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ABSTRACT

A procedure is presented for evaluating building code provisions for accidental torsion from
analysis of earthquake-induced motions of nominally-symmetric-plan buildings. This procedure is
used to analyze the motions of three buildings recorded during recent California earthquakes, The
results demonstrate that the accidental torsional moments specified by the Uniform Building Code
are more than sufficient in representing the torsion in the recorded motions of these three buildings,
a conclusion that should be applicable to almost all buildings with nominallv-symmetric plan. It is
also demonstrated that accidental torsion need not be considered at all in the design of two of the
three buildings, a conclusion that should carry over to most nominally-symmetric-plan buildings,
with some exceptions that are identified. These conclusions concerning accidental torsion derived

for symmetric-plan buildings are expected to be appropriate also for unsymmetric-plan buildings.
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INTRODUCTION

Building codes require that the effects of torsion be considered by applying the equivalent
lateral forces at a distance €4 from the center of rigidity (CR), resulting in story torques in addition
1o shears and overturning moments. U.S. codes and design recommendations specify that the
lateral force be applied at the center of mass—i.e., at a distance equal to the static eccentricity e,
from the CR. - and that this force be shifted +0.055, where b is the plan dimension of the building
perpendicular to the direction of ground motion, to obtaia increased force in each structural element
[1,2]. Thus, the design eccentricity ¢4 is equal to ¢, £ 0.05b. The first term, ¢, , is intended to
account for the coupled lateral torsional response of the building arising from lack of symmetry
in plan. The additional £ 0.056 , known as accidenial eccentricity, is introduced to account for
building torsion arising from discrepancies be!ween the mass, stiffness, and strength distributions
used in analysis and true distributions at the time of an earthquake; torsional vibrations induced
by a rotational compunent of ground motion: and other souices of torsion not considered explicitly
in analysis. Accidental torsion is to be considered i the design of buildings with asymmetric plans
as well as symmecric plans; in the latter case, this is the total torsion to be considered.

Because this investigation is concerned only with accidental lorsion provisions in building codes,
it is focused on buildings with nominally-symmetric plan. The subject of accidental torsion is not
amenable to investigation by traditional analytical approaches because standard dynamic analyses
do not predict torsion in symmetric-plan buildings. However, it has been possible to investigate
analytically the torsional response of such buildings due to rotational motion of the building’s base,
where this rotational motion is determined by assumptions which so far have not been verified for
lack of snitable ground motion records [3]. Therefore, analysis of recorded motions of nominally-
symmetric-plan buildings during earthquakes provides the most direct means of developing an

understanding of the torsional responses of such buildings and for evaluation of building code



provisions for accidental torsion. This is the approach adopted in this investigation.

BUILDINGS CONSIDERED AND RECORDED MOTIONS

Ideal for the purposes of this investigation would be buildings satislying certain requirements—
nominally-symmetric floor plans, rigid floor diaphragms, and negligible soil-structure interaction
effects-—that have experienced significant ground shaking, and three independent cornponents of
acceleration have been recarded at the ground level and at each floor. Three buildings which essen-
tially satisfy the above requirements have been identified for the present study. A brief description

of these three structures and their motions recorded during earthquakes is presented next.

Building A

Identified as CSMIP Station No. 58506, this building is located in Richmond, California. A
photograph and typical framing plan of this steel structure is shown in Fig. 1. The building
has a nominally-symmetric floor plan. It consists of moment-resisting frames 1 and 7 in the Y-
direction. Between frame lines 3 and 6, frames A and C are also designed for lateral load resistance.
All other frames with semi-rigid connections are designed to carry only gravity loads. The floor
decking system is fo-med by a corrugated steel sheet filled with lightweight concrete. The roof deck
is lighter but has aaditional insulating concrete. The foundation system consists of rectangular
column footings interconnected by grade beams. In the Y-direction only footings for columns of
frames 1 and 7 are interconnected. Additional information about this building is presented in
Appendix A.

The accelerographs located as shown in Fig. 2 recorded the motion of the building during the
Loma Prieta earthquake (October, 1989). These records shown in Fig. 3 include three channels of
borizontal motion at the secord floor, third floor, and roof levels, and two channels of motion at the

first (or ground) floor level. The peak accelerations at the ground level are 0.083g in the X-direction



and 0.11g in the Y-direction. These motions were amplified to 0.31g and 0.27g , respectively, at

the roof level. The building experienced no structural damage during the earthquake.

Building B

Identified as CSMIP Station No. 23511, this building shown in Fig. 4 is located in Pomona, Cali-
fornia. This reinforced concrete frame building has two stories and a partial basement, and a light
penthouse structure. The building has a nominally-symmetric floor plan, as indicated by its fram-
ing plan (Fig. 4). The lateral force-resisting system in the building consists of peripheral columns
interconnected by longitudinal and transverse beams. The “L”-shaped exterior corner columns as
well as the interior columns in the building are not designed especially for earthquake resistance.
The floor decking system is formed by a 6” concrete slab. The building also includes walls in the
stairwell system—concrete walls in the basement and masonry walls in upper stories. Foundations
of columns and interior walls are supported on piles. Additional information about this building is
presented in Appendix B.

The accelerographs located as shown in Fig. 5 recorded the motion of the building during the
Whittier (October, 1987) and Upland {February, 1990) earthquakes. These records shown in Figs. 6
and 7 include three channels of horizontal motion at the second floor and roof levels and at the
basemenc of the building. During the Whittier earthquake, the peak accelerations at the basement
level were 0.046g in the X-direction and 0.05g in the Y-direction. These motions were amplified to
0.15g in both directions at the roof level. During the Upland earthquake, the peak accelerations at
the ground level were 0.12g and 0.13g in the X- and Y-directions, respectively. These motions were
amplified to 0.24g in the X-direction and 0.39¢g in the Y-direction at the roof level. The building

experienced no structural damage during either earthquake.



Building C

ldentified as CSMIP Station No. 57562. this building is located in San Jose, California. Tne
building considered is one of four similar wings around a central building. Each wing is isolated
from the central building by a separation joint. A photograph and typical framing plan of this
three-story steel structure is shown in Fig. 8. The triangular portion of the building (shown in
dashed lines) is not part of any lateral moment-resisting frame of the structure. Thus, the building
has a nominally-symmetric floor plan consisting of moment-resisting frames A, B, C, and D in the
X-direction and frames 1 through 9 in the Y-direction. All other frames are designed to carry
only gravity loads. The floor decking system is formed by a steel corrugated metal sheet filled with
lightweight concrete. The foundation system corsists of rectangular column footings interconnected
by grade beams. Additional information about this building is available in Appendix C.

The accelerographs located as shown in Fig. 9 recorded the motion of the building during the
Loma Prieta earthquake. These records shown in Fig. 10 include three channels of horizontal
motion at each of the roof, third. and first (ground) floor levels. The peak accelerations at the
ground level are 0.2g in both lateral directions. X and Y. These motions were amplified to 0.58g
in the X.direction and 0.68g in the Y-direction at the roof level. The building experienced no
structural damage during the earthquake. The two horizontal components of acceleration and
rotational acceleration at the second floor without any accelerographs were estimated using the

procedure described in Appendix C.

DYNAMIC ACCIDENTAL ECCENTRICITY

We first determine the accidental eccentricity for a nominally-symmetric-plan building with rigid
floor diaphragms directly from the recorded motions. At the i*» floor these recorded accelerations

are denoted by a,,(t), ez (1), and a3,(¢) , and such data are assumed to be available for all floors



i = 1,2,....N (Fig. 11(a))'. From the recorded motions of the i** fioor the X and Y accelerations
components at the CM of the floor, ax,(t) and ay,(1), and the torsional acceleration, ag; , of the {th
ficor diaphragm can be deterinined by a simple geometric transformation. The associated inertia
forces are miax (1) and m;ay;(t) in the X and Y dircctions, respectively, and the associated torque
is Ipiag(t) where m; is the i*% floor mass and Iy is the polar moment of inertia of the #** floor mass
about the CM of the floor (Fig. 11{b)}. The shears and torques in the j'* story are determined

by simple statics from the floor inertia forces which are known from the floor masses and recorded

accelerations:

N

Vyj(t) = Zm.a,\',(t) (1)
=3
N

Wi(t) = Zm:‘ﬂi':(i) (2
=3
N

Ti(t) = 3 Liaalt) (3)
i=;

These story shears and torque are statically equivalent to each of the following force sets: (1) Vx;

at the CM and Vy; at eccentricity ex; (Fig. 11(c)) given by

T;(1)
V(1) )

ij(f) =

and (2) Vy; at the CM and Vx; at eccentricity ey; given by

evi(t) = %—3—) (5)

The time-dependent quantities ex,(¢) and ey ;(1) may be interpreted as the instantaneous accidental
eccentricities for the j** story.
From the recorded motions shown in Figs. 3, 6, 7, and 10 thesc accidental eccentricities were

computed for the three selected buildings. The results for the first story are presented in Figs. 12,

!Floors are numbered starting with 1 at the floor immediate'y above the ground level, which is different from the

numbering used in describing recorded motions in the preceding sections.



13, 14, and 15 wherein the base shear and base torque are presented together with accidental
eccentricities ex () and ey4(t). These computed eccentricity values grossly exceed the code value
of 0.05b intermittently during the earthquake. However, this result does not imply that the code
provisions are deficient.

This approach to compute the accidental eccentricity is appealing because it is based exclu-
sively on recorded motions and does not require idealization or analysis—static or dynamic—of the
structure. However, the numerical results are not especially useful because the largest peaks in
the eccentricity-time plot are usually associated with small values of the base shear, and can occur
even during the trailing, weak portions of the building motions. Therefore, a large value for the
accidental eccentricity by itsell is not meaningful and should be considered in conjunction with the
instantaneous base shear value. In order to consider the combined effects of shear and torque in

evaluating the code provisions, however, static analysis of the structure becomes necessary.

STRUCTURAL IDEALIZATION

The natural vibration frequencies and modes of the buildings are computed and static analyses
are performed at many time instants, but no dynamic analyses were necessary. For these analy-
ses the three buildings were idealized consistent with the ETABS computer program wherein the
building mass is assumed to be lumped at the floor levels and the floor diaphragms are assumed
to be rigid. The compatibility of axial deformations required in columns belonging to more than
one moment-resisting frame is considered by analyzing each structure as a single three-dimensional
frame with six degrees of freedom per joint {in contrast to the more common type of analysis that
considers the structure as an assemblage of independent planar frames). A brief summary of the
structural idealization for each building is presented next; additional details are available in the

appendices.



Building A

This building was treated as fixed at the level defined by- the slab or-grade. Each frame was
modeled with appropriate beam-column joints: moment-resistant {or rigid) connections and semi-
rig-id connections, The latter were divided into two groups: connections of column flanges with
beams were modeled as rigid. and connections of eolnmn wehs with beam wehs as pinned. Computed
by the ETABS program, the natural vihration frequencies and shapes of the first mode in the X-
direction, the firdt mode in the Y- direction, and the first torsional mode are presented in Table 1.
These computed results are similar to the “actual® vibration properties in Table 1 determined from

—

the recorded earthquake motions by the procedure described in Appendix A.
.

Building B

This building was treated as fixed at the level defined by the base of the co].umnszbecause the pile
foundations are very stiff. The structural idealization considers all structural elements, including
those not intended to provide lateral resistance, such as the masonry walls in the stairwell system,
because they may ‘causc torsion of the building and contribute to its accidenta) eccentricity. The
effective moment of inertia in the heams was c‘alculated assumifig cracl:ed sections ;nd #ncluding
the contribution of the concrete slab. The actual variation of moment of inertia along the span was
considered in modeling the tapered beams along axes 2, 3, 4, and 5 (Fig. 4). The exactive mogient
of inertia in ‘columns was calculated assuming gross section properties. -

Computed by the ETABS p;ogram, the natural vibration frequencies and shapes of the first
mode in the X-direction, first mode in the Y-direction, and first torsional mode are presented in
Table 1. These computed results agree reasonably well with the- “acinal” vibration properties deter-
mined from the recorded earthquake motions (Appendix B). As cxper.\ted, the computed vibration

.

properties are closer to the “actual” values from the less intense Whittier earthquake motions than



from the more intense Upland earthquske motions. The higher intensity of shaking during the Up-
land earthquake, combined with the stiffness degradation during the earlier Whittier earthquake,

leads to lower vibration frequencies during the Upland earthquake.

Building C

This building was treated as fixed at the level of the slab on grade. The structural idealization
includes all structural elements, including those that provide little lateral resistance, such as the
triangular portion of the building (Fig. 8), because they may cause torsion of the building and
contribute to its accidental eccentricity. Fach frame was modeled with appropriate beam-column
connections: moment-resistant {or rigid) connections and pinned connections as defined in the orig-
inal structural drawings of the building. Computed by the ETABS program, the natural vibration
frequencies and shapes of the first mode in the X-direction , the first mode in the Y-direction ,
and the first torsional mode are presented in Table 1. These computed results are similar to the
“actual” vibration properties in Table 1 dete:uiined from the recorded earthquake motions by the

procedure described in Appendix C.

BASE SHEAR AND BASE TORQUE

As mentioned in a preceding section, the combined effects of shear and torque must be considered
in evaluating the accidental torsion provisions in building codes. For each of the three buildings the
base shears Vx () and Vy(t) and base torque T({) have already been computed from the recorded
accelerations using Eqgs. 1-3. Consistent with the code approach of twa independent lateral-force
analyses in two orthogonal directions, X and Y, we consider the combined effects of Vy, and T,
separately from the combined effects of V1 and T} ; only the first pair is considered in the following

presentation and the modification for the other pair is obvious. Figure 16 shows the base shear

“Vy1(t) and base torque Ty(t) for Building A during the recorded earthquake wherein each point



(+) denotes the combination of Vyy and 7} values at a particular time instant; there are as many
points as the time instants considered. The point C in Fig. 16 identifies the code value of base
shear Voqe = (ZIC [R,)W and base torque whick, for a nominally-symmetric building, is
Teode = (0.05b) Vopge In computing the coefficient € |, the fundamental vibration period T was
taken equal to the “actual” value in Table 1, and R,, as 12. The fact that the base shear during
the earthquake exceeds the code value of base shear at many time instants is consistent with the
well known fact that the actual capacity of most buildings is much larger than the design base
shear. In order to evaluate the code-accidental torsion provisions, we also show the point C,, which
denotes the maximum value aof actual base shear (Vy1), = maz|Vyi(t)| and Ty = (0.056)(Vyy ),
However, it is by no means obvious whether the pair of actual forces Vi () and Ty(t) at 2 particular
time instant is more or less “critical” to the structure than the amplified “code™ forces denoted by
(4. Note that so far no structural analysis was necessary.

In order to resolve this issue, we determin> all combinations of base shear and base torque
which, when considered as static forces, produce the same member force as the amplified code
forces denoted by C,. These code-equivalent combinations shown, for example, in Fig. 16 for
Building A are determined by static analysis of the building as follows:

1. The maximum value of base shear V = (Vy), determined from floor accelerations (Eq. 2)

may be defined as the amplified “code™ base shear.

2. Analyze the structure using a static code-type aznalysis considering: (a) base shear as given
in Step 1; (b) heightwise distribution of lateral floor forces according to the code; and (c)
accldental eccentricity, equal to 0.05b in the Uniform Building Code, in the most unfavorable
direction for each element. The resulting hase shear V and base torque T are shown as point
C, in Fig. 17(e). A member force computed by this analysis is defined as a member “design™

force. The analysis required in Step 2 is shown conceptually in Fig. 17{a), where F; (i=1,2,3)



are the lateral fioor forces in the Y-direction, defined by Steps 2a and 2b. The resulting
“design” shear V.2 in column 1 is ohtained by applying the story lateral forces at a distance
equal to 0.055 to the right of the CM. Analogously, the “design™ shear V4 in column 2 is

obtained by applying the same floor forces at a distanee of 0.05) to the left of the CM.

. Determine the value of base shear and the associated lateral floor forces distributed over the
building height according to the code which, applied at the CM (without any floor torques
or eccentricity), produce the same member “design” force as determined in Step 2. This base
shear is identified by points .. and A’ in Fig. 17(e). The analysis required in Step 3 is
shown conceptually in Fig. 17(b). The building subjected to the lateral floor forces Fy, F3,
and F; of Steps 2a and 2b applied at the CM of the floors is analyzed to determine Vj and
V.5, the shear forces in columns 1 and 2, respectively. The lateral forces F, and base shear V
multiplied by the ratio Vf?/V;f (i=1.2) acting alone (without any floor torques or eccentricity)
would produce in column “i” the shear force V2, which is equal to the member “design™ force
determined in Step 2. In the case of column 1 this base shear, V§ = (VZ/V3) V , defines
the points A, and A% in Fig. 17(e). Similarly, Vg = (VE/VE)V defines the points A,

and Al in Fig. 17(e).

. Determine the value of base torque and the associated floor torques distributed over the
building height in the same proportion as the lateral floor forces which alone (without any
lateral forces) produce the same “design™ force in a selected member as determined in Step
2. This torque is identified by points B. and B! in Fig. 17(e). The analysis required in
Step 4 is shown conceptually in Fig. 17(c}. The building subjected to story torques T;, where
T, = 0.03bF; and F, are known from Steps 2a and 2b, is analyzed to determine VI and
Vég, the shear forces in columns 1 and 2, respectively. The floor torques T; and base torque

T multiplied by the ratio V2 /VT (i=1,2) acting alone (without any lateral forces) would

10



“w:

produce the “design™ shear force V.2 in column “i”. In the case of column 1 this base torque

T3 = (VR /VI)T defines the points B, and B, in Fig. 17(e). Similarly, TS = (VB/VT

defines the points B.; and B, in Fig. 17{e).

5. Each point on lines A¢; B,y and AL B;; denotes a combination of base shear and base torque,
each being distributed over the building height according to the code (Steps 3 and 4) which
produces the same member “design” force as determined in Step 2; hence, lines A, B.; and
AL, B!, are called “code-equivalent combinations” associated with column 1. Similarly, A; B2

and A, Bl, are the “code-equivalent combinations™ associated with column 2.

If at each time instant the “actual” base shear and base torque combination falls within the
region enclosed by the code-equivalent limits, this implies that, during the earthquake, the foree in
the selected member did not exceed the “design” value determined in Step 2. Alternatively, such
a situation indicates that the accidental eccentricity of 0.05b is conservative during the particular
earthquake. Any point in the base shear-torque plot which falls outside the region enclosed by
code-cquivalent combination represents, at a particular time instant, a combination of base shear
and base torgue that produces in the selected member a force that is larger than its “design” value.
Alternatively, this situation indicates that the accidental eccentricity of 0.056 is unconservative at
that instant of time.

The above-described procedure was utilized to determine the code-equivalent combinations of
base shear and base torque for Building A, and the results are presented in Fig. 16. Analysis for
Y forces with the shear forces in columns 8 and 18 selected as the member “design” forces led to
the code-equivalent combinations of Fig. 16¢b). Similarly, analysis for X-lateral forces with the
shear forces in columns 4 and 22 selected as the member “design”™ forces led to the code-equivalent
combinations of Fig. 16(a). These results demonstrate that all points denoting “actual” values

of base shear and base torque during the earthquake fall inside the region enclosed by the code-

11



equivalent combinations with one exception: point A in Fig. 16{a), which indicates that only at
that instant of time during the earthquake, the shear force in column 22 exceeds the “design™ force.
This observation is consistently confirmed by examining the code-equivalent limits for the *design”
shear forces and bending moments in several other beams and columns. For the recorded response
of Building A during the Loma Prieta earthquake, the torsional effects are so small that it may not
be necessary to consider accidental eccentricity at all. Figure 16 indicates that very few points fall
outside the region enclosed by the code-equivalent combinations with zero accidental eccentricity.

Figure 18 shows the dynamic base shear-torque values, and code-equivalent combinations de-
termined from the motions of Building B recorded during the Whittier earthquake. Similar results
for the Upland earthquake are presented in Fig. 19. Analysis for X-lateral forces with the shear
forces 1n columns 2 and 29 selected 2s the member *design” forces led to the code-equivalent com-
binations of Figs. 18(a) and 19(a). Similar analysis for Y-lateral forces with the shear forces in
columns 8 and 25 selected as the member “design™ forces led to the code-equivalent combinations of
Figs. 18(b) and 19(b). Only at two time instants during the Whittier earthquake dees the “actual”
shear force in column 29 exceed the “design” force. During the Upland earthquake, the “actual”
forces in all columns remain below their respective design values. In fact, the design value with zero
accidental eccentricity is exceeded only once, suggesting that it is not even necessary to consider
any accidental eccentricity for the recorded response of Building B during the Upland earthquake.

The actual values of the Y-component of the base shear and base torque for Building C during
the Loma Prieta earthquake are presented in Fig. 20(b). This plot shows a trend towards the
second and fourth quadrants which implies that the dynamic forces in structural elements located
on the left side of the CM of the structure (Fig. 8), e.g. column I, and more likely to exceed their
“design” valunes. This speculation is confirmed in Fig. 20 which shows that at a few time instants

the actual shear force in the first story exceeds the design value.
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MEMBER FORCES

An alternative procedure to the one presented in the preceding section for evaluating the code-
accidental torsion provisions is 10 compare the member “design” forces defined in Step 2 of the
preceding section with the time history of the “actual” member forces during the earthquake. At
cach time instant the “actual” member forces during the earthquake are determined by static
analysis of the building subjected to the floor inertia forces m; a;(1), m, a,;(t), and I,;ag,(t) at all
floors, ie, j = 1,2 and 3 (Fig. 17(d)). If at all time instants the “actual” member force is less than
its “design™ value, the accidental eccentricity of 0.056 can be interpreted to be conservative during
the particular earthquake. Caonversely, the accidental eccentricity of 0.056 is unconservative at those
iime instants when the “actual”™ member force exceeds the “design” value. The two procedures are
equivalent for a symmetric one-story system but differ slightly for multistory buildings because
the actual heightwise distribution of lateral forces computed from recorded accelerations and floor
masses is not identical to the heightwise distribution of lateral forces specified by the code.

The time variation of the *actual” shear force in the first-story columns 22 and 18 of Building
A during the Loma Priela earthquake is presented in Fig. 21, together with the “design™ values of
these forces obtained by static analysis of the building for amplified code forces in the X-direction
(for column 22} and in the Y-direction {for column 18). The “actual” values of these member forces
do not exceed their “design™ values based on the specified accidental eccentricity and barely exceed
the design values ignoring this eccentricity. The results for shear force and bending moment in all
columns support this conclusion {Appendix A).

The time variation of the “actual™ shear force in the first-story columns 8 and 26 of Building
B during the Whittier earthquake is presented in Fig. 22. together with the “design” values of
these forces obtained by static analysis for amplified “code” forces in the X -direction (for column

26) and in the Y -direction (for column 8). Similar results obtained from the Upland earthquake
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records are presented in Fig. 23. For both earthquakes the “actunal” values for these member forces
do not exceed their “design” values based on the code-speciied accidental eccentricity and barely
exceed the design values ignoring this eccentricity. The res.' s tor shear force and bending moment
in all columns in the building support this conclusion (Aunendix B).

The time variation of the “actval™ shear force in the first-story columns 1 and 8 of Building C
during the Loma Prieta earthquake is presented in Fig. 21, together with the “design” values of
these forces obtained by static analysis of the building for amplified code forces in the X-direction
(for column 8) and in the Y-direction (for column 1). The “actual” value of the X-component of
the shear force in the first-story column 8 does not exceed its “design™ value based on the code-
specified accidental eccentricity and barely exceeds the design value ignoring this eccentricity. The
results for shear forces and bending moments in all columns associated with motion of the building
in the X-direction support this conclusion. The “actual” value of the Y-component of the shear
force in the first-story column 1 exceeds its “design™ value for a small fraction of a second three
times during the earthquake. The maximum value of the “actual” shear during the earthquake is
ten percent greater than its “design” value. These observatlions are representative of other columns
at the left edge of the plan (Appendix C). The *actual” forces in columns located to the right of
the CM remain below their “design” values throughout the earthquake.

Accidental torsion is seen to be more significant in the response of Building C than the other
two buildings. This may be the result of three factors: Firstly, the natural vibration periods of the
first three—two lateral and one torsional—vibration maodes are very close to each other—a situation
known from forced vibration tests to create strong coupling of lateral and torsional motions even in
nominally-symmetric buildings [4]. Secondly, as shown in the next section, the torsional component
of the base motion contributes about forty percent of the accidental torsion. Thirdly, the restraint

provided by the adjacent building may have contributed to accidental torsion.
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CONTRIBUTION OF ROTATIONAL BASE MOTION

The member forces presented in the precediug section are associated with the earthquake-
intdluced translational and torsional motions of the selected buildings. As mentioned earlier, symmetric-
plan buildings may undergo “accidental” torsional motions for several reasons, including the two
principal factors: the building is usually not perfectly symmetric, and the ground motion contains
a rotational {about the vertical axis) component which will induce torsional motion of the building
even if ite plan were perfectly symmetric. Presented in this section are results that identify the
member forces due only to “accidental” torsion, and the portions of these forces associated with
rotational motion at the ground level of the building. Computed from the motions recorded by
channels 6 and 7 in Building B (Figs. 6 and 7) and by channels 3 and 4 in Building C {Fig. 10),
these rotational accelerations multiplied by half the building-plan dimensions are presented in Fig.
25. The channels of recorded motion at the base of Building A (Fig. 2) are insufficient to compute
the rotational motion at the base of this building. For 3u:llding T the peak value of b/2ae(t}, where
b = 87.9 m, is 57.6 cm/sec?, compared with the peak acceleration of 192.5 em/sec?® at channel 4
in the Y-direction. For Building B the peak valucs of b/2as(t), where b = 33.5 m, are 9.2 cm/sec?
during the Whittier earthquake and 28.3 cm/sec? during the Upland earthquake, compared with
the peak values of 45.3 and 119.5 em/sec?, respectively, al channel 6 in the Y-direction. It is ap-
parent that, in the cases cansidered, rotational ground moticn contributes twenwy to thirty percent
of the lateral acceleration at the edges of the building plan.

The member forces due to accidental torsion are determined at each instant of time by static
analysis of the building subjected to Hoor inertia torques I, aq,(¢) at all floors, ie. j=1,2,...,N,
determined in the preceding section. The results of these analyses, which are the same as in the
preceding section, except that the fioor inertia lateral forces m,ax,(t) and m;ay;{t) are excluded,

are presented in Figs. 26-28. Comparing these results (Figs. 26 and 27) with the total member
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forces in Building B (Figs. 22 and 23) indicates that the member forces associated with accidental
torsion are only two to four percent of the total forces. In contrast, a comparison of Figs. 24 and
28 for Building C shows that accidental torsion contributes about ten percent of the total shear
in Column 8 and about thirty percent of the total shear in column 1. ‘These observations that
accidental torsion is much more significant in Building C than in Building B are consistent with
the results of the preceding sections.

In order to determine the torsional respouse of Buildings B and C due only to the rotational
ground motion, dynamic analyses of these buildings are necessary, something we had deliberately
avoided so far in order to eliuninate any discrepancies in the structural idealization for dynamic
analyses relative to the actual building. The torsional response of Buildings B and C to the
rotational base motions presented in Fig. 25 was determined using the structural idealizations
described earlier. The mode superposition method was used to determine the response in the
natural modes of torsional vibration of the buildings. The modal damping ratios were estimated
as five percent and three percent for Buildings B and C, respectively, by the half-power bandwidth
method applied to the transfer function for rotational accelerations.

The response history of structural member forces determined by these dynamic analyses is
presented as the dashed curve in Figs. 26-28. The maximum force in & particular member due to
rotational base motion is compared next with its value associated with the total torsional motions
due to accidental torsion. This ratio, which is essentially the same for all structural members of a
building, is twenty-five percent for Building B during the Whittier earthquake, forty-five percent
for the same building during the Upland earthquake, and forty percent for Building C during the
Loma Prieta earthquake. Obviously, the rotational base motion causes a significant portion of the
accidentzl torsion of a building, which obviously depends on the intensity of the rotational ground

motion.
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IMPLICATIONS FOR CODE PROVISIONS

For the three buildings and their motions during past earthquakes considered in this investiga-
tion, the actual member forces exceed their “design”™ values based on the UBC-specified accidental
torsion by less than ten percent for three or fewer times during an earthquake, each time for a
small fraction of a second (Figs. 21-24). These discrepancies between the “design” force and the
actual force are small when considered in the context of the many larger approximaticns inherent
in building code provisions, and in the context of uncertainties in building idealization and material
properties. Thus, the accidental torsion provisions in building codes are sufficient in representing
the torsional motions of these three buildings during the particular earthquakes.

The next issue addressed in this paper is: can accidental torsion be ignored in building design?
We address this question first for moderate ground motion, then for strong ground motion. During
the earthquakes considered, a member design force is exceeded once for a small fraction of a second
by less than three percent in Building A, once in Building B for a small fraction of a second
by less than ten percent during the Whittier earthquake and thirteen percent during the Upland
earthquake, and four times, each for a small fraction of a second, by less than thirty-eight percent
in Building C {Figs. 21-24}. Such increased force demand, except possibly the large increase in
Building C, should not be a problem for most well designed buildings with nominally-symmetric
floor plan for two reasons. Firstly, the overstrength relative to design values that is typical of
most buildings would, for moderate ground motion, be sufficient for the building to withstand the
increased force demand essentially within the elastic range. Secondly, even if the force demands
exceeded structural capacity because of accidental torsion, the damaging effects of the very few and
small inelastic excursions of very short duration would be very small.

During strong ground motions, most buildings would be expected to deform beyond the elastic

range and accidental torsion may increase the ductility demand for some structural frames or
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elements of a building designed without considering accidental torsion. However, although the
results presented in preceding -ections are from elastic analyses, they suggest that the additional
ductility demand due to accidental torsion should be small for the buildings considered, except
possibly for Building C. Thus, if Buildings A and B were designed ignoring accidental eccentricity,
but detailed for sufficient ductility for the design earthquake, their performance should not be
adversely affected by accidental torsion.

Thus, it seems that accidental torsion need not be considered in the design of at least two of these
three buildings for the recorded ground motions or reasonably amplified versions of these ground
motions. Although extrapolating these ocbservations to other situations is soinewhat specylative, it
is difficult to visualize that the design of many nominally-symmetric buildings would be influenced
significantly by accidental torsion, or that torsional response could be a significant contributor to
the damage such a building may experience during an earthquake.

On the other hand, accidental torsion may be a significant factor in several situations: (1)
natural vibration periods of the fundamental lateral and torsional modes are very close to each
other, as in Building C, a situation that creates strong coupling of lateral and torsional motions of
the building; (2) the torsional vibration period is much longer than the lateral vibration period, as
in a central shear core building or a building with cruciform-shaped plan, leading to possibly large
torsional motions; (3) the building plan is especially long in one or both directions, as in Building
C, in which case some of the structural elements at the edges of the building-plan can be affected
significantly by accidental torsion; and (4} the earthquake causes significant rotation of the base
of the building. However, these situations are not recognized by the accidental torsion provisions
in building codes, with one exception. The accidental eccentricity of +0.056 is proportional to
the plan dimension b and, hence, leads to larger torsional moments for buildings with long plan

dimension.
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CONCLUSIONS

Building code provisions for accidental torsion are conceptually appealing in that they account
for the torsional motions of nominally-symraetric buiidings which invariably occur because these
buildings are not perfectly symmetric in plan and the base motion may contain a rotational {about
the vertical axis) component. In this investigation these design provisions have been evaluated by
investigating the motions of three nominally-symmetric-plan buildings recorded during earthquakes.
The results presented have demonstrated that:

1. The accidental torsion provisions, based on an eccentricity equal to five percent of the plan
dimension, are more than sufficient in representing the torsional motions of the three buildings
during the particular earthquakes, although these motions cause as large as thirty-percent
increase in member forces in one of the buildings. This conclusion should apply to almost all

nominally-symmetric-plan buildings.

2. Accidental torsion need not be considered in the design of two of these buildings for the
recorded ground motions or reasonably amplified versions of these ground motions. Although
extrapolating this conclusion to other situations is speculative, it appears that accidental
torsion would not be significant in the earthquake response of most nominally-symmetric

buildings; possible exceptions are identified in the next paragraph.

3. Accidental torsion may, however, be significant if the natural vibration periods of the funda-
mental and torsional modes of the building are very close to each other, the torsional vibration
period is much longer than the lateral vibration period, the building plan is especially long in
one or both directions, or the expected ground motion can cause unusually strong rotational
(about the vertical axis) motious at the base of the building. Accidental torsion may also

be significant for buildings which may undergo yielding or local failures that are likely to
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increase the asymmetry, e.g, buildings with masonry walls or partitions. However, the code

provisions do not recognize these factors, except the one concerning the plan dimension.

4. The rotational base motion causes twenty-five to forty-five percent of the accidental torsion

in the recorded earthquake motions of the three buildings considered in this investigation.

5. Although conceptually appealing, the accidental torsion provision in building codes is a re-
finement to represent effects that are small for most buildings, especially when considered in

the context of many larger approximations inherent in structural design.

6. This investigation supports the experience of many practicing structural engineers that build-
ing design is influenced very little by considering the accidental eccentricity of £0.05b, a code

requirement that is cumbersome to implement in design practice.

7. The preceding conclusions concerning accidental torsion derived for symmetric-plan buildings
are expected to be appropriate for unsymmetric-plan buildings. Torsion of such buildings

arising from plan asymmetry is separately considered by buildings codes.

Recorded motions of nominally symmetric-plan buiidings during earthquakes provides the most
promising means for understanding the torsional response of such buildings and for evaluating
building code provisions for accidental tarsion. Therefore, additional buildings with nominally
symmetric-plan, especially those likely to undergo significant torsional vibration, should be instru-
mented, e.g., buildings with fundamental lateral and torsional periods close to each other, or with
torsional vibration period much longer than the lateral vibration period. Records from such build-
ings, especially of response in the inelastic range, would provide a basis Lo evaluate further the

adequacy and the necessity of the accidental torsion provisions in building codes.
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Table 1. Natural Vibration Periods and Mode Shapes for Buildings A, B, and C

Vibration X-lateral mode Y-lateral mode Torsional mode
| Properties Recorded | Computed || Recorded | Computed || Recorded | Computed
Building A: Loma Prieta Earthquake
Period 0.63 0.60 0.74 0.76 0.46 0.45
(sec)
Mode Shape

Roof 1.00 1.00 1.00 1.00 1.00 1.00

37 Floor 0.71 0.77 0.72 0.73 0.72 0.76

274 Floor 0.39 0.57 0.39 0.38 0.40 0.43

Building B: Whittier Earthquake

Period 0.29 0.28 0.27 0.27 0.20 0.20
(sec)
Mode Shape
Roof 1.00 1.00 1.00 1.00 1.00 1.00
274 Floor 0.62 0.61 0397 0.60 0.57 0.64

Building B: Upland Earthquake

Period 0.30 0.28 0.28 0.27 0.21 0.2u
(sec)
Mode Shape
Roof 1.00 1.00 1.00 1.00 1.00 1.00
2" Floor 0.64 0.61 0.55 0.60 0.52 0.64

Building C: Loma Prieta Earthquake

Period 0.67 0.70 0.69 0.69 0.69- 0.65 0.67
{sec)
Mode Shape
Roof 1.00 1.00 1.00 1.00 1.00 1.00
374 Floor 0.80 0.70 0.70 0.67 0.67 0.66
2™ Floor 0.44 0.33 0.33 0.30 0.31 0.30
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(a) Recorded Accelerations at ith Floor and Accelerations at the CM
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APPENDIX A: THREE STORY OFFICE BUILDING

(CSMIP STATION No. 58506)

A.1 Building and Recorded Motions

Identified as CSMIP station No. 58506, this building is located in Richmond, California. Records of
motions of the building during the Loma Prieta earthquake are available. A brief description of the
structure, the recorded motions and the natural vibration frequencies and mode shapes estimated

from the records is presented in this section.

A.1.1 Brief Description of Building

A typical framing plan of this three-story steel building is shown in Figure A-1. The building is
approximately 162 feet long, 77 feet wide and 45 feet high. The building has two lateral moment
resisting frames in the X-direction (A and C) and iwo in the Y-direction (1 and 7). All other
frames are designed to carry only gravitational loads. Beam-column connections in the structure
are moment resisting and pinned as described in Section A.2. The floor decking system is formed
by a steel corrugated metal deck filled with lightweight concrete. The roof deck is lighter but
has additional insulating concrete, The foundation system cousists of rectangular column footings
interconnected by grade beams. In the Y-direction only footings for columns of frames 1 and 7 are
interconnected.

For all practical and code design purposes, the building has a floor plan that is nominally-
symmetric about two axes. The translational mass and rotational inertia for each floor is de-
termined from the weight of the structural elements, partitions, ceilings and other miscellaneous
contributions. The mass of columns and partitions in each story is distributed equally to the floors
at the top and bottom of the story. No live load is considered in calculating the floor masses. The

location of the center of mass {CM) for each floor was determined assuming that the dead loads are
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distributed uniformly over the plan. The coordinates of the CM, with the crigin defined as shown

in Figure A-1, are presented in Table A-1.

A.1.2 Recorded Motions

The locations of the accelerographs in the building are shown in plan in Figure A-2. These include
three channels at the first, second, third floors and the roof level. The twelve strong motion
records obtained during the Loma Prieta earthquake are shown in Figure A.3. The peak ground
accelerations at the ground level are 0.083g in the X-direction and 0.11g in the Y-direction. These
motions were amplified to 0.31g and 0.27g, respectively at the roof level. The building experienced
no structura! damage during the earthquake.

From the three channels of accelerations recorded at any level, the accelerations of the CM
- - these are a.(t) and g, (1), the X and Y components of translational acceleration, and ae(t),
the rotational acceleration about a vertical axis - - at the same level can be computed assuming
a rigid floor diaphragm. This assumption seems valid for this building, given the large in-plane
stiffness of the decking system compared with the lateral stiffness of the columns. Computed by
this procedure, the accelerations az(t), a,{t) and as(t) at the CM of the second, third and ruof
levels are presented in Figure A-4. In the X-direction the peak acceleration at the ground level
is 0.083g, which is amplified to 0.31g at the CM of the roof level; the amplification is from 0.11g
to 0.27g in the Y-direction. The peak rotation at the roof level is 0.033rad/s?>. The rotational
acceleration of the ground could not be obtained from the recorded accelerations because only two

horizontal components of acceleration are available at the ground level.

A.1.3 Natural Vibration Frequencies and Modes

Examination of the motions recorded at the roof level by channels 1, 2 and 3 provides rough

estimates of the fundamental natural vibration frequencies of the building: 1.64 Hz in the X-
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direction and 1.35 Hz in the Y-direction. The true {not pseudo} acceleration response spectra
for the motions recorded at the roof level in the X-direction at channel 3 and in the Y-direction
at channel 1 and 2 are shown in Figure A-5. The largest peak is obtained at 1.66 Hz for the X
component of motion and 1.35 Hz for the Y component , which is consistent with the frequencies
gleaned from direct examination of the records.

Figure A-6 shows the transfer functions for the X and Y components of the relative (to the
ground) acceleration at the CM of the three floor levels and the corresponding motions at the
ground level. Also shown in Figure A-6 is the amplitude of the Fourier transform of the total
rotational component of acceleration at the roof, whose transfer function could not be obtained
because the rotational ground motion is not known. The transfer functions and Fourier spectra were
smoothed by a running average procedure with weights (1/4,1/2,1/4). The transfer functions for
the X and Y translational motions have peaks at 1.60 Hz and 1.43 Hz, respectively. The amplitude
Fourier spectrum for the total rotational motion shows a peak at 2.17 Hz. A vibration mode shape
corresponding to a particular natural vibration frequency can be estimated from the ordinates at
that frequency of the traunsfer functions at the various floor levels. Thus, the shapes of the two
natural vibration modes in translation can be determined from the numerical data of Figure A-6:
the X-translational mode from Figure A-6(a}, and the Y-translational mode from Figure A-6(b).
However, a torsional mode shape can be determined only approximately because the rotational

ground motion is not known. The mode shapes are presented in Table A-2.

A.2 Structural Idealization of the Building

The building was idealized for analysis by the ETABS computer program, wherein the building mass
is assumed to be lumped at the floor levels and the floor diaphragms are assumed to be rigid, an

assumption which was also used in computing motions at the CM from the recorded motions. The
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building is treated as fixed at the level defined by the slab on grade. All structural elements were
included in the structural idealization, i.e, even the elements that provide little lateral resistance are
considered because they may contribute to the accidental eccentricities. The column lines and frame
bays used for the ETABS model are defined in Figure A-10. Flexural and axial deformations are
considered in defining the properties of columns, whereas only flexural deformations are considered
for defining the stiffness properties of beams. The compatibility of axial deformations required
in columns belonging to more than one moment resisting frame is considered by analyzing the
structure as a single three dimensional framne with six degrees of freedom per jaint (in contrast to
the most common type of analysis that considers the structure as an assemblage of several two
dimensional lateral-force resisting frames distributed across the building plan).

The framing plans idealized for analysis are shown in Figures A-7 to A-9, wherein the sizes of
the columns and beams are noted. Each frame is modelled with appropriate beam-column joints:
moment resistant (or rigid) connections, denoted in Figures A-7 to A-9 by small triangles next to
the column, and pinned connections, columns without the small triangles. The structural analysis
of this model is identified in the following as analysis case “A™,

Two additional structural models of the building were studied to bound the effect of the true
flexibility of the non moment-resistant connections. Figure A1l shows a schematic detail of the
two types of non moment-resistant connections used in the building. Beam-column connections
connecting the beam web to the column web (Figure A-11(a}) are more flexible than those connect-
ing the web of the beam to the flange of the column {Figure A-11(1)). Thus, a second structural
idealization models all web-to-flange connections as momeni-resistant and all web-to-web connec-
tions as pinned. The analysis of this model is denoted as case “B”. In the third analysis case all
beam-column connections are modelled as moment-resistant. This structural idealization, denoted

as case “C”, provides an upper bound for the true structural stiffness. In the case of moment-
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resistant connections, the portions of beams and columns within the beam-column panel zone are
treated as rigid, consistent with the the rigidity of the connection.

The natural vibration frequencies and mode shapes of the idealized structural system computed
by the ETABS program are presented in Table A.2. The agreement between these computed
frequencies and those determined earlier from the recorded response of the building depends greatly
on how the non moment-resistant connections are modelled. Analysis case “A” predicts natural
frequencies for the system that are too low because this model underestimates the stiffness of the
structure. Analysis case “B” provides better values of vibration frequencies, especially for the
fundamental natural frequency in the X-direction because, as described earlier, the connections are
modelled realistically which especially affects the lateral stiffness of frame B, Analysis case “C"
provides a higher value for the frequency of vibration in the Y-direction because the assumption
of moment-resistant connections slightly overestimates the stiffness in this direction. The resulting
natural frequencies for this case are also in good agreement with the natural frequencies obtained
from the analysis of the transfer functions.

Either structural model “B™ or “C” could have been used for the analyses presented in Sections
A.4 and A.5. Model “B” is selected mainly because it appears to be a more realistic representation

of the expected behavior of the heam-column connections in the structure.

A.3 Dynamic Eccentricity

The story shears and torques are computed from the floor masses and accelerograms (Figure A-4)
by Equations 1 to 3, wherein the acceleration records at all floor levels are available.

The accidental eccentricity at the “jth” floor has been defined by Equations 4 and 5 in terms
of the story shears and story torques in the “jth” story. The latter are computed from Equations

1 10 3 wherein the floor masses are given by Table A-1 and the accelerations a,;(t), ayj(t) and
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ag;(t) at the CM in Figure A-4. The computed base shear and base torque for the building are
shown in Figure A-12. The maximum values for the base shear are 397 kips and 388 kips in the X
and Y-directions, respectively, which are 18.2% and 17.8% of the total weight of the building. The
accidental eccentricities ey;(¢) and ex((t) determined from the base shear and torque by Equations

4 and 5 are also shown in Figure A-12.

A .4 Base Shear, Base Torque and Code-Equivalent Combinations

This section presents the implementation of the step-by-step procedure described in Section 5 for

this building.

1. At each instant of time, the base shear was computed by Equations 1 to 3, where the floor
masses are given in Table A-1 and the floor accelerations in Figure A4, The “design™ base
shears for the analyses in the X and Y-directions are 397 kips and 388 kips, respectively, and

correspond to the maximum values during the earthquake (Figure A-12).

2. The heightwise distribution of lateral forces at the three floor levels are camputed from the
code formula:
wjh,

F. =
! v wih,

j=1,2 and 3, using the floor masses and story heights in Table A-1. The lateral ficor forces
for this building are 0.28V, 0.49V and 0.23V for the second floor, third floor and roof ,
respectively, wherein V represents the “design” base shear determined in Step 1. In the X
direction, V=397 kips and the associated lateral forces are 111, 196 and 90 kips at the second
floor, third floor and roof, respectively. In the Y-direction V=388 kips and the lateral floor
forces are 108, 192 and 88 kips. The X-lateral forces are applied at a distance of £0.05b =

40.05x77 = 3.85 ft. The Y-lateral forces are applied at a distance of £0.05b = 10.05x162
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= 8.1 ft. The resulting “design”™ shear forces for selected columns in the first story of the

building are shown in column 3 of Table A-3.

3. The lateral story forces determined in Step 2 are next applied at the CM of each floor. The
resulting shear forces for selecied columuns in the first story of the building are presented in
column 4 of Table A-3. The procedure for calculating the base shear that produces the same
“design” member force as in Step 2 is described next for Column 8 (row 1} in the first story
(Figure A-10). Step 2 provided 53.4 kips as the “design” shear force for this column in the
Y-direction, whereas step 3 resulted in shear force of 48.8 kips. Thus, the ratic 53.4/48.8
represents the factor by which the “design™ base shear, V=388 kips, in the Y-direction has
to be amplified in order to obtain the “design™ shear force of 53.4 kips in Column # 8 of the
first story. The amplified base shear V4=(53.4/48.8)388=424.5 kips (column 5 of Table A-3).

Similar results for other columns in the first story are also presented in Table A-3.

4. Next we analyze the siructure subjected to torques T;=0.05bF; where the lateral forces F;
were determined in step 2. The resulting force in a meinber is the difference of the two values
for the member force determined in steps 2 and 3. Therefore, the resulting shear forces in the
selected columns corresponding to this analysis are obiained as the difference of the values in
columns 3 and 4 of Table A-3. The procedure for calculating the base torque that produces
the same “design” shear force in a selected column as step 2 is described next for Column 8 in
the first story. Step 2 provided 53.4 kips as the “design” shear force for this column, whereas
step 4 resulted in a shear force of 4.6 kips. Therefore, the ratio 53.4/4.6 denotes the factor by
which the base torque, T=388x8.1=31413 kip-ft, has to be amplified to produce the “design”

force in Column 8 of the first story. The amplified hase torque is To=(53.4/4.6)3143=236484!

'This value of torque differs slightly from the one presenied in Table A-3 because of rounding of the numbers

presented in the texi
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kip-ft. Similar results for other columns of the first floor are presented in Table A-3.

5. The code-equivalent combinations associated with column 8 in the first story are shown by
solid straight lines in Figure A-13(b). Also shown by dashed lines are the code-equivalent
combinations for zero accidental eccentricity. They have been calculated as described in steps
3 and 4 but using the value in column 4 of Table A-3 as the “design” member force associated
with zero accidental eccentricity. Considering the first story Column 8 the corresponding base
shear V=388 kips and the base torque is, T=388x8.1 kip-ft, amplified by the factor 48.8/4.6,

resulting in 33341 kip-ft.

The values of base shear and torque for the X and Y-directions of analysis that were presented
in Figure A-12 are plotted as pairs (V,T) for each insiant of time in Figure A-13. For analysis in the
Y-direction Figure A-13(b) shows that all base shear and base torque combinations fall inside the
code-equivalent combinations. For analysis in the X-direction Figure A-13{a) shows that, except
for a single instant, the base shear and base torque p-=irs determined in step 6 fall inside the code-
equivalent combinations. The code-equivalent combinaticns are only slightly exceeded by a single
combination of base shear and base torque in Column 22 (Figure A-13(a)). This combination
is identified as point A in the figure. The value of “shear” in Column 22 corresponding to this
combination of base shear and base torque is essentially identical (larger by less than 1%) to the

code “design” value.

A.5 Time History of Member Forces

The member forces due to the static application of the floor inertia forces computed by Equations 1
to 3 were determined by first: (a) computing the influence coefficients defining the forces in selected
members due to unit vaiues of each of the nine floor inertia forces applied individually (Table A-4);

and {b) multiplying at each instant of time the actual values of the floor inertia forces and the
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respective influence coefficients. Table A-4 presents the force influence coefficients for six columns
in the first story of the building due to F:; or F,;=1000 kips, j=1,2 or 3; and Fy;=1000 kip-f¢,
j=1,20or 3. In Table A-4, V is the shear force in the selected element and M the bending moment.
The subscript attached to V or M indicates the element number according to Figure A-10 and
the superscript indicates the direction of analysis. The time-history of element forces obtained by
combining tke products of the nine floor inertia forces (Figure A.4) by tie corresponding influence
coefficients (Table A-4) and divided by 1000 are presented in Figures A-14 and A-15. Also included
in these figures are the “design™ values {or the member forces associated with accidental eccentricity
0.05b (solid horizontal line) and zero accidental eccentricity (dotted horizontal line).

Results of analysis of the building in the Y-direction (Figure A-15) show that at all time in-
stants the member forces computed in step 4 are less than the “design” member forces. The same
observation is true for the results of the analysis in the X-direction (Figure A-14) except that the
“design” shear for Column 22 is exceeded once (this peak corresponds to point A in Figure A-13).

The observed increase in shear force is negligible, being less than 1%.
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Table A-1: Building Properties

Floor | b (1t) [ m; (k-s7/1t) | Ip; (k-87-1¢) | 2g; (1t) | ¥y (R0)
3rd | 135 |  9.1652 25309 81 38.5
2nd | 135 | 28.982 80031 81 38.5
Ist | 17.9 | 29.727 82089 81 385

Table A-2: Natural Vibration Frequencies and Modes Shapes of the Building

Vibration X-lateral mode Y-lateral mode Torsional mode
Properties Recorded | Computed | Recorded | Computed | Recorded | Computed
Analysis "A” 1.60 1.25 1.43 1.24 2.17 2.01
Frequency (Hz)
Mode Shape
Roof 1.00 1.00 1.00 1.00 1.00 1.00
3rd 0.71 0.74 0.72 0.76 0.72 0.78
ond 0.38 0.40 0.39 0.42 0.40 0.59
Analysis "B” 1.60 1.66 1.43 1.32 2.17 2.21
Frequency (Hz)
Mode Shape
Roof 1.00 1.00 1.00 1.00 1.00 1.00
3rd 0.71 0.77 0.72 0.73 0.72 0.76
nd 0.39 0.57 0.39 0.38 0.40 0.43
Analysis "C” 1.60 1.66 143 1.48 2.17 2.25
Frequency (Hz)
Mode Shape
Roof 1.00 1.00 1.00 1.00 1.00 1.00
3rd 0.71 0.77 0.72 0.75 0.72 0.76
gnd 0.39 0.57 0.39 0.41 0.40 0.43
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Table A-3: "Design” Member Forces in Selected Elements and Amplified Base Shear and

Base Torque

Column # | Direction | Shear Force | Shear Force | Base Shear | Base Torque
(k) (k) (k) (k-ft)
8 Y 33.4 48.8 424.5 36312
18 Y 51.0 46.6 424.5 36363
4 X 36.1 35.1 408.3 54194
22 X 36.3 35.3 408.4 53478
Column # | Direction | Bend. Mom. | Bend. Mom. | Base Shear | Base Torque
(k-t) (k-ft) (k) (k-ft)
8 Y 524.1 479.5 423.9 36303
18 Y 503.1 460.4 423.8 36985
4 X 350.0 340.1 408.4 53894
22 X 352.1 340.1 408.5 53252




Table A-4: Influence Force Coeflicients for Selected Elements

Unit Story Forces Vek) Vi (k) Ve (k) Vi (k)
Fr 8.8000e-02 | 8.7500e-02 | -2.3700e-04 | 8.1200e-04
F, -1.5200e-03 | 1.4900e-03 | 1.1800e-01 | 1.1200e-01
Fg, 6.7000e-04 | -6.5900e-04 | -1.4530e-03 | 1.3740e-03
Feo 8.9170e-02 | 8.8700e-02 | -7.8300e-05 | 1.0900e-03
F -1.1900e-03 | 1.1700e-03 | 1.2800e-01 | 1.2300e-01
F 6.8200e-04 | -6.6900e-04 | -1.4770e-03 | 1.4120e-03
Fes 8.9520e-01 | 8.9020e-01 | -3.0600e-03 | 8.3200e-03
Fus -1.1500e-03 | 1.1330e-03 | 1.3000e-01 | 1.2500e-01
Fea 6.8600e-04 | -6.7340e-04 | -1.4830e-03 | 1.4170e-03

M{k-it) | M35(k-ft) | Mg(k-t) M{g(k-it)
Fo 8.0000e-01 | 7.9630e-01 | -3.1170e-03 |-6.1940e-03
Fu -1.3260e-02 | 1.3030e-02 | 1.0800¢+00 | 1.0250e+00
Fa 6.1130e-03 | -6.0000e-03 | -1.3200e-02 | 1.2480e-02
oo 8.8110e-01 | 8.7620e-01 | -2.7920e-03 | 8.2830e-03
Fp -1.0770e-02 | 1.0580e-02 | 1.2810e+00 | 1.2340e+00
Foq 6.7690e-03 | -6.6420e-03 [ -1.4520e-02 | 1.3950e-02
Fr 8.9520e-01 | 8.9020e-01 | -3.0600e-03 | 8.3200e-03
Fpa -9.9600e-03 | 9.7950e-03 | 1.3300e+00 | 1.2850e+00
Fp3 6.9070e-03 | -6.7770e-03 | -1.4780e-02 | 1.4230e-02
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APPENDIX B: TWO STORY OFFICE BUILDING

(CSMIP STATION No. 23511)

B.1 Building and Recorded Motions

Identified as CSMIP station No. 23511, this building is located in Pomona, California. Records of
motions of the building during the Whittier Narrows (Qctober 1st, 1987) and the Upland (February
28th, 1990) earthquakes are available. A brief description of the structure, the recorded motions
and the natural vibration frequencies and modes estimated from the records is presented in this

section.

B.1.1 Brief Description of Building

The building is a reinforced concrete frame structure. It has two stories and a partiai basement, and
a light penthouse structure. A typical plan of this two-story concrete frame building is presented
in Figure B:1. The figure shows that the building is approximately 110 feet long, 92 feet wide and
30 feet high (Figure B.1). The lateral force-resisting system in the building consists of peripheral
columns interconnected by longitudinal and transverse beams(Figure B-1). In Figure B-1 dotted
lines represent tapered beams (axis 2-5) and solid lines represent uniform beams. The “L” shaped
corner columns as well as the interior columns are not designed with special seismic details. The
floor decking system is formed by a 6" reinforced concrete slab. The building also includes walls in
the stairwell system—concrete walls in the basement and masonry walls in upper stories (Figure
B-1). Foundation of columns and interior walls are supported on piles.

For all practical and code design purposes, the building has a floor plan that is nominally-
symmetric about two axes. The asymmetry resulting from additional non-structural elements
distributed across the the plan is minimal. The translational mass and rotational inertia for each

floor is determined from the weight of the structural elements, partitions, ceilings and other mis-
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cellaneous contributions. The mass of columns and partitions in each story is distributed equally
to the floors at the top and bottom of the story. No live load is considered in calculating the floor
masses. The location of the center of mass (CM) for each floor was determined according to the
dead loads specified in the original structural drawings of the building. The coordinates of the CM,

with the origin defined as shown in Figure B.1, are presented in Table B-1.

D.1.2 Recorded Motions

The locations of the accelerographs in the building are shown in plan in Figure B-2. These include
three channels at the basement, second floor and rocf. The nine strong motion records obtained
during the Whittier and Upland earthquakes are shown in Figures B-3 and B-4.

The peak ground accelerations recorded at the basement level during the Whittier earthquake
are 0.046g and 0.05g in the X and Y directions, respectively. These motions were both amplified
to 0.15g in the X and Y-directions at the roof level. The peak ground accelerations recorded at
the basement level during the Upland earthquake are 0.12g and 0.13g in the X and Y directions,
respectively. These motions were amplified to 0.24g in the X-direction and 0.39g in the Y-direction
at the roof level. The building experienced no structural damage during either earthquake.

From the three channels of accelerations recorded at any level, the accelerations of the CM - -
these are a-(2) and ay(t), the X and Y components of translational acceleration of the CM. and as(¢),
the rotational acceleration about a vertical axis - - at the same level coan be computed assuming
a rigid floor diaphragm. This assumption seems valid for this building, given the large in-plane
stiffness of the reinforced concrete decking system compared with the lateral stiffness of the concrete
columns. Computed by this procedure, the accelerations a,(t), a,(t) and ap(t) at the geometric
center of the basement and the CM of the second floor and roof level are presented in Figures B-5
and B-6 for both earthquakes. During the Whittier earthquake (Figure B-5), the calculated peak

acceleration in the X-direction at the geometric center of the basement is 0.046g which is amplified
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to 0.12g at the CM of the roof level; the amplification is from 0.052g to 0.15g in the Y-direction.
The peak ground rotalional acceleration at the geometric center of the basement is 0.0055 rad/s?
which is amplified to 0.056 rad/s? at the roof level, Daring the Upland earthquake the calculated
peak ground aceeleration in the X-direction at the basement is 0.10g which is amplified to 0.20g
at the roof level; the amplification is from 0.13g to 0.39g in the Y-direction. The peak ground

rotational acceleration in this case of 0.017 rad/s? is amplified to 0.068 rad/s? at the roof level.

B.1.3 Natural Vibration Frequencices and Modes

Examination of the motions recorded at the roof level by channels 2, 3 and 8 during the Whittier
earthquake provides rough estimates of the fundamental natural vibration frequencies of the build-
ing: 3.4 Hz in the X-direction and 3.7 Hz in the Y-direction. Examination of motions during the
Upland earthquake gives very similar values for these frequencies. The true (not pseudo) accelera-
tion response spectra for the motions recorded during the two earthquakes at the roof level in the
X-direction at channels 2 and 3 and in the Y-direction at channel 8 are shown in Figures B-7 and
B-8. For the Whittier earthquake peaks are obtained at frequencies of 3.1 Hz and 3.8 Hz in the X
and Y-directions, respectively. However, the poor resolution of the peaks in the X-direction does
not allow a reliable estimation of the natural frequency in that direction. For the Upland earth-
quake, Figure B-8 shows peaks around 3.3 Hz for the X-direction and 3.8 Hz for the Y-direction of
motion. Thus, these results are consistent with the results gleaned from direct examination of the
records.

Figures B-9 and B-10 show the transfer functions for the X, Y and @ components of the relative
(to the ground) accelerations at the CM of each floor level and the corresponding motions at
the geometric center of the basement plan. The transfer functions were smoothed by a running
average procedure with weights (1/4,1/2,1/4). The transfer functions for the X and Y translational

motions for the Whittier earthquake (Figure B-9) have a peak at 3.49 Hz and 3.71 Hz. The transfer
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function for rotational motion in this figure shows a peak at 4.96 Hz. The frequency associated
to the local peak value existing at 4.6 Hz in Figure B-9 was discarded as the torsional natural
frequency mainly because the peak vanishes in the corresponding torsional transfer function for the
Upland earthquake (Figure B-10). The transfer functions for the Upland earthquake (Figure B-10)
show peaks at 3.34 Hz, 3.61 Hz and 4.81 Hz for the X, Y and © motions. A vibration mode shape
corresponding to a particular natural vibration frequency can be estimated from the ordinates at
that frequency of the transfer function at the various floor levels. Thus, the shapes of the first
three natural vibration modes can be determined from the numerical data of Figure B-9 (or B-10):
the X-translational mode shape from Figure B-9(a} (or Figure B-10(a)), the Y-translational mode
shape from Figure B-9(b) (or Figure B-10(b)), and the torsional mode shape from Figure B-9(c)

(or Figure B-10(c)). The mode shapes are presented in Table B-2 for both earthquakes.

B.2 Structural Idealization of the Building

The building was idealized for analysis by the ETABS computer prograia, wherein the building
mass is assumed to be lumped at the floor levels and the floor diaphragms are assumed to be rigid,
an assumption which was also used in computing motions at the CM from the recorded motions.
The building is treated as fixed at the base of the columuns given the rigidity of the foundation
pile system. All structural elements were included in the final structural idealization, i.e, even the
elements that provide littie lateral resistance are considered because they may contribute to the
accidental eccentricities. Flexural and axial deformations are considered in defining the properties
of columns, whereas only flexural deformations are considered in defining the stiffness properties
of beams. Shear deformations are also included for the case of walls (stairwell system).

The moment of inertia of 2 beam is computed as the gross inertia of the beam web. This

definition of the moment of inertia in beams indirectly accounts for cracking of the cross section
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and variation of moment of inertia along the bewn. Stiffness matrices for beams along axes 2,3,4
and 5 (Figure B-1) were determined considering the beam taper in addition to the moment of
inertia considerations mentioned above. Column and wall inertia properties were calculated from
their gross-section.

Compatibility of axial deformations required in columns belonging to more than one moment
resisting frame was considered by analyzing the structure as a single three-dimensional frame with
six degrees of freedom per joint (in contrast to the most common 1. pe of analysis that considers
the structure as an ensemble of several two dimensional lateral {orce resisting frames distributed
across the building plan).

The framing plans idealized for analysis are shown in Figures B-11 and B-12, wherein the sizes
of the columns and beams are noted. Tlie column lines and frame bays used for the ETABS model
are defined in Figure B-11.

Five different idealizations of the structure were analyzed and the computed vibration properties

were compared with the “actual™ values obtained from earthquake records. The five models are:

¢ Mocel I: This is the basic model and considers columns and beams as the only lateral
load-resistant structural elements in the building. The natural vibration frequencies of the
idealized structural system computed by the ETABS program are presented in the first row
of Table B-3. These values differ considerably from the actual frequency values presented in

Table B-2.

e Model 2: This model is identical to model 1 but includes the effect of the stairwell masonry
walls. A prismatic strength of f], = 1500psi is assumed for the masonry; modulus of elasticity
E,, = 750/,, and shear modulus G = 0.4E,,. The natural vibration frequencies of this model
are shown in Table B-3. This table shows that the walls affect primarily the fundamental

natural frequency of the structure in the Y-direction.
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¢ Model 3: This model builds over model 2 but includes the effective contribution of the slab
(eflective width} in the computation of the flexural stiffuess of beams, i.e, the inertia of beams
is calculated assuming cracked sections but considering the effective contribution of the slab.
The ACI code effective width values were adopted to determine the slab contribution. Table

B-3 shows that the slab has little contribution to the natural frequencies.

® Model 4: This model is identical to model 3 but includes the effect of the rigidity of the
beam-column joints. The rigidity in the beam-column joints is accomplished by using rigid
end zones in the columns and beams framing into the joint. The dimension of these rigid
end zones in beams is variable but it is never taken more than half the width of the smallest
column framing into the joint. Similarly, the length of the rigid end zones for columns is
always less than half the minimum depth of the smallest bean: framing into the joint. The
increase an the lateral stiffness ol the building, as a consequence of these rigid end zones in
beams and columns, is important. Table B-3 shows the natural frequencies of this model,

which are affected significantly by the rigidity of beam-column joints.

& Model 5: This final model is identical to model 4 but includes the as-built non-structural
column details depicted in Figure B-13. The brick veneer shown in the figure has an important
effect on the stiffness of the peripheral columns even though concrete and masonry were

assumed to work separately. The natural vibration frequencies of the model are presented in

Table B-3.

The agreement between the natural vibration frequencies of model 5 computed by the ETABS
program and the “actual” frequencies {Table B-2) is satisfactory. The computed mode shapes of
the final structural model are presented in Table B2, The agreement between the mode shapes

predicted by model 5 and those obtained from the analysis of the transfer functions {Figures B-9
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and B-10) is also satisfactory.

B.3 Dynamic Eccentricity

The story shears and torques are computed from the floor masses and accelerograms {Figure B-3
and B-6) by Equations 1 to 3, wherein the acceteration records at all floor levels are needed. For
this building all instruments recorded motions during the Whittier and Upland earthquakes.

The accidental eccentricity at the “jth” ficor has been defined by Equations 4 and 5 in terms
of the story shears and story torques in the “jth” story. The latter are computed from Equations
{1-3] wherein the floor masses are given by Table B-1 and the accelerations a.;(t),a,;(t) and ag;(t)
at the CM in Figure B-5 and B-6. The computed base shear and torque for the building are shown
in Figures B-14 and B-15. For the Whittier Narrows earthquake the maximum values for the base
shear are 361 kips and 485 kips in the X and Y-directions, respectively, which are 9% and 12% of
the total weight of the building. The maximum values of base shear and torque during the Upland
earthquake are 692 kips and 1301 kips for the X and Y directions, respectively, which are 17% and
32% of the total weight of the structure. The accidental eccentricities ey ((t) and ex,(t) determined

from the base shear and torque by Equations 4 and 5 are also shown in Figures B-14 and B-15.
B.4 Base Shear, Base Torque and Code-Equivalent Combinations
This section presents the implementation of the step-by-step procedure described in Section 5 for

this building,.

1. At each instant of time, the base shear was computed by Equations 1 to 3 , where the floor
masses are given in Table B:1 and the floor accelerations in Figures B-5 and B-6. The “design”
base shears during the Whittier ivarrows earthquake are 361 kips and 485 kips for the analyses

ia the X and Y-direclions, respectively, and correspond to the maximum values during the
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earthquake (Figure B-14). The “design™ values of base shear during the Upland earthquake
are 692 kips and 1301 kips in the X and Y-directions , respectively, and correspond to the

maximum values of base shear in Figure B-15.

. The heightwise distribution of lateral forces at the two floor levels are computed from the

code formula:
_ w,-hj
T T wik

J=1 and 2, using the floor masses and the story heights presented in Table B-1. The lateral

F;

story forces for this building are 0.36V, 0.64V for the second floor and the roof level level,
respectively, wherein V represents the “design” base shear determined in Step 1. In the X
direction, V=361 kips during the Whittier earthquake and the associated lateral forces are
129 and 232 kips at the second floar and roof, respectively. In the Y-direction , V=485 kips
and the lateral forces are 173 and 312 kips at the second floor and roof, respectively. Similarly,
in the X-direction during the Upland earthquake, V=692 kips and the lateral forces are 247
and 445 kips at the second floor and roof, respectively. In the Y-direction, V=1301 kips and
the lateral forces are 465 and 836 kips at the second floor and roof, respectively. The X-lateral
forces are applied at a distance of £0.05b = +0.05x109.8 = £5.59 ft. The Y-lateral forces
are applied at a distance of +0.05b = 0.05x91.4 ft = +4.57 fi. The resulting “design™ shear
forces for the selected columns in the first story of the building are shown in column 3 of

Table B-4.

. The lateral story forces determined in Step 2 are next applied to the structure at the CM
of each floor level. The resulting shear forces for selected columns in the first story of the
building are presented in column 4 of Table B-4. The procedure for calculating the base shear
that produces the same “design” member force as in Step 2 is described next for Column 1

in the first story and the Whittier earthquake (Figure B-16(b}). Step 2 provided 21.4 kips
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as the “design” shear force force for this column in the X-direction, whereas step 3 resulted
in shear force of 19.4 kips. Thus, the ratio 21.4/19.4 represents the factor by which the
“design” base shear, V=361 kips, in the X-direction has to be amplified in order to obtain
the “design™ shear force of 21.4 kips in Column 1 of the first story. The amplified base shear
Vo=(21.4/19.4)361=398 kips (column 5 of Table B-4). Similar results for the two earthquakes

and for other columns in the first story are also presented in Table B-4.

4. Next we analyze the structure subjected to torques T;=0.05bF; where the lateral forces F;
were determined in step 2. The resulting force in a member is the difference of the two values
for the member force determined in steps 2 and 3. Therefore, the resulting shear forces in the
selected columns corresponding to this analysis are obtained as the difference of ihe value. in
columns 3 and 4 of Table B-4. The procedurr for calculating the base torque that produces
the same “design™ shear force in a selected column as step 2 is described next for Column
1 in the first story and the Whittier earthquake. Step 2 provided 21.4 kips as the “design”
shear force for this column, whereas step 4 resulted in a shear force of 2 kips. Therefore, the
ratio 21.4/2 denotes the factor by which the base torque, T=361x5.49=1982 kip-ft, has to be
amplified to produce the “design™ force in Column 1 of the first story. The amplified base
torque is To=(21.4/2)1982=21207? kip-ft. Similar results for the two earthquakes and other

columns of the first floor are presented in Table B-4.

5. The code-equivalent combinations associated with column 1 in the first story are shown by
solid straight lines in Figure B-16(b). Also shown by dashed lines are the code-equivalent
combinations for zero accidental eccentricity, They have been calculated as described in steps

3 and 4 but using the value in column 4 of Table B+4 as the “design™ member force associated

2This value of torque differs slightly from the one presented in Table B-4 because rounding of the numbers presented

in the text
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kip-in, j=1,2 or 3, lor story torques. In Table B-5, V is the shear force in the selected element
and M the bending moment. The subscript attached to V or M, indicates the element number
according to Figure B-12 and the superscript indicates the direction of analysis. The time-history
of element forces obtained by combining the products of the six floor inertia forces (Figure B-4) by
the corresponding influence coefficients (Table B-5) and divided by 1000 are presented in Figures
B-20 through B-29. Also included in these figures are the “design” values for the member forces
associated with accidental eccentricity 0.05b (solid horizontal line) and zero accidental eccentricity
(dotted horizontal line).

Results of analysis of the building in the X-direction (Figures B-20- B-21, and B-25-B-26) show
that except for a single case (Figure B-25(a)) at all timne instants the member forces computed in
step 4 are less than the “design” member forces for the elements acting in the X-direction. The
same ohservation is true for the results of the analysis in the Y-direction (Figures B.22-B-24, B-27-
B-29) wherein at all time instants the elements forces computed in step 4 are less than the “design”
member forces. These results are, in general, consistent with the results of Figures B-16 through
B-19 presented in Section B.4. Figure B-25(a) shows that for Column 1 there are two peaks in the
shear response history of the element that slightly exceed the “design™ forces in the element. The
maximum observed increase in the shear force in Column 1 is less than 4%, which for all design

practical purposes is negligible.
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Table B-1: Building Properties

Floor | h; (ft) | mi (k-s*/ft) [ Ip; (k-s*-Tt) | x4 (ft) | yei (ft) ]
Roof 12.5 64.53 109753 45.73 54 .88
2nd 17.5 60.97 103698 45.73 | 54.88

Table B-2: Natural Vibration Frequencies and Modes Shapes of the Buiiding

93

Vibragion X-lateral mode Y-lateral mode Torsional mude
Proportios | Recorded | Computed | Recorded | Compunteqd | Recorded | Computed
Frequency 3.49 3.51 31 3.72 4.96 4.90
(Hz)
Mode Shape
Roof 1.00 1.00 1.00 1.00 1.00 1.00
ond 0.62 0.61 0.39 7 0.60 0.57 0.64
(a) Whittier
Vibration X-lateral mode Y-lateral mode Torsional mode
Properties | Recorded | Computed | Recorded [ Computed | Recorded | Computed
Frequency 3.34 3.51 361 3.72 4.81 4.90
(Hz)
Mode Shape
Roof i.00 1.00 1.00 1.00 1.00 1.00
2nd 0.64 0.61 0.55 0.60 0.52 0.64
(b) Upland




Table B-3: Variation of the Natural Frequencies of the Building with the Structural Model
Considered

Structural
Model X-lateral mode | Y-lateral mode | Torsional mede
Model 1
Frequency (Hz) 2.44 2.44 3.65
Model 2
Frequency (Hz) 2.55 2.87 3.90
Model 3
Frequency {Hz) 2.66 2.98 4.06
Model 4
Frequency (Hz) 3.0t 3.32 4.56
Model 5
Frequency (Hz) 3.51 3.72 4.30




Table B-4: “Design” Shear Forces in Selected Elements and Amplified Base Shear and Base

Torque
Column # | Direction | Shear Force | Shear Force | Base Shear | Base Torque

(k) (k) (k) (k-ft)
1 X 21.392 19.397 397.55 21215
2 X 10.044 9.132 396.43 21811
8 X 13.445 12.609 384.36 31838
25 X 23.606 21.415 397.35 21316
29 X 11.057 10.056 396.36 21851
1 Y 27.870 25.720 925.85 28769
2 Y 17.902 16.961 512.23 42199
3 Y 17.587 17.165 497.23 92440
6 Y 23.546 21.780 524.65 29581
8 Y 11.244 10.434 522.98 30789
25 Y 27.870 25.720 525.85 28769
27 Y 17.567 17.165 496.68 96788

(a) Whittier
Column # | Direction | Shear Force | Shear Force | Base Shear | Base Torque

(k) (k) (k) (k-ft)
1 X 41.049 37.221 762.86 40707
2 X 19.273 17.525 760.72 41853
8 X 25.799 24.196 737.56 61093
25 X 43.298 41.094 762.49 40904
29 X 21.218 19,297 760.59 41930
1 Y 74.731 68.966 1410.0 77141
2 Y 48.003 45.479 1373.5 113150
3 Y 47.157 46.025 1333.3 247870
6 Y 63.137 58.400 1406.8 79318
8 Y 30.150 27.977 1402.3 82558
25 Y 74.731 68.966 1410.0 77141
27 Y 47.105 46.025 1331.8 259530

(b) Upland
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Figure B-16: Comparison of Dynamic Base Shear, Base Torque and “Code Equivalent
Limits” for Elements in the X-Direction (Whittier Earthquake)
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Figure B-20: Comparison of Earthquake Induced Shears and Bending Moments in
Column 1 with “Design” Values in the X-Direction (Whittier Earthquake)
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Figure B:21: Comparison of Earthquake Induced Shears in Columns 2 and 26 with “Design”

Values in the X-Direction {Whittier Earthquake}
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Figure B-22: Comparison of Earthquake Induced Shears and Bending Moments in

Column 1 with “Design™ Values in the Y-Direction (Whittier Earthquake)
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Y -Direction Bending Moment in Column 8 (kips)
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Figure B-23: Comparison of Earthquake Induced Shears and Bending Moments in
Column 8 with “Design” Values in the Y-Direction (Whittier Earthquake)
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Figure B-24: Comparison of Earthquake Induced Shears in Columns 2 and 3 with “Design”

Values in the Y-Direction (Whittier Earthquake)
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Figure B-26: Comparison of Earthquake Induced Shears in Columns 2 and 26 with
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Y -Direction Shear Force in Column 8 (kips)

Y-Direction Bending Moment in Column 8 (kip-ft)
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Figure B-28: Comparison of Earthquake Induced Shears and Bending Moments in

Column 8 with “Design” Values in the Y-Direction (Upland Earthquake)
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APPENDIX C: THREE STORY OFFICE BUILDING

(CSMIP STATION No. 57562)

C.1 Building and Recorded Motions

Identified as CSMIP station No. 57562, this building is located in San Jose, California. Records
of motions of the building during the Loma Prieta earthquake are available. A brief description
of the structure, the recorded motions and the natural vibration frequencies and modes estimated

from the records is presented in this section.

C.1.1 Brief Description of Building

The building considered is one of four similar wings, around a central building. Each wing is isolated
from the central building by a separation joint and in principle there is no structural interaction
between the wings and the central building. A typical plan of this three-story steel building shows
that the building is approximately 288 feet long, 95 feet wide and 50 feet high (Figure C-1). The
building has four lateral moment-resisting frames in the X-direction (A,B,C and D) and zine in the
Y-direction (1 to 9). Most of beam-column connections of the structure are monient resisting but
some are pinned as described in Section C.2. The triangular portion of the building plan (shown
in lighter lines) is not part of any lateral moment-resisting frame of the structure and contributes
minimally to the total lateral stiffness of the system. The floor decking system is formed by a
steel corrugated metal deck filled with lightweight concrete. The foundation system consists of
rectangular column [ootings interconnected by grade beams.

For all practical and code design purposes, the building has a floor plan that is nominally-
symmetric about two axes. The asymmelry resulting from the additional mass or lateral stiffness
provided by the triangular portions of the plan is minimal. The translational mass and rotational

inertia for each floor is determined from the weight of structural elements, partitions, ceilings and
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other miscellaneous contributions. The mass of columns and partitions in each story is distributed
equally to the floors at the top and bottom of the story. Ne live load is considered in calculating
the floor masses. The locations of the center of mass (CM) for each floor was determined according
to the distribution of dead loads specified in the original structural drawings of the building. The

coordinates of the CM, with the origin defined as shown in Figure C-1, are presented in Table C-1.

C.1.2 Recorded Motions

The locations of the accelerographs in the building are shown in plan and elevation in Figure C-2.
These include three channels at the ground, second, and third floors but none at the first floor.
The ten strong motion records oltained during the Loma Prieta earthquake are shown in Figure
C-3. The peak ground accelerations at the ground level are 0.2g in both lateral directions X and
Y. These motions were amplified to 0.58g in the X-direction and 0.68g in the Y-direction at the
roof level. The building experienced no structural damage during the earthquake.

From the three channels of accelerations recorded at any level, the accelerations of the CM at
the same level - - these are a,(¢) and q,(f), the X and Y components of translational acceleration
and ag(t), the rotational acceleration about a vertical axis - - can be computed assuming a rigid
floor diaphragm. This assumption seems valid for this building, given the large in-plane stiffness of
the decking system compared with the lateral stiffuiess of the columns. Computed by this procedure,
the accelerations a.(1), a,(f) and ag(t) at the geometric center of the ground plan and the CM of
the second and third floor levels are presented in Figure C-4. Also shown are the accelerations at
the CM of the second floor obtained from the recorded accelerations at the 379 floor and roof by
the procedure described in Section C.3. These could not be obtained by the above procedure for
lack of instrumental records at the first floor-level. In the X-direction the peak acceleration at the
ground level is 0.2g which is amplified to (.58g at the roof level; the amplification is from 0.17g to

0.53g in the Y-direction. The peak ground rotation of 0.014 rad/s? is amplified to 0.057 rad/s? at
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the roof level.

C.1.3 Natural Vibration Frequencies and Modes

Examination of the motions recorded at the roof level by channels 8, 9 and 10 provides rough
estimates of the fundamental natural vibration frequencies of the building: 1.5 Hz in the X-direction
and about the same value in the Y-direction. The true {not pseudo) acceleration response spectra
for the motions recorded at the roof level in the X-direction at channel 8 and in the Y-direction
at channels 9 and 10 are shown in Figure C-5. The major peak is around 1.5 Hz for both X and
Y components of motion, which is consistent with the fundamental frequencies gleaned from direct
examination of the records. Obviously the fundamental natural frequencies of the building in the
two lateral directions are close. The second peak in all response spectra around 4 Hz indicates the
possibility of another cluster of natural vibration frequencies.

Figure C-6 shows the transfer functions for the X. Y and © components of the relative (to
the ground) acceleration at thie CM of the three floor levels and the corresponding motions at the
geometric center of the ground plan. The transfer functions were smoothened by a running average
filtering procedure with weights {1/4.1/2.1/4). The transfer functions for the X and Y translational
motions have a peak at 1.49 Hz and 1.44 Hz. The transfer function for rotational motion shows
{wo peaks at 1.45 Hz and 1.54 Hz. An estimate of the fundamental natural vibration modes is
provided by the relative values of the peaks in the transfer functions at the various floor levels. A
vibration mode shape corresponding to a particular natural vibration frequency can be estimated
from the ordinates at that frequency of the transfer functions at the various floor levels. Thus, the
shapes of the first three natural vibration modes can be determined from the numerical data of
Figure C-6: the X-translational mode from Figure C-6{a), the Y-translational mode from Figure

C-6{b) and the torsional mode from Figure C-6(c). The mode shapes are presented in Table C-2.
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C.2 Structural Idealization of the Building

The building was idealized for analysis by the ETABS camputer program, wherein the building mass
is assumed to be lumped at the floor levels and the floor diaphragins are assumed to be rigid, an
assumption which was also used in computing motions at the C'M from the recorded motions. The
building is treated as fixed at the level defined by the slab on grade. All structural clements were
included in the structural idealization, i.e, even the clements that provide little lateral resistance are
considered because they may contribute Lo the accidental eccentricities. The column lines and frame
bays used for the ETARBS model are defined in Figure €-10. Plexural and axial deformations are
considered in defining the properties of columns whereas only flexural deformmations are necessary
for defining the properties of beams. The compatibility of axial deformations required in columns
belonging t¢ more than one moment resisting frame is considered by analyzing the structure as
a single three-dimensional frame with six degrees of freedom per joint (in contrast to the most
common type of analysis that considers the structure as an assemblage of several two dimensional
lateral-force-resisting frames distributed across the building plan).

The {raming plans idealized for analysis are shown in Figures €7 to C-9, wherein the sizes of
the columns and beams are noted. Each frame is modelled with appropriate beam-column joints:
moment resistant {or rigid) connections denoted in Figures C.7 to C-9 by small triangles next to
the column, and pinned connections which are all the joints without the small triangle. In the case
of moment-resistant connections, the portions of beams within the beam column pane] zone are
treated as rigid, consistent with the rigidily of the connection.

The natural vibration frequencies and mode shapes of the idealized structural system computed
by the ETABS program are presented in Table C.2. The agreement between these computed
frequencies and those determined eailier from tle recorded response of the building is satisfactory.

Consistent with t!ie results from the recorded response, the structural idealization predicts closely
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spaced frequencies of the first triplet of modes and a second triplet around 4 Hz. Because the
frequencies computed from the initial structural idealization agreed satisfactorily with the recorded

frequencies no refinement of the idealization was necessary.

C.3 Dynamic Eccentricity

The story shears and torques are computed from the floor masses and accelerograms (Figure C-4)
by Equations 1 to 3, wherein the acceleration records at all floor levels are needed. Unfortunately,
the accelerations of the first floor of this building were not recorded during the earthquake for lack
of instrumentation. Therefore, they must be estitnated from the accelerations recorded at the other
floors.

The acceleration at the centers of mass of the three floors, relative to the ground acceleration
at the geometric center of the ground plan can be expressed in terms of the nine natural vibration

modes of this 3-story building with three degrees of freedom at each floor:

_.
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For this building, #; and i, the three components of acceleration of the CM at the third
floor and roof, respectively, are readily computed by subtracting the ground accelerations at the
geometric-center of the ground plan from the total accelerations at the CM of a floor whick were

determined from the three accelerations records from that floor (Figure C-4). The accelerations tig,

of the second floor are to be determined from the six acceleration components iiq and @,. Thus, no
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more than six natural vibration modes can be included in Equation C-1, from which

Uy 81 ®an |
= z " N (?)
i" n=! énl
This system of six algebraic equations can be solved to determine ¢y,4z,...,¢¢. The total accel-

erations at the CM of the first floor are then computed by adding the ground acceleration at the

geometric-center of the ground plan to the relative accelerations computed from:

6
=3 ¢,.4 (8)

n=1
Resulting from these computations. using the first six modes computed by the ETABS analysis,
the X, Y and © components of the total acceleration at the CM of the second floor are presented

in Figure C4.

The accidental eccentricity at the “jth” floor has been defined by Equations 4 and § (Section
5) in terms of the story shears and story torques in the “jth™ story. The latter are computed from
Equations 1 to 3 wherein the floor masses are given by Table C-1 and the accelerations a;(t),a,;(t)
and ag;{t} at the CM in Figure C-4. The computed base shear and torque for the building are shown
in Figures C-11 and C-12. The maximum values for the base shear are 2575 kips and 1955 kips in
the X and Y-directions, respectively which are 33% and 25% of the total weight of the Luilding. The
accidental eccentricities eyy(¢) and ex(t) determined from the base shear and torque by Equations

4 and 5 are also shown in Figure C-11.

C.4 Base Shear, Base Torque and Code-Equivalent Combinations

This section presents the implementation of the step by step procedure described in Section § for
this building:
1. At each instant of time, the base shear was computed by Equations 1 to 3, where the floor

masses are given in Table C-1 and the floor accelerations in Figure C:4. The “design” base
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shears for the analyses in the X and Y-.directions are 2575 kips and 1955 kips, respectively,

and correspond to the maximum values during the earthquake (Figures C-11).

2. The heightwise distribution of lateral forces at the three floor levels are computed {rom the

code formula:
w,h,
E‘f:, w; ki,

1=1,2 and 3, using the floor masses and story heights in Table C-1. The lateral story forces

F, =

for this building are 0.25V, 0.47V and 0.28V for the second floor, third floor and roof ,
respectively, whersin V represents the “design™ base shear determined in Step 1. In the
X-direction, V=2575 kips and the associated lateral forces are 644, 1210 and 721 kips at
the second floor, third Moor and roof, respectively. In the Y-direction, V=1955 kips and the
lateral forces are 489, 919 and 547 kips at the second floor, third floor and roof. The X-lateral
forces are applied at a distance of £0.05b = +0.05x96 = + 4.8 {t. The Y-lateral forces are
applied at a distance of £0.05b = +£0.05x288 = 14.4 fi. The resuiting “design™ shear forces

for selected columns in the first story of the building are shown in column 3 of Table C-3.

. The lateral story forces determined in Step 2 are next applied 10 the structure at the CM of
cach floor. The resulting shear forces for selected columns in the first story of the building
are presented in column 4 of Table C-3. The procedure for calculating the base shear that
produces the same “design™ menmber force as in Step 2 is described next for Column 1 in the
first story (Figure C-13(b)}). Step 2 provided 64.5 kips as the “design” shear force for this
column in the Y-direction. whereas step 3 resulted in shear forces of 51.2 kips. Thus, the
ratio 64.5/51.2 represents the factor by which the the “design” base shear, V=1955 kips, in
the Y-direction has to be amplified in order 10 obtain the “design” shear force of 64.5 kips in
Column 1 of the first story. The amplified base shear V= (64.5/51.2)1955=2465 kips (column

5 of Table C-3). Simiiar results {or other columns in the first story are also presented in Table
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C-3.

4. Next we analyze subjected to the story torques 7,=0.05b#, where the lateral forces F, were
determined in step 2. The resulting force in a member is the difference of the two values
for the the member force determined in steps 2 and 3. Thereforethe resulling shear forces
in the selected columns corresponding to this analysis are obtained as the difference of the
values in celumns 3 and 4 of Table C-3. The procedure for calculating the base tarque that
produces the same “design” shear force in a selected column as step 2 is described next for
Column 1 in the first story. Step 2 provided 64.5 kips as the “design” shear force for this
column, whereas step 4 resulted in a shear force of 13.3 kips. Therefore, the ratio 64.5/13.3
denotes the factor by which the base torque, T=1955x14.4=136648 kip-ft, has to be amplified
to produce the “design” force in Column 1 of the first story. The amplified base torque is
T,=(64.5/13.3)28177=136648 kip-fi. Similar results for other columns of the first floor are

presented in Table C-3.

5. The code-equivalent combinations associated with column 1 in the first story are shown by
solid straight lines in Figure C-13(b). Also shown hy dashed lines are the code-equivalent
combinations for zero accidental eccentricity. They have been calculated as described in steps
3 and 4 but using the value in column 4 of Table C-3 as the “design” member force associated
with zero accidental eccentricity. Considering the first story Column 1 the corresponding
base shear is V=1955 kips and tle base torque is, T=1955x14.4 kip-ft, amplified by the

factor 51.2/13.3, resulting in 108375 kip-f1.

The values of base shear and torque for the X and Y-directions of analysis that were presented
in Figure C-11 are plotted as pairs (V,T) for each instant of time in Figures C-12 and C-13. For
analysis in the X-direction Figure C-12 shows that all base shear and base torque combinations fall

inside the code-equivalent combinatinons. For analysis in the Y-direction Figure C-13 shows that,
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except for a very few time instants, the base shear and base torque pairs determined in step 6 fall
inside the code-equivalent combinations.

The code-equivalent combinations are only slightly exceeded at a few time instants in those
columns located farther towards the left of the center of mass of the first story. Figure C-13 shows
that the “shear” force in first-story Column 1 (and columns 2,3 and 4) associated with the most
critical base shear and base torque combination (Point A in Figure (-13(b)}) is 10 percent bigger
than the “design” shear force {64.5 kips). Figure C-13(a) also shows that for Column #5 (similar
results for Columns #86.7 and 8) the most critical base shear and torque combination (Point A in
Figure C-13(a)) produces an clement shear which is 6.8 % bigger than the “design™ shear for that

column (68.8 kips).

C.5 Time History of Member Forces

The member forces due to the stalic application of the floor inertia forces computed by Equations 1
to 3 were determined by first: (a) computing the influence coefficients defining the forces in selected
members due to unit values of each of the nine floor inertia forces applied individually {Table C-4);
and (b) multiplying at each instant of time the actual values of the floor inertia forces and the
respective influence coefficients. Table C-4 presents the influence force coefficients for six columns
in the first story of the building due to F;; or £,,= 1000 kips, j=1,2 or 3; and Fy;= 1000 kip-ft,
j=1,2 or 3, for story torques. In Table C-4, V is the shear force in the selected clement and M the
bending moment. The subscript attached to V or M, indicates the element number according to
Figure C-10 and the superscript indicates the direction of analysis. The time-history of element
forces obtained by combining the produets of the nine floor inertia forces (Figure C.4) and the
corresponding influence coefficients {Table C-4), which have been divided by 1000, are presented in

Figures C-14 to C-17. Also included in these figures are the “design” values for the member forces
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associated with 0.05b (solid horizontal line) and zero (dotted horizontal line) accidental eccentricity.

Results of analysis of the building in the X-direction (Figures C-14 and C-15(a)) show that at
all time instants the member forces computed in Step 4 are less than the “design™ member forces.
This is consistent with the results of Figure C-12 presented in section {.4. Figures C-15(b) and
C-16 show that for Columins #8 and #1 (similar results for Columns #2 1o 7) which are located at
the left of the CM of the plan, the “design™ shear and bending moment values in the Y-direction
are slightly exceeded at a few time iustants during the earthquake. The maximum shear value for
Column 1 (Figure C-16) is 9.7 percent greater than its “design®™ value {64.5 kips). The maximum
shear in Colamn 8 (Figure (C-15{b)} exceeds the design value by 6.8 percent. These results are

consistent with the five points falling outside the code-equivalent coiabinations in Figure C-13(b).
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Table C-1: Building Properties

Floor | A (ft) { m; (k-s*/1t) [ Ip, (k-5-0) [z () [y, (11)
Koo f 16 39.47 268057 120.6 6.2
3d 16 99.98 650501 122.6 36.2
ond 18 99.98 650501 122.6 36.2
B

Table C-2: Natural Vibration Frequencies and Modes Shapes of the Building

Vibration X-lateral mode Y-lateral mode Torstonal mode
Properties | Recorded | Computed | Recorded | Computed | Recorded | Computed
Frequency 1.49 1.42 1.44 1.44 1.45 - 1.54 1.49
(Hz)
Mode Shape
Floor 3 1.00 1.00 1.00 1.00 1.00 1.00
Floor 2 0.80 0.70 0.70 0.67 0.67 0.66
Floor 1 0.44 0.33 0.33 J0.30 0.31 0.30

137




Table C-3: “Design” Shear Forces in Selected Elements and Amplified Base Shear
and Base Torque

—
Column # | Direction | Shear Force | Shear Force | Base Shear | Base Torque

(k) (k) (k) (k-ft)

l Y 64.5 51.2 2465.0 136648

4 Y -64.5 -51.2 2465.0 136648

5 Y 68.8 57.7 2332.0 174508

8 Y -68.8 -57.7 2332.0 174508

29 Y 72.1 61.0 2311.9 182753

32 Y -72.1 -61.0 2311.9 182753

33 Y 68.4 55.1 2427.5 144913

36 Y -68.4 -99.1 24275 144913

5 X -82.2 -80.5 2629.6 593025

8 X 82.6 80.8 2630.2 586552

29 X ST2.7 -71.2 2629.2 596624

32 X 73.0 71.5 2630.0 388797
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Table C-4: Influence Force Coefficients for Selected Elements

Unit Forces
(1000 k, k-ft) V¥ (k) Vaa(k) Ve (k) Vaa(k) Via(k) Ve (k)

Fpu 0.1331 0.2388 -0.0910 0.1999 29.2420 | 31.4570
F 26.4680 | -29.1037 | -27.7490 | -29.7920 -0.4108 | -0.4445
Fa -0.4865 -0.4874 0.3774 -0.3783 -0.1342 | -0.1444
Fey 0.1387 0.2365 -0.1064 0.2163 27.2780 | 31.3700
Fy 25.9070 | -28.4200 | -29.5600 | -31.6860 -0.3649 | -0.4299
Fay -0.4706 -0.4711 0.3975 -0.3981 -0.1213 [ -0.1409
Fia 0.1379 0.2343 -0.1131 0.2261 27.2000 | 31.3500
Fya 26.3400 | -26.9600 { -31.0600 | -31.5900 -0.1187 | -0.1476
Fys -0.4623 -0.4627 0.4063 -0.4069 -0.1188 | -0.1393

MY(k-ft) | ME(k-ft) | MI(k-ft) | MY(k-ft) | ME(k-Tt) | MZ(k-ft)

Fi 1.4332 2.5359 -0.9440 2.0458 14.2500 | 327.5400
Fu 279.0000 | -306.6670 | -282.7890 | -303.5370 -4.4111 -4.6134
Fa -5.1179 -5.1264 3.8400 -3.8486 -1.4450 | -1.5065
| 3 1.7883 2.9891 -1.2506 2.4969 | 350.2100 | 374.7600
Fa 320.8200 | -351.8500 } -337.3300 | -361.4900 -4.7987 | -5.1886
Foa -5.8156 -5.8218 4.5292 -4.5360 -1.5993 | -1.7167
Fis 1.9403 3.1908 -1.3960 2.7163 | 361.4400 | 386.3000
F 345.2000 | -353.0700 | -365.7000 | -371.9000 -1.6400 | -1.8100

Fea -6.0185 6.0235 4.7634 -4.7695 -1.6585 | -1.7813
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X Direction Shear Force in Column 32 (kips)
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X Direction Shear Force in Column 8 (kips)
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