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Abstract. This study lays emphasis on the development of efficient analytical models for a multistory
structure with wings, including the in-plane deformation of floor slabs. For this purpose, a multistory
structure with wings is regarded as the combination of multistory structures with rectangular plan and
their junctions. In addition, a multistory structure with rectangular plan is considered to be an
assemblage of two-dimensional frames and floor slabs connecting two adjacent frames at each floor level.
This modeling concept can be easily applied to multistory structures with plans in the shape f

U, H, etc. To represent the in-plane deformation of floor slabs efficiently, alimensional frame and

the floor slab connecting two adjacent frames at each floor level are modeled as a stick model with two
degrees of freedom per floor and a stiff beam with shear deformations, respectively. Three models are
used to investigate the effect of in-plane deformation of the floor slab at the junction of wings on the
seismic behavior of structures. Based on the comparison of dynamic analysis results obtained using the
proposed models and three-dimensional finite element models, it could be concluded that the proposed
models can be used as an efficient tool for an approximate analysis of a multistory structure with wings.

Key words:  multistory structure with wings; analytical models; 3-D finite element models; junction of
wings; L-shaped plan; seismic behavior; flexible wings.

1. Introduction

In general,it is desirableto usea three-dimensiondinite elementmodelto carry out an accurate
analysisof a multistory structurefor the lateral loads including the in-plane deformationof floor
slabs. But three-dimensionahnalysisof a multistory structureusing a finite elementmodel has
shortcomingssuch as tedious input preparation,longer computationaltime and larger computer
memory required. To overcome these defects of the three-dimensionalffinite element model,
assumptiondiaveto be madeaboutthe behaviorof a multistory structure.One suchassumptioris
thatthe floor slabsarerigid in plane.In particular,a floor slab systemis usuallyregardedas a rigid
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diaphragmin the analysiswhenit is madeof cast-in-placeconcrete precastconcretewith concrete
topping, or metaldeckfilled with concrete(Naeim 1989)In this case,the behaviorof a multistory
structurecan be representedy three degreesof freedom(DOF's) per floor, two translationaland
one rotational, due to the rigid diaphragm effect of the floor slab system. Therefore, the
computationaleffort requiredto analyzethe structurecan be reducedsignificantly, especiallyin

dynamicanalysis.For this reason somecomputerprogramsusedfor an efficient seismicanalysisof

multistory structuressuchas ETABS, are basedon the rigid floor diaphragmassumptionHowever,
based on past earthquakesand dynamic experiments,it was noticed that application of this
assumptiorto certainclassesof multistory structuressuchas: (1) structureswith long and narrow
plans;(2) structureswith endwalls; and (3) structureswith plansin the shapeof L, T, Y, U, H, etc.
may resultin significanterrorsin seismicanalyses.

To date, the effects of the in-plane floor slab flexibility on the seismic behavior of multistory
structureswith rectangulamplanshave beeninvestigatedhroughmany studies (Boppanand Naeim
1985, Jainand Jenningsl985, Kunnathand Reinhorn1991, Moon and Lee 1994). The effect of in-
planefloor slabflexibility on the seismicbehaviorof a multistory structurewith \~shapedplan was
studiedby Jainand Mandal (1992) However,the analyticalmodel proposedby Jain and Mandalis
only applicableto structureshaving a numberof uniformly spaceddentical frames (orwalls) and
floor slabs. Therefore, efficient analytical models which can be easily applied to multistory
structureswith plansin the shapesof L, T, Y, U, H, etc., are proposedin this study. The in-plane
deformationof the floor slab at the junction of wings is alsoincludedin the proposedanalytical
models.The accuracyof the proposedanalyticalmodelsis investigatedby comparingthe periodsof
natural vibration, mode shapesand responsehistories at several locations obtained from the
proposedmodelsto three-dimensiondinite elementanalysisresults.

2. Development of analytical models

The proposedanalytical models for multistory structureswith wings, including the in-plane
deformationof floor slabs,are developedasedon the following assumptions.

(a) The structurehaslinear elasticbehavior.

(b) Lateralforcesare appliedat eachfloor level.

(c) Out-of-planeandin-planedeformationsof floor slabsareindependent.

(d) Axial deformationdn beamsandthe torsionalrigidity of columnsareignored.
(e) The massof a structureis lumpedat eachfloor level.

(f) The structureis supportedoy a rigid foundation.

2.1 Formation of proposed analytical models

In this study, a multistory structure with wings is regardedas a combination of multistory
structureswith rectangulamplan andtheir junctionsin the developmenof efficient analyticalmodels
as shownin Fig. 1. In addition, a multistory structurewith rectangulamplan is consideredo be an
assemblagef two-dimensionalframesin eachdirection and floor slabsas illustrated in Fig. 2.
Finally, a multistory structurewith wings is idealizedas an assemblagef a seriesof frames,floor
slabsandthe junctionsof wings. This modelingconceptcanbe appliedto multistory structureswith
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(a) a multistory structure with wings; (b) three rectangular multistory structures and

two junctions

Fig. 1 Idealizationof a multistory structurewith wings
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(a) prototype structure; (b) two-dimensional frames in each direction and floor slabs

Fig. 2 Idealizationof a multistory structurewith rectangulaiplan
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(a) typical two-dimensional frame; (b) stick model

Fig. 3 Reductiorof a two-dimensionaframe

plansin the shapeof L, T, Y, U, H, etc.

2.1.1 Modeling of a frame in each direction

For a typical two-dimensionalframe as shownin Fig. 3(a), three DOF’s per node are neededto
represenits behavior.However,basedon the aforementionedssumptiorn(d), the axial deformations
in beamsare ignored and lateral displacement®f the nodeson a floor can be representedy one
lateral displacementThus,a frame hasone translationalDOF per floor andtwo DOF’s per nodeas
shownin Fig. 3(a). To developa stick model with one translationalDOF per floor, two DOF’s at
eachnode should be eliminated.In orderto considerthe effectsof flexural deformationin beams
andaxial deformationin columnson lateraldisplacementthe static condensatiotechnique (Weaver
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and Johnston1987) was employedto eliminatetwo DOF’s per node.As a result, a frame can be
simplified to a stick model with one translational DOF per floor as shown in Fig. 3(b). For
modelingof shearwalls, a rectangulamplane stresselementwith rotational DOF’s (Weaverand Lee
1981) was usedin this study. Since this elementfully satisfiesthe compatibility at a beam-shear
wall joint, the use of fictitious rigid beam elementsare not necessary.Thus, a more efficient
analysisof a structurewith shearwalls was possible.

2.1.2 Modeling of floor slabs

Through previousexperiments (Karadogaand Huang 1982, Nakashimaand Huang 1984), it is
well known that the influence of the in-planeand out-of-planeforceson the deformationof a floor
slab can be uncoupledin a linear elastic analysis.Therefore,the effect of the in-plane floor slab
flexibility canbe obtainedby the analysisof a floor slabsubjectedo in-planeforces.With this fact,
the analysisof a floor slabcanbe simplified to a two-dimensionaplanestressproblem.Although a
floor slab can be modeledby plane stresselementsa stiff beamelementwith sheardeformations
(Prezemienieckil968) was usedfor an efficient analytical model for a floor slab connectingtwo
adjacentframesat eachfloor level. A stiff beamelementhastwo DOF'’s per nodefor the lateral
displacementand the in-plane rotation to considerthe in-plane deformationof floor slabs (Moon
andLee 1994).

2.1.3 Modeling of the junction of wings

The floor flexibility of a multistory structurewith wings is mainly influenced by the in-plane
deformationof the floor slab at the junction of wings. Three models (ModelsA, B and C) are
consideredn this studyto investigatethe effect of the in-plane deformationof the floor slabat the
junction of wings on the seismicbehaviorof structures.The in-plane deformationof the floor slab
at the junction of wings is representedby a rigid beamfor Model A, a stiff beamwith shear
deformationsfor Model B and a four node plane stresselementfor Model C. Fig. 4 illustratesthe
modeling of the floor slab at the junction of two wings and the neighboringfloor slabsat a floor
level for eachmodel. For Models A and B, onenodeis locatedat the centerof the floor slabat the
junction of wings (seeFigs. 4(a) and (b)) and nodesare locatedat the cornersof a floor slab for
Model C (seeFig. 4(c)). To connectthe floor slab at the junction of wings with the neighboring
floor slab directly, for Models A and B, a stiff beamelementhaving three DOF’s at one end and
two DOF’s at the other end with or without a rigid beamat one endis usedasshownin Figs 4(a)
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(a) Model A; (b) Model B; (c) Model C

Fig. 4 Modelingof the floor slabat the junction of two wings
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(a) a stiff beam element (b) a stiff beam element (c) a stiff beam element having
with four DOF's with five DOF’s five DOF's with a rigid beam

at one end

Fig. 5 Stiff beamelementausedin ModelsA andB

beam element

rigid beam element

Fig. 6 Connectiorof a planestresselementwith a stiff beamelement

and 4(b). For Model C, the stiff beamelementhaving six DOF’s with a rigid beamat one endis
usedas shownin Fig. 6. The stiffnessmatrix for eachelementusedin Models A, B, and C canbe
obtainedthroughthe following procedures.

- A stiff beamwith five DOF’s

The stiffnessmatrix [k,] for a stiff beamwith three DOF’'s at one end and two DOF's at the
otherend as shownin Fig. 5(b) can be derivedby rotating the DOF at the joint j (seeFig. 5(a)) as
follows:

[ko] = [Tol Tkol[ Tyl 1)

The matrix [ky] is the stiffnessmatrix for a stiff beamelementshownin Fig. 5(a). It's sizeis 5x 5
andelementdn thefirst row andthefirst columnarezero. The transformatiommatrix [T,] is given by

E cosB sinB 0 O OE
g-sinB cosB 0 0 0O
Tl=5 o 0 1 0 Of @)
g o 0 0 1 oOd
3 0 0 0 0 1f

where 3 representshe anglebetweerhorizontalaxis andthe stiff beamelement (se€ig. 5).
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- A stiff beamhavingfive DOF’s with arigid beamat oneend
The stiffnessmatrix [k;] for a stiff beamwith a rigid beamat one end as shownin Fig. 5(c) is
derivedby the following formula from the stiffnessmatrix [k,] fora stiff beamwith five DOF's:

[k] = [T,] ko[ T/] 3)

where [I;] is a transformatiomrmatrix usedto transferthe DOF'’s from the nodei to the nodej and
is given asfollows:

01 0 00 0L
o o 1 000
[T.] = H-asing acosf 1 0 OfF (4)
J 0 0 0100
o O 0 0 0 1

wherea is the lengthof therigid beam.

- A stiff beamhavingsix DOF’s with arigid beamat oneend

Becausethe floor slab at the junction of wings is modeledby a four node plane stresselement
with two DOF's per nodein Model C, thereare problemsin the connectiorbetweerthe planestress
elementandthe stiff beamelementshownin Fig. 6. For instancenode5 of the stiff beamelement
does not coincide with any one of the four nodesin the plane stresselement. Moreover, the
rotational DOF appearsat node 5, but nodes1 through 4 have translationalDOF’s only. These
problemscould be solved by the transformationof the stiffnessmatrix for the stiff beamelement
relatingto nodes5 and 6 into that associatedvith nodes2, 3 and 6. The stiffnessmatrix [kg] for
nodes2, 3 and6 canbe obtainedasfollows (Cookand Malkus 1989):

[ki] = [To] [ko][ Tl 5)

wherethe transformatiomrmatrix [TJ,] isdefinedasfollows:

05d O 0.5 0 0
) 1 0 0.5d 0 0.5 0
[Tol = §| cosB sinB —cosB —sinB 0
0 0 0 0 1
0 0 0 0 0

(6)

=0 9O O O,

in which d is the width of the floor slab at the junction of wings. The modified stiffness matrix
[kg] in Eq. (5) is the 6 x 6 matrix andthe correspondinglisplacementector{d,} is asfollows:

{do}={w v» Uz vz Us Vg} (7)
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2.2 Formation of stiffness matrix

A multistory structurewith wings is regardedas a combinationof multistory structureswith
rectangularplan, namely, wing structuresand their junction in this study. Therefore, the total
stiffnessmatrix [K] for a multistory structurewith wings is composedf the stiffnessmatricesfor
wing structuresandtheir junction.

— [Kw] [ij]
(K] = Lymm [KJJ ®

wherethe submatricedK,,] and [K;] are the stiffnessmatrix for wing structuresand their junction,
respectively. The submatrix [K,;] representsthe interaction betweenwing structuresand their
junction. When the numberof wingsis N,, the total stiffnessmatrix [K] for a given structureis as

follows:

[kol, [O] - [O] -+ [O] [kl
[Kulz - [0] -+ [0] [kayls

[K] = ks [0] [k, ©
symm. [ K, Kl
[Ki] ]

where[k,]; representshe stiffnessmatrix for the i-th wing structureand [k,;]; meansgthe interaction
betweenthe i-th wing structureand the junction of wings. To developan efficient analyticalmodel
for a multistory structurewith wings, two coordinatesare usedin this study, which are the local
coordinateusedfor eachwing structureand the global coordinateusedfor their junction. Fig. 7
illustrates the modeling of a one-story structure with two wings using the proposedmodeling

concepts.

(a) Model A (b) Model B (c) Model C

Fig. 7 Modelingof a one-storystructurewith two wings
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2.2.1 Stiffness matrix for a wing structure

Eachwing structureis composef floor slabsandtwo-dimensionaframesin eachdirection,that
is, transverseand longitudinal directions. In this study, it is assumedthat the stiffness for
longitudinal frames is concentratedon the junction of wings to develop an efficient analytical
model. Thusthe stiffnessmatrix for a wing structureconsistsof the stiffnessmatricesfor floor slabs
andtransversdrames.The stiffnessmatrix for the i-th wing structure [k,];, is asfollows:

[k [ktﬂ 10)

[Kali = Lymm'[ Q.

wherethe submatricesi]; and k;]; arethe stiffnessmatrix for transverséramesand floor slabs,
respectivelyand the submatrix ks]; representshe interactionbetweentransversédramesand floor
slabs.

2.2.2 Stiffness matrix for the junction of wings

The stiffnessmatrices[K;] and [K,,] in Eqg. (8) associatedvith the junction of wings are obtained
usingthe stiffnessmatrix [k] for longitudinalframesof the eachwing andthat for the floor slabat
the junction of wings. The stiffness matrix [Kj] for the junction of wings is determinedby the
following two formulas:

[K] = NZW i[kl]ik (for Models A and B) (11a)
iI=1K=
Zz [k]y +[kg] (forModelC) (11b)

where N,, is the numberof wings and N, is the numberof longitudinal framesof eachwing. In
Eq. (11b), the stiffnessmatrix [k;] is a 4 x 4 matrix, which is associatedvith a four node plane
stresselementrepresentinghe floor slab at the junction of wings Although the stiffnessfor the
floor slab at the junction of wingsis consideredn stiffnessmatrix [K;] in Model C, the floor slab
stiffnessis consideredin the stiffness matrix [K,;] for the convenienceof formation of stiffness
matrix for ModelsA andB.

For Models A and B, the stiffnessfor longitudinal framesis concentratedn one nodelocatedin
the centerof the floor slab at the junction of wings while for Model C thatis distributedinto four
nodes.The stiffnessmatrix [ky]; relatedto the i-th wing structureis equalto the stiffnessmatrix
[k] in Eq.(3) or [kb] |n Eq. (1) for Models A andB respectivelyFor Model C, it is representedy
the stiffnessmatrix [kb] in Eq. (5) for the modified stiff beamelement.For a multistory structure
with a rectangularplan, the total stiffness matrix [K] of a given structure can be obtained by
consideringthe submatrix K] only exceptthe submatricesassociatedvith the junction of wings
suchas[Kj] and[K,,] in Eq. (8), asfollows:

K] = [K.] = {[Kt] [Ktﬂ

symm.[ K (12)
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3. Performance of the proposed models
3.1 Numerical examples

To investigatethe accuracyandthe computationakfficiency of the proposedmodelsin this study,
the analysisresultsobtainedby the proposedmodel are comparedwith thoseacquiredusing three-
dimensionalfinite elementmodels.Examplestructuresare L-shaped4-bay, 2-story structureswith
two wings asshownin Fig. 8(a). Two typesof structuralsystemsthe framesystem (F-typeandthe
frame-sheawall system (FW-type)are consideredo examinethe in-plane behaviorof floor slabs
due to the differencein stiffnessdistribution. For the frame-sheawall system,the shearwall is
addedat the end frames(@ and ® asshownin Fig. 8(c). The beamsare 12 incheswide and 18
inchesdeepwhile the columnsare 16 inchesby 16 inches.The thicknesse®f slabsand shearwalls
are5 inchesand 6 inches,respectively.The modulusof elasticityis 3000 psi andthe Poisson’sratio
is 0.167. The N-S componentof the El Centro earthquake (1940)ecordis usedto perform the
dynamic analysisand the ground motion is applied along the axis of symmetryof a plan. The
dampingratio is assumedo be 5% for eachvibrationalmodes.

3.1.1 Three-dimensional finite element models

The floor slab connectingtwo adjacentframesand the shear wall ameodeledusing plane stress
elementsdbecausehe main interestis placedon the in-planebehaviorof floor slabs.Fig. 9 illustrates
three-dimensionalfinite elementmodels F-1, F-2, F-3, FW-1, FW-2 and FW-3 with different
structuralsystemand a numberof elementsusedin the modelingof a floor slab and shearwall,
respectively.The numberof nodes,elementsand DOF’s usedin the proposedmodelsand three-
dimensionalfinite elementmodelsarelistedin Table1.

3.1.2 Results of analysis

Natural vibration periodsfor the first four modesobtainedusing the proposedmodelsand three-
dimensionalffinite elementmodelsare shownin Table 2 andthe correspondingnodeshapedor the
first four modesare shownin Figs. 10 and 11. Fig. 12 representshe displacementime historiesat
points e (seeFig. 8(b)) andb (seeFig. 8(c)). Table 2 showsthat naturalvibration periodsobtained
from the proposednodelsarein good agreementith thoseacquiredusing three-dimensiondinite

O- 3%.‘ - _’%
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g-—g 4 @_§ 1
@—é - ®_§ P
®-" O . bI cI dI iazl
@_ o bI :I dI eIgI @_ ~
eI i) i |“Tu=:m| 1
(‘l\) é (llD (LD é) @ ® 0060
(a) perspective view (b) frame system(F-type) (c) frame-shear wall
system(FW-type)

Fig. 8 Examplestructures
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TN N

(b) FW-type

Fig. 9 Three-dimensiondinite elementmodelsfor examplestructures

Table 1 Comparison of the number of nodes, elements and DOF’s for example structures

Type Frame system (F-type) Frame-shear wall system (FW-type)
Model 3D FE models Proposed model 3D FE models Proposed model
F-1 F-2 F-3 A B C FwW-1 FW-2 FW-3 A B C
Node 77 103 247 18 18 24 77 117 273 18 18 24
Element 114 160 360 34 34 42 118 184 400 34 34 42
DOF’s 360 508 1152 38 38 483 360 522 1204 38 38 48

Table 2 Comparison of natural vibration periods for the first four modes of example structures

unit(sec)
Type Frame system (F-type) Frame-shear wall system (FW-type)
3D FE models Proposed mode 3D FE models Proposed model

Model

F-1 F-2 F-3 A B C FW-1 FW-2 FW-3 A B C

Mode 1  0.489 0.489 0.489 0.489 0.499 0.489 0.490 0.490 0.490 0.490 0.505 0.490
Mode 2  0.488 0.488 0.488 0.488 0.498 0.4&8405 0.406 0.408 0.397 0.428 0.413
Mode 3  0.469 0.469 0.469 0.469 0.475 0.470 0.153 0.153 0.153 0.153 0.157 0.153
Mode 4 0.215 0.217 0.220 0.197 0.233 0.222.149 0.149 0.149 0.149 0.154 0.150

element models. However, Model B results in longer natural vibration periods than three-
dimensional finite element models, which is attributed to the overestimationof the in-plane
deformationof the floor slabat the junction of wings. It is noteworthythat the in-planedeformation
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Fig. 10 Planview of modeshapesf the F-type examplestructure

of the floor slabsoccurredin the lower modessuchas the 4th modefor F-type structure (seéig.
10) and the 2nd mode for FW-type structure (sed-ig. 11). Comparisonof the natural vibration
periods obtained from Models A and C for such modes shows that the neglect of in-plane
deformationof the floor slab at the junction of wings resultsin shorter periods. From Fig. 12,
Model B resultsin a somewhatdifferent displacementtime histories for F-type and FW-type
structureslt is observedhat for the F-type structurethe displacementime historiesobtainedusing
Models A and C arein good agreementvith thoseacquiredusing three-dimensiondinite element
models.However,Model A showssomewhatdifferent displacementime historiesfor the FW-type
structure.This meansthat the displacementime historiesat any point may be affectedby the in-
plane deformationof the floor slab at the junction of the wing when the differencein stiffness
amongthe framesis expectedo be large. From the abovementionedanalysisresults,it seemsthat
the proposedmodels have the satisfactoryaccuracyand computationalefficiency for a multistory
structurewith wings, including the in-planefloor slabflexibility.
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Fig. 11 Planview of modeshapeof FW-type examplestructure

4. Conclusions

Efficient modelsfor analysisof a multistory structurewith wings, including in-plane deformation
of floor slabs,are proposed.For this purpose,a multistory structurewith wings is regardedas a
combination of multistory structureswith rectangularplan and their junctions. In addition, a
multistory structurewith rectangularplan is consideredto be an assemblagef two-dimensional
framesin each direction and floor slabs. To representthe in-plane deformationof floor slabs
efficiently, a two-dimensionaframe andthe floor slabconnectingtwo adjacentramesat eachfloor
level is modelledas a stick model and a stiff beamwith sheardeformations,respectively. Three
modelssuchasModels A, B andC are proposedo investigatethe effect of in-planedeformationof
the floor slab at the junction of wings on the seismicbehaviorof structures.The accuracyof the
proposedmodelsis examinedby comparisorof analysisresultsobtainedfrom the proposedmodels
andthree-dimensiondinite elementmodelsin termsof naturalvibration periods,mode shapesand
displacementime histories.Basedon the analysisresults,the following conclusionscanbe made.
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Fig. 12 Comparison of displacement time histories at peiffstype) and (FW-type)

1. Since a multistory structurewith wings is idealizedas a combinationof multistory structures
with rectangulamplan and their junctionsin this study, the proposedmodeling conceptcan be
easilyappliedto multistory structureswith plansin the shapeof L, T, Y, U, H, etc.

2. Comparisonof the analysisresultsobtainedfrom the proposedmodelsand threedimensional
finite elementmodelsfor examplestructuresshowsthat the proposedmodelscanbe usedasan
efficient tool for an analysisof multistory structureswith wings. In particular, the in-plane
deformationof the floor slabsat the junction of wings was significantin the lower modesin
the caseof the FW-type structure.In this case,the effects of the in-plane deformationof the
junction on the seismicbehaviorof structurescan be investigatedoy the proposedviodel C in

which the floor slab at the junction is modelledby a planestresselementwith two DOF’s per
node.
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Notation

a . length of a rigid beam element

B : angle between horizontal axis and a stiff beam element

d : width of the floor slab at the junction of wings

Ni : number of longitudinal frames of each wing

Ny : number of wings

[Ko] : stiffness marix for a stiff beam element with shear deformations

[Ko] . stiffness matrix for a stiff beam element with five DOF's

[k : stiffness matrix for a stiff beam element having five DOF’s with a rigid beam at one end

[ki] . stiffness matrix for a stiff beam element having six DOF's with a rigid beam at one end

[ . 2 x 2 identity matrix

{dp} . displacement vector

K] : total stiffness matrix for a multistory structure with wings

[Kw] : stiffness matrix for wing structures

K] : stiffness matrix for the junction of wings

[Kugl . stiffness matrix representing the interaction between wing structures and their junctions

[Kali : stiffness matrix for thé-th wing structure

[Kai]i . stiffness matrix representing the interaction between-theving structure and the junction
of wings

[k : stiffness matrix for transverse frames of itk wing structure

[keli . stiffness matrix representing the interaction between transverse frames and floor slabs of
thei-th wing structure

[kei : stiffness matrix for floor slabs of theh wing structure

[K] . stiffness matrix for longitudinal frames of each wing

[Ks] . stiffness matrix for the floor slab at the junction of wings





