597 125 0 0 0 0 0

Takatori [X]”

Kobe 642 80 0 0 0 0 0
Takatori [Y]**

* Strong component in building X direction
** Strong component in building Y direction
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Table H.3: Building 1 Column Plastic Rotations (Major Axis Bending)

Ground Column Plastic Rotations (Major Axis Bending)
Motion
£01% (0.1-11% (1-2]% (2-3]1% (3-4]% (4-5]% (5-6]%
Northridge 1424 20 0 0 0 0 0
Sylmar [X]*
Northridge 1423 21 0 0 0 0 0
Sylmar [Y]*"
Iran 1301 143 0 0 0 0 0
Tabas [X]*
Iran 1363 81 0 0 0 0 0
Tabas [Y]**
Kobe 1359 82 3 0 0 0 0
Takatori [X]”
Kobe 1374 70 0 0 0 0 0

Takatori [Y]**

* Strong component in building X direction
** Strong component in building Y direction

Table H.4: Building 1 Column Plastic Rotations (Minor Axis Bending)

Ground Column Plastic Rotations (Minor Axis Bending)
Motion
£01% (0.1-1]1% (1-2]% (2-3]1% (3-4]% (4-5]% (5-6]%
Northridge 826 10 0 0 0 0 0
Sylmar [X]*
Northridge 826 10 0 0 0 0 0
Sylmar [Y]**
Iran 817 19 0 0 0 0 0
Tabas [X]*
Iran 802 34 0 0 0 0 0
Tabas [Y]**
Kobe 797 39 0 0 0 0 0
Takatori [X]”
Kobe 814 22 0 0 0 0 0

Takatori [Y]**

* Strong component in building X direction
** Strong component in building Y direction
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Table H.5: Building 1 Panel Zone Plastic Rotations

Ground Panel Zone Plastic Rotations
Motion
£01% (0.1-1]1% (1-2]% (2-3]1% (3-4]% (4-5]% (5-6]%
Northridge 365 185 20 0 0 0 0
Sylmar [X]*
Northridge 381 187 2 0 0 0 0
Sylmar [Y]**
Iran 341 171 58 0 0 0 0
Tabas [X]*
Iran 328 191 51 0 0 0 0
Tabas [Y]**
Kobe 357 167 42 4 0 0 0
Takatori [X]*
Kobe 365 160 45 0 0 0 0
Takatori [Y]**

* Strong component in building X direction
** Strong component in building Y direction
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Figure H.13: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 2
Frames 1-4: Northridge Earthquake (Sylmar Record Strong Component in X Direction)
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Figure H.14: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 2
Frames 5-6: Northridge Earthquake (Sylmar Record Strong Component in X Direction)

Table H.6: Building 2 Moment Frame Beam Plastic Rotations (Major Axis Bending)

Ground Moment Frame Beam Plastic Rotations (Major Axis Bending)
Motion
£0.1% (0.1-11% (1-2]% (2-3]% (3-4]% (4-5]1% (5-6]%

Northridge 620 133 7 0 0 0 0
Sylmar [X]*

Iran 460 137 99 29 34 1 0
Tabas [X]*

Kobe 476 183 81 20 0 0 0

Takatori [X]*

* Strong component in building X direction
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Figure H.15: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 2
Frames 1-4: Iran Earthquake (Tabas Record Strong Component in X Direction)
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Figure H.16: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 2
Frames 5-6: Iran Earthquake (Tabas Record Strong Component in X Direction)

Table H.7: Building 2 Moment Frame Beam Plastic Rotations (Minor Axis Bending)

Ground Moment Frame Beam Plastic Rotations (Minor Axis Bending)
Motion
£0.1% (0.1-11% (1-2]% (2-3]% (3-4]% (4-5]1% (5-6]%

Northridge 754 6 0 0 0 0 0
Sylmar [X]*

Iran 724 36 0 0 0 0 0
Tabas [X]*

Kobe 701 59 0 0 0 0 0

Takatori [X]*

* Strong component in building X direction
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Figure H.17: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 2
Frames 1-4: Kobe Earthquake (Takatori Record Strong Component in X Direction)
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Figure H.18: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 2
Frames 5-6: Kobe Earthquake (Takatori Record Strong Component in X Direction)

Table H.8: Building 2 Column Plastic Rotations (Major Axis Bending)

Ground Column Plastic Rotations (Major Axis Bending)
Motion
£0.1% (0.1-11% (1-2]% (2-3]% (3-4]% (4-5]1% (5-6]%
Northridge 1247 7 0 0 0 0 0
Sylmar [X]*
Iran 1185 69 0 0 0 0 0
Tabas [X]*
Kobe 1182 72 0 0 0 0 0
Takatori [X]*

* Strong component in building X direction




344

Table H.9: Building 2 Column Plastic Rotations (Minor Axis Bending)

Ground Column Plastic Rotations (Minor Axis Bending)
Motion
<01% (0.1-1]% (1-2]% (2-3]% (3-4]% (4-5]% (5-6]%
Northridge 789 9 0 0 0 0 0
Sylmar [X]*
Iran 775 23 0 0 0 0 0
Tabas [X]*
Kobe 761 36 1 0 0 0 0
Takatori [X]*
* Strong component in building X direction
Table H.10: Building 2 Panel Zone Plastic Rotations
Ground Panel Zone Plastic Rotations
Motion
£0.1% (0.1-1]1% (1-2]% (2-3]% (3-4]% (4-5]% (5-6]%
Northridge 278 193 23 0 0 0 0
Sylmar [X]*
Iran 229 166 68 26 4 1 0
Tabas [X]*
Kobe 240 171 74 7 2 0 0
Takatori [X]*

* Strong component in building X direction
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Figure H.19: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 2A
Frames 1-4: Northridge Earthquake (Sylmar Record Strong Component in X Direction)
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Figure H.20: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 2A
Frames 5-6: Northridge Earthquake (Sylmar Record Strong Component in X Direction)

Table H.11: Building 2A Moment Frame Beam Plastic Rotations (Major Axis Bending)

Ground Moment Frame Beam Plastic Rotations (Major Axis Bending)
Motion
£0.1% (0.1-11% (1-2]% (2-3]% (3-4]% (4-5]1% (5-6]%

Northridge 557 186 17 0 0 0 0
Sylmar [X]*

Iran 344 163 70 114 54 15 0
Tabas [X]*

Kobe 313 182 199 60 6 0 0

Takatori [X]*

* Strong component in building X direction
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Figure H.21: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 2A
Frames 1-4: Iran Earthquake (Tabas Record Strong Component in X Direction)
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Figure H.22: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 2A
Frames 5-6: Iran Earthquake (Tabas Record Strong Component in X Direction)

Table H.12: Building 2A Moment Frame Beam Plastic Rotations (Minor Axis Bending)

Ground Moment Frame Beam Plastic Rotations (Minor Axis Bending)
Motion
£0.1% (0.1-11% (1-2]% (2-3]% (3-4]% (4-5]1% (5-6]%

Northridge 723 37 0 0 0 0 0
Sylmar [X]*

Iran 724 36 0 0 0 0 0
Tabas [X]*

Kobe 612 148 0 0 0 0 0

Takatori [X]*

* Strong component in building X direction
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Figure H.23: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 2A
Frames 1-4: Kobe Earthquake (Takatori Record Strong Component in X Direction)
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Figure H.24: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 2A
Frames 5-6: Kobe Earthquake (Takatori Record Strong Component in X Direction)

Table H.13: Building 2A Column Plastic Rotations (Major Axis Bending)

Ground Column Plastic Rotations (Major Axis Bending)
Motion
£0.1% (0.1-11% (1-2]% (2-3]% (3-4]% (4-5]1% (5-6]%

Northridge 1247 7 0 0 0 0 0
Sylmar [X]*

Iran 1212 42 0 0 0 0 0
Tabas [X]*

Kobe 1190 64 0 0 0 0 0

Takatori [X]*

* Strong component in building X direction
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Table H.14: Building 2A Column Plastic Rotations (Minor Axis Bending)

Ground Column Plastic Rotations (Minor Axis Bending)
Motion
<01% (0.1-1]% (1-2]% (2-3]% (3-4% (4-5]% (5-6]%
Northridge 786 12 0 0 0 0 0
Sylmar [X]*
Iran 789 9 0 0 0 0 0
Tabas [X]*
Kobe 763 34 1 0 0 0 0
Takatori [X]*
* Strong component in building X direction
Table H.15: Building 2A Panel Zone Plastic Rotations
Ground Panel Zone Plastic Rotations
Motion
£0.1% (0.1-1]1% (1-2]% (2-3]% (3-4]% (4-5]% (5-6]%
Northridge 314 165 15 0 0 0 0
Sylmar [X]*
Iran 228 232 34 0 0 0 0
Tabas [X]*
Kobe 234 225 30 5 0 0 0

Takatori [X]*

* Strong component in building X direction
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Figure H.25: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 3
Frames 1-4: Northridge Earthquake (Sylmar Record Strong Component in X Direction)
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Figure H.26: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 3
Frames 1-4: Northridge Earthquake (Sylmar Record Strong Component in Y Direction)
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Figure H.27: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 3
Frames 1-4: Iran Earthquake (Tabas Record Strong Component in X Direction)
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Figure H.28: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 3
Frames 1-4: Iran Earthquake (Tabas Record Strong Component in Y Direction)
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Figure H.29: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 3
Frames 1-4: Kobe Earthquake (Takatori Record Strong Component in X Direction)
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Figure H.30: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 3
Frames 1-4: Kobe Earthquake (Takatori Record Strong Component in Y Direction)
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Table H.16: Building 3 Moment Frame Beam Plastic Rotations (Major Axis Bending)

Ground Moment Frame Beam Plastic Rotations (Major Axis Bending)
Motion
£01% (0.1-11% (1-2]% (2-3]1% (3-4]% (4-5]% (5-6]%

Northridge 451 7 4 0 0 0 0
Sylmar [X]*
Northridge 463 58 11 0 0 0 0
Sylmar [Y]*"

Iran 432 95 5 0 0 0 0
Tabas [X]*

Iran 412 110 10 0 0 0 0
Tabas [Y]**

Kobe 421 87 13 6 5 0 0

Takatori [X]”

Kobe 389 121 22 0 0 0 0
Takatori [Y]**

* Strong component in building X direction
** Strong component in building Y direction

Table H.17: Building 3 Moment Frame Beam Plastic Rotations (Minor Axis Bending)

Ground Moment Frame Beam Plastic Rotations (Minor Axis Bending)
Motion
£01% (0.1-1]1% (1-2]% (2-3]1% (3-4]% (4-5]% (5-6]%

Northridge 527 5 0 0 0 0 0
Sylmar [X]*
Northridge 522 10 0 0 0 0 0
Sylmar [Y]**

Iran 521 11 0 0 0 0 0
Tabas [X]*

Iran 515 17 0 0 0 0 0
Tabas [Y]**

Kobe 506 26 0 0 0 0 0

Takatori [X]”

Kobe 500 32 0 0 0 0 0
Takatori [Y]**

* Strong component in building X direction
** Strong component in building Y direction
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Table H.18: Building 3 Column Plastic Rotations (Major Axis Bending)

Ground Column Plastic Rotations (Major Axis Bending)
Motion
£01% (0.1-11% (1-2]% (2-3]1% (3-4]% (4-5]% (5-6]%
Northridge 906 6 0 0 0 0 0
Sylmar [X]*
Northridge 909 3 0 0 0 0 0
Sylmar [Y]*"
Iran 894 18 0 0 0 0 0
Tabas [X]*
Iran 884 24 4 0 0 0 0
Tabas [Y]**
Kobe 889 23 0 0 0 0 0
Takatori [X]”
Kobe 889 23 0 0 0 0 0

Takatori [Y]**

* Strong component in building X direction
** Strong component in building Y direction

Table H.19: Building 3 Column Plastic Rotations (Minor Axis Bending)

Ground Column Plastic Rotations (Minor Axis Bending)
Motion
£01% (0.1-1]1% (1-2]% (2-3]1% (3-4]% (4-5]% (5-6]%
Northridge 604 4 0 0 0 0 0
Sylmar [X]*
Northridge 603 5 0 0 0 0 0
Sylmar [Y]**
Iran 602 6 0 0 0 0 0
Tabas [X]*
Iran 592 13 3 0 0 0 0
Tabas [Y]**
Kobe 595 13 0 0 0 0 0
Takatori [X]”
Kobe 594 14 0 0 0 0 0

Takatori [Y]**

* Strong component in building X direction
** Strong component in building Y direction
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Table H.20: Building 3 Panel Zone Plastic Rotations

Ground Panel Zone Plastic Rotations
Motion
£01% (0.1-1]1% (1-2]% (2-3]1% (3-4]% (4-5]% (5-6]%
Northridge 221 96 23 2 0 0 0
Sylmar [X]*
Northridge 174 141 22 5 0 0 0
Sylmar [Y]**
Iran 208 70 64 0 0 0 0
Tabas [X]*
Iran 163 128 51 0 0 0 0
Tabas [Y]**
Kobe 157 133 36 9 6 1 0
Takatori [X]*
Kobe 165 106 60 5 5 1 0

Takatori [Y]**

* Strong component in building X direction
** Strong component in building Y direction
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Figure H.31: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 3A
Frames 1-4: Northridge Earthquake (Sylmar Record Strong Component in X Direction)
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Figure H.32: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 3A
Frames 1-4: Northridge Earthquake (Sylmar Record Strong Component in Y Direction)
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Figure H.33: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 3A
Frames 1-4: Iran Earthquake (Tabas Record Strong Component in X Direction)
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Figure H.34: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 3A
Frames 1-4: Iran Earthquake (Tabas Record Strong Component in Y Direction)
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Figure H.35: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 3A
Frames 1-4: Kobe Earthquake (Takatori Record Strong Component in X Direction)
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Figure H.36: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 3A
Frames 1-4: Kobe Earthquake (Takatori Record Strong Component in Y Direction)
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Table H.21: Building 3A Moment Frame Beam Plastic Rotations (Major Axis Bending)

Ground Moment Frame Beam Plastic Rotations (Major Axis Bending)
Motion
£01% (0.1-11% (1-2]% (2-3]1% (3-4]% (4-5]% (5-6]%

Northridge 421 107 4 0 0 0 0
Sylmar [X]*
Northridge 446 82 4 0 0 0 0
Sylmar [Y]*"

Iran 360 154 18 0 0 0 0
Tabas [X]*

Iran 236 227 63 6 0 0 0
Tabas [Y]**

Kobe 355 120 41 12 3 1 0

Takatori [X]”

Kobe 272 185 69 5 1 0 0
Takatori [Y]**

* Strong component in building X direction
** Strong component in building Y direction

Table H.22: Building 3A Moment Frame Beam Plastic Rotations (Minor Axis Bending)

Ground Moment Frame Beam Plastic Rotations (Minor Axis Bending)
Motion
£01% (0.1-1]1% (1-2]% (2-3]1% (3-4]% (4-5]% (5-6]%

Northridge 524 8 0 0 0 0 0
Sylmar [X]*
Northridge 522 10 0 0 0 0 0
Sylmar [Y]**

Iran 481 51 0 0 0 0 0
Tabas [X]*

Iran 412 120 0 0 0 0 0
Tabas [Y]**

Kobe 439 93 0 0 0 0 0

Takatori [X]”

Kobe 405 127 0 0 0 0 0
Takatori [Y]**

* Strong component in building X direction
** Strong component in building Y direction
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Table H.23: Building 3A Column Plastic Rotations (Major Axis Bending)

Ground Column Plastic Rotations (Major Axis Bending)
Motion
£01% (0.1-11% (1-2]% (2-3]1% (3-4]% (4-5]% (5-6]%
Northridge 905 7 0 0 0 0 0
Sylmar [X]*
Northridge 907 5 0 0 0 0 0
Sylmar [Y]*"
Iran 884 28 0 0 0 0 0
Tabas [X]*
Iran 874 38 0 0 0 0 0
Tabas [Y]**
Kobe 865 44 3 0 0 0 0
Takatori [X]”
Kobe 845 66 1 0 0 0 0

Takatori [Y]**

* Strong component in building X direction
** Strong component in building Y direction

Table H.24: Building 3A Column Plastic Rotations (Minor Axis Bending)

Ground Column Plastic Rotations (Minor Axis Bending)
Motion
£01% (0.1-1]1% (1-2]% (2-3]1% (3-4]% (4-5]% (5-6]%
Northridge 601 7 0 0 0 0 0
Sylmar [X]*
Northridge 602 6 0 0 0 0 0
Sylmar [Y]**
Iran 596 12 0 0 0 0 0
Tabas [X]*
Iran 587 21 0 0 0 0 0
Tabas [Y]**
Kobe 575 33 0 0 0 0 0
Takatori [X]”
Kobe 559 49 0 0 0 0 0

Takatori [Y]**

* Strong component in building X direction
** Strong component in building Y direction
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Table H.25: Building 3A Panel Zone Plastic Rotations

Ground Panel Zone Plastic Rotations
Motion
£01% (0.1-1]1% (1-2]% (2-3]1% (3-4]% (4-5]% (5-6]%
Northridge 174 164 4 0 0 0 0
Sylmar [X]*
Northridge 178 164 0 0 0 0 0
Sylmar [Y]**
Iran 166 161 15 0 0 0 0
Tabas [X]*
Iran 122 152 54 12 2 0 0
Tabas [Y]**
Kobe 173 130 31 8 0 0 0
Takatori [X]*
Kobe 134 159 49 0 0 0 0

Takatori [Y]**

* Strong component in building X direction
** Strong component in building Y direction
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Figure H.37: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 4
Frames 1-4: Northridge Earthquake (Sylmar Record Strong Component in X Direction)
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Figure H.38: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 4
Frames 1-4: Northridge Earthquake (Sylmar Record Strong Component in Y Direction)
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Figure H.39: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 4
Frames 1-4: Iran Earthquake (Tabas Record Strong Component in X Direction)



373

. 1.0% . 1.0%
70+ 70+
. = == =
601 . mim mim mim m 20% 60 m 20%
7-a— & = L |3 L
50+ = 50 =
W 3.0% W 3.0%
a0t a0t
301 B 0% 301 B +0%
20+ 20
o B
10+ 10+
or ot
L L L L L J L L L L L J
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
(a) Frame 1 (b) Frame 2
. 1.0% . 1.0%
70+ 70+
60 | | 4 m 2.0% 60 m 20%

50r 50
B 3.0% W 3.0%
40 40
30r ++ B 20% 30t B 0%
20 20+ = o= £ 5 o= =
d o o o o . 50%
10 - & & & & - 10r & & & &
or or
L L L L L J L L L L L J
30 20 10 0 -10 -20 -30 30 20 10 0 -10 -20 -30
(c) Frame 3 (d) Frame 4

Figure H.40: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 4
Frames 1-4: Iran Earthquake (Tabas Record Strong Component in Y Direction)
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Figure H.41: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 4
Frames 1-4: Kobe Earthquake (Takatori Record Strong Component in X Direction)
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Figure H.42: Plastic Rotations (Black:Beam-Columns White:Panel Zones) in Building 4
Frames 1-4: Kobe Earthquake (Takatori Record Strong Component in Y Direction)
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Table H.26: Building 4 Moment Frame Beam Plastic Rotations (Major Axis Bending)

Ground Moment Frame Beam Plastic Rotations (Major Axis Bending)
Motion
£01% (0.1-11% (1-2]% (2-3]1% (3-4]% (4-5]% (5-6]%

Northridge 515 194 50 1 0 0 0
Sylmar [X]*
Northridge 493 213 48 6 0 0 0
Sylmar [Y]*"

Iran 397 92 103 105 54 7 2
Tabas [X]*

Iran 305 183 128 82 50 8 4
Tabas [Y]**

Kobe 396 143 159 55 7 0 0

Takatori [X]”

Kobe 351 238 119 44 7 1 0
Takatori [Y]**

* Strong component in building X direction
** Strong component in building Y direction

Table H.27: Building 4 Moment Frame Beam Plastic Rotations (Minor Axis Bending)

Ground Moment Frame Beam Plastic Rotations (Minor Axis Bending)
Motion
£01% (0.1-1]1% (1-2]% (2-3]1% (3-4]% (4-5]% (5-6]%

Northridge 681 79 0 0 0 0 0
Sylmar [X]*
Northridge 627 133 0 0 0 0 0
Sylmar [Y]**

Iran 559 201 0 0 0 0 0
Tabas [X]*

Iran 454 306 0 0 0 0 0
Tabas [Y]**

Kobe 574 186 0 0 0 0 0

Takatori [X]”

Kobe 511 249 0 0 0 0 0
Takatori [Y]**

* Strong component in building X direction
** Strong component in building Y direction
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Table H.28: Building 4 Column Plastic Rotations (Major Axis Bending)

Ground Column Plastic Rotations (Major Axis Bending)
Motion
£01% (0.1-11% (1-2]% (2-3]1% (3-4]% (4-5]% (5-6]%
Northridge 1420 52 0 0 0 0 0
Sylmar [X]*
Northridge 1419 53 0 0 0 0 0
Sylmar [Y]*"
Iran 1276 180 16 0 0 0 0
Tabas [X]*
Iran 1286 184 2 0 0 0 0
Tabas [Y]**
Kobe 1321 140 11 0 0 0 0
Takatori [X]”
Kobe 1336 125 11 0 0 0 0

Takatori [Y]**

* Strong component in building X direction
** Strong component in building Y direction

Table H.29: Building 4 Column Plastic Rotations (Minor Axis Bending)

Ground Column Plastic Rotations (Minor Axis Bending)
Motion
£01% (0.1-1]1% (1-2]% (2-3]1% (3-4]% (4-5]% (5-6]%
Northridge 1130 38 0 0 0 0 0
Sylmar [X]*
Northridge 1116 52 0 0 0 0 0
Sylmar [Y]**
Iran 998 162 8 0 0 0 0
Tabas [X]*
Iran 1048 120 0 0 0 0 0
Tabas [Y]**
Kobe 1055 106 7 0 0 0 0
Takatori [X]”
Kobe 1045 117 6 0 0 0 0

Takatori [Y]**

* Strong component in building X direction
** Strong component in building Y direction
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Table H.30: Building 4 Panel Zone Plastic Rotations

Ground Panel Zone Plastic Rotations
Motion
£01% (0.1-1]1% (1-2]% (2-3]1% (3-4]% (4-5]% (5-6]%
Northridge 224 232 0 0 0 0 0
Sylmar [X]*
Northridge 207 234 15 0 0 0 0
Sylmar [Y]**
Iran 171 198 87 0 0 0 0
Tabas [X]*
Iran 159 199 93 5 0 0 0
Tabas [Y]**
Kobe 177 270 9 0 0 0 0
Takatori [X]*
Kobe 163 236 57 0 0 0 0

Takatori [Y]**

* Strong component in building X direction
** Strong component in building Y direction
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Appendix I Ground Motion Analysis of
Buildings: Floor Diaphragm Stress Maps
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Figure I.1: Floor Diaphragm Peak Stresses in Building 1, Second Floor (a) & (b) and Ninth
Floor (c) & (d): Northridge Earthquake (Sylmar Record Strong Component in X Direction)
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Figure 1.2: Floor Diaphragm Peak Stresses in Building 1, Lower Mechanical Floor (a) &
(b) and All Floors (c) & (d): Northridge Earthquake (Sylmar Record Strong Component
in X Direction)
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Figure 1.3: Floor Diaphragm Peak Stresses in Building 1, Second Floor (a) & (b) and Ninth
Floor (c) & (d): Northridge Earthquake (Sylmar Record Strong Component in Y Direction)
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Figure I.4: Floor Diaphragm Peak Stresses in Building 1, Lower Mechanical Floor (a) &
(b) and All Floors (c) & (d): Northridge Earthquake (Sylmar Record Strong Component
in Y Direction)
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Figure 1.5: Floor Diaphragm Peak Stresses in Building 1, Second Floor (a) & (b) and Ninth
Floor (c) & (d): Iran Earthquake (Tabas Record Strong Component in X Direction)
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Figure 1.6: Floor Diaphragm Peak Stresses in Building 1, Lower Mechanical Floor (a) &
(b) and All Floors (c) & (d): Iran Earthquake (Tabas Record Strong Component in X
Direction)
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Figure 1.7: Floor Diaphragm Peak Stresses in Building 1, Second Floor (a) & (b) and Ninth
Floor (c) & (d): Iran Earthquake (Tabas Record Strong Component in Y Direction)
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Figure 1.8: Floor Diaphragm Peak Stresses in Building 1, Lower Mechanical Floor (a) &
(b) and All Floors (c) & (d): Iran Earthquake (Tabas Record Strong Component in Y
Direction)
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Figure 1.9: Floor Diaphragm Peak Stresses in Building 1, Second Floor (a) & (b) and Ninth
Floor (¢) & (d): Kobe Earthquake (Takatori Record Strong Component in X Direction)
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Figure 1.10: Floor Diaphragm Peak Stresses in Building 1, Lower Mechanical Floor (a) &
(b) and All Floors (c) & (d): Kobe Earthquake (Takatori Record Strong Component in X
Direction)



390

Largest Maximum Principal Stress Smallest Minimum Principal Stress
40 40
30 30-
20 20
L) ~ . * x*
10 10}
z s - Sl | % b
or 1 I f N N of *x |+ | A X | # ¥
& © f\, ¢ 39psi e * > X 40psi
-10- -10
€ 78psi % 80psi
s N X | = | #
—201 «> 117 psi —20 % 120 psi
€—> 155psi == 159 psi
=30+ =30+
> 194 psi —¥— 199 psi
—40 i i i i i i i I —40 i i i i i i i i
-40 -30 -20 -10 0 10 20 30 40 -40 -30 -20 -10 0 10 20 30 40
(a) Maximum Principal Stress (Tension) (b) Maximum Principal Stress (Compression)
Largest Maximum Principal Stress Smallest Minimum Principal Stress
40 40
30 30}
20 20k
@ © © * * I
10 10k
N s X |+ ¥
of s e |\ | ] el s of- * | # || k| #
2 . f o 45psi * x —— % 45psi
-10+ 10+
€ 91psi 90 psi
3 5 2 * + »*
-201 €« 136 psi -20r % 135psi
> 181 psi == 180 psi
=30 =30
> 227 psi —— 225 psi
—40 i i i i i i i i 40 i i i i i i i i
-40 -30 -20 -10 0 10 20 30 40  -40 -30 -20 -10 0 10 20 30 40
(c) Maximum Principal Stress (Tension) (d) Maximum Principal Stress (Compression)

Figure I.11: Floor Diaphragm Peak Stresses in Building 1, Second Floor (a) & (b) and Ninth
Floor (¢) & (d): Kobe Earthquake (Takatori Record Strong Component in Y Direction)
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Figure 1.12: Floor Diaphragm Peak Stresses in Building 1, Lower Mechanical Floor (a) &
(b) and All Floors (c) & (d): Kobe Earthquake (Takatori Record Strong Component in Y
Direction)
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Figure 1.13: Floor Diaphragm Peak Stresses in Building 2, Second Floor (a) & (b) and
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Figure 1.14: Floor Diaphragm Peak Stresses in Building 2, Lower Mechanical Floor (a) &
(b) and All Floors (c) & (d): Northridge Earthquake (Sylmar Record Strong Component
in X Direction)
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Figure 1.15: Floor Diaphragm Peak Stresses in Building 2, Second Floor (a) & (b) and
Ninth Floor (c) & (d): Iran Earthquake (Tabas Record Strong Component in X Direction)

(c) Maximum Principal Stress (‘Tension)

Smallest Minimum Principal Stress

50
40 —3— - 263 psi
L I
—>— 210psi
30
* | +
=»& 158 psi
20| ¢ *
> 105 psi
* | ¥ | K| x| ¥
10
* 53 psi
% | % | % | %
0
~10 i i i i i
10 20 30 40 50

(b) Maximum Principal Stress (Compres-
sion)

Smallest Minimum Principal Stress

50
40 —3— - 196 psi
| 3k
—>— 157 psi
30
|+
=»& 118 psi
20| *
> 78 psi
N I S N
* 39 psi
# e * * e
0
~10 i i i i i
10 20 30 40 50

(d) Maximum Principal Stress (Compres-
sion)



395

Largest Maximum Principal Stress Smallest Minimum Principal Stress
50 50
40 €&——>  257psi 40 —3€— - 496 psi
© | A X *
€—> 206 psi —36— 397 psi
30 30
N | - ¥ | +
€=> 154 psi =& 298 psi
20 \I ] 20 H# 3%
€> 103psi € 199 psi
10 x S S 1 10 /’/ * % X *
-4 51 psi » 99 psi
« | @ ] e L) * X p 3 * ¥
0 0
~10 i i i i i ~10 i i i i i
10 20 30 40 50 0 10 20 30 40 50
(a) Maximum Principal Stress (Tension) (b) Maximum Principal Stress (Compres-
sion)
Largest Maximum Principal Stress Smallest Minimum Principal Stress
50 50
40 ——> 257psi 40 —3— 496 psi
I I % | #
€&——> 206 psi —>— 397psi
30 30
T e % | +
€=> 154 psi > 208psi
20 I LY : : : 20 % %
€> 103psi ¥ 199 psi
Tl Y~ X | % A K%
10 10
L3 51 psi * 99 psi
A A O A A ¥ % |+ |+ | %
0 0
_10 i i i i i _10 i i i i i
10 20 30 40 50 0 10 20 30 40 50
(c) Maximum Principal Stress (‘Tension) (d) Maximum Principal Stress (Compres-

sion)

Figure 1.16: Floor Diaphragm Peak Stresses in Building 2, Lower Mechanical Floor (a)
& (b) and All Floors (c) & (d): Iran Earthquake (Tabas Record Strong Component in X
Direction)
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Figure I.17: Floor Diaphragm Peak Stresses in Building 2, Second Floor (a) & (b) and Ninth
Floor (c) & (d): Kobe Earthquake (Takatori Record Strong Component in X Direction)
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Figure 1.18: Floor Diaphragm Peak Stresses in Building 2, Lower Mechanical Floor (a) &
(b) and All Floors (c) & (d): Kobe Earthquake (Takatori Record Strong Component in X
Direction)
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Figure 1.19: Floor Diaphragm Peak Stresses in Building 2A, Second Floor (a) & (b) and
Ninth Floor (c) & (d): Northridge Earthquake (Sylmar Record Strong Component in X
Direction)
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Figure 1.20: Floor Diaphragm Peak Stresses in Building 2A, Lower Mechanical Floor (a) &
(b) and All Floors (c¢) & (d): Northridge Earthquake (Sylmar Record Strong Component

in X Direction)
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Figure 1.21: Floor Diaphragm Peak Stresses in Building 2A, Second Floor (a) & (b) and
Ninth Floor (c) & (d): Iran Earthquake (Tabas Record Strong Component in X Direction)
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Figure 1.22: Floor Diaphragm Peak Stresses in Building 2A, Lower Mechanical Floor (a)
& (b) and All Floors (c) & (d): Iran Earthquake (Tabas Record Strong Component in X
Direction)
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Figure 1.23: Floor Diaphragm Peak Stresses in Building 2A, Second Floor (a) & (b) and
Ninth Floor (c) & (d): Kobe Earthquake (Takatori Record Strong Component in X Direc-

tion)
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Figure 1.24: Floor Diaphragm Peak Stresses in Building 2A, Lower Mechanical Floor (a) &
(b) and All Floors (c) & (d): Kobe Earthquake (Takatori Record Strong Component in X
Direction)
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Appendix J Ground Motion Analysis of

Buildings: Element Response Histories
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Figure J.1: Building 1 Base Shear History: Northridge (Sylmar), Iran (Tabas) and Kobe
(Takatori) Earthquakes
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Figure J.2: Building 1: Beam-Column End Moment Histories - Northridge Earthquake

(Sylmar Record Strong Component in X Direction)
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Figure J.3: Building 1: Panel Zone Moment Histories - Northridge Earthquake (Sylmar

Record Strong Component in X Direction)
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Figure J.5: Building 1: Panel Zone Moment Histories - Northridge Earthquake (Sylmar
Record Strong Component in Y Direction)
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Figure J.6: Building 1: Beam-Column End Moment Histories - Iran Earthquake (Tabas

Record Strong Component in X Direction)
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Figure J.7: Building 1: Panel Zone Moment Histories - Iran Earthquake (Tabas Record
Strong Component in X Direction)
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Figure J.8: Building 1: Beam-Column End Moment Histories - Iran Earthquake (Tabas

Record Strong Component in Y Direction)
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Figure J.9: Building 1: Panel Zone Moment Histories - Iran Earthquake (Tabas Record
Strong Component in Y Direction)
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Figure J.10: Building 1: Beam-Column End Moment Histories - Kobe Earthquake (Takatori

Record Strong Component in X Direction)
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Figure J.11: Building 1: Panel Zone Moment Histories - Kobe Earthquake (Takatori Record
Strong Component in X Direction)
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Figure J.12: Building 1: Beam-Column End Moment Histories - Kobe Earthquake (Takatori
Record Strong Component in Y Direction)
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Figure J.13: Building 1: Panel Zone Moment Histories - Kobe Earthquake (Takatori Record
Strong Component in Y Direction)
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Figure J.14: Building 2 Base Shear History: Northridge (Sylmar), Iran (Tabas) and Kobe
(Takatori) Earthquakes
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Figure J.15: Building 2: Beam-Column End Moment Histories - Northridge Earthquake

(Sylmar Record Strong Component in X Direction)
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Figure J.16: Building 2: Panel Zone Moment Histories - Northridge Earthquake (Sylmar
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