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Abstract

This dissertation examines the response and design of reinforced concrete core-slab-frame

structures subjected ta monotonically increasing earthquake and gravity loads throughout the

entire load range until failure. presenting findings from three separate studies by ~Ianatakos and

~Iirza (199.=ï) continuing the :\rI. Eng. thesis research by Manatakos (1989). A typical building is

selected consisting of a central core substructure composed of elevator. staircase and illfilled slab

cores. with coupling and lintel beams. and surrounding slabs joining to a frame substructure

composed of slab-band girders. slabs and columns.

Stage 1 concentrates on the elastic response and Stage :J examines the nonlinear response

of the core-slab-frame structure considering the effects of cracking and crushing of concrete.

strain-hardening of the reinforcement. and tension-stiffening. Analyses involve three-dimensional

f..lla~tic and nonlinear finite element modeling techniques of the structure ta investigate the

con t ri bu t ion and influence of the various st ruct uraI components. The structurai rf'sponse is

examined for the deformations. the concentrated rein forcement strains and concrete stresses in

the cores. the force and stress distributions in the structural members. and the failure mode.

Stage 2 focuses on the design and detailing of the core-slab-frarne structure following seismic

provisions of building code requirernents for reinforced conrrete structures where applicable as

given in the CSA Standard CAN3-A23.3-~18-l (1984), the ACI Standard ACI :318!V1-83 (L98:3)

and the ~e\'..· Zealand Standard NZS3101 (1982). Assurnptions made in the conventional design

procedures and any shortcomings encountered are examined. Suitable design procedures and

reinforcement details are suggested where no provisions exist in the codes.

Findings demonstrate complex three-dimensional interaction among the cores. beams. slabs

and frames in resisting the lateral and gravity loads. and show considerable strength. ductility

and energy absorption capability of the structure. Critical areas for design include the joints and

jllnctions near the vicinity of core wall-slab-beams ends and corners. Plastic hinging extends

over the lower 25% ta 33% height of the structure \Vith the majority of inelastic action and

damage concentrated in the bot tom 10% to L5% height. predicting an ultimate load of :3..1 to .5.9

times the design earthquake load with top drifts of the structure between 'j.jO mm to 1:37.) mm.
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Résumé

Cette dissertation examine le comportement complet ainsi que les calculs sismiques des

bâtiments immeubles en béton armé composés des cages de noyau. dalles, et cadres. soumis à

des charges monotoniques de séismes et de gravité à toutes les phases de chargement jusqu'à la

charge ultime. Ces résultants proviennent de trois rapports par Nlanatakos et ~lirza ( 199.5) suite

à la recherche de ~[anatakos ( 1989). Pour l'étude, un immeuble caractéristique de construction

moderne en béton armé est choisi. comportant des cages de noyau pour ascenseur, pour escaliers.

et avec dalles. avec des poutres d'accouplement et linteaux d'ascenseur. et des dalles adjacentes

connectées à des cadres composés de poutres-dalles. dalles, et des poteaux.

La réponse globale dans la gamme élastique est étudiée dans la première phase. Pour la

troisième phase, le comportement non-linéaire est examiné en considérant les effets de fissur

ation et d'écrasement du béton, d'écoulement et d'écrouissage de l'armature d'acier, et du

raidissement sous tension. La contribution et l'influence des divers éléments structuraux de

lïrnmeu ble sont étudiées en utilisant des analyses tri-dimensionnelles complètes par éléments

finis représentant la structure entière. La réponse structurale est évaluée selon divers niveaux

de charge pour les courbes charges-déformations. les allongements de r acier concentré et les

contraintes du béton dans les cages de noyau, la distribution des forces résultantes des éléments

struct uraux. et le mode d'écroulement.

La deuxième phase de r étude se concentre sur les principes de calcul sismique pour les

immeubles (-'n béton armé selon les normes et règlements des codes Canadiens (,SA CA~;3

.-\2:3.:3- ~Ix~ (l98~). Americain AC! 318~[-83 (198:3) et Néo Zelandais ~ZS3101 (1982). Les

hypothèses conventionnelles pour les méthodes de calcul et les déficiences rencontrées sont ex

aminées. Des directives et des suggestions appropriées sont proposées en matière de calculs et

détails d' armature d'acier au besoin.

Le comportement cOlnplet de l'immeuble démontre des effets tri-dimensionnels complexes

d' interaction et d' accouplement entre les cages de noyau~ poutres. dalles. et cadres. en plus de

démontrer une résistance, une ductilité, et capacité d'absorption d'énergie considérable. Parmi

les régions importantes pour les calculs sismiques, on dénote les joints et les jonctions aproximité

des coins et des extrémités des cages de noyau-dalles-poutres. La région des rotules plastiques

COll vre de 2.5% à :3;3% de la base de la structure. engendrant la majorité des déformations

inélastiques et des dommages structuraux aux premiers 10% à 1.5% de la hauteur de la structure.

La charge ultime est évaluée de 3.4 à 5.9 fois plus élevée que les valeurs des calculs sismiques et

le déplacement latéral du haut de la structure entre 750 mm et 1375 mm.
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Notation

The following is a List of symbols of the principal notations which are corn mon in the various

chapters of the text: other symbols are used in individual chapters. In general. subscripts and/or

superscripts are added to the symbols defined below. AH syrnbols are defined in the text \vhen

they first appear. Note that sorne symbols have several definitions depending on the context in

which they are being used.

Roman Letter Symbols: Upper Case

A Cross-sectional area; area

A.E Axial rigidity

C Axial compressive force

CIL' \Varping constant

( [Cl Elasticity matrix

D Flexural rigidity of a plate or shell

E Young"s rnodulus of elasticity (in tension and compression)

E[ Flexural rigidity

ECw \Varping rigidity

F A generalized force; a concentrated load

G Modulus of elasticity in shear

GA Shear rigidity

GJ Torsional rigidity

H Height of structure

[ Nloment of inertia of cross~sectionalarea

(second moment of cross-sectional area)

[xx, [yy, [== Moments of inertia of a plane area with respect to the x~ y, and:: a..xes,

respectively

(
[xy

[vertical

Product of inertia of a plane area with respect to the x and y a..xes

Moment of inertia of cross-sectional area in the vertical plane

[horizontal lvloment of inertia of cross-sectional area in the horizontal plane
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Itorsiona! Torsional moment of inertia of cross-sectional area

Polar moments of inertia of a plane area with respect to the centroid

and the shear centre. respectively

J St. Venant torsional constant

A' Stiffness factor for flexuraI member

L Length of member~ span length

JI! Bending moment at a section; moment of force (or couple):

end moment of member;

bending or twisting stress-couples in plates and shells

l\r/t Twisting moment

J!x x, Al}"T Bending moments at a section of a plate/shell perpendicular to x and y axes.

respecti vely

J!X}'O, J-h·" X Twisting moments at a section of a plate/shell perpendicular to x and ya.xes.

respectively

S Normal force: a.xial force at a section:

membrane stress-resultants in in plates and shells

lv".~, iV}"" Membrane forces per unit length at a section of a plate/shell

perpendicular to x and y directions. respectively

Nxy Shear force in direction of y axis per uillt length of a section of a plate/shell

perpendicular to x a.xis

P Force: concentrated load

Q Force~ concentrated load; statical moment of area:

transverse shear stress-resultant in plates and shells

Q.~, Qy Shearing forces parallel to z a.xis per unit length of sections of a plate/shell

perpendicular to x and y axes. respectively

R Reaction; resultant

S Distance or length; stress resultant

Sx x, Sy}"o Principal normal stresses per unit area at a section of a plate/shell

perpendicular to x and y directions, respectively

SXy Principal shearing stress force in direction of y axis per unit area of a section

of a plate/shell perpendicular to x axis

T Axial tensile force; torque or twisting moment

Shearing force at a section

~~l Weight; total load
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Roman Letter Symbols: Lower Case

( a Length or distance

•

b Length or distance: breadth or width of cross-section

c Length or distance; distance from neutral a.x:is (centroid)

or from centre of twist to extreme fi bre

d Length or distance; diameter; depth of cross-section

f: Eccentricity

f Numerical factor: flexibility factor for flexural members: computed stress

9 Numerical factor: gravitational acceleration constant

h Numerical factor; height of a storey or an element:

depth of a girder (beam); thickness; distance

l, J Coefficient: integer

k Coefficient; numerica.l factor; constant; sping constant

Numerical factor; coefficient; length or distance

e Length or distance; span

m Integer: numerical factor: coefficient; length or distance: mass

m.r.n m yy Bending moments per unit length of sections of a plate/sheII

perpendicular ta x a.nd y a..xes, respectively

TTl.ry, my.r Twisting moments per unit length of sections of a plate/sheII

perpendicular ta x and y axes. respectively

m= Intensity of torque per unit distance along :; axis

n Number; integer; coefficient

p Pressure intensity per unit area

q Distributed load intensity

r Radius; coefficient; integer

s Distance; coefficient; integer

(

w

leT

U, 1:', W

x, y, z

Thickness; width

\Veight per unit volume; intensity of uniformly distributed load per unit length

wlaximum intensity of triangularly distributed load per unit length

Displacement components corresponding to J.'. y. and z coordinate directions.

respectively

Orthogonal coordinate axis
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Greek Letter Symbols

( 0, j Angles: numerical factors; coefficients: ratios

f Shearing unit strain: weight per unit volume: numerical factor: coefficient

:.ry, fx=, ly= Shearing strain components corresponding to the unit shear stress components

() Net deflection: change in deformation

~ Total deformation or deftection

~x, ~y, ~= Translational degrees of freedom in the x, y, and z directions. respectively

•

()

o
~, 'l, À, J1

p

Unit normal strain (tensile or compressive)

{; nit normal strains in the .r. y. and z directions. respectively

Slope angle for elastic curve; angle of inclination: angle of twist per unit length

Rotational degrees of freedom about the x, y. and z axes. respecti vely

Total angle of twist or inclination

Numerical factors: coefficients: ratios

Numerical factors; coefficients: ratios

Angle of twist

Poisson's ratio

Radius of curvature

(

li Curvature

G Unit normal stress (tensile or compressive)

an Gy, a= Normal components of stress in the x. y. and z directions. respectively

T Unit shear stress

T.ry, ï y=, T=x Unit shear stress components on planes perpendicular to the x. y. and z axes

and parallel to the y, z, and x axes
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Abbreviations

To facilitate the presentation of the text. the discussions and comparisons of the results in

the various figures and tables. the following abbreviations are used (Fig. 1.1):

Core sect ion = Infilled-slab core section

Elev section = Elevator core section

Stair section = Stairwell core section

CB = Coupling beam(s)

LB Lintel beam( s)

• I-E coupling beams

E-S coupling beams

= Coupling beams spanning between the

Infilled-slab and Elevator core sections flange walls

Coupling beams spanning between the

Elevator and Stairwell core sections flange walls

S-slabs

E-slabs

E-S-slabs

Surrounding slabs around the core sections perirneter

Enclosed slabs with the core sections

Enclosed and surrounding slabs
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Chapter 1

Introduction

1.1 General

~Iodern low-. medium- and high-rise reinforced concrete buildings typically employa config

uration of the core-slab-frame structural system to satisfy architectural and structural needs.

and other requirernents aimed at efficient use of the structure. Overall building dimensions.

the structural system selected. the Aoor plans and layout are governed by several factors in

cluding municipal bylaws. structural code provisions and architectural requirements for large

colurnn-free open spaces. Sizes of the various structural elements must comply \Vith the mini

mum dimensional requirements to meet the design and construction constraints for placement

of the reinforcement with adequate spacing and clear cover, and to ensure overall stabiii ty and

safety of the structure. The frame substructure consists of columns. beams/girders and a slab

system. Core substructures are normally located in the central region of a building and gener

ally consist of a combination of various rectangular. 1-, L-, U-. C- configuration cores and walls

with openings providing vertical transportation (elevators and stairs) and the various services,

and cores with enclosed slabs (portions of the slab \",·ithin the cores). Certain restrictions are

imposed on the st ruet ural cores to allow for circulation within a building requiring openings

for passageways and corridors resulting in deep coupling beams connecting the cores. and lintel

beams spanning across the core openings. A surrounding slab (portions of the slab around the

perimeter of the cores) is present joining the core and frame substructures creating interaction

between the two, forming a core·slab-frame structure.

Once the building structural system is selected, elastic analysis techniques are traditionally

employed to evaluate the deformations and the design forces in the structural elements due to the

imposed loading. Current building codes require the use of the ultimate strength design method

for designing and detailing structural members for the factored loads at the ultimate limit state,

while satisfying the serviceability linùt state criteria. Many alternatives are available in the

literature for the idealization of the structure and its substructures for analysis, ranging from

simple hand methods of solution and computer modeling techniques for preliminary analyses,

ta sophisticated finite element techniques idealizing the entire building or substructures for a
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more detailed and refined analysis [Manatakos (1989)]. The latter type of analysis is generally

used for investigative purposes and is neither feasible nOf practical for use in the design office.

No guidelines exist giving weIl defined procedures for the type of modeling of a structure and

the method of analysis ta be employed.

Selection of the analysis method and idealization of a structure should be based on the accu

racy of knowledge of the externally applied loading and on the stage of the analysis and design

(preliminary or refined j being performed. Traditional simplified planar methods of analysis are

not al\vays conservative and the contribution of all of the members in a building should be con

sidered. At the ground level and below. all horizontal translations are typically restrained and

the structure base is considered essentially fixed to the underlying foundations wit h all transla

tions and rotations restrained. It is difficult to examine the influence of such complex boundary

conditions and their stiffening effects unless detailed three-dimensional analyses of the structure

are undertaken.

The realistic response of a reinforced concrete core-slab-frame structure is very complex as

it is subjected to increasing lateral and gravity loads, from zero load through the linear and the

nonlinear ranges, to the ultimate load stage until failure. Three-dimensional interaction between

the structural components and the nonstructural elements E:.aSt3, û'nd these are quite difficult

to be considered accurately in any analysis and design. Toois and procedures are also lacking

for seismic design of such structures taking into consideration the three-dimensional response.

1.2 Identification of the Problem

1.2.1 Linear Elastic Response and Design

Previous studies on core structures have focussed on the response of single ceU cores subjected

to lateral loads producing torsion in the elastic range [Stafford Smith and Taranath (19ï2L

Heidebrecht and Stafford Smith (1973) and Khan and Stafford Smith (19ï5)]. Cores are classified

as either open-sections when no lintel beams exist across the openings (typically, a slab is present

creating a partially closed-section) and closed-sections when Untel beams are present spanning

across the openings (generally these beams are of depth equal to about one-third of the storey

height). The actual response of a core is between these two limits and is influenced by the core

shape and the presence of bearns and slabs. making the analysis very complex and diffieult.

Torsional and warping deformations oceur in core structures resulting in torsional moments

and bimoments producing torsional shear and longitudinal warping stresses in addition to the

direct~ flexural. shear and St. Venant shear stresses normally considered. These additional

warping stresses can be critical in core structures and must be considered in their analysis and

design. Nlore details relating to the theory of torsional analysis of cores have been provided by

Vlasov (1961), Zbirohowski-Koscia (1967) and Kollbrunner and Basler (1969).

Previous studies on slab-core structures have focussed on interior panels of floor slabs with

similar supports, colurnns or structural walls/cores, subjected to lateralload in the elastic range
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to determine the effective slab width for a lateral load analysis [Khan and Sbarounis (1964).

Qadeer and Stafford Smith (1969). Pecknold (197.5). ('ouU and El Hag (19ï.5) and Alan and

Darvell (1974)] and sorne studies have dealt with mixed column-wall-core supports [Tso and

wIahmoud ( 1977 )]. Long and Kirk ( 1980) examined the influence of gravity loads on the effective

slab widths. It is normally assumed that slabs have large in-plane stiffness 50 that the in-plane

deformations can be considered to be negligible (rigid floor slab method) to simplify the analysis

by using effective sIab widths for lateral load analysis and centre-to-centre panel widths for

gravity load analysis. Few investigations have been perforrned on slab-core structures subject

ta lateral loads producing torsion. Taranath (1975. 1976) examined the torsional response of

a simple symmetric flat plate-core structure, but only for the core actions in the elastic range

with simplifying assumptions for the slab-core connection.

In present day analysis and design, it is common practice ta employ simplified two- or

three-dimensional analyses of a structure incorporating lumping and reduction techniques. and

equivalent substitute structures for frames. structural walls/cores and slabs to determine the

interactive forces between the various components. to minimize the analysis work and to facili

tate the design process. A substructure analysis is then performed using the more refined finite

element method isolating a particular building component. incorporating simplifications. impos

ing the appropriate boundary conditions and applying the corresponding substructure forces.

Therefore, two different idealizations of a structure are required for analysis, one idealization for

lateral load analysis and another idealization for gravity load analysis. In the lateralload anal

ysis. the applied loads are assumed to be resisted entirely by the structural walls/cores typically

as a central core system, or in combination with a frame system forming equivalent frames using

effective slab widths. In the gravity load analysis, the loads are resisted by a slab-beam/girder

column-wall/core system. a typical floor and the supporting members are considered using the

centre-ta-centre panel widths ta form frames representing the entire floor slab. Unfortunately.

employing these analysis concepts does not always yield conservative results, and quite often it

leads to overdesign of the lateraIload resisting elements and possible under-design of the gravity

load resisting elements. The response of a structure subjected to lateralloads. due to earthquake

or wind. and gravity loads is very complex since the effective stiffness of the structure varies for

each response considered separately. Therefore. a single idealization cannot be used for both

lateraI and gravity load analyses.

Determination of the deformations and forces in a structure for design is not a simple under

taking. Many modeling techniques and methods of analysis of building structures for lateral and

gravity loads are available in the literature. Selection of an appropriate method is the respon

sibility of the structural engineer, a task which can be a difficult one. Current concrete design

codes do not provide adequate design procedures and requirements for the design of individual

and coupled cores, open·, closed- and partially-closed sections, slabs surrounding and enclosed

within cores, coupling and lintel beams connected to cores, and the various slab-core wall-beam

connections and regions, taking into consideration the three-dimensional structural behaviour.
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Limits and restrictions on the allowable deformations and stresses due to lateral and gravity

loads in the various structural components and the overall structure are generally imposed by

building codes or by the structural engineer. It should be noted that these imposed restrictions

do not take into consideration the method of idealization or the degree of refinement required

(simplified or detailed) for the analysis. The question arises: How meaningful are these imposed

limitations and restrictions? The governing factors in design for lateralloads are the net inter

storey drift and the overall drift of a building. Nla."<.imum allowable drift indices, the ratio

of the storey drift to the storey height and that of the drift to the total building height. are

specified with typical values of 1/.500 and 1/500 to 1/1000, respectively. the latter value being

dependent on the height of the structure. From a survey of several buildings. Fintel (1975)

noticed differeoces of several hundred percent in the prediction of the drift of the structure

depending on the analysis technique selected. Quite often, the use of a simplified analysis

method can result in values which exceed the prescribed deformation and stress limits, whereas.

a more detailed sophisticated three-dimensional finite element analysis of the entire structure

may give results for these deformations and stresses well within the prescribed limits due to the

consideration of the three-dimensional response of the structure [rvlanatakos ( 1989 )].

Findings by wlanatakos (1989) [M. Eng. investigation, details given in the foUowing section]

and subsequent work by Chew (1991). demonstrate that the response of a core-slab-frame struc

ture and the resulting deforrnations and forces in the various substructures due to lateral and

gravity loads. vary depending on the method of analysis and the modeling technique used fOI

the analysis. Sophisticated finite element analyses predict a more realistic response of a struc

ture and demonstrate actions which cannot be determined otherwise and may be critical in the

analysis and design of core-slab-frame structures. As the idealization of a structure takes ioto

consideration the various structural components. proceeding from a linked planar model to a

simplified three-dimensional model to a more detailed three-dimensional finite element model.

a considerable increase is noted in the overall stiffness of the structure.

The lateral and gravity load response of core-slab·frame structures is very complex with

three·dimensional interaction occurring among the core and frame substructures, and their com

ponents. the slabs, columns, and coupling and lintel beams, influencing the structural response

which is a critical factor in analysis and design. Factors requiring further study include torsional

and warping deformations due to lateral and gravity loads, and the effects and influence of the

core-slab-frame components on each other and on the overall structural response. Existing lît

erature shows no research on slab-core regions which takes these effects into consideration. The

finite element method appears to be a logical method of efficiently tackling this problem, in

order ta determine the various actions in core-slab-frame structures.
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1.2.2 Previous M. Eng. Investigation

:\. comprehensive revie\v examining the various linear elastic modeling and analysis techniques of

reinforced concrete buildings subjected to lateral and gravity loads. giving complete details and

literature reviews, was undertaken by Manatakos (1989). Two buildings reflecting the current

trends in design and construction were selected for the investigation: a 20 starey medium

rise building and a 4 starey low-rise building, and their substructures consisting of frames,

individual and coupled structural cores/walls, frame-cores/walls, coupled structural cores/walls

and flat slab-core/wall structures. The analyses performed range from hand methods of solution,

simplified two- and three-dimensional computer modeling (assuming rigid floor slabs) employing

lumping and reduction techniques for preliminary analysis and design. to sophisticated three

dimensional finite element analysis techniques idealizing the entire low-rise building and the

substructures of the medium-rise building (rigid floor slab assumed) for more detailed analyses.

:\. snmmary of the various idealization techniques and analysis methods examined is listed below.

L Frame Structures

a) Hand methods of analysis for determining the drift:

[il Shear-flexure effects in frames - Goldberg ( 197-t)

b) Hand methods of analysis for calculating the member forces:

[il Cantilever method - Wilson (1908)

[H] Simplified portal method - Smith (1915)

[iiil ivlodified portal method - Bowman (19.50)

[iv] A" -factor method - vVilbur ( 1934)

c) Computer Methods of Analysis :

[il Equivalent one-bay substitute frame - Khan and Sbarounis (1964)

[H] Lumped girder reduction technique - PCA (1971)

[iii] Member-for-member idealization based on centerline dimensions - PC:\. (1971)

[iv] Consideration of the dimensions of the beam-column joints

based on clear member lengths - PCA (1971)

II. Structural Wall/Core Structures

a) Hand methods of analysis :

[il Stick idealization using simple bending theory

[ii] Continuous medium analogy for coupled structural walls

- Coull and Choudhury (1967), Coull and Puri (1967,1968),

Coull and Adams (1973)
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b) Computer methods of analysis:

[il Lumped column idealization - Khan and Sbarounis (1964)

[ii] \Vide column idealization - MacLeod (1970)

[iii] Finite element method (rigid floor slab)

lIi. Frame-Structural vVall/Core Structures

a) Hand methods of analysis :

[il Equivalent one-bay substitute frame. and stick idealization of \Valls/cores

- Khan and Sbarounis ( 1964)

[ii] Shear-flexure effects in frames and structural \Valls/cores

- Heidebrecht and Stafford Smith (1973). Basu and Nagpol (1980)

b) Computer methods of analysis:

[il Idealization of frames and walls/cores by equivalent or substitute structures

as listed in 1 and II above.

[ii] Sirnplified two- and three-dirnensional analyses (rigid fioor slab)

[iii] Finite element rnethod (rigid floor slab)

IV. Slab Structures

a) Lateral load analysis

[il Simplified two- and three-dirnensional analyses assuming rigid in-plane floor

slab idealized as equivalent beams with effective slab widths determined using

the available charts and tables for similar end support conditions consisting

of columns, \Valls, or cores.

- Khan and Sbarounis (1964), Qadeer and Stafford Smith (1969), Pecknold (1975).

Coull and El Hag (1975), Tso and Mahrnoud (1977), Alan and Darvell (1974)

[ii] Finite element method

b) Gravity load analysis

ri] Simplified code method: the direct design method

- Nichols (1914), Lord (1910), Westergaard and Slater (1921),

CSA Standard CAN3-A23.3-M84 (1984)

[ii] Planar equivalent frame representation of the fioor slab substructure and

t.he supporting members: the equivalent frame method

- Corley and Jirsa (1970)~ Sirnmonds and LvIisic (1971). CSA Standard (1984)

[iii] Finite element method

Accuracy of the methods and the response of the various substructures was examined in terms

of the deformations, the individual and lumped member forces, the forces and stresses, and the

distribution of forces in the different structural elements.
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The three-dimensional response of the core-slab-frame structure [NIanatakos (1989)] is ap

proximately 4 times stiffer than the aggregation of planar systems basically due ta the interaction

between the various components. The drift of the structure decreases ta about 20% ta 25~, of the

maximum drift given by a planar idealization. Force distributions in the cores for the interactive

forces. and the bending moments and shear forces demonstrate a transfer of up to 1.5% addi

tional shear forces to the cores substructure, indicating an increased stiffness throughout the core

height. Stresses in the cores show a reduction by as much as 45% when the three-dimensionaI

structural response is taken into consideration in the analysis.

Results for the low-rise building response [iVIanatakos (1989)] for the defiected shapes of

the sIabs due to gravity loads demonstrate complex surfaces showing rapidly changing slopes

in panels with mixed support conditions present. illustrating one-way action along structural

core walls and two-way action around columns~ ends and corners of walls/cores. Earthquake

loading results demonstrated that the slab response is influenced by the type of supports: flexible

column or stiff wall/core supporting members, and the adjacent slab panels. Thus. very complex

deflected surfaces develop in panels with mixed support conditions. Distribution of the in-plane

slab stresses due to earthquake loads illustrate shear lag effects with large stresses near regions of

stiff structural wall/core ends and corners. and stress reversals where variations in slab stiffness

occur due to the presence of walls/cores and openings. As a result~ problems may arise in

these regions due to the sudden transfer of forces from the slab to the wall/core. In panels

with mixed support conditions - columns and walls/cores - irregular bending and twisting

moment distributions are noted in a sIab due to the earthquake and gravity loads. with Iarger

moments near the ends and corners of walls/cores and moment reversaIs along the regions of

wall/ core supports. Slab twisting moments are as significant and Iarger in magnit ude as the slab

bending moments in panels with mixed supports; these trends also occur in stiffer slab regions

for earthquake loads and in flexible slab regions for gravity Ioads. The magnitude of the slab

bending and twisting moments due to earthquake loads. can be as large as those due to gravity

loads in the vicinity of structural cores where mixed panel support conditions exist.

Findings demonstrate that the deformations and forces in a building and its substructures

due to lateral and gravity loads can vary widely depending on the method of analysis and

the modeling technique employed. The actual structural response is very complex with three

dimensional interaction occurring between the various structural components resulting in all

the components participating in the lateraI and the gravity Ioads resistance, irrespective of the

idealization and the assumptions employed for analysis and design. Contributions of the various

structurai components to the overall structural response must be taken into consideration in the

analysis for an efficient and economicaI design. It must be emphasized that even the sophisticated

finite element methods used for determining the deformations and forces in a structure should

not be accepted unquestionably as giving the C01ïect final results. Approximate methods of

analysis provide numbers such as deflections and overall force distributions to perform a quick

check on the reasonableness of the results obtained using the more sophisticated methods.
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1.2.3 Nonlinear Inelastic Behaviour

In present day philosophy, reinforced concrete structures are anaIyzed using elastic anaIysis

techniques following the building code regulations for equivalent static representation of the

ultimate Ioads. lateraI and gravity loads, and are designed for the resulting forces. Concrete is

assumed to be an uncracked. homogeneous and isotropie material. How good is this rationale

and hm,,; reliable are the traditional analysis and design methods for buildings compared with

the observed response in practice? Nonlinear analyses of structures are rarely considered by

the practising engineer. being impracticai and very expensive. and are empIoyed typically for

investigative analyses of existing building su bstructures \Vith serious problems.

The general state of a reinforced concrete building is not the same throughout the structure.

Properties and strength of the concrete and the steel rein forcement vary, and cracking of the

various structural elements (col umns, girders, beams, structural walls/cores, slabs) may occur

under service loads. Typically cracked section properties for the various building components are

used in elastic analyses, where the reduced stiffness values are determined based on analytical

studies and test results of the response of planar individual frames, structural walls/cores subject

to lateral loadings. Park and Paulay (197.5) have suggested using the following reduced flexural

rigidities (based on the gross section properties) for cracked section elastic analysis :

Elcolwnncr~cked = (O.ïO to 0.80) Elcolumnuncr3.cked
(

For girders/beams

For columns :

For struct urai walls/cores

E Igirder/beam cr~cked

Elwall/core cr~ck'!d

(0.40 to 0.60) Elgirder/bearn
uncr~cked

= (DAO to 0.7.5) Ely;all/core
uncr~cked

(

At higher load levels. it is recommended [Park and Paulay (1975)] that the flexural rigidities of

the vertical lateraI load resisting elements be further reduced to Elcracked = 0.25Eluncracked at

the base region of the structure. In addition, cracking due to lateral loads causes the stiffness

to change along the length of the individual structural elements. As a consequence, the flexuraI

rigidity of the structural members and components varies along the height of the structure,

being smaller in value near the base region where most of the cracking occurs due to lateral

loads (potential plastic hinging region for structural walls, cores and columns) and larger in

value in the upper regions since cracking is not as severe. Therefore, many values of the flexural

rigidity may have to be assigned for the same component or member in a structure along the

building height for a lateraI load analysis. Guidelines providing such values do not existe

The nonlinear response of a reinforced concrete slab system subjected to lateral and gravity

loads is very complex involving materiaI and geometric nonlinearities, redistribution of forces due

to cracking, tension stiffening, arching and membrane action, and inelastic response at higher

load levels. Influence of these factors on the overall sIab response is dependent on the degree

of restraint present and the stiffness of the supporting members, columns, beams or structural

core walls around the panel perimeter [Cope and Clarke (1984) and Park and GambIe (1980)J.
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1.3 Research N eeds

Previous studies and investigations of core and sIab-core structures have focussed on the linear

elastic response of single cores and of isolated symmetric simple slab-core structures. These

are not representative of realistic reinforced concrete core-slab-frame structures. To the best of

the author's knowledge, the cracking patterns, plastic hinging regions in the various structural

components and the failure modes of core-slab-frame structures have not been investigated. No

analytical or experirnental investigations of a complete three-dimensional reinforced concrete

structure or core-slab substructure have been reported.

Based on the findings of the previaus investigation by Manatakos (1989). consultations with

practicing engineers and from a survey of the existing literat ure~ further research is needed

to study the behaviour of modern reinforced concrete core-slab-frame structures subjected ta

lateraI and gravity loads to failure. Various actions must be examined in detail for the differ

ent phenomena including: three-dimensional interaction of the various structural components

- cores. coupling and lintel beams, endosed and surrounding slabs~ and frames on the overall

structural response. Design procedures and reinforcement detailing are lacking in current con

crete design codes far lateral and gravity loads design of individual and cou pIed cores~ open-.

closed- and partially-closed sections, slabs surrounding and enclosed within cores, caupling and

tintel beams connected ta cores, and the various slab-core wall-beam connections and regions

taking into consideration the three-dimensional structural behaviour.

1.4 Scope and Objectives of the Present Study

The basic objectives and scope of this research program are:

1. To study the behaviour reinforced concrete care-slab-frame structures

subjected to laterai and gravity loads to failure.

2. To investigate the three-dimensional interaction of the core-slab-frame

structural components and their influence on the overall structural respanse.

3. Ta develop practical design recommendations and procedures

for the various structural components: core sections, coupling and lintel beams,

slabs surrounding and enclosing cores, and their connections.

4. To provide an improved understanding of the

complex behaviour of reinforced concrete core-slab-frame structures.
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1.5 Description of the Structure

The structure is chosen ta represent the current construction trends for reinforced concrete

core-slab-frame buildings. designed for interaction of cores and frames to lateral loads.

The core-slab-frame structure Fig. 1.1. is 20 storeys above and one storey below the ground

level with storey heights of4.88m (16ft) for the main and roofstoreys, 3..50m (llft-6in)

for typical interior storeys and 3.66 m (12 ft) for the basement storey. It is of non-rectangular

floor plan with 6 bays of 6.10 m (20 ft) each in the short direction. and -! bays. twa of 9.14 m

(:30 ft) and two of 10.67 m (3.) ft) in the long direction of the building.

.-\ central core substruct ure is present consisting of three cores: an "infilled-slab" core (Core)

so termed since it has no opening with a 203 mm (8 in) thick enclosed slab within the core section.

an elevator core (Elev) with 203 mm (8 in) wide by 914 mm (36 in) deep lintel beams spanning

across the opening, and a stairwell core (Stair) with a staircase opening and partial enclosed

slabs. Cross-sectional dimensions of the cores inc1ude: web walls of 7.62 m (2.5 ft) width for

each core, two flange walls each of 3.66m (12ft). 2.74m (9ft) and 1.52m (5ft) for the Core.

Elev and Stair sections, respectively, and wall thicknesses of 30.1 mm (12in) for all but the Elev

section web wall which is 254 mm (10 in) thick. The cores are connected in the building short

direction at the floor levels by coupling beams of dimensions 30.5 mm (12 in) wide by 914 mm

(36 in) deep (one-third the storey height) with spans of 3.05 m (10 ft) for the I-E coupling beams

spanning between the Core and Elev sections flange wall ends, and 1.22 ln (-1 ft) for the the E

S coupling beams spanning between the Elev section flange-web corners and the Stair section

flange wall ends.

A frame substructure is present in the building long direction composed of columns \\'ith

uniform member properties and cross-sectional dimensions 610 mm by 610 mm (24 in x 24 in)

throughout the height. To minimize the storey heights (maximizing the clear storey heights),

normal beams (girders) are not used, instead "slab-band girders" are used to form the frame

system. Three types of "slab-band girders" are present of width-to-depth dimensions: 1.83 m

by 3.56 mm (6 ft x 1 ft - 2 in) for girders SB1, 2.44 m by 356 mm (8 ft x 1 ft - 2 in) for girders

SB2, and 2.44 m by 457 mm (8 ft X 1 ft - 6 in) for girders SB3, forming three different sets of

frame-bents with the columns: two exterior frame-bents of two-bays. two interior frame-bents

of four-bays and three core frame-bents of one-bay each on both sides of the core webs. The

frame substructure is connected ta the core substructure by a 152 mm (6 in) thick slab around

the core sections, termed the "surrounding slabs".

It is noted that in the original design of the structure, the main lateralload rEsisting elements

were considered to be the linked planar frames-core web walls in the building long direction,

and the planar cou pIed Core-Elev flange walls in the building short direction.
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1.6 Current Research Program

An analytical investigation is performed using linear elastic and nonlinear inelastic finite element

analyses permitting a detailed study of the response of the core-slab-frame structure (Fig. L.I)

subject to Qx and Qy earthquake loadings (in the X- and Y-directions) and gravity loads for

the complete response to failure. AIl analyses involve three-dimensional finite element modeling

of the structure. and for each idealization, the model sophistication is increased gradually to

take into consideration the various structural components.

The response of the core-slab-frame structure is examined through the various loading stages.

linear eIastic, nonlinear inelastic, to failure, in terms of the deformations and actions. force

distributions, stresses, forces and moments, effects of cracking on the reduction of stiffness

and redistribution of forces, and the ultimate load and failure modes. The contribution and

interaction of the structural components, the cores. coupling and tintel beams, enclosed and

surrounding slabs, and frame substructure on the structural response are also investigated.

1.6.1 Linear Elastic Response

Stage 1 of the current research program concentrates on the three-dimensional linear elastic

response of core-slab-frame structures subjected to earthquake and gravity loads. A detailed

three-dimensional finite element model of the entire structure is developed, from which four

different models are derived for the various analyses perforrned using the SUPERSAP [SAP IV]

computer program (1974). Complete details for the linear elastic finite element modeling and

analyses of the core-slab-frame structure under investigation can be found in the report by

Manatakos and Nlirza ( 199.5).

The contribution and influence of the cores, coupling and lintel beams, enclosed and sur

rounding slabs. and frames is examined in tenus of the interaction among the components and

on the structural response. The results are examined for the profiles along the height and at

ground level for the drifts, twists. shear forces and interactive forces; the stresses. forces and

moments; and three-dimensional distributions and topographical contours for the stresses. forces

and moments in the core sections, the enclosed and surrounding slabs, and the coupling and

lintel beams.

Simplified two- and three-dimensional elastic finite element modeling and analyses of the

structure under investigation have been performed by Manatakos (1989).
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1.6.2 Design Considerations

Stage 2 of the investigation involves the design of core-slab-frame structures. with the design

forces determined from the elastic analyses performed in Stage 1. Complete design details of

the core-slab-frame structure under investigation can be found in the report by :NIanatakos and

Mirza (1995). Highlights of important design considerations. comments and recommendations

are presented in this thesis for brevity along with the suggested design procedures. Nonlinear

inelastic analysis findings from Stage 3 of this investigation are incorporated in evaluating and

modifying the design process where needed.

Design of the core sections. the coupling and lintel beams. the core wall-slab- beam junc

tions. end and corner regions. and the enclosed and surrounding slabs is performed following

the CSA Standard CAN3-A23.3-M84 (1984) requirements of Clause 21. Special Provisions for

Seismic Design where applicable. In addition, seismic design provisions from the ACI Standard

ACI 318!vI-83 (1983) Building Code Requirernents for Reinforced Concrete and the New Zealand

Standard NZS3101 (1982) Code of Practice for the Design of Concrete Structures are used where

needed. AIl references to the Code or ta clauses such as Cl 21..5.3 or ta notes to the clauses such

as N 21.5.3 are with reference to the CSA Standard and the Commentary ta the CSA Standard.

unless stipulated otherwise. Assumptions made in the conventional design procedures and any

shortcomings encountered are examined.

In areas where building codes are not applicable and offer no provisions. reference to the

work by the various researchers is made and design proced ures and reinforcement details are

suggested taking into consideration the various three-dimensional actions which are present in

the structure eomplicating the design.

1.6.3 N onlinear Inelastic Behaviour

Stage 3 of the eurrent research program focuses on the nonlinear inelastic behaviour of eore

slab-frame structures. The core-slab substructure (Fig. 1.1) as designed and detailed in Stage 2

is examined, subjected to monotonically increasing earthquake loads and gravity loads until

failure. A detailed three-dimensional finite element model of the core-slab substructure is de

veloped from which the different models are derived for the various analyses performed using

the NONLACS computer program [Razaqpur and Nofal (1988)]. Nonlinear analysis findings

are also incorporated in modifying the design where needed. Complete details for the nonlinear

inelastic finite element modeling and analyses of the core-slab substructure under investigation

can be found in the report by Manatakos and Mirza ( 1995).

The contribution and influence of the cores, coupling and !intel beams. enclosed and sur

rounding slabs is exarnined in terms of the interaction among the components and on the struc

tural response. The results are examined for the profiles along the height and at ground level

for the structural deformations - drifts, twists, vertical slab-core deflections, the strains in the

concentrated reinforcement of the cores; and three-dimensional distributions and topographical

contours for the concrete stresses in the cores at the ground level.

12



(

(

1.. 7 Organization of Thesis

Complete details and results of the present investigation of the behaviour and design of reinforced

concrete core-slab-frame structures subject to lateral and gravity loads to failure. can be round

in three reports by Manatakos and rvlirza (1995) :

1. "Elastic Behaviour of Reinforced Concrete Core-S/ab-Frame Structures"

2. "Nonlinear Behaviour of Reinforced Concrete Core-S/ab-Frame Structures"

:3. "Design of Reinforced Concrete Core-Slab-Frame Structures"

This research is a continuation of the previous l'vI. Eng. investigation by the author entitled

"Analyses of Low- and Medium-Rise Buildings" rvranatakos (1989) in which further details are

given relating to linear elastic analyses of reinforced concrete core-slab-frame structures.

This thesis is divided into 7 chapters presenting a summary of the research work:

Chapter l presents a general introduction. identification of the problem. a summarized lit

erature survey. main objectives and the scope of this study.

Linear elastic response of core-slab-frame structures are presented in Chapter 2 giving details

of the different finite element modeling techniques of the structural components, problems en

countered and remedies employed, analyses performed and the applied loadings for the analyticaI

study and design considerations.

Design details are summarized in Chapter 3. giving highlights of important design consid

erations, with recommendations presented for design procedures and detailing of reinforcement

for core sections. slabs endosing and surrounding cores, coupling and lintel beams, and slab-core

wall- beam connections.

Nonlinear inelastic behaviour of core-slab substructures are presented in Chapter -1, giving

details of the various finite element modeling techniques for the structural components and

material characteristics. problems encountered and remedies employed. analyses performed. and

the applied earthquake and gravity loadings.

Discussions of the linear elastic and the nonlinear inelastic behaviour and finite element

analyses results are presented in Chapters 5 and 6, respectively, in the form of two- and three

dimensional graphs and surface distributions of the various deformations, forces and stresses in

the structural elements throughout the entire load range until failure of the structure.

Conclusions and recommendations are summarized in Chapter 7, from the linear elastic and

nonlinear inelastic behaviour and the design, providing useful information and an improved

understanding of the complex response of reinforced concrete core-slab-frame structures. Areas

requiring future research and investigation are aIso outlined.
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Chapter 2

Linear Elastic Response

Stage 1 of the current research program concentrates on the three-dimensional linear elastic

response of the core-slab-frame structure (Fig. 1.1) subject ta earthquake and gravity loads.

Simplified two- and three-dimensional elastic finite element modeling and analyses of the struc

ture under investigation have been performed by ~Ianatakos (1989). Findings have demonstrated

that the structure responds as a complex three-dimensional assemblage of cores, beams. slabs

and frames in resisting the lateral and gravity loads. The contribution and influence of the

cores. coupling and lintel beams, enclosed and surrounding slabs, and frames is examined in

terms of the interaction among the components and on the structural response. A detailed

three-dimensional finite element model of the entire structure is developed from which four dif

ferent models are derived for the various analyses performed. Complete details for the linear

elastic finite element modeling and analyses of the core-slab-frame structure under investigation

cau be found in the report by Manatakos and ~[irza ( 199.5).

The finite element analysis is implemented for both the lateral and gravity loads permitting

a direct comparison with the results of the previous investigation by J\ilanatakos (1989). Design

forces in the structure are determined ta examine and to comment on seismic design of the cores.

coupling and tintel beams, and the slabs which is undertaken in Stage 2 of this study.

2.1 Elastic Analysis Computer Program

To perform the elastic analyses of the core-slab-frame structure, the SAP IV computer program

(Reference Manual (1974)] is selected. Finite elements in the computer program library include:

the beam element (Type 2), the quadrilateral plane stress membrane element (Type 3), the

quadrilateral plate/shell element (Type 6) and the boundary element (Type 7). Details of the

derivation of the elements and their stiffness matrices can be round in standard texts on the

finite element method snch as those by Cook (1981) and Zienkiewicz (1977).
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2.2 Core-Slab-Frame Building Model Description

Table 2.1 summarizes the material properties for concrete with a compressive strength of:lO.H Pa

used in the various elastic analyses.

2.2.1 Cores, Slabs and Slab-Band Girders Idealization

Figures 2.1 and 2.2 show the elastic modeling detaiIs of the core sections along the height. and

of the slabs and slab-band beams for a typical Roor Ievel.

:\ division of 4 elements is chosen across the core sections web walls. :\cross the Core and

Elev sections Range walls a 2 elements division is selected, while for the short Stair section

Range walls a l element division is used ta model the entire wall width. Along the cores height

for the web and flange walls. in typica! storeys and the basement storey. a 2 elements division

,vith heights equal ta one-half of the storey heights is used. For the ground and top storeys.

a 3 elements division each equal ta one-third of the storey height is selected to obtain a more

detailed distribution of the core stresses and forces in the lower regions. Element aspect ratios

are maintained at values less than 2 and as close ta unity as possible.

Selection of the slabs mesh division is infiuenced by many factors including the modeling

technique: planar. simplified, partial or detailed three-dimensional analyses; and requirements

of the direct design method and the equivalent frame method of analysis [Manatakos ( 1989 )].

For the panel slabs connecting the frame-bents. each panel slab is divided into one-half

column strips and one-haif middle strips giving a uniform mesh of -t by 4 elements per slab

panel. In the direction of the frame-bents, column strip widths are equal ta the slab-band girder

widths and middle strip widths are equal to the slab portions between the slab- band girders. In

the direction perpendicular to the frame-bents. the slab panels are divided into 4 approximately

equal elements following the column and middle strip definitions. The enclosed slabs within

the Core section, the 1- E coupling beams and the lintel beams are di vided into a mesh of -l by

4 elements and the two enclosed slab portions within the Elev and Stair sections and the E-S

coupling beams are divided at the Stair flange wall end-coupling beam joint inta 2 elements

each. For the surrounding slabs, the mesh is divided in accordance with the selected 4 by 4

mesh of the other slabs. Aspect ratios for all the elements are kept ta values less than 2.5 ta 1.

Slab-band girders S BI, SB2, and S B3 of the exterior, the interior and the core frame-bents

labeled in Fig. 2.3, are wide, shallow girders and are part of the slab system. Hence, the 4 by

4 mesh division for the sIab panels divides the slab-band girders into 2 elements across their

widths ta form one-haIf of the column strips. The element aspect ratios are maintained at values

less than 2.5 and as close ta unity as possible.

Quadrilateral shell elements are used ta model the core sections, slabs and slab- band girders

with the appropriate thickness and element dimensions determined from the mesh divisions and

the properties for E, v, and G as listed in Table 2.1.
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2.2.2 Columns, Coupling and Lintel Beams Idealization

Columns comprising the exterior, the interior and the core frame-bents in Figures 2.3 and 2.-1.

are of uniform dimensions and modeled for the full storey heights (nodes at each f100r level).

For the I-E and E-S coupling beams and the lintel beams of constant cross-sectional dimen

sions. a mesh division is chosen to match the core and slab mesh. Along the I-E coupling beams

span a 2 elements division is selected. while for the short. deep E-S coupling beams a 1 element

division modeling the entire beam is used. The lintel beams are divided into .l equal elements

each along the span as shown in Figures 2.1 and 2.2.

Bearn elements are used ta model the columns~ coupling and [intel beams with dimensions

corresponding ta the mesh divisions and sectional properties as listed in Table 2.2.

2.2.3 Modeling the Core St. Venant Torsional Properties

A problem encountered in the three-dimensional modeling of the cores is that the quadrilateral

shell element models the axial, shear and flexural stiffnesses, however, it cannat account for the

St. Venant torsional characteristics of the core section. Khan and Stafford Smith (197.5) suggest

the following equations for calculating the core section St. Venant torsional constant (J):

•
a) Open-section cores:

J =~ bt
3

L- :3

b) Closed-section cores:

where:

(2.1 )

(2.2)

b totallength measured along the core cross-section centerline.

t = thickness of the core wall.

.4 = cross-sectional area of the core within the wall centerlines.

ds elemental length measured along the core cross-section centerline.

(

In the modeling, St. Venant torsional characteristics of a core section can he considered by the

addition of auxiliary elements (J-columns) with a torsional second moment of area equal to the

core St. Venant torsional value, vertically orientated along one of the mesh lines of each core

section as shown in Fig. 2.1. These J -columns are modeled by soft-flexible beam elements which

have negligible axial and flexural stiffnesses and are assigned the following properties :

A 0.0001 mm2

[ = 0.0001 mm4

[sv =St. Venant J - value for the core (mm4
)

Table 2.2 summarizes the St. Venant torsional J-values for the core sections.
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2.2.4 Characteristics of the Elastic Finite Element Model

Details of the three-dimensional elastic finite element idealization of the core-slab-frame structure

are given in Figures 2.1 ta 2.4 for the core sections. frame- bents. coupling and Lintel beams. and

the slahs. The model is characterized as follows :

• Total number of nodes = 9.525

• Total number of material properties = 25

• Total number of element stiffness properties = 80

• Total number of beam elements = 3310

588 elements for the columns

- 126 elements for the coupling beams

- 84 elements for the !intel beams

- 132 elements for the auxiliary St. Venant torsional .]-columns

- 2380 elements for the auxiliary elements (rigid, soft)

• Total number of quadrilateral shell/plate elements = 8780

• Total number of quadrilateral shell elements for the cores = 968

- :3.52 elements for the infilled-slab core

- ;J.52 elements for the elevator core

264 elements for the stairwell core

• Total number of quadrilateral plate elements for the slabs = ï812

* 372 plate elements per slab (21 floors in total)

- 420 elements (20 per level) for the enclosed slabs

- 2016 elements (96 per level) for the surrounding slabs

5376 elements (256 per level) for the frame panel slabs

* 2940 elements (140 per level) for the slab-band girders

* 2436 elements (116 per level) for the panel slabs

• Total number of quadrilateral plane stress membrane elements = 2016

2016 elements (96 per level) for the surrounding slabs
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Boundary conditions involve: ail translations and rotations restrained for the nodes at the base

level, horizontal translations ~r and ~y restrained for the perimeter nodes at the ground level.

and ail 6 degrees of freedom ~r' ~Y' ~:, Or, 0Y' OZ are permitted for aIl other nodc').

Output from the analyses consists of the nodal deflections and rotations for the entire struc

ture: the axial forces. shear forces, bending and twisting moments in the columns. the coupling

and the Untel beams: the axial and shear stresses, and the flexural and twisting moments per

unit length for the cores and slabs shell/plate elements.

2.3 Applied Loadings

Loadings for the elastic analyses of the core-slab-frame structure consist of the Q X and Q},

earthquake loads in the X- and Y-directions and the gravity dead and live loads as obtained from

the National Building Code of Canada (1985) and the CSA Standard CAN3-A23.3-;\tI84 (1984).

~Iore details relating ta the calculation of the loadings are presented by 1\tIanatakos (1989).

2.3.1 Earthquake Loads

For the various elastic analyses performed. the equivalent static earthquake loads are applied as

determined from the base shear calculations for both principal directions of the structure. The

total QX and Q'r" earthquake loading at a floor level is divided in ta discrete concentrated loads

distributed ta the colurons and the core wall ends and corners (nodes) across each floor level in

proportion to the tri butary floor area supported by each node. Table 2.3 summarizes the Q X

and Qy earthquake loads on the core-slab-frame structure.

2.3.2 Gravity Loads

Gravity loading consists of the dead and live loads in a typical office building with service loads

for the core-slab-frame structure being :

Concrete density lC = 2400 kg/m3 (1.50 lb/ jt3
)

Superimposed dead load = 1.5klV/m2 (30Ib/ft2
)

Live load at ground level 4.8klV/m2 (100 lb/ ft 2 )

Live load at a typical level = 2AkN/m2 (.50 lb/ ft 2
)

!vlechanical roof load 3.6 kN/m 2 (ï5lb/ft 2 )

Snow load = 2.9 klV/m 2 (60Ib/ft 2
)

The gravity loads are applied as a pressure over the surface of each slab element and as a self

weight and fixed end forces (shears and moments) on the cores, the coupling and lintel beams~

and the columns.
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2.4 Elastic Analyses Performed

2.4.1 Analytical Study

Ta investigate the three-dimensional elastic response of the core-slab-frame structure subject tn

earthquake and gravity loads. four idealizations of the structure are derived from the complete

finite element model developed in the previous section. The contribution and influence of the core

sections, coupling and lintel beams, enclosed and surrounding slabs and frames are studied in

tenns of the interaction among the various structural cornponents and on the structure response.

Details of the four models are as follows:

1. fCS ~[odel:

Core-slab-frame structure.

The most detailed idealization of the structure taking into consideration

all structural elements, cores, slabs. beams and frames.

This model is regarded as the "exact" analysis (reference model).

2. ESC Madel:

Enclosed slab-core-frarne structure.

Out-of-plane flexural actions of the surrounding slabs are not considered,

by modeling these slabs using quadrilateral plane stress membrane elements.

This results in a coupied core substructure linked ta frames substructure moclel.

:3. SSC' Madel:

Surrounding slab-core-frame structure.

Enclosed slabs. coupling and lintel beams are eliminated.

This results in a linked cores substructure couplecl ta frames substructure mode!.

4. LFC'S NIodel :

Linked core-slab-frame structure.

The reductions employed in the ESC and SSC roodels are combined.

Out-of-plane flexural actions of the surrounding slabs,

along \Vith the enclosed slabs, the coupling and lintel beams are eliminated.
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Unfactored service earthquake loads Q X and Qy in the principal directions of the structure and

dead and live loads. are applied in the elastic analyses for the following load cases:

Case 1 : D

Case 2 : L

Case 3 : D+L

Case 4 : Qx
Case .) ; Q}r

Case 6 : D+Qx

Case ï : D+Qy

Case 8 : D + o. ï[L + Q X J

Case 9 : D + O.7(L + Ql'.J

The live loads are applied over the central core-slab substructure region, i.e. over the enclosed

and surrounding slabs.

2.4.2 Determination of Design Forces

•

(

Design fcrces for the core-slab-frame structure are obtained from the FCS model results in terms

of the axial and shear stresses, flexural and twisting moments per unit length in the core sections

and the slabs: and the a.xial and shear forces, bending and twisting moments in the c0upling

and lintel beams. and the columns.

From the requirements of the NBCC' (198.5) and the CSA Stanùard C:\~3-A23.3-M8-l( 1984)

for the ultimate limit states criteria and the uplift loadir..g conditions~ various combinations of

the dead and live loads and the QX and Qy earthquake loadings are considered:

Case 1 : 1.25D

Case 2 : 1.25 D + 1..5 L

Case 3: 1.25 D + 1..5 Q X

Case 4: 1.2.5 D + 1.5 Qy

Case 5 : 1.25 D + O. i[1.5 L + 1.5 Qx]
Case 6: 1.25 D + 0.7[1.5 L + 1..5 Ql"]

Case i : 0.85D + 1.5Qx

Ca.se 8: 0.8.5 D + 1.5 Qy

From these load combinations, the worst factored loadings are determined for seisrnic design of

the core substructure components.
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Table 2.1: Concrete Constitutive MateriaJ Properties: Elastie Finite Element Analyses

Concrete Property Theoretical Value Range of Values Value Used

Normal Density Concrete "te = 2400 kgjm3 (150 lbj ft 3 ) 2400kgjm3

Poisson's Ratio v = 0.15 to 0.22 0.17

Compressive Strength f~ = 30MPa

Modulus of Elasticity Ec = 5000.Jl! (MPa) 27,386MPa

Elastic Shear Modulus G = E/2(1 +v) (MPa) Il,703MPa

Elasticity Matrix [Cl - Plane Stress Condition

Coefficients: Cxx = EI(! - V2) 28,201 M Pa

Cxy = CI/X = vCxx 4,794 M Pa

CX3 = Csx 0

Cyy = Cxx 28,201 M Pa

Cys = C sy 0

G xy = E12(1 +v) Il,703MPa

~
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Table 2.2: Core-Slab-Frame Structure:
Geometrie Properties of the Cores, Columns and Beams

Property Infilled-Slab Elevator Stairwell

Core Core Core

A 4.37 X 106 mm2 3.45 X 106 mm2 3.07 x 106 mm2

lxx 38.60 X 1012 mm4 29.70 X 1012 mm4 21.20 X 1012 mm4

lyy 5.57 X 1012 mm4 2.39 X 1012 mm4 4.37 X 1011 mm4

J 102.00 X 109 mm4 89.40 X 109 mm4 82.00 X 109 mm4

Lintel BeamsCoupling BeamsColumns

A 371.62 X 1frJ mm2 278.71 X 103 mm2 185.81 X 103 mm2

Av 247.74 X 1~ mm2 185.81 X 103 mm2 123.87 X 103 mm2

le 11.51 X 109 mm4 - -

l vertical - 19.42 X 109 mm4 12.95 X 109 mm4

1horizontal - 2.16 X 109 mm4 639.33 X 106 mm4

IJ 17.03 X 109 mm4 6.82 X 109 mm4 2.20 X 109 mm4

1 Property ~

(

(
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Table 2.3: Core-Slab-Frame Structure:
Elastic Finite Element Analyses
- Qx and Qy Earthquake Loadings

Applied Earthquake Loadings

Floor Qx Qy

Level (N) (N)

20 383,054 375,470

19 320,063 313,726

18 303,311 297,305

17 286,928 281,247

16 270,541 265,184

15 254,158 249,126

14 237,406 232,705

13 221,023 216,647

12 204,636 200,584

Il 187,884 184,164

10 171,501 168,105

9 155,114 152,043

8 138,366 135,627

7 121,979 119,564

6 105,596 103,505

5 88,844 87,085

4 72,462 71,027

3 56,074 54,964

2 39,327 38,548

1 22,939 22,485

VSase 3,641 kN 3,569kN
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Chapter 3

Design Considerations

Stage 2 of the core-slab·frarne building response studies. involves the design of the core-slab

substructure with the design forces determined from the elastic analyses performed in Stage 1.

Complete design details of the core-slab-frame structure under investigation can be found in the

report by ~Ianatakosand ivIirza (199.5). Highlights of important design considerations. comments

and recommendations are presented in this thesis for brevity along with the suggested design

procedures. Nonlinear inelastic analysis findings from Stage 3 of this investigation are aIso

incorporated in evaluating and modifying the design as needed.

Design of the core sections, the coupling and lintel beams, the core wall-slab-beam junc

tions. end and corner regions, and the enclosed and surrounding slabs is performed following

the CSA Standard CAN3-A23.3-~I84 (1984) requirements of Clause 21, Special Provisions for

Seisnùc Design where applicable. In addition. seismic design provisions from the ACr Standard

ACr :318)..1·83 (1983) Building Code Requirements for Reinforced Concrete and the New Zealand

Standard NZS3101 (1982) Code of Practice for the Design of Concrete Structures are used where

needed. AIl references to the Code or to clauses such as Cl 21..5.3 or to notes to the clauses surh

as N 21..5.3 are with reference to the CSA Standard and the Commentary to the CSA Standard.

unless stipulated otherwise.

In areas where building codes are not applicable and offer no provisions. reference to the

work by the various researchers is made, and design procedures and rein forcement details are

suggested taking into consideration the various three-dimensional actions which are present in

the structure complicating the design.
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3.1 Core Design

(
3.1.1 Dimensional Requirements

•

Structural cores have large height and width compared to the thickness of the web and flange

v.·ails. hence. they are thin-walled sections subject to axial. shearing. fiexural, torsion al and

warping stresses [Vlasov (1963). Kollbrunner and Basler (1969). Zbirohowski-Koscia (196;)].

Nonlinear response of cores at higher load levels leads ta concrete cracking. yielding of the

reinforcement and formation of plastic hinges in the lower storeys resulting in degradation of

stiffness of the core section. At these high load levels. large deformations in the core section can

result in very large strains in the reinforcement in the post-yielding range together with large

concrete compressive strains in the core walls. These actions can lead to instability of the core

section in the highly stressed wall regions.

Sorne basic dimensional limitations (slenderness requirements) are provided by the CSA

Standard for the core section wall geometry in regions where the concrete compressive strain is

(c ~ O.OOV5 ta check if the required compression zone is adequate and aIso for effective flange

walls in providing lateral support to the core section in the compression regions of the walls

CI 21.5.3 (N 21.5.3) and Fig. N21.11.

In determining the core wall thickness in the plastic hinging regions, the effective fIange

widths providing lateral support and the unsupported heights of core walls. several factors

influence the core section response which must he taken inta consideration. These factors include

the three-dimensional interaction between the f1ange and web walls along with the coupling and

lintel beams. the enclased and surrounding slabs. and the frame substructure as observed in the

current investigation and previously by Manatakos (1989).

3.1.2 Core Wall Thickness in Plastic Hinging Regions

Except for the core fiange walls in typical storeys (2 to 19) the minimum required wall thicknesses

in plastic hinge regions (Cl 21.5.3) of 259 mm and 396 mm for typical and the ground storeys, are

clearly not satisfied for the other parts of the core sections. The fiange and web wall thicknesses

are 12 in (305 mm) for all but the 10 in (254 mm) thick Elev section web wall.

CSA Standard provisions for dimensionallimitations of structural walls Cl 21..5.3 give conser

vative values for the wall thicknesses and are not based on consideration of the '''actual'' complex

three-dimensional behaviour of a core substructure, that behave quite differently compared with

the actions of individ ual planar fiexural core walls.

3.1.3 Effective FlangejWeb Wall Widths

Lateral buckling of compression zones of core sections is critical where large compressive forces

are present. The Core section has an enclosed slab within its cross-section and combined with

the interaction of the coupling and linteI beams, this core behaves as a closed box-section. Elev

section is stiffened by the lintel beams and the surrounding slabs, and responds as a partially
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closed-section. Stair section has a partial enclosed slab within the web-Range wall regions and

due to the interaction with the coupling beams. it behaves as a closed-section. Hence. the entire

Range wall length of each core section is considered effective in the lateral load response.

3.1.4 Effective Slab Width for Lateral Loads Analysis

An important factor not considered in the CSA Standard dimensional requirements and in

determining the effective flange wall width for response to latera! loads are the effects of the

sIabs within and surrounding the core sections. Portions of these slabs participate along with

the core walls and beams ta resist the lateraI Ioad. and their influence must be taken into

consideration in evaluating the structural response. Determination of these effective slab widths

for Iateral Ioad analysis has been examined by Manatakos ( 1989) for Rat slab structures composed

of various shaped core sections and column support conditions. The effective slab widths are

found to be influenced by the geometry and types of supports present. layout of the fioor slab.

adjacent panels and supports. location of the panel (interior or exterior) and the height along

the building (lower, middle or upper floor levels). Further research invoiving analytical and

experimental studies is required in this area.

To ensure that a core section possesses adequate post-cracking capacity to prevent collapse.

Cl 21.5.6.4.2 requires that the fiexural resistance of the cracked section exceeds the Rexurai

strength of the uncracked section; i.e. the factored design core flexural resistance must be

greater than the cracked core section flexural strength for the uplift loading conditions of axial

dead loads. Since the cracked second moment of area of the core section is required in this

calculation. it is assumed that separation occurs between the core and slab junctions in the

post-cracking range.

Ta calculate the cracking moment of each core section. its cracked second moment of area

should be used ta obtain '''realistic'' results. The stiffness of a core section subjected to laterai

forces (earthquake loads) varies along the core height. At the base region where the majority of

cracking and damage occur due to plastic hinging, the core flexural stiffness is reduced signifi

cantly. Determination of the cracked stiffness values for cores is very complex and is dependent

on the core configuration, the structural elements connecting ta the core section and the type

and level of loading. Studies by Park and Paulay (1975) have shown that at the ultimate load,

the flexural stiffness of core walls is reduced dramatically to approximately 15% ta 2.5% of its

uncracked value. Hence, this degradation and loss of stiffness must be taken inta consideration

in investigating the inelastic response of a core section.

The flexural strengths of the individual core sections and the coupled cores substructure are

determined for three values of the second moment of area: the uncracked value Iuncracked, and

15% and 25% of IWlcracked values all of which satisfy the requirements of Cl 21.5.6.4.2.

•

(

3.1.5 Post-Cracking Behaviour of Cores
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CS:\. Standard provides no guidance for calculating the maximum area of concentrated reinforce

ment in a structural core wall region~ Le. in determining the corresponding cross-sectional area

of the core wall to be used. One dimension is the wall thickness. however, no recommendations

are provided on the wall length. Provisions of Cl 21..5.6.4 for calculating the minimum area

of concentrated reinforcement in the plastic hinge regions require that .4.smin ~ 0.002bu:/w and

define lw as the horizontal length of the wall. Park and Paulay (1980) suggest a maximum

value for the concentrated wall length of lu: = 2bw. In other words. the central 80% of the waU

cross-sectional area should contain uniformly distributed reinforcement. white the concentrated

reinforcement regions are kept to 5% to 10% of the core wall ends (corners).

Previous findings by Manatakos (1989) and the present study for the cores substructure

lateralload response indicate that an effective flange wall width participates with the web walls

in the building long direction and that an effective web wall width participates with the flange

walls in the building short direction. Stress distributions along the core walls at the base indicate

a concentration of resistance at the wall end and corner regions, and that the interaction between

the flange and web walls influence the value of lu... An effective core wall length is observed at the

wall ends and corners that participates as a concentrated area for the lateral load resistance. The

Code definition of lu: should take into consideration the three-dimensional core section response

and the core configuration and layout in the structure. Effective flangejweb wall widths need

to be considered along with the other core walls in determining the effective cross-sectional area

of the core participating in the laterai Ioad resistance.

For the core-frame·slab structure under investigation. the concentrated core wall regions are

calculated for the individual web and flange walls and for the total core cross-sections. which

are both checked for the existing CSA Standard requirements.

(
3.1.6

3.1.7

Concentrated Reinforcement Core Wall Region Requirements

Confined Core Wall Regions

(

Analyses of the core-slab-frame structure show a coupled cores substructure box-section response

in the building short direction. therefore, provisions of Cl 21.5.7, Eqn. (21-.5) cannat be applied

ta determine the confined compression region of the core flange walls. Provisions of Cl 21.5.8.1

and N 21.5.8.1 require that a ductile coupled structural wall system shall be proportioned so

that a significant amount of the overturning moment due to the earthquake loads is resisted

by axial loads resulting from the vertical shear in the coupling bearns. The primary seismic

load energy absorbing elements should be the coupLing beams and the limits on the value of the

confined compression core wall region given by Cl 21.5.7 need not apply.

Results for the coupied core-slab-frame structure response to Qx and Qy earthquake load

ings show a uniform distribution of axial stresses along the core web and flange walls, while the

linked core sections response demonstrates shear lag effects in the web and Range walls. These

stress results indicate that the entire flange walls of the Stair section and a large part of the

Core and Elev sections flange walls must be confined. The "actual" core-slab-frame structural
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response varies from the elastic range ta the nonlinear range ta failure. In the low load range.

the cores substructure responds as a single unit coupled cores box-action showing uniform stress

distributions in the core walls. At higher load levels. the effects of the concrete cracking and

yielding of the reinforcement alter the cores behavior significantly and is accornpanied by stiff

ness deterioration and plastic hinging in the lower core regions. This behaviour results in a

redistribution of stresses in the core \Valls tending to an individual core sections response as the

structure approaches the ultimate load.

Taking into consideration Cl 21..5.3 requirements for dimensional stability of structural walls.

the ductility requirements of Cl 21.5. 'i. N21.5. 'i and Fig. N21.1.5 to ensure post-cracking integri ty

of structural walls. and the resulting axial stress distributions in the core walls. the following

limits are suggested for the minimum value of the wall compression zone:

(3.1 )

(:3.2)

•

where lw is the horizontal length of the core wall and bw is the wall thickness.

In addition, the complex three-dimensional interaction involving coupling and stiffening be

tween the core sections, beams, slabs and columns, the effective core section cross-walls providing

lateraI support and the interaction of the slabs and the structural cores resulting in equivalent

beams or effective slab widths participating in the lateral load response [Manatakos (1989}J

should he taken into consideration in determining the confined core wall regions.

3.1.8 Plastic Hinging Regions in Cores

(

CSA Standard Cl 21.5.2 requirernent stipulates that plastic hinge regions must be considered for

the anaIysis and design of a structural wall. Cl 21..5.2.1 requi res detailing for plastic hinge regions

to occur at any location in a structural wall unless a detailed rational analysis is performed.

Clearly, this requirement would be tao stringent for typical core/wall systems used in practice.

Gnly for structural walls with varying geometry and stiffness throughout their height are such

special design detailing needed. Cl 21.5.2.2 takes into consideration lateralload resisting systems

with no abrupt changes in strength and stiffness, and locates potential plastic hinging regions in

the lower half of the wall height. However, no further guidance is given. The Cornmentary to the

CSA Standard N 21.5.2.1, N 21.5.2.2, Figures N21.9 and N21.10 suggest for uniform uncoupled

walls, the plastic hinge region length equal to lw ~ hw /6 and ~ 2lw where lu.. is the wall

length in the earthquake loading direction and hw is the wall height.

Ta accurately determine the plastic hinge regions of core-slab-frame structures~ one must

perforrn detailed nonlinear finite element analysis and carry out experimental studies. Park

and Paulay (1975) have conducted severa! experiments on planar single walls and coupled wall

systems. Their findings show that hinging occurs in the lower storeys of the walls over a height

ranging from lw ta 2lw , where lw is the length of the core wall in the direction of the applied

earthquake loading. Also, for coupled walls, plastic hinging occurs at the coupling beam ends
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with the critical beam 10cated at approximately one-third of the height from the wall base in

addition to the plastic hinging at the wall base. A major part of inelastic deformations. cracking

and damage in structural cores occurs in the lower storeys.

Nonlinear analysis results show considerable cracking and inelastic action in the lower -l

to 5 storeys of the core-slab-frame structure during a severe earthquake. In the building long

direction along the core web walls, the cores substructure forms plastic hinges at the ground

level and hinging extends over the lower storeys. In the building short direction along the core

flange walls. plastic hinges fonn at the ground level of each core section and since the cores

substructure responds as a cou pied section due to the influence of the slabs and coupling beams.

plastic hinges also form at the coupling beam ends. As cracking and stiffness degradation of the

core sections increases due to inelastic action in the lower storeys at the higher load stages. the

cores substructure response varies from a coupled cores box-action to individual core sections.

Other factors that influence plastic hinge development include three-dimensional interaction

occurring among the cores, the coupLing and lintel beams, and the enclosed and surrounding

slabs. Problem regions such as core-slab, core-beam, beam-slab, core-beam-slab joints. core

junetions, regions of load reversal and varying boundary conditions must also be examined.

3.1.9 Confined Wall Regions and Joints Within Plastic Hinging Regions

Seismic design requirements for transverse reinforcement of structural core walls need confine

ment of concrete and Iateral support for the longitudinal reinforcement. In concentrated rein

forcement regions of vertical reinforcement as defined by Cl 21 ..5.6 and confined compression

wall regions as required by Cl 21..5.7, transverse rein forcement is needed for the confinement of

these regions as equivaIent columns according to Cl 21.4.4. Provisions of Cl 21..5.8.3 for cou

pIed structural walls require that concentrated vertical reinforcement shaH be provided in the

core walls at the ends of the coupling beams for inelastic response. From Cl 21..5.6..5, Cl 7.6

and Cl 21.4.4.3, the transverse reinforcement shaH consist of rectangular hoops and cross-ties

overlapping at core wall ends and corners with the maximum spacing limitations fulfilled.

For seismic design, the concentrated reinforcement regions and the confined compression

regions at the structural core wall ends, corners and junctions are considered as equivalent

confined columns that must preserve their integrity at higher load leveis and possess adequate

post-cracking strength to ensure ductility in the plastic hinging regions. Proper confinement

must be ensured to permit inelastic actions to take place at the joints and to allow development of

plastic hinges at the core wall confined regions and joints. Placement of transverse reinforcement

along the length of the core wall confined regions and concentrated reinforcement regions. from

the face of core wall-beam joints and core wall-slab junctions is designed in accordance with

Cl 21.4.4.5, Fig. N21.8 and Cl 21.4.4.6 along the fulliength of the plastic hinge region, Le. the

lower 4 to 5 storeys of the structure.

26



3.2 Coupling Bearn Design

(
3.2.1 Ductility Requirements

(

(

Seismic response of coupled structural walls subjected to earthquake loads undergoing inelastic

load reversals. demonstrate that for diagonally reinforced deep coupling beams the diagonal

reinforcement resists the shear and flexural forces as equal alternating diagonal tensile and

compressive forces. Studies by Park and Paulay (1975) in the case of short deep coupling beams

with span-to-depth ratio of less than 1..5 to 2 have demonstrated that diagonal reinforcement

results in a substantial improvement in the behaviour of coupling beams up to a limit of the

span-to-depth ratio equal to .5. and also that the gravity load effects can be considered negligible

compared to the earthquake load effects. For longer span coupling beams. ftexural response due

to gravity loads dominates and the resistance cannot be provided effectively by using diagonal

reinforcement alone and conventional reinforcement must be used. They showed that providing

equal amounts of tension and compression diagonal reinforcernent result5 in the 105s of the

contribution of the concrete not being significant in the overall member strength. as long as

the diagonal compression bars do not become unstable. Coupling beam stiffness reduces to

approximately one-fifth of the uncracked stiffness due to the onset of diagonal cracking as a

result of the cyclic loading.

Shiu at al (1978) demonstrated that for coupling beams with span-to-depth ratios equal to

2..) and less than .5, diagonal rein forcement greatly improves the section ductility. They also

considered a combination of conventional reinforcement throughout a coupling beam with addi

tioual diagonal bars in the plastic hinging end regions at the structural wall joints. Deterioration

caused by sliding shear failure at the coupling beam ends was eliminated, however, the overall

performance was not improved su bstantially and using such a combined reinforcement detailing

is not practical.

Coupling beams undergo several load reversaIs due to earthquake loading and as a result

lead to the complete '"breaking-up" of the concrete and loss of Iateral restraint provided by the

concrete around the diagonal bars. To prevent buckling of the diagonal bars and to provide

confinement of the enclosed diagonal reinforcement concrete core region, transverse hoops and

cross-ties must be provided enclosing the diagonal bars along their entire length in the coupling

beams and within the core flange walls. This hoop confinement ensures plastic hinging action

perrnitting yielding of the diagonal bars in compression and the integrity of the structural wall

and coupling beam joint regions. Near the ultimate load, the resulting shearing forces in the cou

pling beams must be transferred safely across the concrete compression zone into the structural

walls to prevent sliding shear failure at the joint. However, the concrete will have been severely

cracked due to the preceding seismic load cycles, hence, the concrete capacity to transfer shear

is drastically reduced leading to the break down of the aggregate interlock mechanism.

For the core-slab-frame structure under investigation, the span-to-depth ratios for the I-E

and E-S coupling beams are 3.33 and 1.33, respectively, and are within the limiting span-to-
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depth ratio requirements of less than 5 to qualify for diagonal reinforcement. CSA Standard

seismic design provisions of Cl 21.5.8.2 require that coupling beams connecting structural walls

in a cou pied wall system shall be designed for the entire factored in-plane shear and flexure ta

be resisted by the diagonal reinforcement. According ta Cl 21.5.8.2 requirements and the elastic

analysis results for earthquake and gravity loads. the E-S coupling beams must be designed using

diagonal reinforcement while the I-E coupling beams may be designed following conventional

reinforcement requirements for ductility following Cl 21.3. However. since the cou pling beams

are deep beams and are an integral part of the cores substructure. they must maintain their

strength and develop plastic hinges at their ends while undergoing Joad reversals in the inelastic

load range. Aiso. the I-E coupling beams connect to the Elev section flange wall ends which

join with the E-S coupling beams at the Elev section web-flange corners creating a combined

complex system of three core flange walls connected together by two sets of coupling beams.

Therefore. all of the coupling bearns are designed using diagonal reinforcement for seismic duc

tility requirements.

It is noted that the CSA Standard seisilÙc requirements Cl 21 provide no specifie detailed

guideline for the design of deep coupling bearrls other than the requirement for diagonal re

inforeement eonfined by hoops or spirals in Cl 21..5.8. For this reason, the design procedures

suggested by Park and Paulay (197.5) and the requirements of the New Zealand Standard are

also incorporated in the coupling beams design.

3.2.2 Diagonal Reinforcement Limitations

(

No limitations on the amount of diagonal reinforcement for coupling beams design in terms

of minimum and maximum reinforcement are given in the CSA Standard Cl 21 seismic design

provisions. In the higher load range, plastic hinging due ta the seismic inelastic action occurs

thereby, reducing the coupling beam stiffness. Gravity loads are always present before and

after plastic hinging occurs resulting in a flexural response in the coupling beams. Henee. there

should be limits stipulated on the anlount of diagonal reinforcement for minimum strength and

for ductility requirements. Such limits should take into consideration the design of the coupling

bearn-core wall joints which are heavily congested with reinforcing bars.

eSA Standard seismic design restrictions on minimum and ma..ximum longitudinal reinforce

ment include Cl 21.4.3.1, N 21.4.3.1 and Cl 21.3.2.1 requirements for design of ductile columns

and beams. These reinforcement limitations take into consideration the effects of inelastic de

formations, provide for post-cracking strength and ductility, and help to reduce excessive joint

stressing and reinforcement congestion. The primary action of diagonal reinforeement is to

resist the combined earthquake and gravity Joad forces (shear and flexure) by diagonal tension

compression resultants due to the short-deep eoupling beam behaviour. Henee, sinee the diagonal

reinforcement aets as a eolumn subjected to equal alternating tension and compression forces,

this results in one-half of the eoupling beam cross-section experiencing compression and the

other half in tension when the diagonal load resistance is generated. Therefore, based on the
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above considerations. one-half of the cross-sectional area Cl 21.4.3.1 requirements are used.

Suggested diagonal rein forcement requirements in coupling beams are:

1. ivlinimum area of diagonal reinforcement :

A,... d;., ~ 0.01 ( ~g )

2. ivla.ximum area of diagonal reinforcement :

Asmou dia~ ~ 0.06 ( ~g )

(3.3)

(:3..t )

3.2.3 Development of Diagonal Reinforcement

«

Experimental studies by Park and Paulay (19ï5) and Shiu et al (1978) have demonstrated that

for improved response of coupling beams with span-to-width ratios of 2..5 to 5. the diagonal

reinforcement must extend into the structural walls using a straight development length for

plastic hinging permitting inela.stic load reversais. Developing the rein forcement with a -1.1 0

bend starting at the core wall is not practical and creates localized problems at the bend regions

in the walls. The entire development length of the diagonal reinforcement must be confined by

hoops and the confined concrete core region in the coupling beams should be as large as possible.

Some provisions for the design of coupling beams are given in the New Zealand Standard. It is

noted that the CSA Standard does not offer any special guidance or direct requirements for the

developrnent of diagonal reinforcernent in coupling beams.

3.2.4 Secondary Cage Reinforcement

Additional light secondary cage hoop reinforcement consisting of transverse hoops and longitu

dinal bars must be provided throughout the coupling beam to hold the broken concrete pieces

together and to maintain the structural integrity of the member subjected to inelastic load

reversaIs. The confined concrete provides lateral flexural rigidity and does not contribute sig

nificantly to the overall coupling beam strength and stiffness. CSA Standard seismic ductility

requirements of Cl 21..5.8 give no design provisions for cage reinforcement in diagonally rein

forced coupling beams. Studies by Park and Paulay (1975) on coupled structural walls \Vith

diagonally reinforced coupling beams have found that a light cage reinforcement is satisfactory

to confine the concrete. They suggest using #3 hoops at 150 mm (6in) spacings. Note that a

#3 bar has a diameter db =9.5mm and cross-sectional area Ab = 71mm2
•

3.2.5 Torsion Reinforcement Requirements

(

Elastic analysis results show that the torsional moments in the coupling beams due to earthquake

and gravity loads are significant and must be considered in design requiring additional transverse

reinforcement. No special provisions exist for ductile design of reinforced concrete members

subject to torsion due to seismic loading in the CSA Standard Cl 21. Provisions given in the

simplified method for torsion design Cl 11.3.7 are applied for the coupling beam design.
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3.3 Lintel Bearn Design

The Untel bearns of the core-siab-frame structure under investigation do not satisfy the dimen

sional requirements of Cl 21.3.1 (c) and (d) for the cross-section width and width-tc:rspan ratio

to qualify as ductile lateral load resisting elements. According ta the CSA Standard, the lintel

beams must be designed following the requirernents of Cl 21.8 for frame members and shall not

be considered part of the lateral force resisting system. Provisions of Cl 21.8 and N 21.8 are

intended to ensure that gravity load resisting members of a structure will maintain their strength

and integrity when subjected to earthquake loading. Therefore. a minimum level of ductility

and proper rein forcement detailing must be pravided in the design 50 that adequate ratational

capacity is ensured far the plastic hinges develapment in the Bntel beams acting tagether with

the lateral load resisting elements. N 21.8.2 suggests that following Cl 21.3.2 requirements for

the flexural reinforcement design and Cl 21.3.3 requirements for the transverse reinforcement

design, would ensure adequate rotational capacity of the member under consideration. In effect.

the CSA Standard is allowing design of members that are not considered to be part of the lat

eral load resisting system, following the provisions of Cl 21.3 for seismic design of ductile frame

members even if the members do not satisfy the dimensional requirements of Cl 21.3.1.

Analysis results of the core-slab-frame structure show that the lintel beam forces due to

earthquake loads are as significant as those due to the gravity loads. In addition. the lintel

beams frame into the Elev section confined flange wall ends which also join with the coupling

beams. thus, converting Elev into a partially closed-section. This resulting interaction causes

the lintel beams to participate in the lateral load resistance becoming an integral part of the

structure. Provisions of Cl 21.2.2.1 state that linear and nonlinear behaviour and interaction of

all structural and non-structural members shall he considered in the analysis for seismic design.

Dimensional requirements of Cl 21.3.1 do not take into consideration the three-dimensional

behaviour of reinforced concrete structures. Therefore, the lintel beams must he designed as

ductile memhers following the CSA Standard seismic design provisions in Cl 21.3 and Cl 21.8

for earthquake loading, and the beams should possess adequate ductility to undergo inelastic

deformations and load reversais.

Another factor influencing the Untel beam seismic response is that the Untel beams have

a slab present on one side converting them into equivalent one-halfT-beams (L-beams) across

the Elev section. with a portion of the endosed slabs in the Core section participating in the

lateralload resistance. Determination of the equivalent slab widths participating in laterai load

resistance have heen investigated by Manatakos (1989).

It is noted that no special provisions exist for ductile design of reinforced concrete members

subjected to torsion due to seismic loading in the CSA Standard Cl 21, thus, the simplified

method for torsion design Cl 11.3.7 are applied for the lintel heam design.
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3.4 Core Wall-Bearn Joint Ductility Requirements

(
3.4.1 Ductility Considerations

(

(

SeveraI types of joints are present in core-slab-frame structures including: bearn-column, struc

turai waIl-coupling/lintel beam, core wall-slab, confined core wall end region-coupling/lintel

beam, and combination core wall-beam-slab ends, corners and junctions. AU such joints must

be designed and detailed properly for ductility and structural integrity (Cl 21.6) for inelastic

seismic response and adequate deforrnations to obtain a desirable hinging pattern and failure

mechanism to achieve a "strong structural wali/column-weak bearn" design philosophy (Cl 21).

To attain the complete failure mechanism of a core-slab-frame structure involving beam-slab

hinging sidesway mechanism, yielding and plastic hinging will develop at the base and the lower

regions of the columns and the core walls at the ultimate load requiring the lower storeys to be

designed for ductility with stringent transverse hoop confinement requirernents over the entire

hinging region (Cl 21.4 and Cl 21..5).

In the seismic design of core-slab-frarne structures, ductility requirements and inelastic ac

tions of all of the individual structural components must be taken into consideration. In addition.

the failure mechanisrn of the structure should be investigated as a whole and not for the indi

vidual parts as planar substructures. Building code requirements for seisrnic design faU short of

taking into consideration the "realistic" behaviour of the complete building structure and the

engineer must eail upon other resources for guidance in analysis and design.

In the analysis and design of the core substructure under investigation. there are two different

types of core wall-beam joints present as discussed below.

Coupling beams are present conllecting the Core, Elev and Stair sections flange walls. First

type of joints are the coupling bearn-core flange wall joints which consist of diagonally reinforced

deep coupling beams framing into the core confined flange wall ends and web-flange corners.

The inelastic behaviour of these joints is considerably different from a typical conventionally

reinforced beam-column joint (Cl 21..1.2). No specifie ductility design provisions exist in the

CSA Standard for such joints, excepting for the requirement that the faetored resistance of the

structural core walls are greater than the nominal resistance of the coupling bearns for formation

of plastic hinges in the coupling beams (Cl 21.5.8). Following the design procedures for coupled

structural walls with diagonally reinforced coupling beams, joint design and ductility for proper

hinging mechanism have been considered in the design of these joints.

Lintel beams span across the Elev section opening and join to the flange wall ends. Second

type of joints are the Elev section confined flange wall end-lintel beam joints, with the lintel

bearns being conventionally reinforced (Cl 21.3). However, this is a deep joint due to the lintel

beams having a depth equal to one-third of the storey height, thus, the behaviour is different

from the ductility conditions for bearn-column joints given by Cl 21.4.2.2 and Cl 21.6. As

observed from the analysis results, a three-dimensional partially closed-section Elev flange wall

confined column region-lintel beam-slab behaviour occurs with cornplex interaction developing
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between the structural members. In the higher nonlinear load range. this response is difficuIt to

be taken into consideration in the design and requires further study.

3.4.2 "Strong Core Wall-Weak Coupling Bearn" Ductility Requirements

CoupIed structural wall systems subjected to earthquake Ioads are designed following the duc

tility requirements of Cl 21..5-.8 to achieve a desirable failure mechanism in which yielding occurs

and plastic hinges form at the coupling beam ends prior ta their formation in the structural

walls. The coupling beams are capable of undergoing large inelastic displacements and they can

absorb and dissipate energy without collapse of the structure. A ~strong structural wall-weak

coupling beam" design philosophy (Cl 21..5.8.4) is required with the preferred use of diagonal

reinforcement in coupling beams to resist shear and ftexural forces (Cl 21..5.8). To attain the

complete sidesway failure mechanism of a coupIed wall structure, yielding and plastic hinging

will develop at the base of the structural walls requiring the lower storeys of the walls to be

designed for ductility with stringent transverse hoop confinement requirements over their entire

height as for columns (Cl 21.4).

The cores substructure under investigation is a coupied core system with complex three

dimensional interaction among the various structural components as demonstrated in the current

analyses and earlier by Manatakos (1989). Cl N 21..5.8.4 is intended for planar cou pIed structural

wall systems with one wall in tension and the other wall in compression. Here. due to the

interaction between the cores the coupling and lintel beams. and the enc10sed and surrounding

slabs, a complex three-dimensional cores substructure box·section response is observed which is

very different from that in CI 21..5.8.4. Seismic ductility provisions of CI 21.5 for the structural

cores design have been satisfied for plastic hinging to develop at the core wall base after plastic

hinges form in the coupling beams.

3.4.3 "Strong Elevator Core Flange Wall-Weak Lintel Bearn"

Ductility Requirernents

At the Elev section flange wall-lintel bearn joint, analysis results show that there are shear forces

and flexural moments introduced in the lintel bearns as a result of the vertical movement of the

Elev section flange walls subjected ta earthquake loading.

Ta ensure that plastic hinging occurs in the Untel beams and not in the Elev section flange

walls for a desired ductile failure mechanism, the "strong core flange wall-weak lintel beam"

seisrnlc design approach requirernents of Cl 21.4.2.2 and Eqn. 21-1 are followed. The factored

resistance of the structural core walls shall be greater than the nominal resistance of the lintel

bearns at a joint. One difficulty in applying Cl 21.4.2.2 requirements in this situation is that

the entire Elev section ftange wall participates in flexure with the lintel beam ends. Further

research is required to study the local effects and variations which occur at the confined column

Elev section flange wall end region-Untel beam joints.
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Finite element analysis results also demonstrate that a three-dimensional partially closed

section Elev core response develops with the lintel beams along with a portion of the enclosed

and surrounding slabs participating in the lateral load resistance.

3.4.4 Transverse Reinforcement in the Elevator Core Flange Wall

Confined Column End Region

•

(

Proper confinement of concrete within a joint core region must be provided ta permit transfer of

shear forces through the joint and to ensure structural integrity of the joint. Confinement of the

joint is in the form of cage reinforcement consisting of transverse hoops and cross-ties (Cl 21.6.2.

N 21.6.2) surrounding the longitudinal column (confined core wall region) reinforcement uni

formly distributed along the joint faces (Cl 21.6.3, N 21.6.3). Detailing of the confinement

reinforcement in a joint is essential for ductility to permit inelastic deformations and plastic

hinging in the joint beam-slab members without a sliding shear failure occurring (Cl 21.6.-1.

N 21.6...1). The Elev section ftange wall lintel-beam joints must be checked for the shear forces

in the confined core wall region due to the moments in the lintel beams (Cl 21.6).

For the Elev section ftange wall, one can argue that only the confined column tlange wall end

region should be considered as being effective in acting with the lintel beams. This approach is

conservative but it is not realistic as compared to the actual three-dimensional partially closed

section Elev response observed. Another approach is to determine an effective ftange wall width

participating with the lintel beams in the lateral load response. One important factor Dot

cODsidered in determining the effective core flange wall width are the effects of the slabs within

and surrounding the core sections resulting in an effective siab width participating with the

core walls and beams in the lateral load resistance. wlanatakos (1989) noted that the effective

core wall widths in lateral load resistance are inftuenced by the effective siab widths. Further

analytical and experimental research is required in this area.

For the Elev section under investigation, three different effective flange wall widths (effective

cross-sections) participating with the lintel beams response are examined: the confined column

Elev section ftange wall end region, 50% effective Elev section flange wall width, and the entire

Elev section ftange wall width. Thus, ductility requirements of Cl 21.4.2.2 are satisfied for the

Elev section flange wall-lintel beam joint taking into consideration the entire flange wall as being

effective and properly confined. It is noted that considering only the confined Elev section ftange

wall end region would not satisfy the ductility requirements of Cl 21.4.2.2.
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3.5 Slab Design

( 3.5.1 Ductility Requirements

•

No provisions or guidelines exist in the CSA Standard Cl 21 for seismic design of ductile two-way

slabs subject to both gravity and earthquake loads. A note to Cl 21.9.1 states that :

··Requirernents for the qualification of two-way floor systems without beams are not given.

The ability of such structures to sustain their resistance to lateraI loads when subjected to

deformation reversais in the inelastic range has yet ta be established."

Design provisions of Cl 13 for two-way slab systems require that flexural reinforcement shaH

be provided in each (orthogonal) direction in the slab as determined by analysis (Cl 13.4.1).

Finite element analyses give slab bending moments mrr and m yy in orthogonal directions and

the corresponding twisting moments m yr and m xy , respectively. The Commentary to the CSA

Standard N 13..1.1 suggests that the slab design moments in orthogonal X- and Y-directions can

be determined conservatively as the addition of the absolute values of the corresponding flexural

and twisting moments as :

(3.5 )

In the ACI Standard. speciaI provisions are given for the seismic design of two-way slabs without

beams in Appendix ..-\.9.6 based on ductility considerations. nonlinear behaviour and the yield

line theory. These requirements relate to the detailing and placement of the flexural reinforce

ment for moment reversais, redistribution of negative and positive slab moments. structural

integrity at slab supports, and effective slab band widths in column strips.

In the present investigation and earlier work by Manatakos (1989) on the core-slab-frarne

structure subjected to earthquake and gravity loads, the results show complex three-dimensional

interaction between the cores, coupling and !intel beams, slabs and frames. As a result, the en

closed and surrounding slabs transfer not only in-plane forces but also out-of-plane flexural

forces between the cores and frames substructures. The resulting distribution of the slab mo

ments demonstrate that the slabs are subjected to flexural and twisting moments, experiencing

load and moment reversais. The twisting moments in a two-way slab can be as significant as

the flexural moments in regions of slab-core wall corner and end supports.

Critical slab regions are observed at the slab-structural core wall ends, corners and junctions.

and the Hntel and coupling beam connections. Large negative moment concentrations are present

indicating that a large reinforcement content is required in these areas and that uniformly

distributed reinforcernent may not ensure serviceability of the slab near the supports. To ensure

that yielding of the reinforcement does not occur at the service loads, the reinforcement layou t

should follow the elastic moment distribution in the slabs. However, ductility of slabs at the

higher inelastic load range must he ensured, thus, limiting the amount of uniformly distributed

reinforcement provided in the critical slab regions. If large differences exist between the actuaI

moment resistance of the slab compared with the required design moments, cracking at the
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service load level will be excessive because of the low steel content at the highly stressed slab

sections which may lead to large values of steel stresses and large crack widths. How far the actual

slab reinforcement arrangement can dHfer from the elastic moment distribution and still result

in a serviceable slab. has not been conclusively determined. Elastic analyses of two-way slabs in

core-slab-frame structures subjected to earthquake and gravity loads are not representative of

the ··realistic" behaviour of the structure during a severe earthquake. At low load levels. before

cracking of the slab occurs, the distribution of moments and forces is in accordance with the

elastic theory. At the higher load stages near the ultimate load~ the distribution of inelastic

slab moments depends on the flexural strength. the slab support conditions and the type of

loading. The CSA Standard permits an elastic redistribution of 20% for the negative moments

in Cl 8A. A reduced flexural rigidity equal to 0.6Ec Ig for two-way slabs is suggested in CI NS.6.1.

Cl N10.11.7 suggests a reduced flexural rigidity value based on the state of the structure just

prior ta reaching the ultimate load, equal to O.5Ec Ig for columns~ beams~ structural walls and

0.33EcIg for fiat plates. It is noted that these suggested values for the fiexural rigidity are based

on the uncracked values of the second moments of cross-sectional area for the slab.

Due ta the nonlinear post-cracking behaviour of two-way slabs, a significant redistribution

of moments occnrs at the critical slab regions. Park and Paulay (1975) have found that due ta

nonlinear response at higher load levels near the ultimate load, a considerable loss of stiffness

is observed in structural cores/walls ta values as low as 25% of the uncracked stiffness at the

base region where plastic hinging occurs. This loss of stiffness also occurs in the slabs at the

critical slab-core wall regions and mllst be taken into consideration in analysis and design at

the higher load levels to ensure ductility and structural integrity of the slab. The ··actuar~

flexural rigidity (El) of a reinforced concrete two-way slab at the higher nonlinear load range is

difficult ta determine due ta the low reinforcement ratio typically used in design and should be

representative of the degree of cracking and the load level.

CSA Standard seismic design provisions are based on conditions of a concrete section sub

jected to uniaxial compression for typical members with a compressive concrete strain at fail

ure of Ec ~ 0.003. Two-way slabs in a core-frame-slab structure respond in a complex three

dimensional manner with axial, flexure, twisting and membrane actions present. At the critical

slab-structural wall corner and end regions where the slab moments peak to very large values

(stress concentrations are present) the concrete sections at these joints experience biaxial and

triaxial conditions in compression and tension~ and confinement due to the joint configuration

of slab-core wall corner, end, junction and beams present which are not considered directly in

analysis and design. Thus, a value for the ultimate concrete compressive strain of le =0.004

to 0.004.5 may be more realistic. Other effects influencing the strength and ductility of two·

way slab structures typically not taken into consideration in design inciude: strain hardening

of the reinforcement, the presence of compression steel, and the provision of transverse hoop

confinement around the longitudinal rein forcement in the critical slab regions over effective slab

band widths and plastic hinge lengths for lateralload resistance. Membrane action in two-way
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slabs. compression and tension from the slab supporting members. can increase the ultimate

load capacity and ductility significantly. Tests by Ockleston (19.58) and Liebenberg ( 1963) have

demonstrated that slabs possess considerable ductility and strength. provided that a logical

reinforcement layout is used to ensure that the serviceability requirements are fulfilled. They

found that lateral restraint provided by stiff surrounding beams and slab panels can increase

the ultimate load to values between 2 to :3 times that predicted by yield line theory.

3.5.2 Maximum Spacing of Flexural Reinforcement

for Seismic Design of Two-Way Slabs

Structural integrity of two-way slabs must he maintained in the post-cracking inelastic load

range in the vicinity of the slab supports and critical regions along the slab-structural core wall

beam ends, corners and junctions due to the development of plastic hinges and possible load

reversaIs. CSA Standard requirernents for longitudinal reinforcement in slabs given by Cl 1:3.4.2.

Cl 7.8.2. N 7.8.2 and Fig. Ni ..5 for cracking control, limit the maximum bar spacings in slabs at

the critical sections to:

Smax ~ 2hs1ab ~ 200 mm (3.6)

•
For seismic design of ductile structural walls, the requirements of Cl 21..5 ..5.1 sets maximum

spacing limits of uniformly distributed longitudinal and transverse reinforcement within and

outside plastic hinge regions. Since two-way slabs are subjected to similar bending and twisting

moments as structural walls and both are thin-walled plate/shell members. and plastic hinging

will occur in the slabs due ta load reversais, the ma..'CÎmum spacing of slab reinforcement should

be limited to provide for structural integrity of the slab. Spacing requirements for longitudinal

reinforcement in structural walls (Cl 21.5.5.1) are applied ta the seismic design of two-way slabs.

[il vVithin plastic hinging regions: Smax ~ 300 mm

[ii] Outside plastic hinging regions: Smax ~ 4.50 mm

3.5.3 Maximum Flexural Reinforcement for Ductility Requirements

of Two-Way Slabs

Ductility is crucial in seismic design of two-way slabs and generally a significant moment re

distribution is assumed to take place safely in the slab at the higher inelastic load range. Ta

satisfy cl uctility requirements for two-way slabs based on the distribution of slab moments. ser

viceability requirements, building code design provisions and the yield Hne theory, Park and

GambIe (1980) and the European Concrete Committee [CEB] (1978) the following ratios of the

average negative to average positive ultimate slah moments are suggested:

-ive $ 1.5 ta 2.0 mti~: (3.7)m ultz

( -ive $ 1.5 ta 2.0 mti~e (3.8 )multg 51

+ < 1.0 to 1.5 m tIt (3.9)mult;r 51
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In the vicinity of slab supports. columns and structural core walls ends. corners and junctions.

uniformly distributed reinforcement is not acceptable due to the large negative slab moments.

Thus, more heavily concentrated longitudinal reinforcement is needed ta follow the elastic mo

ment distribution in these critical slab regions. Park and GambIe (1980) relating experiments

on slabs developing collapse mechanisms ta the CEB-FIB Madel Code (1972) requirements and

the ACI Standard (CSA Standard) design factors, and based on the yield line theory. suggest

that a maximum tension reinforcernent ratio should be maintained throughout the slab to ensure

adequate ductility :

P max < 0.4 Pbal

\vith an upper limit at critical slab sections equal ta 0.6 Pbal.

(:J.10)

3.5.4 Reinforcement in Slab-Core Wall Corner and End Regions

(

(

Elastic moment distributions in the slabs demonstrate large bending and twisting moment con

centrations and reversais at the critical slab-core- beam regions, thus, requiring special slab

reinforcement not only at the structural core wall ends and corners, but also along the slab

core wall junctions. The total required reinforcement in the critical slab regions is quite large

and would result in over-designed highly brittle slab sections which are not appropriate for the

seismic design and ductility requirements.

Top and bottom steel should be provided in two-way slab corner regions ta restrain the corner

from lifting off the supports, to control cracking and to develop negative corner slab moment

resistance. \JVood and Jones (1967) have shown that corner effects in sIabs cause yield Hnes that

tend to fork with fanning cracks in the slab corners due to the absence of top steel. and red uce

the ultimate slab resistance by about 10% to 12%. Park and GambIe (1979) suggest that the

amount of top corner sIab reinforcement provided is dependent on the edge support conditions

ranging from 0.33 ta 0.50 of mt/tVe in the slab at simply supported edges and mt/tVe in the slab

at restrained edges. CSA Standard Cl 13.4.6 provisions require special corner reinforcement

in slabs equal ta the maximum positive siab moment for cracking control ta extend a distance

equal ta 0.2 of the longer span in bath directions measured from the slab edges.

Nonlinear response at the higher load stages due ta seismic loads result in a considerable

reduction of the slab stiffness (and in structural walls) at critical slab-core wall joints and

regions causing a corresponding redistribution of the moments. The actual arnount of moment

redistribution in two-way slabs can vary greatly from 20% ta 30% and it can be as high as 40%

as observed by Park and GambIe (1979) depending on the slab configuration and reinforcement

details provided. Therefore, special longitudinal reinforcement must be provided in the enclosed

and surrounding slabs in two mats in orthogonal directions with a maximum steel content of

0.6 ta 0.75 Pbal ta confine the concrete and to provide structural integrity at the slab-core wall

flange wall end and flange-web corner regions over a distance of at least one-fifth of the span in

each direction or 3 to 5 hw (the core wall thickness).

37



Serviceability requirements of two-way slabs must be checked to ensure that the slab defor

mations and stresses (strains) in the reinforcement are not excessive at the service load level.

Presently. no CSA Standard (ACr Standard) design provisions or recommendations exist for

defiection and crack control of two-way slabs at the serviceability limit state. In absence of such

design guidelines. Park and GambIe (1980) suggest using the empirical Gergely-Lutz expression

(CSA Standard Cl 10.6.4 crack control parameter) in terms of the steel stresses of beams and

one-way slabs.

Ta control cracking in two-way slabs, more closely spaced fine cracks are preferred as com

pared with fewer wider cracks. Therefore, smaller diameter bars at close spacings should prefer

ably be used and for uniformly distrihuted slab reinforcement limit the reinforcement spacings at

the critical slab sections as required by Cl 13.4.2 for skin reinforcement Cl 7.8, N 7.8.2. Cl 10.6.7

and Fig. N7 ..5 in plastic hinging regions ta Sma.x ~ 2hs1ab ~ 200 mm.

c
3.5.5

3.5.6

Serviceability Requirements for Two-Way Slabs

Ductility of Slab-Structural Wall/Column Connections

(

Two-way slabs are subjected to repeated load reversals and moments which lead to a degra

dation of the shear strength at the slab-support connections and a possible shear failure must

be avoided. Slab-core/column supports must possess sufficient ductility to absorb and dissi

pate energy by inelastic deformations without collapse. Ideally for two-way slabs without shear

reinforcement, the slab-support connection should contain sufficient continuous longitudinal re

inforcement providing sorne post failure resistance to hoid the connection together after punching

shear failure of the slab occurs and to prevent the slab from slipping down the column or core

wall support. Bottom longitudinal reinforcement is more effective than the tùp steel due ta the

concrete slab caver spalling off at higher load levels [Park and GambIe (1980)J. This reinforce

ment acts as a suspension mechanism stopping slab movement and permitting redistribution of

the load to the other parts of the slab.

Studies by Criswel1 (1980) of two-way slab reinforcement behaviour in providing post punch

ing resistance of slab connections have shown that closed stirrup-ties or hoops around the main

longitudinal bars greatly improve the slab-column response. ('arpenter. Kaar and Corley (1973).

and Islam and Park (1976) have demonstrated that provision of stirrups-ties in a slab result in a

substantial increase in the ductility of the slab connection. Hoops or dosed stirrup-ties around

the slab reinforcement in the critical slab-support regions, over an effective slab band width,

provide confinement of the longitudinal reinforcement (top and bottom) and provide flexural

and torsional shear resistance at large inelastic deformations in the slab.

Structural integrity and ductility of the critical slab-structural core wall regions must be en

sured in the inelastic response to failure permitting large deformations, moment redistribution

and formation of plastic hinging without a punching shear fallure. Therefore, in the seismic duc

tile design of two-way slabs, closed transverse hoops should be provided around the longitudinal

reinforcement for confinement at the critical slab-core wall connections.
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Seismic design provisions of the CSA Standard require transverse hoops and cross-tie reinforce

ment for shear, stability, confinement of concrete, restraint of longitudinal reinforcement within

confined member regions and plastic hinging regions by Cl 21.3.3.4, Cl 21. 7.3.3 and Cl 21.5. ï in

ductile flexural members. Spacing requirements and limitations for the hoops and cross-ties are

given for: ductile frame members Cl 21.4.4.4. N 21.4.4.4, Fig. N21.7; confined regions of struc

tural walls Cl 21..5.7. Cl 21.4.4.3. Cl 7.6.5.2; concentrated reinforcement regions of structural

walls Cl 21.5.6 ..5: diagonal reinforcernent in coupling beams Cl 21.5.8.2; with the most stringent

spacing of d/4 ta d/2. Plastic hinging regions for confined regions and joints in structural walls

Cl 21.4.4 ..5. Fig. N21.8. and in flexural members (beams and columns) Cl 21.3.:3.2. Cl 21.3.3.:3

and N 21.3.3, must have transverse hoops provided over a minimum specified distance fram the

joint equal to 10 ~ 2d of the member effective depth, or ~ ~ th of the clear span or 4.50 mm.

Carpenter. Kaar and Hanson (1970) studied provisions for shear in seismic design of two-way

slabs and recommended that for improved ductility at the ultimate load. hoops or stirrup-ties

confining the slab longitudinal reinforcement should be provided in a slab at a maximum spacing

of Sma.~ = d/2, one-half of the effective slab depth. A longitudinal reinforcing bar must be present

in each corner of the hoops or stirrup-ties, and the hoops must he properly anchored at each

bar to develop the tensile yield strength. as recommended by Park and GambIe (1980). Exper

imental studies by Lim (1989) on ductility of cou pIed slab-structuraI wall structures subjected

to reversing displacements, simulating earthquake loadings, demonstrated that the maximum

spacing of hoop confinement of slab longitudinal reinforcement should be limited to d/2 to 2d/3

of the effective slab depth. The cracked effective sIab width participating in the lateraI laad re

sistance ranged from 0.18 to 0.24 of the corridor distance between the coupled structural walls.

He also found that the stiffness of the coupled slab-structural wall systems reinforced with stir

rups in the slab~ is reduced to values between 0.30 ta O.lO of the initial uncracked stiffness when

subjected to light ta heavy earthquake loadings.

A problem encountered in selecting and detailing the arrangement of the hoops in two-way

slabs, is in determining the "'cracked" effective slab width due to earthquake loads developed

with the structural core wall section at the critical slab-core wall end and flange-web corner

regions. Transverse hoop reinforcement must be provided in the slab at the critical slab-core

wall connections across the entire cracked effective slab width to provide confinement of the

longitudinal reinforcement for large forces and moments, and load reversals in the critical slab

sections. Clearly, hoops in critical sIab regions should be provided over a distance equal ta the

moment reversal zone as indicated by fini te element anaIysis results.

Carrent findings and earlier work by Manatakos (1989) demonstrate that the effective slab

widths of fiat slabs participating in lateraI laad resistance in the linear range are dependent

on several factors: the location of the span (end or interior), the floor slab location (upper,

intermediate, or lower levels), characteristics of the adjacent spans, size and shape of the struc

tural core wall supports, and the interaction between the various structural components - cores,

(

•

(

3.5.7 Hoop Confinement of Longitudinal Reinforcement in Slabs
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bearns. slabs and frames. Values for the effective slab widths varied from one-tenth to the full

panel width and the various charts and tables developed by several researchers such as Tso and

~Iahmoud (1977) and Pecknold (1977) are suitable only for interior spans of interior panels in

the interior floor levels.

Therefore. to ensure slab ductility and inelastic response ta failure. confinement of the slab

longitudinal reinforcement should be provided in the fOrIn of closed hoops and cross-ties at the

slab-core wall critical regions allowing development of cracked effective slab widths as follows:

1. Hoops should have a minimum 4-legged configuration forming a cage confining the

longitudinal slab reinforcement. The maximum spacing between hoop legs should

be less than or equal ta the core wall thickness ta ensure confinement of the slab

reinforcemenL with Smax = 300 mm.

2. Hoops should he of minimum width equal to ~ ta 1~ times the wall thickness on

either side of the structural wall, ta a maximum width equal to 3 to 5 times the wall

thickness.

3. Hoaps should extend from the slab-structural wall face outward a distance equal to

0.20 ta 0.30 of the span. for a minimum distance of 4d ta 6d of the slab.

4. i\tIa'cimum spacing between haaps should be equal ta d/2 for a distance of 2d from

the slab core wall support, and at spacings of (2/3)d ta (3/4)d for the remainder of

the confinement length.

For the transverse shear reinforcement in the enclosed and surrounding slabs. lON[ bars are

selected in the form of 4-legged hoops and cross-ties along the span in the plastic hinging critical

slab regions between sIab supports over the effective slab band widths.
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3.6 Design Summary

3.6.1 Core Design

Figures 3.1. 3.2 and 3.3 show cross-sectional views of the infilled-slab, elevator and stairwell

cores at the base level and lower storeys showing details of the uniforrnly distributed vertical

and horizontal reinforcement, the concentrated vertical bars at the confined core wall corners

and ends. and the transverse hoops and cross-ties at the confined core wall regions.

Figures 3.4. 3.5 and 3.6 depict elevational views of the infilled-slah. elevator and stairwell

cores showing details of the concentrated vertical bars at the confined core wall corners and

ends. and spacings of the transverse hoops and cross-ties in the confined core wall regions in the

lower storeys plastic hinging regions.

3.6.2 Coupling Bearn Design

Figures 3.7 and 3.8 present elevational views of the I-E and E-S coupling beams. respectively.

showing details of the diagonal reinforcement and hoop confinement, and the secondary cage

reinforcement layout.

Figure 3.9 shows the cross-sectional views of the [- E and E-S coupling bearns giving details

of the placement of the diagonal reinforcement and hoop confinement, and the secondary cage

reinforcement consisting of hoops and longitudinal bars.

3.6.3 LinteI Bearn Design

Figure 3.10 ill ustrates an elevational view of a Untel beam showing details of the placement

and spacings of the longitudinal flexural and skin reinforcement. and the transverse hoop and

cross-tie reinforcement for shear, torsior:. and confinement within and outside of plastic hinge

regions.

Figure :3.11 shows cross-sectional views of the Untel beams at the end supports and the

midspan showing details of the longitudinal flexural and skin reinforcement, and the transverse

hoop and cross-tie rein forcement for shear, torsion and confinement.

3.6.4 Core Wall-Bearn Joint Design

Figure 3.12 illustrates top front and sicle views, and elevation front and side views. respectively.

of the elevator core flange wall end equivalent confined colurnn region-Untel beam end joints

gi ving details of the core wall concentrated vertical bars and the transverse hoop and cross-tie

reinforcement within the joint region.
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3.6.5 Enclosed and Surrounding Slabs Design

Figures 3.13 and 3.14 show plan views of the enclosed and surrounding slabs showing details of

the placement and spacings of the uniformly distributed bot tom and top reinforcement mats in

orthogonal directions.

Figures 3.1.5 and 3.16 present plan views of the enclosed and surrounding slabs showing details

of the placement and spacings of the uniformly distributed special bottom and top reinforcement

mats at the critical slab-core wall regions (slab-structural core ends, corners and junctions) in

orthogonal directions.

Figure 3.1 ï illustrates a plan view of the enclosed and surrounding slabs iLlustrating the

details of the arrangement, placement and spacings of the transverse hoop and cross-tie cage

reinforcement confinement of the slab longitudinal bars in effective slab widths for lateral load

resistance over plastic hinging lengths at the critical slab-core wall regions, slab-structural core

ends. corners and junetions.
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3.7 Design Procedure

Suggested design steps for the different structural components of the core-slab-frame structure

are given below.

3.7.1 Core Design

(

(

1. Dimensional Limitations

[iJ \Vall thickness in plastic hinge regions

[ii] Exceptions to wall thickness requirements in plastic hinge regions

[iii] Effective flange wall widths

[IV] \Vidth of effective flange wall providing lateral support

2. Nlaxirnum Reinforcement Bar Sizes

:J. Distributed Reinforcernent

[il Minimum uniformly distributed reinforcement

[ü] Confinement of horizontal distributed reinforcement

[iii] Requirement for two curtains of distributed reinforcement

..1. Concentrated Reinforcement

[il Location of concentrated rein forcement

[ii] Minimum and max..imum area of concentrated reinforcement

.5. Flexural Reinforcement

[il Post-cracking capacity minimum reinforcement requirements

[ii] Cracked flexural strengths of the core sections

6. Ductility Requirements

[il Limits on the depth of the compression zone

[ii] Confined compression wall regions for vertical reinforcement

[iiiJ Determination of confined regions in core sections

- Calculation of confined compression web wall regions

- Selection of confinement regions in core walls

- Minimum vertical reinforcement in confined wall regions
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·. Transverse Hoop and Cross-tie Reinforcement in Confined Core \VaH Regions

( [i] Horizontal spacing between legs of hoops and cross-ties

[ii] Nla.ximum vertical spacing of transverse reinforcement

- Within confined wall regions

- \Vithin concentrated reinforcement regions

[iii] Confined regions and joints within plastic hinge regions

8. Shear Reinforcement

[i] Ductility requirements for shear

[ii] Design base shear

[iii] Simplified method for shear design

- Dimensionallimitations

- Calculating required shear reinforcement

[iv] Anchorage of horizontal shear reinforcernent

[v] Placement of horizontal shear reinforcement

9. Determination of Plastic Hinge Regions in Core Sections

C 10. Sliding Shear Resistance at Construction .Joints

11. Variation in Fniformly Distributed Reinforcement Along the \-VaU Height

ri] ~Iaximum spacing of uniformly distributed rein forcement

[ii] Minimum shear reinforcement requirements

[iii] Changes in uniformly distributed reinforcement

[iv] Confinement of vertical uniformly distributed reinforcement

(
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3.7.2 Coupling Bearn Design

•

1. Diagonal Reinforcernent

[il Minimum factored shear stress requirernent

[ii] Required diagonal reinforcement

[iii] Limitations and restrictions on diagonal reinforcement

[iv] Development of diagonal reinforcement

[v] Hoop confinement of diagonal reinforcement

2. Transverse Reinforcernent

[il Shear reinforcement requirements

[ii] Torsion reinforcement requirements

[iii] Dimensional limitations

[iv] Spacing limitations for transverse reinforcement

3. Distributed Longitudinal Bar Requirements for Torsion

4. Skin Reinforcement for Crack Control of Deep Flexural rvlembers

.5. Reinforcement Requirements for Deep Shear Spans

6. Stability and Confinement Requirements of Longitudinal Bars

l'sing Transverse Hoops

/. Secondary Cage Reinforcement - Transverse Hoops and Longitudinal Bars
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L. Flexural Reinforcement(
3.7.3 Lintel Bearn Design

•

[il Consideration for ductile design of joints

[ii] Bar sizes. spacings and development lengths

[iii] Minimum and maximum reinforcement requirements

[iv] Allowances for possible moment redistribution

[v] Skin reinforcement for crack control of deep flexural members

[vi] Seismic requirements for negative and positive moment resistance

[vii) Development of longitudinal reinforcement

2. Shear Reinforcement

[i] Probable moment of resistance at joint faces

[ii] Determination of shear forces corresponding to plastic hinging

[iii] Hoop and cross-tie requirements and leg spacings

[iv] Simplified method for shear design

- Dimensional limitations

- Required shear reinforcement

- :Minimum shear reinforcement requirements

- Spacing limitations

3. Torsion Reinforcement

[il Consideration of torsion

[ii] Hoop and cross-tie requirements and leg spacings

[iiij Simplified method for torsion design

- Required torsion reinforcement

- Spacing limitations

- Distributed longitudinal bar requirements for torsion

4. Transverse Reinforcement for Combined Shear and Torsion

[il Dimensional limitations

[ii] Spacing limitations

5. Stability and Confinement Requirements of Longitudinal Bars

Using Transverse Hoops
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1. ··Strong Core Wall- Weak Coupling Bearn" Ductility Requirernents

[il Axialload-moment interaction diagrams for the flange walls

[iil Nominal flexural resistance of the coupling beams

[iii] Strong core wall-weak coupling beam requirements

[iv] Ductile cou pIed core walls response

2. "Strong Elevator Core Flange \Vall- \Veak Lintel Beam" Ductility Requirements

[il Axial load-moment interaction diagram for elevator flange wall

[ii] Nominal flexural resistance of the lintel beams

[iii] Strong elevator core flange wall-weak lintel beam requirements

(i'l] Transverse reinforcement in elevator wall confined end region

(
3.7.4 Core Wall-Bearn Joint Ductility Requirements

c

c

3. Elevator Core Flange Wall End-Lintel Bearn Joint Ductility Requirements

[il Equivalent elevator core flange wall end-lintel beam joint

- Factored shear force in the joint

- Shear resistance of the joint

- Transverse reinforcement in the joint
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3.7.5 Slab Design

( 1. Slab Flexural Reinforcement - General Design Requirements

2. Two-"Vay Slab Design - CSA Standard Requirements

[il Maximum reinforcement bar sizes

[ii] Minimum longitudinal rein forcement

- Shrinkage and temperature reinforcement

- Skin reinforcement for crack control

- wIaximum spacing of flexural reinforcement

[iii l Maximum spacing of longitudinal reinforcement at slab critical sections

[iv] Maximum flexural reinforcement

[v] Positive moment reinforcement

[vi] Negative moment reinforcement

[vii] Special exterior corner rein forcement

- Top and bottom corner reinforcement

- Placement of corner reinforcement

- Extent of corner reinforcement

1 [viii] Minimum bottom flexural reinforcement requirements

for structural integrity of slabs

- Minimum bottom reinforcement

- Continuous reinforcement requirements

3. Special Provisions for Seismic Design of Two- vVay Slabs Withou t Beams

- AC! Standard Requirements

[il Moment reversaIs in slabs

[ii] Redistribution of negative and positive slab moments

[i ii] Structural integrity at slab supports

[i v] Effective slab band widths in column strips

4. Ultimate, Nominal and Probable Flexural Resistance of Slabs

.5. Serviceability Requirements for Two- Way Slabs

6. Shear Provisions in Two-Way Slabs for Seismic Design

(
1. Ductility Requirements of Slab-Core Wall Supports

8. Hoop Confinement of Longitudinal Reinforcement in Slabs
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Chapter 4

N onlinear Inelastic Behaviour

Stage 3 of the core-slab-frame building response studies focusses on the nonlinear inelastic be

haviour of the core-slab substructure (Fig. 1.1) as designed and detailed in Stage 2. throughout

the entire load range, subjected to monotonically increasing earthquake and gravity loads until

failure. The contribution and influence of the cores, coupling and lintel beams, enclosed and

surrounding slabs is examined in terms of the interaction among the components and on the

structure responsal. A detailed three-dimensional finite element model of the core-slab suhstruc

ture is developed from which the different models are derived for the various analyses performed.

Complete details for the nonlinear inelastic finite element modeling and analyses of the core-slab

su bstructure under investigation can be found in the report by Manatakos and Nlirza (1995).

4.1 Nonlinear Analysis Method

4.1.1 Computer Program

To evaluate the nonlinear response of the slab-core substructure until failure, the NONLACS

computer program (NO NLinear Analysis of Concrete and S-teel structures) is selected which

takes into consideration the effects of cracking of concrete, yielding of reinforcement and other

nonlinear phenomena in structural concrete. Details of the computer program, its origin and

development are presented by Nofal (1988), Razaqpur and Nofal (1988) and Ghoneim (1978).

The NO NLACS prograrn can he used to analyze and trace the nonlinear response and failure

mode of any plain, reinforced or prestressed concrete, steel or composite concrete-steel structure

that can be idealized as an assemblage of thin plates and/or shells subjected to monotonically

increasing loads. Such structures inc1ude beams. plates, shells. folded plates, box girders. cores

and slabs. The program ernploys an incremental-iterative procedure based on the tangent stiff

ness method to trace the nonlinear response of the structure, solving the nonlinear problem in

a series of incrementally linear analyses.

Verification of the computer program involving extensive analytical investigations for predict

ing the nonlinear response and fallure modes of a wide variety of structures including steel plates,
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simply supported and cantilever beams, flat slabs, prestressed double T -beams. single~ and two

cell prestressed concrete box girder bridges. and composite concrete slab on steel (multi-) girder

bridges has been demonstrated by severa! researchers including Ghoneim ( 19ï8). Nofal (1988).

Razaqpur and Nora! (1988), and Razaqpur. Nofal and ~Iirza (1989). Comparisons of the the

oretical predictions with the experimental results have shown. in general. very good agreement

establishing confidence and reliability of the NONLACS program.

4.1.2 Finite Elements Incorporated

1. Quadrilateral facet shell plate element (QFSE): Fig. 4.1

The quadrilateral facet shell plate element in the NONLACS program is a 4 node.

high order element with a cubic displacement field [Razaqpur and Nofa! (1988 )]. \Vith

6 degrees of freedom per node induding 3 translations .:lx. ~Y' ~= and ;J rotations

8r , 8y • ()=. Due to the material nonlinearity. this element is an anisotropie shell with

coupled in-plane membrane and plate bending actions.

2. Uniaxial bar element: Fig. 4.1

A standard 2 node. uniaxial bar (truss) element with a linear displacement field

and 3 translational degrees of freedom ~r' ~y. ~= per node Îs used which can be

• orientated in any direction in the global axes.

4.1.3 Modeling of Concrete and Reinforcement

For the nonlinear modeling. concrete layers and smeared steel layered techniques are employed

\vhere quadrilateral shell plate elements are divided into layers across their thickness, composed

of concrete and smeared steel reinforcement or continuous steel plate, as illustrated in Fig. 4.1

for a typical quadrilateraI shell element with respect to the element local axes (u, 1') and the local

coordinates (TJ. ~). Each layer i is located within the shell element thickness as measured from

the reference centroidaI surface (z-value) to the outer faces and the centroid of each individual

layer. A typical concrete element is divided into a number of layers nCI of thickness tCI each.

Uniformly distributed reinforcement within the concrete element is modeled using smeared steel

layers n s , of an equivalent layer thickness calculated frorn:

area of one bar
ts =-----------------

, center - to - center spacing between bars

(

Continuous steel plate is modeled as discrete steel layers of corresponding thickness at their

appropriate locations. Smeared reinforcement layers are located within each shell element, mea·

sured from the neutral surface to the centroid of the respective uniformly distributed rein

forcement being modeled. Concentrated reinforcing bars, prestressing steel tendons and truss

members are modeled by bar elements located within the shell element (a maximum of 4 bar
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elements per shell element), or as separate bar elements attached to two specified nodes in the

mesh in the plane of the centroidaI element surface (z = 0). Thus, compatibility is enforced at

the nodes. Bar elements are orientated in the shell element by the local coordinates (7]. ç) of

the bar ends within the shell element.

Due ta the modeling of the concrete and the steel reinforcement. stress-induced orthotropic

properties are present in each shell element as a result of the constitutive material properties.

Assumptions in nonlinear modeling include a constant state of plane stress and constant ma

terial properties ta exist within each layer, and perfect bond between concrete and steel for

compatibility. The total shell element stiffness is equal to the summation of the contribution

of aU of the different concrete. smeared steel reinforcement. continuous steel plate layers and

reinforcement bar elements.

4.2 Concrete Constitutive Material Modeling

4.2.1 Compressive Stress-Strain Curve

A uniaxial compressive stress-strain curve for concrete is used Fig. 4.2 in the principal stress

directions. The intrinsic shape of the curve consists of two parts. Part l, the initial portion

of the curve upto the maximum compressive concrete stress level (f~) is represented by the

Saenz model (1964). Part IL the descending branch of the curve for the inelastic concrete

strain-softening response is gi ven by the Smith- Young model ( 19.).)).

Parameters required to define the complete concrete compressive stress-strain curve include:

maximum concrete compressive stress.

<: = concrete compressive strain at f~.

(Cult ultimate concrete compressi ve strain.

E c initial tangent modulus of elasticity of concrete in compression.

Ecs = secant modulus of elasticity of concrete at f~.

These parameters are dependent on the ratio of the principal stresses. Hence, concrete is con

sidered as a stress-induced orthotropic material.

4.2.2 Tensile Stress-Strain Curve

A uniaxial tensile stress-strain curve for concrete is used Fig. 4.3 in the principal stress directions.

The shape of the curve is considered as a bilinear representation with a linear elastic portion

upto the tensile cracking stress level ft and a linear unloading descending portion tracing the
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tension-stiffening phenomenon in stress and strain increments using the Kabir model (1976).

Parameters required to define the complete concrete tensile stress-strain curve include :

If = concrete tensile cracking stress.

(~cr concrete tensile strain at If·

(tult ultimate tensile concrete strain.

Ect tangent modulus of elasticity of concrete in tension.

Razaqpur (1988) has shown that this bilinear tension constitutive model for concrete gives

reasanable results for structures with normal amounts of steel reinforcement.

4.2.3 Biaxial Stress State - Failure Envelope

Experimental values for the bia.xial concrete strength for constant values of the ratio (Ct) of

the principal stresses ((11/(12) have been determined by Kupfer. Hilsdorf and Rush (1969), and

an analytical representation of the biaxial failure envelope for concrete has been developed by

Kupler and Gerstle (1973) as shown in Fig. 4..1. The equivalent uniaxial strain concept by

Darwin and Pecknold (1977) uses experimental data from uniaxial compressive and tensile tests

of concrete, relating mathematically to the different parts of the biaxial failure envelope for

concrete. Thus, the biaxial problem is treated as two equivalent uniaxial stress states in the

principal directions for El, E2 , 0'1 and (12 from which the unia.xial compressive and tensile

stress-strain concrete curves can be derived.

For uncracked concrete, the constitutive matrix [D] is given by:

where:

[

El

[D] = l! y2 y.j~IE2 (4.2)

v = Poisson 's ratio for concrete.

El E2 = tangent moduli for concrete in the principal directions 1 and 2.

Crushing of concrete occurs when the compressive stress in either principal stress direction

exceeds the uitimate compressive concrete stress, thus, the constitutive matrix becomes nul!.

4.2.4 Concrete Cracking

(
For uncracked concrete, the principal directions of a concrete element for the tangent moduli

El and E2 coïncide with the major O'lmajor and minor 0'2minor principal stress directions.

For cracked concrete, Fig. 4.5, the principal directions of the concrete element rotate becoming

parallel and normal ta the direction of the cracks. Formation of a crack leads to zero stiffness
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perpendicular to the crack, however, the concrete resists sorne tension between the cracks due

to tension-stiffening taking into consideration the descending portion of the concrete tensile

stress-strain curve (Fig. 4.3). The constitutive matrix [D] is modified for concrete cracking. If

a crack forms in the direction 1 then El = 0, and for a second crack fonning perpendicular

to 0'1 then E2 = O. The effects of cracking in a shell element (per layer) are taken into

consideration through the smeared cracking technique by replacing the elastic shear modulus G

of the concrete by a reduced value de which considers the effects due to aggregate interlock and

dowel action using a shear retention factor of J3 = 0.10 - 1.0 [Lin (197:3) and Link et al. (1988)].

Razaqpur (1982) round that using a value of ,:3 equal to 0.10 to 0.50 is adequate.

4.2.5 Concrete Constitutive Material Properties

A summary of the constitutive material properties for concrete is presented in Table ..1. 1 giving

typical values and formulae for their determination, for the following:

Density le

Poisson's ratio v

Young's modulus of elasticity in compression and in tension Ee and Ect

Shear modulus of elasticity G

rvlaximum compressive strength and strain at the onset of crushing f~ and f~

Ultimate compressive strength and strain fCult and f euh

the descending strain-softening branch of the stress-strain curve:

Tensile strength given by:

Direct tensile strength ft
Split cylinder (Indirect) tensile strength fet

Flexural tensile strength - modulus of rupture frt

NIax.imum tensile cracking strain ft er

Ultimate tensile strain ftuh

the descending portion of the curve considering the tension stiffening phenomenon.

~rore details relating to the constitutive material properties for concrete can be found in the

following references: ASCE Task Comm.ittee State of the Art (1982), Chen (1982). Park and

Paulay (1975), Park and GambIe (1980), Wang and Salmon (1985), Fintel (198.5), Sabnis, Har

ris, White and Mirza (1983), Winter and Nilson (1979), Wischers (1978), Huges and Chap

man (1966), Evans and Marathe (1968), Gopalaratnam and Shah (198.5), Kupfer et al. (1969),

Liu et al. (1972), Nelissen (1972), Kupfer and Gerstle (1973), Darwin and Peknold (1976,1977)

and Paulay and Priestley (1992).
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4.3 Reinforcing Steel Constitutive Material Modeling

4.3.1 Tensile Stress-Strain Curve

A bilinear elastÎC-strain hardening stress-strain relationship Fig. 4.6. is used for the steel rein

forcement with initial elastic and strain-hardening moduli of elasticity Es and E;.

4.3.2 Smeared Steel Layer Technique

For the modeling of uniforrnly distributed reinforcement as smeared steellayers. the constitutive

matrix (Dl is a function of the stress level and is defined in the local coordinate system (s. t) of

the distributed steel reinforcernent shown in Fig. 4.7 and is given by:

(4.3)

(

(

where:

Es = modulus of elasticity of the reinforcement (Es or E;).

(s. t) local axes directions normal and parallel to the reinforcement.

4.3.3 Reinforcing Steel Constitutive Material Properties

A summary of the constitutive material properties for the steel reinforcement is presented in

Table ..1.2 giving typical values and formulae for their determination, for the following:

Poisson's ratio v

Elastic modulus of elasticity Es

Strain-hardening modulus of elasticity Est or E;

Yield strength and strain fy and f y

;\Iaximum yield strain (length of the yield plateau) Estmu

Maximum tensile strength at the peak of the strain-hardening range fsmu

Ultimate (Fract ure) tensile strain f Sule

depending on the ductility and strain-hardening calJability.

!viore details relating to the constitutive material properties for reinforcing steel can he found

in the following references: ASCE Task Committee State of the Art (1982), Chen (1982), Park

and Paulay (1975), Park and GambIe (1980), Wang and Salmon (1985), Fintel (1985), Sabnis,

Harris, White and ~Iirza (1983) and Mirza and MacGregor (1979).
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4.4 Core-Slab Substructure Nonlinear Model Description

For the nonlinear analyses, values of the constitutive materia1 properties used for concrete with

a compressive strength of 30 }.t/ Pa and for the steel reinforcement with a specified yield strength

of -l00 lvI Pa are summarized in Tables 4.1 and 4.2. respectively.

4.4.1 Cores Idealization

Figures 4.8 to -l.11 show details for the nonlinear modeling of the core sections.

4.4.1.1 Mesh Division

(

(

Referring to Fig. 4.8, a division of 4 elements is used across the core sections web walls. Across

the Core and Elev sections flange walls, a 2 elements division is selected taking into consideration

the depth of the coupling and lintel beam joints, and ta match the slab mesh. For the short

Stair section flange walls~ a 1 element division is used modeling the entire wall width. Along

the cores height for the web and flange walls, in typical storeys and the basement storey. a 2

elements division is used with the upper wall elements height equal to the coupling and lintel

beams depth. and the lower wall elements height equal to the remainder of the storey heights.

For the ground and top storeys. a 3 elements division is selected with the upper wall elements

height equal to the beam depth and the remainder of the storey heights are divided into 2 lower

wall elements ta obtain a more detailed. distribution of the core stresses in the lower storeys.

Element aspect ratios are maintained at values of less than 2 and as close ta unity as possible.

4.4.1.2 Concrete Layer Systems

Shell elements are divided into 8 concrete layers across the core wall thicknesses resulting in 2

different concrete layer systems, one for the 12 in thick web and flange walls and one for the

10 in thick Elev section web wall, as shawn in Figures 4.9 to 4.11 for each core section.

4.4.1.3 Smeared Reinforcing Steel Layer Systems

Bath vertical (outer bars) and horizontal (inner bars) uniformly distributed wall rein forcement

consist of 2 curtains of 15M bars at various spacings in the cores design. (Note that in the

DQXX model, 2 curtains of lOM vertical uniformly distributed reinforcement are used.) Four

layers of equivalent smeared reinforcement are required in each wall element, a smeared steel

layer for each of the 2 curtains of vertical and horizontal uniformly distributed reinforcement

located at both core wall faces. Values of the equivalent smeared steel layer thicknesses for the

different uniformly distributed wall reinforcement bar spacings are listed in Table 4.3. There are

a total of 9 different sets of vertical and horizontal uniformly distributed reinforcement spacing

arrangements using 15M bars in the cores design as summarized in Table 4.4, thus, requiring
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9 different smeared reinforcement steel layer systems in the rnodeling. Details of the smeared

reinforcing steellayers in the core sections flange and web walls are shown in Figures ·1.9 to 4.11.

4.4.1.4 Concentrated Steel Reinforcement Bar Element Systems

Concentrated reinforcement at the confined~ end and corner wall regions of the core sections

is modeled using equivalent bar elernents located at the centroid of each set of concentrated

reinforcing bars considered as lumped together.

A total of 14 different sets of concentrated steel reinforcernent bar elernent systems with 2

to 4 bar elernents arrangements are required to model the concentrated reinforcement in the

confined end and corner regions of the web and flange \Valls of the core sections as shown in

Figures 4.9 to 4.11. In the web walls. the concentrated reinforcement bars located at the corner

(end) regions are modeled by 2 equivalent bar elements each in the wall shell elements. In the

flange walls for the Core and Elev sections. 2 equivalent bar elernents are used at the wall end

and corner concentrated reinforcernent regions; while for the Stair section flange walls modeled

by a 1 full width shell element. the concentrated reinforcement at the end and corner regions

are modeled by 1 equivalent bar element each. An additional 2 equivalent bar elements are

added within aU of the core flange wall shell elements to model the coupling beam diagonal

reinforcement that extends into the flange walls (Fig. 4.14). Thus, each flange wall shell element

has a total of 4 equivalent bar elements .

For the planar analyses of the core-slab substructure, a total of .5 and 9 different sets of

concentrated steel reinforcement bar element systems with 2 bar elements arrangements in each

shell element are required in the PDQX and PDQY models, respectively. In the direction along

the core sections web walls for the PDQX mode!. all of ~ile cOIlcentrated l'einforcement at the

flange-web wall confined corner regions is considered to be concentrated at the web wall ends

(corners). In the direction along the core sections flange walls for the PDQY model, aIl of the

concentrated reinforcement at the flange-web wall confined corner regions is considered to be

concentrated at the flange wall ends and corners.

4.4.2 Coupling Beams Idealization

Figures 4.8 and 4.12 to 4.14 show details for the nonlinear modeling of the coupling beams.

4.4.2.1 Mesh Division

For the I-E and E-S coupling beams, a mesh division is chosen to match the core and slab mesh

(Figures 4.8 and 4.17). Along the I-E coupling beams span, a 2 elements division is selected

with element heights equal ta the beam depth, Fig. 4.12. The short, deep E-S coupling beams

are modeled by a 1 element division for each beam, Fig. 4.13. Element aspect ratios are kept to

values of less than 2.
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4.4.2.2 Concrete Layer Systems

Shell elements are divided into 6 concrete layers across the 12 in coupling beam width (element

thickness) requiring 1 concrete layer system, shown in Figures 4.12 and 4.13.

4.4.2.3 Smeared Reinforcing Steel Layer Systems

Cage reinforcement in the I-E and E-S coupling beams for concrete confinement. crack control

and torsion consists of lOM transverse hoops and LONI longitudinal bars uniformly spaced along

the span and around the cross-sectional perimeter. Four layers of equivalent smeared reinforce

ment are required in each coupling beam element. one smeared steel layer for each side of the

vertical transverse hoop bar legs and one smeared steel layer for each set of the horizontal longi

tudinal reinforcing bars, located at both faces of the beams as shawn in Figures ·1.12 and 4.13 for

the I-E and E-S coupling beams. A total of2 smeared reinforcing steel layer systems are required

to model the uniformly distributed vertical and horizontal reinforcement cage arrangements in

the coupling beams, one system for each beam type.

4.4.2.4 Diagonal Reinforcement Bar Element Systems

Diagonal reinforcement in the I-E and E-S coupling beams consists of 4-30~1 bars and 4-25M bars

for each beam type. respectively. Development of the diagonal reinforcement bars is provided

through straight extensions into the core sections flange walls.

The diagonal reinforcement is considered as concentrated reinforcement bars and is modeled

using equivalent bar elements located at the centroid of each set of diagonal reinforcing bars.

requiring a total of 2 different sets of concentrated steel reinforcement bar element systems with

2 bar elements arrangements each. To idealize the diagonal reinforcement development lengths

appropriately, these equivalent bar elements are extended the required development lengths

into the shell elements modeling the core sections flange walls. This results in an additional 2

equivalent bar elements for a total of 4 bar elements within each flange wall shell element as

shawn in Fig. 4.14 for the ground, a typical and the top storey coupling beams.

4.4.3 Linte} Beams Idealization

Figures 4.8 and 4.1.5 show details for the nonlinear modeling of the tintel beams.

4.4.3.1 Mesh Division

The lintel beams are divided into 4 equal elements along their span, with element heights equal

ta the beam depth as shown in Fig. 4.15. This mesh is chosen to match the core and slab mesh

(Figures 4.8 and 4.17). Element aspect ratios are maintained at values of less than 2.
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4.4.3.2 Concrete Layer Systems

Shell elements are divided into 6 concrete layers across the 8 in lintel beam widths (element

thickness) requiring l concrete layer system. shown in Fig. -l.l.5.

4.4.3.3 Smeared Reinforcing Steel Layer Systems

In the lintel beams design, the reinforcement consists of 3- and 2-1egged lO~I transverse hoops

and cross-ties shear-torsion reinforcement and longitudinal 10M bars skin reinforcement uni

formly placed around the cross-section perimeter. Five and four layers of equivalent smeared

steel reinforcement are required in the lintel beam elements (Fig. -l.1.5), one smeared steel layer

for each side of the vertical 3- and 2-legged transverse hoop bar legs and one smeared steel layer

for each set of the horizontal longitudinal skin reinforcement bars located at both beam faces.

Note that in the central region of the lintel beams, skin reinforcement is present only on the

lower tension faces. Since a smeared steel reinforcement layer extends across the entire shell

element face (Fig 4.1). the calculated value of the smeared steel thickness (t S, ) must be divided

in half to smear the equivalent steel layer over the entire lintel beam sicle faces.

:\. total of 2 sets of smeared reinforcement steel layer systems are required in the lintel beams.

One set consisting of .5 smeared steel layers for the 3-legged IONI hoops in the plastic hinging

regions and lOM skin reinforcement, and one set consisting of 4 smeared steel layers for the

2-legged IOl\tI hoops in the midspan regions and IOrvI skin reinforcement. as shown in Fig. 4.1.5.

4.4.3.4 Main Flexural Reinforcement Bar Element Systems

rvIain flexural reinforcement in the lintel beams consists of top 6-IOrvI upper bars and 2-10~I

lower bars. and 6-IONI bottom bars which are each considered as concentrated reinforcement

bar groups and are modeled using equivalent bar elements located at the respective centroids of

each set of reinforcing bars. A total of 2 different sets of concentrated steel reinforcement bar

element systems with 3 bar elements arrangement each are required for the modeling. The top

and bottom 6-IONI equi valent bar elements flexural reinforcement extencl across the entire lintel

beams span, while the top lower 2-10M equivalent bar elements terminate in the central region

of the Untel beams as shown in Fig. 4.15.

4.4.4 Enclosed and Surrounding Slabs Idealization

Figures 4.16 and 4.17 show details for the nonlinear modeling of the enclosed and surrounding

slabs. A portion of the surrounding slabs is considered extending upto one-half of the panel in all

directions around the core sections perimeter, thus, requiring appropriate boundary conditions

to be imposed at the eut slab panel edges to prevent cantilever action. The eut slab edges are

constrained for the vertical deflections ~z and the rotations 8r and 8y by limiting the maximum

deformations to the values obtained from the cracked elastic gravity load analysis, equal to

approximately 2 to 3 times the uncracked elastic analyses values. These boundary conditions
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are achieved through the addition of boundary elements representing vertical and rotational

springs along the cut slab panel edges.

4.4.4.1 Mesh Selection

Enclosed slabs within the Core section, the I-E coupling beams and the lintel beams are divided

into a -t by 4 mesh. The two enclosed slab portions within the Elev and Stair sections, and

the E-S coupling beams are divided at the Stair flange wall end-coupling beam joint into 2 slab

elements each. For the surrounding slabs, the mesh is divided in accordance with the enclosed

slabs. the cores and the coupling and li ntel beams meshes as shawn in Fig. 4.1 ï for a typical

floor level. Element aspect ratios are maintained ta values of less than 2..=) and as close to unity

as possible.

4.4.4.2 Concrete Layer Systems

Shell elements are divided into 6 concrete layers across the slab thicknesses of 8 in and 6 in each,

resulting in 2 different concrete layer systems (Fig. 4.16).

4.4.4.3 Smeared Reinforcing Steel Layer Systems

Uniformly distributed top and bottom reinforcement in the enclosed and surrounding slabs

consist of 2 orthogonal mats of 1.5tvI bars at various spacings in the slabs. Four layers of

equi valent smeared reinforcernent are required in the slab elements. a smeared steel layer for

each of the top and bottom (outer and inner mats) uniformly distributed reinforcement located

at both slab faces (Fig. 4.16). Values of the equivalent smeared steel layer thicknesses for the

different top and bottom slab reinforcement bar spacings used are listed in Table -t.3. There

are 7 different sets of uniformly distributed orthogonal reinforcement bar spacing arrangements

used in the design of the slabs considered in the nonlinear modeling, as summarized in Table 4.5.

Note that the additional top and bottom distributed reinforcement for cracking control due to

the seismic action at the critical slab regions, is not inc1uded in the modeling.
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4.4.5 Characteristics of the Nonlinear Finite Element Model

Details of the three-dimensional nonlinear finite element idealization of the core-slab substructure

are given in Figures 4.8 to 4.17 for the core sections~ the coupling and lintel beams. and the

enclosed and surrounding slabs. The model is characterized as follows:

• 6 degrees of freedom per node = ~.r' ~Y' ~=. (Jx. 8y , B=

• Total number of nodes = 2238

• Total number of concrete and reinforcing steel material properties = 2

• Total number of quadrilateral facet shell plate elements = 2186

• Total number of quadrilateral facet shell elements for the cores = 968

:352 elements for the infilled-slab core

3.52 elements for the elevator core

26-1 elements for the stairwell core

* Concrete layer systems = 2

* Smeared reinforcing steel layer systems = 9

* Concentrated steel rein forcement bar element systems = 14

- Bar element arrangements = 2 ta 4 bars

• Total number of quadrilateral facet shell elements for the coupling beams = 126

84 elements for the I-E coupling bearns

-12 elements for the E-S coupling bearns

* Concrete layer systems = 1

* Smeared reinforcing steel layer systems = 2

* Concentrated steel reinforcement bar element systems = 2

- Bar element arrangements = 2 bars

• Total number of quadrilateral facet shell elements for the lintel beams = 84

* Concrete layer systems = 1

* Smeared reinforcing steel layer systems = 2

* Concentrated steel reinforcement bar element systems =2

Bar element arrangements = 2 ta 3 bars
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• Total number of quadrilateral facet plate elements for the slabs = 1008

(21 fioors in total)

- 420 elements (20 per level) for the enclosed slabs

- 588 elements (28 per level) for the partial surrounding slabs

* Concrete layer systems = 2

* Srneared rein forcing steel layer systems = ï

Boundary conditions consi5t of: al! translations and rotations restrained for the nodes at the

base level. horizontal translations ~x and ~Y restrained for the perimeter nodes at the ground

leveL and all 6 àegrees of freedom ~x, ~y. ~z, Or, 0Y' OZ are permitted for all other nodes. For

the planar analyses, 3 degrees of freedom are permitted above ground level consisting of .:lx • ..l:

and Oy for the PDQX model and ~y. ~z and Or for the PDQY model.

Output from the analyses consists of the nodal deflections and rotations for the entire struc~

ture; the a:cial and shear stresses in the concrete layers of the cores, the coupling and the Untel

beams, and the slabs shell/plate elements; and the strains in the concentrated reinforcement bar

elements of the core sections.

4.5 Applied Loadings

4.5.1 Earthquake Loads

Earthquake loadings are determined from the interactive shear force distributions in the core

sections obtained from the elastic analysis of the core-slab-frame structure (FCS model). The

interactive force distributions in the infiIled-slab. elevator and stairwell cores are calculated and

used as the applied QX and Qy earthquake loads for the nonlinear analyses, summarized in

Tables 4.6 and 4.7. The total interactive earthquake force at a fioor level is divided into discrete

concentrated loads distributed to the core sections wall ends and corners (nodes) across each

fioor level in proportion to the tributary floor area supported by each node.

4.5.2 Gravity Loads

Gravity loading consists of the dead and live loads in a typical office building as listed for the

elastic analyses. The gravity loads are applied as a pressure over the surface of each slab element

and as a self weight on the cores and the coupling and Untel beams.
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4.6 Nonlinear Analyses Performed

Ta study the response of the core-slab substructure subject to earthquake and gravity loads

throughout the entire load range until failure. several idealizations of the substructure are de

rived from the three-dimensional nonlinear finite element model developed in the previous sec

tion. The contribution and influence of the core sections, coupling and tintel beams. enclosed

and surrounding slabs are studied in tenns of the interaction among the various structural com

ponents and on the structure response, and the design of the structure is examined. Several

loading combinations of the earthquake and the gravity loads are considered in the analyses for

strength, serviceability and the ultimate limit state criteria as required by the NBCC (1985)

and the CSA Standard CAN3-A23.3-~I84(1984).

The Q X and Qy earthquake loadings are applied as monotonically increasing loads in ;30

load increments by increasing the value of the earthquake load factor Ct.Q from 0.1 to 3.0 - 5.0 (in

30 steps) for an accurate determination of the '''failure load" and a well-defined load-cleflection

response. Tables --l.B to 4.10 summarize the selected 0Q values for the QX and Qy earthquake

loadings for the various nonlinear analyses.

Details of the nonlinear models and analyses are given in the following sections.

4.6.1 QX Earthquake Loading Analyses

(

(

The QX earthquake loads and dead loads (unless otherwise stated) are applied as:

1. DQX Model:

Three-dimensional nonlinear finite element model of the core-slab structure including

the cores. coupLing and Lintel beams, and enclosed and partial surrounding slabs.

2. DQXO Model:

Nlodel DQX with tension-stiffening response not considered.

3. DQXX Model:

Zvlodel DQX using an alternative arrangement of 2 curtains of iONI bars for the

vertical uniformly distributed reinforcement at the maximum spacings throughout

the height of the core walls.

4. QX rvIodel:

rvlodel DQX ignoring the dead loads aD = O. The applied loading is : oQQx.

5. ESDQX Madel:

Three-dimensional coupIed cores, coupling and lintel beams,

and enclosed slabs substructure model.

Partial surrounding slabs are eliminated from the model DQX.
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6. CCDQX iYIodel:

Three-dimensional coupled cores, coupling and lintel beams substructure model.

Enclosed slabs and partial surrounding slabs are eliminated from the model DQX.

1. PDQX Model:

Planar idealization of the model DQX in the direction along the core web walls. The

fiange walls, the coupling and lintel beams, and the enclosed and surrounding slabs

are ignored. AlI of the concentrated reinforcement within the core flange-web wall

confined corner regions is placed at the core web wall ends (corners).

8. DLQX NIodel:

~lodel DQX for the factored load combination : 1.25 D +Q. ï( 1..5 L) + QQ Qx.

9. DQXU ~Iodel:

IvIodel DQX for the uplift loading condition: 0.85 D + 0Q Qx.

4.6.2 Q'y" Earthquake Loading Analyses

(

The Qy earthquake loads and dead loads (unless otherwise stated) are applied as :

1.25 D + O:Q Qy

1. DQY Madel:

Three-dimensional nonlinear finite element model of the core-slab structure induding

the cores, coupLing and lintel beams. and enclosed and partial surrounding slabs.

2. DQ YR !vlodel:

Due to the nonsymmetricallayout of the core sections. the Q'y" earthquake loading

is also applied in the reverse direction ta the model DQY.

3. QY ~1odel:

Madel DQY ignoring the dead loads O:D = O. The applied loading is : oQQy .

..1. CCDQY Madel:

Three-dimensional coupled cores, coupling and lintel beams substructure model.

Enclosed slabs and partial surrounding slabs are eliminated from the model DQY.

5. PDQY !vIodel :

Planar idealization of the model DQY in the direction along the core flange walls.

The web walls, the lintel beams, and the enclosed and surrounding slabs are ignored.

AlI of the concentrated reinforcernent within the core flange-web wall confined corner

regions is placed at the core flange wall ends and corners.
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Table 4.1: Concrete Constitutive Material Properties: Nonlinear Finite Element Analyses

l'tt.

Concrete Property Theoretical Value Range of Values Value Used

Normal Density Concrete IC = 2400 kg1m3 (150 lbl ft 3 ) 2400kg/m3

Poisson's Ratio Il = 0.15 ta 0.22 0.17

Compressive Strength f~ = 30MPa

Young's Modulus in Compression Ec = 5000 VJ!. (MPa) 27,386 M Pa

Young's Modulus in Tension Ect = 5500 J7ïc (MPa) 30,125 M Pa

Shear ModuJus of EJasticity G = E/2(1 + Il) (MPa) 11,703 MPa

Shear Retention Factor {J = 0.10 ta 0.50 - 1.00 0.50

Maximum Compressive Strain l' = 0.002 ta 0.0025 0.0020c

Ultimate Compressive Strength feuil = 0.80 ta 0.85f~ 24MPa ta 25.5MPa 24MPa

Ultimate Compressive Strain feuil = 0.003 ta 0.0080 - 0.012 0.0045

Maximum Tensile Strength ff = 0.04 to 0.10 - 0.15f~ 1.20 M Pa ta 3.00 - 4.50 M Pa 3.40MPa

Direct Tensile Strength f: = 0.33 J7ïc (M Pa) 1.81 M Pa -

Split Cylinder Tensile Strength fet = 0.5.../lI to 0.6 VJ!. (MPa) 2.74 M Pa to 3.29 M Pa -

Modulus of Rupture frt = 0.62 VJ!. (M Pa) 3.40MPa -

Maximum Tensile Strain ft er = ff/ Ect 0.000113

Ultimate Tensile Strain l tuh = 6 ta 10 - 30ftcr 0.000125 ta 0.003 - 0.012 0.000675
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Table 4.2: Steel Reinforcement Constitutive Material Properties: Nonlinear Finite Element Analyses

~

Steel Reinforcement Property Theoretical Value Range of Values Value Used

Poisson'8 Ratio Il = 0.30 0.30

Elastic Modulus of Elasticity Es = 200,000M Pa 200,000MPa

Strain-Hardening Modulus of Elasticity Est = EIII Est = 40 ta 42 5,000 M Pa to 4,762 M Pa 4,762M Pa

Tensile Yield Strength fy = 200M Pa ta 400 M Pa 400MPa

Tensile Yield Strain f y = f y = fyl Es 0.0020

Maximum Tensile Yield Strain Range (Iltmu = 8 ta 15 - 20(y 0.0160 to 0.0300 - 0.0400 0.0250

Maximum Tensile Yield Strength /tlma ... = 1.25 to 2.0/y = 1.55/y 500MPa to BOOMPa =620MPa 620MPa

Ultimate Tensile Strain f tlu11 = 50 ta 250 - 300E y =0.125 0.1000 ta 0.5000 - 0.6000 0.1250
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Table 4.3: Equivalent Smeared Reinforcement Layer Thicknesses:
Nonlinear Finite Element Modeling
- Cores and Slabs

Equivalent Smeared Steel

Layer Thickness

Bar Spacings t:J
1

(mm)
(mm) clc 15M Bars tOM Bars

100 2.0000 -
150 1.3333 -

200 1.0000 -

250 0.8000 0.4000

300 0.6667 0.3333

350 0.5714 -

400 0.5000 -

~ ~

Table 4.4: Bar Spacing Arrangements for 15M Bars:
- Cores Design

Bar Mesh Spacing Core Wall

Set Vertical X Horizontal Thickness

# (mm) x (mm) (mm)

1 300 x 150 305

2 300 x 200 305

3 300 X 250 305

4 300 X 300 305

5 300 X 300 254

6 400 X 350 305

7 400 X 350 254

8 400 X 400 305

9 400 X 400 254

Table 4.5: Bar Spacing Arrangements for 15M Bars:
- Enclosed and Partial Surrounding Slabs Design

Set Bar Mesh Spacing

# (mm) X (mm)

1 400 X 400

2,3 300 X 300

4, 5 250 X 250

6 200 X 200

7 150 X 150
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Table 4.6: Core-Slab-Frame Structure:
QX Earthquake Loading - FCS Model
Interactive Force Distributions in the Cores

Interactive Shear Forces in Cores

QX Earthquake Loading

Floor Infilled-Slab Core Elevator Core Stairwell Core

Leve! (N) (N) (N)

20 -229,840 -173,970 -156,706

19 +54,393 +23,971 +31,538

18 107,149 67,404 68,569

17 129,643 114,666 90,010

16 94,471 76,291 57,097

15 88,471 71,118 51,986

14 83,155 66,505 47,872

13 78,524 62,453 44,883

12 74,432 59,415 42,138

Il 70,749 56,826 40,141

10 68,022 55,029 38,526

9 69,797 53,899 41,137

8 70,753 53,339 42,765

7 70,340 53,339 43,383

6 70,478 53,904 44,878

5 70,615 55,251 47,498

4 70,753 58,739 52,758

3 72,248 55,589 61,710

2 103,603 48,050 89,512

1 130,600 9,226 116,566
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Table 4.7: Core-Slab-Frame Structure:
Qy Earthquake Loading - FCS Madel
Interactive Force Distributions in the Cores

Interactive Shear Forces in Cores

Qy Earthquake Loading

FIoor Infilled-Slab Core Elevator Core Stairwell Core

LeveI (N) (N) (N)

20 -125,289 +129,594 -55,727

19 +7,998 -29,056 +27,414

18 96,233 +49,927 49,771

17 83,324 44,736 34,910

16 69,944 38,277 34,589

15 60,878 33,784 33,949

14 53,961 29,977 32,730

13 48,116 26,978 31,516

12 43,504 24,096 30,106

Il 39,509 21,445 28,762

10 36,435 19,025 27,414

9 33,820 17,063 26,004

8 32,436 14,759 24,470

7 32,592 13,260 22,548

6 35,052 30,324 19,919

5 40,279 49,807 16,272

4 51,346 60,647 12,233

3 84,396 77,595 +1,415

2 295,931 150,812 -18,963

1 404,619 361,458 +73,151
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Table 4.8: Core-Slab Substructure:
Nonlinear Finite Element Analyses - Design
Load Factor Increments OQ for Qx Earthquake Loading

Core-Slab Substructure Models
oQx Load Factor Increments

Load DQX QX ESQX CCQX PDQX
Step

1 0.25 0.10 0.25 0.25 0.10
2 0.50 0.20 0.50 0.50 0.20

3 0.75 0.25 0.75 0.75 0.25
4 1.00 0.30 1.00 1.00 0.30

5 1.10 DAO 1.10 1.10 DAO

6 1.25 0.50 1.25 1.25 0.50
7 1.40 0.60 1.40 1.40 0.60
8 1.50 0.70 1.50 1.50 0.70

9 1.60 0.75 1.60 1.60 0.75
10 1.75 0.80 1.75 1.75 0.80

Il 1.90 0.90 1.90 1.90 0.90

12 2.00 1.00 2.00 2.00 1.00

13 2.10 1.10 2.10 2.10 1.10
14 2.20 1.20 2.20 2.20 1.20

15 2.25 1.25 2.25 2.25 -
16 2.30 1.30 2.30 2.30 -
17 2.40 1.40 2.40 2.40 -
18 2.50 1.50 2.50 2.50 -
19 2.60 1.60 2.60 2.60 -

20 2.70 1.70 2.70 2.70 -

21 2.75 - 2.75 2.75 -
22 2.80 - 2.80 2.80 -

23 2.90 - 2.90 2.90 -

24 3.00 - 3.00 3.00 -
25 3.10 - 3.10 3.10 -
26 3.20 - 3.20 3.20 -
27 3.30 - 3.30 - -
28 3.40 _. 3.40 - -

29 - - - - -
30 - - - - -



(

{

(

Table 4.9: Core-Slab Substructure:
Nonlinear Finite Element Analyses
Load Factor Increments aQ for QX Earthquake Loading

Core-Slab Substructure Models
aQx Load Factor Increments

Load DQXO DQXX DLQX DQXU
Step

1 0.25 0.25 0.25 0.25
2 0.50 0.50 0.50 0.50
3 0.75 0.75 0.75 0.75
4 1.00 1.00 1.00 1.00
5 1.10 1.10 1.10 1.10
6 1.25 1.25 1.25 1.25
7 1.40 1.40 1.40 1.40
8 1.50 1.50 1.50 1.50
9 1.60 1.60 1.60 1.60
10 1.75 1.75 1.75 1.75
Il 1.90 1.90 1.90 1.90
12 2.00 2.00 2.00 2.00
13 2.10 2.10 2.10 2.10
14 2.20 2.20 2.25 2.20
15 2.25 2.25 2.40 2.25
16 2.30 2.30 2.50 2.30
17 2.40 2.40 2.60 2.40
18 2.50 2.50 2.75 2.50
19 2.60 2.60 2.90 2.60
20 2.70 2.70 3.00 2.70

21 2.75 2.75 3.10 2.75
22 2.80 2.80 3.20 2.80
23 2.90 2.90 3.30 2.90
24 3.00 3.00 3.40 3.00
25 3.10 3.10 3.50 3.10

26 3.20 - 3.60 -

27 3.30 - 3.70 -

28 3.40 - 3.80 -
29 - - 3.90 -
30 - - 4.00 -
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Table 4.10: Core-Slab Substructure:
Nonlinear Finite Element Analyses
Load Factor Increments QQ for Qy Earthquake Loading

Core-Slab Substructure Models
QQy Load Factor Increments

Load DQY DQYR QY
1

CCQY PDQY
Step

1 0.25 0.25 0.25 0.25 0.10
2 0.50 0.50 0.50 0.50 0.20
3 0.75 0.75 0.75 0.75 0.25
4 1.00 1.00 1.00 1.00 0.30
5 1.25 1.25 1.10 1.25 0.40
6 1.50 1.50 1.25 1.50 0.50
7 1.75 1.75 1.40 1.75 0.60
8 2.00 2.00 1.50 2.00 0.70
9 2.25 2.25 1.60 2.25 0.75
10 2.50 2.50 1.75 2.50 0.80
Il 2.75 2.75 1.90 2.75 0.90
12 3.00 3.00 2.00 3.00 1.00
13 3.25 3.25 2.10 3.25 1.10
14 3.50 3.50 2.20 3.50 1.20
15 3.75 3.75 2.25 3.75 1.25
16 4.00 4.00 2.30 4.00 1.30
17 4.25 4.25 2.40 4.10 1.40
18 4.50 4.50 2.50 4.25 1.50
19 4.75 4.75 2.60 4.40 1.60
20 5.00 4.80 2.70 4.50 1.70

21 5.25 4.90 2.75 4.60 1.75
22 5.50 5.00 2.80 4.70 1.80
23 5.75 5.10 2.90 - 1.90
24 5.80 - - - -
25 5.90 - - - -

26 - - - - -
27 - - - - -
28 - - - - -

29 - - - - -
30 - - - - -
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Chapter 5

Linear Elastic Analysis Results

- Discussion

Linear elastic analysis results of the core-slab-frame structure subject to QX and Qy earth

quake loads and gravity loads are presented for the total and the inter-storey drift and twist

profiles along the structure height. Distributions of the in-plane transverse axial stresses Srr.

the longitudinal axial stresses Sy!! and the shear stresses Sry~ the transverse moments A/rr • the

longitudinal moments iV/yy and the twisting moments lvIry are plotted at the ground level in

the infilled-slab (Core), elevator (Elev) and stairwell (Stair) core sections (for the stresses). and

in the the enclosed slabs (E-slabs) and the surrounding slabs (S-slabs), referred to as E-S-slabs

for both. across the core-slab junctions (locations of largest values) as predicted by the various

analyses due to QX and Ql{ earthquake loads and dead loads.

Three-dimensional distributions consisting of "8ird '8 Eye" and .• ~Vorm 's Eye"" views. and

topographical contours of the in-plane transverse axial stresses Srx, the longitudinal axial stresses

Syy, the shear stresses Sry, the transverse moments k/rx , the longitudinal moments lv/yy and the

twisting moments lv/xy are plotted throughout the height of the Core, Elev and Stair sections,

and in the S- E-slabs at the ground level (locations of largest values) as predicted by the FCS

model due ta Q x and Qy earthquake loads and dead loads.

The structure response is examined and discussed in terms of the comparison of the different

computer models and the individual behaviour of the various structural components for their

influence on the structural behaviour. In the discussions, interaction of the cores substructure

components consists of the three-dimensional coupling and stiffening actions that occur between

the cores, beams and slabs.

~Iore detailed discussions of the linear elastic analysis results for the core-slab-frame structure

under investigation can be round in the report by Manatakos and Mirza (1995).
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5.1 Core-Slab-Frame Structure Deformations

( due to Qx Earthquake Loading

5.1.1 Drifts

Two different drift responses are observed in Fig..5.1. showing a flexllral behaviour with the

majority of the deforrnations in the lower 4 to .5 storeys. NIaxirnum drifts at the top are:

Drift (mm)

Level ~ FCS ESC
1

SSC LFCS

top ~ .50 mm ï3mm 1·51mm ï;3mm

c

(

ESC and LFCS models predict a similar response with a top drift of ï3 mm indicating that

ignoring the S-slabs flexural actions gives a behaviour simHar to that of also ignoring the inter

action of the E-slabs, the coupling and lintel bearns. FCS and SSC models sh.ow similar profiles

giving a top drift of approximately .51 mm, with FCS model response being slightly stiffer. A

rnuch stiffer response is noted for FCS and SSC models compared to ESC and LFCS rnodels

with a 46% increase for the top drift in the latter models, 51 mm vs 73 mm, respectively.

Eliminating the effects of the E-slabs, coupling and Untel beams resulting in a linked cores

substructure coupled ta frames substructure (SSC model) has no major impact on the drift

response. However. ignoring the S-slabs flexural actions (ESC model) resulting in a coupled

cores Iinked to frames structure. and in addition eliminating the effects of the E-slabs. the

coupling and Lintel beams (LFCS model) giving a linked core-slab-frame structure. significantly

reduces the structure lateral stiffness by as much as 3.5%.

5.1.2 Inter-Storey Drifts

Two different inter-storey drift responses are observed in Fig. 5.2. FCS and SSC models predict

similar, stiffer profiles compared to ESC and LFCS models which show a significant increase in

the drift throughout the height. Inter-storey drifts at the top and ground storeys are:

Inter-Storey Drift (mm)

Storey FCS ESC SSC LFCS

top 3.4 mm 5.6mm 3.5mm 5.6m'm

ground 1.6 mm 2.0mm 1.7mm 2.1mm

Reversais are noted at the ground and top storeys showing a sharp 36% increase in the inter

storey drifts due ta the larger storey heights combined with the fixed boundary conditions and

the core-frame interaction at these storeys. AlI models show a constant increase in the inter

storey drifts from storeys 2 to Il, and an almost uniform profile for the upper half storeys Il

ta 19 with a slight reduction or pull-back observed due ta the core-frame interaction. The

largest inter-storey drift (ignoring the top storey) occurs at storey 13 with values of 2.8 mm and

4.2 mm for fCS (SSC) and ESC (LFCS) models, respectively. This inter-storey drift response
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demonstrates a 4.5% decrease in the lateraI stiffness of the structure when ignoring the S-slabs

flexural actions and elinùnating the interaction of the E-slabs and the coupling and lintel beams.

5.1.3 1Lvvists

Twist profiles predicted by the various models are plotted in Fig..5.3.

Level ~ FCS

Twist (x 10-6 rad)

SSC 1 ESC LFCS

(

(

top 2.25 -1 ..50 -7.75 -12.50

maximum 5.80 .5.60 4.75 4.60

Level 5 Level.:1 Level4 Level 3

contra-twist none Storey 17 Storey 10 Storey 9

A reversaI in the twists is noted as the models become increasingly detailed from LFCS to FCS.

giving top twists of -l2..50 x 10-6 rad to 2.25 X lO-6 rad. FCS model demonstrates a positive

twist throughout the height. Eliminating the interaction of the cores substructure components

(SSC model). the S-slabs flexural actions (ESC model) and then combining bath these effects

(LFCS model). results in a lower contra-twist location ranging from storeys 17 to 10 to 9.

respectively. rv'lore of the structure is in reverse twisting over the height as the effects of the

slabs and the beams are ignored. Locations of maximum twists are at about the one-quarter

height, levels 3 ta .5, from the structure base with values upto .5.80 X 10-6 rad in FCS model.

Examining the individual core sections twist profiles given by FCS model in Fig..5.4,

Twist (x 10-6 rad)

Level FCS Core
1

Elev
1

Stair

top 2.2.5 2.00 -1.00 2..50

maximum 05.80 .5.40 14.90 7.80

Leve! 5 Level.5 Leve! 4 Level .5

contra-twist none none Storey 20 none

it is observed that the Core and Stair section twists are close to the total FCS twist response with

the Stair section displaying the larger twists. Elev section response is much more pronounced

giving the largest twist profile due ta the presence of the elevator opening, with a ma..ximum

twist at leve! .5 of 14.90 x 10-6 rad which is almost 3 times the total FCS twist of 5.80 x 10-6 rad.

Twist vaIues at the top level show that the Core and Stair sections response are close to the

total FCS response, while Elev section indicates a twist reversai of -1.00 x 10-6 rad due to its

open-section response.

Therefore, Core section is the stiffer section in terms of the twist due ta the presence of

the infilled slabs. followed by the Stair section with the partially E-slabs, and the Elev section

which is relatively flexible (3 times more than the Core section) tending toward an open-section

response. Maximum twists occur in the lower 5 storeys, one-quarter height of the structure.
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5.1.4 Inter-Storey Twists

Inter-storey twist profiles predicted by the models are plotted in Fig. 5.5.

Inter-Storey Twist (x 10-6 rad)

Storey FCS SSC ESC LFCS

top -0.25 -0.60 -1.10 -1.25

maximum -0.37.5 -0.625 -0.975 -1.30

Storey 8 Storey 9 Storey tO Storey 9

ground 3.10 3.3.5 2.ï.5 2.90

Inter-storey twists decrease as the models become more detailed from LFCS to FCS. Ignoring

interaction of the cores substructure components (SSC model) doubles the maximum inter

storey twist, while eliminating the S-slabs flexural actions (ESC model) triples the maximum

twist, and combining both reductions (LFCS model) increases the maximum twist by about

-l times the value for FCS model. Maximum inter-storey twists occur at about the mid-height at

storeys 8 ta 10. The majority of twist is noted over the lower 6 storeys, one-third the structure

height. with an aImost uniforrn inter-storey twist over the upper half 10 storeys. Increases in

the inter-storey twists are observed in the SSC, ESC and LFCS models at the top storey due

ta core-frame interaction and the largest inter-storey twist increase noted at the ground storey

due to the fixed conditions, combined with the larger storey heights in these storeys.

Inter-storey twist profiles for the individual core sections predicted by FCS model in Fig. 5.6.

Inter-Storey Twist (x 10-6 rad)

Storey FCS Core Elev Stair

top -0.2.5 -0.7.5 -3.10 0.ï5

maximum -0.37.5 -0.3i5 -1.40 -0..50

Storey 8 Storey 8 Storey 8 Storey 8

ground 3.10 2.50 9.8.5 4.00

show the Core and Stair section responses close ta the total FCS inter-storey twist profile with

differences at the top and ground storeys due ta the core-frame interaction and fi.xed boundary

conditions, respectively. Elev section response deviates more from the total FCS modeL twist,

more 50 at the upper and Lower storeys, with the maximum inter-storey twist at the ground

storey being 3 times the FCS moclel value. An increase of about 6.00 X 10-6 rad is noted in

storey 1 due to Elev behaving as an open-section. The majority of the inter-storey twists occur

in the Lower 2 storeys with the twists increasing over the lower 4 storeys, 20% structure height,

and then becoming constant upto the top 2 storeys where a twist increase occurs.

Therefore, Core section is the stiffer section in terms of the inter-storey twist due to the

presence of the infilled slabs, followed by the Stair section with the partially E-slabs. and the

Elev section which is relatively flexible (3 times more than the Core section) tending toward

an open-section response. Maximum inter-storey twists occur in the lower 4 storeys, one-firth

height of the structure.
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5.2 Core Forces

5.2.1 Core Stresses at Ground Level due ta Qx Earthquake Loading

Figures .5.i to .5.9 show the Sxx. Syy and Sxy stress distributions at the ground level of the Core.

Ele\" and Stair sections as given by the FCS. SSC. ESC and LFCS models.

5.2.1.1 Transverse Stresses Sxx

Distributions of the Srx stresses at the ground level of the cores in Fig. 5.i (a), (h) and (c)

show similar symmetrical profiles about the web wall center. Across the web walls. the stresses

decrease linearly from tension to compression and are largest at the web-flange corners ranging

from ±0.2.5 lV! Pa to ±O.3.5 Iv! Pa. Core and Elev section flange walls show an aImost linear stress

distribution. while in the Stair section a linear stress increase is noted from the flange wall end

to the corner. \Vith one fiange wall in tension and the opposite wall in compression.

For all three cores. the web wall stresses increase from FCC to ESC to SSC to LFCS models

as the S-slabs flexural actions, and the E-slabs, the coupling and lintel beams are eliminated.

~Iaximum corner Sxx stresses in the Core section are; 0.2.5 Al Pa in FCS. 0.28 lV/ Pa in ESC.

O.32lvf Pa in SSC and 0.34lvI Pa in LFCS models. Thus. a significant reduction is observed

in the corner stresses of upto 3.5% in the Core section due to the consideration of the three

dimensional interaction of the cores substructure components. Eliminating the interaction of

the core components (LFCS model) reduces the Sxx stresses in the flange walls by 10%, while

eliminating the S-slabs flexural actions (ESC mode!) increases the stresses in the tlange walls

by 10%. This response is due to the web walls being less restrained over their length and as a

consequence more load is distributed to the flange walls, with the longer flange walls experiencing

larger Srr stresses as observed in the Core vs the Stair section results.

Dead loarl Srr stresses are compressive showing a parabolic distribution in the web walls,

being more pronounced in the Core section, and a linear distribution in the flange walls with

maximum Sxx stresses of -0.251\tf Pa in Core, -0.1.5 M Pa in Elev and -0.191Vf Pa in Stair

sections which are as significant as the Srr stresses due to Q X earthquake loads.

5.2.1.2 Longitudinal Stresses Syy

Distributions of the Syy stresses at the ground level of the cores in Fig. 5.8 (a). (b) and (c)

demonstrate similar symmetrical profiles about the web wall center. Across the web walls, the

stresses vary linearly from tension ta compression with the largest values at the corners ranging

from ±3.20 M Pa ta ±4.45 M Pa. Along the flange walls, an almost constant stress distribution

is noted with one wall in tension and the other wall in compression. These results indicate that

the flange walls experience essentially equal SYU stresses.

In all three cores, FCS model predicts the lowest Syy stresses, SSC model shows almost equal

core stresses, while ESC and LFCS models give essentially similar results predicting the largest

stresses. Maximum corner stresses in the Core section are; 3.40 lVf Pa in FCS, 3.50 At! Pa in
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SSC~ 4.20 1\t/Pa in ESC and 4.10 M Pa in LFCS models. Rence~ eliminating the interaction of

cores substructure components (SSC model) has very little effect on the core section Syy stresses~

but eliminating the S-slabs flexural actions (ESC model) or combining both of these reductions

(LFCS model) increases the core SyU stresses by approximately 24%.

Dead load SyU stresses are compressive and aImost constant across the flange and web walls

with values of: -.5.25 Al Pa in Core. -4.50 Al Pa in Elev and --1..50 i\tf Pa in Stair sections which

are as significant as the Syy stresses due to Q X earthquake loads.

5.2.1.3 Shear Stresses S'ru

Distributions of the Sry stresses at the ground level of the cores in Fig..5.9 (a). (b) and (c)

illustrate a parabolic stress profile symmetrical about the web wall center. Core and Ele\'

sections show a parabolic stress distribution across the web walls with maximum stresses at the

web wall center and a linear stress profile along the flange walls decreasing toward the corners.

Stair section demonstrates a parabolic stress distribution across the entire section web and flange

walls with maximum stresses located at the web wall center. This variation of the Sry stresses

is due ta the Stair section having the shortest flange walls. Ivlaximum shear stresses at the web

wall center are: 0.68 A1 Pa in Core. 0.58 };[ Pa in Elev and 0..50 i\t/ Pa in Stair sections.

AIl models predict essentially similar Sory stress distributions in the cores indicating that

the relative shear stiffness of the core sections is about equal. Elimination of the interaction of

the cores substructure components has little effect on the resulting relative core section shear

stiffnesses. Renee. the core Sry stress distributions demonstrate that the wall dimensions are

influential on the resulting shear stresses. Flange walls affect the core response as effective flange

walliengths participating with the web walls in the core shear resistance. Determination of this

effective flange wall length is dependent on the three-dimensional behaviour of the core-slab

frame structure.

Dead load Sxy stresses demonstrate irregular distributions across the web and flange walls

varying from positive to negative values, and are asymmetrical about the web wall center with

the maximum stresses occurring near the corners of: ±0.15lv[Pa in Core, ±0.05 1\;[ Pa in Elev

and ±0.075lv[Pa in Stair sections which are as significant in the flange walls and the corners

compared to the Sry stresses due to Q X earthquake loads.

5.2.2 Core Stresses at Ground Level due to Qy Earthquake Loading

Figure 5.10 (a). (b) and (c) shows the Srr, SyU and Sry stress distributions at the ground level

of the Core. Elev and Stair sections as given by the FCS model.

5.2.2.1 Transverse Stresses Sxx

Profiles of the Sxx stresses across the ground level of the cores in Fig. 5.10 (a) show the web

walls in tension for the Core section and in compression for the Elev and Stair sections with
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a syrnrnetrical parabolic stress distribution about the web wall center. Maximum stresses are

located at the web wall center with values of: 0.28 M Pa in Core, -0.06ly[ Pa in Elev and

-0.22 lY[ Pa in Stair sections. Along the flange walls. the Sr:r; stresses dernonstrate linearly

increasing and decreasing distributions toward the wall ends to values of: -0.2L JJ Pa in Core.

-0.18 AI Pa in Stair and a stress reversai occurring in the Elev section near the corner from

-0.28 i'v! Pa to 0.1.5 l'II Pa at the flange wall end due to its open-section configuration.

5.2.2.2 Longitudinal Stresses Syy

Profiles of the Syy stresses across the ground level of the cores in Fig..5.10 (b) illustrate a

symrnetrical concave distribution across the web walls. \Vith 1.5% to 50% lower stresses at the

more flexible wall center increasing ta a local maximum at the stiffer web-flange corners. These

non-uniform Syy stress variations are due ta the length of the web walls combined with interaction

of the cores substructure components.

S yy Stresses (1Y/ Pa)

Location Core Elev Stair

corner 2.ï5 - L.OO -2..50

mid-web 2.40 -0.50 -2.20

flange end -3.75 4.50 -0.10

The Syy stresses in the web walls are tensile in the Core section and compressive in the Elev

and Stair sections. Flange wall stress profiles vary linearly from the wall end to the corner

regions showing stress reversals of compressive to tensile Syy stresses in the Core section. tensile

to compressive stresses in the Elev section, and only compressive stresses in the Stair section.

5.2.2.3 Shear Stresses 5ry

Profiles of the Sry stresses across the ground level of the cores in Fig. 5. LO (c) show an asym

metrical distribution about the web wall center. varying from positive to negative values in the

Elev and Stair sections and from negative to positive values in the Core section.

Nonlinear partially parabolic shear stress distributions are observed with larger stresses in

the Range walls increasing toward the corners. Ivlaximum flange wall Sry stresses are located at

approximately two-thirds of the distance from the wall end with values: -0.66.U Pa in Core,

0..53 M Pa in Elev and 0.45 M Pa in Stair sections. A shear stress drop occurs in the web walls

from the corners proceeding sharply over one-fifth of the walliength dropping to small values

and linearly ta zero stresses at the web wall center. This response indicates that the Range walls

resist a majority of the Sry stresses with a shear lag effect (larger shear stresses) noted at the

stiffer core sections flange-web corners.
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5.2.3 Three-Dimensional Distribution of Core Stresses

due to Qx Earthquake Loading

5.2.3.1 Transverse Stresses SIX

Similar SIX stress distributions are obtained for the core sections throughout their heights as

shown for the Core section in Fig..5.11. ~Iaximum stresses occur in the lower 2 ta 3 storeys

with values of ±0.29 1\;1 Pa ta ±0.22 lv/ Pa in the cores at the ground storey. From the stress

contours. a symmetrical stress distribution in noted throughout the height of each core section

about the web wall centerline with one-half of the core experiencing tensile stresses and the

other half being in compression.

The Sxx stresses increase over the lower one-third height. 5 to 6 storeys. showing sharp

peaked stress reversals and concentrations in the web and flange walls in the lower 2 storeys.

In the upper two-thirds cores height, levels 6 to 20, the stresses show a flatter distribution

with small values of ±O.010 M Pa. Elev section demonstrates a stress reversai at the top storey

of ±O.07.51\fPa due to this core being the least restrained (an open-section) with openings for

the elevators and the stairwell present in front and behind the Elev web wall.

5.2.3.2 Longit udinal Stresses Syy

Similar Syy stress distributions are obtained for the core sections throughout their heights as

illustrated for the Core section in Fig..5.12. :\ symmetrical stress distribution is noted about

the web wall centerline showing one-half of each core section in tension and the other half in

compression. Over the lower one-half of the cores height, levels 1 ta 10, the stresses increase

uniformly toward the base. ~'1axirnum stresses occur in the ground storey at the web-flange

corners with values: ±3.57 NI Pa in Core, ±3.45!vIPa in Elev and ±3.63 k/ Pa in Stair sections.

Across the web walls, a very steep stress gradient occurs in the lower storeys varying frorn tension

to compression, and then becoming constant across the flange walls. An Syy stress reversai is

observed at storey 10 over the upper half of the cores height with a humped surface and giving

maximum stresses at level 17 of less than ±O.SO M Pa, then another stress reversaI occurs at

the top level due ta core-frame interaction. In the upper one-third cores height, the Syy stress

surfaces are smooth across the core walls with larger stresses at the web-flange corners.

5.2.3.3 Shear Stresses SXY

Essentially identical Sxy stress distributions are obtained throughout the height of the core

sections as demonstrated for the Core section in Fig. .5.13. The smallest stresses are located at

the three-quarter height, level 16, and then increase uniformly downward to the base. ~Iaximum

shear stresses occur at level 1 with values of O.68/v/ Pa ta 0.50 /vI Pa shawing a humped parabolic

surface increasing toward level 1 centered in the web walls and then decreasing sharply toward

the flange wall ends.
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:\.t the ground and basement storeys. a stress drop and reversai is observed in the lower

storeys to -0.13 1V! Pa at the base due to the fixity conditions in this region combined with the

interaction of the cores substructure components. Shear lag effects in the cores are observed in

the ground to basement storeys where the Sry stress distributions are parabolic in shape with a

maximum value at the web wall centers and stress reversals at the flange wall ends.

Over the upper -1 storeys. 20% structure heighL an Sxy stress reversaI is noted showing a

smaller parabolic hump peaking in the web walls at the top level. This shear stress reversal is

due to the core-frame-slab interaction resulting in a restraining force in the cores.

5.2.4 Three-Dimensional Distribution of Core Stresses

due to Qy Earthquake Loading

5.2.4.1 Transverse Stresses Srr

Figures .5.14 to .5.16 show different Srr stress distributions throughout the height of the core

sections. At the top storey. a stress reversal is noted in the web walls showing a small peaked

distribution with stresses of ±0.025 M Pa at the web wall center and a fiat distribution in the

flange walls. Over the majority of the cores height, levels -l to 19. the Sxx stress distributions are

very flat with a hump at the center of the web walls and decreasing toward the flange wall ends.

Stress reversals occur at levels 6, 10 and Il for the Core, Elev and Stair sections, respectively,

with larger stresses at the web wall center and flange wall ends. The stresses increase sharply

over the lower one-quarter cores height, 4 to 5 storeys, demonstrating very irregular distributions

being symmetrical about the web wall centerline. In the Core section lower storeys 3 large stress

peaks are noted, giving values at the ground level of one peak of -0.211Y[ Pa at each flange

wall end increasing sharply toward the web wall center to 0.34 i\t1 Pa. Several stress peaks

and reversals occur in the Elev section, being concentrated in the lower 2 storeys gi ving stress

concentrations of 0.21lvf Pa to -0.26 Nf Pa at the web-flange corners, with both web and flange

walls experiencing a double stress reversal due to the open-section response. A sharp uniform

Su stress increase is observed in the ground and basement storeys of the Stair section with the

largest stresses of -0.28 lVf Pa at the web wall center and no stress reversals due to the short

flange walls.

This varied Srr stress distribution in the cores demonstrates that the flange wall lengths as

well as the section being open-, partially closed- or closed-section configuration influences the

resulting Srz stresses for Qy earthquake loading. The magnitude of the core Srr stresses due

ta the Qy earthquake loads are as large as the Srz stresses from the QX earthquake loads.

5.2.4.2 Longitudinal Stresses Syy

Figures 5.17 to 5.19 illustrate similar Syy stress distributions throughout the height of the core

sections. In the upper two-thirds structure height, levels 7 to 20, a stress reversal is observed

in the Core and Elev sections predicting tensilejcompressive stresses in the flange walls and
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compressive/tensile stresses in the web walls. Flatter stress distributions are noted in the web

walls with the stresses increasing from the corners toward the flange wall ends. The flange wall

stresses in the upper one-third cores height reach a maximum value at about level 13 in Core

and level 14 in Elev section. A decreasing Syy stress distribution is then observed in Core and

Elev sections upward to the top Level and downward to level 7 where a stress reversal occurs. In

the Stair section. the Syy stresses are very small at the top Level 20 and increase gradually with

a smooth fiat distribution down toward the lower storeys. showing larger stresses at the fiange

wall ends and remain essentially unjform across the web wall.

Below level ï. after the stress reversal in the Core and Elev sections and level 6 in the Stair

section. the Syy stresses increase sharply toward the base. Core and Elev sections show the larger

stresses in the fiange walls with maximum values at the wall ends of -3.82 ~'VIPa and 4.43 Nf Pa.

respectively. Stresses in the Core and Elev sections change sharply in the lower storeys showing

closer contours from tension/compression in the flange walls to compression/tension in the web

walls. with a humped distribution. A similar humped Syy stress distribution occurs in the Stair

section at the lower storeys, but the stresses are compressive across the fiange and web walls

with no stress reversal due to the short flange walls. Peaks of these Syy stress humps in the

lower storeys occur across the web walls at about the one-third to two-thirds of the central wall

regions (flatter stress contours observed) giving values of: 2.82 NI Pa in Core, -0.96 1\;/Pa in

Elev and -2.-13 l\;I Pa in Stair sections .

5.2.4.3 Shear Stresses Sxy

Figures .5.20 to .5.22 demonstrate highly irregular Sxy stress distributions throughout the height

of the core sections. with asymmetrical distributions about the web walls centerline. Severa!

stress reversaIs are observed, especially in the ground storey. with maximum stresses at the

ground level of ±O.75 1'vI Pa in Core, ±O.70 NI Pa in Elev ta ±0.49 lvI Pa in Stair sections.

For the Core section from levels 20 to 2, a double Sry stress reversal occurs at each flange-web

corner with irregularly increasing stresses toward the lower storeys. In the lower 2 storeys, the

largest peaked Sry stresses occur at the flange-web corners and the flange wall ends \Vith 3 very

irregular stress reversals. For the Elev and Stair sections, similar Sry stress distributions are

observed throughout the height, with larger stresses in the flange walls dropping sharply toward

the corners and remaining almost smooth and fiat across the web walls. In the lower 2 storeys,

the SXy stresses increase showing sharper stress gradients across the web walls from corner to

corner demonstrating an irregular pattern of large stress peaks and 3 sharp stress reversais.

These irregularly peaked Sry stress distributions consisting of severa! reversaIs at the lower

2 storeys of the core sections height are due to the three-dimensiona! core-slab·frame interaction

combined with the fixed conditions at the base region stiffening the structure in the lower storeys.

and creating shear lag effects caused by the longer web walls stiffened at the corner regions by

the flange walls.
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5.2.5 Three-Dimensional Distribution of Core Stresses

due to Dead Loads

5.2.5.1 Transverse Stresses Srx

Figure 5.23 shows a symmetrical Srx stress distribution in the Core section about the web wall

centerline increasing linearly downward throughout the height from Ievel L9 (smallest stresses)

to level 2 with a constant stress distribution across the flange walls and a spinal hurnp in the

web walls peaking to a maximum value at the web wall centerline. These stress hurnps in the

web walls have a sharper peak toward the bottom storeys. At the top storey 20, stress reversais

occur in the flange-web corners and web walls due to core-frame interaction. A large Srx stress

increase in the Core section is observed at the ground and basement storeys. showing a steep

gradient to a maximum value of -0.72.'\1/ Pa compared to 0.061 fl.;[ Pa in the upper storeys. This

sharp ten-foid increase of the Sxx stresses in the cores at the lower 2 storeys is due to the

fixity created by the fixed boundary conditions at the base combined with the three-dimensional

core-slab-frame structure response.

Dead load Sxx stresses at the ground storey of -0.72/v/ Pa are about twice the Srx stresses

due to the Qx and Ql" earthquake laads of 0.291'v1 Pa and 0.341.\-1 Pa. respectively.

5.2.5.2 Longitudinal Stresses Syy

Figure .5.24 illustrates a symmetrical Syy stress distribution in the Core section about the web

wall centerline increasing linearly downward along the height from levels 20 to ground. To

pographical contours show a uniform stress profile (constant in magnitude) across the core

cross-section at any level. This stress distribution is expected since the dead and live Ioading is

essentially constant far aU floor levels.

Maximum Syy stresses due to gravity loads occur at the base level giving a dead load stress

of -.5.58 A'1 Pa in the Core section compared to ±3..57 A'1 Pa and ±3.82 AlPa for the Qx and Qy
earthquake loadings, respectively. The Syy stresses due ta earthquake loads are as significant

as those due to the dead laads for maximum values at the base region. At the ground and

basement storeys of the core sections, a nonlinear Syy stress distribution is noted across the web

and flange walls due to the dead loads as a result of the fixed conditions at the lower region

stiffening the core-slab-frame structure response.

5.2.5.3 Shear Stresses Sxy

Very irregular Sxy stress distributions are observed in the core sections as shown in Fig. 5.25 for

the Core section, being asymmetrical throughout the height about the web wall centerline.

Severa! Sxy stress reversals occur across the core cross-sections demonstrating a folded plate

distribution wi th essentially constant shear stresses (contours) along the height, except at the

top and bottom storeys. Shear stress peaks are located at the flange wall ends, the corners

and at the one-third web wall lengths. This uniform stress pattern from levels 19 to 2 is due
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to the gravity loading being essentially constant in value for all of the floor levels. At the top

storey 20, larger stress peaks are noted at the fiange wall ends and corners due to core-frame

interaction. Highly irregular, asymmetrical stresses are observed in the lower 2 ta 3 storeys with

several reversals and very sharp peaks at the flange wall ends and the corners. Nlaximurn 5,ry

stresses range from ±0.30 NI Pa to ±O.24 Al Pa. These irregular peaked shear stress distributions

in the cores are due to the three-dimensional core-slab-frame interaction combined with fixed

conditions at the base region stiffening the structure in the lower storeys, and creating shear lag

effects caused by the large width of the web walls stiffened at the corners by the Bange walls.

5hear stresses due to QX earthquake loads range from ±O.68 At[ Pa ta ±O..50 1\;1 Pa. and due

to Q}.. earthquake loads from ±O.7.5 AI Pa to ±0.49 JI Pa. Thus. the Sry stresses due ta dead

load are approximately one-half of the 5,ry stresses due ta earthquake loads.

5.2.6 Three-Dimensional Distribution of Core Moments

cl ue to Qx Earthquake Loading

5.2.6.1 Transverse Moments lvlxx

Figures .5.26 ta .5.28 show the Alxx moment distributions throughout the height of the core

sections. Similar asyrnmetrical distributions are observed about the web wall centerlines showing

flatter moment surfaces in the web walls compared ta the flange walls, with one-half of each core

section experiencing positivejnegative moments and the other half of the core section being in

negative/positive moments.

A moment reversal occurs at the mid-height of each core section, levels 9 ta Il, more notable

in the flange walls with concavejconvex moment distributions of maximum values at the one

quarter and three-quarter core heights. However, the humped Mxx moment surface reversaIs

are graduaI in the flange walls. rvloment reversais are ll.oted at the top storey 20 with values

increasing ta 3 to .5 times the maximum moment hump values. This increase in the core Alxx

moments is due the larger top storey height combined with the core-frame interaction. Each core

demonstrates a different moment distribution at the ground storey. Stair section lvIxx moments

become constant at the ground and basement storeys with smali values due to the short flange

walls. and the largest moments of ±2208 iV . mare at the one-quarter core height. Core and

Elev sections show steep moment gradients and reversals in the lower 2 storeys giving large

moments at the Range-web corners and Range waU ends \Vith maximum values of ±2404 lV . m

and ±3760 N . m for each core, respectively. The ~fxx moments are larger in the Elev open

section configuration which experiences a larger variation in stiffness, with increasing moments

in the lower 2 storeys of the structure, due to the influence of the fixity conditions at the ground

level combined with the core-slab-frarne structure three-dimensional response.
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5.2.6.2 Longit udinal Moments klyy

Figures .5.29 ta .5.31 illustrate sirnilar i.'vlyy moment distributions throughout the height of the

core sections, with asymmetrical distributions about the web wall centerlines.

Severa! irregular humped Afyy moment reversals, positive to negative. are noted in the web

and flange walls across the web centerline and along the cores height at the mid-height, level 10.

The moment surfaces indicate a sharp moment increase from the centre of the web walls to a

max.imum at the web-flange corners followed by a moment drop toward the flange wall ends.

Four humped moment surfaces are observed \Vith ma..xirnum values located at the one-quarter

and the three-quarter core heights. Sharp moment reversals with steep gradients occur at the

top storey and the bot tom 2 storeys. At the top storey, the lV/yy moments are largest in the

stiffer Core section, followed by Stair and the more flexible Elev sections. The largest moment

reversals are at the ground level showing steep moment gradients over the ground storey and

peaks at the web-flange corners giving values of 10,87.5 lV . m in Core. 8,146 N . m in Elev and

10.1l6 ..V. m in Stair sections. Hence. interaction of the cores substructure components combined

with the fixity conditions at the ground leveL stiffen the core flange wall ends and flange-web

corner regions and result in 1vfyy moment concentrations and reversaIs in the cores.

5.2.6.3 Twisting Moments AtIxy

Figures 5.32 ta ·5.34 demonstrate similar j1;Jxy moment distributions throughout the height of

the core sections, showing symmetrical distributions about the web wall centerlines.

Constant 1'vlry moments are noted over the majority of the cores height except for the top.

ground and basement storeys. A folded plate moment surface is observed with severa! moment

reversaIs of steep gradients and sharp peaks located at the web-flange corners. the web walls

center and in the flange walls. The Atlxy moments are approximately equal in the cores at

about 2000 N . m in the uniform folded plate regions which is due to the interaction of the cores

substructure components with the frames substructure.

At the top storey, the Core and Stair sections demonstrate larger reversais of max.imum ;}l.xy

moment peaks at the web-flange corners dropping sharply toward the flange wall ends. This

effect is due ta the stiffer core corners created by the presence of the E-slabs. A similar but less

pronounced AIry distribution is noted in the Elev section due ta its open-section configuration.

The largest Mxy moments occur at the groand and basement storeys showing a parabolic hurnped

distribution in the web walls, reversing ta a peaked moment concentration at the web-flange

corners and then reducing sharply ta the flange wall ends, giving maximum values of 37.56 N . m

in Core, 3012 N . m in Elev and -3569 N . m in Stair sections.

The !vIxy moments in the cores are equal to and larger compared ta the 1vlxx moments and

are 30% to 40% of the M yy moments, and thus, they must be considered in design.
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5.2.7 Three-Dimensional Distribution of Core Moments

due to Qy Earthquake Loading

5.2.7.1 Transverse Moments kIxr

Figures 5.35 to 5.3i show the kIrx moment distributions throughout the height of the core

sections. Similar symmetricaI distributions are observed about the web wall centerline in the

Core and Stair sections with a more complex surface noted in the Elev section.

In the Core and Stair sections. a smoother flatter A/xx moment surface is observed throughout

the core height except in the lower 2 storeys. These cores experience small moment reversaIs at

the top storey in the web wall center region and in the flange walls. A smooth humped moment

surface is noted over the upper 6 to 8 storeys with larger moments at the web-flange corners.

i\'1oment contours show a more complex A-Ixx moment pattern in the Core section compared to

a smoother. flatter moment surface in the Stair section.

~Ioment reversals occur in storeys 10 to 12 for the Core and Stair sections~ showing a humped

moment surface over the lower half of the core height increasing gradually toward the bottom

2 storeys. Core section demonstrates a more complex pattern of _r..f:xx moments (contours)

compared to Stair section. with moment peaks at the web-flange corners and the web wail

center. At the web wall center in the ground storey of the Core and Stair sections, a pronounced

Alxx moment concentration is observed showing a steep moment gradient increasing to 3 to

4 times the values at the center to --1693 N . m and 646·5 J.V . m in each core~ respectively. This

complex distribution of lv/xx moments is due to the stiffer Core closed-section configuration

resulting from the interaction with the other components and the longer flange walls, compared

to the Stair partially closed-section configuration with short flanges and an opening.

In the Elev section, the most complex and irregular lvIxx moment distribution is observed

consisting of severaI reversais, humped peaks and sharp moment gradients. At the top storey 20,

a paraboLic moment hump occurs with maximum vaIue at the web wail center and reversais to

moment peaks at the web-flange corners. Double humped moment reversais are noted from

storeys 20 to 19 and across storeys 10 to 19 along the upper half height of the Elev section

with the maximum moments at the web-fiange corners and moment reversais of steep gradients

toward the web wall center. SimiIar humped moment reversais occur in the lower half height of

the Elev section, with larger gradients from the web-flange corner to the web wail center and

ma..x.imum moments of about -3543 N . m at level 2. Another steep moment reversai occurs

at level 1 to a peak vaIue of 2848 N . m at the web wall center. This complex and varied kIxx

moment distribution in the Elev section is due to this open-section core being influenced by

the Lintel beams and effective width of the E-slabs participating in the lateraI load resistance

stiffening the Elev section, moreso in the bottom 2 storeys of the structure.
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5.2.7.2 Longitudinal Moments lHyy

Figures 5.38 to 5.40 illustrate similar A/yy moment distributions throughout the height of the

core sections, \Vith syrnmetrical distributions about the web wall centerlines.

Examining the M yy moments in the Core and Stair sections, a flatter surface is noted over the

upper half of the cores height, levels 10 to 20, with moment peaks of less than 3000 IV . m at the

web walls center. At the top storey, a moment reversai occurs from levels 19 to 20 with a steep

gradient and larger vaIues at the flange-web corners. and then becoming constant across the web

walls. Over the lower half of the cores height~ a moment reversaI is observed grad ually increasing

in a hump shape toward the one-quarter height (level 5) in the Core section showing maximum

moments in the web wall. In the Stair section, the moments increase uniforITÙY downward ta the

lower storeys. At the ground and basement storeys. both Core and Stair sections demonstrate

a large pronounced humped moment concentration \Vith a very steep gradient to a maximum in

the web walls of 20 klV . m and 24 kN . m, respectively, and then dropping to srnall values at the

base level. These cornplex Alyy moment distributions in the Core and Stair sections are due to

the stiffer core configurations with closed- and partially closed-sections, respectively.

In the Elev section, the M yy moments demonstrate very complex and irregular distributions

composed of severaI humps, peaks and reversais occurring throughout the core height and across

the core walls. At the top storey. a small moment reversal is noted from levels 19 to 20, then the

moments increase gradually in a folded hump over the upper half of the core height. 10 storeys.

Small moments occur in the flange walls with sharp humps at the flange-web corners descending

toward the web wall center. Maximum humped moment peaks are located at approximately

two-thirds of the core height. level 12. with a value of 5 kIV . m. Over the lower haIf of the Elev

section, a moment reversaI occurs at level 10 with sharply increasing moments downward in a

hump shape along the web-flange corners to a maximum of -22 kN . m at level 1. From levels l

to ground. a sharp parabolic moment reversai occurs across the web wall with a maximum value

of 12 kN . m at the web wall center and then the moment gradient reduces to small values

toward the base level. This complex and varied lv/yy moment distribution in the Elev section is

due its open-section being influenced by the lintel beams and the effective width of the E-slabs

participating in the lateral load resistance stiffening the Elev section.

5.2.7.3 Twist ing Moments M ry

Figures 5.41 ta .5.43 demonstrate highly irregular klry moment distributions throughout the

height of the core sections, showing asymmetrical distributions about the web wall centerlines.

Along the Core section height from levels 19 ta 2, a folded plate kJry moment distribution

is noted demonstrating moment reversais at the web-flange corners and at the one-third web

wall lengths. The moments peak at the flange-web corners and the web wall center to values

of ±lS00 IV . m. At the top storey 20, a moment reversai with a steep gradient occurs in the

flange and web walls showing a sharp peak at the web wall center. SeveraI moment reversais are

observed in the bottom 2 storeys across the web and flange walls. This irregular AtIry moment
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reversai. shows peak moments of ± l i15 lV . m located at the Core section web wall center which

are due ta interaction of the core substructure components combined with the fixed boundary

conditions at the base region stiffening the core.

In the Elev section. the ~[xy distributions demonstrate a folded plate surface gradually

increasing from the top ta the lower storeys showing larger moments at the flange wall ends

and the corners. A folded hump moment surface is observed along the web wall centerline with

the largest value of ±5383 N . m at level 1 and steep moment gradients toward the web-flange

corners, and a double moment reversai in the basement storey across the flange and web walls.

Along the Stair section. steep J.\1xy moment reversais are observed at the top storey 20 over

the short flange wall length. The moments reduce downward ta the core mid-height. level Ll.

in a folded plate distribution across the core section being flatter in the web walIs. At level Il.

a moment reversaI is noted increasing linearly down ta the lower region level l ta a peak value

of ± 13.59 N . m at the web-fiange corner. SeveraI irregular moment reversals occur between

level 1 ta the base with max.imum values of ±1250 N . m at the corners and the web wall center.

This complex variation of JVIxy moments in the Stair section is due to the partialLy closed-section

being influenced by the coupling beams and the partially E-slabs stiffening the short flange walls

and one-third of the web wall regions in the lateral load resistance.

In the Core and Stair sections, the }.ifxy moments are srnall with maximum values of ± 1715 JV,

m and ± 1359 N . m, respectively, which are about 25% of the J.\t/rr moments and 10% of the

:~Iyy moments: while the Elev section maximum !vIry moments ±5383 N . mare abou t twice the

lvIrr moments and 50% the lvfyy moments.

5.2.8 Three-Dimensional Distribution of Core Moments

due to Dead Loads

5.2.8.1 Transverse Moments AI,rx

Similar lUxr moment distributions are obtained for the core sections being symmetrical about

the web wall centerline throughout the height, as shO\vn for the Core Section in Fig. .5A4.

At the base of the cores, the lvIrr moments are small with values of 2000 IV . m at the flange

wall ends. The moments increase gradually from level 1, peaking at about the one-quarter core

height and then decrease to a contra-flexure point at about the core ITÙd-height. A smooth,

folded plate surface is noted with larger moments at the flange wall ends, the flange-web corners

and the web wall center. This smooth moment distribution is reversed in the upper half of the

cores height, increasing gradually upward to level 19. At the top storey 20, a sharp increase to .)

times the moments is noted (±4404 N .m ta ±7936 N . m) compared to the moments at level 19,

due ta core-frame interaction. Sharp moment peaks are noted at the flange wall ends and at the

web-flange corners in the Core section, at the flange wall ends dropping parabolically toward the

web wall center in the Elev section, and across the flange walls increasing parabolically ta the

web wall center in the Stair section. These complex !vIrr moment distributions at the top storey
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are due ta the Core closed-section, the Elev open-section and the Stair partially closed-section

being inRuenced by the interaction with the other structural components.

Maximum AlIr moments in the cores due ta dead loads are: ±5683 N ·m in Core, ±-t404 N·m

in Elev and ±7936 N . m in Stair sections. which are 2 to 3 times the /v/rr moments due to QX

earthquake loads. and one-half to the same as the Alrx moments due to Q1" earthquake loads.

5.2.8.2 Longit udinal Moments A/yy

Similar AIyy moment distributions are obtained for the core sections being symmetrical about

the web wall centerline throughout the height. as illustrated for the Core Section in Fig..5.-l.S.

In the ground and basement storeys, the lHyy moment distributions are very Rat with slightly

larger values in the Range walls. O'ler the lower half of the cores height, levels 1 to 10. the

moments increase gradually upward from the base in a hump shape at the web-Range corner

regions and in the flange walls to a ma:'{imum of ± 15 kJ.V . m to ±20 kN . m located at the

one-quarter core height, level 5. In the web walls, fiat moment surfaces are noted demonstrating

a moment reversal at about the mid-height, level 10, and the moments increase over the upper

half of the height in a hump fashion giving larger values at the flange-web wall corner regions.

A sharp increase in the lHyy moments with steep gradients occurs from levels 19 to 20. In

the Core section. the moments at the top storey 20 show peaks of 32 kN . m at the web-flange

corners dropping toward the web wall center with a steep moment reversaI to the largest value

of --lQ kN . m at the flange wall ends. In the Elev section, a moment reversai occurs at the

top level 19 of -18 kN . m with moment peaks at the flange-\\'eb corners and almost constant

moments across the flange walls with a value of 23 kN .m at level 20 and a parabolic drop toward

the web wall center. The Stair section exhibits a very steep moment reversai from -36 kN . m at

level 19 to 40 k N . m at level 20 with a constant moment across the Range walls and a moment

drop toward the web wall center. These complex lYlyy moment distributions at the top storey

are due ta the Core closed-section, the Elev open-section and the Stair partially closed-section

being influenced by the interaction with the other structural components.

Dead load Alyy moments in the cores are 2 ta 4 times the .Myy moments due to Qx earthquake

loads. and 25% to .50% greater than the lv/yU moments due ta Qy earthquake loads.

5.2.8.3 Twisting Moments lvlry

Similar irregular J.\;!ry moment distributions are obtained in the core sections, asymmetrical

about the web wall centerline throughout the height as shawn for the Core Section in Fig..5.-16.

A uniform folded plate lYIry moment surface is noted with severa! reversais, consisting of

steep moment gradients and peaks at the flange wall ends, the flange-web corners and the web

wall center regions. Core and Stair sections demonstrate larger folded plate surfaces throughout

the height being flatter in the Stair web wall. Elev section shows a smoother M;r;y surface with

larger moments in the lower half of the core height, levels 1 ta 10, due to the stiffening effect on
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this open-section from the interaction with the other structural components combined with the

fixity conditions at the base region.

AlI of the cores experience large A-lxy moment reversais and peaks located at the web+flange

corners. and in the web wall at the one-third length and the center wall regions. with steep

gradients at the top storey. Maximum moments occur at the top level 20 of: ± 18 k~V . m

in Core. ± 10 kN . m in Elev and ± 1ï kN . m in Stair sections. These complex :.vfxy moment

distributions are due to the Core closed-section, the Elev open-sec~ion and the Stair partially

closed-section being infiuenced by the interaction with the other structural components.

Dead load lvlry moments in the cores are 3 to .5 times the AIry moments due to Q X earthquake

loads. and 2 to 10 times the l.vfry moments due to Qy earthquake loads.

5.3 Slab Forces

5.3.1 In-Plane Stresses in the Surrounding Slabs at the Core-Wall Junctions

Figure .sAï (b), (c) and (cl) shows the Srx, Syy and Sry stress distribu tions in the S-slabs across

the core-slab junctions at the ground level as given by the FCS, SSC, ESC and LFCS models

due to QX earthquake loads and dead loads (FCS model).

5.3.1.1 Transverse Stresses Sxx

Examination of the Srr stresses in the S-slabs Fig. .5A ï (b), shows that in slab regions a\vay from

the Core and Stair sections, the models predict essentially similar stress distributions increasing

toward the core web-flange corner regions to values of about 0.30 NI Pa.

Across the Core section. the FCS. SSC and ESC models predict a sharp stress peak at the

slab-web-flange corner with stresses of 0.68 JI Pa, 0.84 JI Pa and 0.87.5 .~I Pa, respectively, while

LFCS model gives the lowest stress of 0.10 ~v[ Pa. The stresses then drop sharply toward the

Core flange wall end and remain constant across the slab to the Elev flange wall end. At the

Elev web-flange corner, an increase in the slab stresses is noted to: 0.63 !YI Pa in FCS, 0.6i l.U Pa

in SSC, 0.80 Al Pa in ESC and 0.8.5 Nf Pa in LFCS roodels. Except for FCS model, a slightly

irregular constant stress profile is observed from the slab-Elev web-fiange corner to the slab-Stair

web-flange corner. FCS model predicts a stress drop to 0.075}.i] Pa across the Stair flange wall.

The Srx stresses in the S-slabs due to QX earthquake loads are 2 to 3 times greater than

the dead loads Srx stresses.

Hence, elimination of the S-slabs flexural actions and interaction of the other structural

components has the largest affect on the Sxr stresses in the S-slabs near the Stair section region

increasing the stresses by approximately 10 times the values at the core-slab junctions, while

the slab stresses decrea3e along the Core section region by about 10 times. This creates an

equalization or redistribution of slab stresses toward the slab-Stair section region.
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5.3.1.2 Longitudinal Stresses Syy

Profiles of the Syy stresses in the S-slabs Fig. 5.47 (c), show similar distributions given by the

models indicating that the relative in-plane slab stiffness remains aImost constant when ignoring

the S-slabs fiexural actions and interaction of the cores substructure components.

SSC. ESC and LFCS models show similar Syy stress profiles. but with reduced values due

ta the redistribution of the stresses. At the slab-core wall junctions~ stress peaks of 0.10 Al' Pa

ta 0.25 J.\J Pa are observed at the core flange wall ends and web-flange corners due ta the large

stiffness in these regions compared with the slab regions between the cores. The Syy stresses

in the S-slabs increase by 2.5% to 50% as the flexural actions and the interaction of the core

components are eliminated. proceeding from the FCS to the LFCS mode!.

The Syy stresses in the S-slabs due to QX earthquake loads are approximately equal to the

dead loads Syy stresses.

Hence, critical regions in the S-slabs for the in-plane Syy stress distributions are located

along slab-core junctions, the slab-core web-flange wall corners and flange wall ends that are

stiffened by the coupling and lintel beams and the E-slabs.

5.3.1.3 Shear Stresses S'xy

Plots of the Sxy stresses in the S-slabs Fig..5.47 (d), show similar distributions across the slab

core wall junctions as given by aU the models .

Very irregular S.ry stress distributions are observed with sharp stress concentrations at the

slab-core web-flange corners, and stress reversais across each slab-core flange wall from the

flange-web corner ta the Range wall end. Double shear stress reversais are noted between the

Elev web-Range corner and the Stair web-Range corner. The Sxy stresses vary from ±0.2,j JI Pa

as given by FCS model from one side of a core corner across the wail thickness to the other

sicle of the same corner. A 20% to 60% increase is observed in the S-slabs Sxy stresses between

the models showing the largest differences at the slab-core web-Range corners with values of:

0.25 1vl Pa in FCS, 0.30 kIPa in SSC, 0.35 NI Pa in ESC and DAO l\rI Pa in LFCS models.

The Sxy stresses in the S-slabs due ta QX earthquake loads are approximately equaI ta the

dead loads Sxy stresses, with stress reversais observed between the core flange walls.

Hence, the S-slabs Rexural actions and interaction of the cores components significantly

influence the S.ry stresses in the S-slabs, decreasing the stresses by about 20% to 40%. Thus,

horizontal cracking and separation between the slabs and core waIls must he considered in design,

since large distress is observed in the slab at the slab-core corner and the end regions.

82



(

(

5.3.2 Three-Dimensional Distribution of Slab Stresses

due to Qx Earthquake Loading

5.3.2.1 Transverse Stresses Sxx

Examination of the Sxx stresses in the E-S-slabs in Fig. 5.48 dernonstrates an asyrnrnetrical

distribution about the core sections web walls centerline, with one sicle of the slabs experiencing

tensile stresses and the other side subjected to compressive stresses. This is due to the Q X

earthquake loading being perpendicular to the core flange walls.

For the S-slabs, Sxx stress concentrations of ±O.68 M Pa are locatecl at the slab-Core \veb

flange corners (stiffest slab regions) and the slab-Elev flange wall end regions (!intel and coupling

beam junctions). Very sharp stress gradients are observed near and around the slab-Core wall

regions due to the three-dirnensional stiffening created by the Core web-flange wall and corner

regions on the S-slabs. At the slab-Stair web-flange corner regions a smoother and flatter Sxx

stress distribution is noted due ta the short flange wall lengths resulting in a smaller slab-corner

region stiffness compared ta the slab-Elev and slab-Core web-flange corner regions. Further

away from the core walls, the Sxr stresses becorne less pronounced with a smoother distribution

toward the slab panel center regions. being less influenced by the column supports.

In the E-slabs, smaller Srx stress peaks occur at the interior slabs of the stiffer core web

flange corner regions. A very flat stress surface is noted in the E-slabs between the Core fiange

wall ends and the Untel bearns, with the stresses increasing sharply dose to the I-E coupling

bearns due to this slab-beam-core wall location creating an increased slab stiffness.

5.3.2.2 Longitudinal Stresses Syy

Results of the Syy stresses in the E-S-slabs in Fig. .5A9 show an asyrnmetrical distribution about

the core sections web walls centerline.

A smooth humped Syy stress distribution is noted throughout the slab with maximum values

of ±O.17 Al Pa around the core wall regions, located at the outer slab-core web-flange corners of

the Core and Stair sections. that diminish ta a very flat stress distribution in the S-slabs over a

distance of about 3 ta .5 tirnes the core wall thickness from the core walls. Along the S-slab-core

fiange wall regions the Syy stress surface is humped, showing a steeper gradient adjacent ta the

fiange walls. These stress humps fade outwards in a ponding fashion in the S-slabs as noted

Crom the stress contours. In the E-slabs, the Syy stress humps are located near the Core and

Stair section flange walls reducing toward the more flexible center region of the slabs.

Notable Syy stress concentrations in the E-S-slabs are located around the slabs-I-E coupling

beams regions and junctions. A pronounced stress distribution is observed extending from the

S-slabs toward the E-slabs over the I·E coupling beams, then flattening out in the E-slabs center

region due to the varying slab stiffness created by the interaction between the E-S-slabs through

the coupling bearns, indicating larger Syy stresses in the stiffer slab regions.
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5.3.2.3 Shear Stresses Sxy

Distributions of the Sry stresses in the E-S-slabs in Fig..5.50 show a symmetrical surface about

the core sections web walls centerline. Very steep stress gradients and concentrations with

several reversais are noted aIong the stiffer sIab regions adjacent to the core walls.

Across the S-slab-core web wall regions, an aImost constant Srr; stress profile is observed

forming a very steep gradient over a slab distance of 3 to 5 times the core wall thickness from

the web wall. the stresses then drop sharply toward the column supports. In the E-slabs. a

similar steep Sry stress gradient occurs near the stiffer Core web wall region dropping sharply

toward the more flexible Core Range wall ends. These S'ry stress concentrations across the

slab-core web wall locations are caused by the varying stiffness of the slab-core Range-web wall

regions due to the three-dimensional response of the structure.

Along the S-slab-core web-flange wall regions, the Sry stresses undergo severa! reversais with

stress concentrations at the slab-core web-flange corner, the flange wall end and the mid-flange

wall regions due to the increased slab stiffness at the core web-flange corner and flange wall

regions created by the interaction of the cores substructure components.

NlaxÏmum Sry stresses in the S-E-slabs are located at the stiffer slab-core web-flange corner

regions giving values of ±0.42 M Pa.

5.3.3 Three-Dimensional Distribution of Slab Stresses

cl ue to Q'r" Earthquake Loacling

5.3.3.1 Transverse Stresses Srr

Examination of the Srr stresses in the E-S-slabs shown in Fig..5.51 demonstrates a symmetrical

distribution about the core sections web walls centerline.

Severa! peaked and rounded humps are observed in the Srr stress distribution in the S-slabs

around the core wall regions. Along the S-slab-core flange wall regions, notable tensile stress

peaks of 0.33 M Pa are located at the Core and Stair section flange wall ends. These stress

peaks reduce sharply toward the slab-core web-flange corners and away from the flange walls.

An Srr stress band concentration in the S-slabs is observed of width 2 to 3 times the core wall

thickness away from the slab-core flange wall junction. Reversals to compressive stresses occur

in the S-slabs across the Stair flange walls and at the Core flange wall corner regions. Along

the S-slab-Core and S-slab-Stair web wall regions a smooth distribution with small stresses is

observed in the central one-third web wall region toward the column supports (flexible regions).

In the E-slabs, a very flat Srr stress distribution is noted ( < 0.10 .~I Pa) showing stress peaks

at the slab-Core and slab-Stair web-flange corners and along the slab-lintel bearn regions.

The Srr stresses in the S-E-slabs due to Qy earthquake loads give a maximum value of

0.33 M Pa which are about one-half of the Sxx stresses due to Qx earthquake loads with a

maximum value of 0.68 M Pa.
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5.3.3.2 Longitudinal Stresses Syy

Distribution of the Syy stresses in the E-S-slabs in Fig..5..52 shows a symmetrical surface about

the core sections web walls centerline. The S-slabs demonstrate stress concentrations at the stiffer

slab-core flange-web corner regions with maximum values ranging from 1.40 J.lI Pa to -1.13 ;}/ Pa

and show steep stress gradients toward the more flexible column supports.

The S-E-slabs regions adjacent to and within the Core section experience tensile Syy stresses

with steep concentrations across the web walls within a slab width of 2 to 3 times the core wall

thickness away from the web walls. Two sharp Syy stress peaks occur ~ with one peak at each

slab-Core web-f1ange corner region. In the Elev and Stair section regions. the slabs experience

compressive stress concentrations along the core \Valls in a slab width of 2 ta 3 times the core wall

thickness. with stress peaks at the slab-core web-flange regions where the local slab-core stiffness

is large. It is noted that the sIab regions around the lintel beams and the I-E coupling beams

between the Core and Elev sections, show smooth and flatter Syy stress distributions. However.

slab regions around the E-S coupling beams demonstrate an Syy stress band concentration over

a siab width of:2 to :J times the core wall thickness due ta the three-dimensional stiffening and

influence of the proximity of the Elev and Stair section walls on the S-E-slabs.

The Syy stresses in the S-E-slabs due to Qy earthquake loads (1.40 J.J Pa) are more pro

nounced giving values about 9 times the Syy stresses due to Qx earthquake loads (O.li lY! Pa) .

5.3.3.3 Shear Stresses Sxy

Results of the Sxy stress distributions in the E-S-slabs in Fig. 5..53 show an irregular asymmetrical

surface about the core sections web walls centerline, with several stress peaks.

In the S-slabs. very steep irregular Sxy stress distributions are noted in the shapes of long

peaked humps across the slab-core flange wall regions with steep b~'adients, then reducing toward

the column supports. From the stress contours. these long peaked S.r:y stress humps are concen

trated over a siab band wid th of 2 ta -t times the flange wall thickness adjacent ta the flange walls.

These shear stress slab bands stretch from the slab-Core ta the slab-Stair web-flange corner re

gions. Severa! Sry stress reversals are observed across the web walls wi th smaller humped stress

peaks near the slab-web-flange corner regions. In the E-slabs along the core flange walls, several

sharp Sr:y stress peaks occur at the slab-core flange wall end and web-flange corner regions. A

large double stress hump is observed in the E-slabs at the stiffer lintel and coupling beams end

regions, which then reduces sharply toward the more flexible center beam span-slab regions.

These Sxy stress concentrations are due to the increased siab stiffness at the core web-Bange

corner and flange wall regions created by the interaction of the cores substructure components.

The Sxy stresses in S-E-slabs give a maximum of ±D.61 M Pa due to Qy earthquake loads,

which are aboli t 30% larger than the Sxy stresses of ±D.42 M Pa due to Q X earthquake loads.

85



(

•

(

5.3.4 Three-Dimensional Distribution of Slab Stresses

due to Dead Loads

5.3.4.1 Transverse Stresses Srr

Figure 5..54 shows a symmetrical Srr stress distribution in the E-S-slabs about the core sections

web walls centerline.

In the S-slabs. a large peaked parabolic shaped tensile Su stress distribution is observed

along the slab-Core and slab-Stair section web walls. decreasing sharply away from the web

wall toward the column supports. Maximum stresses are 0.381'.,,1 Pa located at the center of

the slab-core web wall regions. From the Srr stress contours, this parabolic stress surface is

concentrated over a slab distance equal to 2 to 3 times the core web wall thickness away from

the web walls. Along the flange walls. stress reversals are noted to compressive concentrations of

-0.29 AI Pa at the slab-Core web-flange corner and near the slab-Stair flange wall end regions.

Across the I-E coupling beams span, the Srr stresses show a flat distribution with small values.

In the E-slabs, a similar large peaked parabolic shaped tensile Srr stress distribution is observed

along the slab-Core web wall region and tensile stress peaks near the slab-Stair flange wall end

regions. In the lintel and coupling beam slab regions, the Srr stresses show a flat distribution.

Dead load Srr stresses in the S-E-slabs range from 0.38 lU Pa to -0.291'vI Pa. and are about

one-half to equal in value compared ta the slab Srr stresses of ±0.68 l'vI Pa for QX earthquake

loads ±0.33 AI Pa for Qy earthquake loads.

5.3.4.2 Longitudinal Stresses Syy

Figure .5 ..55 illustrates a symmetrical Syy stress distribution in the E-S-slabs about the core

sections web walls centerline. Several Syy stress concentrations are noted with reversais [rom

tension to compression around the vicinity of the cores (stiffer slab regions) and very steep stress

gradients toward the more flexible column supports.

In the S-slabs, tensile Syy stress peaks occur at the slab-mid-flange wall regions with reversals

to compressive peaks between the core sections at the midspan slab regions of the coupling

beams. Along the core web walls, compressive stress peaks are noted at the stiffer slab-core

web-fiange corner regions and the stress surface smooths out rapidly toward the flexible column

supports to very small values. In the E-slabs, sharp tensile Syy stress peaks occur along the

slab-Core flange walls toward the web-flange corner regions. The stresses then drop to almost

zero values at the mid-panel region of the E-slab within the Core section, with a slight tensile

stress hump towards the lintel beam regions indicating the stiffer ta more flexible slab regions.

Maximum Syy stresses in the S-E-slabs due to dead loads are ±0.2.5 JI Pa which are larger

than the Syy stresses due to QX earthquake loads with values of ±0.17 At Pa, and one-sixth of

the Syy stresses due to Qy earthquake loads with stresses of ±1.40 M Pa.
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5.3.4.3 Shear Stresses Sry

Figure .5 ..56 demonstrates a very irregular. jagged peaked Sry stress distribution in the E-S-slabs

being symmetrical about the core sections web walls centerline.

In the S-slabs, irregular Sry stress concentrations of ±O.22 AJ Pa are located at the slab-C'ore

and the slab-Stair web-Range corner regions, the stiffest corners around the cores substructure.

Across the slab-Core and slab-Stair web wall regions~ a sharp shear stress drop and reversai is

observed between the core section web-flange corner ta corner locations. Along the slab-core

Range walls. smaller Sry stress humps are noted at the mid-flange wall regions with aIternating

stress reversals. The S-slabs Sry stresses are concentrated over a slab width equal to approxi

mately 2 to 3 times the core wall thickness in the slabs away from the core walls. Beyond this

distance. the Sry stresses in the slabs drop sharply to negligible vaIues at the column supports.

In the E-slabs. a double S'ry stress reversai is observed within the slab-Core-lintel and cou

pling beam regions showing stress peaks at the slab-core web-Range corner regions and stress

humps near the slab-I- E coupling beam locations. This double Sry stress reversai is due to the

rapidly varying slab support conditions and stiffness changing from Core web-flange corner to

Core flange wall end to the coupling and lintel beams plus Elev flange wall end supports.

j\ilaximum S'ry stresses in the S- E-slabs due ta dead loads are ±O.22 ~'VJ Pa, which are as

significant as the dead load slab S'rr and Syy stresses. Compared to the slab Sry stresses of

±D.42lv/Pa for Qx earthquake loads and ±O.61 AI Pa for Qy earthquake loads, the dead load

slab Sry stresses are .50% to 30% of these values.

5.3.5 Three-Dimensional Distribution of Slab Moments

due ta Qx Earthquake Loading

5.3.5.1 Transverse Moments Nlxr

Examination of the Alrr moments in the E-S-slabs in Fig. 5.5i shows an asymmetricaI distribu

tion about the core sections web \Valls centerline.

In the S-slabs, steep conical },ilrr moment distributions of peak values ±84 kN . m occur

around the column supports in the column·column strip siab regions, with positive bending on

one side reversing ta negative moments on the column Une side. These couicai moment surfaces

decrease sharply aver the column-column strip regions ta moment reversais and concentrations

at the slab-core flange wall supports. The mid-panel slab regions between the columns show

very small Mrr moments. A line of contra-flexure is located between the column supports and

the flange walls at about 0.25 to 0.33 of the slab distance from the core sections flange walls.

Along the S-slabs-core sections fiange walls, the Mrr moments show longer concentrated

peaks of ±40 kN . m ta ±60 kN .m across the entire slab-Stair flange wall, at the slab-Elev web

flange corner and flange wall ends. and at the slab-Core web-flange corner regions. These large
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moment concentrations are due to the varying core sections flange walliengths and stiffnesses

permitting moment redistribution along the slab-core fiange wall regions. Across the Core and

Stair web walls, the Mrr moments peak at the S-slab-core web-fiange corner regions being equal

and opposite at both ends (moment reversal between the web wall corners). The slab moments

then drop sharply to a fiat surface over about one-third of the distance to the column supports

due to the changing slab stiffness. being more restrained (stiffer) near the .:ore sections web walls

and less restrained (more flexible) towards the column supports.

[n the E-slabs. the :'V/rr moments are small demonstrating a fiat surface throughout the

slab regions within the Core section and the lintel beams. and within the Stair section. SmaIl

Jlrr moment concentrations of ±20 k ~V . m to ±~O k ~V . mare observed at the E-slabs regions

around the coupling and lintel beams joining ta the core section fiange wall ends and web-flange

corners. A very fiat ,A'Irx moment surface is aIso noted in the E-slabs between the Core section

and the lintel beams, increasing sharply to moment concentrations located close to the coupling

and lintel beam joints due to the changing slab stiffness resulting in much less restraint in the

slab-beam regions compared to the stiffer slab-core wall-beam regions.

5.3.5.2 Longit udinal Moments AIyy

Results of the lvIyy moments in the E-S-slabs in Fig..5.58 show an asymmetrical distribution

about the core sections web walls centerline.

[n the S-slabs. the lvlyy moments show severa! humped pyramidal shaped concentrations of

±29 klV . m over the column supports. These moments spread out and decrease radially around

the columns over about one-third the slab panel region. Between the columns in the mid-panel

slab areas parallel ta the core fiange walls~ the Alyy moments drop sharply to small negative

values (and vice-versa). For the slab-column regions behind the core sections web waIls~ the

}YIyy moments are ±28 klV . m reversing from negative to positive bending across the column

support and spreading to the center panel slab regions to a flatter distribution in the mid-panel

areas parallel to the core sections web walls. Along the S-slahs-core sections flange wail regions,

moment reversais are noted to negative bending (and vice-versa) with conical humped lv/yy

moment concentrations of ±20 kN . m located at the stiffer slah-Core and slab-Stair web-flange

corners, and at the slab-Stair and slab-Elev flange wall end regions. Across the Core and Stair

sections web walls, a moment reversaI occurs gradually between the stiffer slab-core flange-web

corner to corner regions.

In the E-slabs, the lvIyy moments are small with a very fiat surface noted. However, moment

concentrations with large peaks of values ±20 klV . m to ±25 kN . m are observed at the slab

coupling and lintel beam regions joining ta the core sections flange wall ends and fIange-web

corners, due to the varying E-slab support conditions and stiffness, i.e. larger moments at the

stiffer slab-core wall-beam regions.
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5.3.5.3 Twisting Moments AIxy

Distributions of the J."lxy moments in the E-S-slabs in Fig..5.59 illustrate a symmetrical surface

about the core sections web walls centerline.

Examination of the AIxy moments show a flat surface across the slabs with negligible values

in the E-slabs and values of ±5 kjV . m in the S-slabs regions nearer the core sections. Small

moment humps of less than ±10 klV . m are observed at the S-slab-core corner regions and at

the S-E-slabs-coupling and lintel beam end regions. In the S-slabs around the columns, the

},;/xy moment distributions are flat in the mid-panel regions showing sharp pyramidal peaks of

±21 kjV . m forming around the column supports in the colurnn-column strip panel slab regions.

The steepest J."lxy moment gradient is in the S-slabs corner panel regions furthest from the Core

and Stair section web-fiange corners, mixed support conditions.

~Iaximum Al'xy moments in the E-S-slabs around the slab-core sections wall-coupling and

lintel beam regions are approximately ±10 klV . m which are about .50% ta 2.5% of the slab lvIrx

and ~\1yy moments. and therefore, they must be considered in the slab design.

5.3.6 Three-Dimensional Distribution of Slab Moments

due to Qr' Earthquake Loading

5.3.6.1 Transverse Moments Atlxx

The lvlxx moments in the E-S-slabs in Fig. 5.60 demonstrate a symmetrical distribution about

the core sections web walls centerline. Several moment concentrations are located at the stiffer

slab-core wall section end and corner regions.

In the S-slabs along the core flange walls, several J.'vIxx moment concentrations of ±20 kN . m

are observed at the slab-Core and slab-Stair web-fiange corner regions showing steep moment

reversaIs along the core flange walls toward the slab-core flange wall ends. These Alxx moment

peaks extend a slab width adjacent ta the core section flange walls equal to 2 to 4 times the

core wall thickness. Across the core web walls. a constant moment surface is noted over the

central 80% of the slab-web wall regions increasing sharply to moment concentrations at the

stiffer slab-core web-fiange corner regions. Larger pyramidal shaped Alxx moments of 26kN· m

to -31 kN ·m form over the slab-column supports, concentrated over a column-column strip

slab region and descend sharply to the mid-panel slab areas.

In the E-slabs, steep pyramidal shaped lvIxx moments occur at the slab-Core flange wall end

regions decreasing sharply toward the slab-Core web-flange corners and the center sIab regions to

a small moment reversai. These moment peaks are largest 20 kN . m at the slab-Core flange wall

end-coupling and lintel beam regions, indicating distress and possible cracking in these regions.

Mxx moment peaks are noted at the E-slabs-Stair flange wall end-coupling beam regions.

The most distressed slab region is located at the slab-Core-Elev flange wall ends-coupling

and lintel beams regions where a double 90° pyramidal }.;/xx moment peak is noted (±20 kN· m)

due to the largest variation in the slab-core wall-beam stiffness.
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5.3.6.2 Longitudinal Moments k/yy

Examination of the JtJyy moments in the E-S-slabs in Fig..5.61 shows a symmetrical distribution

about the core sections web walls centerline with peaked concentrations observed throughout.

In the S-slabs along the slab-core flange wall regions. several Atlyy moment reversaIs of

±.50 klV . mare observed from the slab-Core web-fiange corners toward the slab-Core fiange

wall ends. reversing across the I-E coupling beams and again from the slab-Elev Range wail ends

to the slab-Elev web-flange corner regions. A double A/yy moment reversai is noted across the

slab-E-S coupling beams toward the slab-Stair web-Range corner regions. Across the slab-Core

and slab-Stair web walls. an aImost constant moment distribution with peaks is observed at

the S-slabs-core corners and mid-web wall regions. Column regions of the S-slabs experience

large positive pyramidal shaped Ivlyy moment concentrations of 8-5 kN . m with steep reversals

ta negative moment peaks of -120 klV ·m at the mid-panel slab regions between the columns.

In the E-slabs, large positive lvfyy moments of ï5 kN . m arranged in a saddle shaped distri

bution are noted in the slab portion enclosed by the Core section walls showing 2 moment peaks

at the sIab-Core flange wall end regions and a steep gradient drop toward the slab-Core web

wall region. Negative pyramidal moment peaks of -50 kN . mare observed in the slab portion

endosed within the Stair section walls at the sIab-Stair flange wall end regions.

The most complex A/yy moment distributions and concentrations in the S-E-slabs occur

along the slab-core flange wall ends and web-ftange corners, and slab-coupling and Iintel beams

regions due to the increased slab stiffness at the core web-ftange corner and flange wall regions.

5.3.6.3 Twisting Moments AJry

Results of the lv/ry moment distribution in the E-S-slabs in Fig..5.62 illustrate a highly irregular

asymmetrical surface about the core sections web walls centerline.

In both the S-E-slabs several Mry moment reversals occur with steep gradients at the slab

core web-fiange corners and fiange wall end regions, and at the slab-coupling and lintel bearn

locations. At the S-slabs-Core and S-slabs-Stair corner regions, a fiat Mry moment surface is

observed over one-half of the slab panel due to the large restraint in these regions resulting from

the three-dimensional core section interaction.

S-slabs N/xy moments are larger in the column supported regions where the moments show

peaked pyramids of ±84 kN . m around the columns, with sharp reversaIs in the slab-column

areas further from the core web walls. Along the slab-core sections flange wall regions the

lv/xy moments are of pyramidal shaped concentrations of ±50 kN . m showing severa! reversals

from the slab-Core flange wall end to the slab-Elev flange wall end to the sIab-Stair fiange wall

end regions. Slab regions around the I-E coupling beams, the lintel beams, the Core and Elev

flange wall ends demonstrate the most irregular Mry moment surface showing moment peaks

and humps of ±50 kN . m and moment reversals along the slab-I-E coupling beams span regions

due to the varying slab-core-beam support stiffness.

Maximum lV/xy moments in the S-E-slabs around the sIab-core wall-coupling and lintel bearn
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regions are approximately ±50 k N . m, which are about twice the /v/xx moments and about ï.5%

of the A/yy moments. Therefore, they must be considered in the slab design.

5.3.7 Three-Dimensional Distribution of Slab Moments

due to Dead Loads

5.3.7.1 Transverse Moments ~ft,[xx

Figure .5.63 shows a symmetrical M xx moment surface in the E-S-slabs about the core sections

web walls centerline.

In the S-slabs along the slab-core sections fiange wall regions. negative Af:u moments of

-100 kN . mare observed showing a constant distribution across the slab-core fiange walls and

decreasing moments at the slab-coupling beam joints. These iUxx moments adjacent to the core

sections Range wall regions are concentrated in a slab band width of 2 to 3 times the core wall

thickness. Across the slab-Core and slab-Stair web wall regions the A/xI moments are constant

with a fiat surface over 80% of the slab-web walls. then the moments peak to -.50 kN . m at the

stiffer slab-core web-fiange corner regions. A flat moment surface is noted in the mid-panel slab

regions behind the Core and Stair web walls with a steep negative moment pyramidal shaped

drop to -140kN . m around the columns. Negative pyramidal shaped Mxx moments occur

around the columns in the column-column slab regions and positive moment humps are noted

in the mid-panel S-slab regions with values ranging from 107 kN . m ta -142 kN . m.

In the E-slabs. the J."/xx moments are small showing a smooth fiat surface. Moment concen

trations are observed along the slab-coupling beams regions, more notably in the E-slab region

of the Elev and Core section flange wall ends and I-E coupling beams. and the slab-lintel beams

junctions with negative moment values of -7.5 kN . m. This variation in the slab Alxx moments

is due ta the changing slab support stiffness.

Dead load ~Hxx moments in the E-S-slabs are approx.imately 20% to 30% larger than the

slab J/xx moments due ta Qx earthquake loads. and about 4 to 6 times the slab JIrr moments

due ta QF earthquake loads.

5.3.7.2 Longitudinal Moments Alyy

Figure 5.64 illustrates a symmetrical M yy moment surface in the E-S-slabs about the core sections

web walls centerline.

In the S-slabs, the Alyy moment distribution demonstrates a constant negative moment band

of value -100 kN . m across the slab-Core and slab-Stair web wall regions over the central 80%

of the slab-web wall length~ and moment peaks of -125 k N . m at the stiffer slab-core web

flange corner regions. These Myy moments are concentrated over a slab band distance of 2 to 3

tir.1es the core wall thickness adjacent to the core walls, and a steep upward moment gradient is

observed toward the mid-panel slab region ta a constant positive moment of 45 kN . m. At the

slab-column regions, negative M yy moments of pyramidal shape -138 k N . m are concentrated
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over the column-column strip slab regions. Along the S-slab-core flange wall regions~ a very

irregular negative M yy moment distribution is observed with values of -.50 kN . m along the

slah-core flange wall regions to concentrations of -100 klV . m located at the slab-core flange

wall end regions. The moments increase sharply to positive values in the mid-panel slab regions

adjacent to the slah-core flange walls with values of 25 k N . m near the column supports. A drop

to negative pyramidal shaped M yy moments of -12.) kN . m is noted in the slabs around the

column supports.

In the E-slabs. large ivlyy moment concentrations are observed at the slab-coupling beam end

regions with values of -2.5klV·m to -50kN ·m. The slab-I-E coupling beams. slab-lintel beams

and the slah-Core and slab- Elev flange wall end regions show the most varied "~[Ylj moment

distribution. The E-slabs within the Core section are in positive bending showing a moment

hump of 2.5 kN . m at the mid-panel slab region. These variations in the slab lUyy moments are

due to the changing slah support stiffness.

Dead load Myy moments in the E-S-slabs are 2 to 5 times the M yy moments due to QX

earthquake loads, and between one-half to equal the M yy moments due to Qy earthquake loads.

5.3.7.3 Twisting Moments iV/xy

Figure 5.6.5 demonstrates an irregular lvIxy moment surface in the E-S-slabs, being asymmetrical

about the core sections web walls centerline.

The S-slabs experience several peaked AIry moment concentrations and reversaIs along the

slab-core sections flange wall regions. extending from the core web-flange wall corners to the

flange wall ends. Double humped N!xy moment peaks of ±2.5 kN . mare located at the slab-Core

and slab-Stair web-flange corner regions extending 10% of the slab-web wall length and along

80% of the slab-flange walls. Similar negative/positive Nlxy moment peaks of ±25 kN . mare

present along the slab-coupling and lintel beam end regions. Around the slab-column supports.

moment peaks of ±90 klV . m occur with steep gradients concentrated over the column-column

strip slab regions, and moment reversals in the mid-panel siab regions being the largest in the

corner slab panel next to the Core and Stair sections; Le. where the largest variation in the

slab-core wall-beam stiffness is present.

In the E-slabs. the Mxy moments are small demonstrating a very fiat surface. This response is

due to the three-dimensional cores configuration stiffening and restraining the E-slabs. However.

~Vlxy moment peaks do occur at the slab-coupling and lintel beam locations due to the changing

slab support conditions.

The lvIry moments in the E-S-slabs due to dead loads are about equal to the lVIxx and the

Myy moments. Compared to the slah Mry moments due to QX earthquake loads of ±22 kN . m

and Qy earthquake loads of ±84 kN . m. the dead load slab A'/xy moments ±94 kN . m are as

significant and they must be considered in the design.
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Chapter 6

N onlinear Inelastic Analysis Results

- Discussion

Nonlinear inelastic analysis results of the core-slab structure subject to QX and Q\,- earthquake

loadings and gravity loads throughout the entire load range from zero load to failure, are pre

sented for the distributions along the structure height for the drifts. twists and vertical slab-core

deflections. and at the ground level for the strains in the concentrated reinforcement of the core

sections as predicted by the various rnodels. Three-dimensional distributions of the concrete

stresses consisting of "Bird 's Eye" and .. ~Vorm 's Eye" views, and topographical contours of the

in-plane transverse axial stresses Sxr, the longitudinal axial stresses Syy and the shear stresses

Sxy at ground level across the core sections for selected QX and Qy earthquake load levels and

the dead loads are plotted as predkted by the DQX and DQY models.

The structural behaviour is exarnined and discussed in terrns of the comparison of the dif

ferent computer models and the individual behaviour of the various structural components, the

infilled-slab (Core), elevator (Elev) and stairwell (Stair) core sections, the enclosed slabs (E

slabs) and the surrounding slabs (S-slabs), referred to as E-S-slabs for bath, and the coupling

and lintel beams for their influence on the structural behaviour. In the discussions, interaction

of the cores substructure components consists of the three-dimensional coupling and stiffening

actions that occur between the cores, beams and slabs.

For discussion purposes, the lateraI deformation and core concentrated reinforcernent strain

responses are divided into four regions as shawn in Fig. 6.1. Tables 6.1 ta 6.3 summarize the

relevant values for the Regions 1 ta 4, the failure loads and the ductility ratios for the different

analyses performed.

More detailed discussions of the nonlinear inelastic analysis results for the core-slab-frame

structure under investigation can he found in the report by Manatakos and Mirza (1995).

93



6.1 Deformations: Core-Slab Structure

(
6.1.1 Earthquake Load Level vs Drift - RespoDse to Failure

(

6.1.1.1 Material Properties and Design Considerations

Earthquake load QX vs drift response of the core-slab structure in Fig. 6.2 examines the different

materiaI properties and the cores design as predicted by the DQX. DQXO. DQXX. DLQX and

DQXr models. A summary of the relevant values is presented in Table 6.l.

Region 2. indicating the linear portion of the response. varies as given by the different

models. DQXO model gives the lowest Region 2 limit at 1.60 Qx as a result of ignoring the

tension-stiffening behaviour of the concrete and reinforcement. DQXU model for the uplift

conditions for the lowest dead loads. shows a slightly higher Region 2 limit of 1.7.) Q x. DQX.

DQXX and DLQX models all predict a 25% larger load level of 2.00 Q X for the end of the linear

range due to the consideration of all of the loads and the tension-stiffening effect, resulting in

top drifts between 71 mm to 89 mm. Region 4 for the highly nonlinear response due to yielding

of the reinforcement and/or crushing of the concrete, initiates at 2.90 Q X for DQXX, 3.00 Q X

for DQXU. 3.20Qx for DQXO. 3.30Qx for DQX and 3.80Qx for DLQX models. These results

show that considering the dead and live loads \Vith a varying steel content through the core \Valls

height (DLQX mode!) gives the highest failure load and the better load-drift response compared

wi th the other models in terms of the largest ultimate [oad. slower stiffness deterioration and

the best energy absorption characteristics. Reducing the dead loads for the uplift conditions

(DQXU model) gives the [owest energy absorption capacity with the smallest ultimate load.

while llsing uniform wall reinforcement throughout the cores height (DQXX model) shows the

lowest Region 4 load range predicting a :2.5% lov..er energy absorption capacity of the structure

compared to the DQX mode!.

Examining the lateraI load-drift responses predicted by the different models indicates a

failure load above 3.00 Qx. DQX, DQXX and DQXU models response group together through

to the middle of Region 3, the nonlinear portion, giving failure loads at 3.40 Q x, 3.10 Qx and

3.10 Qx with top drifts of 871 mm, 1372 mm and 689 mm. respectively. DQXX model \Vith

uniform reinforcement throughout the core walls height results in a 10% lower failure load

compared to DQX model, but shows more ductility with a 57% larger drift at failure, 1372 mm

vs 871 mm. DQXU model demonstrates the least ductility and shortest response, giving local

failure at 3.10Qx due to the smallest axial compressive load (uplift dead load condition) in the

cores. DQXO model predicts a failure load of 3.40 QX and 1362 mm top drift which is .j.5%

larger (more ductility) than DQX mode!. However. ignoring the tension-stiffening behaviour of

the concrete and reinforcement (DQXO model) gives the lowest response for Region 3. DLQX

model with dead and live loads considered, predicts the best overall lateral load-drift response

showing a higher Region 3 and good ductility, predicting failure at 4.00 Q X with 1291 mm top

drift, which are 17% and 48% larger compared to the DQX model results.
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6.1.1.2 Qx Earthquake Loads Response

Earthquake load Q x vs drift response for the core-slab structure as predicted by the DQX.

ESDQX. CCDQX. QX and PDQX models are shown in Fig. 6.3. with relevant values summarized

in Table 6.2.

Essentially the same load-drift response is predicted by DQX and ESDQX models. giving

failure Ioads with corresponding top drifts of 3AD QX and 8i1 mm top drift for DQX and 3.40 QX

and 1326 mm top drift for ESDQX models. Therefore, the contribution of the S-slabs flexural

actions shortens the earthquake loads response causing a 50% reduction in the drift at failure.

with a 30% decrease in the energy absorption capacity~ a less ductile response of the structure

and a reduced ductility ratio from 15.07 for ESDQX model compared to 9.90 for DQX mode!.

CCDQX model gives a load-drift response similar to DQX model but with a 12% lower

Region 2 limit of 1.7.5 QX with 77 mm top drift~ a lower Region 3 extending the same Iength

to the start of Region 4 at 3.10 QX with 554 mm top drift compared to the DQX model giving

Region ~l at 3.30 Qx with 494 mm top drift. CCDQX model predicts a 28% larger top drift of

1113 mm at failure 3.20 QX vs the DQX modeI values of 871mm top drift at 3.40 Qx failure

load. These results indicate a less effective lateralload response by CCDQX modeI in the post

cracking range. Therefore~ the contribution of the E-S-slabs gives a 10% to 15% higher Region ;j

portion and failure load in the Q X earthquake load-drift response of the core-slab structure~ but

decreases the energy absorption capacity by about 20% and the ductility ratio from 14A.5 for

CCDQX model to 9.90 for DQX mode!.

A large reduction in the load-drift response is noted when ignoring the dead loads in QX

mode!. showing Region 3 starting at one-half the load level at 1.10 QX with a .50 mm top drift

and the Region 4 beginning at 1.60 QX with a 302 mm top drift compared to the DQX model

vaIues of Region 3 at 2.00 QX with 88 mm top drift and Region 4 at 3.30 Q X with 494 mm

top drift. respectively. QX model predicts a significant top drift of 711 mm at a failure load of

1.70 Q X with a ductility ratio of 14.22 predicting local buckling of the core flange walls foLlowed

by collapse of the structure at 1.7.5 Q X ~ which is one-half the failure load given by the DQX

mode!. Also, the energy absorption capacity of the QX model is reduced to approximately 40%

of DQX mode!. Therefore, consideration of the dead loads in the core-slab structure beha\'iour

results in an improved lateraI load-drift response, doubling the load levels for the Regions 2

and 3, the failure load and the energy absorption characteristics until failure.

The planar structure PDQX model show 3 individualload-drift responses, one for each core

section web wall, giving a failure load of 1.25 Q X which is about 0.30 of that for the DQX mode!.

Stair section web wall shows a very short Region 3 portion with 136 mm top drift, while the

Elev and Core section web walls have a longer nonlinear Region 3 portion with top drifts at

failure of 470 mm and 560 mm, respectively. PDQX model demonstrates a much reduced lateraI

stiffness with the Region 3 starting at 0.75 Qx approximately 0.40 of that for DQX model, and

no Region 4 portion obtained in the response. Therefore, consideration of the three-dimensional

interaction and influence of the cores (flange and web walls) as open-, partlally closed- and
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closed-sections combined with the E-S-slabs (DQX vs PDQX models) improves the lateraI load

response of the core-slab structure. The results show an increase of about 3 times for the linear

portion Region 2 and the failure Ioad, giving a Region 4 portion and increasing the total energy

absorption capacity of the structure by about 9 times, and an increased ductility ratio from 4.5

in PDQX model to 9.90 for DQX model.

6.1.1.3 Qy Earthquake Loads Response

Earthquake load Qy vs drift response for the core-slab structure as predicted by the DQY.

DQYR. CCDQY. QY and PDQY rnodels are shown in Fig. 6.·L with relevant values summarized

in Table 6.3.

DQY and DQ 'lR models demonstrate a similar response for Regions ! and 2 upto a load

level of 2.00 Qy giving a 50 mm top drift. DQYR model shows a shorter Region 3 portion

with a higher load range ta Region 4, which starts at 4.90 Ql" giving a 328 mm top drift, and

a failure load of 5.10 Ql'· with 880 mm top drift. DQY model (compared to DQYR model) has

a stretched-out Region 3 portion being about 2.5 times longer, Region 4 starting at .5.75 Qr'
(l7% higher) with a 8,52 mm top drift (2.5 times larger) and failure at .j.90Qy (17% larger)

with a 1190 mm top drift (26% larger). Thus, the DQY model demonstrates a larger energy

absorption capacity than the DQYR model. Hence, the core-slab structure is more effective in

the Qy earthquake load direction when the Core section is on the tension side for generating

the resistance (DQY model). Ductility ratios are 17.25 for DQYR and 25.87 for DQY models,

with the latter model demonstrating a better and more ductile lateral load-drift response.

CCDQY model gives a load-drift response similar to DQY model showing a 1:3% lower

Region 2 lirnit at 1.75 Qy with 4ï mm top drift. a lower Region 3 extending to the start of

Region -1 at 4.60 Qy (20% lower) with .5.52 mm top drift (35% less) compared to the DQY model

values for Region -1 at 5.75 Qy with 852 mm top drift, respectively. These results indicate a

less effective lateralload response in the post-cracking region for the CCDQY model. However,

this model demonstrates a 47% larger drift at failure load of 4.70 Qy (20% less) with 1749 mm

top drift (a 4.5% increase) compared to DQY model failure load of 5.90 Qr' with 1190 mm top

drift. Therefore, the contribution of the E-S-slabs gives a 15% to 20% higher Region 3 portion

and higher failure load for the Qy earthquake load-drift response of the core-slab structure, but

decreases the energy absorption capacity by about 44% and the ductility ratio from 37.21 for

the coupled cores CCDQY model to 25.87 for DQY model.

A large reduction in the load-drift response is noted when ignoring the dead loads in QY

modeL showing a 30% lower Region 2 limit at 1.40 Ql" \Vith a 34 mm top drift. and a 50% lower

load Region 4 starting at a load of 2.80 Ql" with 469 mm top drift cornpared to the DQY model

values for the Region 2 limit at 2.00 Qy with 46 mm top drift and the start of Region 4 at

.5.7,5 Qy with 852 mm top drift. QY model predicts the largest top drift of 2200 mm at a failure

load of 2.90 Qy with local buckling of the Core and Stair flange walls followed by collapse at

3.00 Qy which is about 50% of the failure load and the energy absorption capacity with an 85%
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larger top drift compared to the vaIues given by the DQY model. Ductility ratio for QY model

is 64. il which is about twice that predicted by DQY model of 2.5.87. Therefore. consideration of

the dead loads improves the lateraI load-drift response of the core-slab structure by increasing

the Region 2 linear Limit by 30%. doubling the failure load and the energy absorption capacity.

but results in a 50% reduction in the top drift and the ductility at failure.

The planar structure PDQY model for the lateraI load-drift response. show a much reduced

tateral stiffness giving a Region 2 limit at 0.90 Qy which is approximately 50% of that for the

DQY model. a short Region 3 portion and no Region 4 occurring in the response. PDQY model

failure load is 1.90 Qy with a 302 mm top drift (2.5% of the DQ Y model drift) due to buckling of

the core walls followed by collapse at 2.00 Qy. Therefore, consideration of the three-dimensional

interaction and influence of the cores (flange and web walls) as open-. partiaIly closed- and

closed-sections combined with the E-S-slabs (DQY vs PDQY models) improves the lateralload

response of the core-slab structure. The results show an increase of approximately 2 to 3 times

for the linear portion Region 2 and the failure load. giving a Region 4 portion and increasing the

total energy absorption capacity of the structure by about 12 times. and an increased ductiLity

ratio from 4.6.} in PDQY model ta 25.87 for DQY mode!.

6.1.2 Drift Profiles - Response to Failure

6.1.2.1 Qx Earthquake Loads Response

Figure 6.5 (Table 6.2) illustrates the drift profiles for load levels 0.50 QX to 3.40 QX failure

load of the core-slab structure as predicted by the DQX mode!. The Region 2 limit extends

upto 2.00 QX as can be noted from the constant increase between the drift profiles. Load levels

2.00 QX ta 3.30 QX represent the Region 3 portion, demonstrating larger drift increments and

a larger increase in the drifts at storey 1 corresponding to a reduction in the lateraI stiffness of

the structure. Within Region 3, the top drift increases by about .5 times from 88 mm to 494 mm

giving a ductility ratio of .5.61. The curved drift profiles indicate a reducing structure lateral

stiffness that extends from the ground storey to storey 4 over the remaining load levels ta failure.

At load level 3.30 Qx, Region 4 is reached in the structural response where large steel strains

are present in the lower storeys that result in a large increase in the drifts upto failure. At failure

load 3.40 Qx, the drift profile shows a much reduced lateraI stiffness with the majority of loss

of stiffness in the lower 4 storeys of the structure. Top drift doubles from 494 mm at 3.30 Qx

to 871 mm at 3.40 Q X. Failure of the structure occurs due to the rupture of the rein forcement

and the concrete crushing in the Core section flange-web corners. The ductility ratio at failure

is equal to 9.90.

Damage as a result of concrete cracking, yielding of reinforcement and formation of plastic

hinging in the core waIls due to Q X earthquake loading is observed in the lower 20% height,

storeys 1 ta 'l, and is critical in the design and evaluation of the core-slab structure response.
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6.1.2.2 Qy Earthquake Loads Response

Figure 6.6 (Table 6.a) illustrates the drift profiles for load levels 1.00 Qr to .5.90 Qy failure

load of the core-slab structure as predicted by the DQY model. The Region 2 limit extends

upto 2.00 Qy as can be noted from the constant increase between the drift profiles. Load levels

2.00 Qy to .5.7.5 Qy for Region 3, show larger drift increments and a larger increase in the drift

at storey 1 indicating a reducing lateral stiffness extending over the lower one-third structure

height. 6 storeys, giving an increased top drift from 46 mm at 2.00 Qy to 8.52 mm at .5.7.5 Qy

with a ductility ratio of 18.52. Region 4 of the response extends from load levels .5.75 Q,,' to

.5.90 Ql" failure load. where the drift profiles demonstrate a severe stiffness degradation in the

structure as noted by the diminishing flatter slopes in the lower storeys. Top drift increases

by ..fO% from 8.52 mm at .5.75 Qy to 1190 mm at .5.90 Q".. A large increase in the drift occurs

between load levels .5.80 Qy to 5.90 Ql'· due to a large increase in the reinforcement strains at the

lower storeys of the core sections just prior to fallure showing a ductility ratio of 25.87. Failure

at 5.90 Q". is due to rupture of the concentrated reinforcement in the Core section flange-web

corners, leading to collapse of the structure at 6.00 Q,," due to concrete crushing in the Stair

section compression wall regions.

Damage due to concrete cracking, yielding of reinforcement and formation of plastic hinging

in the core walls due to Q"(' earthquake loading is observed in the lower one-third height, storeys 1

to 6, and is critical in the design and evaluation of the core-slab structure response.

6.1.3 Inter-Storey Drift Profiles - Response at Failure

6.1.3.1 Qx Earthquake Loads Response

Inter-storey drift profiles of the core-slab structure at fallure due to QX earthquake loading are

shown in Fig. 6.7 as given by the DQX, CCDQX, QX and PDQX models. Relevant values are

summarized below.

Inter-storey Drift (mm)

Level DQX (,C'DQX QX PDQX

Level 20 61 mm 7ïmm 50 mm 41 mm

uniform region 44mm .56 mm 36mm 30mm

Levels 6 - 19 Level 12 Level 12 Level 12 Level 13

Level 1 40mm 39mm 23mm 16mm

Similar inter-storey drift profiles are observed for aU of the models excepting with sorne differ

ences in the lower storeys. An almost constant inter-storey drift is noted between levels 6 to 19.

indicating approximately equal drift increments with a local maximum value at level 12.

DQX model predicts a maximum inter-storey drift of 61 mm at 3.40 Qx failure load. Elimi

nating the S-slabs flexural actions and the E-slabs (CCDQX model) demonstrates a 27% increase

in the maximum inter-storey drift to 77 mm. and a 6% decrease in the failure load to 3.20 Qx.
Ignoring the dead loads (QX model) results in an 18% lower maximum inter-storey drift of
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.50mm at a failure load of 1.70Qx about 50% that of DQX model. Planar model (PDQX)

predicts the lowest maximum inter·storey drift of 41 mm and a failure load of 1.20 Qx which

are about 30% smaller than the corresponding values for the DQX model. At the top storey

levels 19 to 20. all the profiles indicate a sharp 20% to 2.5% increase in the inter-storey drifts

due ta the larger storey height and discontinuous boundary conditions. Large increases in the

inter-storey drift profiles are noted in the lower 4 storeys, with the DQX and CCDQX models

showing more irregular profiles over levels 1 to 3. Inter-storey drifts for DQX model are 40 mm

at level 1. decreasing to 31 mm. at level 2. then a sharp increase to 40 mm at level :3. CCDQX

model values are :39 mm at level 1. .j5 mm at level 2..5:3 mm at level 3 and .5.5 mm at level -!

showing reversais and large increases in the inter-storey drifts in the lower storeys. QX and

PDQX models show smoother inter-storey drift profiles with gradually increasing values in the

lower storeys, resulting in a doubling of the inter-storey drifts between levels 1 to 4.

The irregular inter-storey drift profiles in the lower one-quarter height of the structure, lower

4 storeys. are due to the concrete cracking, yielding of reinforcement and plastic hinging resulting

in a loss of lateraI stiffness in the core-slab structure indicating the critical regions for design

and the majority of the damage occurs in the lower storeys. Separation occurs between the slabs

and core walls resulting in a changing lateraI stiffness throughout the height, being considerably

reduced in the lower storeys of the structure.

6.1.3.2 Qy Earthquake Loads Response

Inter-storey drift profiles of the core-slab structure at failure due to Q'y' earthquake loading are

shown in Fig. 6.8 as given by the DQY. CCDQY, QY and PDQY models. Relevant values are

summarized below.

Inter-storey Drift (mm)

Level Il DQY CCDQY QY PDQY

Level20 76mm 112mm 145mm 22mm

uni form region 57mm 85mm lOSmm 17mm

Level8 - 19

Level 1 81mm 97mm 140mm I1mm

Similar inter-storey drift profiles are observed for all the models in the upper two-thirds structure

height. with differences occurring in the lower one-third structure height.

DQY model demonstrates a slight decrease in the inter-storey drifts from levels 8 to 19 with

the larger value of 57 mm at level 8 at 5.90 Qy failure load. CCDQY model also shows this

trend with a larger inter-storey drift of 85 mm at level 8 at the failure load of 4.70 Qy indicating

a 30% increase in the inter-storey drifts and a 20% lower failure load compared to DQY model,

due to the elimination of the contribution of the S-slabs flexuraI actions and the E-slabs. QY

model shows an almost constant inter-storey drift in the upper two-thirds structure height with

the larger value of 105 mm at level 8 at 2.90 Qy failure load and an 84% increase in the inter

storey drift at approximately 50% of the failure load for the DQY model, due to the exclusion
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of the dead loads. PDQY model gives the lowest inter·storey drifts with a value of L7 mm at

the mid-height and 1.90 Qy failure load. being one-third of the DQY model values as a result

of the planar modeling. At the top storey, the inter-storey drift profiles indicate large drift

increases from levels 19 to 20. depending on the model, giving a 30% increase for DQY model to

a .50% increase for PDQY model caused by the larger storey height and discontinuous boundary

conditions. Over the lower one-third structure height, levels 1 to 8, nonlinear irregular inter

storey drift profiles are observed for the DQY, CCDQY and QY models. PDQY model shows

an almost smooth profile decreasing toward level 1 to a value of Il mm and a slight reduction

at level 2 caused by the planar modeling which ignores any three-dimensional actions between

the structural components.

DQY model inter-storey drift at failure, at level 1 is 81 mm which decreases nonlinearly

upward to .59 mm at level 4, remains constant to level 7 and then drops to 57 mm at level 8.

This profile illustrates the formation of the plastic hinging region in the cores extending from

the ground level to level 4 and upto the one-third of the structure height. levels 7 to 8, as a

result of the coupled cores substructure response. CCDQY model gives inter-storey drifts of

97 mm at level 1 increasing to 101 mm at level :3 and then decreases in a nonlinear profile to

8.5 mm at level 7. Nonlinear inter-storey drift profiles dernonstrating increases and reductions

in the drifts, occur in the lower 4 storeys at failure caused by elimination of the E-slabs and the

S-slabs flexural actions. QY model inter-storey drifts are 140 mm at level 1 reducing sharply to

103 mm at level 3, a 25% drop over 2 storeys, demonstrating the largest loss of lateraI stiffness

in the structure due to ignoring the dead loads.

Irregular inter-storey drift profiles in the lower one- third structure height. lower 6 storeys.

are due to the concrete cracking, yielding of the reinforcement and plastic hinging resultip..g in

a 10ss of laterai stiffness in the core-slab structure indicating the critical regions for design and

the majority of the damage occurs in the lower storeys. Separation occurs between the slabs

and core walls resulting in a changing laterai stiffness throughout the height. being considerably

reduced in the lower storeys of the structure.

6.1.4 Inter-Storey Drift Profiles - Response to Failure

6.1.4.1 Qx Earthquake Loads Response

Figure 6.9 illustrates the inter-storey drift profiles for load levels 1.00 Qx ta 3.40 Qx failure load

of the core-slab structure as predicted by the DQX mode!.

The Region 2 limit is noted upto 2.00 QX from the constant profiles and a nearly uniform in

crease in the inter-storey drifts. Load levels 2.00 Qx to 3.30 Qx represent the Region 3 portion,

dernonstrating Iarger inter-storey drift increments indicating a reduction in the structure lateral

stiffness, principa1ly in the lower 4 storeys. Increasingly nonlinear inter-storey drift profiles are

observed extending from Ievel 1 upwards along the structure height for each increasing earth

quake load level, caused by the cracking of the concrete elements and yielding of reinforcement

at the higher load range. At levell, the inter-storey drift increases by about 9 times, from 2 mm
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at 2.00 Qx to 18 mm at 3.30 Q x indicating a significant reduction in the lateraI stiffness of the

cores substructure.

From load level 3.30 Qx to 3.40 QX at failure, the Region 4 portion. the inter-storey drift

doubles throughout the height of the structure. At 3.40 Q x, a large drop in the inter-storey

drift is noted at level 2 showing a 25% decrease to 30 mm from 40 mm at level 1. This response

indicates a considerable reduction in the lateraI stiffness in the lower 2 storeys of the structure

near failure. \\'ith the plastic hinging region extending over the lower one-quarter stnlcture height

to level 6. The upper three-quarters of the structure height show a smooth constant inter-storey

drift profile at failure load 3.40 Qx, indicating that no damage has occurred in this region.

Damage as a result of concrete cracking, yielding of reinforcement and formation of plastic

hinging in the core walls due to Qx earthquake loading is observed in the lower 20% height.

storeys 1 to 4, and is criticaI in the design and evaluation of the core-slab structure response.

6.1.4.2 Qy Earthquake Loads Response

Figure 6.10 illustrates the inter-storey drift profiles for load levels 1.00 Qy to 5.90 Q},' failure

load of the core-slab structure as predicted by the DQY moder.

The Region 2 limit is reached at 2.00 Qy giving an inter-storey drift of 2 mm at level 1

with a nearly constant profile throughout the height. Load levels 3.00 Q't. to .5.75 Q't' within

the Region 3 portion. demonstrate larger inter-storey drift increments with increasingly steeper

slopes at the top and bot tom storeys. At level 1. the inter-storey drifts increase by Il times

from .5 mm at 3.00 Q't' to .55 mm at 5.7.5 Q},'. The lower storeys of the structure demonstrate

a more irregular nonlinear profile. with increasing inter-storey drifts. extending upwards from

levels 1 to 7 for successively increasing load levels. This nonlinear inter-storey drift profile in the

lower one-third structure height indicates the reduction of the structure lateraI stiffness in the

higher load stages due to the concrete cracking, yielding of reinforcement and plastic hinging.

Region 4 portion extends from load level 5.75 Qy to 5.90 Qy failure load, demonstrating a

40% increase in the inter-storey drift at level 1 from .56 mm at .5.S0 Qy to SOmm at .5.90 Qy. In

the lower one-third height of the structure, principally in storeys 1 to 4, the inter-storey drift

profiles show a very nonlinear response with large drift increases and reversais. from 57 mm at

level 1 to 80 mm at level 4. These inter-storey drift results demonstrate a severe degradation of

the lateraI stiffness of the structure and the plastic hinging region extending over approximately

the lower 2 to 6 storeys, one-third height, of the structure.

Damage due ta concrete cracking, yielding of reinforcement and formation of plastic hinging

in the core walls due ta Qy earthquake loading is observed in the lower one-third height, storeys 1

to 6, and is critical in the design and evaluation of the core-slab structure response.
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6.1.5 Twist Profiles - Response at Failure

Twist profiles of the core-slab structure at failure due to QX earthquake [oading are shown in

Fig. 6.11 as given by the DQX. CCDQX and QX roodels.

DQX and QX models show similar twist profiles with th.e latter model predicting a negative

(clockwise) twist throughout the structure height, giving failure loads of 3.40 QX for DQX and

1.70 Q X for QX models. A constant twist is noted along the upper two-thirds structure height.

levels 4 to 20, gjving twists of 157.5 X 10-6 rad and -3.50 X 10-6 rad for DQX and QX models.

respectively. These twist profiles indicate that the majority of twisting upto failure occurs in

the lower 20% height. th.e lower 4 storeys, of the structure.

In the DQX mode!. the largest twist at failure occurs at level 1~ where the twist increases

sharply to 1-1·50 X 10-6 rad demonstrating a fiat slope and indicating a large reduction in the

torsional stiffness in the lower region of the structure. From levels 1 to 3, the twist decreases

nonlinearly to a slightly lower value of 1-100 X 10-6 rad due to the severe cracking of the concrete

and yielding of the reinforcement. The twist then increases to 1.500 X 10-6 rad at level -1. This

twist response demonstrates that the majority of damage near failure occurs in the lower one·

fifth of the structure height, lower 4 storeys, and more extensively in the bottom :2 storeys

causing a considerable loss of torsional stiffness for the coupled cores substructure system.

For the QX model, a reversaI or negative (clockwise) twist distribution is obtained at failure.

The largest twist occurs in the lower 4 storeys, predicting maximum twists of -32.5 X 10-6 rad at

level 1 and -400 X 10-6 rad at level 2, then dropping slightly toward level 4 to -375 X 10-6 rad

and becoming a uniform twist from levels 6 to 20. The largest torsional deformation occurs in

the lower 3 storeys of the structure, with the ground storey indicating the largest 1055 of torsional

stiffness. Ignoring the compressive effects of the dead loads (QX model) results in a reduction

of torsional stiffness of the structure in terms of the twist ta about one-third to one-quarter of

the uncracked stiffness, and a failure load of one-half of that given by the DQX model.

Eliminating the E-slabs and the S-slabs flexural actions (CCDQX model) gives an increased

top twist at failure from 1575 x 10-6 rad in DQX ta 1850 X 10-6 rad in CCDQX models. At

level 1. the twist increases sharply to 625 x 10-6 rad (about .50% of the DQX model value)

resulting in a very fiat slope indicating a 10'''' torsional stiffness. The slope of the twist profile

then increases gradually between levels 1 to 5, indicating a much reduced torsional stiffness in

this region. From levels 5 to 20, the upper two-thirds of the structure height, the twists increase

from 1050 X 10-6 rad to a maximum of 1850 x 10-6 rad showing a smooth profile. Thus, the

CCDQX model predicts an increasing twist along the structure height, being larger in the upper

half, with the majority of 1055 of tor5ional stiffness occurring in the lower 4 storeys giving a 6%

smaller failure load compared to the DQX model.
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6.1.6 Inter-Storey Twist Profiles - Response at Failure

Inter-storey twist profiles of the core-slab structure at failure due to Q X earthquake loarling are

shown in Fig. 6.12 as given by the DQX. CCDQX and QX models.

DQX and QX models show aImost identical inter-storey twist profiles from storeys 5 to 20

with values less than 25 x 10-6 rad at storey 6. CCDQX model illustrates an inter-storey twist

profile similar to that of the DQX mode!. but with the upper three-quarters of the structure

height showing a maximum inter-storey twist of ;.5 x 10-6 rad at storey .5 (3 times that of the

DQX model). Thus. consideration of the E-slabs and the S-slabs flexural actions (DQX model)

results in a stiffer three-dimensional core-slab structure response and reduces the inter-storey

twists to one-third of the CCDQX model vaIues. In the lower .5 storeys of the structure. nonlinear

reversing inter-storey twist profiles are observed with a local peak at storey 4. then reducing

(reversai of inter-storey twist) toward storey 2 and increasing sharply with a flat slope to a

ma.:cimum at storey 1 of 1450 X 10-6 rad for DQX, 625 X 10-6 rad for CCDQX and -32.5 X 10-6 rad

for QX models. At failure, the profiles at level 1 show that DQX model (failure load of 3.40 Qx)

predicts the largest inter-storey twist of 1450 x 10-6 rad. CCDQX model (failure load of 3.20 Qx)

gives approximately one-half the inter-storey twists and QX (1. iO Q X failure load) shows a twist

reversai in the bottom 3 storeys.

Hence. consideration of the E-slabs and the S-slabs flexuraI actions in the core-slab structure

increases the torsional stiffness resulting in twice the inter-storey twists in the lower 4- storeys.

209t structure height. at failure. Also. the dead load compressive effects are beneficial in increas

ing the ductility and the ma.ximum torsional deformation at the base region of the structure

by a factor of upto .5 times prior to failure. Therefore, the inter-storey twist profiles indicate

that torsional cracking occur in the lower one-quarter structure height, lower 5 storeys. with the

majority of los5 of torsionaI stiffness being concentrated in the lower 2 storeys.

6.1.7 Inter-Storey Twist Profiles - Response to Failure

Figure 6.13 illustrates the inter-storey twist profiles for load levels 1.00 QX to 3.40 QX failure

load (indicated by the star symbol) of the core-slab structure as predicted by the DQX mode!.

Region 2 portion of the response extends upto load level 2.00 QX giving very small inter

storey twists with a ma.ximum vaIue of 5 X 10-6 rad at storey 1. Wïthin the Region 3 portion.

between load levels 2.00 Q x. to 3.30 Qx, the upper storeys 5 to 20 experience small inter-storey

twists of less than 8 X 10-6 rad. Thus, the upper three-quarters of the structure height does not

experience torsionaI distress. In the lower 5 storeys~ one-quarter of the structure height, as the

load level increases to 3.30 QX attainment of Region 4, the inter-storey twists increase sharply

between storeys 2 to 4 showing flatter slopes indicating the extent of the loss of torsional stiffness

in the structure. At storey 1, a reversaI develops in the inter-storey twist profiles at load level

2.50 Q X which becomes increasingly pronounced to load level 3.30 Q x. The inter-storey twist

at storey 2 increases 12 times from 5 X 10-6 rad at 2.00 QX to 67 X 10-6 rad at 2.75 QX and

then reduces to 45 X 10-6 rad at 3.30 Qx. From load levels 3.30 Q X to 3.40 QX failure load, the
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inter-storey twist profile demonstrates a double twist reversai with a very fiat slope and reversaI

at storey 4 of value 110 x 10-6 rad and storey 2 of -13 x 10-6 rad and a maximum inter-storey

twist of 14.50 x 10-6 rad at storey 1.

Thus. these nonlinear reversing inter-storey twist profiles response indicates that the majority

of torsional damage due to QX earthquake loading occurs in the lower 10% to 20% of the

structure height, lower 2 to 4 storeys. with the maximum loss of torsional stiffness reducing the

stiffness values to about one-tenth of the uncracked stiffness at the ground storey caused by the

concrete cracking, yielding of reinforcement and plastic hinging in the lower storeys.

6.1.8 Inter-Storey Vertical Deflection Profiles of Slab-Core Corner

- Response to Failure

6.1.8.1 Q x Earthquake Loads Response

Figures 6.14 and 6.1.5 show the inter-storey vertical deflection profiles of the slab-Core and slab

Stair web-flange corners (Fig. 1.1) along the height for Q X earthquake loading as obtained from

the DQX model for load levels 1.00 Q X to 3.40 Q X failure load.

Examining Fig. 6.14. the slab-Core corner (tension side) inter-storey vertical deflections in

the upper levels .5 to 20. a maximum value of 1 mm at the Region 2 limit at 2.00 Qx is noted

indicating no severe cracking or separation of the slab-Core joints. In the lower 5 storeys of

the structure height, within Region 3 between load levels 2.25 Q X to 3.30 Qx, the deflections

increase 10 times from 2.25 mm to 24.25 mm at storey 1. Flatter profiles and large reversals are

observed in the later load levels, with an increasing inter-storey vertical deflection propagating

upwards oVer the lower -! storeys of the struct ure. Between 3.30 Q X to failure load :3.40 QX

in Region ..1. the inter-storey vertical deflections at storey 1 double from 24.2.5 mm to .53 mm

due to rupture of the Core section corner concentrated reinforcement. At 3.40 QX failure load,

the inter-storey vertical deflection profile demonstrates a double reversaI between storeys 2 to 4

giving a ·53 mm uplift of the slab-Core joint. This nonlinear response is due to the concrete

cracking of the slab-Core junction and yielding of the reinforcement causing separation of the

core section and slab. Thus, resulting in loss of slab-core wall joint stiffness and integrity as

observed by the degrading flatter slope of the inter-storey vertical deflection profiles in the lower

one-quarter height of the structure, lower 4 storeys.

Figure 6.15 for the slab-Stair corner (compression side) demonstrates similar inter-storey

vertical deflection profiles to failure. In the upper one-quarter structure height (storeys 15

to 20) the deflections are less than 0.50 mm increasing uniformly downward over storeys 15 to 5

to a maximum value at the base. At storey 1, the largest deflection is noted with a very fiat

slope indicating Ioss of slab-Stair wall joint stiffness as a result of the large concrete compres

sive stresses in the higher load levels, giving deflections of: -2.8 mm at 2.00 Qx, -5.5 mm at

3.00 Qx, -6.4 mm at 3.30 QX and -7.6 mm at 3.40 QX failure load. The largest differences in

the slab-Stair corner inter-storey vertical defiections occur in the lower 2 storeys of the structure,

demonstrating a very fiat and nonlinear slope extending upto storey 4 at failure of the structure.
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6.2 Core Concentrated Reinforcement Strains

• at the Base Region - Response to Failure

6.2.1 Qx Earthquake Loads Response

(

Earthquake loading Q x vs concentrated reinforcement strains response to failure, at the ground

level of the core sections for the DQX model are illustrated in Figures 6.16 to 6.19.

Examining the concentrated tension reinforcement strain profiles in Figures 6.16 ta 6.18. a

similar behaviour is observed in all of the cores to failure. Upto load levels 0.60 Qx ta 1.00 Q X

for the Region 1 limit. the strain profiles are linear and show a slight discontinuity with strains

of about .50 x 10-6 mm/mm indicating initial cracking of the concrete in the Core web wall and

the Elev and Stair flange wall end elements. The strain profiles remain approximately linear ta

load level 2.00 QX representing the Region 2 limit, where all of the concentrated reinforcement

experiences a larger strain increase to 150 - 200 X 10-6 mm/mm in the following load level. From

the earthquake load-drift response (Fig. 6.2) and the concrete stress distributions in the core

sections at the ground level (discussed in the next section) a redistribution of load occurs in the

cores aIong with a shift of the neutral a..xis, toward the compression side of the core sections.

Nonlinearly increasing concentrated reinforcement strain profiles are observed in the Region 3

portion which extends from load levels 2.00 Q X ta 3.10 - 3.30 QX in Core, 2.7.5 - 3.00 Q X in Elev

and 2.90 - 3.00 QX in Stair sections. The latter strain values indicate the varying yield load

levels (0.002 mm/mm strain) for the concentrated rein forcement depending on their location:

flange \vall end. flange wall corner and web wall corner; and on the core-slab-beam stiffness in

the vicinity of the concentrated reinforcement bars. Region 4 portion of the strain profiles starts

at approximately a load level of 3.30 QX in Core and 3.00 Q X in Elev and Stair sections. and

illustrates flatter strain profiles increasing from the yield strain to values of 2700 X 10-6 mm/mm

in Core~ 4200 x 10-6 mm/mm in Elev and 3600 x 10-6 mm/mm in Stair sections.

At failure load 3.40 Qx, a very Large strain increase is noted in the concentrated reinforce

ment at the flange wall end and the flange-web corner locations. In the Core section (Fig. 6.16),

the flange wall end reinforcement strain is 0.035 mm/mm (l ï times the yield strain) with a

strain reversai in the flange-web corner to -0.0 Il mm/mm (5 times the yield strain) indicating

the presence of significant strength and ductility. Also, this concentrated reinforcement has not

ruptured at failure of the structure. The strain reversai in the Core flange-web corner con

centrated reinforcement is due to the faiLure of the Stair and Elev sections causing the Core

section to be pulled inward in the lower 2 storeys. Elev section (Fig. 6.1 ï) sho\'lI's a peak strain

of 0.012 mm/mm (6 times the yieLd strain) in the web-flange corner concentrated reinforcement

and a large strain reversai in the flange wall end reinforcement due to rupture of this reinforce

ment and collapse of the core wall at faiLure. Stair section (Fig. 6.18) shows the largest strain in

the flange wall end concentrated reinforcement of 0.0083 mm/mm (4 times the yield strain) and

a strain reversal in the flange-web corner concentrated reinforcement as a direct result of the

rupture of the Elev Range wall end concentrated reinforcement causing a redistribution of forces
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ta the Stair and Core sections. Since the Stair section has the shortest fiange walls and the

smallest stiffness of the cores. the Stair corner region concentrated reinforcement yields followed

by buckling of the Range wall corner region. Therefore. between load levels 3.10 Qx to 3.40 Qx

at failure of the structure. the concentrated reinforcement strains increase substantially from the

yield strain to 0.0083 - 0.030 mm/mm in the core sections indicating large ductility of the core

slab structure due to its three-dimensional response. At failure, the Stair concentrated tension

reinforcement ruptures at the flange wall end causing buckling of the compression flange-web

corner wall regions in the Stair and Elev sections. Failure is due to rupture of the core con

centrated tension reinforcement at the flange-web corners and the flange wall ends. followed by

local buckling of the core flange-web wall corners in the lower 2 storeys caused by the instability

and deterioration of stiffness in each of the core sections.

In summary, for the DQX model with a failure load of 3.40 QX: initial cracking of the

concrete wall layer elements occurs at load levels 0.60 Q X ta 1.00 Qx, the Region 1 limit, or 18%

to 30% of the failure load giving concentrated reinforcement strains which are only 2..5% of the

yield strain. The Region 2 lirnit indicating that the first cracked concrete-smeared steel layer

core wall elements. starts at 2.00 QX or 60% of the failure load. with concentrated rein forcement

strains in the range of 7.5% to 10% of the yield strain. Region 3 of the response extends upto load

levels 2.75Qx to 3.10 Qx, or 81% ta 91% of the failure load, with yielding of the reinforcement.

Region 4 porticn extends for the rernainder 10% ta 20% of the failure load gi ving concentrated

reinforcement strains al failure between 5 to 20 times the yield strain.

Strain profiles of the concentrated compression reinforcement show a similar response in

the cores upto failure as illustrated for the Core section in Fig. 6.19. Linear strain profiles

are observed with a slight discontinuity at about the 0.75 QX ta 1.00 QX load level range in

dicating the Region 1 limit. with strains of -250 X 10-6 mm/mm. Region 2 of the response

extends upto a load of 2.00 Qx showing a linear profile with a slight increase in the reinforcement

strains ta -300 X 10-6 mm/mm. \Vithin the Region 3 portion, between load levels 2.00 Qx to

2. ï.5 QX - 3.10 QX depending on the core section, the concentrated reinforcement strains increase

in a linear fashion to - 750 X 10-6 mm/mm excepting in the web wall corners which show non

linear strain profiles increasing ta values of -300 X 10-6 mm/mm and -500 X 10-6 mm/mm.

The Region 4 portion of the response extends between load levels 2.75 QX - 3.10 QX ta 3.40 QX

at failure, showing a larger increase in the strains. A fiat slope is demonstrated for all except

the web wall corner reinforcement which experience a strain drop to an almost zero value in

the Elev section. This strain drop is due to the rupture of the Stair flange wall end concen

trated tension reinforcement creating laterai instability of the Stair and Elev sections flange-web

corner regions and concrete crushing at the web wall corner regions at failure. The maximum

concentrated compression reinforcement strains at failure are -950 X 10-6 mm/mm in Core,

-1000 X 10-6 mm/mm in Elev and -1150 X 10-6 mm/mm in Stair sections, which are about

50% of the yield strain.
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6.2.2 Qy Earthquake Loads Response

Earthquake loading Qy vs concentrated reinforcement strains response to failure~ at the ground

level of the core sections for the DQY model are illustrated in Figures 6.20 to 6.22. The strain

profiles are symmetrical about the core sections web wall center.

In the Core section. the concentrated reinforcement undergoes compressive strains in the

linear range and tensile strains in the post-cracking range to failure at load level 5.90 Qy.

as observed in Fig. 6.20. The Region 1 linear portion extends upto load level 0.60 Ql" to

1.00 Q'r". or 10% to 17% of the failure load. where a slight discontinuity is noted with strains

of -100 x 10-6 mm/mm to -200 X lO-6 mm/mm corresponding to the cracking of the Core

section outer concrete web wall element layers in tension while the inner concrete layers remain

in compression. Region 2 of the response is reached at about load level 2.00 Qy or 33% of

the failure load, where the Core Bange-web corner reinforcement strain profiles show a further

discontinuity ta a strain of 100 x 10-6 mm/mm or 5% of the yield strain. At this load level,

the Core corner web wall elements crack causing a redistribution of the load within the Core

section with a shift of the neutra1 axis toward the flange wall ends. Between load levels 3.00 Q'r"

and 4.00 Qy representing the Region 3 portion, or .50% to 68% of the failure load. the concen

trated reinforcement strain profiles flatten out and become nonlinear showing large strains. The

flange-web corner reinforcement experience larger tensile strains compared to the flange wall

end rein forcement due ta the cracking of the Core web wall. Thus, the load level at which the

concentrated reinforcement yields varies: the flange wall corners at 4.00 Qy or 68% of the failure

load. fol1owed by the web wall corners at 4.2.5 Qy to 4.7.5 Q}'" or 72% ta 81 % of the failure load.

and the flange wall ends at .5.2.5 Qy ta 5.75 Qy or 89% to 97% of the failure load. Region -1 of

the strain response begins at load level 4.00 Qy and extends to 5.75 Qy, showing a considerable

strain increase at the flange wall corners demonstrating very fiat strain profiles with strains vary

ing from 2000 X 10-6 mm/ mm ta 8000 X 10-6 mm/mm. From load levels .5. ï.5 Q'I" to .5.90 Qy

at failure, for the remainder .5% to 10% of the failure load, the Core section concrete elements

in the lower web-flange corner regions crack severely causing the concentrated reinforcement

strains to increase substantially to values of 0.010 mm/mm to 0.10 mm/mm, or 5 ta .50 times

the yield strain, until the rupture of the corner concentrated reinforcement demonstrating large

ductility. At failure of the structure. the Core section concentrated reinforcement at the flange

wall ends show a strain reversal from tension 3000 X 10-6 mm/mm to very large compressive

strains, indicating concrete crushing at the flange wall end regions due ta the tensile rupture of

the web wall corner concentrated reinforcement.

Elev section demonstrates a similar concentrated reinforcement strain response in Fig. 6.21,

as for the Core section but with the Elev flange wall end reinforcement rupturing at failure

load of 5.90 Qy and compression buckling of the corner reinforcement due to instability of the

Core section at failure. Region 1 portion of the strain response extends upto a load level of

0.60 Qy to 1.00 Qy, or 10% to 17% of the failure load. The Region 2 linear limit progresses

to load level 2.00 Qy, or 33% of the failure load, giving concentrated reinforcement strains of
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LOO X 10-6 mm/mm or .5% of the yield strain. Region 3 of the concentrated reinforcement strain

response is noted upto load level ..1.2.5 Qr' or 72% of the failure load. showing a nonlinear profile.

The Elev web-flange corner concentrated reinforcement does not yield at failure of the structure.

except for one set of concentrated reinforcement bars in the flange wall corner that yield at the

start of Region 4 at load level 5.75 Qy. This strain behaviour is caused by the three-dimensional

cou pIed cores response due to the interaction of the various cores substructure components.

Region 4 portion begins at load level 5.75 Qy and extends the remainder 3% to 5% of the failure

load giving concentrated reinforcement strains just prior to failure of 8000 x 10-6 mm/mm or

4 times the yield strain. At failure 5.90 Qy, the Elev flange wall end concentrated reinforcement

ruptures showing a substantiai increase in the strain from 0.010 mm/mm ta 0.10 mm/mm, or

5 to 50 times the yield strain. and the flange-web corner regions buckle in compression in the

lower 2 storeys.

Stair section flange-web concentrated reinforcement undergoes compressive strains through

out the entire load range to failure of the structure, Fig. 6.22. A linear strain response with

a slight discontinuity is observed at load 1.00 Qy for the Region 1 limit corresponding to the

initial cracking of concrete in the Core section. and the Region 2 linear portion of the response

extends to load level 2.00 Qy. The concentrated reinforcement strain profiles become nonlinear

beyond 2.00 Qy as the Region 3 portion begins in the Core and Elev sections. Concentrated

reinforcement strains at the Stair section flange-web corners increase to -1500 x 10-6 mm/mm

at the failure load of 5.90 Qy. For the flange wall end concentrated reinforcement, the Region 1

limit is reached between load levels 0.60 Qy to 1.00 Qy, or 10% to 17% of the failure load.

Region 3 portion of the response starts at load level 2.00 Qy or 33% of the failure load. giving

concentrated reinforcement strains of 100 x 10-6 mm/mm or 5% of the yield strain, and extends

upto load level 4.25 Qr' or 72% of the failure load, and the Region 4 portion begins at load level

.5.00 Q}.. or 8.5% of the failure load. At the failure load .5.90 Qy, the Stair section flange wall

end concentrated reinforcement strains increase to 6700 x 10-6 mm/mm (over 3 times the yield

strain). The Stair section flange-web corner concentrated compression rein forcement experience

a strain reversaI to very large tensile strains and the flange wall end concentrated tension re

inforcement a reversai to large compressive strains, indicating that due to the rupture of the

concentrated tensile reinforcement in the Core and Elev sections, buckling and concrete crushing

at the Stair flange-web corner wall regions occur in the lower 2 storeys of the structure.
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6.3 Core Concrete Stresses: Distributions at Base Region

- Response to Failure

•

(

6.3.1 Qx Earthquake Loads Response - DQX Model

6.3.1.1 Transverse Stresses Sxx

The concrete Srr stresses in the cores demonstrate sirnilar distributions for aliload levels v:ithin

the linear response range upto the Region :2 lirnit at 2.00 QX. as for the Core section stresses

in Fig. 6.23. The tension Range walls show a uniform stress surface consisting of a series of small

peaks and valleys from the flange wall end to the Range-web corner with ma..ximum stresses of

0.6i lH Pa to 0.8.5 NI Pa. Across the web walls, the tensile stresses decrease linearly from the

Range-web corners ta zero stresses located at about one-quarter of the distance from the tension

corners. Beyond this point, at approximately the three-quarter length of the web walls, the

concrete stresses become compressive increasing linearly in a series of several peaks and valleys

to ma.ximum values of -2.00 kI Pa ta -2.20 M Pa at the opposite Bange-web corner regions.

Along the compression flange walls, almost uniform stress distributions consisting of a series of

peaks are observed from the corner ta the wall end with a maximum stress of -2.20 lvI Pa. This

concrete Srr stress distribution consisting of peaks and valleys is due to the presence of the

uniformly distributed reinforcement in the core walls and deformation cornpatibility between

the concrete and the reinforcement.

Between load leveIs 2.00 Q X to 3.30 Q X for the nonlinear Region 3 portion of the response,

the concrete Srr stress distributions change substantially becoming nonlinear with severaI sharp

peaks and reversals due to the concrete cracking and the yielding of the reinforcement.

Core section left flange wall concrete Srx stresses, Figures 6.24 and 6.25, show a nonlinear

reversaI to compressive stresses consisting of sharp peaks and valleys with values of -3 A'1 Pa

at 2.50 QX to -.5 Al Pa at 3.30 QX over the two-thirds flange wall length toward the flange-web

corner region. The remaining one-third of the flange wall end region shows a humped tensile

stress distribu tion peaking at the flange wall center region with stresses of 1.00 .l'vI Pa at 2.50 Q X

to 0.01 Al Pa at 3.30 Qx. Elev section lert Range wall concrete Sxx stresses. Figures 6.26 and 6.27.

are compressive at the fiange-web corner, the flange wall middle and end regions with a peaked

tensile stress distribution inbetween these locations. Maximum stresses range from -1.751\;/ Pa

and 1.00 AI Pa at 2.50 QX ta -3.25 M Pa and 1.25}YIPa at 3.30 Qx. Stair section left flange

wall concrete Sxx stress distributions are similar to those for the EIev section response, showing

an almost constant tensile hump of 1 }yI Pa across the outer two-thirds of the flange wall length

and a stress reversal to compression at the one-third flange-web corner region length with the

stresses increasing from -0.501\11 Pa at 2.50 QX to 1.50 M Pa at 3.30 Qx.

Across the Core web wall between load levels 2.50 QX to 3.30 Qx, Figures 6.24 and 6.25,

small compressive concrete Srr stresses occur over the Ieft side one-third to one-quarter length

of the web wall region. The right web wall region shows tensile and compressive stress humps
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of values 1.50 Al Pa to a maximum of -3 M Pa at the web-ftange corner region at 2..50 Qx. As

the earthquake loading increases to 3.30 Qx. the concrete stresses in the right half of the web

wall increase showing a pronounced compressive peaked distribution at the web wall center and

several smaller sharp peaks and valleys decreasing toward the web-ftange corner region. Values of

the compressive stress peak and the web-flange corner stress peak increase from -3.50 Al Pa and

-3.00 Al Pa at 2.50 QX to -11.32 At! Pa and -5.00 lU Pa at 3.30 Qx. Across the Elev web wall,

the concrete Srx stresses Figures 6.26 and 6.27, are compressive consisting of several sharp peaks

and valleys. This irregular concrete stress distribution increases at the web-wall central region

and the right web-flange corner regions with values ranging from -2.50 A[ Pa and -3A5 ~Vf Pa

at 2..50 QX to -8..51 Al Pa and -6.50 l'Il Pa at 3.30 Qx. Stair web wall concrete Srr stresses are

compressive demonstrating larger peaks and valleys over the one-third length of the web wall

end regions and larger stresses at the right web-flange corner region \Vith values of -2.50 l\t! Pa

and -3.25 !v! Pa at 2.50 Qx, respectively. As the earthquake load increases, larger stress peaks

develop in the central web wall region showing more irregular peaks and valleys toward the right

web-ftange corner region with values increasing to - ï .3.5.\-1 Pa and -6.50 Al Pa at 3.30 Q x.
respecti vely.

At the failure load of 3.40 Qx, the concrete Srr stresses in the core sections illustrated in

Figures 6.28 to 6.30, respectively, demonstrate very irregular distributions with essentially the

entire core sections in compression except the ftange-web corner regions of the Core and Stair

sections that are in tension with maximum stresses of > .5 !vI Pa and 3 AtJ Pa, respectively. The

compressive concrete Srr stress distributions consist of several sharp peaks (> -30 lvI Pa) and

valleys along the core walls being more pronounced across the left flange and web wall regions,

indicating concrete crushing in the Core section at the web-ftange corner region and in the Elev

section at the left Range wall end region. Over the remainder of the core wall regions, the

maximum compressive concrete Srx stresses at failure are about -20 ~VJ Pa in Core and Elev.

and -1.5 J[ Pa in Stair sections.

6.3.1.2 Longitudinal Stresses Syy

For aU load levels within the linear response range upto 2.00 Q X representing the Region 2

limit, similar concrete S'yy stress distributions are obtained in the cores as for the Core section

stresses in Fig. 6.31. Along the tension flange walls, almost uniform stress distributions are

noted consisting of several closely spaced peaks with maximum values of 3.80 M Pa at 2.00 QX

indicating that concrete has reached the cracking stress level of 3.40 M Pa. Across the web

walls, the concrete stresses peak in tension at the left flange-web corner regions and decrease

linearly to zero stress at approximately one-third of the distance from the left Range-web corner

region. Beyond this zero stress point, toward the right flange-web corner region, over two-thirds

of the web wall length, a linearly increasing compressive stress distribution composed of several

larger stress peaks and valleys is observed with a maximum value of -13 M Pa at the right web

wall corner region. Along the compression flange walls, an almost constant stress distribution
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is observed composed of peaks and drops with slightly larger values of -13 M Pa at the flange

wall corner and the flange wall end regions. This concrete Syy stress distribution consisting of

peaks and valleys is due to the presence of the unjformly distributed wall reinforcement and the

deformation compatibility between the concrete and the reinforcement.

\Vithin the nonlinear Region 3 portion of the response. between load levels 2.00 QX to

3.30 Qx. the concrete Syy stress distributions in the cores become nonlinear demonstrating

larger stress peaks and reversais. After load level 2.00 Qx, the concrete stresses in the tension

flange walls drop significantly due to the cracking of the concrete. At load level 2..50 QX for

the Core section stresses Fig. 6.32. almost zero stresses occur near the one-third distance of the

tension flange wall end region. A very irregular stress distribution consisting of sharp peaks

of 4 ~HPa and valleys is noted over the remaining t\\ro-thirds length of the Core section flange

wall corner region. while the Elev (Fig. 6.33) and Stair section tension f1.ange walls show similar

responses of very small to almost no tensile stresses at load level 2.50 Qx. Along the cores

web walls, after cracking of the concrete elements in the f1.ange walls, approximately two-thirds

length of the web waIls are subjected to tensile stresses showing a distribution consisting of

irregularly spaced humps of maximum values of 2 M Pa to -l At/ Pa and large gaps of very small

stresses inbetween. At about the two-thirds length of the web wall from the tension f1.ange

web corner regions~ the core sections web walls demonstrate a stress reversai to compression

increa.sing linearly in a series of irregular steep peaks and valleys toward the compression f1.ange

walls. NIaximum concrete stresses are about -18lvi Pa to -20 IvI Pa located at the core sections

web-Range corners. AIl of the compression flange walls of the cores demonstrate very irregular

compressive concrete Syy stress distributions composed of severa! jagged peaks and valleys.

At load level 3.30 QX for the Region -l portion of the response. the concrete S'yy stress

distributions in the cores are similar to those obtained for the Region 3 response but with larger

values as il1ustrated in Figures 6.34 and 6.35 for the Core and Elev sections. Tension stress

distributions across the Core section left flange wall are very irregular consisting of sharp peaks

(4 M Pa) and valleys, while across the Elev and Stair sections left f1.ange walls the concrete has

cracked severely showing almost zero stresses. Across the core sections web walls. approximately

80% of the web wall lengths experience tensile stresses demonstrating an irregular distribution

consisting of several humps and peaks of maximum values 3 M Pa to > 5 AI Pa with varying gaps

inbetween. The remainder 20% length of the web wall end regions are in compression along with

the compression flange walls, showing irregular nonlinear concrete stress distributions cornposed

of several sharp peaks and valleys. lvlaximum concrete Syy stresses are -33lvIPa at the web

flange corner regions and -25 lv/ Pa at the f1.ange wall end regions indicating that the concrete

is near the crushing stress level in these regions.

At the failure load of 3.40 Qx, the concrete Syy stresses in the core sections illustrated in

Figures 6.36 to 6.38, respectively, demonstrate very irregular distributions across the core waIls.

The stress distributions at the cores base region at failure load, must be examined carefully

due to the failure of the core-slab structure comprising of the rupture of the concentrated re-
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inforcement in the Core section, instability of the tension flange walls of the Stair and Elev

se\:tions and crushing of the opposite Range-web wall regions. Figures 6.36 and 6.37 show very

large compressive and tensile concrete Syy stresses and reversais in the Core and Elev section

left flange walls with values ranging from -47 M Pa to > .5 M Pa. Such large concrete stresses

are not possible since the ultimate concrete tensile and compressive (uniaxial) strengths are

:3.-l0 AI Pa and -30 Al Pa. Consideration of the bia'cial effects in the concrete will result in a

higher compressive concrete strength. The resulting concrete Syy stress distributions at fail

ure of the structure mathematically demonstrate that the flange walls in the Core and Elev

sections have failed, and from the concentrated reinforcement strain results (discussed in the

previous section) rupture of the concentrated reinforcement in these core sections has occurred.

Figure 6.;38 for Stair section concrete Syy stresses at failure. shows a sharp compressive spiked

distribution at the left Range wall end with stresses of about -16 Al Pa reflecting the instabil

ity failure of the Stair section caused by the buckling of the flange-web corner region. Large

irregular tensile Syy stress distributions composed of humps, peaks (> 5 M Pa) and valleys are

present over 60% to 80% central length of the core sections web walls. These concrete Syy

stress distributions illustrate that failure of the structure causes separation of the slab-core web

wall junctions. extending across the majority of the flange and web wall lengths. Compressive

concrete Syy stress distri bu tians in the core sections right flange walls are irregular consisting

of several sharp peaks and valleys with values ranging from -38 lv/Pa to -48 1'JPa indicating

that crushing of the concrete has occurred at the Core section flange-web wall corner region, at

the Elev section Range-web wall corner and end regions and along the Stair section flange wall.

6.3.1.3 Shear Stresses Sry

For all load levels in the linear response range upto 2.00 Q X the Region 2 limit, similar con

crete Sry stress distributions are obtained in the cores as shown for the Core section stresses

in Fig. 6.39. In the flange walls, the concrete stress distributions consist of several conical spikes

(posi tive shear) equally spa.ced with larger stress peaks located at the stiffer corner and end wall

regions. Along the web walls, the stresses are larger demonstrating a distribution of a series of

conicaI spikes with varying gaps of zero stress, increasing nonlinearly from the left to the right

web wall corner regions with stresses ranging from 1.00 M Pa to 1.33 Al Pa. Core section web

wall concrete Sxy stresses shows the most number of peaks, followed by the Stair and the Elev

section web walls. These peaked concrete Sry stress distributions in the web walls are observed

throughout the entire load range until failure indicating that the stiffer Core closed-section resists

more shear stresses and the more flexible Elev open·section with unrestrained web wall offers

the least shear resistance showing very small shear stresses. Across the cores right flange waIls,

the concrete Sxy stress distributions are nonlinear exhibiting a double stress reversai at the ends

and the corner regions, consisting of larger spiked peaks with stresses ranging from -0.75 kI Pa

to 1.25 M Pa. A majority of the flange and web walls experience positive Sry stresses upto load

level 2.00 QX prior to the concrete attaining the cracking stress level.
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Between load levels 2.00 Qx to 3.30 Qx for the nonlinear Region 3 portion of the response,

the concrete Sry stress distributions in the cores become nonlinear demonstrating larger peaks

and reversals commencing at a load of 2.50 QX, after the concrete cracking as illustl"ated in

Fig. 6.40 for the Core section stresses. At load level 3.30 Qx. similar Sry stress distributions

are obtained in the cores as shown for the Core section in Fig. 6.41. The left flange walls

demonstrate several Sry stress reversals in the Core and Elev sections only, with sharp conicaI

peaked distributions increasing toward the wall corner and end regions. These irregular concrete

Sry stresses and reversaIs are due to the cracking of the concrete core walls and yielding of the

reinforcement causing a stress redistribution within the cores. Shear stresses in the left flange

walls range from -LOO Al Pa to -11.00 Al Pa in Core. ±2 ..50 Al Pa in Elev and -2..50 Al Pa in Stair

sections. Along the web walls. approximately one-half of the length (the left flange wall side)

of the web walls experience negative concrete Sry stresses due to the cracking of the concrete

in the web wall extending upto one-half of the web wall length (as noted in the cores concrete

Syy stress distribution response). The right half length of the web walls toward the right corner

regions, experience positive concrete Sry stresses created by the associated compressive concrete

Syy stresses in these regions. Along the web walls, irregular concrete Sry stress distributions are

noted composed of a series of varied spaced humps of maximum value 1.2.5 .\;[ Pa and steep peaks

of> 5 AI Pa showing ma..'CÏmum stresses at the right flange-web corner regions; Le. larger concrete

Sry stresses are concentrated toward the confined concrete compression Syy stress locations of the

core sections. Across the right flange walls, the concrete Sry stresses are positive demonstrating

a reversed parabolic distribution composed of several smal1er peaks in the center wall regions

increasing in magnitude toward the wall ends. Nlaximurn shear stresses occur at the flange

web corners with peak values of > 5 Atl Pa and lower stresses at the flange \\'aU ends of 1 JI Pa

to 4 lU Pa, indicating that tensile cracking of the concrete has occurred.

At the failure load of 3.40 Qx, the concrete Sry stress distributions in the core sections shown

in Figures 6.42 to 6.44, respectively, become highly nonlinear demonstrating several reversais

and very irregular sharp peaks at varying spacings along the core walls.

In the left flange walls. Core section shows the most irregular concrete S'ry stress distributions

with stress reversals near the flange wall end and the flange-web corner regions to very large

peaks of -18 lU Pa and > 5AI Pa, respectively. These stress distributions correspond to the

rupture of the concentrated tension reinforcement at the Core flange-web corner region and

separation of the slab-flange wall junction at the ground level at failure. Elev section left flange

wall concrete Sry stresses show a negative peaked stress profile of ma..x.imum value -3}.if Pa and

reversais at the wall end and corner regions with stresses of lA! Pa to 3 lv/ Pa. respectively, due

to the rupture of the concentrated tension rein forcement at the Elev flange~web corner region.

Very small shear stresses « 0.10 M Pa) are noted in the Stair section left flange wall with a

stress peak of 1.50 M Pa at the corner region caused by the separation of the slab-flange wall

junction at the ground level and instability of the Stair section at failure.

Across the web walls at failure 3.40 Qx, Core section concrete Sxy stress distribution shows
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several reversais composed of large peaks of -15 IvI Pa and> .5 IvI Pa near the web-flange corner

regions and smaller peaks of ±4 M Pa in the web wall center region. Elev section web wail

concrete Sry stresses demonstrate reversais at the mid-Iength of the web wall. with the stresses

increasing to twice the values from -5 JI Pa at the lert corner to > .):lI Pa at the right corner

caused by the separation of the slab- Elev section left flange-web corner and concrete crushing

at the right flange-web corner regions. Stail' section web wall concrete Sry stresses illustrate

distinctive sharp peaks of -10 IvI Pa near the left flange wall region due ta the buckling of the

section. a double shear stress reversai at the web wall mid-region from 5 At!Pa to -1 NI Pa and

positive shear stresses peaking toward the right web-flange corner ta .) Nf Pa.

Along the Core section right flange walls at the failure load 3AD Qx. the concrete Sry stresses

are negative in value -4lvfPa for the majority of the waliiength with reversaIs to positive shear

stresses of peaks > .5/',1/ Pa at the stiffer flange-web corner regions. Elev section right flange wall

Sry stresses increase nonlinearly from the wall corner to the end regions with values ranging

from 2 AI Pa ta .) JI[ Pa indicating a shear stress concentration of > .51\'1Pa at the corner region.

Stair section right flange wall shows Sry stress concentrations at the corner region of > .5 Al Pa

with the stress profile decreasing parabolically to the center of the flange wall to l AI Pa and

increasing to the wall end region to 2lvI Pa caused by the crushing of the flange-web corner

region at failure.

6.3.2 Qy Earthquake Loads Response - DQY Model

6.3.2.1 Transverse Stresses Srr

After concrete attains the cracking stress level in the Core section at a load of 2.00 Ql" and upto

load level 5.75 Qy. representing the nonlinear Region 3 portion of the response, the concrete Srr

stress distributions in the cores change substantially from a constant profile across the waIls to

a nonlinear profile consisting of several sharp peaks and stress reversais caused by the concrete

cracking and yielding of the reinforcement.

Core section concrete Srr stress distributions at load levels 3.00 Ql" and 4.00 Ql" are illus

trated in Figures 6.45 and 6.46. Across the web wall, small tensile stresses are noted over the

entire waliiength with reversais to compressive stresses at the web-flange corner regions. Very

irregular stress distributions are observed composed of sharp peaked humps \Vith maximum

values of 0.88lvf Pa at the one-third length and the end of the web wall regions, and smaller

stress peaks (0.25 IvI Pa) at the web wall center region at load level 3.00 Qy. As the earthquake

load increases, the web wall concrete stresses become compressive from the web-ftange corners

toward the web-wall center region giving essentially zero stresses in the central one-third web

wall regions beginning at load level 4.00 Qy, indicating a reduction of axial stiffness as a result

of concrete cracking in the web wall. Corner web wall region concrete Srr stresses increase from

-0.50 M Pa at 3.00 Qy to -10 M Pa at 5.75 Qy showing a peaked distribution. Along the flange

walls, the stress distributions consist of several peaks and valleys increasing nonlinearly in a steep

gradient from the corner ta the end wall regions giving stresses increasing from -0.50 M Pa and
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-2 1\tf Pa at 3.00 Qy to -14 1\;/Pa and -25 kl Pa at 5.75 Qy at each location, respectively.

Elev section concrete Srr stresses at load level 3.00Qy are shown in Fig. 6.47. Across

the web wall. the concrete stresses show a series of sharp compressive peaks and valleys in a

reversed parabolic profile with a minimum value at the web wall center increasing toward the

web-flange corner regions. giving minimum and rnaximum web wall stresses between -1.00 Al Pa

and -2.261\1 Pa. As the earthquake load increases, the concrete stress distributions become a

series of fewer peaks spaced further apart showing decreasing stresses in the web wall center

and the web-Range end regions. to almost zero stresses at load level .5 ..50 Qy over the central

one-fifth region of the web wall region as shown in Fig. 6.48. Two distinct stress peaks form

at the one-third lengths of the web wall between load levels -LOO Qy to ·5.75 Qy'. with stresses

increasing from -1.25 Al Pa to --LOO AI Pa. respectively. Formation of these SrI stress peaks is

influenced by the partial E-slabs between the Stair and Elev sections restraining and stiffening

the Elev section web wall. Along the Elev flange walls starting at load level 3.50 Ql", the Srr
stresses become compressive showing a parabolic distribution composed of several sharp peaks

with a maximum value at about the one-third distance from the flange wall end. At load level

.5.75 Q't.. the concrete stresses increase in the Range wall to -13 Al, Pa at the corner region.

-22 Al Pa at the maximum peak and -17.50 lvl Pa at the end region.

Stair section concrete Srr stresses show that the entire core is in compression until the

failure load, with the stress distribution at load level 3.00 Qy plotted in Fig. 6.49. Across the

web wall, the concrete stresses are composed of a series of sharp compressive stress peaks and

valleys in a reversed parabolic shape with a minimum value of -1.60 JI Pa at the web wall

center increasing ta -2.86 JtI Pa at the web-Range corner regions at :3.00 Qy. and becoming

almost constant in value across the web wall to a stress of -7.25lvI Pa at 5.7.5 Qy'. This concrete

Srr stress variation is due to the Stair section accepting a larger compressive loading in the

higher load stages resulting from the redistribution of load caused by the concrete cracking in

the Core section and the yielding of reinforcement. Along the Stair section flange walls, the Srr

stresses increase linearly from the end region to a stress concentration at the Range-web corner

region, with values of -0.50 M Pa and -2.86 M Pa at 3.00 Qy to -6.25 1\t/ Pa and -9.00 Al Pa

at 5.75 Qy at each location, respectively.

Within load levels .5.75 Qy to 5.90 Qy representing the Region 4 portion of the response.

highly nonlinear concrete Srx stress distributions are observed in the cores. It is noted that

collapse of the structure occurs at a load of 6.00 Qy giving concrete Srr stress distributions in

the cores with values greater than -50 kl Pa and .5 NI Pa which are mathematical representations

at the collapse of the core-slab structure.

At the failure load of 5.90 Qy, the Core section concrete Sxr stress distribution in Fig. 6.50

shows larger compressive stresses in the flange walls of -25l,,[Pa at the flange wall ends decreas

ing to -5 klPa near the flange-web corner region and increasing to a stress peak of -17 kl Pa

at the web-flange corner. Across the web wall, large compressive stress peaks are noted at the

one-quarter wall distances from the corner regions of values -11 M Pa decreasing parabolically
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ta zero stresses at the web wall center region. The Core section web-flange corner concentrated

reinforcement rupt ures at failure causing splitting of the flange wall ends at the ground level.

indicating the extent of the flange wall tensile splitting zone. Elev section concrete SIX stress dis

tribution at failure load Fig. 6.51. predicts stresses of --l0 AI Pa at the flange wall ends indicating

the crushing of concrete. \Vith decreasing stresses toward the flange-web corner to - v> l'vI Pa.

Across the web wall, the outer one-third length wall regions demonstrate compressive stress

peaks of -.5 Al Pa and the central one-third Length wall region shows tensile stresses of 1 J.\;f Pa.

At collapse. crushing of the concrete at the Elev flange wall end occurs due ta the large compres

sive stresses. while the weh-flange corner regions are almost unstressed. This concrete SIX stress

response indicates that Lateral instability of the Elev section flange-web corner region occurs in

the lower 2 storeys at faiLure. Leacling to the collapse of this core section. Stair section concrete

SIr stress distribution at failure Load Fig. 6.52, illustrates a parabolic profile of compressive

stresses across the web wall with a maximum value of -8. ï.5 A'I Pa at the wall center reducing to

-.5.50 1"[ Pa at the web-flange corners. Along the flange walls, the stresses peak at the wall end

regions to -10 lU Pa. At collapse, very Large concrete Srx stresses (> 40 1\tf Pa) are obtained in

the Stair section at the flange-web corner indicating concrete crushing and almost no stresses

are noted in the flange walls. This concrete Sxx stress response indicates buckling of the Stair

section web-flange corner region in the lower 2 storeys at faiLure of the structure due to the

compressive Load, leading to collapse of this core section.

6.3.2.2 Longitudinal Stresses Syy

At load level 2.00 Qy, the cracking of concrete eLements occurs in the Core section and sirnilar

concrete Syy stress distributions are noted in the cores within the nonlinear Region :3 portion of

the response upto a load of ·5.80 Qy becoming nonlinear and demonstrating several peaks and

valleys caused by the concrete cracking and the yielding of reinforcement.

Core section concrete Syy stress distributions at load levels 3.00 Qy and 3.S0 Qy are illus

trated in Figures 6..53 and 6..54. Across the web walL. the stresses increase in a paraboLic profile

toward the web-flange corner regions and larger peaked tensile stresses forrn with larger gaps

of smaller stresses inbetween. These concrete Syy stress peaks increase to values> .5 .~I Pa pro

gressively covering the entire web wall. The uniaxial concrete tensile strength is 3AO l\t/ Pa and

such Large tensile stresses in the Core web wall are not possible. Mathematically, these large

tensile Syy stresses indicate that the outer concrete element layers of the Core web wall eLements

have cracked on the tension side, while the inner concrete layers of the wall elements are in

tension having not yet attained the cracking stress level due to compatibility of the concrete

and the srneared steeL reinforcement Layers. Along the flange walls, the Syy stresses increase in

tension from the flange-weh corner to the flange end wall regions showing four-fifths Length of

the flange wall in tension at 5.80 Qy and the remainder of the wall in compression of -4 Atl Pa .

This varying concrete Syy stress distribution indicates the progression of concrete cracking, from

the Core section web wall corner toward the flange wall end regions.
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Elev section concrete Syy stresses demonstrate a similar distribution increasing in value from

load levels 3.00 Qy shown in Fig. 6.55 to 5.00 Qy. Across the web wall, a parabolic compressive

stress distribution composed of several peaks and valleys is noted increasing toward the corner

regions forming a steeper parabolic profile at the higher load levels. The concrete stresses

increase sharply at the web wall corner regions from -8 i.VI Pa to -23 M Pa and remain fairly

constant in the central web wall region at about -5lv!Pa within this load range. This parabolic

concrete Syy stress profile indicates that the stiffer Elev section web wall region. restrained by the

partial E-slabs on the outer Elev web wall side. resists more redistributed load as the cracking

of the concrete elements progresses in the Core section. At load level 5.25 Q't. illustrated in

Fig. 6.56. the central portion of the Elev section web wall region undergoes a stress reversai

showing a series of tensile stress humps with values increasing to 3 lv! Pa at load level ·5.80 Qy.

Along the flange walls, the concrete stresses become tensile at the end wall regions after load

level 2.00 Qy and extend toward the corner wall regions at load level .5.80 Qy with stresses

increasing to values> 5 At! Pa. As the earthquake loading increases and due to redistribution of

stresses to the Elev section, after cracking of the concrete elements occurs in the Core section~

the Elev section flange walls accept load and cracking of these flange wall concrete elements

occurs gradually over the Region 3 portion of the response. wlathematically, these large tensile

concrete Syy stresses indicate that the outer concrete element layers of the Elev section flange

wall elements have cracked on the tension side. while the inner concrete layers of the wall

elements are in tension having not yet attained the cracking stress level due to compatibiIity of

the concrete and the smeared steel reinforcement layers.

Stair section concrete Syy stresses increase in a similar compressive distribution between load

levels 3.00 Qy shown in Fig. 6.57 to 05.90 Qy. Across the web wall. the stresses vary parabolically

upto load level 5.50 Qy consisting of a series of stress peaks and valleys with lowest values at the

web wall center and increase toward the web-flange corner regions to values of -11..50 }.1 Pa and

-3.5 AI Pa at 3.00 Qy and -18.80 !vI Pa and -45 AtI Pa at 5.50 Qy, respectively, at each location.

At load level .5.75 Qy and beyond, the web wall concrete stresses become an almost constant

series of sharp peaks and valleys due to the attainment of the ultimate compressive concrete

stress at the web-flange corner regions, redistributing the stresses to the central web wall region

resulting in stresses of -3.5 Al Pa to -40 Al Pa at load level .5.80 Qy. These compressive concrete

Syy stresses are larger than the ultimate concrete compressive strength (-30 lvl Pa) indicating

that the three-dirnensional core-slab structure response creates biaxial effects on the concrete

at the corners and joint regions of the cores, the E-S-slabs, and the coupling and lintel beams.

Along the Stair section flange walls, a series of linear compressive stress peaks are noted with

maximum values at the flange-web corner regions increasing to -40 M Pa at load level S.OO Qy.

The flange wall ends show a peaked tensile stress distribution beyond load level 3.00 Ql'. and

cracking of the outer core wall element layers occurring at a load of 4.50 Qy giving concrete Syy

stresses of > 5 lVf Pa at 05.80 Qy.
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At the failure load of 5.90 Ql'. very irregular concrete SYU stress distributions are observed

in the core sections. Collapse of the structure occurs at a load of 6.00 Qy where very large and

irregularly distributed compressive and tensile concrete "yy stresses are obtained in the core

sections exceeding values of -.50 AtI Pa and 51\;[ Pa which are mathematical representations at

collapse of the core-slab structure.

Core section concrete SyU stress distribution at failure load in Fig. 6.58, shows an irregular

tensile parabolic profile composed of several peaks and valleys across the web wall with values of

4..50 l'II Pa at the web wall center increasing to > 5 flI! Pa at the web-flange corner regions. Across

the flange walls, one-half of the wall toward the corner experiences tensile stresses> .s J.\t! Pa.

decreasing sharply and reversing to compressive stresses of -4lv!Pa at the flange wall mid

length. then a double stress reversal occurs from tension ta compression to -4..50 AI Pa at the

flange wall ends. These concrete Syy stresses exceed the concrete tensile strength indicating that

concrete has cracked through the entire concrete wall element thickness (all concrete layers) in

the longitudinal direction. but not in the transverse direction for the concrete Sxx stresses and

the wall element can resist further loading. At collapse. very large concentrated Syy stress peaks

are obtained at the Core flange-web corner locations representing mathematically the effect

caused by the rupture of the Core concentrated reinforcement at the flange-web corner locations

at the base region, resulting in splitting and separation of the slab-Core section across one-half

of the flange wall and one-third of the web wall lengths noted by the near zero concrete Syy

stresses at the Core Range-web corners and mid-web wall region.

Elev section concrete Syy stress distribution at failure load in Fig. 6.59. shows almost no

stresses in the central web wall region near the stairwel1 opening and two large irregular com

pressive stress concentrations of -35 lVf Pa with sharp gradients located at each web wall corner

at the one-quarter length regions. Along the flange walls at the corners. compressive stresses of

-3.5 At! Pa are observed but these reverse at the one-quarter flange waliiength to very large ten

sile stresses of > .5 J:/ Pa over the rernaining three-quarters end flange waliiength. These tensile

concrete Syy stresses exceed the concrete tensile strength indicating that concrete has cracked

through the entire concrete wall element thickness (aIl concrete layers) in the longitudinal di

rection. but not in the transverse direction for the concrete Srx stresses and the wall elernent

can resist further loading. At col1apse, the Elev section concrete Syy stresses are nonexistent in

the web wall and the web-flange corner regions with a small stress peak at the web wall center

region and steep tensile peaks across the flange walls, indicating that the Elev concentrated

reinforcement at the Range wall ends has ruptured in tension, the concrete in the flange-web

corner regions has crushed and the web wall has buckled as a result of instability of the Elev

section in the Lower 2 storeys.

Stair section concrete Syy stress distribution at failure load in Fig. 6.60, illustrates an almost

uniform compressive s~ress distribution across the web wall composed of severa! peaks and valleys

with a maximum value of -45 M Pa indicating that crushing of the concrete has occurred. Along

the flange walls, tensile stresses of 5 M Pa are obtained showing an irregular peaked profile
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indicating concrete cracking. At coLlapse, the concrete S'yy stress distribution shows a series

of compressive sharp peaks and gaps across the web wall and severa! tensile stress reversals

ranging from values of -46 M Pa to .5 NI Pa with almost no stresses present in the flange walls.

This concrete Syy stress distribution indicates that the Stair section fails due to the concrete

crushing in the web wall and buckling of the web-flange corner regions and ftange walls in the

lower 2 storeys of the section.

6.3.2.3 Shear Stresses S'ry

After the cracking of the concrete elements in the Core section web wall at load level 2.00 Qy.

the concrete Sxy stresses in the core sections recluce to almost zero (less than 0.10 Al Pa) in the

web walls with sorne concentrated stresses (±0.20 AI Pa) in the Core section web wall near the

web-flange corner regions caused by the three-dimensional stiffening created by the interaction

of the Core section and the E-S-slabs. In the flange walls, the Sxy stress distributions are a

series of peaks in the Core and Elev sections of constant values of ±1.32 M Pa and ±1.63lvfPa,

respectively, while in the Stair section the stresses increase from ±0.6.5 at the flange wall ends

to ±1.40 lvI Pa at the flange-web corner regions. It is noted that the Core section concrete S'xy

stresses vary from negative to positive from the left to the right flange walls. while in the Elev

and Stair sections the stresses vary from positive ta negative. Thus, after the Region l limit of

the response when initial concrete cracking occurs~ the core sections web wall shear stiffness is

reduced significantly and the flange walls resist the majority of the concrete Sry stresses.

\Vithin the nonlinear Region 3 portion of the response between load levels 3.00 Qy to .5.7.5 Qv.

and the Region 4 extending upto load le"'el .5.90 Q}'. similar concrete S'ory stress distributions

are observed in the core sections. Core section displays asymmetrical concrete Sxy stress distri

butions about the web wall center Fig. 6.61 at load level 3.50 Qy. Due to the redistribution of

stresses after cracking of the concrete elements at the Region 2 limit at 3.00 Qy, one-third of the

web wall corner regions accept stresses showing an almost constant value of ±l.OO Jv! Pa; while

along the flange walls the stresses peak at the wall end regions to ±3.00 lyf Pa and reduce in a

parabolic profile to ±1.25 kI Pa over two-thirds of the flange wall length end regions. As the

earthquake loading increases to 5.7.5 Qy, very irregular shear stress distributions are noted with

several reversals composed of peaks and gaps of maximum values ±5 NI Pa along the web walls

and one-half of the flange wall lengths. Over one-half of the flange wall length end regions, the

concrete Sry stresses increase sharply to a large peak. Three distinct stress peaks are observed

in the Core section in the higher load range upto 5.80 Qv located at the flange wall end, the mid·

length flange wall and at the flange-web corner regions with stresses of -21 Nf Pa and > 5 AI Pa.

The Elev and Stair sections demonstrate similar asymmetrical concrete S:ry stress distributions

about the web wall center as shown at load level 3.50 Qy in Fig. 6.62 for the Elev section. As the

earthquake load increases, the web walls show almost no shear stresses near the one-fifth length

of the web-flange wall corner regions with a small peak stress of ±51v1Pa at 5.80 Qy. This

concrete Sxy stress distribution is due to the stiffer web-flange corner region and the presence of
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the Elev and Stair section openings not providing shear stiffness (restraint and confinement of

the core sections) development in the web walls~ compared to the Core section with the stiffening

action of the E-S~slabs. Across the Elev and Stair sections flange walls. the concrete Sry stresses

illustrate very sharp peaks at the flange-web corner regions of values -12 1"1 Pa and > .5 AJ Pa

extending over the two-thirds flange-web corner lengths of the flange walls. Near the remainder

one-third of the flange wall end length regions, a shear stress reversai DCCurs with a steep gradi

ent peak to values of -12 At/ Pa and > 51'J Pa in Elev and ±l.OO NI Pa in Stair sections. These

large concrete SXY stress peaks are due to the three-dimensional stiffening and confinement due

to the lintel and coupling beams, and the E-slabs.

At the failure load of .5.90 Qy, very irregular concrete Sxy stress distributions composed of

several reversais, peaks and gaps are observed in the cores sections response.

Core section concrete Sxy stress distribution at failure load Fig. 6.63 and collapse are similar

to the shear stress distributions obtained in the Region 3 response demonstrating very large

distinctive sharp peaks with maximum stresses of -23 j.1;/ Pa and> S A1 Pa at the flange-web

corner regions extending over one-half of the flange wall and one-third of the web walliengths.

These concrete Sxr; stress distributions correspond to the rupture of the concentrated reinforce

ment at the Core section flange-web corner regions and the tensile splitting and separation of

the slab-Core web-flange corner regions at the ground level at failure. Almost zero shear stresses

are obtained in the one-half of the flange wall and the one-third of the mid-web wail regions,

indicating a complete loss of shear stiffness of the Core section at failure due to separation of

the slab-Core flange-web wall junctions at the ground level.

Elev section concrete Sxy stress distribution at failure load Fig. 6.64. demonstrate large

stress peaks of -1.5 AI Pa and > 5 AI Pa at the flange wall ends and the Range-web corner

regions with a shear stress reversai occurring at the mid-Iength of the flange walls. At collapse.

two Sxy stress peaks of -25 M Pa and> 5 iU Pa each are located at the flange wall ends with

aImost no stresses in the web and flange-web corner regions corresponding to the rupture of the

concentrated reinforcement at the Elev section flange wall ends and the crushing of the concrete

leading to collapse of the web-flange corner regions in the lower 2 storeys.

Stair section concrete Sxy stress distribution at failure load Fig. 6.65. illustrates stress peaks

of ±9.00 AIPa over one-half of the length of the flange wall corner regions with smaller peaks at

the Range-web corners (±3.00!vIPa) and very smaLl stresses at the flange wall ends. At collapse,

very steep concrete Sxy stress peaks of -20 Al Pa and> 5 M Pa occur at the web wall corners

extending over one-third of the web wall corner regions with aImast no shear stresses in the

flange walls, corresponding to the crushing of the concrete in the web~flange wall corner regions

leading to collapse of the Stair section in the lower 2 storeys.
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Table 6.1: Nonlinear Response Analysis Results: for QX Earthquake Loading - Design Modela

~

Madel Region 1 Region 2 Region 3 Region 4 to Failure Ductility Ratio

Ox Load Mode 1 ~top (~ult/~Region 2)

DQX 0 ta O.BOQx to 2.00Qx to 3.30Qx ta F at 3.40Qx 871 mm 9.90

~top = 26mm 88mm 494 mm

DQXO 0 to O.60Qx to 1.60Qx to 3.20Qx ta LF at 3.30Qx 853 mm 19.18

d top = 26mm 71mm 569 mm Fat 3.40Qx 1362 mm

DQXX 0 ta O.6DQx ta 2.DDQx to. 2.90 Qx to LF at 3.00Qx 597 mm 15.42

6 top = 25mm 89 mm 310mm F at 3.IOOx 1372mm

DLQX 0 to O.60Qx to 2.00Qx to 3.80Qx to Fat 4.00Qx 1291 mm 14.67

~top = 26mm 88 mm SOS mm

DQXU 0 ta O.SOQx to 1.75Qx to 3.00Qx to LF at 3.10Qx 689 mm 8.95

~top = 24mm 77mm 437mm Collapse at 3.20 QX

LF = Local failure - buckling of ftange-web waHa.

F = Failure of structure.
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Table 6.2: Nonlinear Response Analysis Resulta: for Qx Earthquake Loading Modela

~

Madel Region 1 Region 2 Region 3 Region 4 ta Failure Ductility Ratio

Qx Load Mode 1 ~top (~uJtI~Region 2)

DQX 0 ta 0.60Qx ta 2.00Qx ta 3.30Qx ta F at 3.40Qx 811 mm 9.90

Ll top = 26mm 88 mm 494ntm

ESDQX 0 ta 0.60Qx ta 2.00Qx ta 3.30Qx ta LF at 3.40Qx 1326mm 15.01

~top == 24mm 88mm 514mm Collapse at 3.50Qx

CCDQX 0 to 0.50Qx to 1.75Qx ta 3.10Qx ta Fat 3.20Qx 1113mm 14.45

Ll top = 24mm 71mm 554 mm

QX 0 ta OAOQx to 1.10Qx ta 1.60Qx to LF at 1.70Qx 711mm 14.22

Ll top = 14mm 50mm 302 mm Collapse at 1.75Qx

PDQX

Core 0 ta 0.25Qx ta O.75Qx None F at 1.20Qx 560 mm 4.59

Ll top = 33mm 122mm Collapse at 1.25 QX

Elev 0 to - ta 0.75Qx None 1.25Qx 470mm 4.52

Ll top == - 104 mm Did Not Fail

Stair 0 ta - to 1.10Qx None 1.25Qx 136mm 1.11

Ll top = - lO8mm Did Not Fail



~ ~

Table 6.3: Nonlinear Response Analysis Results: for Qy Earthquake Loading Models

fi'

Model Region 1 Region 2 Region 3 Region 4 to FaUure Ductili ty Ratio

Qy Load Mode 1 ~top (~ult/ ~Re8ion 2)

DQY 0 to O.60Qy to 2.00Qy to 5.75Qy to Fat 5.90Qy 1190mm 25.81

~top = IBmm 46mm 852mm Collapse at 6.00 Qy

DQYR 0 to 0.60Qy to 2.0DQy to 4.90Qy to Fat 5.10Qy 880 mm 17.25

Â lOP = IBmm 51mm 328 mm

CCDQY 0 to DAOQy ta 1.75 Qy to 4.60Qy to F at 4.70Qy 1149 mm 37.21

Â top = 16mm 47mm 552mm

QY 0 ta O.30Qy to lAOQy to 2.80Qy to LF at 2.90Qy 2200 mm 64.71

Â top = 12mm 34mm 469mm Collapse at 3.00Qy

PDQY 0 to O.30Qy to 0.90Qy None LF at 1.90Qy 302 mm 4.65

Â lOP = 26mm 65mm Collapse at 2.00 Qy
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Region 1: Initial linear porüon where cracking of the concrete layers tirst occurs.

with an elsstic steel response.

Region 2: Second portion (almost Unear) with turtber cracking of the concrete

core wall elements. wltb an elasUc steel response.

NonUnear portion of the response with turther concrete crackin,.

yielding of the reinforcement and tension-sUttenin, effects.

Last portion of the response before failure wbere

the reinforcemenl is yielding (po8sibly strain-bardening) ~

and finally concrete crushes. ,.,

Re2ion 3
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Chapter 7

Conclusions and Recommendations

7.1 Overall Structure Response

Typically~ in analysis and design of core-slab-frame structures, the cores, coupling beams,

columns and slab-band girders are considered as the lateral load resisting elements. Lintel

beams stiffen enclosed slab edges along elevator core openings, surrounding and enclosed slabs

are considered to transfer only in-plane axial forces between the cores and frames substructures;

very short deep coupling beams, and slabs connecting the frames are not considered to be part

of the lateral load resisting system and are designed for the gravity loads.

Present findings demonstrate that core-slab-frame structures subjected to earthquake and

gravity loads. respond as a complex three-dimensional assemblage of cores. slabs and frames with

interaction involving coupling and the associated stiffening effects. influencing the individual

components and total structure response with an increased lateral stiffness by a factor of 2 to :3.

Surrounding slabs connect the frame and core substructures creating a cou pied core-slab-frame

structure response causing the enclosed slabs to participate in the lateralloads resistance, thus.

leading to large forces and load reversaIs transferred between the slabs and the cores. Combined

with the coupling effects of the enclosed slabs within the cores, and the coupling and lintel

beams. the cores respond as partially closed- and closed-sections. In addition to these actions~

the fixed boundary conditions at the structure base further influence the lateralload structural

response creating an overall stiffer lower 10% to 15% of the structure height.

The '''actual'' core-slab-frame structural response changes considerably from the elastic range

to the nonlinear range to failure, with the stiffness of the structuraI components varying along

the height. In the low load range, the cores substructure responds as a single coupIed cores "box

action" unit showing uniforrn stress distributions in the core walls. As cracking and stiffness

degradation of the core sections increases due to inelastic action in the lower storeys, at the

higher load stages, the cores substructure response changes with a redistribution of stresses

in the core walls demonstrating shear lag effects, tending ta a ind.ividual linked core sections

response as the structure approaches the ultimate load. As the earthquake load level increases,

the concrete stress distributions in the cores lower region, become considerably nonlinear caused
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by the cracking of concrete and the yielding of reinforcement. demonstrating large stress peaks

near the corner regions and the flange wall ends with several stress reversals occurring inbetween.

At the ultimate load. the concrete stresses at the core base show very irregular distributions

with stress concentrations of values exceeding the concrete compressive and tensile strengths

indicating the effects of the three-dimensional core-slab structure response. Requirements of the

various building codes for seismic design faU short of taking into consideration the ··realistic"

behaviour of the complete building structure. CSA Standard seismic design provisions are based

on conditions of a concrete section subjected to uniaxial compression for typical members with

a rna:cimum compressive concrete strain of 0.003. The research findings show a more realistic

value of the ultimate concrete compressive strain to be between 0.004 to 0.004.5.

Core*slab-frame structures demonstrate tremendous stiffness and strength with large energ)·

absorbing capability and ductile response when subjected to earthquake and gravity loads. Lat

eral load-deformation response until failure and the nonlinear inter-storey deformation profiles

through the height of the structure demonstrate that concrete cracking, yielding of reinforcement

and formation of plastic hinging extend over the lower 25% to 33% of the structure height. More

importantly. the majority of damage occurs in the lower 10% to 1.5% of the structure height.

indicating a large degradation in stiffness besides identifying the critical region for design. Crit

ical areas are located in the surrounding and enclosed slab-core regions and junctions in the

vieinity of the core fiange/web wall corners, ends and junctions, and the slab-coupling and lintel

beam connections where separation occurs between the slabs and the core walls resulting in the

deterioration of slab-core wall-beam joint stiffness and integrity. Proper detailing is required for

the slab-core wall-beam junctions, ends and corners, moreso in the bot tom storeys, for ductility

and seismic response.

7.2 Summary of the Present Investigation

Linear elastic and nonlinear inelastic analyses are performed for a typical

core-frame-slab building structure examining the following:

1. Complete structural response to failure subject to earthquake and gravity loads.

2. Finite element modeling techniques and problems encountered

for the structural components and material characteristics.

3. Contribution of the structural components: cores - open-, closed-, partially closed

sections, slabs - enclosed and surrounding cores, and coupling and lintel beams,

on the overall structural response.

4. Analysis procedures are recommended.

.5. Design procedures and reinforcernent details are recommended

for the various building components.
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7.3 Summary of Analysis Findings

Response of core-slab-frarne structures subject to earthquake and gravity loads demonstrate :

1. Complex three-dirnensional behaviour with interaction occurring arnong the cores.

beams. slabs and frames, which can only be determined employing three-dimensional

finite element anaIysis techniques.

2. Enclosed and surrounding slabs. lintel and coupling beams do participate in the lat

eralload resistance. Aiso. the governing earthquake loading direction is not necessar

ily in the direction of the beam span. but is dependent on the structure configuration.

3. Response of core sections is aItered to: infilled cores as closed box-sections,

eievator cores as partially closed-sections, and stairwel1 cores as closed-sections.

4. Effective core fiangejweb wall Iengths and slab widths participate in the lateralload

resistance. varying between 10% to the entire waliiength and slab width.

.5. The above aforementioned actions result in an overall increased lateraI and torsiona.I

stiffness of the structure by a factor of 2 ta 3.

6. Combined with the fixed conditions at the base region, an additional 40% increase

in the struct urai stiffness occurs in the lower 10% to 15% stnlcture height.

1. Earthquake load effects are as significant as the gravity load effects.

8. Largest forces in the cores and slabs occur in the lower 10% to 1.5% structure height.

demonstrating local concentrations and severa! reversaIs.

9. Critical areas for design include: sIab-core wall ends, corners and junctions, around

the slab-cores perirneter in a slab band width equal ta 3 to 5 times the core wall

thickness, and sIab-couplingjlintel bearn-core wall connections. Deterioration of the

structural integrity of these regions due to inelastic actions occurs, requiring addi

tional reinforcement and special detailing in these regions.

10. Plastic hinging region extends over the lower 25% to 33% height of the structure.

Il. Majority of the inelastic action and damage is concentrated

in the lower 10% to 15% structure height.

12. Considerable strength, ductility and energy absorption capabilities are demonstrated.

13. Failure mode includes local buckling of the cores in the lower region,

being critical in the design.
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7.4 Summary of Design Recommendations

Current CSA (AC1) concrete design codes are lacking for:

- cores - open-. closed- and partially closed-sections,

- slabs - "'surrounding" and '~enclosed" within cores,

- coupling and tintel beams, and

- critical core wall-beam-slab junctions, corners and regions.

Design procedures and reinforcement detaHing are recommended taking into consideration the

three-dimensional structural behaviour for the various building components. giving proposed

code Clauses for the items listed below:

1. Cores:

[i] Dimensional requirements

[ii] Effective slab \\"idths - lateral load resistance

[iii] Concentrated reinforcement regions

[iv] Confined core wall regions

[v] Post-cracking behaviour of cores

[vi] Plastic hinging regions

2. Enclosed and surrounding slabs:

[il Nlaximum bar sizes

[ii] i\1axÏmum spacing of flexural reinforcement

[iii] Maximum flexural reinforcement - ductility requirements

[iv] Longitudinal reinforcement requirements

- Cri tical slab-core wall corner and end regions

[v] Hoop confinement of longitudinal reinforcement

3. Coupling beams =

[il Diagonal reinforcement limitations

[ii] Development of diagonal reinforcernent

[iii] Hoop confinement of diagonal reinforcement

[iv] Secondary cage reinforcement

4. Lintel bearns

.5. Core wall- beam-slab joints
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7.5 Linear Elastic Response

Elastic analysis findings demonstrate that the contribution of the various structural components

of core-slab-frame structures significantly influence the overall structural behaviour.

• For the structure deformations. eliminating the E-slabs, coupling and lintel beams doubles

the maximum inter-storey twist. Ignoring the S-slabs flexural actions triples the maximum

twist and in addition. elimination of the E-slabs and the coupling and lintel beams results in an

increase of -t.=5% for the top drift. a 30% larger inter-storey drift in the ground storey and a --1

fold increase in the maximum twist.

• Ignoring the E-slabs.lintel and coupling beams. increases the core corner stresses by 20% ta

--10% in the lower storeys. triples the slab stresses at the S-slabs-core corners at level 1. increases

the S-slabs Alyy moments by 15% to 30% at the slah-Core flange wall end and slab-Stair curner

regions indicating that the length of the Core flange walls combined with the interaction of the

structural components increases the stiffness of the slab-core corner region. The S-slabs lVfry

moments show a 2.5% decrease at the more flexible slab-Core flange wall end region, and a 3

fold increase at the slab-Elev corner due ta the three-dimensional slab-core walls interaction

stiffening the corner region.

• Elimination of the S-slabs flexural actions, increases the S-E-slabs Syy and Sry stresses by

2.5% ta .50% at the slab-core corner regions at the ground storey. At the E-slabs-core corner

regions. the i.\.Ixx moments are reduced ta small values, the l~,Jyy moments by 20% and the AIry

moments by 85%.

• Eliminating the S-slabs flexural actions. the E-slabs and the lintel and coupling beams,

results in a 26% increase in the core Syy stresses at the base, but bas little effect on the shear

stresses indicating approximately equal relative shear stiffnesses of the core sections. For the

S-E-slabs, a 10% ta 2.5% increase occurs in the stresses at the slab-core wall junctions. corners

and flange wall end regions in the lower storeys.

Therefore, the core-slab-frame structure subject to earthquake load shows large inter-storey

deformations and stresses in the cores and slabs in the lower 20% ta 25% of the structure height,

\Vith maximum values occurring in the lower 10% of the structure height. Hence, the three

dimensional interaction of the surrounding and enclosed slabs. the coupling and lintel beams

must be taken into consideration in the lateraI load response resulting in an increase of about

1..5 to 3 times in the structurai stiffness.
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7.6 Nonlinear Inelastic Behaviour

7.6.1 MateriaI Properties and Design Considerations

Examination of the Q x earthquake load-drift response of the core-slab structure shows that:

• Tension-stiffening of the concrete and steel rein forcement improves the overall energy ab

sorption characteristics by 25% for the Regions 2 and 3 of the structural response.

• Varying the amount of reinforcement through the height of the core walls to maintain

a minimum steel content gives a better overall response with a 10% higher ultimate load, an

improved Region 3, but \Vith a reduced Region 4 predicting a 2.5% lower top drift, ductility

and energy absorption capability. compared with using a uniform steel content throughout the

height of the core walls.

• Considering the dead and live loads with a varying steel content through the height of

the core walls for a minimum reinforcement, demonstrates the best earthquake load response

predicting the largest ultimate load being 17% higher. a slower stiffness deterioration and the

better energy absorption characteristics showing a weIl defined Region 3 and good ductility. with

a 48% larger top drift. compared with the case when the dead loads are ignored.

• Uplift dead load conditions shows the shortest and lowest response giving a 25% lower

ultimate load and top drift with about .50% lower ductility and energy absorption capacity,

compared with considering the dead and live loads acting together with the earthquake loading.

(
7.6.2 Qx Earthquake Loads Response

DQX model has an ultimate load of 3.40 Qx and a top drift of 871 mm with a ductility ratio

of 9.90. At the ground storey, the maximum inter~storey drift is 40 mm, the slab-Core section

corner inter-storey vertical defiection is equal to .53 mm, and the inter-storey twist response

demonstrates a deterioration in the torsional stiffness to about one-tenth of the uncracked stiff

ness value. Plastic hinging extends over the lower 20% to 2.5% of the cores height.

At the ultimate load. very large strains are developed in the concentrated reinforcement at

the ground level of the core sections at the fiange wall end and the flange-web corner locations.

rvIaximum tensile strains range from 0.0083 to 0.030 and the compressive strains are about

50% of the yield strain. Near the ultimate load, the concrete Sxx. Syy and Sxy stresses in the

core sections at the ground storey demonstrate very irregular nonlinear distributions composed

of severa! jagged peaks at the web-flange corners and wall end regions, and stress reversais

inbetween, with values of -47 M Pa to 4 M Pa. Concrete cracking in the corner regions results

. in separation of the slab-core web wall junctions, extending across the majority of the flange

and web walilengths at the ground level.

Failure mode of the DQX model consists of the rupture of the concentrated tension reinforce

ment at the Elev and Stair section flange-web corners and all core flange wall end locations, while

the Core section flange-web corner tension reinforcement does not rupture at failure. Crushing

of the concrete occurs at the compressive Core section flange-web wall corner region, the Elev
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section flange-web wall corner and end regions, and along the Stair section flange wall due to

the partially closed-section configurations and short fiange walls. This causes instability and

deterioration of stiffness in each core section resulting in buckling of the flange walls in the lower

lO% of the structure height.

7.6.3 Q't" Earthquake Loads Response

1

(

DQ'{ model has an ultimate load of .5.90 Q't" and a top drift of 1190 mm with a ductility ratio

of 25.87. At the ground storey. the largest inter-storey drift is equal to 81 mm and the slab-Core

section corner inter-storey vertical deflection is equal to 107 mm. Plastic hinging extends over

the lower 33% of the cores height. basically due ta the coupling action ot the core elements.

At the ultimate load. very large strains of 0.010 to 0.10 are developed in the concentrated

tension reinforcement at the flange-web corner and flange wall end locations at the ground level

of the core sections. Near the ultimate load, very irregular concrete Sxx, Syy and Sxy stress

distributions develop in the core sections at the ground storey, showing several stress peaks and

jagged humps throughout the core walls and at the flange-web wall corners and flange wall ends

with stress reversals inbetween these regions. Peak stresses are -47 lYf Pa to 4 AI Pa indicating

both crushing and cracking of the concrete. The concrete Sry stresses demonstrate that the core

flange walls resist the majority of the shear.

Failure mode of the DQY model comprises of concrete crushing in the Stair section flange-web

corner wall regions, causing rupture of the concentrated reinforcement at the Core web-flange

corner locations and Elev flange wall ends. This results in tensile splitting and separation of

the slab-Core section across one-half of the Range wall and one-third of the web wall lengths

at the ground level. Consequently, concrete crushing occurs in the the Elev web-flange corner

regions and the Core flange walls leading to instability and deterioration of stiffness in these

core sections, with buckling of the web-flange wall corner regions occurring in the lower 10% of

the structure height.
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7.6.4 Contribution of the Structural Components

~onlinear analysis findings demonstrate that the contribution of the various structural compo

nents of core-slab structures significantly influence the overalliateraiload response.

• Consideration of the S-slabs fiexural actions results in a similar lateralload response. gi ving

the same ultimate load, but with a shorter Region 4 showing a .50% reduction in the top drift.

and a 30% decrease in the energy absorption capacity and the ductility ratio.

• Consideration of the E-S-slabs improves the lateralload response showing a 20% increase

in the lateral stiffness for the Regions 2 and 3, a 25% to 65% reduction in the top drift, the

maximum inter-storey drift and twist. a .50% increase in the torsional stiffness in the lower 20%

structure height. a 15% to 20% higher Region 3 and ultimate load, but demonstrates in a 20%

to -l5% decrease in the energy absorption capacity and the ductility ratio.

• Consideration of the dead loads improves the lateraI load response doubling the ranges of

Regions :2 and 3. the ultimate load and the energy absorption characteristics until failure. and

increasing the maximum torsional deformation at the base by a factor of .5. showing upto a 20%

increase for the top drift and the maximum inter-storey drift.

• Consideration of the three-dimensional interaction of the core sections. the E-S-slabs. and

the coupling and lintel beams improve the lateraIload-drift and twist response of the structure to

failure. demonstrating a 6.5% increase in the lateraI stiffness and a 30% increase in the torsional

stiffness. The Region 2 and the uitimate load are increased by a factor of about 3, giving a

Region 4 and increasing the total energy absorption capacity by about 10 ta 12 times, and

showing a 2 to 5 foid increase for the ductility ratio.

• The plastic hinging region increases in length from the lower 10% of the structure height

when ignoring the dead loads, ta the lower 20% of the height for the planar model to the

Iower 2.5% ta 33% of the structure height when taking into consideration the three-dimensional

response of the structure and the gravity loads.

Therefore, the three-dimensional interaction and associated coupling and stiffening effects of

the surrounding and enclosed slabs, the coupling and lintel beams, and the core sections must

be taken into consideration when evaluating the earthquake Ioad response of core-slab-frame

structures. These actions result in an increased laterai and torsional stiffness, total energy ab

sorption capacity and ductility~ and combined with the fixed conditions at the base significantIy

stiffen the lower region of the structure.
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7.7 Core Response and Design

AnaIysis results for the core-slab-frame structure show that the influence of the core structural

elements must be considered. converting the response of the cores to that of closed- and partially

closed-sections. Core sections with enclosed slabs within their cross-section. combined ..vith

coupling and lintel beams, respond as closed box-sections. Elevator cores are stiffened by Lintel

beams and surrounding slabs. and respond as a partially closed-section. Stairwell cores typically

have partial enclosed slabs within the web-flange wall regions and combined with beams, behave

as closed-sections. In addition. combined with the fixed conditions at the ground level creates

a large increase in the core stiffness in the lm'v'er 10% to V5% structure height. Resulting shear

and interactive force distributions demonstrate that the cores resist a large portion of the total

shear in the lower storeys, at the ground storey, with nearly equal shear stiffnesses.

Axial Sxx, Syy and shear Sxy stresses and bending M xx , Alyy and twisting lVIxy moment

distributions in the core sections due ta earthquake loading are largest in the lower 20% to 25%

of the structure height. Shear stresses decrease with reversaIs occurring between levels 1 to

ground and the base, demonstrating the shear lag effect at the stiffer flange-web corners. At the

lower core regions, the Sxx, Syy and Sxy stresses due to dead loads are .50% to 2 times those due

to earthquake loads. The resulting earthquake load lvIxy moments are 25% to 2 times the At/xx

and i\rfyy moments, while the Mxx , ."-'Iyy and Mxy moments due to dead loads are upto 5 times

those due to earthquake loads.

Therefore. the critical region for seisrnic design is located in the lower LO% structure height

\vith the largest core stresses and moments in the ground storey. demonstrating very irregular

distributions across the core walls composed of concentrations of 2 to 4 larger values at the web

flange corners. flange wall ends and one-third web wall lengths with several reversals occurring

inbetween these locations. These irregular distributions are caused by the three-dimensional

interaction of the cores with long flexible web walls and stiffer f1ange-web corner regions and

f1ange wall ends, the slabs and beams combined with the fixed conditions near the base region

stiffening the structure in the lower storeys.

Core Sxy stress distributions demonstrate that the wall dimensions considerably influence

these stresses with effective flange wall lengths participating with the web walls. Determina

tion of the effective f1ange wall length is dependent on the three-dimensional behaviour of the

core-slab-frame structure. One important factor not considered in determining the effective core

flange wall width is the interaction of the slabs within and surrounding the core sections, re

sulting in an effective slab width participating with the core walls and beams in the lateralload

resistance. In the higher load range, the nonlinear inelastic response must be taken into consid

eration in the design. Complex three-dimensional interaction between the core sections, beams,

slabs and columns influences the effective core section cross-walls providing lateral support re

sulting in equivaIent beams or effective slab widths participating in the lateraI load response

[Manatakos (1989)] which must be taken into consideration when determining the confined core

wall regions and for the dimensional requirements. More research is required in this area.
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7.7.1 Effective Core Flange/Web Wall Widths

( Analysis findings for the structural lateral load response demonstrate complex interaction oc

curring between the surrounding and endosed slabs. the coupling and lintel bearns. and the core

flange/web walls. resulting in effective fiange/web wall widths participating with the weh/flange

walls of the core sections that influence the dimensional requirements in plastic hinging regions.

Depending on the core configuration, between one-third ta the entire core waliiength is effective

in the lateralload response. Further research is needed ta study these effective walliengths.

Dimensional requirements of planar structural walls in the CSA Standard (Cl 21..5.3) give

conservative values for the wall thicknesses which are not based on consideration of the '''actuar'

three-dimensional behaviour of a core section.

7.7.2 Confined Core Wall Regions

Concentrated reinforcement regions and confined compression regions at the core wall ends~

corners and junctions should be designed as equivalent confined columns along plastic hinge

lengths. to preserve their integrity at higher load levels.

Recommendations for confined core wall regions:

1. Confinement length of flange/web walls:

[il 1/5th of the adjoining web/fiange wall.

[ii] Over any partially endosed or surrounding slabs adjoining ta the wall.

[iii] 3 to 5 hw (wall thickness)

0.20 to 0.25 of the wall distance from bearn joints.

2. Core walls of width ~ 0.33 to 0040 of the storey height,

confine the entire wall width.

Suggested limits for the minimum wall compression zone:

(Add to Cl 21.5.3 and Cl 21.5. ï requirements)

Cernin > 3hw (7.1 )

(7.2)

where Lw is the horizontallength of the core wall and hw is the wall thickness.

Further research is needed ta study the effective fiange/web wall widths participating with

the core weh/flange walls along with the core wall components in determining the effective and

confined cross-sectional area of a core section.
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CSA Standard provides no guidance for deternlining the effective core fiange/web wall cross

sectional area for the concentrated reinforcement requirements (Cl 21..5.6). Stress distributions in

cores due ta earthquake loading in plastic hinge regions, indicate a concentration of resistance

at the wall end and corner regions. Three-dimensional interaction occurs between the fiange

and web walls. resulting in a part of the fiange/web wall length at the ends and corners that

participates beneficially in the lateral Joad resistance and must he considered in design.

Recornrnended concentrated reinforcement regions:

(
7.7.3 Concentrated Reinforcement Core WaIl Regions

[il 10% ta 2.5% of core wall ends.

i.e. uniformly distributed reinforcement in the

central 75% ta 80% of the wall cross-sectional area.

[ii] 3 ta 5 bw (wall thickness) at web/fiange corners and junctions.

Further study is needed taking into consideration the three-dimensional core section response

and the core configuration.

7.7.4 Cracked Strength of Core Sections

(
To ensure adequate post-cracking capacity of a core/wall section ta prevent collapse. CSA Stan

dard Cl 21.5.6.4.2 requires that the factored design core flexura1 resistance must be greater than

the cracked core fiexural strength.

(7.3 )

However. no guidance is given ta determine the value of the cracked core flexural strength (ïcore'

Also. no provisions exist in the CSA Standard Cl 21 seismic provisions for the torsional post

cracking core behaviour. Nonlinear inelastic analysis results for earthquake and gravity loads

demonstrate that the majority of cracking and damage occur in the lower 10% ta 15% of the

structure height due ta plastic hinging, with separation between the core walls and the slab

junctions, resulting in a considerable 1055 of stiffness near the ultimate load.

Recommend using values of:

ICTcore = 40% ta 25% 1uncracked core

Tcrcore = 25% ta 15% T uncrac.ked core

For the:

[il Individual core sections response.

(7.4 )

(7.5 )

(

[ii] CoupIed cores substructure box-action response.

Further research is needed in the determination of the cracked fiexural and torsional stiffness

values for cores, which is very comp1ex and is dependent on the core configuration, the connecting

structural elements, and the type and level of loading.
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7.7.5 Plastic Hinging Regions in Cores

(

(

(

Nonlinear analysis results demonstrate the plastic hinging region extending upto 2.5% ta 33% of

the lower height of core-slab-frame structures during a severe earthquake. This is larger than

the CSt\. Standard (Cl 21..5.2.2) for uniform uncoupled planar walls. suggesting a plastic hinge

length equal to !w ~ hw /6 and $ 21w , which does not consider three-dimensional core response.

Further study is needed examining the lower 10% to 15% of the structure height. where the

majority of damage occurs due to earthquake loadings, being critical in design requiring proper

reinforcement detailing and confinement of the concrete.

7.8 Lintel Bearn Response and Design

Earthquake load response of core-slab-frame structures show lintel bearns frame into elevator core

confined Range wall ends which may also join with coupling beams~ thus, converting the Elevator

core into a partially closed-section. The resulting core torsional response causes the lintel beams

to participate in the lateral load resistance. becoming an integral part of the structure. The

resulting lintel beam forces due to earthquake loads are as significant as those due to the gravity

loads. Therefore, Hntel beams must be designed as ductile members following the seismic design

provisions. The lintel beam forces due to Q'r' earthquake loads. in the direction perpendicular

to the beams, are 2 to 5 times larger than the forces due to the Qx earthquake loads. The

forces due to dead loads are 2 ta 5 times larger than those due ta the earthquake loads. Hence~

the lintel beam design is influenced by the lateralloading in the direction perpendicular to their

span due to the three-dimensional coupled cores response.

An important factor influencing the seismic response of llntel beams is that typically a slab

is present on one sicle converting the beams into equivalent L-beams across an elevator core.

Further research is needed to determine and study the influence of the effective slab widths

forming equivalent L-beams. the core Range walls combined with the slabs, and other structural

components participating in the lateralload resistance on the overall response and seismic design

of tintel beams. Also, no design provisions exist for tintel bearn-core wall connections of partially

closed sections. specifica1ly at the flange wall ends where the out-of- plane flexural actions of the

core walls are significant creating shear forces and bending moments in the lintel beams.

The lintel beams of the core-slab-frame structure do not satisfy the CSA Standard dimen

siona.! requirements of Cl 21.3.1 ta qualify as ductile lateralload resisting elements and are not

considered part of the lateral load resisting system. Typically lintel beams are designed follow

ing Cl 21.8 requirements ta ensure that gravity load resisting members of a structure maintain

their strength and integrity when subjected to earthquake loading. Dimensiona.! requirements

of Cl 21.3.1 do not take into consideration the three-dimensional structural behaviour.

Results show that torsional moments must be considered in the design of the lintel beams.

No special provisions exist for ductile design of reinforced concrete members for torsion due to

seismic loading in the CSA Standard (Cl 21).
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7.9 Coupling Bearn Response and Design

In the building short direction. the short span E-S coupling beams and the Stair section were

originally designed for gravity loads only. However. the analysis results demonstrate that the

cores substructure responds as a combined complex system of three core flange walls connected

together by two sets of coupling beams spanning between the flange walls and web-flange corners.

Therefore. all of the coupling beams must be designed using diagonal reinforcement for seisuùc

ductility requirements. CSA Standard Cl21 seismic provisions offer no specifie guidelines for the

design of dp.ep coupling beams other than the requirement for diagonal reinforcement confined

by hoops (Cl 21..5.8).

For the short. deep E-S coupling beams. the resulting forces due to QX earthquake loads are

2 ta 3 times the forces due to dead loads which are 2 to 3 times the forces due ta Qy earthquake

loading. For the longer I-E coupling beams, the forces due to Qy earthquake loading are about

equal to those due to dead loads, wruch are 4 to 5 times the forces due to QX earthquake loads.

Maximum beam forces occur at the one-third and the mid-height structure level coupling beams

for the Qi" and QX earthquake loadings, respectively.

Further study is needed examining the effects of the core-slab-beam support conditions and

the various configurations on the response of coupling beams subjected ta earthquake loads.

The governing earthquake 10ading direction for design is not necessarily in the direction of the

span of the beam. ..\lso. research is needed to investigate multiple coupIed core substructures

and the influence of the structural cornponents present.

7.9.1 Diagonal Reinforcement Limitations

No limitations on the amount of diagonal reinforcement are provided in the CSA Standard Cl21

seismic design provisions. By extension~ from the seismÏc design provisions for ductile columns

Cl 21.4.3.1 and beams Cl 21.3.2.1~ the following requirements are recommended:

1. ~Iinimum area of diagonal reinforcement :

A'di•• min > 0.01 ( ~g )

2. Maximum area of diagonal reinforcernent :

A, di•• m.. :;; 0.06 ( ~g )

3. ~Iinimum of 4 bars - One bar placed at each hoop corner.

(7.6 )

(ï. ï)

(
Further research is needed in determining these diagonal reinforcement limits for seismic design

taking into consideration the coupling bearn-core wall joints response and reinforcement details.
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7.9.2 Development of Diagonal Reinforcement

( Recommend using the New Zealand Standard requirements (Cl .5.3.7. Section 5)~ which con

sider the hoop confinement provided in the core wall and give required development lengths of

upto 40% longer compared with the CSA standard development lengths for tension reinforce

ment (Cl 12). Further research is needed taking into account the hoop confinement effects on

the coupling beam diagonal reinforcement development length.

7.9.3 Hoop Confinement of Diagonal Reinforcement

CS:\. Standard Cl 21..5.8.2 requirements give hoop confinement spacings of Sma..x =100 mm.

Recommend using the New Zealand Standard requirements (Cl 6.5.3.3) which give morestringent

hoop spacings of Sreq'd = .5.5 mm and 80 mm for the I-E and E-S coupling beams. The latter

requirements take into consideration the amount of diagonal reinforcernent to be confined.

Further research is required in this area to investigate the influence of the core wall configuration

and reinforcement details.

7.9.4 Torsion Reinforcement Requirements

1

Analysis results demonstrate that the torsional moments in coupling beams due to earthquake

and gravity loading can be significant. No provisions exist for ductile design of diagonally

reinforced coupling beams for torsion due to seisrnic loading in the CSA Standard (Cl 21).

7.9.5 Cage Reinforcement

Recommended cage reinforcernent requirements in diagonally reinforced coupling beams:

a) Transverse hoop maximum spacings are the smallest of:

[Cl 11.3.8.4, Cl 11.5.3.1 and Park and Paulay (197.5)]

Ph
s =

8
(7.8)

S ma:< = 1.50 mm

s =
O.002bw

<
d
.5

(7.9 )

(7.10 )

(

b) Longitudinal bars distributed along the beam side faces:

[Cl 11.3.7.5, Cl 11.5.3.2 and Cl 10.6.7]

Al
AtPh=

S

ASlolAJ per pai r d
S = < -

0.002bw 3

Smax = 200 mm

where Al is the total area of longitudinal reinforcement.
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Several types of joints are present in core-slab-frame structures including: bearn-column. struc

tural wall-coupling/lintel beam. core wall-slab, confined core wall end region-coupling/lintei

beam. and various combinations of core walI-beam-slab ends. corners and junctions. AlI such

joints must be designed for seisrnic ductility requirements of a "strong structural wall/column

weak beam-slab·'philosophy. No specific ductility design provisions exist in the CSA Standard

for such joints. The load carrying capacities of structural cores and the confined core flange

and web wall regions must be determined from their corresponding axial load-moment (P-M)

interaction diagrams.

Based on the research findings. it is recommended that P- NI interaction diagrams be de

veloped for individual core sections of various shapes, taking into consideration the three

dimensionaI core section behaviour due to the interaction of the web and flange walls and the

slabs, and for coupled core structures of various configurations accounting for the "box-action"

including the influence of lintel and coupling beams, and enclosed and surrounding slabs. The

selected reinforcement arrangements can be presented in the form of tables for design purposes.

(
7.10

7.10.1

Core Wall-Bearn Joint Ductility Requirements

Core Wall-Coupling Bearn Joints

(
Coupling bearn-core Range wall joints consist of diagonally reinforced deep coupling beams

framing into the core confined flange wall ends and web-Range corners. The inelastic behaviour

of these joints is considerably different from that of a typical conventionally reinforced beam

column joint (Cl 2104.2.2). ~Iore research is needed to study the behaviour of such joints.

7.10.2 Elevator Core Flange Wall-Lintel Bearn Joints

(

Lintel beams span across an elevator core opening and connect with the flange wall ends. resulting

in deep confined flange wall end-lintel beam joints. Thus, the behaviour is different from that

involved in the ductility conditions for beam-column joints given by Cl 21.4.2.2 and Cl 21.6.

In determining the P-M interaction diagram for the Elev section flange wall, it is not realistic

to consider only the confined column flange wall end region acting with the lintel beams. Analysis

results for lateraI load response demonstrate an effective flange wall width participating with

the lintel beams, which ranges in length from the confined flange wall end column region ta the

entire Range wall width. Strong core flange wall-weak lintel beam ductility requirements are

satisfied for the Elev section flange wall-lintel beam joint when taking into consideration the

entire flange wall as being effective and properly confined. Further research is required ta study

the local effects and variations which occur at the confined column Elev section flange wall end

region-lintel beam joints and their response to seismic loads.
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Findings of this research program and the previous work by ~Ianatakos (1989) of core-slab-frame

structures subjected to earthquake and gravity loads. sho\'. that the enclosed and surrounding

slabs transfer not only in-plane forces but also out-of-plane forces between the cores and frames

substructures. The slabs experience load reversals and are subjected ta shearing stresses and

twisting moments that are as significant as the direct stresses and the ftexural moments. respec

tively. due to bath earthquake and gravity loads. The resulting slab forces due to earthquake

loading demonstrate that the in-plane axial Srr. Syy and shear Sry stresses are largest in the

lower 10% structure height showing local stress jumps of 8 to 10 times in magnitude and rever

sals occurring from levels 1 ta ground, while the bending 1'-'frr , l'-'fyy and twisting 1fry moments

demonstrate concentrations of upto 3 times larger values at the stiffer slab-core corner regions

and flange wall ends. These irregular slab stresses and moments are caused by the varying slab

support conditions and stiffness.

Therefore. critical slab regions are located at the slab-core web-fiange corners interior and

exterior regions. along slab-core wall lengths and junctions. at fiange wall ends. and the most

distressed regions are located at slab-coupling and Untel bearn-core flange wall end regions. thus.

requiring special siab reinforcement with a large reinforcement content. These irregular stresses

and moments in the slabs are located within a slab band width equal to 3 to 5 times the core

wall thickness adjacent to the slab-core wall junctions around the core perimeter.

No guidelines exist in the CSA Standard CI 21 for seismic design of ductile two-way slabs

subject to gravity and earthquake loads. The total slab moment consisting of the bending

and twisting moments, must be considered in orthogonal X- and Y-directions and is typically

determined [Park and Gambie (1979)] as :

(

•

7.11 Slab Response and Design

(7.14 )

(

Nonlinear post-cracking seismic response at the higher load stages result in a considerable reduc

tion of the slab stiffness at the critical slab-core wall joints and regions. resulting in horizontal

cracking and separation between the slabs and core walls. A 20% ta 30% redistribution of the

slab forces occurs [Park and Gambie (1979)], depending on the slab configuration. reinforcement

details, support conditions and load level. This must be taken into consideration in design to

ensure ductility and structural integrity of the slab-core regions.

Further research is needed to develop seismic design procedures for ductility of two-way slab

structures which take into consideration the following factors: strain hardening of the reinforce

ment, the presence of compression steel, the provision of transverse hoop confinement around

the longitudinal reinforcement in the critical slab regions over the effective slab band widths and

plastic hinge lengths for lateral load resistance, biaxial and tria..xial conditions in compression

and tension, at the critical slab-structural wall corner and end regions, stress concentrations

due to the various component structural elements, and the membrane compression and tension

caused by the support conditions.
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1.11.1 Maximum Bar Sizes in Two-Way Slabs

( Recommend using Cl 21.5.4.4 requirements for structural walls:

d < ~slab
bmu - 10 (7.15 )

7.11.2 Maximum Spacing of Flexural Reinforcement

for Seismic Design of Two-Way Slabs

Recommend using Cl 21..5.5.1 requirements for structural walls:

[il \Vithin plastic hinging regions: Smax ~ 300 mm

[ii] Outside plastic hinging regions : Sma.'( ~ 450 mm

1.11.3 Maximum Flexural Reinforcement

for Ductility Requirements of Two-Way Slabs

Recommend limiting the ratios of the average negative to positive ultimate slab moments to:

-ive < 1..) to 2.0 'm:1;: (7.16)m ultz

-ive
~ 1.5 ta 2.0 m:1t (7.17)m ulty y

(
+ < 1.0 to 1.5 m~t (7.18)multr y

Limit the ma.ximum tension reinforcement ratio to:

Pmax < 0.4 Pbal

7.11.4 Longitudinal Reinforcement Requirements

in Critical Slab-Core Wall Corner and End Regions

Recommendations to ensure plastic hinging in the vicinity of slab-core wall regions:

a) Maximum spacing of additional longitudinal reinforcement

(Cl 13.4.2 and Cl 7.8.2 requirements):

(7.19 )

(

Smax ~ 2 h slab ~ 200 nl,m

b) Provide 2 mats (orthogonal directions) over a distance the greater of:

[il 1/5th of the span in each direction

[ii] 3 to .) hw (core wall thickness)

c) Maximum tension reinforcement ratio at critical corners:

Pmaxcri&ic&l repon < 0.6 to 0.75Pbal
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At slab-core wall connections, must ensure structural integrity and ductility for plastic hinge

formation allowing development of the cracked effective siab widths. Recommend confinement

of the slab longitudinal reinforcement be provided in the form of closed hoops and cross-ties:

(
7.11.5 Hoop Confinement of Longitudinal Reinforcement in Slabs

•

L. Minimum 4-legged hoop configuration

Leg spacing s ~ bw (wall thickness) .., 300 mm

2. Minimum hoop width = 1.5 to 3 bw

~'faximum hoop width = 3 to 5 hw

3. Extend hoops outward from the slab-structurai core wall face:

0.20 to 0.30 of the span -ri. .:1 to 6 d (slab depth)

4. Maximum hoop spacings:

[il d/2 for a distance of 2d from the slab-core wall support

[ii] (2/3) to (3/-1) d for the remainder of the confinement length

Further research is needed in determining the ··cracked" effective slab width due to earthquake

loads deveLoped at the critical sLab-core wall end and flange-web corner regions .

7.11.6 Effective Slab Widths for Lateral Load Analysis

(

Findings of this research program and the previous work by NIanatakos (1989) demonstrate that

portions of enclosed and surrounding slabs participate in the lateral Load resistance aiong with

the core walls and beams, and their influence must be taken into consideration in evaluating the

structural response. The effective slab width is influenced by the location of the span (end or

interior). the slab location (upper, intermediate, or lower levels), characteristics of the adjacent

spans, configuration of the core wail supports, and the interaction effects of the various struct urai

components - cores, beams. slabs and frames. Values for the effective slab widths vary from

one-tenth to the full panel width. The various charts and tables [Tso and Mahmoud ( 1977) and

Pecknold (1977)] are suitable only for interior spans of interior panels in the interior ftoor Leveis.

Further research is required in this area.
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7.12 Recommendations for Future Research

The behaviour of reinforced concrete slab-core-frame building structures subjected to lateral and

gravity loads is lacking. To realistically assess the behaviour of such structures. one must examine

the strength and stiffness. distress and damage~ ductility, energy absorption characteristics and

failure modes when subjected to cyclic loads. Phenomena such as three-dimensional interaction~

its effect on strength and stiffness and the influence of various structural components on the

deformations and forces must be examined. In addition. a rational approach in selecting the

type of fini te element modeling technique of such structures is needed. Current concrete design

codes have no provisions for the design of cores. frames and slab substructures taking into

consideration the interaction phenomena mentioned above.

This investigation presents detailed findings for the complete behaviour of a typical core-slab

frame building subject to lateral and gravity loads~ with design recommendations suggested for

the various building components. Additional investigations are needed studying the behaviour

of existing core-slab-frame buildings with various core configurations of C, U and Z shapes~ core

wall-slab/beam connections, frame substructures and slab systems. Presently. monotonically

increasing earthquake loadings have been considered. The next step in the research program is

to study the behaviour of core-slab-frame buildings subject ta reversed cyelie earthquake loads,

then to examine the dynamic response of such structures to failure. To complement the ana

lytical work, experimental investigations of direct small scale models of selected subassemblages

from core-slab-frame building structures and of the various connections are needed. to develop

additional design recommendations.

Future research goals are aimed at developing a general applicability of the findings for the re

sponse and the design procedures recommended for reinforced concrete core-slab-frame building

structures, ta provide a better understanding of the complex behaviour of such structures.
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Statement of Originality

Original contributions presented in this dissertation are summarized below.

1. Linear and Nonlinear i\.nalysis of Core-Slab-Frame Structures:

Three-dimensional linear and nonlinear finite element analyses of modern reinforced

concrete core-slab-frame buildings are performed for their complete response under

monotonically increasing earthquake and gravity loads to failure.

Detailed information is derived for the tirst time for the following:

• Contribution of the structural components, cores, slabs and beams.

on the overall structural response.

• Strength, ductility and energy absorption capabilities of such structures.

• Ultimate load and failure mode.

• Plastic hinging and damaged regions critical for design.

• Resultant deformations. strains and stresses. and forces

at the various load levels.

Procedures are recommended for tinite element modeling and analysis of core-slab

frame structures.

2. Design of Core-Slab-Frame Structures:

Design procedures and reinforcement detailing are recommended for the cores 

open-, closed- and partially closed-sections, slabs - "'surrounding" and 44enclosed~'

within cores, coupling and lintel beams, and core wall-beam-slab connections taking

into consideration the three-dimensional structural behaviour. Suitable clauses are

developed for possible inclusion in the Canadian Concrete Design Code.
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