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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 nominall~'-symmetricplan. It is

also demonstrated that accidental torsion need not be considered at all in ti'e design of two of the

three buildings, a conclusion that should carryover 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 'lnsymmetric-plan buildings.
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INTRODUCTION

Building codes require that the effects of torsion be considered by a.pplying the equivalent

lateral forces at a distance etl from the center of rigidity (CR), resulting in story torques in addition

to shears and overturning moments. lJ .S. codeo; and design recommendations specify that the

lateral force be applied a.t the center of mass-Le., at a distance equal to the static eccentricity e,

from the CR and that this force bf' shifted ±O.Q5b, where b is the plan dimt:nsion of the building

perpendicular to the direction of ground motion, to obtain increased force in ea.ch structural element

[1,21. Thus, the design l'ccentricity etl i" equal to e, ± O.05b. l'he first term, e, , is intended to

account for the coupled lateral torsional response of the building ari~ing from lack of symmetry

in plan. The additional ± O.05b , known as accidental eccentricity, is introduced to account for

building torsion arising from discrepancies b.,:wet'n the mass, stiffnt:ss, and strength distributions

used in analysis and true distributions at the time of an earthquake; torsional vibrations induced

by a rotational component of ground motion: and other sOUlces of torsion not considered explicitly

in analysis. Accidental torsion i~ to be conside~('d ill the design of buildings with asymmetric plans

as well as symmetric plans; in the latter case, this is the total torsion to be considered.

Because this investigation is concerned only with accidental torsion provisions in building codes.

it is focused on buildings with nominally-symmetric plan. The suhject of accidental torsion is not

amenable to investigation by traditional analytical approaches hecause standard dyna.mic analyses

do not predict torsion in symmetric-plan buildings. However, it has been po&sible to investigate

analytically the torsional responSf> 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 suitable ground motion records (3]. Therefore, analysis of recorded motions of nominally

symmetric-plan buildings during earthqu~kes provides the most direct mea.ns of developing an

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



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

BUILDINGS CONSIDERED AND RECORDED MOTIONS

Ideal for the purposes of this investigation would be buildings satisfying certain requirements

nominally-symmetric floor plans, rigid floor diaphragms, and negligible soil-structure interaction

effects-tha.t have experienced significant ground shaking, and three independent components of

acceleration have been recorded 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 Sta.tion No. 58a06, 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 witb ,emi-rigid connections are designed to carry only gravity loads. Thtl 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

Lorna Prieta. ea.rthquake (October, 1989). These records shown in Fig. 3 include three channels of

horizontal motion at the second 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 O.083g in the X-direction
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and O.l1g in the V-direction. These motions were amplified to O.31g and 0.27g • respectively, at

the roof level. The building experi('nced 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 forc('-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 resista.nce.

The floor decking system is formed by a 6" concrete slab. The building a.lso includes walls in the

stairwell system-concrl'tl' 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 (Octobl'r, 1987) and Upland (February, 1990) earthquakes. These records shown in Figs. 6

and 7 include three channels of horizonta.1 motion at the second floor and roof levels and a.t the

basement 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 V-direction. These motions were amplified to

O.15g in both directions at the roof level. During the Upland earthquake, the peal accelerations a.t

the ground level were O.12g and O,13g in the X- and V-directions, respectively. These motions were

amplified to O.24g in the X-direction and O.39g in the V-direction at the roof level. The building

experienced no structural damage during either earthquake.
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Building C

IdE'ntified as CSMIP Station No..'i7.'i62. this huiloing is locateo in San .los('. California. 'IIII'

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 V-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. Tht:' foundation system consists of rectangular column footings interconnected

b~' grade beams. Additional information about this building is available in Appendix C.

The accelerographs located as shown in Fig. 9 reco.-ded the motion of the building during the

Lorna 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 O.2g in both latE'ral directions. X and Y. These motions were amplified to O.58g

in the X-direction and O.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 accident:l1 eccentricity for a nominally-symmetric-plan building with rigid

floor diaphragms directly from the recorded motions. At the i!h floor these recorded accelerations

are denoted by a,,(f), a2,(t), and aJ,(t) • and such data are assumed to be available for all floors
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i = 1,2, ... , N (Fig. 11(30» I. From the recorded motions of the ilk floor the X and Y a.ccelerations

components at the eM ofthe floor, aXi(t) and aYi(t), and the torsional accelera.tion, a'i ,ofthe ilk

floor diaphragm can be determined by a simple geometric transformation. The associated inertia

forces are miaxi(t) and miaYi(t) in the X and Y directions, respectively, and the associated torque

is I"ia8i(t) where m, is the i th floor mass and I,,; is the polar moment of inertia of the i tk floor mass

about the CM of the floor (Fig. l1(b». The shears and torques in the jth story are determined

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

aCfelerations:
N

VXj(t) = E m,axi(t)
i=j

N

VYj(t) = E miaYi(t)
I=}

N

Tj(t) = E I"i a8i(t)
i=}

(1)

(2)

(3)

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

at the CM and Vy} at eccentricity eXj (Fig. l1(c» given by

and (2) VYj at the eM and VXj at eccentricity eYj given by

= Tj(l)
VXj(t)

(4)

(5)

The time-dependent quantities ex) (t) and eyJ (t) may be interpreted as the instantaneous accidental

eccentricities for the ph story.

From the recorded motions shown in Figs. 3, 6, 7, and 10 these <i.cddental eccentricities were

complltE'd for thE' threE' SE'Il'ftE'd huildings. ThE' rE'sults for the first story are presented in Figs. 12,

1 Floors are numbered stll.rting with 1 II.t the floor immedill.te1y above the ground level, w"ir.h is different from the

numbering used in describing recorded motions in the preceding sections.
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13, 14, and 15 wherein the bast' shf>ar and basf> torque arf> presentf>d togethf>r with accidental

eccf>ntricities eXl(t) and eY1(t). Thl'se computed f>ccentricity valuf's grossly exceed the code value

of O.05b intt'rmittently during thf> f>arthquakl'_ Howl'ver, 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 dop!> 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 associatf'd 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 itself 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 hecomes necessary.

STRUCTURAL IDEALIZATION

The natural vibration frequencies and modI'S of the buildings are computed and static analyses

are performed at many time instants. but no dynamic analyses were nf>cessary. For thf>sP analy

ses the three buildings were idealized consistent with thf> ETABS computer program wherein the

building mass is assumed to be lumped at thf> floor level!> and the floor diaphragms are assumed

to be rigid. The c-ompatibility 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.

6



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-

rigid connections. The latter were divided into two groups: connections of column flanges with

beams were modeled as rigid. and connections of <"llllmn webs with heam webs as pinned. Computed

by the ETABS program, the natural vihration frequencies and shapes of the first mode in the X-

direction, the firllt mode in the Y- direction, and the first torsional mod~ are presented in Ta.ble 1.

These computed results are similar to the "'actual'l 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 fixl'd at the level defined by the base of the columns-because 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 cause torsion of the building and contribute to -its accidental eccentricity. The

effective moment of inertia in the heams was calculated assumirig cracked sections and ,"eluding

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 erl'ective mOUlent

of inertia in 'columns was calculated assuming gross section properties.

Computed by the ETABS program, the natural vibration frequencies and shapes of .~he 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 "'actual" vibration properties deter-

mined from the recorded earthquake motions (Appendix B). As expec:tcd, the computed vibration,

properties are closer to the "actual" values from the less intense Whittier earthquake motions than
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from the more intense Upland earthqudke motions. The higher intensity of shaking during the Up

land earthquake, combined with th(' stiffness degradation during the earlier Whittier earthquake,

leads to lower vibration frequencies during the Uplalld earthquake.

BuiWing 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. Each 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 V-direction •

and the first torsional mode are presented in Table I. These computed results are similar to the

"actual" vibration properties in Table I det(': ..lined from the recorded earthquake motions by the

procedure described in Appendix C.

BASE SHEAR AND BASE T01l.QUE

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 buildmgs the

base shears VXI(t) and VYI(t) and base torque TI(/) have already been computed from the recorded

.. accelerations using Eqs. 1-3. Consistent with the code approach of two independent lateral·force

analyses in two orthogonal directions, X and Y, we consider the combined effects of VYl and TI

separately from the combined effects of Vx I and T I ; 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

-VYl(t) a.nd base torque TI(I) for Building A during the recorded ea.rthquake wherein each point

8



(+) denotes the combination of VYI and 1'1 values at a particular time instant; there are as many

points as the time instant.s considered. The point C in Fig. 16 identifies the code value of base

shear Veodc = (ZIC / Rw ) Wand base torque which, for a nominally-symmetric building, is

Teodc = (O.05b) Vcodc In computing the coefficient C , the fundamental vibration period T was

taken equal to the "act ual" value in Table 1, and R w as 12. The fact that the base shear during

the earthquake exceeds the code valuE' 'olf base shear at many time instants is consistent with the

well known fact that thl' actual capacity of most buildings is much larger than the design base

sh<,ar. In order to <,valuat<, th<, code-accidpntal torsion provisions, we also show the point Ca , which

denotes the maximum value of actual ba.~p shear (VYl)o = maxrlVy\(t)1 and 1'\ = (O.05b)(VYl)o'

However, it is by no means obvious whether the pair of actual forces Vy t< t) and 1'\ (t) at a particular

time instant is more or lE'sS "critical" to the structure than the amplified "code" forces denoted by

Ca' Note that so far no structural analysis wa.o; necessary.

In order to resolve this issue, we determih:' 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 Ca. These rode-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 \/ = (VYt)o determined from floor accelerations (Eq. 2)

may be defined as tht> amplified "code" base shear.

2. Analyze the structure using a static code-type analysis considering: (a) base shear as given

in Step 1; (b) heightwise distribution of lateral floor forces according to the code; and (c)

accidental eccentricity, equal to O.O.'lb in the Uniform Building Code, in the most unfavorable

direction for each ('lement. The resulting base shear V and base torque T are shown as point

C4 in Fig. 17(1'). A member force computed by this analysis is defined as a member "design"

force. The analysis required in St{'p 2 is shown conceptually in Fig. 17(a), where F; (i=I,2,3)

9



are the lateral floor forces in the Y-direction, drfllll'd by Strps 2a and 2b. The resulting

"design" shear "rc? in mlumn I is ohtaint'd by applying the story lateral forces at a distance

equal to O.05b to thp right of the eM. Analogously, the "design" shpar vS in column 2 is

obtained by applying the same floor forces at a distance of O.O.5b to the left of the CM.

3. 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 eM (without any floor torques

or eccentricity), produce the same member "design" force as determined in Step 2. This base

shear is identified by points .1c 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 F., 12•

and F3 of Steps 2a and 2b applied at the CM of tIll' floors is analyzed to determine Ve1and

Vc~. the shear forces in columns 1 and 2. respectively. The lateral forces Fa and base shear V

multiplied by the ratio Vc?/Ve~ (i= 1.2) acting alone (without any floor torques or eccentricity)

would produce in column "i" the shear force Ve?, which is equal to the member "design" force

determined in Stl'P 2. In thl' case of column I this base shear, Vel = (Ve?/Vr1) V , defines

the points Ad and A~I in Fig. 17(e). Similarly, V/2 = (VS /vS)V defines the points Ac2

and A~2 in Fig. 17(e).

4. Determine the value of basl' 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 saml' "design" force in a selected member as determined in Step

2. This torque is identified by points Be and B~ in Fig. Ii(e). The analysis required in

Step 4 is shown conceptually in Fig. li(c). The building subjected to story torques Ti, where

Ti = O.05b Fi and F; art' known from Steps 2a and 2b, is analyzed to determine vcr and

Ve~' the shear forces in columns I and 2, respectively. The floor torques Ti and base torque

T multiplied by the ratio Ve?/VcT (i=I,2) acting alone (without any lateral forces) would

10



produce the "design" shear force Vc? in column "i". In the case of column 1 this base torque

T:1 = (Vc"?/Vc1)T defines the points Bel and B~l in Fig. 17(e). Similarly, T:2 = (V<~/V<~)T

defines the points Bc2 and B~2 in Fig. 17(e).

5. Each point on lines Ad Bel and A~l B~I 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 samt> member "design" force as determined in Step 2; hence. lines Ad Bd and

A~l B~l are called "code-equivalent combinations" associated with column 1. Similarly, A<2B<'l

and A~2B~2 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 force in

the selected member did not t>xceed till' "df>sign" value determined in Step 2. Alternatively. such

a situation indicates that the accidental eccentricity of O.05b is conservative during the particular

earthquake. Any point in the base !>hear-torque plot which falls outside the region enclosed by

code-equivalent combination represents, at a partiCular time instant, a combination of base shear

and base torque that produces in the select<'d member a force that is larger than its "design" value.

Alternatively, this situation indicates that the accidental eccentricity of O.05b is unconservative at

that instant of time.

The above-described procedure was utilizf>d 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 tht> earthquake fall inside the region enclosed by the code-
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equivalent combinations with one exception: point A in Fig. 16(a), which indicates that only at

that instant of time during thl' earthquakl', thl' shear forcl' in column 22 exceeds the "design" force.

This observation is consistl'ntly confirmed by examining the code-equivalent limits for the "design"

shear forces and bending moments in several other beams and columns. For thl' recorded response

of Building A during thl' 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 codl'-equivalent combinations with zero accid('ntal eccentricity.

Figure 18 shows the dynamic base sll<'ar-torque values, and code-equivalent combinations de

termined from the motions of Building n rt'corded during the Whittier earthquake. Similar results

for the Uptand earthquake are presented in Fig. 19. Analysis for X-lateral forces with the shear

forces III columns 2 and 29 selected :.S tnt' member "design" forces It'd to the code-equivalent com

binations of Figs. 18(a) and 19(a). Similar analysis for Y-Iateral 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 does 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 thl' V-component of the base shear and base torque for Building C during

the Lorna Prieta earthquake arl' 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 thl' CM of the structure (Fig. 8), e.g. column 1, and more likely to exceed their

"design" values. This speculation is confirmed in Fig. 20 which shows that at a few time instants

the actual shear force in the first story excl'eds the design value.
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MEMBER FORCE5

An alternative procedure to the one presented in the preceding section for evaluating the code

accidental torsion provisions is to compare the lfiember "design" forces defined in Step 2 of the

preceding section with thp time history of the "actual" member forces during the earthquake. At

each time instant the "actual" member forces during the earthquake are determined by static

analysis of the building subjl'cted to the floor inertia forces Tn] aX](t), m) aV)(t), and I p)a6j(t) at all

floors, i.e., j = 1,2 and 3 (Fig. 17(d)). If at all time instants the "actual" member force is less tha.n

its "design" value, the accidental eccpntricity of O.05b can be interpreted to be conserva.tive during

the particular earthquake. Conversely, the accidental eccentricity of O.05b is unconservative at those

Lime instants wh"n 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

th" actual h"ightwis(' distribution of latE'ral forces computed from recorded accelerations and floor

masses is not identical to th" 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 Lama Prieta earthquake is presented in Fig. 21, together with the "design" values of

these forces obtained by static analysis of t hE' building for amplified code forces in the X-direction

(for column 22) and in the V-direction (for column 18). The "actual" values of these member forces

do not exceed their "design" values based on the specifi"d accidental eccentricity and barely exceed

the design values ignoring this eccentricity. The r"sults 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 parthquake is prl.'sl.'nted 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). Simila.r results obtained froll1 the Upland earthquake
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records are presented in Fig. 23. For both l'arthquakl's thl' "actllal" values for thesl' member forces

do not exceed their "design" values bas('d on the wde-sp(".: le<J accidental eccentricity and barely

exceed the design values ignOling this eccentricity. The res',i .s lor shear force and bending moment

in all columns in the building support this conclusion (A~!JI'ndix B).

The time variation of the "act'JaI" shear force in the iirst·story colulIlns 1 and 8 of Building C

during the Lorna Prieta earthquake is presented in Fig. 24, 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 V-direction (for column 1). The "actual" value of the X-component of

the shear force in the first-story columll tl does not exceed its "design" value basl'd on the code

specified accidental eccentricity and barely exceeds the design value ignoring this l'ccentricity. The

results for shear forces and bending moments in all columns associated w;,h motion of the building

in the X-dirl'ction support this conclusion. The "actual" value of the V-component of the shear

force in the first-story column 1 exceeds its "design" "alu(' for a small fraction of a second three

times during the earthquake. The maximulll value of the "actt:al" shear during th(' earthquake is

ten percent greater than its "design" value. These observation~ 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 eM remain below their "design" values throughout the earthquakl'.

Accidental torsion is seen to be Illorl' significant in the response of Building C than the other

two buildings. This may be th(' result of three factors: Firstly, the natural vibration periods of the

first three-two lateral and one torsional-vibration modes are very close to each other-a situation

known from forced vibration tests to rr('atl' strong coupling of lateral and tursional motions even in

nominally-symmetric buildings [4]. Secondly, a.s shown in the next section, the torsional componl'nt

of the base motion contributes about fOfty percent of the accidental torsion. Thirdly, the restraint

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

The member forces prt'sented in the preceding section are associated with the earthquake

indured translational and torsional motions ofthe selected bl1ildings. As mentioned ea.rlier, symmetric

plan buildings may undE'fgo "accidental'" torsional motions for several reasons, induding the two

principal factors: the building is usually not perfectly symmptric, and the ground motion contains

a rotational (about the vertical ~.xis) component which will induce torsional motion of the building

even if itE plan were pprfl'ctly symmetric. Presentl'd in this section are results that identify the

memb('r forc('s due only to "accid(,lItal" torsion, and the portions of these forces associated with

rotational motion at the ground lE'vel of thE' building. Computed from the motions recorded by

channels 6 and 7 in Building B (Figs. 6 and i) and by rhannels 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 record('d motion at the base of Building A (Fig. 2) are insufficient to compute

the rotational motion at the base of this building. FI'f 1.::Itiing ~ the peak value of b/2a,(t), where

b = 87.9 m, is 57.6 cm/sec2 , compared with the peak accelera.tion of 192.5 cm/sec 2 at channel 4

in the Y·direction. For Building B the peak Vil!UCS of b/2a,(t), where b = 31.5 m, are 9.2 cm/sec2

during the Whittier earthqu;j.ke and 28.3 cm/sec2 during the Upland earthquake, compared with

the peak values of 45.3 ;U1d 119.5 cm/sec2 , respectively, at channel 6 in the ~=·direction. It is ap

parent that, ir, the cases ccnsidl'rpd, rotational ground moticn cont.ributes twcn'i to thirty percent

of the lateral acceleration at the edges of the building plan.

The membN forces due to accidental torsion are determined at each instant of time by static

analysis of the building subjected to floor inertia torques Ipjauj(t) at all floors, i.e. j=I,2,...,N,

determined in the prec('ding section. The results uf these allalyses, which are the same as in the

preceding section, except that the t:oor inertia lateral forces mJaXJ(t) and mJaYj(t) are excluded,

are presented in Figs. 26-28. Comparing th<,se 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 response of Buildings Band 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 eliminate any discrepancies in the structural idealization for dynamic

analyses relative to the act.ual building. The torsional rpsponse of Buildings Band 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 Band 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 a particular member due to

rotational base motion is compared next wilh 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 th.. 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

accidental torsion of a building, which obviously d"pends 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 approximations 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 fClr 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

inL,eased force demand essentially within the elastic range. Secondly, even if the force demands

exceeded structural capacity beca.use of a.ccidental 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 designee! 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 extrapolatmg these observations to other situations is somewhat speculative, 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 ..... ith 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 ±O.05b is proportional to

the plan dimension b and. henc~. It'ads to larger torsional moments for buildings with long plan

dimension.

18



CONCLUSIONS

Building code provisions for accidental torsion are conceptually appealing in that they account

for the torsional motions of nominally-symmetric buildings which invariably occur because these

buildings are not fNrfectly 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 dl'monstrated that:

1. The accidl'ntal 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 th;rty-percent

increase in member forces in one of the buildings. This conclusion should apply to almost all

nomin ally-sym OI"t ric- plan buildi ngs.

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) llIotions at the base of the building. Accidental torsion may also

be ~ignificant for buildings which may undergo yielding or local failures that are likely to
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increase the asymmt>try, e.g, buildings with masonry walls or partitions. However, the code

provisions d,", not recognize these factors, except the one concerning tl,,' 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 consider('d in this investigation.

5. Although conceptually appealing, the accidental torsion provision III 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 concnning 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 buildings during earthquakes provides the most

promising means for understanding the torsional response of such buildings and for evaluating

building code provisions for accidental torsion. Therefore, additional buildings with nominally

symmetric-plan, espE:cially 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 responst' in the illelastic range, would provide a basi5 to evaluate further the

a.dequa.cy 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 II V-lateral modt> II Torsional modt>
Properties Recorded Computed \I Recorded Compult>d II Rt>corded Computed

Building A: Lorna 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 1.00 100
3rd Floor 0.71 0.77 0.72 0.73 0.72 0.76
2nd 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
2nd Floor 0.62 0.61 0.39 ? 0.60 0.57 0.64

Building B: Upland Earthquake

Period 0.30 0.28 0.28 0.27 0.21 O.lU
(sec)

Mode Shape

Roof 1.00 100 1.00 1.00 1.00 100
2nd 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
3rd Floor 0.80 070 0.70 067 0.67 0.66
2nd Floor 0.44 0.33 0.33 0.30 0.31 0.30
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APPENDIX A: THREE STORY OFFICE BUILDING

(CSMIP STATION No. 58506)

A.l 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 Lorna 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.I.l Brief Description of Buildillg

A typical framing plan of this three-story steel building is shown in Figure A·I. 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 two in the V-direction (l 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 consists of recta.ngular column footings

interconnected by grade beams. In the V-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 Roor 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 origin defined as shown

in Figure A·I, are presented in Table A·I.

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 Lorna Prieta earthquake are shown in Figure A·3. The peak ground

accelerations at the ground level are O.083g in the X-direction and O.llg in the V-direction. These

motions were amplified to O.31g and O.27g, respectively 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

- - these are a,..(t) and al/(t). the X and Y components of translational acceleration. and a8(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 ",..(t), "1I(t) and a9(t) at the CM of the second, third and roof

levels are presented in Figure A·4. In the X-direction the peak acceleration at the ground level

is O.083g, which is amplified to O.31g at the CM of the roof level; the amplification is from O.llg

to O.27g in the Y-direction. The peak rotation at the roof level is O.033rad/82 • 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 Modell

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

estimates of the fundamental natural vibration frequencies of the building: 1.64 Hz in the X-



direction and 1.35 Hz in the V-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 V-direction

at channell 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 fundion 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 partic\llar natural vibration frequency can be estimated from the ordinates at

that frequency of the trallsfer 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 V-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 shape5 are pre5ented 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 defin£'d by the slab on grade. All structural elements were

included in the structural idpalization, i.e. even thp elements that provide little lateral resistance art!

considerpd because tlley may contributp to the accidental eccentricities. The column lines and frame

bays used for the ETABS model are defined in Figure A·lO. Flexural and axial deformations are

considered in defining the properties of columns, whereas only flexural deformations are considered

for defining the stiffness propprties of beams. Til£' compatibility of axial deformations required

in columns belonging to more tha.n one moment resisting frame is considered by ana.lyzing 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 str:Jcture as an assemblage of several two

dimensional lateral-force resisting frames distributed across the build;ng 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 A-ll 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·ll( a» are more flexible than those connect

ing the web of the beam to the flange of the column (Figure A·l1(b». Thuli, a second structural

idealization models all web-to-f1ange connections as moment-resistant and all web-to-web connec

tions as pinned. The analysis of this model is denotp.d a5 case "8". 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 zont! 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 ETAOS program are presented in Table A·2. The agreement between these computed

frequencies and those d('t('rmin('d earlil'r from th(' r('corded response of the building d('pends 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 "0" provides bettl'r values of vibration fr~quencies, especially for the

fundamental natural frequ('ncy in the X-direction because. as described earlier, the connections a.re

modelled realistically which especially affects the latl'fal ~tiffness of frame B. Analysis case "C"

provides a higher value for the frequency of vibration in the V-direction because the assumption

of moment-resistant connections slightly overl'stimates 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 thl' transfer functions.

Either structural model "B" or "C" could have b('('n used for the analyses presented in Sections

A.4 and A.5. Model "n" is selected mainly hecause it appears to be a mor(' realistic representation

of the expected behavior of thl' beam-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, whprein the acreleration 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 ill the "jth" stOl'Y. The latter are computed from Equations

1 to 3 wherein the floor masses are given by Table A·I and the accelerations arj(t),ayj(t) and
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Q8}(t) at the eM 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 fYI(t) and eXI(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·I and the floor accelerations in Figure A·4. 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·I2).

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

code formula:

j=1,2 and 3, using the floor masses and story heights in Table A·I. The lateral floor forces

for this building are O.28V, O.49V and O.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 a.t the second

floor, third floor and roof, respectively. In the V-direction V=388 kips and the lateral floor

forces are 108, 192 and 88 kips. The X-lateral forces are applied a.t a distance of ±O.05b =

±O.05x77 = 3.85 ft. The Y·lateral forces are applied at a distance of ±O.05b = ±O.05xI62
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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 800r. The

resulting shear forces for selected columns 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 rlescribed next for Column 8 (row I) in the first story

(Figure A·IO). Step 2 provided 53.4 kips as the "design" shear force for this column in the

V-direction, whereas step 3 resulted in shear force of 48.8 kips. Thus, the ratio 53.4/48.8

represents the factor by which the "design" base shear, V=388 kips, in the V-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 Vo=(53.4/48.8)388=424.5 kips (column 5 of Tablp. A·3).

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

4. Next we analyze the structure subjected to torques Ti=O.05bF; where the lateral forces Fi

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 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=3143 kip-ft, has to be amplified to produce the "design"

force in Column 8 of the first story. The amplified base torque is Tc=(53.4/4.6)3143=364841

IThia vaJue of torque differs slightly from the one presenl.,d in T..ble A·J bec..use of rounding of the Dumben

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

5. The code-equi\'alent combinations associated with colullIn 8 ill the first "tory 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.l kip-ft, amplified by the factor 48.8/4.6,

resulting in 33341 kip-ft.

The vaiues of base shear and torque for the X and )'-llire\:tions of analysis that were presented

in rlgure A·12 are plotted as pairs (V.T) for each instant 01 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"jrs determined in step 6 fall inside the code

equivalent combinations. The code-equivalent combinations are only slightly exceeded by a single

combination of base shear and base torque in Column 22 (Figure A·13(a». This combinl\tion

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 ess('ntially 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 values 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;cJ or FIIJ=lOOO kips, j=1,2 or 3; and FBj=IOOO kip-ft,

j=1,2 or 3. In Table A·4, V is th.- 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·I0 and

the supersnipt indicates thl' direction of analysis. The time-history of element forces obtained by

combining tb· products of the nllLe floor inertia forces (Figure A.4) by tile corresponding influence

coefficients (Table A·4) and divided by 1000 a.re presented in Figures A·14 and A·I5. 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 V-direction (Figure A·15) show that at aU time in

stants the member forces computed in step 4 are less than the "design" member forces. The same

observation is tru(' for the results of the analysis in the X-direction (Figure A·14) I'xcept 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 nl'gligible, being less than 1%.
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Table A·l: Building Properties

Floor h (ft) mi (k-.~~/ft) I Pi (k-sl-ft) Xgi (ft) Ygi (ft)

3rd 13.5 9.1652 25309 81 38.5

2nd 13.5 28.982 80031 81 38.5

1st 17.9 29.727 82089 81 38.5

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

Vibration X-lateral mode V-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 Sha.pe

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
2"d 0.39 0040 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
2.... 0.3~ 0.57 0.39 0.38 0.40 0.43

Analysis "e" 1.60 1.66 1.43 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
2"d 0.39 0.57 0.39 0.41 0040 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 53.4 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-ft) (k-ft) (k) (k-ft)

8 Y 524.1 479.5 423.9 36903
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 Coefficients for Selected Elements

Unit Story Forces V:'(k) V';(k) Vs"(k) Vl~(k)

F r1 8.8000e-02 8.7500e-02 -2.3700e-04 8.1200e-04

FIJI -1.5200e-03 1.4900e-03 1.1800e-Ol 1.1200e-O1
FBI 6.7000e-04 ·6.5900e-04 -1.4530e-03 1.3740e-03

F r2 8.9170e-02 8.8700e·02 -7.8300e-05 l.0900e-03
FII2 ·1.1900e-03 1.1700e-03 1.2800e-Ol 1.2300e-Ol
F B2 6.8200e-04 -6.6900e-04 -1.4770e-03 1.4120e-03
Fr3 8.9520e-Ol 8.9020e-Ol -3.0600e-03 8.3200e-03
F II3 -1.1500e-03 1.1330e-03 1.3000e-Ol 1.2500e-Ol

FB3 6.8600e-04 -6. 7340e-04 -1.4830e-03 1.4170e-03

M:(k-ft) MMk-ft) M:(k-ft) Mfs(k-ft)

Fr1 8.0000e-Ol 7.9630e-Ol -3.1170e-03 . 6.1940e-03

Fl/I -1.3260e-02 1.3030e-02 1.0800e+OO 1.0250e+OO
FBI 6.1 130e-03 -6.0000e-03 -1.3200e-02 1.2480e-02
F r2 8.811Oe-Ol 8.7620e-Ol -2.7920e-03 8.2830e-03

Fl/2 -1.0770e-02 1.0580e-02 1.2810e+OO 1.2340e+OO
F 82 6.7690e-03 -6.6420e-03 -1.4520e-02 1.3950e-02
F r3 8.9520e-Ol 8.9020e-Ol -3.0600e-03 8.3200e-03

Fl/3 -9.9600e-03 9. 7950e-03 1.3300e+OO 1.2850e+OO
FB3 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 ofthe building during the Whittier Narrows (October 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 fra.me structure. It has two stories and a partial basement, and

a light penthouse structure. A typical plan of this two-story concrete frame building is presented

in Figure 8·1. The figure shows that the building is approximately 110 feet long, 92 feet wide and

30 feet high (Figure 8·1). The lateral force-resisting system in the building consists of peripheral

columns interconnected by longitudinal and transverse beams(Figure B·l). In Figure B·l dotted

lines represent tapered beams (axis 2-5) and solid lines represent uniform beams. The "L" shaped

corner columns as well as the intt'rior 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

8·1). 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 element.., 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 detemlined 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·l.

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 roof. The nine strong motion records obtained

during the Whittier and Upland earthquakes are shown in Figures B·3 and B·4.

The peak ground accplerations recorded at the basement level during the Whittier earthquake

are O.046g and O.05g in the X and Y directions, respectively. These motions were both amplified

to O.15g in the X and V-directions at the roof level. The peak ground acceleratians recorded at

the basement level during the Upland earthquake are O.12g and O.13g in the X and Y directions,

respectively. These motions were amplified to O.24g in the X-direction and O.39g in the V-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 ar ( t) and al/( t), the X and Y components of tranflational acceleration of the CM. and a,(t),

the rotational acceleration about a vertical axis - . at the same level (;l,n 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 ofthe concrete

columns. Computed by this procedure, the accelerations ar(t), a ll ( t) and a,( t) at the geometric

center of the basement and the eM 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 O.046g which is amplified
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to 0.12g at thl' eM of the roof (Hel; the amplification is from 0.052g to O.ISg in the Y-direction.

The peak ground rotational acceleration at the grometric center of the basement is 0.0055 Tad/82

which is amplified to O.O.,)(i rad/.~2 at til(' roof ('vel. Dllring the Upland earthquake the calculated

peak ground arrel('ration in the X-direction at the basempnt is O.IOg which is amplified to 0.20g

at the roof (I'vel; the amplifica~icn is frolll 0.13g to 0.:i9g in the Y·direction. The peak ground

rotational accelNation in this case of 0.017 rad/s~ is amplified to O.DG8 rad/s"l at the roofleve!'

D.1.3 Natural Vibration F'rC(luCllcics and Modes

Examination of the motions record('d at tllp (oof !('v,,! by channels 2, 3 and 8 during the Whittier

earthquake r.rovidef. rOllgh estimates of the fundamental natural vibration frequencies of the build·

ing: 3.4 liz in the X-direction and 3.7 liz in the Y-direction. Examination of motions during the

Upland earthquake gives very silllilar values for these frequencies. The true (not pseudo) accelera

tion respons(' spectra for th(' 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 E'arthquake pE'aks are obtained at frequencies of 3.1 liz and 3.8 liz in the X

and Y·directions, respectivt'ly. lIow('ver, 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

qua.ke, Figure B·8 shows pea.ks arollnd 3.3 liz for the X-direction and 3.8 liz 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·IO show the transfer functions for the X, Y and 0 components of the relative

(to the ground) accelerations a.t th.. eM 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 0/4,1/2,1/4). 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 liz. 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 disrarded 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.b1 Hz and 4.81 Hz for the X, Y and 0 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 detcrmined 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 V-translational mode

shape from Figure D·9( b) (or Figure D·10( b», and the torsional mode shape from Figure D·9( c)

(or Figure B·lO(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 ETADS computer progral.l, wherein the building

mass is assumed to be lumped at the floor levels a.nd the floor diaphragms are assumed to be rigid,

an assumption which was also IIspd in computing motions at the eM from the recorded motions.

The building is treated as fixed at the base of thf' colullllls 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 little lateral resistance are considered b~cause they may contribute to the

accidental eccE.'ntrkities. Flexural and axial deformations are considerecl in df:fining the properties

of columns, whereas only fll'xural deformations are considered in defining the stiffness properties

of heams. Shear deformations arc also included for the case of walls (stairwell system).

The moment of inertia of a beam is Comp'Jted as the gross inertia of the beam web. This

definition of the moment of inertia in beams indirectly accounts for cracking of the crOllS section
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and variation of moment of inertia along the be...n. Stiffness matrices for beams along axes 2,3,4

and 5 (Figure D·1) Wl're dl'termined considering the b(>am ta.per in addition to the moment of

inertia considerations ment illned above. Column and wall inertia properties were calculated from

their gross-section.

Compatibility of axial deformations required in columns belonging t.o more than one moment

resisting frame was coniiidered by analyzing the structure as a single three-dimensional frame with

six degrees of freedom per joint (in contrast to the most common l.:pe of analysis that considers

the structure as an ensemble of several two dimensional lateral force resisting frames distributed

across the building plan).

The framing plans idealized for analysis are shown in Figures B·ll and B·12, wherein the sizes

of the columns and beams are noted. The column lines and frame bays used for the ETABS model

are defined in Figure B·11.

Five different idealizations of the structure WE're analyzed and the comput.ed vibration properties

were compared with the "actual" values obtainE'd from earthquake records. The five models are:

• Moc.el 1: 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.

• Model 2: This model is identical to model 1 but includes the effect of the stairwell masonry

walls. A prismatic strength of I:" = 1500psi is assumed for the masonry; modulus of elasticity

Em = 750/:" and shear modulus G =O.4Em • 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 V-direction.
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• Model 3: This model builds over model 2 but includes the effective contribution of the slab

(effectivt' width) in the computation of the flexural stiffness of beams, i.e, the int'rtia 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

cplumn 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 beam framing into the joint. The

increase on the lateral stiffn{'ss o~ the building, as a consequpnce of these rigid end zones in

beams and columns, is important. Table B·3 shows the natural frequencies of this model,

which are affectl'd significantly by the rigidity of beam-column joints.

• Model 5: This final model is idl'ntical to model 4 but includes the as-built non-structural

column details depicted in Figur(' B·13. The brick veneer tohown 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 B·2. The agreement between the mode shapes

predicted by model 5 and those obtained from the analysis of the transfer functions (Figures 8·9

86



and 8·)0) is also satisfactory.

B.3 Dynamic Eccentricity

The story shears and torques are computed from the floor masses and acceterograms (Figure 8·5

and 8·6) by Equations) to 3, wherein the acceleration 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" floor has been defined by Equations 4 and 5 in ten:lS

of the story shears and story torq~.!s in the "jth" story. The latter are computed from Equations

[1-3] wherein the floor ma.~ses are given by Table 8·1 and the accelerations UX)(t),al/j(t) alld aBj(t)

at the eM in Figure 8·5 and 8·6. l'he computed base shear and torque for the building are shown

in Figures 8·14 and B·15. For the Whittier Narrows earthquake thl' maximum values for the base

shear are 361 kips and 485 kips in the X and V-directions, respectively, which are 9% and 12% of

the total weight of tilt' 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% anti

32% oCthe total weight of the structure. The accidental eccentricities eYl (t) and ex I(t) determined

from the base shear and torque by Equations 4 and 5 are also shown in Figures B·14 and 8·15.

B.4 Base Shear, Bast" Torque and Code-Equivalent Combinations

This sectioll 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·l and the floor accelerations in Figues B·5 and 8·6. The "design"

base shears during the Whittier ~'arrowsearthquake are 361 kips and 485 kips for the anal)'scs

i.1 the X ana V-directiolls, respf.>ctiv("ly, and correspond to the maximum values during the
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earthquake (Figure B·14). The "design" values of base shear dUTl:l~ th'~ Upland earthquake

are 692 kips and 1301 kips in the X and V-directions , respectively, and correspond to the

maximum values of base shear in Figure B·15.

2. The heightwise distribution of la.teral forces at the two floor levels are computed from the

code formula:

'WJh jF; = ---'2""'-::'-:;"-
Ei=l Wjhj

j= 1 and 2, using the floor masses and the story heights presented in Ta.ble B·1. The la.teral

story forces for this building are O.36V, O.64V for the second floor and the roof level level,

respectively, wh..rein V represl'nts 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 floor and roof, respectively. In the V-direction , V=485 kips

and the lateral forcl's 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 V-direction, V=1301 kips and

the lateral forces arl' 465 and ~36 kips at the second floor and roof, respectively. The X-lateral

forces are applied at a distance of ±O.05b = ±O.05xl09.8 = ±5.59 ft. The V-lateral forces

are applied at a distance of ±O.05b = O.05x91.4 ft = ±4.57 ft. The resulting "design" shear

forces for the selpcted columns in the first story of the huilding are shown in column 3 of

Table B·4.

3. The lateral story forces detl'fmined 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 colullllI in the X-direction. whereas step 3 resulted

in shear force of 19.4 kips. Thus, the ratio 21.4/19.4 represento the factor by which the

"design" base sht-ar, V=361 kipo, in the X-direction has to be amplified in order to obtain

the "design" shf.'ar 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 8·4.

4. Next we analyze the structure subjected to torques T.=O.05bF, where the lateral forces F;

were determined in step 2. The resulting force in a member is the difference of the two.alues

for the member forcc determincd in steps 2 and 3. Therefore, the resulting shear forces in the

selected columns corresponding to this analysis are obtained as the difference of the value_ in

columns 3 and 4 of Table 8·4. The proreduJl' for calculating the base torque that produces

the same "design" shear .force in a selccted column as step 2 is described next for Column

1 in the first story and the WhittiPr 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 I:ips. Therefore, the

ratio 21.4/2 denotes the factor by which the base torque, T=36lx.l).49=1982 kip-ft, has to be

amplified to produce the "design" forcc in Column 1 of the first story. The amplified base

torq4e is To=(21.4/2)1982=212072 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 combinatiolls associated with column 1 in the first story are shown by

solid straight lines in Figure B·16( b). Also shown by da.shed 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 associa.ted

3This value of torque diffrr8 slightly from the one presented ill Table 8·4 because rounding of the numbers pr_nted

in the text
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kip-in, j=I,2 or 3, for 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 8·12 and the superscript indicates tilt' direction of analysis. The time-history

of clement 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

8·20 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 D·2,')(a» at all time 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 observation is true for the re"ults of the analysis in the V-direction (Figures B·22-B·24, B·27·

B·29) wherein at all time instants the elements forces computed in stE'p 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 D.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 increa.'ie in the shear force in Column 1 is less than 4%, which for all design

practical purposes is negligible.

91



Page Intentionally Left Blank

92



Table B·l: Building Properties

Floor hi (ft) mj (k-s':l/ft) Jpi (k-s~-ft) Xgi (ft) Ygi (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

Vibration X-lateral mode Y-latera.l mode Torsional mode
Proporti .... Recorded Computed Recorded r,",rnf"\.1'tP~ Recorded Computed~~'''Y~'~

I Frequency 3.49 3.51 3.71 3.72 4.96 4.90
(Hz)

Mode Shape
Roof 1.00 1.00 1.00 1.00 1.00 1.00
2nd 0.62 0.61 0.39 ? 0.60 0.57 0.64

(a) Whittier

Vibration X-lateral mode V-lateral mode Torsional mode
Properties Recorded Computed Recorded Computed Recorded Computed

Frequency 3.34 3.51 3.61 3.72 4.81 4.90
(Hz)

Mode Sha.pe
Roof 1.00 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
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Table B·3: Variation of the Natural Frequencies of the Building with the Structura.l Model
Considered

Structural
Model X-lateral mode V-lateral mode Torsional m<..de

Modell
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) 3.01 3.32 4..56

Model 5
Frequency (Hz) 3.51 3.72 4.90
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Table B·4: "Design" Shea.r Forces in Selected Elements and Amplified Base Shear and Base
Torque

Column # Direction Shear Force Shear Force Base Shea.r 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 25.720 525.85 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 45.298 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

I
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·7: Absolute Acceleration Spectra of Channels 2,3 and 8 at the Roof

(Whittier Earthquake)
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APPENDIX C: THREE STORY OFFICE BUILDING

(CSMIP STATION No. 57562)

C.I 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 Lorna 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.I.I Drief 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 Col). The

building has four lateral moment-rl'sisting frames in the X-direction (A,R,C and D) and ,,;ne In the

V-direction (I to 9). Most of hearn-column connections of the structure are mon.ent resisting hut

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 footings interconnected by grade beams.

For all practical and code design purposes, the building has a floor plan tha.t is nominally

symmetric about two ax('s. The asymmetry 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. No live load is considered in calculating

the floor masses. The locations of the <:enter 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·l.

C.1.2 Recordp.d Motions

The locations of the accelerographs in the building are shown in plan and elevation in Figure C·2.

These include three channds at the ground, second, and third floors but none at the first floor.

The ten strong motion rerords obtained 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 ur(1) and GII(f), tIl(' X and Y components of translational acceleration

and a8(t), the rotational an'deration 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 thf' latf'ral stiffness ofthf' columns. Computed by this procecure,

the accelerations ar(t), all(l) and all(f) at the geometric center of the ground plan and the CM of

the second and third floor levels are presented in Figure C4. Also shown are the accelerations at

the CM of the second floor obtained from the recorded accelerat.ions at the 3Td floor and roof by

the procedure described in Sl'ction C.:I. Thl'se could not be obtain('() by the above proced ure for

lack of instrumental records at tbe first floor-It'vel. In the X-direction the peak acceleration at the

ground level is 0.2g which is amplified to 0.58g at the roof level; the amplification is from 0.17g to

0.53g in the V-direction. The peak ground rotation of 0.014 rad/s2 is amplified to 0.057 rad/32 at
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the roof level.

C.1.3 Natural Vibration Frcquencics aud Modt!s

Examination of the motions recorded at the roof level by channels 8. 9 and 10 provides rough

estimates of the fundanwnt al natural vibration frequencies of t he building: 1..) Hz in t he X-direction

and about the same \'alue 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"'), The major peak is around 1.5 Hz for both X and

Y components of motion. which is consist('nt wit h th(' fundamental frequencies gleaned from direct

examination of the rerords. Ohviously the fUlldamentalnatural frequencies of the building in the

two lateral directions ar" close. The second peak in all response spect ra around 4 liz indicates the

possibility of another cluster of natural vibration frequencies.

Figure ('·6 shows the transf('r functions for the X. Y and 0 components of the relative (to

the ground) acceleration at tile (,~I of the tllf(>e floor levels and the corresponding motions at the

geometric center of the ground plan. The transfer functiolls were smoothened by a running average

filtering procpdure wit h weights ( 1j-U /2.1 /4). Thl' transfl'r fnnctions for the X and Y translational

motions have a peak at 1.49 liz and 1.44 Hz. The transfer function for rotational motion shows

two peaks at lA5 Hz and 1..')4 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 nat ural vibration modes can be determined from the numerical data of

Figure C·6: the X-translational mode from Figure C'6(a), the V-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 id£>alized for analysis hy tiH' ETABS computer proKram, wh('rein the building mass

is assumed to be lumped at the floor \£>ve!s and the floor diaphrap;lIIs an' assullled to be rigid, an

assumption which was also used in rOJ1lputinp; motions al thp ('M from til(' n'cordpd motions. The

building is treated as fixpd at the Ipvd ddin(,d by III(' slab on grad('. All structural dements were

included in the structural idpalization, i.(·, ev('n th., d('III('nts that provide little lateral rl'sistance are

considered because Ihey may rontribull' to thl' arridl'ntal ecn·nlriciti.,s. Th.. column lines and frame

bays used for th(' ETA US nH)lld are ddilwd in Figure (,·10. F1..xllral and axial deformations are

considered in dl'fining till' prop.. rtil·s of colulllns wher('as ollly fI..xllral dpformations are necessary

for defining th.. pro!)l'rties of beams. Th.. cOlllpatibilily of axial ddormations requin'd in columns

belonging to more than one monll'nt resistillp; fram£' is collsidered by analyzing the structure as

a single three·dimensional frame with six d('grl'es of fr('{'dom per joint (in contrast to the most

common type of analysis that consid('rs thl' sl ruclur(' as an assemhlage of several two dimensional

lateral-farce-resisting frames distrihut('d across the building plan).

The framing plans id..alized for analysis are shown in Figures C·7 to e·9, wherein the sizes of

the columns and beams are notpd. Each frame is modelled with appropriate beam-column joints:

moment resistant (or rigid) connections dc-noted in Figures C. 7 to e·g by small triangles next to

the column, and pinnl'd connections which are all the joints without the small triangle. In the case

of moment-resistant connections, the portions of bc-ams within the beam column panel zone are

treated as rigid, consistent with the rigidity of the connection.

The natural vibration frequencies and mo(le shapes of the idealized structural system computed

by the ETABS program are prc-sented in Table C·2. The agreement between these computed

frequencies and those det{'rmined eallier from the recorded response of the building is satisfa.ctory.

Consistent with' !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 I\Pc('ssary.

C.3 Dynamic Eccentricity

The story shears and torques are com pu ted from the floor masses and accelerograms (Figure C·4)

by Equations I to 3, wherein the accelNation 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 estimated from the accelerations recorded at the other

floors.

The acceleration at the c{'ntNs 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:

9

l! LP.nq~
n=l

ih P2n
9

fu L 1!.Jn
q~ (6)

n=l

MT PTn

For this building, .!h and MT the three components of acceleration of the CM at the third

floor and roof, respectively, are readily computed by subtracting the ground a.c"celerations at the

geometric-center of the ground plan from the total accelerations at the eM of a floor which were

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

of the second floor are to be determined from the six acceleration components fu and M,.. Thus, no
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more than six natural vibration modes ca.n be included in Equa.tion C·I, from which

[ih] t[~n] ..
u = n=1 4> qn
_r _rn

(7)

This system of six algebraic equations can be solved to determine th, iJi, ... , til.. 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

ih = L P.2nq~
n=1

(8)

Resulting from these computations. using the first six modes computed by the ETA BS analysis,

the X, Y and 0 components of the total acceleration at the CM of the second floor are presented

in Figure Co4.

The accidental eccentricity at the "jth" floor has been defined by Equations 4 and 5 (Section

5) in terms of the story shears and story torques in the "jth" story. The latter are computed from

Equations I to 3 wherein the floor masses are given by Table Col and the accelerations arj(t).a~j(t)

and aSj(t) at the CM in Fi~ure ('·4. The computed base shear and torque for the building are shown

in Figures C·1I 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 2.5% of the total weight of the Luilding. The

accidental eccentricities Fn (t) and F X d t) detf>rminf.'d from the base shear and torque by Equations

4 and 5 are also shown in Figurp C·11.

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

This section presents th., implementation of the stpp by step procedure described in Section 5 for

this building:

1. At each instant of tilllt', I he base shear was computed by Equations I to 3, where the floor

masses are given in Table C·I and the fioor accelerations in Figure C·4. The "'design" base
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shears for the analyses in the X and V-directions are 2.')7.5 kips and 1955 kips, respectively,

and correspond to the maximum valu('s during the earthquake (Figures C·l1).

2. The heightwis(, distribution of lateral for('('s at the tlm'e floor levels are computed from the

wde forlllu la:

j= 1,2 and 3, using the floor masses and story h('ights in Table C·1. The lateral story forces

for this building art' O.25V, OA,V and 0.28V for the second fluur, third floor and roof,

n'spt'clively, WllPTI'llI \' rq)n'!i('lIts tl1(' "d('sig,lI" base shear determined in Step 1. In the

X-direction, V=2.,)iS kips and til(' ahsoriated lateral forces are 644, 1210 and 721 kips at

the second floor, third floor aud roof, respectiw]y. In the Y-direction, V=1955 kips and the

lateral forces are 489, 919 and J·l7 kips at the second floor, third floor and roof. The X-lateral

forre~ are applied at a distance of fO.O.')b = fO.05x96 = ± 4.8 ft. The V-lateral forces are

appli('d at a distance of fO.OSb = ±O.05x288 = 14..1 ft. The resulting "design" shear forces

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

3. The lateral story forces determined in Step 2 are next applied to the structure at the CM of

each floor. The resulting sh<>ar forces for selfCted 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 sam<> "desij1;n" member force as in Step 2 is described next for Column I in the

first story (Figure C-13(b)). Step 2 provided 64.5 kips as the "design" shear force for this

column in the V-direction. wh<>reas step 3 resu\t<>d 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 ill order to obtain the "design" shear force of 64.5 kips in

Column 1 of the first story. The amplified base shear Vo=(64.5/51.2)1955=2465 kips (column

5 of Table C·3). Similar results for other columns ill the first story are also presented in Table
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C·3.

:t. Nl'xt WI' analyzp slIhjl'rtpd to thl' story torqUI'S T,=O.O!")hf; wlll'fP th.' latpral forcl's F. W('f('

determint'd in stpp 2. The rpsulting forc(' in a m('mb.'r is til{' diff.'f('nc(' of tIl{' two values

for the th.. memb..r force determined in steps 2 and :1. Therefon"th.. resulting shear forces

in thp selected columns corr('sponding to this analysis af(' obtailwd as thp diff('rpncr of the

values in columns 3 and 4 of Tabl(' C·3. 1'1... procedurl' for calculating the ba.c;e torqu(' that

produces the sam.. "design" shl.'ar force in a selected column as stl.'l) 2 is described next for

Column 1 in the first story. Stl.'P 2 providl.'d M ..'l kips as the "drsign" shrar force for this

column, wh('fea.c; step 4 rpsulted in a slwar forcp of 13.3 kips. Therefore, th.. ratio 64.5/13.3

denotes the factor hy which tht> base torque, 1'= 1955x 14.4 = 136648 kip-ft, ha.c; to be amplified

to product> the "design" force in Colullln I of the first story. TIll' amplified base torque is

To =(64.5/13.3)28117=136648 kip-ft. Similar results for other columns of the first floor are

presented in Tablt' C·3.

5. The code-equivalent combinations associatt'd with colullln 1 in the first story are shown by

solid straight lines in Figure C·13(b)_ Also shown by da.c;hed lines are the code-equivalent

combinations for z..ro accidl'ntal l'ccentricity. They have b('('n calculat..d 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 ecct>ntricity. COlIsid('ring the first story Column 1 the corresponding

base shear is V=1955 kips and tIH.' base torque is, T=1955xI4.4 kip-ft, amplified by the

factor 51.2/13.3, resulting ill 108375 kip-ft.

The valuel-i of basl' sht'ar and torqlH' for the X and Y-dirt'ctions of analysis that were presented

in Figure C·l1 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 ba.c;e shear and base torque combinations faIl

inside the code-equivalent combinati-ms. For analysis in the V-direction Figure C·13 shows that,
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except for a VNy few time instants, the base shear and base torqul' pairs determined in stpp 6 fall

insidp the code-equivalent combinations.

The code-equivalent combinations an.' only slightly ex(('Cded 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) associa.ted with the most

critical ba.<;p shear and base torq ue combination (Point A in Figure C·13( b) is 10 percent bigger

than the "design" shl.'ar forre (64.5 kips). Figure C·13(a) also shows that for Column #5 (similar

results for Columns #6.7 and 8) the most critical base shear and torque rombination (Point A in

Figure C·13(a) produces an element shear which is 6.8 % bigger than the "design" shear for that

column (68.8 kips).

C.S 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 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 Frj or Fill"" 1000 kips, j"" 1,2 or 3; and Fsj "" 1000 kip-ft,

j""I,2 or 3. for story torques. In Table C·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 C·lO and the superscript indicates the direction of analysis. The time-history of element

forces obtained by combining the products 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·}7. Also inrluded in these figures are the "design" values for the member forces
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associated with 0.05b (solid horizontal line ) :md zero (dotted horizontal line ) accidental eccentricity,

Results of analysis of the buildin~ in the X·dirf'ction (Figlu(,s C-14 and C,15(a)) show that at

all time instants the nwmber forces computed in Step 4 are less than tit<' "d('si~n" u)('mbl'r forces.

This is consistent with the r('sults of Fi~ure C·12 prl'sented in s('ction C..1. Figur('s C·15(b) and

('.16 show that for Columns #8 and #1 (similar rt'sults for ('O[UIIIIIS #2 to i) which are located a.t

the If'ft of thE' eM of the plan, tlw "design" sh(·a.r and bending 1I101lH'lIt \'alues in th(' Y·direction

art' sli~lltly ('xreeded at a ft'w tinw instants during til(' earth(!uak('. 'I'll(' maximum slwar value for

Colnmn 1 (Figure C·16) is !>.i !H'rCl'nt gr('atpr than its "c1t'sign" vailI(' (tiL'> kips). Tht'maximum

shear in Column 8 (Figure (,·!!)(hlll'x("('('ds til(' d('sign vahlt' hy (i.8 I)t'rcent. Tht'sl' rt'sults are

consistent with tht' fiv(' poillts fallillg outside' til(' eod("('quivalt'nt colllbinations in Fi~ure C·13(b).
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Table C·1: Building Properties

Floor hI (ft) Jni (k-s2/ft) I p, (k-s 2-ft) Xgi (ft) Ygl (ft)

Roof 16 39.47 2680.')( 120.6 :J6.2

3rd 16 99.98 650501 122.6 36.2

2nd 18 99.98 650501 122.6 36.2

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

Vibration X-lateral mode V-lateral mode Torsional mode
Properties Recorded Computed Recorded Computed Recorded COOlpl1ted

Frequency 1.49 1.42 1.44 1.44 1.45 - 1.54 1.49
(Hz)

-
Moje Shape

Floor 3 1.00 1.00 1.00 1.00 1.0(1 1.00
Floor 2 0.80 0.70 0.70 0.67 0.6i 0.66
Floor 1 0.44 0.33 0.33 0.30 0.31 0.30
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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)

1 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 -55.1 2427.5 144913
.') X -82.2 -80.5 2629.6 593025
8 X 82.6 80.8 2630.2 586552
29 X -72.7 -71.2 2629.2 596624
32 X 73.0 71.5 2630.0 588797
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Table C·4: Influence Force Coefficients for Selected Elements

Unit Forces
(1000 k, k- ft) ~1I(k) V::;;(k) Vs'(k) V3~(k) V:i2(k) V{(k)

F r1 0.1331 0.2388 -0.0910 0.1999 29.2420 31.4570
Fill 26.4680 -29.1037 -27.7490 -29.7920 -0.4108 -0.4445
F el -0.4865 -0.4874 0.3774 -0.3783 -0.1342 -0.1444
Fr'l 0.1387 0.2365 -0.1064 0.2163 27.2780 31.3700
FII'l 25.9070 -28.4200 -29.5600 -31.6860 -0.3649 -0.4299
F 9'l -0.4706 -0.4711 0.3975 -0.3981 -0.1213 -0.1409
F r3 0.1379 0.2343 -0.1131 0.2261 27.2000 31.3500
F II3 26.3400 -26.9600 -31.0600 -31.5900 -0.1187 -0.1476
F 93 -0.4623 -0.4627 0.4063 -0.4069 -0.1188 -0.1393

Mf{k-ft) M~(k-ft) M:(k-ft) M:'l(k-ft) Mj'l(k-ft) M:(k-ft)

Fr1 1.4332 2.5359 -0.9440 2.0458 14.2500 327.5400
Fill 279.0000 -306.6670 -282.7890 -303.5370 -4.4111 -4.6134
Fel -5.1179 -5.1264 3.8400 -3.8486 -1.4450 -1.5065
Fr2 1.7883 2.9891 -1.2506 2.4969 350.2100 374.7600
F II2 320.8200 -351.8500 -337.3300 -361.4900 -4.7987 -5.1886
F91. -5.8156 -5.8218 4.5292 -4.5360 -1.5993 -1.7167
Fr3 1.9403 3.1908 -1.3960 2.7163 361.4400 386.3000
FII3 345.2000 -353.0700 -365.7000 -371.9000 -1.6400 -1.8100
F93 -6.0185 6.0235 4.7634 -4.7695 -1.6585 -1.7813
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