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ABSTRACT 

.A number of basic systems and concepts for the design, 

analysis and erection of tall buildings are examined in this 

thesis, important factors concerning the economic and social 

impact of such buildings are also discussed. 

An experimental investigation was carried out using 

1: 25 scale complete reinforced concrete modelS of buildings 

and a two-storey high model at one-third full size, reinforced 

in a similar manner to slab and wall structures designed for 

buildings for construction in an earthquake risk area. The 

experimental investigation was used to study the overall 

behaviour of complete shear wall buildings under elastic, 

elasto-plastic and dynamic loadings, and to study, in detail, 

the action of the floor slabs coupling shear walls. The 

results obtained from the experimental investigation are 

presented. 

The theoretical method used to analyse the coupled shear 

wall structures adopted both the continuous connection technique 

and the finite element method. The analytical analysis can be 

used for symmetrical and non-symmetrical coupled shear walls 

with any number of wall openings when subject to both lateral and 

vertical loadings. The theoretical results are compared with the 

results obtained from the experiments to assess the accuracy of 

the analytical solutions. 

Design charts are presented for the rapid evaluation of the 

effective width and the stiffness of s labs coupling shear walls. 

The design charts are given for a number of wall/slab configur- 

: ations. The fini te el emen t techn i que, us i ng a recýtangu IarpIa te 



in bending element, was used to obtain these charts. 

The 'initial stress' method was used with the finite 

element method to assess the performance of the slabs coupling 

shear walls for the post-elastic situation. 



CHAPTER ONE 

INTRODUCTION 

The increase in world population, the drift from rural to 

ttrban communities and the prosperity which accompanied the recent 

social and economic developments in most parts of the world have 

required the utilization of available urban areas to their full 

potential. 

The shortage of skilled labour and the rapid increase in 

cost of building materials and construction contributed towards 

the use of prefabricated or factory-produced elements and slipform 

methods to speed construction and minimise material loss. Mainly 

for the above reasons, together with the desire for prestige and 

the availability of new building techniques and machines, a modern 

trend is the increasing use of various types of tall buildings for 

office and apartment accommodation and, in somý instances, for 

Industrial manufacturing processes. 

History shows that for about the past five thousand years 

many societies have been able to build high; for example, the I 

Egyptian pyramids, the Tower of Babel, the Dravidian Temples of 

India, the Gothic and Renaissance cathedrals of Europe, the minarets 

of Muslim mosques, the high Eiffel Tower in Paris and the Chigago 

Home Insurance building of 1885 which was the first modern high 

building (skyscraper). Since then many tall building systems which 

use mainly steel, reinforced concrete_, masonry and other high strength 

materials have been developed to best utilise the materials, to 

provide the required accommodation and provide efficient vertical and 

lateral load resisting structures. 
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1.2 Tall buildings: Systems and Concepts 

In planning and designing of tall buildings a number of 

technical, social, human and aesthetic concepts should be considered.. 

The last few years have seen the development of new concepts of 

structural systems, construction systems, service systems and environ- 

: mental systems. 

1.2a. Structural Systems 

Recently there have been great improvements in the ability of 

engineers to analyse and design tall buildings using new methods and 

techniques such as the use of reinforced, precast and prestressed 

concrete, prefabricated elements, structural steel frames, composite 

steel and concrete sections and masonry. However, the general 

choice of structural materials is between reinforced concrete and 

steel . 

The most frequently used structural systems for concrete tall 

buildings are: - 
1. The frames system 

2. The slab and wall system 

3. The complex system 

4. The central cores system and the tubed system. 

Figure 1.1 shows the early used moment resisting frames system 

11 . which offers the stiffness and stability required for tall buildings, 

but at uneconomically high prices. The slab and wall system Of 

Figure . 1.2 is frequently used for appartment buildings where the need 

Is for limited storey heights, short spans and numerous partitions. 

For greater than 20 - 30 storeys, the weight of closely placed walls 

beside the necessity for ensuring stiffness in all directions reduces 

the possibility of using such systems In taller buildings. As 

buildings are constructed taller it becomes increasingly more important 
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FIGURE 1.1 MOMENT RESISTING FRAMES 
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FIGURE 1.2 SLAB AND WALL SYSTEM 

FIGURE 1.3 COMPLEX SYSTEM 
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to ensure adequate lateral stiffness to resist wind and earthquake 

forces as well as normal vertical loads and to make better use of 

space and materials. To fulfil these and other requirements such 

as fire and acoustic insulation and space division, 'shear-wall' 

. 
systems were frequently used. These systems, often incorporating 

additional floors bearing on columns, as well as walls and shear 

cores, form many complex systems. in such systems the floor slabs 

minimise the storey heights and act as deep beams which transfer 

ihe lateral loads to the vertical load bearing units. Figure 1.3 

shows as an example a complex system employing the shear-walls 

combined with the floor slabs and columns. Some tall modern build- 

: ings comprise a central core containing elevators, stairwells, 

vertical ducts and other services equipment surrounded by floors 

supported by the core and facade columns. In some cases all the 

weight of the building is taken by the core, while in other cases 

facade columns and girders form a structural grid each giving its 

-. contribution to the sta. bility of the building under lateral loadings. 

The use of central core system is suitable for areas in which the 

foundations are in close proximity to the foundations of other build- 

Ongs and additionally maximises open space at the base of the 

structure. Figure 1.4 shows an example of central core buildings. 

There are a number of potential tubular systems available, such as a 

tubular system fitillsing only the exterior walls, a tubular system 

utilising the interior wall but coupled to the exterior wall, the 

bundle tube system and a tube-in-tube system consisting of a heavy 

central shear core coupled by floor decks to closely spaced perimeter 

columns known as mullions. Figure 1.5 Indicates some potential plan 



FIGURE 1.4 CENTRAL CORE SYSTEM 
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In steel the most common structural forms which can be framed 

are: 

1. Rigid framing 

2. Simple framing 

3. Tube framing 

4. and'the staggered truss-system. 

In the case of rigid framing structures, all connections are 

rigidly joined. The lateral stability depends on the stiffness of 

the beams and columns and especially important are the moment 

resisting connections. In the simple framing system a vertical 

b racing system is generally used to provide lateral stability. The 

most frequently employed bracing systemsin this case are x-bracing, 

k-! bracing and. the warren truss. Figure 1.6 shows examples of these 

systems. When tube framing is used, lateral stability is achieved 

by-the resulting rigid exterior wall. The interior beams are 

usually simply connected, the exterior columns are very closely 

spaced and the spandrel girders are rigidly connected to them. 

Figure 1.7 shows two commonly used types, the x-braced frame tube 

and. the perforated shell tube. The tube framing system is an 

economical system for the construction of tall buildings and it I ends 

Itself very well to mass production of framing elements and often 

there-is no penalty of increased lateral strength requirement for 

Increase in height. Staggered-truss-system, see Figure 1.8, is the 

newest system of steel framing for tall buildings. It consists of 

a series of storey-high trusses placed so thateach floor of the 

structure alternately rests on the top chord of one truss and hangs 

from the botto m of the next. In additl on to carrying the vertical 

loads, the trusses carry wind loads through the web-members and floor- 

slabs to the base, thus reducing the wind-bracing requirements. 
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The optimum structural system of tall-building can be ach'ieved 

by using a combi. nation of materials and composite structural systems 

to make the best utilization of the material properties. 

1.2b Construction-Systems and Techniques 

Construction of tall buildings is complex but with the develop- 

: ment of better construction methods, contracting practice and 

construction techniques and technology, taller, more economical and 

better constructed buildings can be achieved. Just as the change 

Ift from pyramid column I%otings and timber piles for foundations late 

last century and early this century gave way to steel grillages, 

rafts, concrete and steel piles and floating foundations, the changes 

in the foundation construction techniques in the last decade have made 

great, if not complete, changes in foundation design. New techniques 

such as tie-backs, slurry walls, high capacity piles, mind excavation, 

preca; t, prestressed sheet piling, core barrel caissons and others 

reflect the great advance that has been made in construction techniquet. 

Erection procedures using new types of equipment such as creeper 

stiffleg derricks, tower cranes, and stiffleg derricks mounted on 

platforms which are lifted within the structure, have reduced the time 

and cost of structural steel erection. 

The most common method of erecting steel framed structures is 

tier by tier. Each tier represents a column height of usually two or 

three building floors. If the building can be reached from the ground 

to the roof by ground-based lifting equipment, the structure can be 

erected in vertical segments: usually a combination of the two methods 

Is used. The push-up construction technique Is used for the lesser 

height tall buildings. In this process the top floor Is erected first 

at about ground level, then jacks push the complete structural frame 

upwards and additional steel is placed underneath and attached to that 

previously jacked. 
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In constructing tall concrete buildings, new forming techniques 

have helped in r educing costs and construction time. The types of 

forms which are used repetitively are gauged forms, flying forms and 

slip forming. Gauged forms often combine column, beam, slab and wall 

elements in the same large piece of formwork which is carried forward 

or up the building as a large unit. Flying forms are used for flat- 

slab work, built and handled in large. areas. Slip forming is ideally 

suited to tall buildings having concrete cores and shear wall structures, 

and each storey of 'Identical design. This type is good, and economic, 

if the. vertical elements of the frame maintain uniform dimensions for 

a long vertical distance. 

Hybrid-frame construction offers a number of combinations of 

concrete and steel frames. Such frames can have a steel frame braced 

by concrete cores and'shear walls, a concrete core with a suspended 

steel frame, concrete cores with steel floor framing supported on them, 

steel frames with precast concrete modules inserted in the frame, and 

many other combinations. Each of the design solutions requires a 

careful selection on construction sequence and equipment. Allowance 

must be made for construction tolerance allowed in both steel and 

concrete when designing connections. 

1.2c Service SyStems 

The service systems for tall bu ildings are mainly: 

a) Mechanical systems 

b) Electrical systems 

C) Safety systems 

d) Other technical services (water supply systems, plumbing 

systems, sewerage and draining systems, cleaning and 

waste disposal system). 

- 11 - 



The technical development and the standard of all these service 

systems, and their influence on tall building construction haý to be 

part of the architectural idea at the very preliminary design stage 

0f the architectural and structural concepts. The mechanical systems 

include two major systems, the transportation one and the heating, 

ventilation and air conditioning (WAC) system. 

In fact, without adequate vertical transportation facilities, 

reasonable accessibility to the high-ri. se building is impossible. 

I-n recent years there have been two developments in vertical trans- 

: portat ion. The first being the double-deck elevator system which 

has the great advantage of increasing one directional capacities, but 

it has the disadvantage of the less efficient two-way peak period 

performance as well as the need to make the floor to floor heights 

exactly the same in order to permit accurate elevator floor leveling. 

The double-deck system is not efficient for buildings above 50 - 60 

floors. The second and more recent is the sky-lobby system. It 

involves express elevators up to various zones, with local elevators 

running just within those vertical zones so that the local elevator 

bands are stackedone over the other. More transportation aspects 

have to be considered in the design of tall buildings such as the 

requirements of employees, residence, visitors' and servIcing vehicles 

either delivering goods or taking away the rubbish, the requirement 

for parking and providing easy and clear access for emergency vehicles. 

Each tall building, depending on its potential use, has its own 

unique particularities and the optimum combination of the HVAC systems. 

In general, a tall building must have air conditioning and air 

ventilation systems in order to make It Independent of the weather 

situation at the heights which tall buildings construction now reaches. 

In tall Wildings an efficient electrical system is essential to 

safeguard the building against loss of normal electric supply or 
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failure of parts of the internal electrical systems, and maintain 

the operation of the tall building services. Ensuring the supply of 

H. T. feeders from at least two different sources, coupling of 

transformer stations installed at the different concentration points 

in the building, and the use of emergency electrical generator sets 

are some of the means which can be used to overcome the effects of 

partial loss of electrical power supply. 

In a tall building the rescuing of occupants and fire fighting 

rhust, in most instances, be accomplished from within the building 

itself. The greater the number. of occupants and the height of the 

building, the more is the risk of fire and of smoke and gaseous 

transmission through service shafts. Shear walls, combined with 

horizontal and vertical zoning in a building can present an effective 

fire barrier and minimise fire spread. No additional protection is 

required on shear walls because of their inherent fire resistance. 

Two methods or combination of them are usually used to over- 

: come the problems of water supply in tall buildings: 

a) Using pumps to maintain constant pressure in risers with 

reducing valve sets breaking down pressure for different 

vertical zones. 

b) Pumping of water up to house tanks at different levels 

with gravity feed from tanks to lower water supply points. 

The-waste drainage system must be carefully designed to allow 

for adequate venting. 

Tall buildings with their high population rates give rise to 

vaste disposal problems as the central waste collecting space and 

evacuation facilities must be sufficient to handle these very heavy 

loads. Often the siting of a tall b. uilding in a specific location 

can present problems not only regarding its internal efficiency but 

often equal'ly formidable are the problems of the extra service loads 
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on the local transport networks, sewerage systems, water and 

electrical supplies. 

1-. 3 force action on tall buildingstructures 

In contrast to low-rise buildings where the predominant force 

actions are vertical dead load and live loadings, in tall structures 

consideration of horizontal loads often assumes greater importance 

than vertical loadings. The principal force actions considered in 

the analysis and design of tall buildings are summarised below. 

1 . 3a Wind action and tall buildings 

The most frequently occurring horizontal loading to which tal. ] 

buildings are subject is that due to wind action. Horizontal forces 

from this source depend upon the wind velocity, local topography, the 

building shape, height and roughness. The response of the building 

depends not only upon the wind forces, which can be extremely 

variable, but also upon the stiffness of the structureIts-damping., V its mass 

distribution. Often uniform wind conditions create translational 

%. structural motion and rotational vibration due to nonsymmetry of the 

structure mass or stiffness, the wind Incidence and vortex action. 

Often wind loads are examined to determine structural stresses,. 1 

deflections and fatigue as well as the effect on non-structural 

cladding and glazing in every day and extreme storm conditions, but 

also important'is the human reactions to building motion which Is 

discussed later. 

1.34 Vertical dead and live loading 

Vertica'I dead loads in high rise buildings can be readily 

calculated, but-live loading depends on a large number of factors 

Including building use and time of day, but generally close 

estimates of minimum and maximum live loadings can be achieved in 
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order-to design for maximum vertical loads and prevent tension when 

high winds are acting at minimum live load conditions. 

1.3c Temperature movements 

Differential temperature movements on opposite sides of a 

building or between interior and exterior structural elements can 

cause both horizontal and vertical structural movements. Where 

such problems are envisaged the design can be made such that all 

structural elements are contained within the outer skin of the 

building, thus limiting differential temperature movements. 

Differential creep of vertical structural elements can cause 

similar effects to temperature movements. 

1-3d Earthquakes and tall buildings 

The unpredictable nature, range and magnitude of the forces 

from earthquakes are such that care has to be taken in designing 

tall buildings to achieve a structure which will behave satisfact- 

: orlly and predictably in both the elastic and plastic ranges. 

Three approaches are available to estimate the design load due to 

earthquakes. The first is the equivalent static loading, the 

second is the dynamic analysis based on the response spectrum 

technique and finally the complete dynamic response analysis to 

obtain the time history response of the proposed structure. TWO 

main criterion are required in the building: 

1. The ability to sustain high deformations without 

appreciable loss of strength. 

2. The ability to dissipate*as, quickly as possible in 

the face of a high impact of energy. 

Examples from the last few years show that coupled shear-walls 

can be used In buildings to provide the structural ductility, 

restrict lateral drift and minimise earthquake damage and repair 
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costs. (During the Yugoslavia earthquake in 1963 the Party Head- 

: quarters suffered only minor damage, similarly with the Indian 

Hill Medical Centre 1971). Using the ductile moment-resisting 

frames major structural distress can be avoided but extensive 

internal damage to the non-structural components and finishes can 

happen. 

Structures should be designed such that, if plastic deform- 

: ations should occur, they should be restricted to elements which 

can most easily and economically be repaired. 

The analysis and design of a tall building in a seismically 

Active area depends on the local environmental soil conditions and 

the earthquake history of this area. The design usually rests on 

the premise that the gravity load carrying walls will be the ones 

to be damaged and that the structure will have an overall ductility 

factor of at least four. 

1.4 Tall buildings and human reactions 

The human reactions to tall buildings environment can be 

divided into three important criteria; the occupants' comfort, 

the sociological consequences of tall buildings and the environ- 

: mental aspects. 

1.4a Comfort criteria 

I The occupants' comfort includes problems of vibrations due 

to tall building wind induced motion, earthquakes, mechanical 

services, activity on nearby construction sites, neighbouring 

factories, rail and road traffic and other reasons. 

For the wind Induced motion of buildings the criterion for 

upper magnitudes of horizontal motion of buildings is an alarming 

experience. Yhe level of complaints due to such alarm is dependent 
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upon: 

1. The return period, the shorter the interval between 

occurrences the higher the complaints level. 

The time over which motion of a particular intensity 

Is sustained for each occurrence. 

For buildings used for general purposes, suggested acceptable 

maximum magnitude of horizontal motion during the worst ten minutes 

of a wind storm with a return period of at ]*east five years, in the 

range of 0.06 to 80 Hz, is shown in curve 1 Figure 1.9. For 

buildings in which precision work is carried out and for special 

buildings the criterion for regularly occurring building motion in 

the daily situation is related to the perception threshold of motion 

of people of average susceptibility or perceptibility. lrwin(1978) 

suggests as w ell that the lower threshold of perception of'horizontnI motion 

by human beings is as shown in curve 2 of Figure 1.9. 

1.4b remparature and air supply 

Other comfort criteria include thermal comfort and air freshness. 

Temperature can be controlled to a certain extent by adjusting the sun- 

Oight admission to the building but heating systems of various forms 

are used to supplement this In cold weather. In summer the air 

conditioning system allows for both turnround of air and cooling of 

the internal building environment. 

11 1.4c SoCialogical Aspects 

The use of high rise buildings as regards to social aspects can 

be divided into two categories of work - office accommodation and 

apartment dwellings. In the first Instance little objection is 

generally found in this form of accommodation; minor grievances, 

Including sometimes remoteness from observable external activities 

and Isolation from readily accessible shopping or mid-day recreation 
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areas, can be felt. On the other hand the acceptance of apartment 

dwellings seems, to a large extent, to depend upon the social 

background of those involved, the amenities provided, and the 

presence of children. Where the accommodation is of a luxury form 

with a high standard of amenities, there is often a high demand for 

apartments despite prohibitive ren tal charges. In high density 

populations such as Hong Kong and some other Asian cities, people 

seem to adapt more readily to more spartan high rise living than 

those in many Western societies, with the possible exception of 

Sweden where communal cooking and recreation areas in tall blocks 

tend to relieve the feeling of isolation such as is voiced by many 

in the United Kingdom. Often high rise accommodation is found 

undesirable by parents who do not feel confident about allowing 

their children out on their own in the ground level play areas 

when they live above about the third level. Another aspect of 

high rise living in some societies is the damage and disruption to 

services by vandals who often prey, undetected, on high rise 

apartment blocks. 

1.5 Demolition 

Although at the design stage demolition is usually regarded 

as a remote event contingency, plans should be made for this 

eventuality especially 'in some forms of precast and post-tensioned 

structures since severe damage by fire or earthquake could result 

in premature demolition of a building being carried out. 

1-6 Present research work 

The above'discussion, although not fully comprehensive, is 

sufficient to indicate some of the important. systems and concepts 

which accompany the design, analysis and erection of tall buildings, 
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as well as their economic and social impact on the community. In 

the present rese arch work, the main object is the analysis of coupled 

shear-walls, especially those connected only by floor slabs. In 

the following chapters details of this investigation are given, 

together with reviews of work carried out by other researchers. 
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CHAPTER TWO 

EXPERIMENTAL INVESTIGATION 

2.1 Introduction and past work 

Test data from reinforced concrete models of shear wall 

structures is fairly sparse. They are restricted to 1: 25 

. models of complete shear wall building's tested by Irwin and 

Young (1976) and by McKenzie (1976) to determine their overall 

behaviour when subject to lateral loading causing elastic and 

elasto-plastic behaviour of the structures, tests on walls 

coupled by beams carried out by Paulay(1975), tests on the 

torsional performance of coupled core structures carried out by 

Irwin and Young (1976) and Irwin and Bolton (1976), combined 

torsion and vertical load tests carried out by Irwin (1975) and 

tests on parts of the walls and single beam coupling walls at 

large scale by De Lisle (1971), Heldebrecht et a] (1973) and by 

Irwin and Ord (1976). Other researchers have generally 

restricted their investigations to the elastic range and have 

employed models constructed from acrylic such as Coull ahd 

Irwin (1972), Holmes et a] (1969) or from araldite Coull. and 

I- P6ri (1967) or brass Harrison, T. (1969). Qadeer and Stafford- 

Smith (1969) used asbestos cement models, while Coull and El Nag 

(1975) formed models combining steel and acrylic. 

2.2 Present investigations 

In this investigation it was intended to study the overall 

behaviour of complete shear wall buildings when subject to: only 

lateral loadings and working stresses; the dynamic response with 
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and without vertical loading and the elasto-plastic cyclic load 

performance of these structures when subjected to near constant 

vertical forces and cyclic horizontal forces. In addition to 

monitoring the overall 'elastic' and elasto-plastic behaviour 

of the structures, the action of the floor slab coupling the 

vertical walls was also to be investigated in some detail. To 

fulfil the multi-purpose study it was decided to construc-ta 

complete 13-storey reinforced concrete model shear wall building 

structure at a scale of 1: 25 for investigation of the overall 

structural performance and subsequently construct a 2-storey high 

model at one-third full size, consisting of two walls coupled by 

floor slabs and reinforced in a similar manner to slab and wall 

structures designed for construction in an earthquake zone. This 

large scale model would then allow detailed investigation of the 

action of the floors coupling the walls both in the range of 

normal working stresses and when forced to cycle elasto-plastically. 

2.3 Construction of models 

The 13-storeyl: 25 scale model shown in Figure 2.1 was 

constructed using expanded polystyrene void formers fixed in an 

outer shutter, the steel reinforcement (0-3ý each way on a square 

grid) held in position between the expanded polystyrene units; 

the assembly vibrated at 50 Hz and 5 g's on a shake table while a 

concrete mix, with no additives, and comprising, by weight, 2: 1: 1 

0.415 of do)erite aggregate, silica sand, ordinary Portland cement 

and water was Inserted in a single continuous pour as described In 

d. etail by Irwin and Young (1976). The particle size distribution 

of the aggregate and sand are shown in Tables 2.1 and 2.2. This 

model was cured for thirty days in a temperature and humidity 

controlled room prior to fixing on the rig for instrumentation and 
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testing. 

The reinforcement incorporated into the 1: 25 scale model comprises 

1.019mm diameter mild steel wire welded in a 12mm square mesh. This mesh 

was placed centrally in the walls quid slabs of the models, the slabs only 

being double reinforced on a 12mm broad strip at each wall opening. 

Details are shown in Figure 2.1b. 

The two storey, single-bay one-third full scale model, details of 

which are given in Figures 2.2 - 2.4, was constructed in a continuous pour 

by fabricating the complete reinforcement cage on a base board and fixing 

and propping the shutters as t he pour progressed. A series of rod vibrators 

were used to complete the concrete mix which was by weight 3-5: 1.25: 1-0: 

0.45 of 10mm maximum size aggregate, whin sand, ordinary Portland cement, 

Water with no additives. The particle size distribution of the aggregate 

is shown in Table 2.3. Twelve hours after casting the model the shutters 

were removed and wet hessian continuously draped over the model for a 

period of thirty days prior to testing. 

Details of the reinforcement incorporated in the 1: 3 scale model are 

given in Figure 2.2c. Tests were carried out on sample 12mm deep beams 

reinforced as for the 1: 25 scale model floor slabs, 150mm cubes and a 

range of cylinders and an average value of the modulus of elasticity for 

the micro-concrete of 33-84 Nlmm 2 
and a Poisson's ratio of 0.14 were found. 

For the 1: 3 scale model results from six 150mm cubes gave the follow- 

Ong values: 

Crushing strength 20 N/mm 2 

kodulus of elasticity 35-00 N/mm 2 

Poisson's Ratio 0.20 

A number of 5mm long, 12011, electrical resistance strain gauges were 

cemented to smoothed surfaces of the 1: 25 scale models using catalyst 

activated cement. The positions of. these gauges are shown in Figures 2.9a, 

2.9b and 2.17.20mm long,. 120S2, electrical- resistance foil. strain gauges 

were attached to the 1: 3 scale mode) at smoothed parts of the slab's 

surfaces using catylyst activated cement at the positions shown in Figures 

23 - 



TABLE 2.1 DOLERITE AGGREGATE PARTICLE SIZE_DISTRIBUTION 

Sieve size, mm Percentage passing 

4.75 100 

2.40 29 

1.20 5 
0.60 0 

TABLE 2.2 SILICA SAND PARTICLE SIZE DISTRIBUTION 

Sieve size, mm Percentage passing 

2.40 100 

1.20 93 

0.60 56 

0.30 22 

0.15 3.5 

TABLE 2.3 AGGREGATE PARTICLE SIZE DISTRIBUTION 

Sieve size, mm Percentage. by weight passing 

20 - 
10 100 

5.0 30 
2.36 20 

1.18 16 

. 600 12 

. 300 4 

. 150 0 
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2.36 and 2.37. Identical strain gauges as those attached to the models 

were fixed to concrete beams cast at the same time as the models and these 

gauges were used as compensating gauges in the tests described below. 

Once these gauges had been attached to the 1: 25 scale model It was 

fixed to the rig as shown in Figure 2.1c. 

2.4 Test procedure 

2.4a 1: 25 scale model structure - 13-storeys 

(i) Dynamic Tests: 

A series of dynamic tests were carried out on this structure to 

determine its translational natural frequencies and mode shapes for the 

case when the structure was subjected onjy to a horizontal sinusoidal 

exciting force supplied by a 25 watt electro-magnetic actuator driven by 

a power amplifier and signal generator, and, subsequently, when the model 

was subjected to a vertical load by means of twin tie rods of steel channels 

as shown in Figures 2.5 - 2.6. The response of the model during these 

tests was monitored by means of four accelerometers, whose positioning on 

the model could be varied and whose signals were amplified through a 

calibrated system of head and charge amplifiers and recorded on tape by a 

multi-track FM tape recorder. A visual check during testing was also made 

by means of a two channel storage oscilloscope. The results of these 

tests are shown in Figures 2.7 and '2.8. 

(11) Static Tests 

The strain gauges were now wired to Peekel constant resistance switch 

boxes and strain reader together with the compensating gauges attached to 

the small unstressed beams and a series of 0.01mm per division dial gauges 

fixed to a frame adjacent to the model positioned to monitor displacements 

- of the model, including any slippage of the base. A translational lateral 

load was. now applied at level 10 by means of a manually pumped long stroke 

hydraulic ram acting on a calibrated load cell which was placed between the 

end of the ram and the model. This load position was chosen since it 
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roughly corresponds to the centre of gravity of a horizontal earthquake 

loading on a tall building. Records of the small base displacements of 

the model allowed their contribution to be deducted from the overall 

displacement of the model. These incremental load tests were carried out 

to a strict time schedule of two minutes between load applications to 

minimise the effects of creep of the concrete. At each increment of load 

the dial gauge readings were noted and the strain readings, corrected for 

temperature and humidity by the incorporation into the circuit of the 

dummy gauges attached to the 12mm thick unstressed reinforced concrete 

slabs, were also taken. These tests were repeated for a number of 

magnitudes of vertical loadings from 0 kN to 20 kN and the test results 

are given in Figure 2.10 From the above test results a vertical load of 

20 kN was chosen and applied to the model which was then subjected to an 

elasto-plastic cyclic load test. The vertical load was applied as before 

by twin tie rods acting on a sandwich to two channels compressing two 

calibrated load cells which were used to monitor the vertical load acting 

on the model. 

In the elasto-plastic test the model was cycl. ed six times. It was 

loaded in'small increments and when plastic deformations started the load 

was increased until the deflection of the top point of the model reached 

twice the deflection at yield.. The load was then quickly reversed and 

was applied in increments as before until the deflection reached around 

three times the deflection at yield, and so on until failure. Cracking 

appeared In the walls near the base in the first cycle. For example, the 

results obtained from this particular model for the strain distribution in 

the floor slab (for slabs in the third and fourth floor) during the first 

and last cycles, are shown in Figures 2.11 - 2.13. Figure 2.14 shows a 

comparison between the maximum strains in. levels 3 and 4 for the six 

cycles. In Figure. 2.15 a comparison:. is given between three strain, gauges 

placed as shown in Figure 2.9b. 
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0 

2.4b 1: 25 scale model structure - 9-storeys 

Examination of the 13-storey model upon completion of the above 

tests revealed that cracking w4s confined to the first two storeys and 

it was decided to cast the model into a new R. C. base to form a 9-storey 

model for a second series of tests. No dynamic tests were carried out 

but an extensive number of strain gauges were attached to the slab at 

level 2 of the model see Figure 2.17. A series of dial gauges were 

placed to measure the model deflections due to translational lateral load 

applied at level 7. The load was applied in small increments alipfor the 

previous model. The same precautions to minimize the effects of creep 

and to correct the strain readings for humidity and temperature changes 

were taken. A vertical load of 20 kN was chosen and applied to the model 

as before. The model was then subjected to an elasto-plastic cyclic load 

test in the same way as the previous model. In this case the model was 

cycled nine times. Figures 2.18 and 2.19 show the load deflection 

relationship for the dial gauges at top level and at level 2. Cracking 

again appeared in the walls near the case In the third cycle. Figures 

2.20 - 2.33 indicate, as examples, some of the results obtained during the 

first and fourth cycles. 

2.4c 1: 3 scale model 

In order to test this model a very heavy rigid space frame of 

203 x 203mm x 86kg/m (Figure 2.4) universal column sections 1 was welded 

together and positioned as shown in Figure 2-34,. with its base bolted 

through the cellular strong floor. The model was fixed to two 40mm 

diameter pivot spindles housed in steel tubes, which in turn were held in 

position in the model by means of additional reinforcement. The model was 

placed on its side on a number of machined steel rollers and loads applied 

horizontally, as shown, in Figure 2.35, by means of a hand pumped large 

hydraulic ram. acting on a load cell attached to a heavy triangulated steel 

loading bracket, *also bolted through the strong floor. Strains and move- 

: ments of the model were monitored by means of the system of 0.01mm per 
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division dial gauges and the grid of strain gauges as shown in Figures 

2-36 - 2.39, and compensating gauges wired to Peekel constant resistance 

switch boxes and manually balaýced strain reader. The load acting througn 
J the calibrated load cell was obtained using a digital voltmeter powered by 

a constant voltage supply. A series of low strain tests were carried out 

to determine the action of the floor slabs and also to detect any move- 

: ments or faults in the test system. Once the low strain tests had been 

completed the model was then subjected to an elasto-plastic cyclic load 

test for eight cycles before it was finally subjected to repeat*. d loading 

from'on e direction until it could not stand any more of this kind of load- 

: ing. Cracking started in the slabs at the end of the low strain tests 

when the load was between 3.5 and 3.75 tons. The elasto-plastic tests were 

carried out in the same way as for the previous two models with the model 

loaded in increments at two minute intervals until it reached twice the 

yield, the load then quickly reversed and applied until the deflection of 

the model reached three times the deflection ýt yield, and so on. At each 

load increment the strains of the model were recorded and deflections of 

the model and supporting structure noted. The record of the movements of 

the support structure allowed their contribution to the overall structural 

displacements to be found and adjustments to be made. 

Additional sets of results for the three models are given in 

Appendix 1. 
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FIGURE 2.3 ONE-THIRD FULL SCALE MODEL (PRELIMINARY TESTS 
WITH FIRST STAGE SUPPORTS) 

FIGURE 2.6 1: 25 SCALE 13-STOREY MODEL SUBJECT TO DYNAMIC 
AND VERTICAL LOADING 
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CHAPTER THREE 

ANALYSIS OF COUPLED SHEAR WALLS CONNECTED BY SLABS 

3.1 1 nt rod ucti on 

In the structural design of tall buildings often the effect 

of lateral seismic and wind loads control the design and selection 

of the basic structural form. As shown In Chapter One It is 

convenient to use shear walls and floor slabs as an efficient 

structural system to resist the lateral environment load In many 

multi -storey buildings. This regular system of walls and slabs 

allows maximum use of industrialised building techniques enabling 

work on site to progress speedily and economically. In this 

Chapter elastic static and dynamic analyses of shear wall systems, 

especially shear walls coupled with floor slabs, are presented. 

Use has been made of the great Improvements in the digital computer 
/ facilities to combine the Finite Element method with the continuous 

connection technique in the analysis of complete shear wall buildings 

both for overall analysis of the whole structures subject to various 

forms of loading and in the ahalysis of critical parts of the 

structures. 

3.2 Past work 

A review of the papers and work on shear wall structures for 

the period prior to 1970 was comprehensively presented by Irwin (1970), 

Puri (1967) and Coull and Stafford Smith in 1967. The work and 

papers published since then are briefly reviewed in this section. 

In 1969 Schwaighofer and Microys presented in their paper a 

method for the analysis of dlyerse shear wall structures using 
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standard computer programs. In their methods they used the 

established frame methods to analyse shear walls with any arbitrary 

number and size of bands of openings. 

Coull and Irwin (1970) presented an approximate method for the 

analysis of distribution of load amongst the shear walls of a three- 

dimensional multi-storey building subjected to bending and torsion. 

The method is based on the continuous connection technique. It is 

particularly aimed at buildings with uniformity of structure throughout 

the height. They assumed that bending . is the dominant overall mode 

of behaviour of the structure. The effects of axial deformations 

in the vertical members were included, as well as the effect of the 

bending stiffness of the floor slabs in the coupling action between 

. wall assemblies. The method included the effect of bending of 

beams caused by torsion of coupled core assemblies. Comparison 

-between the results from the method and results measured on a model 

was given. 

Also in 1970 Stafford Smith proposed a modified beam method for 

analysing svimetrical interconnected shear walls. He assumed that 

an interconnected wall structure can be represented by the wide 

column frame, then a second equivalent frame is chosen to have, 

identical behaviour. In this econd f me the beams between Lhe 

wide columns were replaced by beams which are flexible over their 

whole span betwee*n colUmn axes: After obtaining the second momerits 

of area of the replacement beam from a simple formula, any standard 

computer plane frame work program can be used to analyse the 

structure. The method is restricted in use to the analysis of cross 

walls which at all floors are symmetrical about their vertical central 

section. 

. in his paper "An elasto-plastic analysis of coupled shear walls" 

Paulay in 1970 showed that the laminar analysis can be readily extended 
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to assess the elasto-plastic behaviour of coupled shear wall 

structures at various stages of cracking. He used a step-by-step 

. procedure to trace the post-elastic performance of the structure 

and showed the need to check ductility requirements in assessing 

the ultimate strength of coupled shear walls. Pauly also showed 

that the demand for laminar ductility is affected by the relative 

stiffness of the coupled shear walls and that the ultimate load 

on a coupled shear wall structure needs to be compared with the 

strength of its foundations. 

The vibrations of asymmetrical multi-storey shear wall 

buildings were investigated by Irwin (1971). In his paper he 

outlined a method which incorporates the use of the continuous 

connexion technique In the distribution of the overall lateral loads 

which may cause bending and torsion of the building amongst the 

various load bearing elements of a complete shear wall building. He 

extended the method for the use in the analysis of three-dimensional 

multi-storey shear wall buildings which are subject to dynamic forces. 

These dynamic forces may cause rotational and translational vibrations 

of the structure. He gave an example to illustrate the application 

of the method on a typical apartment shear wall structure. 

In 1973 Yuzugullu and Schnobrich described a numerical procedure 

for the determination of the behaviour of a shear wall and frame 

system. They used the finite element method to predict the behaviour 

of the shear wall and frame system well into the cracked state. The 

comparison between the experimental and analytical results shows a 

big difference after the first stages of cracking. 

Jacob Gluck in 1973 presented an elasto-plastic analysis of 

coupled shear walls in which plastic hinges at the ends of the 

coupling beams may develop only on-part of the height of the wall. 

The analysis was given for an upper triangle lateral load. He 
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presented some charts to determine the ultimate lateral load as 

well as the design parameters. 

Irwin in 1975 outlined a simple approximate method for the 

static analysis of multi-storey shear wall buildings subjected to 

any pattern of lateral loading causing bending and torsion of the 

structure. The method included the effect of the in-plane 

deformation of floor slabs. He illustrated that if the in-plane 

flexibility of floor slabs is Ignored in the analysis of a slender 

. high-rise building, load distribution, deflection and stress 

patterns may deviate considerably from an accurate solution. He 

also used the method to determine the dynamic response of such 

bul I dings. a 

In his paper "Design aspects of shear wall's for seismic areas". 

Pauhy (1975) considered several aspects of the behaviour of tall as 

well as squat shear walls. He discussed the problems of brittle 

and ductile failure modes, diagonal tension, construction joints, 

alternating plasticity, sliding shear, stiffness degradation and 

strength loss under reversed cyclic loading. He examined in some 

detail the behaviour of coupled shear walls and reviewed the 

problems related to thecomponents of the structure. 

In 1976 Nayar and Coull presented an elasto-plas*tic linear 

stepwise analysis of coupled shear walls, based on the wide-column 

frame analogy. The analysis which they performed enables the 

behaviour of the structure to be traced from working to ultimate 

load, and allows the spread of plastification to be assessed through 

the load range. They traced as well the ductility requirement of 

each plastic hinge from its inception for every load'increment up to 

collapse. 

Coull and Mukherjee in their paper "Natural vibrations of shear 

wall buildings on flexible supports" (1978) considered a shear wall 

building as an assembly of plane and curvilinear shear walls tied I; 
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together by floor slabs to act as a composite unit. The analysis 

is based as well on the continuous medium approach and the governing 

dynamic equations and boundary conditions were derived from energy 

principles using Vlasov's theory of thin-walled beams. They 

adopted the distributed mass technique in their analysis and the 

numerical solution of the dynamic equations was achieved by employing 

the Ritz-Galerkin technique, yielding both natural frequencies and 

mode shapes. 

3.3 Finite element method 

The emergence of the 'fini, te element' method as a powerful 

approximate numerical technique for solving problems in engineering 

science has made possible the analysis of quite complex structures. 

The basis of the method is to be found in the theory of the calculus 

of variations and in particular in the so-railed direct methods of 

the calculus of variations. One can also visualise the method as 

an extension of matrix methods of structura I analysis. 

In general the basic concept of the finite element method is 

the idealization of the actual continuum as an assemblage of elements 

connected at a finite number of joints or nodal points. Forlsolid 

continua it was found that the displacement method of structural 

analysis is most convenient for treating finite element idealization. 

Using the displacement approach the analysis may be carried out in 

the following steps: 

1. Idealization: Dividing the continuum into a system of 

appropriately shaped finite elements. 

2. Element analysis: Evaluating the stiffness matrices which 

relate the forces developed at the element nodal 

points to the corresponding element displacement. 
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3. Assembly of elements:. Evaluating the nodal stiffness matrix for the 
complete structure by superimposing appropriate 
element stiffness. 

Displacement Solving the nodal equilibrium equations (expressed 
analysis: by mearys of the structure stiffness matrix) for ti-e 

nodal displacements resulting from applied nodal forces. 
Stress analysis: Computing the element stresses resulting from the 

computed nodal displacements, making use of element 
stiffness matrices. 

The following describes the details of a generalized finite element 

formulation and applies the method to the two cases of: 

1. plane stress coupled shear walls 
2.. slabs coupling shear walls. 

3.4 Finite element formulation 
_for 

plane stress coupled shear walls 

3.4.1 Nscretization of continuum (idealization. ) 

The first step involved in the finite element analysis is to divide 

the continuum by fictitious lines or surfaces Into a number of discrete elements. 

In reality these elements are connected together along their common boundaries 

but in finite element solution the elements are assumed to be connected at V-e 

modes only. In three-dimensional-, cases the elements are prisms or cuboids and 

In two-dimensions are triangles or quadrilaterals. For the case of the plane 

stress coupled wall problem a survey of triangular and rectangular elements was 

carried out and the rectangular elements described below chosen. Figure 3.1 

shows a particular mesh configuration of the rectangular elements but the 

problem was programmed such that the number, size and arrangement of elements 

could be readily altered in order to best represent any wall configuration ard 

achieve best convergence of solution. 

3.4.2 Finite element characteristics (element analysis) 

Jo evaluate the element characteristics the two-dimensional 

recta ngular element i. k,. I., which is shown in Figure 3.2 Is used for 

the Illustration. 
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3.4.2a Selection of displacement functions 

A displacement function is chosen to define the state of 

displacement within each 'finite element'. It is usually most 

-convenient to make the functions dependent on nodal values placed 

on the element boundary. The choice of this function should 

satisfy compatibility across the element boundaries. The shape 

function used in the displacement formulation of elasticity 

problems should, in general, satisfy: 

(I) the continuity of the unknown only has to occur between 

elements. 

(ii) the function has to allow any arbitrary linear form to be 

taken so that the constant strain criterion could be 

observed. 

The displacement vector for an element i, j, k, I could be written 

as: 

6j [Ni, Njp N k' NI 6k 
61 

i. e. {f} = [NJ {6) (3.1) 

where ff) is the displacement vector 

[NJ is the shape function matrix 

(6) is a listing of nodal displacements for a 

particular element. For a plane stress 

elasticity problem, where all displacements 

are In the plane, the element has two degrees 

of freedom at each node as shown in Figure 3.2. 

The shape function should be chosen so that at a node it has a value 

of unity when the coordinates of that node-are substituted, and zero 

when coordinates of other nodes are inserted. To simplify the 
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specification of the shape function the coordinates of points within 

the rectangular are expressed in the local coordinates system defined 

by coordinates Q, n) of the intersection of lines which cut opposite 

sides of the rectangular element in equal proportions. 

For a rectangular element with function values specified at 

corner nodes, linear shape function completely describes the variation 

of the function within the element. ' For the rectangular elements 

w ith four nodes at the corner the shape functions are given by: 

C) 0 

N00+ n) i (3.2) 
N0+00+ n) k 

N, 0+00- n) 

It is convenient to use normalized coordinates such that: 

ij is the line C 

ik is the line n 

kl is the line c= +1 

il is the line Ti = -1 

The local Q, TO coordinates Figure 3.2 are then linearly related 

to the global (x, y) coordinates. 

3.4.2b Strains 
1. 

At any point within the element the total strain can be defined 

by its components which contribute to Internal work. The various 

components of strain can be obtained by differentbtion of the displace- < 

: ment function. The strain Is then given by: 
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c0 x ax 

c0 
y ay 

v aau c 
xy 

ýy ix 

{c) B] {a) (3-3) 

where {0 is the strain vector 

B] is a matrix relating strains and displacements 

and it can be obtained once the shape functions 

are determined. 

U'V are the components of displacements in x, y 

directions. 

3.4-2c Elasticity matrix (stressesY 

The stresses fa) are calculated by multiplying the strain by an 

elasticity matrix [D] which contains the material properties (Young's 

Modulus E and Poisson"s Ratio v). The stress is then given by: 

x 
CF 

xy 

V 1 0 xJ 

1 0 

0 (1 -v)/2j I Yxy 

v V7) 
0 

I. e. {a} [D] {c) (3.4) 

The material within the element boundaries may be subjected to 

initial strains (col so that the stress will be caused by difference 

between the actual and initial strains. It is also convenient to 

assume that at the outset of analysis the body Is stressed by some 

known system at initial residual stresses (oo) which can simply be 

added on to the general definition. , Thus the relation between the 

stresses and strains in (3.4) can be written as: 
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(a) = {co)) + {aol (3.4a) 

3.4.2d Equivalent nodal forces and element stiffness matrix 

Once the strain and stress matrices have been derived one can 

formulate the element stiffness matrix [kM] and determine the nodal 

forces {F) due to: loads {P); initial strains (co) and initial 

stresses {ao}. This can be done using the method of virtual work. 

During any virtual displacement imposed on the element the total 

external work done by the nodal loads must equal the total internal 

work done by the stresses. 

If one imposes an arbitrary virtual nodal displacement (6*1 

at the nodes then: 

The displacement in the element is given by: 

{f*) = 

and the strain is equal to: 

fc*) - [81 {6*) 

The external work done by the nodal forces is given by: 

W) {FI 
1 

(3-5) 

The internal work done by the stresses and distributed forces 

per unit volume is: 

(E*) (a) - {f*) 

or 

(8*) T ([B]T(cl) _ (NjT(p)) (3.6) 
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Equating the internal and external work: 

[6 e q {FI = {akT (f [9]. T{Cyl d (vo 1f [N] T{ P} d(vol) (3-7) 

On substituting equations (3.3), (3.4a) one obtains: 

{FI = (f [B] T [D] [B] d(vol){6) -f [Bj T [D] icol d(vol) 

+f [IB] Ti 
co) d(vol) _. f [N] Tip ) d(vol) ) (3-8) 

The stiffness matrix is given by: 

[kM] =r [BI T [D] [Bj d NO I) (3-9) 

The nodal forces due to distributed loads are: 

{FI 
p= _f [Nf{ Pl d(vol) 

The nodal forces due to initial strains and initial stresses 

are: 

F) 
F 

[B] T [D] {eol d(vol) 
_Oý 

and 
{F) 

00 
r[B]T{cyo I d(vol) 

(3-11) 

(3.12) 

In the case that there are external concentrated forces at the 

nodes this can be added to the consideration of equilibrium at nodes. 

3.4.2e Assembly and analysis of a structure 

Once the conditions of overall equilibrium within the element 

are satisfied it Is necessary to establish equilibrium conditions at 

the nodes of the structure. The only unknown in the resulting 

equations will be the displacements. Knowing the displacements, 

the internal forces in the element and the stresses can be calculated. 

The method of assembly used In this work will be discussed in Appendix 

11 which explains the computer program. 
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The nodal displacement vector and the nodal forces vector are 

related by the equation: 

1% (F) - [k] {6) (3-13) 

where [k] is the assembled structure stiffness matrix, so the nodal 

displacements {61 can be determined by solving the above equation. Then, 

using equations (3-3) and (3.4) the strains and stresses can be determined. 

3.5 Finite element formulation for slabs coupling shear walls 

3.5.1 Discretization of continuum and selection of displacement functions 

To analyse the slabs coupling shear walls again rectangular elements 

were chosen after tests for convergence, and a programme compiled such that 

any desired sizes and number of elements cquld be catered for to study both 

the overall and detailed behaviour. of the structures. Additionally, the 

values of modulus of elasticity in adjacent elements could be varied to take 

account of differences between the walls and slabs. In general, the slabs 

and wall cross-section were divided as shown in Figure 3.3 into two-dimens- 

flonal non-conforming rectangular elements with three degrees of freedom at 

each node. The three components at each node are: 

1. A displacement wn in the z direction 

2. A rotation (0 ) about the x axis xn 

3. A rotation (E) 
Y)n about the y axis. 

Figure 3.4 shows a typical rectangular plate element with forces and 

corresponding displacements indicated. The slopes of w and rotation are 

identical except for the sign. The nodal displacements can then be written: 

ww 

ax 
=4 aw) 

ry 

aw 
Y1 75X 

i 
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FIGURE 3.3 IDEALISATION OF 1/4 OF SLAB COUPLING A PAIR OF WALLS 
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In this case a polynomial expression is conveniently used to 

define the shape functions in terms of twelve paramleters. 

Certain terms must be omitted from a complete fourth-order 

polynomial (Zienkiewicz (1971) ) and writing 

W '2 (11 + C12X + C13Y + C14X 2+ C95XY + C16Y 2+ a7X3 + (j8x2y 

CjqXy2 + c9loy 3+ alix 3Y+ al2XY 3 (3-15) 

has certain advantages. In particular along any x= constant 

or y= constant I ine, the displacement w will vary as a cubic. 

The element boundaries or interfaces are composed of such lines. 

As a cubic is uniquely defined by four constants, the two end 

values of slopes and displacements at the ends of the boundaries 

will therefore define the displacements along this boundary 

uniquely. As such end values are common to adjacent elements, 

continuity of w will be imposed all along any interface. 

One can see that the gradient of w normal to any of the 

boundaries varies along it in a cubic way.. As on such lines only 

two values of the normal slope are defined, the cubic is not 

specified uniquely and, in general, a discontinuity of normal 

slope will occur. The function Is thus non-conforming. 

The constants ct, to c'12 can be evaluated by writing down the 

twelve simultaneous equations linking the values of w. and Its 

slopes at the nodes when the coordinates take up their appropriate 

values. One can write In matrix form: 

{cgl (3-16) 

where [C]'is a 12 by 12 matrix depending on nodal coordinates 

and (a) a vector of twelve unknown constants. 

The displacement vector for an element 1, J, k, I could be written 

as in equation (3-1): 
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{f) = {6) - [P] [C]-l {61 '(3-17) 

where [p] a-- (I, X, y, X2, Xy, y2, X3, x2y, xy2, y3, X3 Y, xy 3) 

3.5.2 Strains ([B] matrix) 

The form of the matrix [B]. which relates the strains and 

displacements is obtained directly from equation (3-15): 

[Q) [C] -1{61 [Q] [C] 

whe re 

000 -2 00 -6x -2y 00 -6xy 0- 

[QJ =*00000 -2 00 -2x -6y 0 -6xy (3. 
-19) 

0000200 4x 4y 0 6X2 6y2 

Elasticity matrix 

The elasticity matrix [D] which relates the stresses and the 

strains for isotropic stab is: 

v 
[D] E t3 

v10 (3.20) 
12 (1 -v-'T 

000 -0/2 

I. e. tal [DJ {c} 

The formulation of the element stiffness matrix CkM], the 

determination of the nodal forces {F) as well as the assembly and 

the analysi s of a structure is the same as the case of the plane 

stress element. 

3.6 Analysis of complete multi-storey shearwall structures 

In order to assess the loads which are carried by the different 

forms of load bearing units, such as coupled shearwalls and box cores, 
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due to lateral loadings, it is necessary to consider the effect of 

such loadings. on the complete structure. In order to reduce the 

complexity of the analysis, one can safely ignore, apart from those 

cases described in the introduction to this chapter, the out-of-plane 

bending of walls, torsion of individual columns or beams and deform- 

: ations in the plane of the floors. The method of analysis which 

is briefly explained here is based on the continuous medium technique 

for the analysis of coupled shear walls in which the discrete system 

of connecting beams is replaced by a continuous medium of equivalent 

stiffness. The method is explained and discussed in detail by 

Irwin (1970) 

As any set of applied forces and moments on a rigid body may 

. always be resolved into a force and couple at any specified position 

on the body; the total lateral loading on a building can then be 

. represented by a series of point loads applied at a number of equally 

spaced selected reference levels. 

For any arbitrarily chosen vertical axis the resultant lateral 

load at level 'i' is positioned at a distance Z from the axis so 

that the building is subjected to a force Pi and twisting moment PIZ 

as shown in Figure 3.5. The forces must be restricted by eac load 

bearing unit 'k' at level lil 

P EP ik 

mm 
TiPIZ *Pik Zk +ET ik (3.22) 

k! l k=l 

where p ik and T ik are the load and twisting moments restricted 

by unit Ik' at distance Zk from the chosen vertical axis; 

m Is. the number of load bearing units. 
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For the k th load bearing unit the load deflection relationship 

can be expressed in the matrix form: 

{Y}k `2 EFJk {P}k (3.23) 

where {Y} k and IP} k are column vectors of deflections 

Y ik and applied loads P ik at the chosen set of reference levels 

[F3k is the square matrix of flexibility coefficients f ijk' 

If the floor slabs are assumed infinitely stiff in their own plane, 

then-only rigid body displacements will occur. At any level the 

to tal displacement of any unit Ik' at a distance Zk from the chosen 

vertical axis can be expressed In the form: 

{Ylk = {yl +Zk {OI = [F]k {plk (3.24) 

where {Y) and fOl are column vectors of lateral deflections and 

rotations of the arbitrarily chosen axis as shown in Figure 3.5. 

The lateral load on load bearing unit 'k' at any level Ill can be 

expressed in the form: 

{PI +Z {ei) (3.25) kwk 
«y 

k 

The equilibrium equations (3.21) and (3.22) can now be written as: 

1. [TJ mE [F]ýl ({yl + Zk {el) Zk +E lkl 
k 

lel (3- Z6) 
k=l k=l 

m 
E [F] -kl y+Zk (3.27) 

k=l 

Where {T) and {P) are column vectors of the total applied twisting 

moment and load respectively at each level IiI, 

and [k1k is a square matrix of rotational stiffness coefficients. 
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The solution of the two equations (3.26) and (3.27) give the. 

structural displacements and rotations about the chosen axis for 

any system of applied loading causing bending and torsion of the 

structure. That is: 

(y, F62 6T 1 62 + 63 +. 641-1 [-62 611M + {T}] (3.28). 

[-(84 + 63)621 61 + 621-1 [-(64 + 63)624P1 + {Tl] (3.29) 

whe re 

61 =Z [F] -1 
k-1 k 

m 
62 2-- 1 rF] Zk 

k 1 

m 
63 z--* 1: [F] -1 Z2 

k=l kk 

m 
64 E 

A 

k-1 

Using equation (3.24) and (3.25) the deflection and force vectors 

for each unit can be determined. The twisting moments at each 

reference level on load bearing unit Ik' can be obtained from: 

{TI k r-- lklk (01 (3'. 30) 

3.6.1 Analysis of coupled shear walls 

The force vector for a specific coupled shear wall bearing 

unit which is determined using the above method is now applied to 

equation (3.13) to obtain the nodal displacements. Once the nodal 

displacement is determined, one can use equations (3-3)and (3.4) to 

calculate the strains and stresses at all points on the coupled 

shear wall. If the building consists of several identical coupled 

shear wall load bearing units (and subject to-a symmetrical loading) 
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only the analysis using the finite element method is performed 

directly without need of the above calculations. In this case 

the structure can be treated as a two-dimensional coupled shear 

wall with the total load applied on it. 

3.6.2 Analysis of slabs coupling shear walls 

Once the forces at the nodes in the intersection between the 

slabs and the walls is determined from above, these forces are then 

taken and applied again using equation (3-13) to determine the 

displacement for all points of the slab. The matrix M in this 

case. is the stiffness matrix for the slab. One can then use 

equations (3-18) and (3.20) to determine the strains and stresses 

all over the slab. 

3.7 Computations and general description of the programs 

The numerical work involved in perfor! ning the analysis, 

especially in the case of the fi. nite element analysis, makes the 

use of an electronic digital computer essential. Computation was 

carried out on an IBM 360,370 computer and on a Honeywell/66. 
I 

The finite element program consists of building blocks in the 

form of Algol procedures. It is composed of a series of common 

modules, which may have different uses in different contexts. The 

main program is segmented as follows: 

1. Input of data 

2. Build up of node freedom array 

3. Build up of element stiffness matrix 

4. Formation of total stiffness matrix 

Formation of the load vector 

6. Solution of equations 

7. Output of results. 
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A complete description of the program is given in Appendix 11 

together with a sample program. 

The three-dimensional a nalysis program consists of the following 

basic sections: 

1. Formulation of the structural bending stiffness matrix 

2. Formulation of the structural torsional stiffness matrix 

3. Evaluation of the overall structural deflections and rotations 

4. Evaluation of the deflections and forces of the various load 

bearing assemblies. 

3.8 Dynamic analysis 

The method used in the present work for the three-dimensional 

dynamic analysis of a complete building was first presented by 

Irwin (1971 The method allows both bending and torsional modes 

of deformation to be computed together with the periods and natural 

frequencies of each mode. A brief description of the method is 

given in this section. 

In the case of forced vibrations of the building together with 

bending and torsional modes of deformation of the system, a set of 

coupled matrix equations govern the system: 

[M] I related [F] II related yyyP (t) 
parts v parts v 

+ 

related [I related [F] T (t) 
parts C11 

- L- 

; 
vj parts 

0 Vi 

(3-31 )' 

where 
[M] is the mass matrix 

[I 
ct 
] is the mass moment of inertia matrix 
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If only the independent lateral and torsional modes of vibration 

are considered then one can isolate the parts of equation 

In addition, for free vibrations of the structure P(t) =0 and 

T(t) 0 then the governing equations become: 

LRJ Y1+ [F]-l {y }= 
vyv 

Eij {ýV) [F]-l {'v} 
L0 

For free vibrations of the system: 

yv =Q sin (w 
nt+ U) 

y= -w2 Q sin (w t+ U) nn 

and similar expressions hold for 0 where 

w is the natural circular frequency 
n 

t is time 

u is the phase angle 

Q is the ampl i tude. 

Equations (3-32) and (3-33) can then be written as: 

(_ [M] w2 + [F] -1 ) {e 1-0 

(_ [l ] W2 + [F] -1 ) {e 1m 
n00 

where 

e=Q sin (w t+ 

Putting equations (3-34) and (3-35) in the form: 

([M]"l [F]-l - W2 [1]) (e 1=0 
yny 

([IJ-l [F]-l - w2 [j]ý fee) en 

(3-32) 

(3-33) 

(3-34) 

(3-35) 

(3-36) 

(3-37) 
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enables the eigenvalues and eigenvectors for any number of modes 

of vibration to be found. 

Once the eigenvalues have been computed the natural frequencies 

and periods can be found from: 

wn-1 
2H T (3-38) 

3.8.1 Evaluation of maximum values of response 

Three quantities are required to evaluate the maximum values of 

response for each mode W: 

a) The ordinate of displacement spectrum Sn at period of mode T 
n1p 

from a wind or earthquake (design) spectra. 

. 
b) The modal participation factor C 

Ee 
in 

M 
1, n Eef M. 

in i 

c) The magnitude of the mode In' shape which is found in computation 

of the eigenvectors. 

where e the magnitude of the mode shape in the mode In' at in 's 

level 'x. '. 

The S' value is obtained either from a design spectrum for 
n 

earthquakes of a selected magnitude (% gravity) allowing for a 
I 

damping compatible with the form of concrete structure under consider- 

: ation, or from formulae such as those given by the Committee of 

Structural Steel Producers of Ameri. can Iron and Steel Institute (1960). 

For wind loading similar values of parameters can be found from 

probability spectra. 

The maximum va'lues of response at each level for a given mode 

are: 

Yinmax ý Cn ein Sn (3-39) 

ein = ýn ein Sn (3.40) 
max 
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The ordinate of displacement spectrum, S in equation (3.40) 
n 

is divided by the radius of gyration of the entire structure, 
_'R. 

'-is 

at each level xi for compatibility. 

3.8.2 Maximum lateral and rotational displacements 

From probability studies it is generally accepted that a 

root mean square superposition of modes yields realistic values: 

y2 /T 
V? (3.41) 

max Yin 
max 

/e2 
(3.42) 'max in 

max 

The maximum probable deflection of a unit at a distance Zk 

from the calculated centre of rotation would then be: 

lyl 
k 

max 
'= lyl 

max 
+ Zk ["]max (3.43) 

3.8.3 Estimation of damping and dynamic modulus of elasticity 

The half-power band-width method is used to calculate damping 

for existing systems. Figure 3.6 shows a typical output from a 

single accelerometer, obtained by forcing a structure to vibrate at 

a constant frequency, measuring the response and stepping frequency 

until sufficient data has been recorded. 

The half-power points PI and P2 are first evaluated as shown 

in Figure 3.6. The frequencies corresponding to these points I. e. 

wI and w2 can be related to the critical damping using the relation- 

: ship (w 
2- wd = WC/Q. 
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As Q= -L 
Ak-m 

where yd 2y d dcri 

w 
knowing -21 Q and w Qn 

wW cc (W2 - WO Q 17TT-yD 

e. 'Y W2 - WO 0.44) 
2w 

c 

where k= stiffness w= frequency 

d= damping PI- half-power points 

Using this method for a system such as a uniform beam or single 

degree of freedom mass one can determine the natural frequencies. 

Then using-the appropriate exact equation for finding the natural 

frequencies. of the system the dynamic modulus of elasticity of the 

structural material at each natural frequency can be calculated. 

For example for a uniform cantilever as shown in Figure 3.7 

the dynamic modulus of elasticity can be de*termined from: 

wl = 
3.516 (E I)I for the first mode pA 

22-03 EI)j for the second mode W2 ' (. t 71-- pi 

W3 2-- 
61.70 El for the third mde 12 pA 

(3.145) 
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CHAPTER FOUR 

EFFECTIVE WIDTH OF SLABS CONNECTING SHEAR WALLS 

4. -l Introduction and past work 

As shown in the previous chapters shear walls are used in 

multi-storey buildings to efficiently resist lateral and gravity 

loads. In a coupled shear wall structure the external lateral 

load generates flexure, shear and axial load in the walls in 

addition to compression and bending with high shear stresses in 

the coupling slabs. Due to bending stiffness of the slabs the 

walls do not act as independent simple cantilevers. In this 

way, depending on the plan configuration and dimensions, the slabs, 

In conjunction with the shear walls, provide stiffer and stronger 

structures to resist the lateral loads. Therefore, to achieve 

a more efficient and economical building of this type it is 

Important to be able to assess accurately the stiffness or the 

effective width of the slabs which connect the shear walls. 

Little work has been done or published so far to help the designer 

in a rapid evaluation of the effective width of slabs coupling 

shear walls. 

In 1969 Qadeer and Stafford Smith described a theoretical 

and experimental investigation of the bending stiffness of slabs 

due to the parallel rotation of pairs of equal plane walls. In 

their theoretical analysis they used the finite difference technique. 

The experimental investigations were done using a model comprising 

of two heavy steel plate walls coupled to an asbestos cement sheet 

slab. They presented curves to enable the 'effective width' for 
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the connecting slab coupling a pair of shear walls to be found 

and to illustrate the influence of the different parameters on 

the stiffness of the slab against rotation. In 1974 the same 

authors gave information on the distribution of bending and twist- 

: ing moments and shear forces through the slab. 

Coull and El Hag (1975) investigated, in their experimental 

work, the influence of the dimensions and shape of the walls, 

wall spacing and slab dimensions on the stiffness and the 

effective width of the coupling slabs. In their small scale 

model-s they formed the walls from steel plates and the slabs from 

perspex sheet. The study was purely experimental and a limited 

number of tests were used to draw the curves they presented. 

In 1977 Tso and Mahmoud used a triangular bending element 

in their finite element method to obtain the stiffness of a slab 

coupled shear wall system. They presented design curves in terms 

of the effective width of the slab between the shear walls. These 

curves were giv en for a number of wall system configurations. 

Comparison of their results were made with the experimental results 

of Coull and El Hag and Qadeer and Stafford Smith's theoretical 

results, some differences being noted. I 

4.2 Formulation of problem and theoretical analysis 

CL. 
If s shear wall building consists of shear walls and floor 

slabs as shown in Figure 4.1, two situations can cause interaction 

between the walls and the floor slabs: 

1. When the building is subjected to lateral horizontal loadings 

which tend to axially deform the building and rotate the 

vertical walls, as shown in Figure 4.2a, the floor slabs react 

and resist the bending and axial deformations of the walls in 

addition to their strut action to maintain the wall spacing. 
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2. If there is a relative vertical movement of the walls due to 

either differences in the vertical loadings on the walls or 

relative settlement or temperature expansion of the walls, 

the action of the floor slabs coupling the walls is as shown 

in Figure 4.2b. 

Assuming the slab is rigidly attached to the walls the effect 

of the rotation of the walls caused by the lateral load is 

similar to that due to relative vertical movement as shown in 

Figures 4.3a, b. The stiffness and effective width of the 

floor slabs can, therefore, be obtained in two ways. 

4.2a The method used by Qadeer and Stafford Smith (1969) 

Referring to Figure 4.3a and using the moment area diagram 

to determine the relation between the moment M and the angle of 

rotation 0 due to the rotation of the walls, let the deflection 6 

equal the moment of area 06""about 0 then: 

mL3 
E1 12 (L + wT 

0 
and 

e 
28 (4.2) L+w 

M= 6EI(L + W)2 (4 . -3) 0 

where El is the equivalent beam stiffness of the connecting slabs. 

The stiffness of the slab is then: 

M (4.4) 
pe 

where D is the stiffness of slab per unit width 

= Et3/12(l - v2) 

E and v are the modulus of elasticity and Poisson's ratio. 
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The ratio of the effective width Y to the full width of sla6 is 
e 

then given by: 

ye /Y = KL2/(L + W)2 (4-5) 60 -vz)(Y/L) 

4.2b The method used in the present work 

In this method the simple cantilever theory is used to 

determine directly the effective width and the stiffness of the 

slabs coupling shear walls. Referring to Figure 4.4 the deflection 

for the equivalent cantilever which represents half the slab is 

given by: 

ä/2 =1 
P(L/2)3 

EI 

where I is the moment of inertia for the equivalent beam = 
Ye 

t3 
12 

(4.6ý 

t is-the slab thickness 

Then 

ye is the effective width of the slab. 

Ey t6 e 
(4-7) 

Therefore, the effective width is given by: 

P0 (4.8) Ye v' YE TT -A 

where P is the force on one wall 

A is the total relative vertical displacement between the 

two walls as shown In Figure 4.4 

L is the wall opening distance. 

The stiffness of the floor slab can be defined in two ways; 

the first is to define the stiffness by the relationship between 

the angle of rotation E) and the moment M as given by. equation (4.4). 
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In 'this case no vertical movement of the walls is allowed. The 

second is to define the stiffness of the floor slab as the vertical 

force on one wall required to produce a relative displacement A 

equal to unity between the points of the slab attached to the 

right and left walls. In this situation no rotation of the shear 

wall is permissible. So, using equation (4.8) and letting A equal 

un i ty: 
yeE 

t3 (4.9) 

KI can be determined directly by imposing a unit relative displace- 

: ment between the walls. The effective width Y can then be found 
e 

from: 
KI 13 

E; VI 

instead of equation (4.8). 

In the present. work the both methods are used to estimate the 

stiffness of the slab coupling the shear walls. The values 

obtained from the first method can be compared to these obtained 

by Qadeer and Stafford Smith and the experimental values obtained 

by Coull and El Hag. 

The finite element displacement method was used to determine 

the force required to impose a unit relative displacement between 

the walls. The rectangular element forathin plate in bending 

describedin the previous chapter was used in performing the 

idealization of the slab. The slab was assumed homogeneous, 

Isotropic and linearly elastic. All the nodes had three free 

degrees of freedom except those representing the walls, which had 

only one free degree of freedom which represents the vertical 

displacements. 

Four types of wall configurations were studied and Figure 4.5 

shows these configurations. Advantage was taken in. the cases where 
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there is symmetry and anti-symmetry to reduce the computational 

time and effort. Figure' 4.6 shows a typical plane wall and slab 

configuration with the finite element idealization superimposed. 

4.3 Discussion of results 

The four configurations shown in Figure 4.5 are studied 

together with the configuration of an end panel for the core of 

the plane walls. The symbols chosen to represent the overall 

dimensions of the slab and walls are shown in Figure 4.5. Curves 

are given to determine the effective width of the slabs as a ratio 

of the complete slab width and to show the variation of the stiff- 

: ness due to the various parameters. In Figure 4.7 a comparison 

between the present method and the results obtained by Qadeer and 

Stafford Smith (1969) and Tso, and Mahmoud (1977) is given for the 

case when the thickness of the wall is equal to zero. It is clear 

from this Figure that the finite element methods give higher values 

for Y /Y than those obtained by the finite difference technique. e 

4.3.1 Slab and plane wall configuration 

The slab and plane shear wall structure is the most common 

type in the construc tion of coupled shear wall tall buildings. 

The design curves presented in Figures 4.8 and 4.9 are for a wall 

thickness h 25 cm and slab thickness of 20 cm for different values 

of L/X and Y/X ratios. Figures 4.10 to 4.12 show the effect of the 

various parameters on the stiffness of the slab. It is obvious that 

the stiffness of slab is significant for values of L/X less than 

about 0-3, and the influence of slab stiffness increases with increase 

of the ratio Y/X. For an end bay'with wall thickness equal to that 

of an interior bay the stiffness of such a slab is found to be 47% 

of that of an interior panel. This value is compared with the 54% 
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suggested by Tso and Mahmoud and the 42% suggested by Qadeer and 

Stafford Smith. A comparison between the bending stresses and 

twistiqg stresses is shown in Figure 4.13. The effect of the 

various walls and slab parameters on the maximum bending stress 

and deflection is given in Figures 4.14 - 4.17. 

4-3.2 Slab and T-section coupled walls configuration 

It was found during the analysis of the planar coupled walls 

that the change in the thickness of the wall leads - specially in 

the case where L/X < 0.3 - to a significant change in the stiffness 

and effective width of the slab, so it was obvious that by using 

T-section coupled walls both the stiffness and the effective width 

of the slab will increase depending on the width of the flang of 

the T-section wall, as shown in Figure 4.18. The design curves 

and the effect of the various dimensions on the stiffness of the 

slab are shown in Figures 4.19 to 4.24. The finite element method 

tends to give higher values for the stiffness of the slab than those 

obtained experimentally by Coull and El Hag. The writer feels tha. t 

more experimental work is required for this particular case to assess 

accurately the effect of the local bending deformations of the 

T-sec tion flange and the effect of wall/slab thickness ratio. 

As in all the experimental work done by Coull and El Hag, and 

by Qadeer and Stafford Smith the walls were represented using rigid 

steel plates with either asbestos cement sheet or perspex sheet 

slabs which does not permit the flange deformation due to local 

bending moments. Figure 4.25 gives a comparison between the bending 

stresses of the planar coupled shear wall configuration and the 

T-section configuration. 
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4.3.3 Slab and box core walls configuration 

For this configuration which is shown in Figure 4.5d the 

calculations have been carried out for slab dimensions Y/X = 0.5 

and Z/X ratio = 0.2 and L/X ratio from 0.1 - 0.7. The stiffness 

of such configuration was found to be less than that of the 

T-section coupled wall confirguration by less than 2% for L/X 

between 0.2 - 0.7 and less than 7% for L/X = 0.1. The difference 

between the stiffness for the box core walls and T-section walls 

is due to the reduction of the local bending deformation of the 

flange because of the double walls support as against a single 

wall in the case of the T-section. 

4.3.4 Coueled planar and T-section walls 

Figures 4.26 - 4.29 show the results obtained for this type 

of configuration for flang/slab length ratios Z/X = 0.1 and 0.2 

and for Y/X = 0.5 and 0.75. In this situation, as in the case of 

the coupled T-section configuration, the local bending deformation 

of the flange may reduce the stiffness and the effective width of 

the slab. Although in this case the effect will be less than in 

the case of the coupled T-section. In fact, with the increasle. of 

the width of the slab the stiffness of the slab becomes Insensitive 

to the increase of the flange width 'ZI of the T-section wall. 
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CHAPTER FIVE 

AN ELASTO-PLASTIC ANALYSIS OF SLABS COUPLING SHEAR WALLS 

5.1 Introduction 

Prior to this study estimations of elasto-plastic performance 

of coupled. shear wall structures had not included investigation of 

complete wall slab structures. In this investigation the 'finite 

element' method is used together with the 'initial stress' technique 

to assess the performance of slabs coupling shear walls for t he 

post-elastic situation. 

The rectangular plate in bending element described in Chapter 

Three is used to. replace the slab by a finite number of inter- 

connected elements. For such an element it is difficult to 

represent both the steel and the concrete separately, the steel is 

assumed 'smeared' through the concrete. The calculations were 

carried out using the properties of the composite material. 

5.2 Elasto-plastic stress analysis 

In general the stress-strain relationship for the steel and 0 

concrete can be specified as shown in Figure 5.1. The concrete is 

assumed to behave in compression linearly up to the yield stress 

Oyc and then as a perfectly plastic ma terial. In tension the 

concrete is considered to possess only limited tensile strength 

Cy tc* 
The steel is assumed to behave linearly also until the 

yield stress a YS , and th en as a perfect plastic material, In this 

analysis the reinforced concrete material is assumed to have a 

performance similar to that of the steel with a uniaxial stress at 

yield ay for the composite material. 
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The method used in this study is one in which an elastic body 

is constrained to behave as an elasti'c-plastic one by the imposition 

of self equilibrating internal forces. The elastic-plastic stress- 

strain equations used are the Prandtl-Ressu relationship where the 

Von-Mises yield surface is used for the composite material. This is 

given by: 

(Cy 1 -Cr2 )2 +i (a2 -cy 3 )2 + (03-CF1 )2 + 3a4 2+ 3CF52 + 3a62]1-a 

(5-1) 

This relation for the case of thin plate in bending reduces to: 

F(a) -a )2 + ja 2+ ja 2+ 3a 2]1 
-a-0 (5.2) 

xyxy xy yield 

Where ax, ay, a xy are the stresses as shown in Figure 5.2. 

a yield. 
is the uniaxial stress at yield. 

The particular method of analysis adopts the 'initial stress' 

concept. Figure 5.3 shows the process used applying this technique.. 

The current applied force is P and the change in the next increment 

Is DP. lf*DP is such as to reduce the absolute value of ý6 or if it 

makes the absolute value of ae less than the absolute value of 'a 
y then 

elastic behaviour results. On the other hand, if the current. stat6. js 

at A or E, as shown in Figure 5.3, and DP Increases the absolute value 

of ;e beyond ;y then plastic yielding occurs. In the first case, the 

excess'load to be redistributed is that corresponding to BC an-d in the- 

second case is the load corresponding to HG. In the computations 

these excess loads are merely added in as internal self-equilibrating 

loads at the element nodes in the next cycle of iteration. The 

effect of these loads Is to cause increased deformations. For a load 

increment the stress-strain behaviour during the elastic-plastic 

deformation can be expressed as: 
I 

fda) = [D ý* fdc) (5-3) 1 eI 
I 
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where d(e) is the total Incremental strain composed of elasti'c 

and plastic strains and is given by: 

d{c) = (del + (ep) 

in which [de e) is the elastic strains vector as described in 

. 
Chapter Three and 

d{cp) aF i-a') 

X is a proportionality constant for the material, 

[D 
ep 

J* is the elasto-plastic matrix relating the stresses and 

strains In an incremental loading and is given by: 

(5.4) 

(5-5) 

- -1 M{- B(F BýF aFý 
r a I- 

{aaF 3{ 
IT [D] T) 

T ED] [A 
+ (5.6) [Dep] IDJ 

)T(Tý T ca a 

From equation (5-3) it can be seen that when the material reaches 

the plastic stage an elasto-plastic matrix instead of the elastic 

matrix has to be used to relate stresses and strains (Zienkiewicz 1971). 

The elasticity properties are used In the initial stress method 

repeatedly and then making an adjustment in the stresses by 

successive corrections so as to reproduce the actual stresses which 

W ould have been obtained using an elasto-plastic matrix. 

5.3 Outline of the computational process 

For a typical load increment the main steps required can be 

described as follows: 

1. Apply load increment and determine elastic increments of 

stress fA ail) and the corresponding strains {A el'). 

2. Add {A ail) to stresses at the start of increment {ao) to 

obtain 

The effective stress F(al) Is calculated from these stresses 

and checked to see whether the element has yielded, that is, 
I 
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whether F(a') has exceeded the yield stress of the material. 

If F(a') is less than* the yield stress then only elastic 

strains occur. 

If F(Zi) >, 0, that is, if the element has yielded, then the 

actual stresses due to non-linear stress-strain relationship 

using the elasto-plastic matrix would be: 

(A al I= CD 
eýac0 

(5-7) 

with EDpj* computed from equation (5.6) with stresses fall. 

The stresses which have to be supported by body forces (the 

Initial stresses) are: 

(A cy i")= {Aall) - (Acyll (5.8) 

The current stresses would be: 
I 

{ cr I- (cr I)- C& a, "1 (5-9) 

and the current strains: 

(ell Mell) 

5. If F(cy) >0 but F(ao) <0 find the 

at which yield begins, and compute 

equation (5.6) starting from that 

6. The initial stresses are converted 

forces by: 

(5-10) 

intermediate stress value 

Increment (A al) by 

point and t hen to to step 

into the equivalent nodal 

lp) 
e. r [ej T (A a, ") d(vol) 

where {P )e is the Initial load vector for element due to lp 

plasticity. 

For the next iteration the structure is resolved using the 

original elastic properties and the load system {P) to find 
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the stresses {A o2ll an d the strains {A C2')- These stresses, strains 

and displacements are then added to their current values. 

Steps 2 to 6 are then repeated until convergence is obtained, that is, 

within the same increment of load f9r every iteration and equilibrating 

body forces are compared with the respective forces obtained during the 

first iteration. If they are negligible this means that statical 

equilibrium has been achieved. If,.; the convergence is not obtained in a 

reasonable number of cycles of iteration then a collapse condition is 

deemed to have been achieved and the., process is stopped. Full details 

of this method are given by Nayak and Zlerkewicz (1972). Figure 5.4 

shows the application of the method to the analysis of slabs coupling 

shear walls and theoretical values obtained using this method are compared 

with the results obtained experimentally for the 1: 3 scale model 

described in Chapter Two. 

In the theoretical analysis employing the rectangular plate elements, 

a value of 50 per cent of the uniaxial stress (6 
y) at yield of the 

composite material was used. This was calculated to be appropriate for 

the reinforced slab sections of the 1: 3 scale model. 

Two alternative approaches to the solution of the elasto-plastic 

problem were considered. In one case the depth of section on the tension 

side of the neutral axis was reduced once the limit tension stress of the 

concrete had been reached. In the second case once the slab structure 

reached yield then only the steel on the tension side and steel and 

concrete on the compression side were Included In the post-elastic 

analysis. Unfortunately neither of these two methods gave a solution 

which converged satisfactorily in a reasonable number of Iterations. 
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CHAPTER SIX 

THEORETICAL AND EXPERIMENTAL RESULTS 

6.1 Introduction 

A proportion of the experimental and theoretical results 

obtained during this study are given In Chapters 2,3,4 and 5. 

Additional curves and results are given in Appendix I of this 

text and a comparison of some of the experimental and theoretical 

results is given in Chapter 7 along with the discussion of the 

results. For each model tested, the horizontal deflections of 

-the Walls and strain distribution in the floor slabs are given 

in graphical form for both the elastic and elasto-plastic 

-behaviour. For the 1: 3 scale model the deflections of the 

floor slabs are also given. 

The theoretical and experimental defl6ction and strain 

distributions are given for a point lateral load for the three 

models tested. Limitations In power output of the available 

actuator prevented a rigorous dynamic test programme but the 

response curves for the 1: 25 scale 13-floor model are given In 

Chapter 2. A comparison between the theoretical and the 

experimental results for the natural frequencies and estimation 

of damping is given in Chapter 7. 

6.2 Experimental results 

The experimental values of the deflections and strains for 

every model are given with the best straight line drawn through 

the plotted resul ts. Due to the I Iml ted 'abi II ty of concrete to 

sustain tension, the low strain static tests, especially for the 

- 183 - 



I to 25 scale models, had to be conducted with limited deflections 

of the structures of the order of about 2mm. This resulted in 

relatively small experimental readings for deflection and strain 

increments. Measures were taken to correct the readings of the 

strain gauges due to change of temperature and humidity as 

described in Chapter 2. 

The dynamic response curves foe the 13-floor 1: 25 scale 

model are plotted for the full range of frequencies considered 

and the peaks corresponding to the natural frequencies of the 

structure are clearly marked. For the cyclic load tests on the 

models the force-deflection cycles for a few significant points 

on the model are given. The force-strain cycles for the strain 

in the slabs are also given. 

6.3 Theoretical results 

Both the finite element method and the continuous connection 

technique described in Chapter 3 were used to compute the 

deflections and strains of the shear walls and the floor slabs of 

the three models described in Chapter 2. Although In both methods 

any type of load can be applied, the models were subjected only to 

point loads. The width of the floor slabs which was considered to 

act as deep beams spanning between the walls was calculated using 

the curves presented In Chapter 5. The theoretical results obtained 

are compared with the experimental results In Chapter 7. Curves for 

the effective width of slabs coupling different configurations of 

shear wall structures are presented In Chapter 5. Theoretical 

estimates of natural frequencies and percentage of critical damping 

for the 13-storey model were determined using a value of the dynamic 

modulus of elasticity obtained as described in Chapter 3. 
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CHAPTER SEVEN 

DISCUSSION 

7.1 Comparison of results 

By the, use of small scale models the overall failure mechanism 

of a laterally loaded shear wall buil. ding with vertical superimposed 

loading has been found experimentally to consist of a combination of 

shear and flexure cracks. The action of the floor slabs in the range 

of working stresses, both at large and small scale, have been found 

both theoretically and experimentally. In the elasto-plastic range 

the action of floor slabs connecting planar shear walls has been 

assessed both experimentally and theoretically and the failure pattern 

of such slabs has been studied. The photographic record in 

Appendix III shows cracking initiated at the points of the walls and 

later cracks radiated from this region. 

It was found from the experimental investigations described in 

Chapter 2 and the theoretical investigations obtained by employing 

Fortran and Algol computer programs for the methods described in 

Chapter 3-, that generally good agreement has been obtained between the 

theoretical and experimental results. 

7.1.1 Deflections 

Comparison of the theoretical and experimental values of 

deflection for ihe three models used in this analysis show that 

the methods of analysis presented in Chapter 3 yield results of 

sufficient accuracy for application of the method in practice. 

In fact the finite element analysis shows a more accurate result 

than those obtained using the 'continuous technique method. Figure 7.1 
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shows the results of the theoretical analysis for lateral deflections using 

the two methods of analysis for the 13-floor 1: 25 scale model. The experi- 

: mental readings obtained for the model are plotted on the same graph to 

enable the comparison. It is worth noting (Figure 2.10) the stiffening 

effect of increase in vertical loading on the 13-storey 1: 25 scale model. 

It is thought that this is due to a combination of a slight increase in 

lateral restraint of the model by the vertical tie rods and increases in 

internal frictional forces between'the micro-concrete particles tending to 

effectively increase the modulus of elasticity of the material. 

In Figure 7.2a a compaýison between the theoretical results of 

deflection of the slab-wall contact point using the finite element method 

and the experimental results obtained for the 1: 3 scale model shows close 

agreement. Similar theoretical results were obtained for the 1: 25 scale 

9-storey model. Additional theoretical results are given in Appendix 1. 

7.1.2 Strains and stresses 

The experimental strain distribution in the slab connecting coupled 

planar shear walls is given in Chapter 2 and Appendix 1. The comparison 

between the theoretical results obtained from the finite element analysis 

and the experimental results of the-1: 3 scale model Is shown in Figure 7-3. 

From the Figure one can see that a reasonable accuracy can be achieved in 

determining the strains in the coupling slab using the program described 

In this report. The stresses in the shear walls were calculated theoret- 

Ocally and the results are given in Appendix-1. 

7.1.3 Dynamic analysis 

The dynamic analysis of shear wall buildings allows assessment of 

the building natural frequencies, mode shapes and the probable response 

of the structures for both normal design wind speeds and severe earthquake 

loading. From these analyses maximum probable stresses in both working 

range and in ultimate conditions can be found and an assessment of the 

acceptabitity to' the occupants of the building to their dynamic motion 

In wind storms can be made. 
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The experimental procedures allow, in addition, values of 

structural damping to be found. it is interesting to examine 

the effect of vertical loading on the dynamic response of the 

structures since it is often difficult to estimate the super- 

: imposed loadings likely to be present In a structure in advance 

of any event which may produce vibration of the structure. 

Damping tends to decrease with increasing vertical load for the 

same amplitude of vibration and the effects of added mass and 

vertical load tend to reduce natural frequency of oscillation in 

horizontal nodes. Table 7.1 shows a comparison of the results 

obtained for the natural frequencies and damping of the 13-floor 

model with no vertical loading applied, while Table 7.2 gives the 

same results for a vertical load of 5 kN applied to the model. 

Additional mass - of channels, load cells and the tie nodes - was 

added to the model for application of the vertical load as well 

as the prestressing which effecttve)y increased the dynamic modulus 

01f elasticity to 39.3. kN/MM2. 

In the X direction Torsion 
Natural 
Frequencies Exp. Theor. Exp. Theor. 

11.2 13.5 16-75 17.5 

Damping 1.8% 2.3% 

TABLE 7.1 COMPARISON OF DYNAMIC RESULTS WITH NO VERTICAL LOAD 

In the X direction Torsion 

Natural 
Frequencies Exp. - Theor. Exp. Theor. 

lo. 6 10.63 13.8 12.4 

D amping 1.4% 1.5% 

TABLE 7.2 COMPARISON OF DYNAMIC RESULTS WITH VERTICAL LOAD 5kN 



7.2 Effective slab widths 

In Chapter 5 the effective width of stabs coup] Ing various wall 

shapes were presented and the effects of the different wall shapes and 

thicknesses on the effective slab widths and structural stiffness were 

given. In the analysis of the models mentioned above and described in 

Chapter 2, the effective slab widths derived theoretically were used to 

find the theoretical response of each model. It can be seen from Figure 

6.1 that fairly accurate comparisons were obtained. 

7.3 Elasto-plastic analysis 
.I- 

Prior to this study estimations of elasto-plastic performance of 

coupled shear wall structures had not included Investigations of complete 

wall-sla& structures by theoretical means., and experimental investigations 

had been limited to small scale structures. The theoretical results and 

experimental method presented in this study allows designers to assess 

with reasonable accuracy the likely performance of a proposed or existing 

structure if it is subjected to cycles of elasto-plastic behaviour. 

The elasto-plastic tests results for the three models, given In 

detail in the Figures, are summarised In Table 7.3. From these results 

it is apparent that for the overall structures a ductility (i. e. ratio of 

maximum deflection to deflection at yield) In excess of 4 can be readily 

achieved, a value which is considered by many authorities to be a minimum 

ductility requirement for structures built in zones subject to strong 

ground motion. To achieve such an overall structural ductility much 

higher ductility is required of component parts of buildings, and here 

again It has been shown at large scale that for the critical regions where 

slabs couple walls that ductilitles in excess of 12 can be obtained if 

care Is taken in detailing the reinforcement. Other data which Is 

- ... obtained from the elasto-plastTc tests concerns the stiffness degradation 

of the structures as cycling progress*es. and the energy absorption capacit- 

ý: Ies of the structures. This data can be used to assess both the 

strength potential of a structure subject to single large shock loadings 
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Max. ductility CE CLU KI KK 
kN)mm k Model factor -D kN/own/kg N/kg kN/mm lcý3inm I 

h: 25 scale 6 0.44 72.6 1.25 1.18 1. A 1.0 0.84 
r. 9-storey 

1: 3 scale 12.8 0.78 11.4 76.9 26.1 15.6 19.9 2-storey 

C Energy absorbed dur-Ing cyclic load tests/mass of test unit E 

C LU, Maximum load applied/mass of test unit (N/kg) 

D= Maximum overall ductility of test unit - maximum deflection 
yield deflection 

KI= Stiffness of test unit for. lo ading I In kN/mm 

TABLE 7'3 SUMMARY OF ELASTO-PLASTIC RESPONSE DATA FOR THE 9-STOREY 

AND 2-STOREY MODELS 

and tFi'likely response of a structure forced to cycle elasto-plastically 

for a number of oscillations. In general, the areas enclosed by the 

elasto-plastic load deflection curves Indicate a considerable capacity 

to absorb energy with the structures retaining considerable stiffness 

for a number of loadings. This Is borne out by the high percentage of 

the Initial stiffness retained by the 9-storey model as shown In Table 7.3. 

It should be noted that part of the energy Input to the 2-storey, 1: 3 

scale model is used to overcome frictional forces at the support rollers. 

7.4 General discussion 

Generally In any zone requiring earthquake or hurricane resist- 

: ance a minimum overall structural ductility of 4 Is usually essential. 

To achieve this the ductility requirement of the connecting beams or 

slabs Is greatly in excess'of 4. For both working stresses and 

ultimate load conditions the action of the floor slabs or coupling 

beams is such that bending stresses at ýhe junction with the walls may 

-,. be, positive or negative, thus requiring both faces to be reinforced to 

:., resist lateral deflections of- the structure In addition to normal positive 

bending moment from gravity floor loading. 
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In practice bending of the floor slabs may be caused by gravity 

loads, differential settlements, lateral deflections and torsional move- 

: ments of buildings. The combiýed effects of these actions must be 

considered in assessing the requirements of floor slabs or coupling beams. 

Torsional movement can be caused by eccentricity of structure stiffness, 

mass or loading and can result in wall and slab stresses of equal 

magnitude to the usual bending and vertical stresses, especially in 

severe dynamic conditions. 

The overall structural analyses used in this study are suitable 

for buildings where the walls are continuous throughout their height 

and care must be taken if construction joints are present. These 

c. onstruction joints may affect the stress distribution especially In 

elasto-plastic conditions. Such construction joints are often a 

haxard in extreme conditions of lateral load since relative horizontal 

movement can occur at these joints, resulting in reduced building stiff- 

: ness and degredation of a structure. 

During this study, models were tested using various vertical 

loadings varying from zero to that corresponding to maximum probable 

vertical building loading. The effect of the vertical load in the 

range of working stresses is to reduce the overall deflections of the 

structure and reduce the stresses In the floor slabs. In the post- 

elastic range the absence of Imposed vertical loading tends to allow 

rapid flexural failure, especially If there Is no torsion of the 

structure. If a substantial vertical loading Is applied more cracking 

Is encouraged and hence greater ductility is achieved before failure of 

the structure as is generally the case In practice. 

I 
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CHAPTER EIGHT 

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

8.1 Conclusions 

1. Theoretical solutions of complete muiti-storey shear wall 

buildings and theoretical solutions for coupled shear walls 

have been presented. The theoretical analyses are based on 

both the continuous connection method and the finite element 

techniques. The effects of the vertical uniformly 

distributed load and the effective width of the slabs 

connec. ting the shear walls, as given in Chapter 5, have been 

considered. 

The continuous connection method can be applied to both two- 

dimensional and complex three-dimensional systems. If the 

buidling Is uniformly loaded and consists of several identical 

I 
coupled shear wall load bearing units only, the analysis using 

the finite element method Is performed directly. In this case 

the structure can be treated as a two-dimensional coupled ýhear 

wall. 

The finite element analysis as described In Chapter 3 can be 

applied to symmetrical and non-symmetrical coupled shear walls 

with any number of openings. 

2. Comparlson of the results from theoretical analysis and the 

results obtained from elastic tests on the models described In 

Chapter 2 show that the theoretical methods presented can be 

used to produce accurate values of stresses and deflections for 

two-dimensional coupled shear walls and for three-dimensional 
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multi-storey shear wall buildings subject to any system of 

lateral loading. 

Comparison between the dynamic test results obtained for the * 

1: 25 scale 13-storey model and the theoretical dynamic analysis 

shows that the method can be used for estimating, with sufficient 

accuracy for practical purposes', the natural frequencies of 

regular symmetric shear wall structures with and without super- 

: imposed vertical load. 

Agreement between the experimental and theoretical values for 

the effective widths of the slabs coupling shear walls is, in 

general, good when the wall openings are not small. The 

effecti ve width of the floor slabs derived from the experimental 

results, In the case of small wall openings, is less than that 

found theoretically. The difference is partially due to the 

fact that local wall deformations are not allowed for in the 

theory and partly to difficulties in obtaining exact values 

experimentally. As indicated in Figure 4.13, as the wall opening 

to the slab length ratio decreases the system becomes stiffer and 

the deflections are reduced. It was found, in general, that the 

stiffness of the slab is significant for small values of wall 

openings and large values of the slab width/slab length ratio. 

From Figures 4.13o 4.25 one can see that for the elastic range 

the large values of stresses are mainly concentrated in the parts 

of the slab close to the wall for the planar configuration. The 

use of T-section or box-type wall configurations assist in 

distributing the stresses over larger areas of the slab. 
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'The high strain cycle performance obtained from the reinforced 

concrete models suppo"rts the view that shear wall structures 

can be suitably designed to withstand severe earthquakes. This 

also shows that if care is taken in the design of the connecting 

slabs coupling shear walls, a stiffer, more ductile and 

economical structure can be achieved. 

Although the elasto-plastic theoretical analysis presented for 

the slabs coupling shear walls is a first step towards a more 

accurate analysis, one can use the theoretical results in 

conjunction with the experimental values to obtain a reasonably 

good assessment of the ductility of these slabs. 

In Chapter 1 it is shown that It is not only structural design 

i considerations which control the construction of tall buildings, 

but a number of additional concepts such as the sociological 

aspects and the human reactions to such buildings have to be 

catered for. 

8.2 Suggestions for future work 

I Although many papers and much work has been published concern- 

I 

Ong the theoretical and experimental analysis of shear wall buildings, 

there still remain a large number of problems which need to be 

thoroughly studied, and these Include: 

1. Theoretical elasto-plastic cyclic analysis for complete buildings 

subject to bending and torsional force, and also for the slabs and 

beams coupling the shear walls. This can be done, for example, 

by one of the step-by-step integration methods which can readily 

be applied in the finite element programme. 
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2. The effect of the type of the foundations - such as individual 

wall footings, rafts, cassions or pile foundations - and the 

effect of the strength of the foundation on the performance of 

shear wall buildings in resisting normal working forces, dynamic 

forces and severe forces which cause elasto-plastic deformations 

of the structure. 

The effect of very stiff services floors. 

The use of discrete steel and concrete elements in the finite 

element analysis to take into account the effect of the bond 

and bond length between the steel and concrete and to study the 

effect-of the cracking and the crack development in the post- 

elastic situations. 

Although the effect of the vertical uniformly distributed load ' 

on the building was studied In this work, still more is required 

to find the effect of applied superimposed loads, differential 

settlement anti differential temperature movements which may occur 

prior to active loadings. 

The effect of large vertical loads over only part of the height 

of the building, on the performance of the building for the 

dynamic, elastic and e lasto-plastic conditions. 

The effect of steel to concrete ratios and the steel arrangements 

In walls and beams on the overall structural performance. 

The effect of non-structural units and-materials on the static, 

dynamic and elasto-plastic behaviour. 
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Possible use of units combining fibres and normal reinforcement 

in the concrete to assist in crack prevention and to improve the 

elasto-plastic structural performance. 

10. Performance of structures which have been damaged and subsequently 

repaired using epoxy resin pressure grouting, sprayed on glass 

fibre reinforced cement or steel fibre reinforced cement. The 

performance of structures repaired by any of these means would 

have to be studied at a range of damage conditions and account 

taken of the number of cycles undergone in elasto-plastic range 

when initial occurred. Aging effects on epoxy repairs, steel 

carbon and glass fibre reinforced units must also be studied to 

assess their durability and long term properties. 

11. Study of the amplitude dependance of damping and frequency of 

oscillation and the effect of Tuned Mass Dampers to minimise 

oscillations of tall structures in wind storms. 

12. The isolation of tall buildings from ground borne vibrations 

using, for example, rubber pads or steel rollers. 

13. Experimental work to determine the effect of local bending 

deformations at wall/slab intersections on the performance 

of coupled shear wall systems. Such experiments are especially 

needed for the cases where the walls are T-section of box tyPe. 

14. The effect of construction and expansion joints on overall and 

local st ructure performance. 

15. Examination of local slab stresses and the effects of stab/ 
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wall thickness ratios. 

16. Demolition of tall buildings. 
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1. INPUT OF DATA 

In a finite element program four fundamental sets of data 

are required. These sets consist of data specifying the geometry 

of the idealised structure, its material properties, boundary 

conditions and loading details. 

1.1 Details of the geometry 

The nodes of the idealised continuum are assigned numbers as 

economically as possible i. e. always numbering in the shorter 

direction as shown in Figure 1. This system of numbering ensures 

minimum band width for the matrices. The data required for the 

computer are: 

NXE Number of elements along the x direction. 

NYE Number of elements along the y direction. 

W Half band width (equal to the maximum difference 

between non-zero degrees of freedom in any element 

of the continuum. 

NN Number of nodes (total). 
I 

NOD Number of element nodes. 

AA, BB Element dimensions in the x, y directions. 

1.2 Details of boundary conditions 

Boundary conditions can be applied either during element 

generation or by modification of the simultaneous equations Immed- 

: lately prior to solution. In this analysis the first method is 

used as follows: 

Associated with each node are degrees of freedom which are 

numbered in the same order as the nodes. in the example shown 
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in Figure 1 each degree of freedom with zero denoting a free 

degree of freedom and aI denoting a fixed degree of freedom. 

This information about the degrees of freedom present in 

specific problems is stored in array CNF] which has NN rows 

and NODOF columns. The data input required are: 

RN Number of restrained nodes. 

.. NL Number of loaded nodes. 

NODOF Number of degrees of freedom per node. 

DOF Number of degrees of freedom per element. 

1.3 Material properties 

The material properties may vary from element to element 

so that it is convenient to give each element a number and to 

read in separately the information that describes element properties. 

The material properties required are: 

v The Poisson's ratio of the material of the structure. 

Young's modulus of the material. 

RHO Density of the material . 

HI Thickness of the element. 

1.4 Loading details 

This includes both the external forces and body forces. The 

external loads may be read in as a single vector while body forces 

are included using a special routine to generate the load vector. 
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Da ta read Resulting NF array 

2 

3 4 

3 0 0 
6 5 6 

9 7 8 

10 1 0 0 

11 1 9 10 

12 1 11 12 

0 0 

13 

0 14 

0 

TABLE 1 

2. BUILD UP OF THE NODE FREEDOM ARRAY 

The node freedom matrix is introduced to reduce the storage 

space required for the overall stiffness and mass matrices. The 

terms corresponding to the restrained degrees of freedom are 

omitted-from the matrices using the node freedom array. The 

nodal freedom array CNF] is formed by specifying the number at any 

node which is restrained in some way, followed by the digit I if 

the node is restrained in that sense and by the digit 0 if it Is 

not. The array is built up in this program using a procedure 

FORMNF. For example the data read and resulting [NF] array for 

the problem shown in Figure 1 are as shown in Table 1. 
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3. BUILD UP OF THE ELEMENT STIFFNESS MATRIX 

After normalizing the local coordinates for the element as 

indicated in the last chapter, the local coordinates Q, n) are 

then related linearly to the global (x, y) coordinates as follows: 

+Nixi+Nkxk 

Ny+NN4+N i Yj + 

In a matrix form this becomes: 

xxxXk 

y Yi Yj Yk 

or 
I xy I= 

[COOR D]T [FUNj 

xN 

yx N 

Nk 

LNIJ 

gT where the CFUN matrix for the quadrilaterial Is given by: 

[FUNj T E( 1-00 noo-&)(1+4ý +0 (1+6+, n) 0 

The matrix EDER] in the program represents the gradients of shape 

function quantities: 

'aFUN' 
0 -n) 0 +0 0 +rl) 0 -n) 

[DER] 
a FUN 
an0 -0 0 -E) 0+0 - 0+0 
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As . the properties of elements involve integration of [FUN] and 
[DER] over the element area the present work uses Gauss's rule 

to carry out all the integration required where the functions 

being evaluated and summed at nine points within the element 

area as shown in Figure 2. In applying the numerical integration 

for the rectangular element the integral: 

11 
If (t, 

Ti) dý dn 

becomes: 

nn 
EEH. H. f 

i=l j=l Ij 

where Hi, Hi are the Gaussian multipliers. 

The double summation can be readily interpreted as a single 

one over (nxn) points i. e. over (3x3) points in our case. The 

coordinates of these points and the relevant multi pliers are 

stored in an array [SAMP: which is formed by procedure THREEPOINT. 

The values of the element functions and of their derivatives are 

treated at the nine sampling points in turn by procedure FORMLIN 

in terms of local coordinates (&, 11). To transform to*the global 

(x, y) system it is then required and involves the Jacobian matrix,: 

ax aa 
at ax ax 

[JACJ, 00, 

ax ay aa 
an an 

L 
ay ay 

i 

This results In the gradiants of element functions with 

respect to (x, y) being held in matr*ix CDERIV]. 

The inverse CJACI] and the determinanent DET of the Jacoblan 

matrix can be calculated using procedure TWOBYTWO- 
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FIG. 2 INTEGRATION POINTS FOR n =3 
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Following that the matrix m which relates the strains and b. .6 

displacements can be created using procedure FORMB while the matrix 

[D] which relates the stresses and strains can be created using 

procedure DPSTRN. The element stiffness, as shown in Chapter 3 is 

given by: 

[k m] 
fI 

CB] T [D] [B] d (vo I 

jj [Bb§ Dj d (vo I) 

But in the computations the integral is replaced as indicated by 

a double summation over the Gauss points. 

33 
[km] = DET EZk1kV BTDB ij W J=l 

where kI and k2 are the Gaussian multipliers held in [SAMP] 
. 

ASSEMBLY OF ELEMENTS (STRUCTURE STIFFNESS MATRICES) 

To form the desired continuum approximation from the individual 

elements one should specify the geometrical details of the problem - 

beside all the details described before. 

Using procedure geometry which can be constructed using [NF] 

together with (NXE, NYE) and their sizes (AA, BB) the procedure works 

out the nodal coordinates CCOORD] of each element together with 

vector [G] which contains the degrees of freedom associated with 

that particular element 'E In Figure 1 has the vector: 

T [7 8569 10 11 12] 

Then we use {Gj to assemble the coefficients of the element property 

matrices such as into the appropriate place in overall coeffi- 

: cient matrix using procedure FORMKVEC. Because the nodes are 

numbered in. a careful manner, the non-zero terms in the assembled 
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stiffness matrix [BK] will be concentrated in a narrow band 

situated adjacent to the leading diagonal. This fact combined 

with the symmetrical nature of [BK] means that only a relatIvely 

small proportion of the matrix is of real interest. Using this 

fact gives a reduction in the computer store as well as in the 

arithmetic. 

Figure 3 shows the original stiffness matrix with its 

rectangular presentation, while Figure 4 shows an example of the 

arrangement in storage using one-dimensional vector. Procedure 
I 

FORMRVEC stores the coefficients of [BK] by column as a vector. 

The assembly procedures use the half band width w- which 

can be calculated from the maximum difference between non-zero 

degrees of. freedom in any element of the continuum - as Input 

when utilising banding. 

FORMATION OF THE LOAD VECTOR 

No special procedures are used in forming the load vector. 

The external point loads are directly act on the nodes. No 

distributed loads are considered in the analysis. 

To calculate the internal forces on the nodes due to thel 

. residual forces in the ground springs the initial stress method 

is used as explained in Chapter 3 and the loads act also on the 

nodes. 

6. SOLUTION OF EQUATIONS 

The equilibrium equation Is given by: 

[BK]id) = (F) (7) 

so that by determining matrix CBK] (the stiffness matrix) and the 
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load vector {Fj the displacement vector can be calculated. Two 

methods of solution can be used to get the value of {6}: 

(a) Direct solution 

(b) iteration solution 

In the present program the Gauss elimination method Is used 

for direct solution of the equilibrium equation. 

Three procedures are used to perform Gaussian reduction and 

forward and backwardsubstitution. 

Procedure BARED is used to reduce the symmetrical band matrix [BK3 

(stored by column of length N) by Gaussian reduction. 

Procedure BACKBONE is used to perform forward Gaussian substitution 

on the reduced symmetrical band matrix [8K](stored 

by column). 

Procedure BACKTWO is used to perform backward Gaussian substitution 

on the reduced symmetrical band matrix [BK](stored 

by columns). 

7. OUTPUT OF RESULTS 

Having calculated the values of {61 the nodal displacements are 

printed by procedure PRINTVECTOR. Once the nodal displacements have 

been determined the stresses at any point In the element. can be found 

fr(xn the relations: 

(C) = [81 {6) 

(a) = CD3 {c) 
[D] [B] {6) 
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13-STOREY MODEL UNDER CYCLIC LOADING 

III -2 9-STOREY MODEL UNDER CYCLIC LOADING 
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III -3 STRAIN GAUGES IN THE 9-STOREY MODEL 

III - CRACKING IN THE WALLS OF THE 1: 25 SCALE MODEL 



III - SLAB DEFLECTION FOR THE 1: 3 SCALE MODEL 

III - CRACKING IN SLAB I 
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III - CRACKING IN SLAB I (MORE CYCLES) 

III - CRACKING IN SLAB 2 
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