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Abstract 

ABSTRACT 

Earthquakes present one of the most devastating hazards on the planet. They threaten 

the safety of civilians in seismically active regions, and are of extreme concern in 

applications that demand a high level of safety, i. e. the nuclear industry. However in 

nearly all cases, the fatalities that occur are as a result of the collapse of man-made 

structures. Hence the problems facing Civil Engineers who are concerned with seismic 

mitigation is evident. The dynamic behaviour of their structures must now be accounted 
for in the design. As our knowledge broadens, structures can, and are being designed to 

be earthquake resistant. However there are many buildings still standing in seismically 

active regions which have been designed for static load cases only, or are now of 

substandard design. 

Seismic engineering research and application has progressed rapidly over the last few 

decades, not least in part due to the evolution of computer technology, and our ability to 

produce computer models which aid us in the design and analysis processes. Hence the 

research presented focuses on the global behaviour of a typical statically designed tall 

reinforced concrete building. 

A literature review has been performed to investigate current mathematical and 

experimental work which has been carried out with regard to reinforced concrete 

structures under seismic/cyclic loading. The main point to note from this is that most of 
the current research has focussed on local behaviour rather than overall global response. 
The majority of models incorporating global 3D finite element modelling using time- 
history analysis are being created in the Nuclear Industry. 

After verification work, the ANSYS general purpose finite element computer package 
has been used to analyse a statically designed 10-storey reinforced concrete building 

(designed to the rules of BS8110) for static, modal and time-history analyses under a 

typical (synthetic) earthquake. Certain features have been incorporated in the model 

with the foresight that these might cause problems under dynamic loading (i. e. soft- 

storeys). The global response of the building has then been investigated, backed up with 

supporting'hand calculations. 
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Abstract 

A 'margins' assessment was carried out mainly on the columns to the requirements of a 
static code. This enabled the identification the problematic areas of the building, giving 
insight into the collapse behaviour and possible areas where design upgrade, attention to 

workmanship or retrofit may be required. In this process the potential for redistribution 

and overload capacity of the structure is also demonstrated. 

In conclusion, a number of suggestions for future work using global response models 
are made, and the benefits of using the global model approach adopted are discussed in 
detail. The global response, as opposed to local effects are captured providing insight 

into the potential for partial or total collapse. 
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Chapter I Introduction 

CHAPTER 1 INTRODUCTION 

Background 

The collapse of structures due to sudden dynamic transient load effects such as 

earthquakes are considered as one of the most serious problems which face civil 

engineers around the world today. The earthquake is considered as the independent 

natural phenomenon of vibration of the ground and becomes a dangerous phenomenon 

when it is considered in relation to structures. Many earthquake related disasters are due 

to the failure of important man-made structures such as multi-storey reinforced concrete 
buildings. These types of buildings are vulnerable to failure during earthquakes due 

mainly to their structural form and properties. 

Earthquakes present one of the most devastating hazards on the planet. They threaten 

the safety of civilians in seismically active region since the collapse of tall reinforced 

concrete buildings suddenly due to earthquake loads can result in a catastrophic loss of 
life. In recent years, seismic regions have extended to new parts of the world, which has 

led to an increase in seismic hazard for people in many areas which were thought 

previously to be low risk. Reinforced concrete structures constitute the common types 

of construction for some of these areas (such as the Mddle East area which includes 

Egypt) due to the abundance of reinforced concrete material resources. Although these 

areas are now prone to seismic activity, the design of multi-storey RC buildings is still 

carried out in accordance with the static design codes. In general, the countries which 
are situated in these areas contain many RC buildings which have been designed for 

static load cases only, and are now possibly of substandard design. Consequently, the 
interest and research into the behaviour and analysis of existing multi-storey reinforced 

concrete buildings (which were designed according to the static design codes) under 
dynamic action such as earthquakes has seen an increase in recent years due to failure of 

such structures under seismic loads. 

In recent decades, earthquakes having an intensity range from moderate to high were 

occurred in Egypt. In 1988, a detailed presentation of the regulations for earthquake 
resistant design of RC bufldings was published by the Egyptian society for earthquake 
engineering. In 1989, the simplest form of these regulations (depending mainly on static 
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Chapter I Introduction 

analysis and design) was included in the Egyptian code for the design & construction of 

reinforced concrete buildings. The standard seismic analysis and design of buildings is 

limited for the structures of particular importance to the community that require a more 

exact analysis. 

Many years ago research has begun regarding the seismic engineering field and much 

research has been carried out since to study the effects of earthquakes on tall reinforced 

concrete buildings with regard to their dynamic behaviour. These studies yielded useful 

results, which could be subsequently, used in seismic design. The incorporation of 

seismic design procedures in building design was first adopted in a general sense in the 

1920s and 1930s, when the importance of inertial loadings of buildings began to be 

appreciated. In the absence of reliable measurements of ground accelerations and as a 

consequence of the lack of detailed knowledge of the dynamic response of 

structures, the magnitude of seismic inertia forces could not be estimated with any 

reliability. Typically, design for lateral forces corresponding to about 10% of the 

building weight was adopted. 

By the 1960s accelerograms giving detailed information on the ground acceleration 

occurring in earthquakes were becoming more generally available. The advent of 
design philosophies, and development of sophisticated computer-based analytical 

procedures facilitated a much closer examination of the seismic response of structures. 
In recent years the evolution of computer technology has advanced to the stage where 
the finite element method (through codes such as 'ANSYS') can realistically be used to 

model full-scale buildings and subject them to a variety of loads, including seismic. 
Modelling through a detailed finite element discretisation of the structure can provide a 

more realistic representation of the actual seismic behaviour of RC buildings (which 

cannot be readily obtained through experimental testing). 

1.2 Research Objectives 

Seismic risk mitigation is an essential requirement of contemporary structural 

design and assessment of existing structures, and seismic ground motions are a major 

cause for concern when considering their darnaging effects on multi-storey reinforced 
concrete buildings. The exact characteristics of the earthquake ground motions that may 

occur at a given site cannot be predicted vrith certainty, and it is difficult to evaluate all 
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factors affecting the complete behaviour of a complex structure such as these buildings when 

subjected to the earthquake. Nevertheless, it is possible to seismically analyse these 

buildings using FE and subsequently assess its seismic behaviour to understand the 

possible collapse mechanisms that may occur. Determination of the realistic collapse 

mechanism extensively contributes in improving the seismic performance of tall RC 

buildings and mitigation of the seismic risk. 

The designed mode of failure for multi-storey reinforced concrete buildings during 

earthquakes involves the formation of sufficient plastic hinges at the joints to produce a 

mechanism. Structural collapse mechanisms depend mainly on the deformation capacity, 
(ductility), location and number of plastic hinges in the structure. Plastic hinges may be 

designed to form at the end regions of nearly all beams in a high-rise building, causing a 

global sway mechanism for whole building. At the other extreme, plastic hinges may 

concentrate in a single storey at the two ends of all its columns, causing a 'soft-storey' 

or 'column-sway' mechanism. This mechanism accounts for numerous collapses of 

existing multi-storey framed buildings in recent earthquakes, and many examples of this 

exist. 

Hence, the main objective of this research is to determine the realistic collapse 
mechanism of an existing statically designed multi-storey RC building containing a soft 

storey using finite element analysis. The other objectives are as follows: 

1. Using the finite element method (ANSYS computer package) to develop a three 
dimensional model for the seismic analysis of statically designed structures such 

as multi-storey RC bufldings 

2. Perform an assessment to appropriate codes (i. e. BS81 10) to examine the 

relative performance of the building under a prescribed earthquake 

3. Identify the vulnerable areas of the buildings and study the effects of the 

structural members stiffhesses to improve the seismic performance of such 
bufldings 

4. Examine the damaging effects of the vertical component of the earthquake on 
the RC buildings 
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5. To examine any mitigating circumstances or conservatism inherent within the 

analysis and assessment of the model which may improve seismic withstand, 

and demonstrate that good static design can provide significant overload 

capacity (depending on the quality of workmanship & detailing provided) 

The implemented approach in this research for achieving these objectives is 

demonstrated throughout the next chapters as follows: 

Chapter 2 presents a complete review for the available previous works (which 

have been carried out experimentally or theoretically) concerning the static & 

dynamic analysis and design of tall RC buildings. Also this chapter discusses the 

implemented previous works for study of the complete seismic behaviour of 

multi-storey RC buildings global structures. It was noted that the previous & 

current research of the overall global seismic response are mainly focussed on 

the study of local seismic behaviour. The study of the global seismic response of 

multi-storey RC buildings constitutes the main objective of this research. 

Chapter 3 addresses the verification of ANSYS to be used to satisfy the 

objectives of this research. Not only does the findings of this chapter confirm the 

use of ANSYS for subsequent analysis, but many useful preliminary models are 

produced from which much about seismic behaviour in general has been learned. 

The results of these analyses are included in the chapter and Appendix I. 

Chapter 4 presents the static design (according to BS81 10) of the main models 

of the research (ten-storey RC buildings: FCTS & SCTS) and the calculation 

sheet is included in the Appendix IL Also this chapter presents the three- 
dimensional modelling technique of these models using the ANSYS program, 

and the linear static & dynamic analysis of the ten-storey RC buildings is 

discussed (the ANSYS input data batch file of the transient dynamic analysis of 
FCTS under both horizontal & vertical earthquake together is included in the 
Appendix III). 

Chapter 5 discusses and evaluates the structural assessment of the transient 
dynamic analysis results of the FCTS & SCTS model to determine the factors 

affecting the seismic behaviour and the possible collapse mechanisms of these 
buildings during the prescribed earthquake. A sample of the spreadsheet of the 
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assessment process for the models is involved in the Appendix IV. The resulting 

response spectra of these models under earthquakes are presented and verified 

using the analytical calculations that are included in the Appendix V. 

* Chapter 6 discusses the results of the seismic analysis & assessment of the 

models and examines the effects of some significant factors on the seismic 
behaviour of multi-storey RC buildings. 

* Chapters 7 contains the conclusions which were drawn fforn this research work 

and a number of recommended suggestions for the future work. 

In general, it is difficult to evaluate all aspects of the complete seismic behaviour of 

structures (such as multi-storey RC buildings) due to the complexity and number of 

parameters involved. However this research is focussed on the overall global seismic 
behaviour of high-rise RC buildings in order to provide both the seismic engineering 

research field and industry with a methodology for analysis & assessment which may be 

used reliably & conservatively to estimate global seismic behaviour. 
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CHAPTER 2 REVIEW OF PREVIOUS WORKS 

2.1 Reinforced Concrete 

Historical surveys of reinforced concrete reveals that this composite material 

was discovered as a construction material in the mid eighteenth century in France, 

England and United States of America. Throughout the entire period 1850-1900, 

relatively little researches were conducted to test this material theoretically and 

experimentally to understand its physical and mechanical behaviour in the construction 
field. In the first decade of the twentieth century, progress in reinforced concrete was 

rapid especially after determination the behaviour of structural elements of reinforced 

concrete such as beams, columns and slabs. Since the mid twentieth century, reinforced 

concrete has become the most important building material and much research still has 

been (and is being) carried out regarding its development. 

Understanding of reinforced concrete behaviour is still far from complete; building 

codes and specification that give design procedures are continually changing to reflect 
latest knowledge, Wang and Salmon, ref [I]. 

Reinforced concrete is a composite material consisting of concrete reinforced with steel 
bars. This material makes use of tensile strength of the steel & compressive strength of 

the concrete (concrete on its own has low tensile capacity) therefore providing an 

appropriate material for construction. Concrete, unlike any other structural building 

material, allows the architects and engineers to choose not only its mode of production, 
but also control its structural behaviour i. e. ductility & strength as well to resist the most 

onerous of loading effects. When architects and engineers specify a concrete structural 

system, they must also specify a multitude of variables, such as its strength, durability, 

forming techniques, hardening characteristics, nature and extent of reinforcement, 

aesthetics and much more, Ali, ref [2]. Reinforced concrete can be used for all standard 
buildings both single storey and multistory and for containment / retaining structures 

and bridges. 

Concrete has low tensile strength and a high compressive strength. The Steel 

reinforcement is provided to effectively overcome the deficiencies in the tensile strength 
of the concrete. So the reinforcing steel must have adequate tensile properties and form 
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a strong bond with the concrete since the concrete transmits load to the steel by 

longitudinal shearing stresses, in structures such as beams & columns. The bond is 

purely mechanical and arises from surface roughness and ffiction. 

The behaviour of hardened reinforced concrete is influenced by the properties of 

concrete and steel bars under the type of applied loading. This behaviour under static 
loading is well known and there are many different design codes around the world 
governing the behaviour of reinforced concrete structures to guard against sudden 
failure. In recent years, dynamic loading such as that which may be caused by 

earthquakes presents dangerous effects on reinforced concrete structures, potentially 
causing collapse. Much research has focussed on understanding the behaviour of 
reinforced concrete under such dynamic actions. 

This research is focussed on the behaviour of tall reinforced concrete buildings under 

earthquakes loads such that is types of common reinforced concrete structures found in 

many countries prone to seismic activity. The following sections present a review of 
previous research concerned with the behaviour of reinforced concrete structures under 
static and dynamic loading. 

2.1.1 Static & Dynamic Behaviour of Reinforced Concrete 

According to the type of loading, behaviour of reinforced concrete is divided 

into static and dynamic behaviour. The design codes which regulate the behaviour of 
reinforced concrete buildings are also divided depending on loading type into static 
codes (normal codes) such as B S-81 10, ref [3] and dynamic codes (modem codes) such 
as Eurocode 8, ref [4]. In general, the behaviour of reinforced concrete is mainly 
analysed and recognised based on the properties of concrete and reinforcing steel bars 

under loading, properties such as modulus of elasticity (Young's modulus) & Poisson's 

ratio in the elastic deformation zone and the ductility & strength in the inelastic 
deformation zone. 

Static Properties of Reinforced Concrete 

Determination of the properties of reinforced concrete material depends on the stress- 

strain curves for concrete and reinforcement. Fig. (2.1) and Fig. (2.2) show the ideaaed 
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stress-strain relationships for concrete and steel reinforcement according to BS-8110: 

partl, ref [3], for design purposes. There are two types of reinforcing steel bars, hot 

rolled mild steel bars and hot rolled high yield steel bars, the ductility of hot rolled mild 

steel bars is greater than hot rolled high yield steel bars. Table (2.1) shows the 

mechanical properties of concrete and reinforcing steel bars according to BS-81 10: 

part I, ref. [3], Kong & Evans, ref. [5] and MACGinley & Choo, ref [6]. 

0.67 fcu 
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Figure 2.2 Short-term design stress - strain curve for reinforcement 
(BS 8110: partl, ref [3]) 

S 

Figure 2.1 Short-term design stress - strain curve for normal-weight concrete 
(BS 8110: partl, ref. [3]) 
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Steel bars 

(In compression and tension) 
Concrete 

Mechanical properties (In compression) 
Hot rolled mild Hot rolled high 

steel bars yield steel bars 

Yield stress (NlrnrW) fy = 0.67f,,, / y. fy 250 fy= 460 

Young's modulus (KNInuW) - Ec = 20 F, 200 F, = 200 

Strain at yield cc,, = 0.0035 G. 0.00 11 F, = 0.002 

Poisson's ratio v. = 0.2 v, 0.3 v, = 0.3 

Note: y, is equal 1.5 for concrete and 1.05 for steel bars. 

Table 2.1 Mechanical properties of concrete and reinforcing steel bars 
(BS 8110: partl, ref [3]) 

The exact shape of the stress-strain curve of concrete is much dependent on its strength 

but for design purposes and practical use of concrete in the building construction, BS 

8110 idealizes the stress-strain curves of concrete and reinforcement as shown in Fig. 

2.1 and 2.2. Maximum compression stress in the concrete is given in the table (2.1) that 

the coefficient 0.67 takes account of the relation between the cube strength and the 

bending strength in a flexural member. The strain of concrete at yield that depends on 

the concrete grade remains constant with increasing load until a strain of 0.0035 is 

reached when the concrete fails. Young's modulus (EJ of the concrete is an important 

property in the elastic deformation zone since this property is a measure for stiffness, 

deformation and deflection of the concrete. The initial elastic modulus is approximately 

equal to 20 kN/mm2for concrete grade 30 N/mm2. Also Poisson's ratio (v, ), which is 

the ratio of the lateral strain to the associated axial strain of concrete varies from 0.1 to 

0.3 since the value of 0.2 is commonly used, MACGinley & Choo, ref. [6]. The yield 

strains of reinforcing steel bars at Yield stress of 250 N/mm2 is equal (0.0011) and of 

460 N/mm2 is (0.002) as given in table 2.1. 

Dynamic Properties of Reinforced Concrete 

Important properties of reinforced concrete such as Young's modulus, strength and 

9 



Chapter 2 Review OfPrevious Works 

strain limits under dynamic actions (dynamic loading such as earthquakes in this 

research) change to a greater or lesser extent, when compared with the corresponding 

values for static loading. This change is usually expressed as a function of the strain rate 

and in some cases also as a function of the stress rate. 

t da 
di ! LCF 

dt 

-ý : The strain rate 6: The stress rate 

The fatigue resistance of reinforced concrete is an important property when considering 
dynamic cyclic loading. The change in the fatigue resistance of reinforced concrete can 

also be expressed as a function of the strain & stress rate and the rate of loading. The 

strain rate rarely exceeds the limit value 0.1 s-1 in most normal cases of dynamic loading 

which result in moderate changes in reinforced concrete properties. In the cases of 

strong dynamic loads, the strain rate becomes much larger and varies from I to 10 s". 

Variation of the reinforced concrete properties under dynamic actions is analysed and 
illustrated using the properties value at the static case of loading, Bachmann ... et al, ref 
[7]. 

In 1995, Ammann and Nussbaumer, ref [7], outlined the behaviour of concrete and 
reinforcing steel bars in compression & tension under dynamic loading. In compression, 
the modulus of elasticity (E) of concrete increases with the stress and strain rate 

according to the following foffnulas that depends on the relations plotted in Fig. 2.3. 

Edý, / Enat= (6 / &o)0.025 with initial stress rate &,, =IN/ mm2 s or 

Edý, / Et,, t 0 
)0.026 with initial strain rate &. = 30.10-6s"' 

Fig. 2.3 shows that the ratio between dynamic and static Young's modulus (Edyn , Eltd 

increases with the stress and strain rate. The figure also shows the influence of stress 
and strain rate on the compressive strength Vdy-, ft-d and ultimate strain (eu, dy,,,, e, w) 

of concrete under dynamic loads and that appears clearly beyond the strain rate of 30 s" 

where increase of the compressive strength and ultimate strain is very pronounced. The 

formulas that reveal effects of the stress and strain rate on compressive strength and 
ultimate strain are 

fdy. Ifitat ý (, ý Ib 
0)1.026a witha= 1/(S +3f,, 14) for 4ý :5 30 S" 

fi. = mean static cube strength of concrete (N/mm2) 
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Figure 2.3 Influence of stress and strain rate on concrete properties in compression 
(Bachmann ... et al, ref [7]) 

Modulus of elasticity (Young's modulus) of reinforcing steel bars remains unchanged 

under dynamic loads in tension and compression. In tension, the yield strength of 

reinforcing steel bars increases with strain rate but this change is not pronounced for 

some types of steel bars such as cold worked steel. Fig. 2.4 shows the effects of strain 
rate on yield stress of hot rolled reinforcing steel bars. 

As this research is focussed on the behaviour of tall reinforced concrete buildings under 
earthquake (dynamic) loads, previous research regarding the ductility of reinforced 
concrete has been reviewed. The ductility constitutes one of the fundamental 

requirements regarding the dynamic behaviour of reinforced concrete structures to resist 
the earthquakes, Penelis and Kappos, ref [8]. The use of reinforced concrete as a ductile 

material began in the early 1960s with the publication of Blume, Newmark & Coming 

(1961) which established that properly detailed reinforced concrete beams and columns 

would respond to dynamic forces in a ductile manner and would sustain a number of 
cycles of stress reversal. The same conclusion was later drawn for shear walls, 
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principally the work of Professor R. Park and Professor T. Paulay at the University of 
Canterbury in New Zealand during the 1970s, Key, ref [9]. The ductility as an 
important property of reinforced concrete material relevant to seismic analysis win be 

discussed later in Section 2.1.1.2.1. 
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Figure 2.4 Influence of strain rate on yield stress of hot rolled reinforcing steel bars 
[The regression lines indicate some minor influence of the different bar diameters] 

(Bachmann 
... et al, ref [7]) 

2.1.1.1 Elastic Behaviour 

The idealized stress-strain relationships for concrete and reinforcing steel bars 

(Fig. 2.1,2.2) which has been considered for work in this research, show that the 

material properties behave in both an elastic & plastic manner depending on the 

magnitude of the load (it is divided into linear and non-finear parts). Therefore there are 
two methods which are used for analysis and design of reinforced concrete structures. 
The elastic theory, which depends on the characteristics of material through the linear 

portion of the idealized curves. The main assumption of this theory is that the stresses in 

the structure caused by the applied loads are within the elastic limit of the material used 
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and thus deflections (elastic deformation) are small. Also this theory is important to 

study the performance of structure, especially with regard to serviceability. As the 

stresses increase towards yield stress of the reinforced concrete material and exceed the 

elastic limit, the behaviour of the structure becomes plastic (inelastic deformation) and, 

on further increase, a fully plastic condition is reached until a sufficient number of 

plastic hinges are formed to transform the structure into a mechanism. This mechanism 

would collapse under any additional loading, Ghali and Neville, ref. [10], Moy, ref. 
[I I]. This description for material characteristics through the non-linear part of curve is 

referred to as plastic theory, (see section 2.1.1.2.1). Plastic theory in analysis and design 

for structures and the study of collapse mechanisms is therefore important and the 

knowledge of the magnitude of the collapse load, which should be higher than service 
loading. 

The analysis of reinforced concrete structures can be performed using elastic analysis 
(elastic theory) or inelastic analysis (plastic theory) but the design should be carried out 

using the ultimate limit state and serviceability limit state respectively. This will 

confirm the ability of the building to behave in a linear or nonlinear fashion under static 
loading (design loads) and resist the collapse when overloaded, perhaps during a 
dynamic earthquake event. 

2.1.1.1.1 Linear Analysis of Multi-Storey RC Buildings 

BS 8110 states that it is generally satisfactory to obtain the maximum design 

values of axial forces, shear forces and bending moments of multi storey reinforced 

concrete buildings (framed RC structures) from linear elastic analysis. The approach of 
linear elastic analysis depends on the assumption that the stress-strain relationship is 

linear and the deformation of material is elastic. Multi-storey reinforced concrete 
buildings are statically indeterminate structures and the linear elastic analysis of global 

structures is implemented using standard stiffness method based computer programs. 

2.1.1.1.2 Serviceability Limit State Design of Multi-Storey RC Buildings 

Serviceability lin-fit state design is one of the two limit states (the other being 

ultimate limit state) that are considered in the design of reinforced concrete structures. 
The criterion for a safe design is that the structure should not become unfit for use, i. e. 
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that it should not reach a limit state during its design life. For reinforced concrete 

structures the normal practice is to design for the ultimate limit state and check for the 

serviceability Emit state. 

The serviceability limit state requires that the structure should not become unfit for use 
due to excessive deflection, cracking or vibration, concerned with structural behaviour 

under service loading (unfactored dead & live loads). The service loading is normally 

sufficiently low for results of an elastic analysis to be relevant. The calculations of 
deflections and cracking which satisfy the serviceability of reinforced concrete 
structures depend on the linear elastic analysis of reinforced concrete sections. Fig. 2.5 

shows the linear elastic stress & strain distribution of beam section under service 
loading. For more details see ref [3,5,6]. 

Concrete in compression (TC sc 

Ncutral Axis 

US Es 
Steel in tension 

Beam Section Stress Strain 

Figure 2.5 Linear elastic stress & strain distribution of a beam section under service 
loading (ref. [3,5,6,11 ]) 

2.1.1.2 Inelastic Behaviour 

In recent decades, the analysis and design of reinforced concrete structures 
based on the inelastic behaviour (plastic methods of analysis and design) are 
increasingly used and have become accepted by various codes of practice (such as 

normal & modem codes e. g., BS 8110 ref. [3] and Eurocode 8 ref [4]). The inelastic 

behaviour (plastic deformation) of reinforced concrete is represented by the nonlinear 

part of the idealized stress-strain curve (refer to Fig. 2.1,2.2). For static codes, the 

plastic methods of analysis and design are used for design of reinforced concrete 
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structures at ultimate limit state to guard against collapse, and also to obtain economy of 
design from the inherent nature of redundant structures to redistribute ultimate 

moments. For dynamic codes of practice, this plastic theory is used in a similar manner 

to incorporate deformation capacity (ductility) of structures under seismic loads. 

2.1.1.2.1 Plastic Analysis of Multi-Storey RC Buildings 

Plastic theory is used to determine the collapse mechanisms of multi-storey 

reinforced concrete models, which reveal the locations and number of plastic hinges at 

collapse assuming full ductility. Design of the plastic hinges and deformation capacity 

of the structure at collapse can help to control the collapse mechanism of the structure 

and increase the load carrying capacity. The conventional plastic method of analysis of 

three-dimensional multi-storey reinforced concrete building under seismic loads is a 

complicated process, one which is better carried out with the aid of a suitable FE 

computer package such as ANSYS. As will be discussed later on, the finite element 

models developed in this research will not directly incorporate nonlinear behaviour but 

judgement based on elastic code assessment progress will give insight into ductility 

requirements. 

The plastic analysis of reinforced concrete sections (formation of a plastic hinge) shows 

clearly the ability of structural members of reinforced concrete structures to be ductile 

under static loads and this philosophy is important and applied for the ultimate limit 

state design. The section ductility of structural members and subsequently the full 

ductility of a global structure of the multi-storey reinforced concrete buildings are a 

major factor governing the improvement of resistance of these buildings against failure 

due to the earthquake (dynamic) loads. Review of the ductility of reinforced concrete 

will be presented in the next paragraphs. 

Ductility of Reinforced Concrete Concerning The Normal Design Codes 

Plain concrete is a brittle material and steel is ductile material. The degree of ductility of 

reinforced concrete material is related to the physical properties of each constituent 
material as well as the relative percentages of steel and concrete that are present. The 

reinforced concrete material consists of plain concrete and reinforcing steel bars that can 

exhibit elasto-plastic behaviour under the loading. The term ductility in structural 
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design is used to mean the ability of a structure to undergo large deformation in the 

post-elastic range without a substantial reduction in strength, Park, ref [12]. 

The formation of a plastic hinge in the reinforced concrete section requires the structure 

to be ductile. The conventional plastic method defines the formation of plastic hinge by 

the moment of resistance that the section can carry. If this bending moment is the fuH 

plastic moment then the section must be fully ductile. Unfortunately, the analysis of the 

moment of resistance shows that reinforced concrete sections may have limited capacity 
for plastic rotation. It is that capacity which is essential to achieve the redistribution of 

moments required by the plastic method, Moy, ref. [I I]. Fig. 2.6 shows the stress and 

strain distribution of a reinforced concrete beam section at first yield and ultimate stages 
(formation of the plastic hinge and variation of ductility), Moy, ref [ 11 ] and Dowrick, 

ref [13]. 
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Figure 2.6 Stress & strain distribution of a bewn section at first yield and at RC failure 
(Moy, ref. [ 11 ] and Dowrick, ref [ 13 ]) 

Ductility in reinforced concrete is influenced by the percentage of steel reinforcement 

within it. If the steel ratio is below a certain critical value (that is defined by design 

codes such as 0.13 % to 4% of steel 460 N/mm2 which is defined by BS 8110) it will be 

found that the steel yields before the concrete crushes in compression and the beam will 

continue to resist the increasing applied moment while the total compression force in 

the concrete remains relatively unchanged up to collapse. This case is called under- 

reinrorced and is preferred by engineers in the design because the ductility of such a 
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member provides ample warning of impending failure, see Fig. 2.6. The other case 

occurs when the steel ratio is above this critical value, causing the concrete strain to 

reach its ultimate value before the steel strain reaches the yield value causing a brittle 

failure. This case is said to be over-reinforced, Kong & Evans, ref. [5]. 

Ductility of Reinforced Concrete Concerning The Modern Design Codes 

Many of the multi-storey reinforced concrete buildings which have collapsed during the 

earthquakes in many parts of the world were designed in compliance with the 
gpermissibl e stress' concept. This concept considers the state of a structure under 

service loading conditions, and completely ignores the ultimate limit state characteristic 

of the structure. As a result, the design method employed was incapable of securing 
ductile, and hence was incapable of safeguarding against brittle & types of failure, 

Kotsovos and Pavlovic, ref ( 14]. 

The modem design code recognises the importance of ductility in design because if a 
structure is ductile then its ability to absorb energy without critical failure increases. In 

general, section ductility is increased by: 

I- An increase in compression steel content. 
2- An increase in concrete compressive strength. 
3- An increase in ultimate concrete strain. 

Section ductility is decreased by: 

I- An increase in tension steel content. 
2- An increase in steel yield strength. 
3- An increase in axial load, (http: fl www. cen. bris. ac. uk/civil/students/eqteach97 

ref [15] and Mandal, ref [16]. 

In 1987, the conventional definition of the ductility of reinforced concrete sections was 

presented by Dowrick, ref [13]. The available section ductility of a reinforced concrete 

member is most conveniently expressed as the ratio of its curvature at ultimate moment 
ýu to its curvature at first yield ýy. The expression ýu / ýy may be evaluated from first 

principles, the answers varying with the geometry of the section, the reinforcement 

arrangement, the loading, and the stress-strain relationships of the steel and the 

concrete, Dowrick, ref [13]. 
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In 1992, Park, ref. [12] and 2002, Park, ref. [17] outlined the capacity design approach 
for ductile RC moment resisting frames developed in New Zealand, and also a 

comparison between the seismic design provisions of the New Zealand codes (seismic 

design codes of RC structures) and Eurocode 8 (modem codes). Park mentioned that the 

ductility of reinforced concrete structures required for earthquake resistance is best 

achieved by ensuring in design that it occurs by flexural yielding of plastic hinges. The 

most important design considerations for flexural ductility of members is the provision 

of adequate longitudinal compression reinforcement as well as tension reinforcement, 

and the provision of adequate transverse reinforcement in the form of rectangular 

stirrups or hoops and cross-ties or spirals. The transverse reinforcement is required to 

act as shear reinforcement, to confine and hence enhance the ductility of the compressed 

concrete, and to prevent premature buckling of the compressed longitudinal 

reinforcement. Also Park presented a good insight for the illustration of the ductile 

behaviour for the load / deflection relationship for a single degree of freedom system as 

shown in Fig. 2.7. 
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Figure 2.7 Illustration of ductile behaviour during cyclic horizontal loading 
(Park, ref [12]) 

2.1.1.2.2 Collapse Mechanisms of Multi-Storey RC Buildings 

The object of plastic theory (plastic analysis of RC structures) is to find the 

18 



Chapter 2 Review OfNevious Worky 

possible collapse mechanisms of the structure at failure and the actual value of collapse 
loads directly. In many structures especially three-dimenslonal multi-storey structures, 
there are a number of alternative collapse mechanisms and the correct / actual 

mechanism is not immediately obvious. The number of plastic hinges at structure 

collapse is one in excess of the degree of redundancy. Hence as the degree of 

redundancy increases the number of plastic hinges that are required for formation of a 

collapse mechanism will increase, Moy, ref [II] and Home, ref ( 18]. 

As the model portal frame in Fig. 2.8 shows, reinforced concrete frames can be 

designed to develop full collapse mechanisms. This model portal frame shows clearly 

the use of conventional plastic methods on reinforced concrete frames because it 

produces full ductility at collapse. If the plastic hinges of reinforced concrete sections 
have large deformation capacity, and have sufficient plastic rotation capacity for full 

redistribution of the bending moments, the structure will be able to withstand more 
loads before collapse. This occurs for plastic hinges when the steel ratio of a reinforced 

concrete section, especially in the tension zone is equal to (or below) the appropriate 

critical value (see section. 2.1.1,2,1). 

Figure 2.8 Collapse beam mechanism and collapse combined mechanism for RC portal 
frame (Moy, ref [I I]) 
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This portal frame illustrates the behaviour of a statically indeterminate elastic-plastic 

structure up to collapse. Analysis of a statically indeterminate structure using plastic 

methods reveals the benefits of this analysis in the design such as increasing the 

deformation capacity, load carrying capacity and economy of such a structure. This 

frame may collapse by being pushed sideways due to a horizontal force, or an individual 

beam may fail due to vertical loads and is called a partial collapse mechanism because 

its number of plastic hinges less than the required number for complete collapse by one, 

or there may be some combination of both. A plastic analysis is essential for the 

determination of the failure load to provide the correct collapse mechanism. The correct 
failure load is the least load of all available collapse mechanisms. 

The principle of virtual work is a powerful analysis tool applied to frames is used to 

obtain the correct collapse load and collapse mechanism for this portal frame depending 

on the values of the plastic moment capacity (Mp) of beam and columns which have 

been designed. At the connection between two members 6oint) in the structure the 

plastic hinge forms at a bending moment equal to the plastic moment of the weaker 

member. This portal frame has three different types of collapse mechanisms depending 

on the loading applied. The sway mechanism is caused by the horizontal force alone, the 

beam mechanism is caused by the action of the vertical force alone and the horizontal 

and vertical force may cause the combined mechanism together. In the case of a 

combined mechanism the portal frame must exhibit full ductility under the applied loads 

and this mechanism is the actual collapse mechanism of this portal frame. Fig. 2.9 

shows the details of these collapse mechanisms. In general, the types of collapse 

mechanisms, which include the realistic collapse mechanism of any structure, depend 

on the loading applied and the ductility provided by the structure sections. 

In multi-storey reinforced concrete buildings distributing the inelastic deformation 

uniformly throughout the structure means mobilizing all storeys into the inelastic action. 
This can be achieved by investigating the types of collapse mechanisms for such 

structures under earthquake loads and obtaining a suitable design for the deformation 

capacity (full ductility). The plastic hinges are a useful part of earthquake design 

because when the structure degree of redundancy increases and the structure becomes 

more statically indeterminate, the number of plastic hinges required for collapse 
increases enhancing the load carrying capacity of structure (they also provide a means 

of energy absorption and warning for the failure). 
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Figure 2.9 Possible collapse mechanisms of reinforced concrete portal frame 
(Moy, ref. [II] and Home, ref [ 18]) 

The designed mode of failure for multi-storey reinforced concrete buildings during 

earthquakes involves the formation of sufficient plastic hinges at the joints to produce a 

mechanism. Structural collapse mechanisms depend mainly on the deformation capacity 

(ductility), location and number of plastic hinges in the structure. Plastic hinges may be 

formed at the end regions of nearly all beams in a hisah-rise building, causing a sway 

mechanism for whole building. At the other extreme, plastic hinges (ductility / inelastic 

deformation) may concentrate in a single storev at the two ends of all its columns, 

causing a 'soft-storey' or 'column-sway' mechanism. This mechanism accounts for 

numerous collapses of fi-amed buildings in recent earthquakes. Modem codes strive to 

distribute ductility demands to all beams of the structure and to avoid fortnation of a 

soft-storey, by forcing vertical elements to remain elastic with the exception of their 

base region., Beskos & Anagnostopoulos, ref [191 and Penelis & Kappos, ref [8]. Fig. 

2.10 illustrates the difference between a sway mechanism and soft-storev mechanism 

for similar buildings. 

As shown in Fig. 2.10, it is evident that the position of plastic hinges which form in 

structures during the earthquake will influence the curvature ductility demand in the 

plastic hinge regions. This can be illustrated by examination of the sway mechanism 

and soft-storey mechanism. For moment resisting frames, if yielding commences in the 

columns before in the beams a column sideswav mechanism can form. In the worst 

case the plastic hinges may form in the columns of only one storey, as illustrated in Fig. 

2.10 (b). Such a mechanism can make very large curvature ductility demands on the 

plastic hinges of the critical storey. For tall buildings (multi-storev reinforced concrete 
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buildings) the curvature ductility required at the plastic hinges of a column sidesway 

mechanism may be so large that it cannot be met and in that case collapse of the 

structure will occur. Such 'soft storey' failures of building structures have been 

frequently observed during earthquakes, typically due to plastic hinges forming at the 

top and bottom ends of the columns of the first storey. Alternatively, if yielding 

commences in the beams before in the columns, a beam sidesway mechanism, as 
illustrated in Fig. 2.10 (a), can develop, which makes more moderate demands on the 

curvature ductility factors required at the plastic hinges in the beams and at the column 
tops and bases. The curvature ductility demands at the plastic hinges of this mechanism 

can be met by careful detailing, Park, ref [ 12]. 

Figure 2.10 Collapse mechanisms (ductility concentration) a- Beams and base of 
Columns (sway mechanism); b- Columns of a soft storey (column sway mechanism) 

(Beskos & Anagnostopoulos, ref [ 19] and Penelis & Kappos, ref [8]) 

Fig. 2.11 illustrates one of the most common causes of failure in earthquakes, the "soft 

story mechanism". Where one level, typically the lowest, is weaker than upper levels, a 

column sway mechanism can develop with high local ductility demand. In taller 
buildings (multi-storey reinforced concrete buildings) than that depicted in Fig. 2.1 1, this 

often results from a functional desire to open the lowest level to the maximum extent 

possible for retail shopping or parking requirements, Paulay & Priestley, ref [20]. 

In 1997, Penelis & Kappos, ref [8], outlined the formation causes of the soft-storey 

mechanism in the ground floor of multi-storey reinforced concrete buildings. The 

ground floor is used as a commercial area and this requires that the floor must be an 
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open (flexible) floor. In such a case, while the upper floors have high stiffhess due to 

the presence of masonry infills, the ground floor has a drastically reduced stiffness 

because the vertical structural members contribute almost exclusively to it. In these 

buildings almost all the damage occurs in the vertical structural elements of the ground 

floor, while the rest of the building remains almost unaffected. 

Figure 2.11 Soft -storey sway mechanism, 1990 Philippine earthquake 
(Paulay & Priestley, ref [20]) 

In 1999 Kocaeli, Turkey earthquake, the soft - storey mechanism was formed in the 

reinforced concrete building that have irregular placement of masonry infill walls. As 

shown in Fig. 2.12, the moment frame is both flexible and weak in the first storey by 

comparison with the upper storeys. In the first storey of this building, masonry infill 

walls are present in the back face of the building and in the two faces perpendicular to 

the sidewalk. The front of the building was open in the first storey. The lateral stiffness 

of the building was considerably larger in the direction perpendicular to the sidewalk 

compared with parallel to the sidewalk. Deformations are concentrated in the first 

storey of this building parallel to the sidewalk, due to the weakness and flexibility of the 

moment frame because of lack of masonry infill walls in the front of the building. The 

first-storey columns in this building were severely damaged and likely close to failure 

due to gravity load instability, Sezen 
... et al, ref [21 ]. 
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Figure 2.12 Formation of a soft and weak storey, 1999 Turkey earthquake 
(Sezen ... et a], ref [2 fl) 

The design requirements of the modem design codes (such as Eurocode 8) for tall 

reinforced concrete buildings to resist the formation of soft - storey mechanisms and 

subsequently the collapse under seismic events will be presented later in section 2.4. In 

this research, one of the main objectives is the behaviour analysis of the existing multi- 

storey reinforced concrete buildings (designed according to BS 8110; partl) containing 

a soft storey under seismic loads. 

2.1.1.2.3 Ultimate Limit State Design of Multi-Storey RC Buildings 

The ultimate limit state is reached when the structure (or part of it) collapses. 

Collapse may arise from the rupture of one or more critical sections, from the 

transformation of the structure into a mechanism, from elastic or inelastic instability, or 
from loss of equilibrium as a rigid body, and so on. Design of the structural concrete 

member to its ultimate limit state requires the assessment of the load - carrying capacity 

of the margin of safety against collapse. At the same time, the high internal stresses 

which develop at the ultimate limit state result in a reduction of both the size of the 

member cross-section and the amount of reinforcement required to sustain internal 

actions (BS 811 O; part I provides the design of RC structures using the ultimate limit 

state). 
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The structure must be designed to carry the most severe combination of loads to which 
it is subjected. The sections of the elements must be capable of resisting the axial loads, 

shears and moments derived from the analysis. The design is made for ultimate loads 

and design strengths of materials with partial safety factors applied to loads and material 

strengths. This permits uncertainties in the estimation of loads and in the performance 

of materials to be assessed separately. The section strength is determined using plastic 

analysis based on the short-term design stress-strain curves (see Fig. 2.1,2.2) for 

concrete and reinforcing steel bars, for more details about requirements of ultimate limit 

state design of reinforced concrete structures refer to Fig. 2.6 and see ref [3,5,6,11]. 

Nonlinear geometrical effects such as the 'p - 5' effect can also be a significant factor to 

consider in any nonlinear analysis. 

Regarding the static analysis and design of reinforced concrete buildings, the major 
difference between low and tall buildings is the influence ofthe wind forces on the 

behaviour of the structural elements. The effects of wind forces on the analysis and 
design of tall reinforced concrete buildings will be ignored in this research. The gravity 
loads only are used for static analysis and design of reinforced concrete models 

according to BS 8110; partI, ref [3]. Following on, earthquakes (dynamic) loads are 

subsequently used for dynamic analysis of these models. The structural analysis of the 

three dimensional tall reinforced concrete buildings is based on linear elastic behaviour 

of the structural elements. Non-linear behaviour of the tall reinforced concrete buildings 

makes the problem extremely and unnecessarily complex. Hence the statically designed 

building is assessed under earthquake loading to estimate its seismic performance. 

2.2 Earthquake Engineering 

The subject of earthquake engineering has become advocated for research in the 

last few decades due to the severe effects of earthquakes on the human-made facilities 

such as reinforced concrete buildings. The development of earthquake engineering is 

very important for the countries that are at high risk due to the frequent occurrence of 

the earthquakes. As a result, many different seismic design codes (such as American 

codes - Eurocode 8- Japanese code - New Zealand code, etc) were produced in these 

countries to regulate the design and construction of the buildings according to its 

seismic activity. 

25 



Chapter 2 Review OfPývvious Works 

An effective approach to mitigate the destructive effects of earthquakes is the proper 

enforcement of the knowledge that is currently available for designing, constructing, 

and maintaining new earthquake-resistant structures and upgrading existing seismically 
hazardous structures. After the major seismic events which occurred during the past 
decade such as earthquakes of Northridge, California (1994), Kobe, Japan (1995), 

Turkey (1999), Taiwan (1999), and Central-Western India (2001), it was found that the 

seismic performance of reinforced concrete buildings especially the multi-storey needs 
improving against the sudden (earthquake) dynamic loads, Chandler & Lam, ref. [22]. 

Although structural damage may result from several basically different effects of an 

earthquake such as foundation failure due to loss of soil strength by liquefaction, 

foundation displacements associated with fault break or landslide movements, etc, the 

principal loading mechanism recognized by seismic design requirements in building 

codes (such as Eurocode 8) is the response to the earthquake ground motions applied at 

the base of the structure. The basic concept of theory of structural dynamics will be 

discussed in next section (2.2.1) as it applies to the calculation of such vibratory 

response (seismic response). The specific objective of this theory is to predict the 

stresses and deflections (forces e. g., axial loads, bending moments and shear forces) that 

will be developed in any given structural system as a result of any specified ground 

motion history applied at the base of the structure. 

The dynamic problem is completely defined by the physical properties of the structural 

system, i. e., by its mass, stiffhess, and damping characteristics, and by the time-varying 
displacements introduced at its foundation support points. Thus the evaluation of these 

structural properties and the selection of an appropriate earthquake input are the most 

critical factors in the earthquake response analysis. In the formulation of any dynamic 

response analysis, it must be recognized that the structure generally will be subjected to 

static loadings (e. g., gravitational forces) in addition to the dynamic excitation which is 

the subject of immediate interest. If the structure is linearly elastic, so that the principle 

of superposition is applicable, it is convenient to consider separately the static and 
dynamic loadings; then the total structural response is obtained by adding the static 

stresses and deflections to the results of the dynamic analysis. However, if the structure 

yields or is subject to some other nonlinear behaviour during the dynamic loading, 
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superposition is not valid and the static loads must be considered in the analysis 

concurrently with the dynafnic effects. 

2.2.1 General Theory of Structural Dynamic Analysis 

The basic concept of the dynamic problem is that the forces are time-dependent 

and may cause vibration of the structure. In practice, dynamic loading is produced by 

seismic forces, nonsteady wind, blast, reciprocating machinery, or impact of moving 
loads. 

The analysis and design of buildings and other structures to resist the effect produced by 

the dynamic loads requires conceptual idealizations and simplifying assumptions 
through which the physical system is represented by a new idealized system known as 

the mathematical model. In the mathematical model, the number of independent 

coordinates used to specify the position or configuration of the model at any time is 

referred to as the number of degrees of freedom. In principle, structures, being 

continuous systems, have an infinite number of degrees of freedom. However, the 

process of idealization or selection of an appropriate model permits the reduction of the 

number of degrees of freedom to a discrete number (multi-degree of freedom) and in 

some cases, to just a single degree of freedom. 

Fig. 2.13 shows a one-story building which may be modelled with one degree of 
freedom. The model represented in this figure contains the following elements: (1) the 

concentrated mass m, (2) the lateral stifffiess indicated by the coefficient k, (3) the 
damping in the system represented by coefficient c, and (4) the external force F(1) 

(considered to be a function of time); the response (dynamic behaviour) is indicated by 

the lateral displacement y(t) of the mass m. The structural model shown in Fig. 2.14 is 

assumed to be excited by a horizontal acceleration Y (t) at its base. In this case, it is 

convenient to express the response by the relative motion u(t) between the displacement 

y(t) of the mass m and the displacement of the base y, (t), that is 

M=yM-Y., (1) 
In general, the dynamic behaviour of the structure is defined by the equation of motion, 

which is the equation for equilibrium between the forces arising from inertia, damping 

and stiffhess together with the externally applied force. The form of the equation of 

motion is: 
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my+o+ky=F(t) 

Y: displacement ý: velocity 

Y: acceleration m: mass of structure 
k: stiffness of structure C: viscous damping 
F(I): external force varying with time t (different excitation, force applied to the mass 

or an input ground motion in the case of seismic loading) 

F(t) M Rigid roof 

c Massless colum"nsr C 

77 

Figure 2.13 Mathematical model for one-storey structure excited by an external force 

(Paz, ref [23]) 
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Figure 2.14 Mathematical model for a one-storey structure excited at its base 
(Paz, ref[23]) 
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If the structure subjected to a force applied to the mass or a vibratory motion (such as 

earthquake) at the base, the mathematical formulation will be similar but the response of 

structure will be expressed in terms of the absolute displacement y(t) for case of a force 

applied to the mass and in terms of the relative motion u(t) for case of seismic loads. By 

solving the equation of motion the dynamic response (behaviour) of the structure can be 

defined, Paz, ref. [23], ICE, ref [24], Paz, ref. [25]. 

The dynamic response of the structures is dependent on its modal characteristics. Modal 

analysis method is one of the dynamic analysis techniques used to calculate the dynamic 

response of the structures in absence of the applied external force and this analysis is 

carried out prior the actual seismic analysis of the structures as a preliminary analysis. 
This dynamic problem of structures can be illustrated and analysed as damped or 

undamped free vibration, it will be discussed in the next section. 

2.2.1.1 Undamped Analysis of Multi-Degree of Freedom System 
(Modal Analysis of Buildings) 

The dynamic analysis of reinforced concrete structures to determine its 

response to a seismic event has various techniques such as frequency domain techniques 

and time domain techniques. Modal analysis method is one of the frequency domain 

techniques and is an essential part of the dynamic analysis process that gives valuable 
insight into the dynamic characteristics of the building. This analysis yielded the natural 
frequencies, mode shapes of free structure vibration and the effective mass (Tdff) for 

each mode, which are important for the subsequent analysis of the dynamic response of 

structure under earthquake loads. 

For free vibration there is no externally applied force where modal analysis is satisfied 
by solving the equation of motion. The solution of this second order differential 

equation (equation of motion) provides the natural frequencies and mode shapes of the 

system. In most cases this equation will be solved with c (damping) = 0, and the 

equation of motion will be as follows: 

my+ ky =0 

mass of structure 
displacement 

k: stiffness of structure 
y: acceleration 
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The modal damping ratios Q that are applied for the structures in the dynamic analysis 

range from 2% to 7 %. When these ratios are applied as a parameter in the relation 
between the damped natural ftequency ((od) and undamped natural frequency ((o. ) as 

follows: 

(Od = (On (1 -0 

O)d Aamped natural frequency undamped natural frequency 

C: damping ratio 

It can be seen that the (cod) = ((o. ) since the damping ratio is small except where heavy 

dampers have been added, Paz, ref [25], ASCE standard, ref [26]. 

The mode shapes, which result from the modal analysis show the local & global 
dynamic response of the structures and also show the natural frequencies. When the 

frequency of the excitation force (seismic force) equal to the natural frequency of 

structure, the resonance phenomenon occurs. This phenomenon is a problem for 

buildings since it increases the dynamic response of the structure which can result in 

failure and should be minimized in the seismic design of reinforced concrete buildings. 

The single degree of freedom system is generalized for the multi-degree of freedom 

system. The equation of motion of any mode of the multi-degree of freedom system is 

exactly equivalent to the equation for a single degree of freedom system. Thus, the 

normal coordinates (mode shapes) of a multi-degree of freedom structure reduce its 

equations of motion to a set of independent equations, one for each mode of vibration. 
It also is of interest to note that the expressions for the generalized properties of any 

mode are equivalent to the expressions for a single degree of freedom system, Barbat 

and Canet, ref [27]. Fig. 2.15 shows a free antisymmetric vibration (mode shapes) of a 

multi-storey frame (multi-degree of freedom system). 

In 1984, Blevins, ref [29], listed formulas for calculating the natural frequencies and 

mode shapes of a single degree of freedom system and a multi degree of freedom 

system using the behaviour of spring and pendulum systems to illustrate more complex 

structures. 

In 2001, Zalka, ref [30], presented a simple hand method for calculating the natural 
frequencies of multi-storey buildings. Lateral vibration of buildings braced by 
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frameworks is characterised by three types of deformation: the full-height 'local' 
bending of the individual columns/wall sections, the full-height 'global' bending of the 
frameworks, which is associated with the axial deformations of the columns/wall 

sections, and the shear deformation of the frameworks, see Fig. 2.16. Based on the 

stiffhesses associated with these three types of deformation, a closed formula is derived 

for calculation of the lateral frequencies. An analogy between bending and torsion is 

used to carry out the pure torsional frequency analysis. The coupling of the lateral and 

pure torsional modes is taken into account. The results of a comprehensive accuracy 

analysis covering 144 multi-storey structures demonstrate good agreement with the 
finite element solution, the maximum difference being 7%. 

Figure 2.15 Mode shapes of a free vibration three-storey frame 
(kolougek, ref [28]) 

Figure 2.16 Characteristic deformation: (a) shear; (b) full-height bending of the 
framework as a whole; (c) full-height bending of the individual columns 

(Zalka, ref [30]) 
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nature of the excitation and the dynamic characteristics of the structures, i. e. the manner 
in which it stores and dissipates vibrational energy. The dynamic response of structures 
is determined using the equation of motion and may be described in terms of 
displacement, velocity, or acceleration varying with time. When this excitation is 

applied to the base of the structure such as earthquake loads, it produces a time- 

dependent response in each element of the structure which may be described in terms of 

motions or forces to be used in the assessment of structures. 

The response of the three-dimensional multi-storey reinforced concrete buildings under 

transient excitation of the earthquakes can be computed by representation of the 

buildings as multi-degree of freedom structures, with one degree of freedom for each 

storey in each spatial co-ordinate direction, and one natural mode and period of 

vibration (T: time or frequency (o) for each storey in each spatial co-ordinate direction, 

see Fig. 2.15. The response history of any element of such structures is a function of all 

the modes of vibration, as well as its position within the overall structural configuration. 

For multi-storey reinforced concrete buildings there are two types of response, firstly 

the seismic linear elastic response which can be computed with a high degree of 

mathematical accuracy, secondly the non-linear seismic response. Fig. 2.17 shows the 

linear elastic response described in terms of the maximum horizontal shears at each 
floor level of a thirty-storey building subjected to a ground motion (earthquake loading). 

Also this figure shows the considerable difference in response between the elastic case 

assuming 2 percent damping (curve 1) and that for 5 percent damping (curve 3). For 

economical resistance against strong earthquakes most structures must behave 

inelastically (non-linear seismic response). It is evident that the computation of non- 
linear seismic response of the three-dimensional multi-storey reinforced concrete 
buildings under the earthquakes has obviously much complexity, Dowrick, ref [13]. 

In 1987, Dowrick, ref [13] mentioned that testing on beams and columns to determine 

the non-linear seismic response had not included floors or lateral beams, so that the 

response characteristics of complete buildings have not been properly described, and the 

strength of complete buildings may significantly exceed that predicted by codes. The 
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US-Japan Co-operative Research Program has addressed these problems and interim 

reports at the 8th World Conference on Earthquake Engineering confirm that floors and 
lateral beams have significant effects. In addition, the structural interaction of the frame 

and infill panels (bricks or concrete blocks walls) has a considerable effect on the 

overall linear elastic or non-linear seismic response of the structures and on the response 

of the individual members. 
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Figure 2.17 Maximum horizontal shear response for Bank of New Zealand building 
(Dowrick, ref [13]) 

The infill panels affects the overall linear elastic seismic response of the three- 

dimensional multi-storey reinforced concrete buildings and is included in this research 
(its review in previous works will be presented later in sections 2.3 & 2.4). As the 

dynamic response of the structures depends on the nature of the excitation at the bases, 

the earthquake loads will be discussed in the next section. 

2.2.3 Earthquake Loads 

Most earthquakes are caused by energy release at a dislocation or rupture in 
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crustal plates generated at a point in the interior of the earth known as the focus or 
hypocenter. The point on the earth! s surface directly above the focus is the epicenter. 
The magnitude of an earthquake is commonly measured by the Richter magnitude (M), 

which is commonly defined as the reading registered by an instrument called a Wood- 

Anderson sýismograph at a specified distance of 100 lun from the epicenter of the 

earthquake. Although the Richter magnitude provides a measure of the total energy 

released by an earthquake, it does not describe the damaging effects caused by an 

earthquake at a particular location. Such a description is required for structural 

engineers to analyse and design structures in seismic regions. 

Graphical records or time histories of earthquakes are obtained with instruments called 

accelerographs. These instruments are installed on the ground in basements or in other 
locations of buildings or other structures. They are commonly designed to register the 

three orthogonal components of the ground acceleration. Fig. 2.18 shows the component 

of the accelerogram. of the El Centro earthquake, which occurred in 1940. The figure 

also shows, for this earthquake, the velocity and displacement obtained by integration of 

the accelerogram. The earthquake accelerogram, also can be analysed to obtain direct 

estimates of peak ground motion, duration of the strong portion of ground shaking, and 

the frequency content of the earthquake, Paz, ref [25], Ebeling, ref. [3 1 ]. 
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Figure 2.18 North-south component of the El Centro earthquake, California, 1940 
(Paz, ref [25], Ebeling, ref [3 1 ]) 

34 



2.2.3.1 Forms of Earthquake Loads in Analysis and Design of Structures 

A design earthquake is a specification of the seismic ground motion at a site, 

used for the earthquake resistant design of a structure. The ground motions may be 

specified in a number of ways, i. e. by peak accelerations, velocities, and displacements, 

by accelerograms, and by response spectra. The earthquake loads (seismic loads) are 

originally obtained in the form of an acceleration time history without information 

about some factors which may affect the dynamic response of structures such as the 
frequency content of the loading, which is critical for the dynamic response. Therefore 

the input ground motion is commonly defined in the form of a response spectrum. 

The specification of design earthquakes requires information on seismic activity and on 

the site especially the influence of the soil type & properties (soil-structure interaction) 

on the intensity of the earthquake which is not included in this research. It is then 

necessary to establish the acceptable risk so that the appropriate rarity of event may be 

chosen. In general, establishing design earthquakes involves both deterministic and 

probabilistic considerations of various aspects contributing to the hazard assessment. 

A response spectra represents the maximum response of a SDOF system (within a 
frequency or period range of interest) excited at its base by an input motion in form of 

an acceleration time history. The excitation is known only from experimentally recorded 
data and the response is evaluated by a numerical method. The response spectra which 

are graphs of the maximum values of acceleration, velocity, and/or displacement 

response for various damping levels versus undamped natural periods (T: units of 

seconds) or undamPed natural frequency (w,,: units of hertz or cycles/sec), can be 

obtained directly from Duhamel's integral. 

The response spectra can be generated from the input motion (acceleration time history) 
by repeated use of the Duhamel's integral. For each frequency of SDOF system in the 

range of interest the Duhamel's integral is used to calculate the response throughout the 
time (maximum response is recorded), thus a relationship between response & 
frequency is obtained (SD: Displacement response spectra). A spectral pseudo velocity 
(SO & acceleration (SA) can be calculated and obtained directly using the displacement 
response spectra as follows: 

SV -"ý (On SD SAý (0 
2 
nSD 
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SD: Displacement response spectra 
SA: Spectral pseudo acceleration 

Sv: Spectral pseudo velocity 

o).: Undamped natural frequency 

As shown in Fig. 2.19 it can be seen that the graph tends toward the maximum ground 

acceleration as the frequency > 33 Hz and this is termed the ZPA (Zero Period 

Acceleration). For this figure the ZPA is equal to 0.2g, Dowrick, ref [13], Paz, ref [23], 

ASCE standard, ref [26], Ebeling, ref [3 1 ], Principia Mechanica Limited, ref [32]. 

There are two types of response spectra that can be used for seismic analysis of 

structures according to their behaviour during an earthquake, the elastic response 

spectra (elastic structural behaviour) and inelastic response spectra (inelastic structural 
behaviour). Most of the seismic codes such as Eurocode 8 provide requirements for the 

seismic ground motions used in seismic analysis. For seismic input motions there are 

two orthogonal horizontal components and a vertical component must be considered. 
The vertical component of the design spectra can be obtained by scaling the 

corresponding ordinates of the horizontal component by two-thirds throughout the 

entire frequency range (it is expected that the vertical component has less energy than 

the horizontal component). The time-histories that are used and applied at the bases of 

structures for purpose of seismic analysis should be reasonably represented the ground 

motion expected for the site. Also the mean of the zero-period acceleration (ZPA) 

values calculated from the individual time histories must equal or exceed the design 

ground acceleration, for more details see ref [4,8,13,23,26,31,32]. 
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Figure 2.19 Typical UK design response spectra (URS: Uniform Risk Spectra) 
(Principia Mechanica Limited, ref [32]) 
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SD: Displacement response spectra 
SA: Spectral pseudo acceleration 

Sv: Spectral pseudo velocity 

o).: Undamped natural frequency 

As shown in Fig. 2.19 it can be seen that the graph tends toward the maximum ground 

acceleration as the frequency > 33 Hz and this is tenned. the ZPA (Zero Period 
Acceleration). For this figure the ZPA is equal to 0.2g, Dowrick, ref [13], Paz, ref [23], 

ASCE standard, ref [26], Ebeling, ref [3 1 ], Principia Mechanica Limited, ref [32]. 

There are two types of response spectra that can be used for seismic analysis of 

structures according to their behaviour during an earthquake, the elastic response 

spectra (elastic structural behaviour) and inelastic response spectra (inelastic structural 
behaviour). Most of the seismic codes such as Eurocode 8 provide requirements for the 

seismic ground motions used in seismic analysis. For seismic input motions there are 

two orthogonal horizontal components and a vertical component must be considered. 
The vertical component of the design spectra can be obtained by scaling the 

corresponding ordinates of the horizontal component by two-thirds throughout the 

entire frequency range (it is expected that the vertical component has less energy than 

the horizontal component). The time-histories that are used and applied at the bases of 

structures for purpose of seisn-fic analysis should be reasonably represented the ground 

motion expected for the site. Also the mean of the zero-period acceleration (ZPA) 

values calculated from the individual time histories must equal or exceed the design 

ground acceleration, for more details see ref [4,8,13,23,26,31,32]. 
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Figure 2.19 Typical UK design response spectra (URS: Unifonn Risk Spectra) 
(Principia Mechanica Limited, ref [32]) 
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2.2.3.2 Effects of Earthquake Loads on RC Buildings 

The potential destructiveness of an earthquake, although partly related to its 

magnitude, is also a function of other equally important factors, such as the focal depth 

of the earthquake, the distance from the epicentre, the sofl conditions and the 

mechanical properties of the RC structures (strength, geometrical shape, natural period, 
ductility and so on). The term intensity of the earthquake is a measure of the 

consequences that this earthquake has on the people and the structures of a certain area. 
It is obvious that it is impossible to measure the damage due to an earthquake using a 

single quantity system. Therefore, the damage is usually qualitatively estimated using 

empirical intensity scales. The most common macroseismic scales that are used today 

are the modified Mercalli (MM) scale and the Medvedev, Sponheur, Karnik (MSK) 

scale (see table 2.2), both of which have 12 intensity grades. 

Degree Intensity Effect 
on people on structures on the environment 

I Insignificant Not felt 
2 Very light Slightly felt 
3 Light Felt mainly by people at 

rest 
4 Somewhat strong Felt by people indoors Trembling of glass 

windows 
5 Almost strong Felt indoors and Oscillation of 

outdoors, awakening suspended objects, 
of sleeping people displacement of 

pictures on walls 
6 Strong Many people are Light damage to Very few cracks on wet 

frightened structures, fine cracks in soil 
plaster 

7 Very strong Many people run Considerable damage to Landslides of steep 
outdoors structures, cracks in slopes 

plaster, walls and 
chimneys 

8 Damaging Everybody is frightened Damage to buildings, Changes in well-water, 
large cracks in masonry, Landslips of road 
collapse of parapets and Embankments 
pediments 

9 Very damaging Panic General damage to Cracks on the ground, 
buildings, collapse of landslides 
walls and roofs 

10 Extremely damaging General panic General destruction of 
Changes on the surface 

buildings, collapse of of the ground, 

many buildings appearance of new 
water wells 

II Destructive General panic Serious damage to well- 
built structures 

12' General destruction General panic Total collapse of 
Changes on the surface 

buildings and other civil of the ground, 
appearance of new engineering structures 
water wells 

Table 2.2 The MSK intensity scale 
(Penelis & Kappos, ref [8], Dowrick, ref [13]) 
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Due to the seismic regions having extended to new parts of the world in recent years, 

the Global Seismic Hazard Assessment Program which was launched in 1992 by 

support of the United Nations, produced a global seismic hazard map for all parts of the 

world in 1999 (see Fig. 2.20). This map shows the distribution of seismic regions in the 

world according to the intensity of earthquakes. Also it shows the peak ground 

acceleration (PGA) that any area can expect during the next 50 years depending on the 

seismic history of this area with 10 percent probability, 
http: //seismo. ethz. ch/tzshV/Gshap98-stc. htný ref [33]. 

Reinforced concrete buildings often suffer major damage during the seismic event 

especially if the building has bad concrete quality, improper reinforcement detailing and 

so on. The damage classification is referred to the individual structural members of the 

building during the earthquake. In 1988 Key, ref. [9], summarized the effects of 

earthquakes on framed structures as follows: 

9 Comer columns often behave badly in comparison with other exterior and 
interior columns. This suggests that the effects of earthquake forces in 

orthogonal directions are not adequately dealt with in design. 

Complete failure in members detailed for ductility is rare. Where members with 
low ductility have failed it is clear that deterioration is swift. This is particularly 

marked in reinforced concrete members. 

e The maximum practicable redundancy is shown to be desirable. The failure 

mechanism should involve as many members as possible. 

and mentioned that the Typical damage to elements of the tall reinforced concrete 
buildings includes 

" Cracking in the tension zone 

" Diagonal cracking in the core 
Loss of concrete cover 
The concrete core breaking into lumps by reversing diagonal cracking 
Stirrups bursting outwards 
Buckling of the main reinforcement 
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* Bond failure, particularly in zones where there are high cyclic stresses in the 

concrete 

* Direct shear fOure of short elements, or those constrained so that only a short 
length is effectively free 

* Shear cracking in the beam-column intersection zone (panel zone) 

* Tearing of slabs at discontinuities, and junctions with stiff vertical elements 

* Failures of infill. panels (masonry walls) in plane are common 

In addition, in 1997, Penelis & Kappos, ref [8] stated that the sudden reduction of 

stiffness at a certain level of the multi-storey reinforced concrete buildings, typically at 

one of the bottom floors, results in a concentration of stresses in the structural members 

of the flexible floor, which causes damage to those members. Fig. 2.21 shows the types 

of failure at beam-column joints in tall reinforced concrete buildings during the 

earthquake. 

A damage index of the RC buildings during the earthquake is a parameter that indicates 

how close the maximum response is to the maximum ultimate capacity of the building. 

Often, damage index models are normalized from a value of zero, indicating negligible 

response quantities as compared to the ultimate capacity, to a value of one, indicating 

that the ultimate capacity of the structure has been reached. The response quantities 
determined for the building are first used to calculate damage indices, which are then 

correlated to probable damage states, Reinhom & Valles and Kunnath, ref [34]. 

In 2002, Papadopoulos, Nfitsopoulou and Athanatopoulou, ref [35], presented three 

new damage indices for reinforced concrete structures, providing information about 

safety against collapse under the influence of a seismic excitation. The indices are 

classified into a local failure index (LFI) which gives the margin of each cross-section 

against collapse, the first failure index (FFI) for the structure as a whole that is accurate 
in the margin against first local collapse and the global failure index (GFI) which 

provides information regarding the safety against global collapse of the structure. 

2.3 Seismic Analysis of Multi-Storey RC Buildings Using the FEM 

The response of a structure to an earthquake may refer to stress, displacement, 
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Figure 2.21 Types of failure at beam-column joints during the earthquake 
(Penelis & Kappos, ref. [8]) 

(a) Attainment of deformational capacity of the beam. 
(b) Attainment of deformational capacity of the column. 
(c) Spalling ofjoint core. 
(d) Anchorage failure of beam bars. 
(e) Shear failure of the joint core. 

acceleration, velocity, shear or any other parameter affected by ground motion. Response 

may be defined in time, but it is customary to refer to the response as the peak value of the 

particular parameter caused by the earthquake. In general, the objectives of the dynamic 

analysis of a structure responding to dynamic forces can be, (a) to establish strength and 
ductility requirements, (b) to calculate the forces for design, (c) to calculate 
displacements, (d) to establish the nature of dynamic design input to equipment mounted 

on the structure-machinery, pipework, storage tanks etc. 

The various dynamic analysis techniques used to determine the seismic forces in 

structures fall into two distinct categories depending on the type of domain (frequency or 
time) in which the equation of motion is solved. The first category contains the 
frequency domain techniques such the input motion is defined as response spectra or 
time history, and the second category contains the time domain techniques that the input 

motion is defined as a time-history. 
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The effects of vibration on a structure can be calculated if a numerical model of both 

the forcing function (earthquake loads) and the structure can be arrived at. This is the 
basic concept of any seismic analysis technique used for reinforced concrete structures. 
The reference method according to Eurocode 8, ref. [41, for determining the seismic 

effects on reinforced concrete buildings is modal response spectrum (fi7equency domain 

techniques) analysis using a linear-elastic model of the structure and the design response 
spectra of the input motion. Also depending on the structural characteristics of the 
building, one of the following two types of analysis is used: 

1. Simplified modal response spectrum analysis where a static simulation of the 

seismic action is adopted 
2. Multi-modal response spectrum analysis which is applicable to all types of 

buildings 

EC8 gives alternative methods for seismic analysis such as direct integrafion nxthod (time 
domain techniques) but these methods are allowed under conditions specified in the 

code. 

Dowrick, ref [13] and ASCE standard, ref [26], determined the common seismic analysis 

methods which is used for three dimensional multi-storey reinforced concrete buildings as 
follows: 

1. Modal analysis method (ftequency domain techniques), which its results are 

required prior carrying out any one of the next two other methods. This method is 

limited to linear material behaviour. It was discussed in section 2.2.1.1. 

2. Response spectrum analysis method (frequency domain techniques), which is 

strictly limited to linear analysis. In recent years there are attempts to use this 

method for nonlinear behaviour. 

3. Direct integration or time-history analysis method (time domain techniques) that 

provides the most powerful and information analysis for any given earthquake 

motion. This method is used for both linear elastic and nonlinear inelastic material 
behaviour. It is used in this research as the main analysis tool for the seismic 

analysis of tall reinforced concrete buildings, and will be discussed later in section 
2.3.1.1. 
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Frequency domain analysis techniques such as the response spectra method are easy and 

quick to implement both by hand or computer analysis. They are however 

limited to a linear analysis (as the spectra are representative of the linear response of a 

single degree of freedom system), and have a degree of conservatism associated with 

them. Time domain techniques such as the direct integration of the equations of motion 

requires more computer solution time, (as a series of analyses are carried out at small 
time intervals throughout the applied seismic event), but has the benefit of allowing 

nonlinear behaviour to be incorporated, and reducing the conservatism associated with 
frequency domain techniques. 

In 1992, Paulay & Priestley, ref [20], mentioned that the study of Seismic response of 

reinforced concrete structures is divided into two types of analysis, elastic seismic 

response of structures / non-linear seismic response of structures. It is generally 

uneconomic, often unnecessarily, and arguably undesirable to design structures to 

respond to design-level earthquakes in the elastic range. In regions of high seismicity, 

elastic response may imply resistance to lateral accelerations as high as 1.0g. The cost 

of providing the elastic strength necessary to resist forces associated with this level of 

response is often prohibitive, and the choice of structural system capable of resisting it 

may be severely restricted. 

For tall buildings, the task of providing stability against the overturning moments 

generated would become extremely difficult. If the strength of the buildings lateral 

force resisting structural system is developed at a level of seismic response less than 

that corresponding to the design earthquake, inelastic deformation must result, 
involving yield of reinforcement and possibly crushing of concrete or masonry. 
Provided that the strength does not degrade as a result of inelastic action, an acceptable 

response can be obtained. Displacements and damage must, however, be controlled at 

acceptable levels. 

An advantage of inelastic response, in addition to the obvious one of reduced cost, is 

that the lower level of peak response acceleration results in reduced damage potential 
for building contents. Since these contents (including mechanical and electrical 
services) are frequently much more valuable than the structural framework, it is 

advisable to consider the effect of the level of seismic response not only on the structure 
but also on the building contents. 
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The matrix form of stiffness and force methods of elastic seismic analysis, 

programmed for digital computation, present a systematic approach to the study of 

rigid jointed multi-storey reinforced concrete buildings. Standard programs such as 

ANSYS are readily available. These require only the specification of material 

properties, stiffnesses, structural geometry, and the loading. In seismic design the 

advantages of such analyses is speed rather than accuracy. Analyses for any load 

or for any combination of (factored) loads can readily be carried out for the elastic 

structure. By superposition or directly, the desired combinations of load effects can 

be determined. 

A more accurate and realistic prediction of the behaviour of strength of reinforced 

concrete structures may be achieved by various methods of nonlinear analysis. 
Some of these are rather complex and time consuming. With current available 

techniques, the computational effort involved in the total nonlinear analysis of a multi- 

storey reinforced concrete building is often prohibitive. A separate analysis would 

need to be carried out for each of the load combinations. Nonlinear analysis 

techniques have no particular advantage when earthquake forces, in combination with 

gravity loads, control the strength of the structure. 

In 2002, Elnashai, ref [36], carried out a comparison between the requirements for 

inelastic static and dynamic analysis applied for structures under seismic action. It is 

mentioned that whereas inelastic static analysis has become almost routine in the 

design office environment, its dynamic counterpart remains a challenge. This 

may be attributed to the complexity of time-integration algorithms', difficulties in 

damping representation and the effect of both of the above on the results, especially 
in terms of acceleration and force-related quantities. Although there is a presence 

of complexity and difficulties for the inelastic seismic analysis of structures, it 

is concluded that the inelastic seismic analysis is necessary but future 

developments should aim at reducing the instances where inelastic seismic 

analysis is needed. 

Elastic behaviour during the design earthquake obviously has the advantage of 

making linear analysis entirely appropriate. It may arise because the designer 

chooses to keep a ductile material such as reinforced concrete within the elastic 

range where greater stiffness is required for functional reasons or greater safety 
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is desired. The stifffiess of Ifigh-rise concrete structures can be used to advantage by 

minimizing seismic deformations and hence reduce the damage especially to non- 

structural components. This concept of seismic analysis of structures is used in 

this research for the applied models of multi-storey reinforced concrete 
buildings. 

In general, the elastic or inelastic seismic analysis of tall reinforced concrete buildings is 

a complex task involving many parameters; therefore research into the response 

characteristics of complete buildings is still ongoing. Most previous testing has been 

carried out on beams and columns separately although the strength of complete 
buildings may significantly exceed that predicted by codes. The elastic and inelastic 

seismic analysis of multi-storey reinforced concrete buildings YAll be discussed later in 

sections 2.3.1 & 2.3.2 respectively. 

The seisn-dc response of tall reinforced concrete buildings is influenced by many 

parameters such as the geometric properties of the building. For example if the building 

is eccentric on plan, i. e. the centres of mass and stiffness are substantially separated, the 

effect of torsion may be sufficiently large to cause significant increases in lateral 

displacements. This effect is greatest on the outer elements of the structure. The coupling 

of response to torsional and lateral components may be high when the natural frequencies 

of the two modes are close. These parameters may be required to be included in the 

seismic analysis of buildings in order to obtaining a realistic seismic response. The 

influence of some parameters on the seismic response of reinforced concrete buildings 

will be presented in the following sections. 

The effect of infill panels on overall seismic response 

Walls are often created in buildings by infilling parts of the frame with stiff 

construction such as bricks or concrete blocks. Unless adequately separated from the 
frame, the structural interaction of the frame and infill panels must be allowed for in 

the design. This interaction has a considerable effect on the overall seismic response 

of the structure and on the response of the individual members. In 1987, Dowrick, ref. 
[13], discussed briefly the principal effects of infdl panels on the overall seismic 

response of structural frames as follows: 
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1. Increasing the stiffhess and hence increasing the base shear response in most 

earthquakes 

2. Increasing the overall energy absorption capacity of the building 

3. To alter the shear distribution throughout the structure 

The more flexible the basic structural frame, the greater will be the above- 

mentioned effects. As infill is often made of brittle and relatively weak materials, in 

strong earthquakes the response of such a structure will be strongly influenced by the 

damage sustained by the infill and its stiffhess-degradation characteristics. 

From the experimental and theoretical tests results on infilled reinforced concrete frames, 

it has already been clarified that the presence of infills modifies the basic global 

structural behaviour of infilled frames, stiffening the frame and creating new potential 
failure mechanisms, Comite Euro-International du Beton, ref [37]. 

In 1996, Duffani & Haider, ref. [38], mentioned that the Infilling reinforced concrete 
frames with unreinforced masonry infills results in significant increases in the 

strength, stiffhess and energy dissipation capacity of the frames under in-plane lateral 

loading. However, the unreinforced masonry infill is susceptible to out-of-plane fall-out 

after separation from the bounding fi-ame. If this fall-out is effectively prevented, 

masonry infills may be used to improve the lateral strength and stiffness of multi-storey 
framed structures. Due to the introduction of the infill, the lateral strength of the reinforced 

concrete frames is increased up to 2.5 times the value for bare frame (without infill 

panels). Infills with stiffer bounding frames develop higher ultimate strengths and exhibit 

smaller stiffness degradation and better energy dissipation characteristics compared to 

those with relatively flexible confining frames. The common damage in panels is 

controlled by diagonal cracking, with an extension into the interface mortar-brick. 

In 2002, Decanini & Liberatore and Mollaioli, ref [39], carried out a dynamic analysis 
for reinforced concrete bare and infilled frames to investigate the effect of horizontal 

and vertical seismic excitation. It is concluded that if the infills are present in all 

storeys, it gives a significant contribution to the energy dissipation capacity, reducing 
the dissipation energy demands in columns and beams and decreasing significantly the 

maximum displacements. The presence of vertical motion does not significantly 
influence the horizontal displacements of bare frames, but can produce some effects 
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for the infilled ones. For what regards the influence of vertical component on 
dissipated energy, there is not a clear trend but it is possible to note that greater 

variations can occur for infilled frames. 

The influence of high strength concrete on seismic response 

Use of high strength materials in construction is on the increase, mainly due to 

pressure on land use in urban centres. However, insufficient information exists on the 
deformational characteristics of members with high strength concrete and high yield 

steel in the inelastic range, relevant to seismic response. Since the constituent 

materials respond in a manner clearly distinct from their normal strength 

counterparts, it follows that existing seismic design guidelines are probably 
inadequate for design of high strength structures. 

In 1998, Elnashai, ref [40], presented briefly the effect of high strength concrete on the 

seismic response of tall reinforced concrete buildings. The preliminary information that was 

presented about these effects is: 

* Increasing the compressive strength of concrete results in a decrease in 

ductility. This may be attributed mainly to the reduction in passive 

confinement effects and the increase in the applied axial load to represent a 

constant percentage of axial capacity. The rate of reduction in ductility increases 
for higher steel grades. 

The plastic hinge length in a high strength member is significantly shorter than 
for a normal strength member. This has the consequence of lower 

displacement ductility supply for a given curvature ductility. 

Spalling in high strength members is sudden and substantial. Thus, buckling of 
longitudinal bars for large hoop spacing in such members is more critical than 
for normal strength members. 

Under practical levels of axial force, the use of high yield steel for confining 

reinforcement is unnecessary. Use of lower grade steel at smaller spacing is 

recommended. 
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9 The behaviour of high strength buildings under moderate earthquakes is superior 

to that of normal strength structures, due to their higher stiffhess. Hence, 

serviceability linýt states would be easier to satisfy. 

The redistribution potential of high strength buildings is significantly less than 

that of their normal strength counterparts, with behaviour factors close to unity 
in some cases. The number of plastic hinges developed at ultimate limit state 

almost invariably drops with higher strength (especially steel yield), thus 

reducing the energy absorption capacity. 

Fig. 2.22 shows that the ductility of reinforced concrete decreases with an increase in the 

concrete compressive strength. 
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Figure 2.22 Relationship between the ductility and concrete compressive strength 
(EInas* ref [40]) 

In 2002, Petrusevska & Cvetanovska, ref [41], stated that the modem trends impose 

design of high-rises and structures with large spans whose realization is impossible by 

use of traditional materials. So that use of high-strength concrete is necessary in 

construction of high-rise reinforced concrete buildings. In general, high-strength concrete 
is characterized by high strength and low deformability. The experimental investigations 
that have been performed throughout the world show that the high strength RC 
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elements having sufficient strength and deformability can be obtained by special 

construction of elements (i. e., confinement of concrete). There are many current 

researches throughout the world to define the behaviour of high strength concrete in the 

nonlinear range, as well as to develop a methodology and criteria for application of 

these materials in seismically prone areas. 

2.3.1 Elastic Analysis of Multi-Storey RC Buildings Under Earthquake Loading 

The practical structural engineering problems associated with complicated 

geometry, boundary conditions, material behaviour and dynamic input can only be 

solved by numerical methods. Thus, a mathematical model of the real structure is 

constructed and a numerical method, such as the finite element method (FEM) is 

used to analyse that model and determine its response to prescribed applied loads and 

subsequently design the structure through a repetition of analyses. When the applied 
loads are dynamic, the behaviour of the structural model is governed by its equation 

of motion. In seismic analysis and design of structures, the applied dynamic loads are 

actually inertial forces and the task of the engineer is to numerically solve the 

equation of motion of the structure and determine its seismic response to these 

inertial forces. 

When the material behaviour is linear elastic and the strains as well as the 
deformations are small, the equations of motion are linear. Then for the transient 
dynamic loads such as earthquake, these equations are usually solved by modal 

analysis or by stepwise time integration (time-history analysis). For tall RC buildings, 

the free vibration problem is solved first in order to obtain the natural frequencies 

and modal shapes of the structure (modal analysis). Subsequently, the dynamic 

response of the structure is computed using the direct integration method which 

will be presented in the next section, Beskos & Anagnostopoulos, ref [19]. 

2.3.1.1 Time-History Analysis of Three Dimensional Multi-Storey RC Buildings 

(Direct Integration Method) 

Time-history analysis or sometimes-called direct integration analysis is a 
technique used to determine the dynamic response of a structure under the action of any 

general time-dependent loads (seismic loads). The actual displacements and stresses 
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developed in a structure are time dependent, i. e. they are functions of time (t). This 

technique involves the step-by-step direct integration of the coupled equations of 

motion in order to derive the dynamic response of the structure at each increment of 

time. This method of analysis is only suitable for use on a computer that the model of 

the structure is solved on the basis of the finite element method. It is relatively 

expensive to run using the computer. Although the direct integration method can 

perform a close-to-reality analysis, this approach is justified and can be employed 

effectively only for large and complex structures (multi-storey RC buildings). It is used 

where no previous experience of the structural behaviour exists, or for detailed 

evaluation of the response of existing structures under specific earthquakes. 

In the direct integration method the linear elastic response of multi-storey RC building 

subjected to an acceleration time-history is obtained by solving the following 

differential equation of motion in this form. 

+ [C] If) + [K] (y) 
--: -[M] (U b) 9 

[Afl : mass matrix (n x n) If): column vector of relative accelerations (n x 1) 

damping matrix (n x n) JY): column vector of relative velocities (n x 1) 

[K] : stiffhess matrix (n x n) (Y): column vector of relative displacement (n x 1) 

{Ubj: influence vector; displacement vector of the structural system when the support 

undergoes a unit displacement in the direction of the earthquake motion (n x 1) 

n: number of dynamic degrees of freedom fig : ground acceleration 

In direct integration technique, as the name implies, no transformation of the equation 

above into a different basis is performed and, thus, the equation of motion is integrated 

using a time step-by-step numerical procedure. There are two main methods for the 

integration of the equation above, explicit and implicit. Both methods use finite 

difference expressions involving values of the displacements, velocities, and 

accelerations at discrete time stations At apart, and in either case the equation above 
is not satisfied at any time t but at those discrete time stations. The variation of 
displacements, velocities, and accelerations within each time interval At is always 

assumed and, of course, depends on the particular solution procedure used. 
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In explicit methods, the differential equations of motion are converted to a set of linear 

algebraic equations with unknown state variables (at the present time), which are 
independent of one another. The displacements at any time station are computed using 

the equilibrium conditions of equation above at the previous time station. These 

methods do not require a factorisation of the stiffness niatrix and in most practical 

cases they do not involve the solution of a system of equations, are easy to program, 

and present specific advantages in the handling of complex material & geometric 

models (material and geometric nonlinearities). However, the stability of the 

obtained solution depends exclusively on the size of the chosen time interval which 
in many cases can be prohibitively small. 

There are a number of numerical techniques available to solve these equations. 
Acceptable schemes include Runge-Kutta method, predictor-corrector method and 

central difference method. These methods are conditionally stable so have a 
disadvantage of requiring very small time step sizes. The explicit integration tends to be 

used where the response is predominantly nonlinear. 

In implicit methods, the differential equations of motion are converted to a set of linear 

simultaneous algebraic equations. The chosen difference expressions are of such form 

that permit the computation of displacements at any time station using the equilibrium 

conditions of the equation of motion at the same time station. Such methods require 
factorisation of the (effective) stiffhess matrix. For this reason, when compared to 

explicit methods, the implicit methods usually require substantially more 
computational effort per time step. This technique allows non-linearities to be included 
in the analysis. The maximum values provided for the time step based on the integration 

constants and the natural period of vibration of the structure, but generally smaller 

values are used in order to represent effectively the variations in the ground motion 
accelerogram. Customary values of time step are 0.02 or 0.01 sec for building 

structures. If the analysis remains linear then the same time step is used throughout. 
However, as the response becomes non-linear it is usually necessary to significantly 
reduce the time step size. 

There are a number of numerical techniques available to carry out this procedure. The 

most popular are the Newmark Beta method, the Houbolt method and the Wilson 0 
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method. This technique tends to be used where the response is predominantly linear. 

The finite element computer package (ANSYS Program) that is used in this research for 

seismic analysis (direct integration method) of RC buildings uses the implicit technique, 

Eurocode 8, ref. [4], Key, ref. [9], Beskos & Anagnostopoulos, ref. [19], Paz,, ' ref. [25], 

ASCE standard, ref [26], ANSYS, ref [42]. 

2.3.2 Inelastic Analysis of Multi-Storey RC Buildings Under Earthquake Loading 

The inelastic seismic analysis of RC buildings is normally required due to 

presence of the geometric n6nlinearities that significantly alter the effective system 

geometry and / or material nonlinearities such as plasticity under earthquake loads. 

Realistic earthquake engineering problems involve material and geometric 

nonlinearities. Material nonlinearities are due to the inelastic constitutive material 
behaviour of the structure while geometric nonlinearities are usually due to 

unilateral contact conditions between the structure and its foundation or excessive 
lateral displacement of the building. Analysis of these nonlinear dynamic structural 

systems is usually carried out using the time domain techniques available with the 

finite element method (FEM). 

Actually the FEM discretizes the systems in space (semi-discretization) and time 

integration techniques are usually employed to solve the resulting nonlinear matrix 

equations of motion. There are some frequency and time domain techniques other 
than direct integration method which are stated above in section 2.3.1.1 for the 

nonlinear seismic analysis of RC buildings. These other techniques are also used 
for solving these nonlinear equations approximately but more efficiently. 

In 1999, Ghobarah & Biddah, ref [43], performed a nonlinear seismic analysis for 

existing reinforced concrete frames using the FEM. Lack of adequate confinement and 

shear reinforcement in the beam-column joints of existing reinforced concrete frames 

may be the cause of brittle failure during a seismic event. Difficulties of analysis and 

assessment of these frames arise due to reinforcement congestion when trying to 

achieve high ductilities in framed structures, and the problem of detailing beam-column 

joints. Therefore most of the nonlinear dynamic analysis programs assume infinitely 

rigid beam-column joints in concrete frames regardless of the reinforcement detail. 
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In 2001, Mwafy & Elnashai, ref [44], mentioned that the inelastic time-history 

analysis (direct integration method) is a powerful tool for the study of structural 

seismic response. A set of carefully selected ground motion records can give an 

accurate evaluation of the anticipated seismic performance of structures. Despite 

the fact that the accuracy and efficiency of the computational tools have increased 

substantially, there are still some reservations about the dynamic inelastic 

analysis, which are mainly related to its complexity and suitability for practical 
design applications. Moreover, the calculated inelastic dynamic response is quite 

sensitive to the characteristics of the input motions, thus the selection of a suite of 

representative acceleration time-histories is mandatory. This increases the 

computational effort significantly. The inelastic static pushover analysis technique 

(frequency domain techniques) was used for the inelastic seismic analysis of two- 

dimensional RC buildings. It was concluded that this method is more appropriate analysis 

technique for low rise and short period frame structures. 

2.3.3 Modelling and Analysis of Structures Using the Finite Element Method 

The seismic response of a structure must be determined by preparing a 

mathematical model of the structure and calculating the response of the model to the 

prescribed seismic input motion. The selection of the appropriate mathematical 

model of the physical structure for the purposes of analysis depends on the type of 

analysis to be applied, on the action to which the analysis refers and to the intended 

use of the analysis results. So the idealisation of a RC structure for a seismic 

response analysis has to capture all important features of the structural behaviour 

under the design seismic action. The mathematical model requires information on 

structural stiffhess, derived from the geometric and material properties. In addition to this, 

because dynamic forces derive from the inertia of the structural masses, information on the 

mass distribution is required, and this can be either in the form of lumped masses at the 

structural nodes or as distributed mass. 

Depending on the type of seismic analysis applied, RC buildings as well as other 

structures may be ideaUed as an assembly of elements connected at joints or nodal 

points. These elements can be unidirectional such as beams or rod elements, two 
dimensional like plates and shell elements, and three dimensional such as solid 

53 



Chapter 2 RMew OfRvvious Works 

elements. The structure may be modelled as a shear building when the horizontal 

diaphragms at the floor levels of a multi-storey RC budding are assumed to be rigid. In 

such a model, it is assumed that: (1) the total mass of the structure is concentrated at the 

levels of the floors, (2) the horizontal diaphragms at the floor levels are plane rigid, and 
(3) the deformation of the structure is independent of the axial force present in the 

columns. These assumptions transform the problem fi7om a system with an hifinite 

number of degrees of freedom (due to the distributed mass) to a system that has only as 

many degrees of freedom as it has lumped masses at the floor levels. At the other 

extreme, the RC buildings may be modelled and analysed using the FEM, which is 

providing very accurate predictions of the dynamic response under the seismic 

action. This modelling method is commonly used for analysis of multi-storey RC 

buildings. 

In the past there has generally been little choice in the method of seismic analysis for tall 

reinforced concrete buildings, mainly because suitable and economical finite element 
computer programs (such as ANSYS, ref [42]) have not been readily available. An 
increasing number of efficient and economical dynamic analysis programs based on 
the finite element method are being written for faster computers, and many design 

offices have access to such programs, especially since the advent of microcomputers. 
Dynamic analyses are demanded now by some owners, and by the regulations of more 

countries. Therefore the finite element method for structural analysis is used widely 
nowadays - both in practice and research, where it is the most powerful modem method 
for analysis of the complex structural problems (such as seismic analysis of multi-storey 
reinforced concrete buildings). The FEM will be described in further detail in the next 

section. 

2.3.3.1 Review of Finite Element Method (FEM) 

The finite element method represents the extension of stiffness (displacement) 

method for analysis of structures. Many engineering structures are composed of a series 

of individual members, which are connected together at a number of points being 

referred to as "node pointe'. The analysis of these structures can be carried out by first 

considering the behaviour of each individual element independently and by then 

assembling the elements together in such a way that equilibrium of forces and 
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compatibility of displacements are satisfied at each nodal point. This method of analysis 
is called the stiffness method of analysis. It is of limited use in hand analysis of large 

structures because this method is implemented by using an analytical solution which 
becomes very laborious due to the large number of the simultaneous equations involved. 

With the advance of the computer capabilities, this method has been programmed based 

on the fundamental methods of analysis to satisfy the analysis of large structures. 

In the finite element method, the structure is divided into a discrete number of "finite" 

elements, the properties of each element is described by a simple mathematical 

representation, the elements are jointed at "nodes" forming the whole structure, and the 

loading conditions are applied. The finite element method is extremely powerful since it 

is used for any type of structural analysis and can solve very complex structural 

engineering problems such as structural static analyses, non-linear analysis, and 

transient dynamic analysis (seismic analysis) of two or three dimensional RC buildings, 

Rockey & Evans & Griffiths and Nethercot, ref [45]. 

The use of a computer is essential in the finite element method especially, when applied 
to complex structural problems (such as seismic analysis of multi-storey RC buildings) 

due to the large number of computational processes for producing the required element 

matrices (such as [M, [C], [K]) where the computer time and memory can be large. The 

finite elements can have many shapes with nodes at the comers or on the sides and 
different degrees of freedom for each node according to the dimensionality as shown in 

Fig. 2.23. 

2.3.4 Assessment of Seismic Performance of Existing Multi-Storey RC Buildings 
Designed to Normal Design Codes 

Seismic risk mitigation is an essential requirement of contemporary structural 
design and assessment of existing structures. Seismic ground motions are a major cause 
for concern when considering their damaging effects on existing multi-storey reinforced 

concrete buildings. Therefore mitigation of seismic risk implies improvement of seismic 

performance of these buildings. In recent years research has been carried out to 

investigate the seismic behaviour of RC structures designed to normal design codes 
(static codes such as BS8110, ref [3]) but this research has commonly been limited to 

the seismic analysis of two-dimensional RC frames. 
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Figure 2.23 Different types of finite element with nodal degrees of freedom shown at a 
typical node only (Ghali & Neville, ref [10]) 

Due to the expected deficiency in the seismic performance of existing reinforced 

concrete buildings, it is necessary to define specific methods for the assessment and 

strengthening of these buildings. In this research, the seismic analyses are carried out for 

a typical three-dimensional multi-storey reinforced concrete building designed to a 

normal static design code (BS81 10, ref [3]). Also a retrofit suggestion for these 
buildings to improve seismic performance may be presented and analysed. 

In 2002, Cosenza, Manfredi and Verderame, ref [46], mentioned that the RC frames 

designed without seismic provisions have in many cases a structural behaviour 

characterised by low available ductility and lack of strength hierarchy inducing 

undesirable failure mechanisms. The lack of horizontal and vertical regularity and the 
high torsional deformation are also problems resulting in an unsatisfactory global 
behaviour. Details such as low confinement levels or insufficient anchorage of rebars 

can also represent potential critical zones, characterized by brittle mechanisms and 
low available ductility. A summary of models that permit the analysis of the non-linear 
behaviour of RC structures was presented (such as beam or column model). The seismic 

analysis of these models allows to outline some characteristics that a numerical model 

should provide in order to achieve a reliable assessment of the seismic capacity of 

underdesigned buildings. 
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It was concluded that the details are often poor (i. e. low percentage of transverse 

reinforcement, poor bond conditions); this determines that the critical zones (i. e. beam- 

column joints, footing zone of column) do not behave in a ductile manner and show 

brittle mechanisms of failure (i. e. pull out or buckling of the rebars, shear failure, etc. ). 

The assessment of the seismic capacity of global existing RC building structures is a 

hard challenge in comparison to new RC structures. The reliability of the numerical 

outcomes is strictly related to the capacity of simulating the cracked flexibility at 

service and the brittle failure modes at ultimate. Both aspects require refined and very 

powerful numerical models. 

Also in 2002, Calvi, Magenes and Pampanin, ref [47], mentioned that the 

particular emphasis has been recently put on the problem of the seismic vulnerability of 

existing reinforced concrete buildings, with primary attention to underdesigned or 

designed-for-gravity-loads-only frame systems, as typically found in major seismic- 

prone countries before the introduction of adequate seismic-oriented design codes in the 

mid 1970s. The role of joint damage and collapse in the seismic response assessment of 

existing reinforced concrete frame buildings was investigated for some models of multi- 

storey RC frames. It was concluded that there is a relevance of considering the beam- 

column joint response to evaluate the global expected performance of a reinforced 

concrete frame. In general, columns were designed for gravity only, dimensioning the 

required concrete section and providing nominal reinforcement according to a 

reasonable geometrical percentage. The obvious consequence is that columns are in 

most cases considerably weaker than beams, even considering the contribution of 

gravity load flexural stresses. A soft storey mechanism is then usually predicted, but the 

relatively low reinforcement percentage and axial force in the columns may assure a 

considerable deformation capacity in the critical section. 

2.1 Seismic Design 

The design of a structure is a process of synthesis, as contrasted with the 

analysis for given loadings or environmental conditions. Buildings constitute the 

majority of RC structures designed for earthquake resistance. Moreover, although 
individually they may be less important than special structures such as bridges, 

tanks, etc., they are geometrically more complex and their codified seismic design is 
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more demanding. In general, the design of a building to resist earthquake motions requires 

that the designer works within certain constraints such as: the architectural configuration 

of the building, the foundation conditions, the nature and went of the hazard should flultire or 

collapse occur, the possibility of an earthquake, the possible intensity of earthquakes in the region, 

the cost or available capital for construction, and similar factors. 

The problem of designing earthquake-resistant reinforced concrete buildings, like the 
design of structures (whether of concrete, steel, or other material) for other loading 

conditions, is basically one of defining the anticipated forces and/or deformations in a 

preliminary design and providing for these by proper proportioning and detailing of 

members and their connections. Designing a structure to resist the expected loading 

is generally aimed at satisfying established or prescribed safety and serviceability 

criteria. This is the general approach to engineering design. The process thus consists 

of determining the expected demands and providing the necessary capacity to meet 
these demands for a specific structure. Adjustments to the preliminary design may 
likely be indicated on the basis of results of the analysis-design evaluation sequence 

characterizing the iterative process that eventually converges to the final design. 

Successful experience with similar structures should increase the efficiency of the design 

process. 

In earthquake-resistant design, the problem is complicated somewhat by the greater 

uncertainty surrounding the estimation of the appropriate design loadings as well as 
the capacities of structural elements and connections. However, information 

accumulated during the last three decades from analytical and experimental studies, 

as well as evaluations of structural behaviour during recent earthquakes, has 

provided a strong basis for dealing with this particular problem in a more rational 

manner. As with other developing fields of knowledge, refinements in design 

approach can be expected as more information is accumulated on earthquakes and on 
the response of particular structural configurations to earthquake-type loadings. As in 

design for other loading conditions, attention in design is generally focused on those 

areas in a structure which analysis and experience indicate are or will likely be 

subjected to the most severe demands. Special emphasis is placed on those regions 
whose failure can affect the integrity and stability of a significant portion of the 

structure. 
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The general concept of seismic design provision of RC buildings which are included in 

most of the modem design codes (such as Eurocode 8, ref [4]) is: 

The provision of seismic resistance has an important influence on structural 
form. A building planned without considering the special needs of seismic 
design is unlikely to perform efficiently. Special attention has to be paid to the 

location of major lateral force resisting elements such as shear walls and 

service cores both of which can be effective in resisting lateral forces and 

controlling displacements. 

Desirable aspects of building form are simplicity, regularity and symmetry in 

both plan and elevation. These properties all contribute to a more even and 

predictable distribution of earthquake forces. Irregularities in stifffiess, mass 

and strength can lead to increased dynamic response. In planning the framing 

system the need for a high degree of redundancy and for providing ductility 

must be kept in mind. 

Horizontal torsional forces from ground motion are not usually of concern 

unless the structure has an inherently low torsional strength. However torsion 
forces also arise from eccentricity in the disposition of mass and resistance and 

can cause substantial bending forces on the columns particularly those located 

at the comer of the building. 

Buildings which are tall in relation to their base width will generate high forces 

at the base due to the overturning moment. In this case reinforced concrete 

columns in tall buildings may fail in tension. It is probably in the range of 
buildings with height to width ratios of more than four that overturning forces 

become critical. 

The separation of complex structures into simpler regular forms by the use of 
joints can create more manageable systems. At major discontinuities stresses 

are caused by the connecting elements each trying to respond at their own 

natural frequency. Even where the frequencies are close the elements are 

unlikely to be responding in phase. Structures should not be located so that 

their foundations cross divisions between markedly different soil types for the 

same reason. 
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According to the complex interrelationships existing among the capacity design 

parameters (such as the strength, stiffhess and ductility) that govern the seismic 

response of RC buildings, the design philosophy of national or regional codes dealing 

with seismic design is different. In the next section, a summary of the common regional 

codes of seismic design of RC buildings will be presented. 

2.4.1 Philosophy of Seismic Design of RC Buildings According to Modern Design 
Codes 

Reinforced concrete buildings have significant advantages and disadvantages as 

suitable building structures for earthquake resistance. These disadvantages (such as 

adequate ductility) have been treated in recent advances of design concepts and 

subsequently the modem codes of seismic design. In 1998, Cornite Euro-Intemational 

du Beton, ref. [48], presented the philosophy of seismic design of RC buildings for the 

following four regional codes. 

New Zealand seismic code (NZS 3101) 

The New Zealand capacity design principles for ductile moment-resisting RC 

frames aim primarily at 

* Establishing a strong column - weak beam structure, i. e. eliminating the 

possibility of a column sway mechanism (soft storey) even during the most 

severe seismic motions 

9 Avoiding shear failures in columns and beams. 

In order to avoid the formation of column plastic hinges (except at the base of the 

column and at roof level), inelastic dynamic effects, causing the bending moment 
diagrams in the columns to differ substantially from those derived from an elastic 

analysis based primarily on first mode response, must be taken into account. 
Consequently, the capacity design procedures are mainly concerned with deriving 

column design actions consistent with large inelastic deformations that cause plastic 
hinges in the beams to develop overstrength moments, and considering inelastic 

dynamic effects. The beams are designed for shear forces consistent with the beam 

hinges at both ends developing overstrength moments. In general, the intent is to 

spread plasticity to the largest possible number of hinges, and to minimize plastic 

rotations. For ductile structural walls and coupled walls, similar principles are 
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involved with a requirement for a dependable inelastic mechanism based on wall base 

flexural hinges and coupling-beam hinges, together with a capacity design approach 

to avoid shear failures. 

American seismic codes 

There are a number of codes dealing with seismic resistance in the USA alongside 
documents that may be viewed as providing source material for code-drafting. There 

are four codes dealing with seismic provisions for buildings. These are the Council for 

American Building Officials (CABO) code for dwellings, the Building Officials and 
Code Administrators (BOCA) National Building Code, the Southern Building Code 

Congress International (SBCCI) Standard Building Code and the International 

Conference of Building Officials (ICBO) Uniform Building Code. The latter code is 

traditionally linked to the guidelines by the Structural Engineers Association of 

California (SEAOC). Therefore, reviewing the Uniform Building Code would provide 

a reasonable representation of existing seismic design practice in the USA. 

Moment frames are classified and detailed according to the selected seismic 

performance category (A, B, C, D or E). There are three classes of moment frames as 

follows: 

(a) Ordinary moment fi-ames - frames designed and detailed with no seismic 
provisions 

(b) Intermediate moment frames - frames designed and detailed for structures 
in areas of moderate seismic hazard, in addition to aU requirements of 

ordinary moment frames 

(c) Special moment frames - frames designed and detailed to the full 

special seismic provisions in addition to the requirements of (a) above. 

In these seismic codes, no explicit capacity design requirements are imposed on frames 

according to the target seismic performance level. Capacity design is implicit in 

prescribing that certain performance categories dictate the use of certain types of 
frame. Category A frames may be ordinary moment frames. Category B frames, 

which form part of the seismic load resistance system, should be intermediate frames. 
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Category C frames may be either intermediate or special moment frames, while for 

categories D and E only special moment frames are allowed. 

There are five aspects in the code that may be classified strictly under capacity 

design requirements. These are as follows: 

The probable flexural strength, used to evaluate design shear forces in the cases 
below, is evaluated using a steel yield stress of 1.25 times the specified yield 

stress and no strength reduction factors. 

For structures in high seismic risk areas, the design shear force is evaluated 

not from applied design loads but from the probable flexural strength (defined 

above) of the member under consideration. In areas of moderate risk, the design 

shear force is the largest of (1) that corresponding to nominal flexural strength 

and (2) from analysis under factored loads. Walls and diaphragms are 

exempt even in high seismic risk areas. 

When the axial load on frame members is less than specific value, the 

contribution of axial load to concrete shear resisting mechanism is ignored. 

The sum of column design flexural strength at a joint should be equal to or 

greater than 1.2 times the sum of moments corresponding to flexural strength 

of the beams. This may be violated if any positive effect of the columns is 

neglected, all negative effects are catered for and additional confinement 

reinforcement is placed up the full column height. 

Eurocode 8 (EC8) 

The requirements of capacity design contain three limit states as follows: 

(a) Serviceability limit state: Structures must resist low-intensity 

earthquakes without any structural damage. Thus, during small and 
frequent earthquakes all structural components forming the structure 

should remain in the elastic range. 

(b) Ultimate limit state: Structures should withstand an earthquake of 

moderate intensity ('design earthquake' having a peak ground 

acceleration (PGA) based on a return period of 475 years) with very 
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light and repairable damage in the structural elements, as well as in the 

infill elements. 

(c) Collapse Emit state: Structures should withstand high-intensity 

earthquakes with a return period much longer than their design life 

without collapsing. 

The code is applied for all categories of RC buildings in seismic regions according to 

the intensity (low-moderate-high) of earthquakes. For frame buildings, the code aims at 

a well-defined global mechanism, i. e. the so-called beams-sway mechanism, in which 

all beams at all storeys form plastic hinges, while all columns remain elastic for their 

entire height, with the exception of their base section at the ground storey. In this 

mechanism, the global inelastic drift (plastic displacement at the top divided by the 

height of the frame) equals the plastic rotation at the end regions of all the beams, 

which corresponds to the most uniform possible spreading of inelasticity throughout the 

building. 

Japanese seismic code (AIJ) 

A complete procedure incorporating capacity design concepts and provisions for the 

design of reinforced concrete frame and wall-frame structures has been developed by 

the Architectural Institute of Japan (1990). The scope of this procedure is limited to 

regular building structures with a height not exceeding 45 m. As yet, the AIJ 

procedure does not have official status in Japan. The seismic action used for the 

design at the ultimate limit state is taken from the Building Standard Law Enforcement 

Order (1981), and it is not qualified in terms of average return period and implied 

amount of structural ductility. The suitability of this action to provide a satisfactory 
degree of protection is supported by the good overall behaviour exhibited by the 

building structures in the course of past disastrous events. 

The AU procedure states that the preferred yield mechanism for frame structures is the 

optimum mechanism involving the formation of hinges at all beam ends and, at a later 

stage, at the base sections of the ground-storey columns. 11inges are allowed in 

columns at the top sections of the upper storey and in exterior columns when subjected to 
tension at the ultimate stage. When walls are also present, ductile flexural hinges and 
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uplifting rotation are admitted at their base and yielding in columns is permitted in mid- 

storeys. 

Also in 1998, Booth, Kappos and Park, ref [49], carried out a comparison between the 

provisions of the earthquake-resistant design of RC buildings in EC8, New Zealand 

seismic code (NZS 3101), American seismic code (ICBO: uniform building code) and 

Japanese seismic code (AIJ). It was concluded that there is a wide divergence in many of 

the detailed requirements of the four current seismic Codes. Changes in seismic design 

philosophy are currently under consideration in the countries where these Codes were 
developed. In particular, performance and displacement-based methods of design are 

already being considered to replace e)dsting methods. The authors in principle support these 

broad changes, which have the potential for producing more rational and economic 
designs. However, the details of Code requirements can also have a profound impact on the 

outcome of practical designs, and therefore also on their safety and economics. The 

specification of design ground motions and detailing rules will clearly continue to be 

important, whatever the fundamental approach. Reliable methods of determining element 

strength are crucial for capacity design, even in displacement-based methods, while drift 

limitations are Rely to assume even greater importance. 

2.4.2 Conceptual Design of Tall RC Buildings 

The governing consideration in conceptual design of tall RC buildings 

controlled by normal actions, is the minimization of cost and the maximization of the 

functionality of the facility. Safety is seldom a major concern in this phase of the 

design of such structures, as it is essentially guaranteed by the subsequent design 

phases, i. e. by the application of State-of-the-Art analysis methods and by 

conformance to Codes during member proportioning and detailing. On the contrary, 

structural configuration is a key factor for the safety of seismic-controlled 

structures, as it limits deviations of the actual response to the design seismic action 
from that assumed in design and used as the basis of member proportioning. A key 

postulate of codified seismic design is that peak structural displacements and 
deformations due to the design seismic action are approximated reasonably well, at 

the local and global level, by the results of an elastic analysis, even though members 

are not proportioned but for a small fraction of the internal forces resulting from it. 
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Aspects of structural configuration of tall RC buildings such as symmetry, mass 

distribution, and vertical regularity must be considered, and the importance of 

strength, stifffiess and ductility in relation to acceptable response appreciated. 

Irregularities, often unavoidable, contribute to the complexity of structural 

behaviour. When not recognized, they may result in unexpected damage and 

even collapse. There are many sources of structural irregularities. Drastic 

changes in geometry, interruptions in load paths, discontinuities in both 

strength and stiffness, disruptions in critical regions by openings, unusual 

proportions of members, re-entrant corners, lack of redundancy, and 
interference with intended or assumed structural deformations are only a few 

of the possibilities, Paulay & Pfiestley, ref [20). 

The primary purpose of all structures used for building is to support gravity 
loads. However, buildings may also be subjected to lateral forces due to wind 

or earthquakes. The taller a building, the more significant the effects of 
lateral forces will be. Therefore in seismic design, as the seismic criteria 

governs the design of lateral resistance of buildings, the structural systems of 
tall RC buildings must provide sufficient resistance against lateral forces. The 

common types of structural systems that are used for tall RC buildings will be 

discussed in the next sections. 

2.4.3 Structural Systems of Tall RC Buildings Against Earthquakes 

In multi-storey RC buildings, the structural system should preferably be 

composed of frames, either alone or coupled with shear walls in two directions, so that a 

clearly defined flow of lateral forces is achieved. Also the ductility for plastic hinges 

and beam-column joints should be specified without losing a large percentage of its 

strength. The three types of structures, most commonly used for tall RC buildings, will 
be presented in the following sections. 

2.4.3.1 Ductility System of Buildings 

Structures of multi-storey reinforced concrete buildings often consist of 
frames. Beams, supporting floors, and columns are continuous and meet at 
nodes, often called "rigid" joints. Such frames can readily carry gravity loads 
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while providing adequate resistance to horizontal forces, acting in any direction. The 

conventional approach to the seismic design of such structures, which relies on the 

ductile behaviour of the structural system to dissipate the seismic energy, may have a 
disadvantage that the structure, during high-intensity earthquakes, suffers damage 

requiring costly repair. This damage can sometimes be so severe that the building may 

need to be demolished. 

The main aim of the capacity design procedure of ductile multi-storey reinforced 

concrete buildings is the ability of these structures to dissipate seismic energy. 
Dissipation of seismic energy requires designing the buildings to allow the formation of 

plastic hinges, see Fig. 2.10 (a). When designing these hinges into the system it is 

important that these are formed in the beams of the building rather than the columns. 
This is the opposite to static design but is necessary because if hinges form in the 

columns under seismic loading it will cause global collapse of the structure, also 

requiring fewer hinges to form. Also plastic hinges are a useful part of earthquake 
design because when the structure degree of redundancy increases and the structure 
becomes more statically indeterminate, the number of plastic hinges required for 

collapse increases enhancing the load carrying capacity of the structure (also providing 

warning for the impending failure). 

The ductility of the structural members may be the most important factor which governs the 

global ductility of multi-storey RC buildings. The members and joints of structures must 
have appropriate levels of strength in flexure, shear and bond, so that appropriate 
detailing of longitudinal and transverse reinforcement will lead to structures with 

sufficient ductility in a flexural yielding mode to survive earthquakes. 

According to the aim of capacity design procedure which requires dissipating the 

seismic energy, in recent years there have been many alternative approaches for 

earthquake resistant design. The important types of these approaches are isolation 

systems and energy absorbers. It should be noted that ECS guidance on base isolated 

buildings is not given, but there special studies have been undertaken. Moreover, part 5 

of EC8 (Draft) contains special provisions for base-isolated bridges. The basic concept 

of the isolation systems design is the separation of the structural system from the input 

ground motion. In contrast to conventional design philosophy, according to which the 

whole structure dissipates the seismic energy through plastic deformation cycles, the 
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superstructure and the foundation are separated by a seismic isolation system. This can 
be accomplished with some special kind of pads (rollers-layers of sand-bearing, etc) 

with elastoplastic response, which are placed between the foundations and the 

superstructure. The yield shear of the pads is set to be slightly higher than the seismic 

action corresponding to the serviceability limit state. When the structure is subjected to 

an earthquake loading, the pads absorb and dissipate the seismic energy. In case of a 
high intensity earthquake the pads will absorb the seismic energy and yield, the yield 

shear of the pads will be transferred from it to the superstructure. Fig. 2.24 shows 
isolated building structures supported on laminated rubber springs. 

Energy absorbers work in a similar way to shock absorbers on a car. In their simplest 
form they are oil filled pistons connected to a brace on the structure and often set up 
between points having large relative displacement in response to ground motion, and the 

energy is dissipated as heat. The use of isolation or energy absorption on a building is 

rarely justified by a substantial saving in first cost. Justification is likely to come from 

increased levels of safety, lower levels of structural damage in extreme events or from 

lower damage levels for building contents. In the nuclear industry isolation has been 

used to achieve standard designs for the superstructure in areas of differing seismicity. 

Figure 2.24 Isolated building structures supported on laminated rubber springs: (a) 
double foundation with crawl space; (b) springs at mid-height of the lower storey 

columns (Key, ref [9]) 
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2.4.3.2 Structural Wall System 

Structural wall systems consisting of flat slabs, small columns designed for 

gravity loads only, and a few relatively slender structural walls of rectangular cross- 

section, can easily be designed for ductile behaviour under moderate earthquake 

actions. The structural walls have to carry the horizontal earthquake forces and should 

exhibit a well-defined ductile behaviour. For the conceptual design of structural wall 
buildings the following general rules should be considered. 

In both main directions of the ground plan of the building at least 2 

structural walls in each direction and must extend over the whole height of 
the building 

If possible the structural walls must be placed in plan at the periphery and more 
or less symmetrically. If the walls are located inside of the building they 

should be at a distance from the periphery measured in the direction of the 

strong axis of the wall cross-section of not more than 1/4 of the building plan 
dimension. With this arrangement torsional effects can be counteracted 

In general a simple rectangular cross-section is to be preferred. The horizontal 

wall length must be chosen in the range of about 3m to 6m or W6 to W4 

(where H is the building height). Instead of a longer wall two walls with the 

same total stiffness but with a higher total bending strength (if the same 

reinforcement ratio as in the replaced longer wall is used) can be more 
favourable. The wall thickness can be chosen in the range of 260 to 340 mm; a 

well-proven dimension is 300 mm. 

In general, individual walls may be subjected to axial, translational, and torsional 
displacements. The extent to which a wall will contribute to the resistance of 

overturning moments, story shear forces, and story torsion depends on its 

geometric configuration, orientation, and location within the plane of the building. 

The positions of the structural walls within a building are usually dictated by 

functional requirements. These may or may not suit structural planning. The 

purpose of a building and the consequent allocation of floor space may dictate 

arrangements of walls that can often be readily utilized for lateral force resistance, 
Paulay &Priestley, ref [20]. 
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2.4.3.3 Dual Systems 

In many RC buildings, the ductile frames and ductile structural walls appear 

together. When lateral force resistance is provided by the combined contribution of 
frames and structural walls, it is customary to refer to them as a dual system or a 
hybrid structure. Dual systems may combine the advantages of their constituent 
elements. Ductile frames, interacting with walls, can provide a significant amount of 
energy dissipation, when required, particularly in the upper stories of a building. 
On the other hand, as a result of the large stiffness of walls, good story drift control 
during an earthquake can be achieved, and the development of story mechanisms 
involving column hinges (i. e., soft stories) can readily be avoided. 

Despite the attractiveness and prevalence of dual systems, it is only recently that 

research effort has been directed toward developing relevant seismic design 

methodologies. This research has indicated a potential for excellent inelastic seismic 

response of this type of structural system. Under the action of lateral forces, a frame 

will deform primarily in a shear mode, whereas a wall will behave like a vertical 

cantilever with primary flexural deformations. Compatibility of deformations requires 
that frames and walls sustain at each level essentially identical lateral displacements. 

Because the preferred displacement mode of the two elements is modified, it is found 

that the walls and frames share in the resistance of story shear forces in the lower 

stories, but tend to oppose each other at higher levels. The mode of sharing the 

resistance to lateral forces between walls and frames of a dual system is also strongly 
influenced by the dynamic response characteristics and development of plastic hinges 

during a major seismic event, and it may be quite different from that predicted by an 

elastic analysis. Consequently, in the case of dual systems, simplified elastic analyses 

are likely to be misleading. 

The preferred form of both frames and structural walls together in a building is 

the connection of structural walls by continuous beams in their plane to adjacent 
frames, Penelis & Kappos, ref [8], Beskos & Anagnostopoulos, ref [19] and Paulay & 
Priestley, ref [20]. 
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CHAPTER 3 VERIFICATION OF ANSYS (Preliminary Analysis) 

3.1 ANSYS Overview 

The software package ANSYS, ref [42], was produced by Swanson Analysis 

Systems Incorporated (SAS IP, Inc) in 1970. The program is a computer program for 

finite element analysis and design. It is one of the leading general-purpose finite 

element programs available to both educational and commercial establishments. It has a 

comprehensive menu driven system with general and time-history pre-processors for 

model creation, solution phase, and general or time-history postprocessors for viewing 

analysis and manipulation of the model solution data. The software of this computer 

program is normally updated and upgraded to provide the latest finite element analysis 

and design technology that can solve complicated structural problems (such as the 

seismic analysis of three-dimensional large structures). In this research, ANSYS version 
5.7, ref [42], is used. This version was released in 2000 including advanced modelling 
features allowing engineers to perform the following tasks: 

* Build computer models for the three-dimensional large structures 

* Apply operating loads or other design perfonnance conditions 

9 Study physical responses, such as the seismic response of structures 

9 Optimise a design early in the development process to reduce production costs 

Do prototype testing in environments where it otherwise would be undesirable 

or impossible 

Also this version has a comprehensive graphical user interface (GUI) that gives users 

easy, interactive access to program functions, commands, documentation, and reference 

material. An intuitive menu system helps users navigate through the ANSYS program. 

3.1.1 Basic Analysis Procedures of ANSYS 

For performing an analysis using ANSYS, there are general steps which are 

common. A typical ANSYS analysis has the following three distinct steps: 

1. Build the model (preprocessor stage) 
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2. Apply loads and obtain the solution (solution phase) 

3. Review the results (postprocessor stage) 

In the first step stated above for performing the analysis (generation of the model), the 

type of analysis is first selected, i. e. structural, thermal, static or dynamic etc. A large 

element library becomes available with general 1,2, and 3 dimensional elements, and 

elements designed for specific purposes, each element having an individual reference 
number, features and characteristics. The next step is to select all the element types to be 

used in the model. During their selection, a number of key options are specified for each 
element type to define certain properties specific to the element in question, such as 
control of solution printout, or control of element physical properties. Real constant 
sets are then created, each with their own reference number, for use with these elements to 
define additional information about their geometric characteristics. Linear material 

properties are defined with reference numbers for each material, specifying each 

property, (such as elastic modulus) for a particular material. When a nonlinear stress- 

strain relationship is required, the form and hysteresis characteristics of the stress-strain 

graph are defined in a nonlinear table for the material, entering coordinates of points on 
the curve in the appropriate location in the table. 

Having already planned out the desired finite element mesh, the nodes are generated 
first. Cartesian, cylindrical polar and spherical polar co-ordinates systems are available for 

input of these nodes, with facilities for defining local and global systems. The first 'set' of 
nodes are normally created such that subsequent node creation can be carried out by a 

generation procedure of the primary set, assuming the mesh has been well constructed in 

such a manner as to allow for this. Automatic meshing for more complicated models is 

also available. With all the nodes created, an element type, an associated real constants 

set and a set of material properties are selected for the subsequent assembly. The elements 

are formed by assigning them to the correct nodes in a predetermined order. Again, 

as with the nodes, elements may be generated from an initial pattern and the 

complete one, two or three-dimensional model is formed. To change an element 
type or any of its properties, the selection of the appropriate reference number of a 
real constant set, material property set, or element type will facilitate this. 
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In the second step stated above for performing the analysis, once the model has been 

created, boundary conditions and applied loads must be defined. Boundary 

conditions may be entered as set displacements in the active co-ordinate system, or 

as constraint equations, thereby allowing an analysis by the specification of a 

prescribed displacement rather than by direct loading. A variety of external load 

application is available. Pressures over element faces, point loads at nodal 
locations, and accelerations coupled with specific material densities provide several 

means of direct loading. After that the solution is initiated using different options according 
to the analysis type. 

In the third (final) step of analysis, the general and/or time history postprocessor 

menu (according to analysis type such as static or dynamic) are used to read and 

review the results. There are a number of advanced techniques for visualising the data 

graphically, i. e. stresses may be plotted as raster or vector contours superimposed upon 

element plots, which can be viewed from any desired angle. Comprehensive lists of data 

may be compiled for viewing graphically or in its raw form, and a certain amount of 
data manipulation can be performed within the postprocessor, such as summation of 
forces or moments about specified positions in the model. All data associated with each 

element has a specific postdata number allocated to each data item, which may be specified 

and labelled for analysis. The results data can be stored on an individual text file to 

be used with other computer programs (such as Microsoft office software to 

create specific graphs), Weekes, ref [50]. 

3.1.2 Structural Analyses of ANSYS 

Structural analysis is probably the most common application of the finite 

element method. The term structural (or structure) implies not only civil engineering 

structures such as bridges and buildings, but also naval, aeronautical, and mechanical 

structures such as ship hulls, aircraft bodies, and machine housings, as well as 

mechanical components such as pistons, machine parts, and tools. The primary 

unknowns (nodal degrees of freedom) calculated in a structural analysis are 
displacements. Other quantities, such as strains, stresses, and reaction forces, are then 
derived from the nodal displacements. The available types of structural analyses that 

can be performed using the capabilities of the ANSYS program are as follows: 
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Static analysis which is used to determine the displacements, stresses, etc, under 

static loading conditions. Both linear and nonlinear static analyses are included. 

Nonlinearities can include plasticity, stress stiffening, large deflection, large 

strain, hyperelasticity, contact surfaces, and creep. 

* Modal analysis which is used to calculate the natural frequencies and mode 
shapes of a structure. Different mode extraction methods are available. 

o Harmonic analysis which is used to determine the response of a structure to 

harmonically time-varying loads. 

Transient dynamic analysis which is used to determine the response of a 

structure to arbitrarily time-varying loads. All nonlinearities mentioned under 

static analysis above are allowed. 

Spectrum analysis that is performed as an extension of the modal analysis, and 

used to calculate stresses and strains due to a response spectrum or random 

vibrations. 

9 Buckling analysis which is used to calculate the buckling loads and detennine 

the buckling mode shape. Both linear buckling and nonlinear buckling analyses 

are possible. 

* Explicit dynamics analysis that is performed through an interface to the LS- 

DYNA (explicit finite element program), and is used to calculate fast solutions 
for large deformation dynamics and complex contact problems. 

In this research, some types of analyses stated above are used such as static linear and 

nonlinear analyses, modal analysis and transient dynamic analysis. Therefore these 

types of analyses will be presented in more detail in the next sections. 

3.1.2.1 Nonlinear Analysis 

In linear analYsis, the behaviour of the structure is assumed to be 

completely reversible, i. e. the body returns to its original un-deformed state upon 
the removal of the applied loads, and solutions for various load cases can be 

superimposed. Many engineered structural systems are designed to remain linear (or 

nearly so) within their normal range of service loads. Standard linear equation solvers 
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such as are found in the ANSYS program and other finite element programs were 
initially developed to enable engineers to analyse complex linear structures. However, 

there are significant classes of engineering applications for which the relationship 
between force and displacement is not constant. A plot of force versus displacement 

for such systems is not a straight line; hence, such systems are said to be nonlinear and 

the solutions from several load cases cannot be superimposed. The behaviour of such 

systems cannot be represented directly with a set of linear equations. 

Nonlinear structural behaviour arises from a number of causes, which can be grouped 
into these principal categories: 

* Changing status: many common structural features exhibit nonlinear behaviour 

that is status-dependent. For example, a tension-only cable is either slack or taut; 

a roller support is either in contact or not in contact. Status changes might be 

directly related to load, or they might be determined by some external cause. 

Geometric nonlinearities: if a structure experiences large deformations, its 

changing geometric configuration can cause the structure to respond nonlinearly. 
Geometric nonlinearity is characterized by "large" displacements and/or 

rotations. 

Material nonlinearities: nonlinear stress-strain relationships are a common cause 
of nonlinear structural behaviour. Many factors can influence a material's stress- 

strain properties, including load history (as in elasto-plastic response), 

environmental conditions (such as temperature), and the amount of time that a 
load is applied (as in creep response). In general, nonlinear stress-strain 

relationships are the common cause of nonlinear structural behaviour. In this 

research, material nonlinearities are used for the static nonlinear analysis of steel 
fixed beam and one storey steel portal frame to check the capabilities of ANSYS 

program to perform the nonlinear analyses. This will be discussed later in 

section 3.2. 

Before attempting the solution of nonlinear problems, accurate and reliable material data 

must be adequately defined, often requiring the utilisation of experimental data. A 

nonlinear system cannot be analysed directly with a linear equation solver. However, 

it can be analysed by using a series of linear approximations, with corrections. The 
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application of the finite element method to nonlinear problems usually requires the 

use of small load increments and/or an iterative procedure. Iterations are usually 
performed to ensure that the solution is convergent, i. e. the error in approximating 
the equilibrium state is acceptably small. A several well established numerical 
techniques (such as Newton-Raphson) already exist for using iterations to solve 
nonlinear equations. 

ANSYS program employs the "Newton-Raphson" approach to solve nonlinear 

problems. In this approach, the load is subdivided into a series of load increments. The 

load increments can be applied over several load steps. Before each solution, the 

Newton-Raphson method evaluates the out-of-balance load vector, which is the 
difference between the restoring forces (the loads corresponding to the element stresses) 

and the applied loads. The program then performs a linear solution, using the out-of- 
balance loads, and checks for convergence. If convergence criteria are not satisfied, the 

out-of-balance load vector is re-evaluated, the stiffness matrix is updated, and a new 

solution is obtained. This iterative procedure continues until the problem converges. A 

number of convergence-enhancement and recovery features, such as line search, 

automatic load stepping, and bisection, can be activated to help the problem to 

converge. If convergence cannot be achieved, then the program attempts to solve with a 

smaller load increment. 

In some nonlinear static analyses, if the Newton-Raphson method is used alone, the 

tangent stiffness matrix may become singular (or non-unique), causing severe 

convergence difficulties. Such occurrences include nonlinear buckling analyses in 

which the structure either collapses completely or "snaps through" to another stable 

configuration. For such situations, an alternative iteration scheme can be activated, the 

arc-length method, to help avoid bifurcation points and track unloading. The arc-length 

method causes the Newton-Raphson equilibrium iterations to converge along an arc, 

thereby often preventing divergence, even when the slope of the load versus deflection 

curve becomes zero or negative. 

The procedure for analysing nonlinear transient behaviour is similar to that used for 

nonlinear static behaviour stated above. The load is applied in incremental steps, and the 

program performs equilibrium iterations at each step. The main difference between the 

static and transient procedures is that time-integration effects can be activated in the 

75 



Chapter3 VerificationOfANSYS(PreliminaiyAnalysis) 

transient analysis. Thus, "time" always represents actual chronology in a transient 

analysis. The automatic time stepping and bisection feature is also applicable for 

transient analyses. 

3.1.2.2 Static Analysis 

A static analysis calculates the effects of steady loading conditions on a 

structure, while ignoring inertia and damping effects, such as those caused by time- 

varying loads. A static analysis can, however, include steady inertia loads (such as 

gravity and rotational velocity), and time-varying loads that can be approximated as 

static equivalent loads (such as the static equivalent wind and seismic loads commonly 
defined in many building codes). Static analysis is used to determine the displacements, 

stresses, strains, and forces in structures or components caused by loads that do not 
induce significant inertia and damping effects. Steady loading and response conditions 

are assumed; that is, the loads and the structure's response are assumed to vary slowly 

with respect to time. The kinds of loading that can be applied in a static analysis 
include: 

9 Steady-state applied forces and pressures 

9 Steadyv-state inertial forces (such as gravity or rotational velocity) 

* Imposed (non-zero) displacements 

The procedure for a static linear or nonlinear analysis consists of these tasks: 

1. Build the model (finite element model, material properties, etc) 

2. Set solution controls (analysis type, etc) 

3. Set additional solution options (such as the numerical technique) 

4. Apply the loads 

5. Solve the analysis 

6. Review the results 
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3.1.2.3 Modal Analysis 

Modal analysis is used to determine the natural frequencies and mode shapes 

of a structure. The natural frequencies and mode shapes are important parameters in the 
design of a structure for dynamic loading conditions. They are also required if a 

spectrum analysis or a mode superposition harmonic or transient analysis is performed. 
Modal analysis in the ANSYS program is a linear analysis. Any nonlinearities, such as 

plasticity and contact (gap) elements, are ignored even if they are defined. However, 

ANSYS will allow the application of damping in the structure. The procedure for a 

modal analysis consists of four main steps: 

1. Build the model (finite element model, material properties can be linear, 

isotropic or orthotropic) 

2. Apply loads and obtain the solution (analysis type, damping, number of modes, 

etc) 

3. Expand the modes (writing mode shapes to the results file) 

4. Review the results 

3.1.2.4 Transient Dynamic Analysis 

Transient dynamic analysis (sometimes called time-history analysis or direct 

integration analysis technique) is a technique used to determine the dynamic response of 

a structure under the action of any general time-dependent loads. This type of analysis is 

used to determine the time-varying displacements, strains, stresses, and forces in a 

structure as it responds to any combination of static, transient, and harmonic loads. The 

time scale of the loading is such that the inertia or damping effects are considered to be 

important. In transient dynamic analysis, the basic equation of motion (see chapter 2) is 

solved so that at any given time, t, these equations can be thought of as a set of "static" 

equilibrium equations that also take into account inertia forces and damping forces. The 

ANSYS program uses the Newmark time integration method to solve these equations at 
discrete timepoints. The time increment between successive timepoints is called the 

integration time step. 

A transient dynamic analysis is more involved than a static analysis because it generally 
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requires more computer resources and more of any body resources, in terms of the 
64engineering" time involved. A significant amount of these resources can be saved by 

carrying out some preliminary analyses for simple models before analysis of the main 

structural problem. Three methods are available for performing the transient dynamic 

analysis: full, mode superposition, and reduced. The full method uses the full system 

matrices to calculate the transient response (no matrix reduction). It is the most general 

of the three methods because it allows all types of nonlinearities to be included 

(plasticity, large deflections, large strain, and so on). The advantages of the full method 

are, (1) it is easy to use, because no worry about choosing master degrees of freedom or 

mode shapes, (2) it allows all types of nonlinearities, (3) it uses full matrices, so no 

mass matrix approximation is involved, (4) all displacements and stresses are calculated 
in a single pass, (5) it accepts all types of loads: nodal forces, imposed (non-zero) 

displacements, element loads (pressures and temperatures), (6) it allows effective use of 

solid-model loads. The main disadvantage of the full method is that it is more expensive 
than either of the other methods. This method is used in this research for carrying out 
the transient dynamic analysis using ANSYS. 

The procedure for a transient dynamic analysis consists of these tasks: 

1. Build the model 

2. Establish Initial Conditions (number of load steps) 

3. Set solution controls (analysis type, etc) 

4. Set additional solution options 

5. Apply the loads 

6. Save the Load Configuration for the Current Load Step 

7. Repeat Steps 3-6 for Each Load Step 

8. Save a Back-up Copy of the Database (database file) 

9. Start the Transient Solution 

10. Exit the Solution Processor 

11. Review the results 
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The accuracy of the transient dynamic solution depends on the integration time step: the 

smaller the time step, the higher the accuracy. A time step that is too large will 
introduce error that affects the response of the higher modes (and hence the overall 

response). A time step that is too small will waste computer resources. As damping 

must be specified in a dynamic analysis, the ANSYS program has the following forms 

of damping. 

" Alpha and Beta Damping (Rayleigh Damping) 

" Material-Dependent Damping 

" Constant Damping Ratio 

" Modal Damping 

" Element Damping 

Rayleigh damping was chosen as a proven accurate method of incorporating damping in 

mathematical models. Mass proportional damping and stiffness proportional damping 

are used to define Rayleigh damping constants cc and P. The damping matrix [C] is 

calculated by using these constants to multiply the mass matrix [M] and stiffness matrix 

[K]: [C] =a [M] +0 [K]. This form of damping (Rayleigh Damping) in ANSYS 

program is used in this research for transient dynamic analyses. 

3.2 Capability Check of ANSYS to Perform Nonlinear Analysis 

The ANSYS program is commercial software for the finite element method and 
is widely used by the engineers around the world for analysis and design. It is used in 

the educational and industrial fields as a highly verified & validated finite element code. 
ANSYS 5.7, ref [42], mentioned that the accuracy of results must be verified for any 

type of analysis prior performing the main analysis for solving the structural problem. 
Verification of nonlinear results which is carried out as a general criterion of the 

accuracy of finite element code (ANSYS program) is generally more difficult than 

verification of linear results. Verification can become more complicated for a nonlinear 

analysis, because by their nature nonlinear results tend to be harder to predict. Also 

verification through sensitivity studies (i. e., running the dynamic analysis for a three 
dimensional large structures, smaller load increments, etc. ) becomes more complex, 

expensive and time-consuming for the linear analyses. 
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The structural engineering problem of this research (analysis of three dimensional 

multi-storey reinforced concrete buildings under seismic actions) presents a complex 

problem. The ANSYS program has the capability to solve complex structural 

engineering problems and has been used in this research due to the nature of the subject. 
For this reason the program results are verified before use in the seismic analysis. In this 

section the accuracy of ANSYS results are verified for static linear & nonlinear analysis 

of steel fixed beam and one storey steel portal frame. Also the capabilities of ANSYS to 

predict collapse mechanisms of these structures are checked (it should be noted that 

although nonlinear material verification analyses have been performed, due to the size 

of the global models of multi-storey RC buildings the decision not to involve 

nonlinearity was taken). 

A simple steel fixed beam and one storey steel portal frame were modelled and applied 

using the ANSYS program through all stages of loading up to collapse to verify that the 

correct representation of the non-linear behaviour was achieved. At the same time these 

two models were solved analytically (free hand calculation) using the basic theories of 

elasticity and plasticity. A comparison between ANSYS program results and the 

analytical results is presented to verify the correct representation of the ANSYS 

program and the details of the formation of plastic hinges in structural elements. All 
details about these static linear & nonlinear analyses which were applied for steel fixed 

beam and one storey steel portal frame to verify the ANSYS program are included in 

the Appendix I. 

In the next sections of this chapter, the capability of the ANSYS program for solving 

structural problems such as seismic analysis of three-dimensional large RC buildings 

will be verified and validated. The simulation of a three dimensional five-storey 

reinforced concrete building under seismic action (UK design response spectra) will be 

presented and discussed. 

3.3 ANSYS Analysis of an unbraced 5-storey RC Building 

In this research the major objective is the investigation of the seismic behaviour 

(seismic performance) of existing multi-storey reinforced concrete buildings under 

seismic loads (earthquakes) using the finite element method (ANSYS Program). 

Seismic analysis of multi-storey reinforced concrete buildings using the finite element 
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method so far has been based on individual elements of the building or two-dimensional 
building for verification purposes. The analysis of the real seismic behaviour of multi- 
storey reinforced concrete buildings using the finite element method can be satisfied if 

the structure is simulated as a three-dimensional global structure consisting of a 
reinforced concrete material. This model has many complexities because firstly, the 

reinforced concrete material consists of two main components, the concrete and steel 
reinforcement, making generation of the model very complicated and excessively time- 

consuming, secondly, to analyse reinforced concrete structures in non-linear stage, the 

yield strength of the reinforced concrete material is required. This value is not constant 
for this material and is subjected to variation. 

In this research to estimate the realistic seismic behaviour of existing reinforced 
concrete buildings, two 3-dimensional models were constructed as an initial models for 

the representation of multi-storey reinforced concrete buildings under seismic action. 
The first model is an unbraced 5-storey RC building (is presented and discussed in this 

section) and the second model is a braced 5-storey RC building (is presented and 
discussed in the section 3.4). These models are analysed statically and under seismic 

action using the ANSYS program (preliminary analyses prior the main analyses of the 

major research model, a braced 10-storey RC building). Seismic time-history analyses 
of these models using ANSYS were also carried out to verify its capability in simulating 
the realistic seismic behaviour of the global structure of a multi-storey RC building. 

The model of unbraced 5-storey RC building (this model will be called UFS) was 
designed using an approximate design method (according to the design rules of BS 

8110, ref. [3], BS 6399, ref. [5 1], BS 648, ref [52]) to be safe against collapse under its 

own weight and live loads (the effect of structural walls of this model was omitted). The 

aim of this model was not to produce a building which would necessarily be used in real 
life, but to verify ANSYS for transient & modal analysis, and verify its behaviour with 

simple hand calculations. Figures 3.1,3.2 show the three-dimensional finite element 

model of the UFS (as generated using ANSYS) and the floor plan of storeys. Also these 

figures show the geometric characteristics of this model. The details of this model are 
listed in table 3.1 (it must be noted that the reinforcement details of the global structure 

of RC buildings were omitted in this research due to the size of used models and 

analyses types as stated above). 

81 



Chapter3 Verification Of ANSYS (Preliminary Analysis) 

ELEPMWS AN 
MKY 17 2003 

01: 23: 29 

, A--x 

IlModelling of an unbraced 5-storey RC building 

Figure 3.1 The finite element model of unbraced five-storey RC building (UFS) 

8m 
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Slab (0.15 m Thick) 

Columns (0.5 mx0.25 m) 

Figure 3.2 The floor plan of storeys of UFS 

Three types of analysis were conducted using ANSYS for this model (UFS) as follows: 

1. Three-dimensional static linear analysis 

2. Three-dimensional modal analysis 

3. Three-dimensional transient linear dynamic analysis: 
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a) Under horizontal earthquake alone 
b) Under both horizontal and vertical earthquake together 

Description of UFS Model 

" Unbraced five-storey reinforced concrete building (No walls effects) 

" 8m by 8m in plane, one bay, 17.5 m in height 

" Storey height is 3.5 m 

" The characteristic concrete compressive strength (ý") is 30N/MM2 

" The yield strength of the steel reinforcement (Q is 460 N/mrn 2 
" The design load consists Of working dead load (DL) and live load (LL 

= 3.5 kN/m 2) 

" Young's modulus (Ej is 20 kN/ rnm 2 

" Poisson's ratio (vc) is 0.2 

" Density (p) is 2400 kg/m3 

" Modified density accounting for live load (p m) is 4778.5 kg/M3 

" Slab thickness is constant for all floors 0.15 in 
" Bearn section is 0.55 in in depth by 0.25 in in breadth and is constant 

for all beams 
" Column section is 0.5 mx0.25 in in plane and is constant for all 

columns 
" All bases are fixed (all degrees of freedom, translations and 

_rotations 
= 0) 

Table 3.1 Design details of model of UFS 

3.3.1 Three Dimensional Static Analysis 

The finite element model for static loads only must be executed prior conducting 

the seismic analysis. Equilibrium can be checked and various modelling approximations 

can be verified with simple static load patterns. The static analysis of UFS was carried 

out to check the safety of building against collapse under its own weight and live load 

and to verify forces in the static case. This model was generated using the finite element 

computer program ANSYS as shown in Fig. 3.1 in accordance with the design details 

listed in table 3.1. The static load (gravity loads that included specified dead and live 

loads) was applied using the gravitational constant of 9.8 1 M/S2 acting on the appropriate 
density (mass) of the model. 

The results of static linear analysis of the UFS using ANSYS are in good agreement 

with the hand calculations results (the mass of building and its vertical reaction forces 
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were estimated with a high degree of accuracy). Also investigation of the ANSYS 

results of the model shows that the maximum degree of freedom value in y-direction 
(maximum deflection UY) is acceptable in accordance with the serviceability limit state 

requirements of BS 8110, ref [3]. In accordance with the stress-strain curve of concrete 

presented in BS81 10 (see Fig. 2.1), the maximum stress of concrete grade 30 N/mM2 is 

equal to 13.4 N/MM2 .A check of the maximum stress of this model under gravity loads 

(based on the static analysis results using ANSYS) revealed that the maximum value 
2 

was equal to 5.95 N/mm , less than the BS81 10 limit. These checks were made to show 

that the UFS is safe against collapse under the gravity loads. Table 3.2 presents a 

comparison between the analytical and ANSYS results of the static linear analysis of 

UFS. 

Static Linear Analysis Results of UFS 
Description Ana! jtical Analysis ANSYS Analysis Remarks 

Mass of model (kg) 314577.5 303170 Good agreement (3.7 % 
difference) 

Vertical reaction 
force of each base 771 5 743 5 Good agreement (3.7 % 

. . difference) 
(kN) 

Maximum deflection N/A 19 Acceptable value 
UY (mm) (BS81 10, ref [3]) 

Maximum stress of 
2 N/ t 

13.4 (designed) 
1 

5.95 (applied) 
I Columns safe against 

stresses mm concre e( ) 

Table 3.2 Analytical and ANSYS results of static linear analysis of UFS 

3.3.2 Three Dimensional Modal Analysis 

Modal analysis is an essential part of the dynamic analysis process that gives 

valuable insight into the dynamic characteristics of the structure, and was carried out for 

the UFS model for this purpose in addition to the verification of ANSYS. This analysis 

of structures must be performed for a three-dimensional model due to the presence of 

torsional effects (especially for structures having irregularity in geometrical shape in 

plan or elevation). The first step in the dynamic (seismic) analysis of a structural model 
is the calculation of the three dimensional mode shapes and natural frequencies of 

vibration. A careful examination of the torsional effects of the three dimensional mode 

shapes at the early stages of a preliminary design (depending on the preliminary 

analysis) can give a structural engineer additional information which can be used to 

improve the earthquake resistant design of a structure. EC8, ref. [4], defines an 
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"irregular structure" as one which has a certain geometric shape or in which 

stiffness and mass discontinuities exist. Determination of the torsional effects may 

allow converting a "geometrically irregular" structure to a "dynamically regular" 

structure from an earthquake-resistant design standpoint. Modal analysis of UFS 

model (three-dimensional finite element model that is shown in Fig. 3.1) was carried 

out using ANSYS in the absence of damping (C = 0, see section 2.2.1.1). Also up to 30 

mode shapes were extracted. This analysis yielded the natural frequencies (undamped), 

mode shapes of free vibration, the mass participation factor (IF), and the effective mass 
(meff) for each mode, which are important for carrying out the transient dynamic 

analysis, and simple hand calculations. 

Both mass participation factor (r) and effective mass (m') of each mode are significant 

that they represent a measure of how strongly motions in the degrees of freedom are 

represented. When the value of these two parameters of a mode shape is high (as a 

percentage of the total mass) then the mode can be considered to be significant. In 

general terms, if this 'major' mode is excited by an input motion (i. e. resonance is set 

up) then high accelerations, velocities and displacements would be expected to occur, as 

the dynamic amplification is significant. Modes in the frequency range 0- 33 Hz 

(earthquake range) are extracted and the modes contributing up to 80 % of the total 

mass are considered (major modes are normally above I% mass acting). As the mass 

participation factor (IF) increases, the generalized force acting at the bases of building 

(earthquake loads) increases so that for a time-dependent base acceleration [f (t) ] the 

generalized force becomes F(t)=TY(t). Also effective masses can be used to calculate 

the real value of damping coefficients for subsequent use in the transient dynamic 

analysis (Rayleigh damping coefficients) and this will be discussed later in the section 
3.4.2.1. 

Assuming orthogonal modes, the sum of effective masses of all modes in any direction 

should give the total mass of the model (excluding mass at restrained degrees of 
freedom). Table 3.3 lists the sum of effective masses of all modes in each direction. 

When conducting a modal analysis as a prelude to a transient dynamic analysis (time- 

history analysis) it is important that the majority of the mass is captured i. e. no less than 

80%. For this model (UFS), thirty modes up to 11.4 Hz were extracted and this proved 

sufficient to capture the majority of the mass and consequently the major modes of 
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response, see table 3.3. In practice, the interest is focused on the modes at which most 

mass is 'captured' as these represent the dominant modes of vibration. The seismic 

effects on the structure are likely to be amplified through resonance effects if any of 

these 'major' modes coincide with frequencies of ground motion within the dominant 

earthquake range (normally up to 33Hz) so that the determination of natural frequencies 

of structures are important to identify resonance. Table 3.4 summarizes the frequency, 

mass participation factors, captured masses, and description for the major modes of 

vibration of the UFS model. 

Description Mass (ýg) Percent of Mass 

Actual total mass of UFS 303170 100 

Sum of effective masses of all modes in 
x-direction 

301495 99.44 

Sum of effective masses of all modes in 
y-direction 

213617 70.5 

Sum of effective masses of all modes in 
z-direction 

301565 99.5 

Table 3.3 Sum of effective masses of all modes in each direction for UFS 

"Maj r" Modes %Masse ptured) Description of 
Mode Frequency Mass X- Y- Z- Mode 
No. (Hz) Partic. (F) Direction Direction Direction 

1 0.6 509.99 N/A N/A 86% Sway Mode 

2 1.0 501.55 83 % N/A N/A Sway Mode 

Floors bounce up and 9 
II 

4.7 
I 

392.27 
I 

N/A 
I 

51 % 
I 

N/A 
I 

down 

Table 3.4 Modal analysis results of UFS (major modes of vibration) 

The major modes in x-direction and z--direction show that the larger mass captured of 

those modes resulted from the sway modes (see table 3.4), which mean that these are 

the major modes. The behaviour of the model in case of sway-mode in x-direction and 

z-direction is representative of what we would expect in real life when a horizontal 

earthquake occurs as shown in Fig. 3.3. It must be noted that the absence of walls 
(bracing) in this building increases the effects of sway modes, such as the lateral 

displacements and shear forces, see Fig. 3.3. The major modes in y-direction show that 

the captured mass of the model in this direction may be concentrated in one mode of 
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vibration. In this mode, the floors bounce up and down which show that the vertical 

earthquake may have a significant effect on the structure floors. 

As each three-dimensional mode shape of the UFS model has displacement components 
in all directions, there are other results of the modal analysis which can give valuable 

additional information. Table 3.5 summarizes the modal base reactions and modal 

overturning moments for the major modes of vibration listed in table 3.4 and a torsional 

mode of the UFS model. Although these quantities are not strictly useful in terms of 

their application, qualitatively they provide insight into the effects of the major modes 

concerned. These results show that the change in translational and rotational motions of 
the structure with the change of mode shapes depends mainly on the frequency and type 

of mode shape of structure (see and note the coloured values in table 3.5). Also the 

results of mode shape in y-direction (floors bounce up and down) reveal that the vertical 

earthquakes are having a significant effect on the axial forces of columns (see the 

coloured value in table 3.5). The results in table 3.5 highlights the importance of the 

three-dimensional nature of the model due to the effects of torisonal modes on the 

structure. Fig. 3.4 shows the typical torsional mode shape of the UFS model. 

AN MODAL SOLLMON 

S'MP-l 
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Modal Analysis of an unbraced 5-storey RC Building 

Figure 3.3 Sway mode (major mode of vibration) of UFS model in x-direction 
(various colours indicate to the values of displacement in meter for storeys) 

The three-dimensional analysis of this model (UFS) reveals that the torsional modes 

must be taken account of in the design of earthquake resistant concrete structures. This 
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building revealed a limitation against torsional mode due to a lack of links between the 
building joints. Results of torsional modes from modal analysis of this model (see table 
3.5) show that the bracing is essential to decrease the translation and rotation of the 
frames joints (see Fig. 3.4) of structure under earthquake loads. In essence the bracing 

will join between locations of maximum relative displacement & increase the overall 

stiffness of the building, increasing the natural frequencies. 

Total Modal Reactions of Total Modal Overturning 
Mode No. 

d Frequency Model Bases Moments of Model Bases 
an 

Description (]Flz) 
X-dir Y-dir Z-dir X-axis Y-axis Z-axis 

(1) 0.6 -0 5500 0844 -3 -80320 -14731) -0 01732 0 99004 Sway mode . . . . 

(2) 1 0 -19904 3456 -0 0 1170 0 19379 03255 -0 41254 Sway mode . . . . . 
(9) 

Floors 4.7 -2 2988 -340010 3 1230 5.6141 1823 2 3 4058 bounce up , . . . 
and down 

(20) 
Torsional 9.4 24.866 -72903 -2.2394 -2.7960 -13945 -41.806 

mode I I I I I I I I 

Table 3.5 Modal analysis results (modes of vibration) of the UFS model 
(base forces and moments of three-dimensional FE model) 
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Modal Analysis of an unbraced 5-storey RC Building 

Figure 3.4 Torsional mode shape of UFS model and its longitudinal stresses 
(various colours indicate to the values of stresses in x-direction) 
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3.3.2.1 Analytical Calculations of Natural Frequencies 

An analytical modal analysis was carried out to obtain some natural 
frequencies of the UFS model in the x-direction and z-direction using the formulas of 

the theoretical modal analysis of multi degree of freedom system, Blevins, ref. [29]. The 

results of natural frequencies of the ANSYS modal analysis are in good agreement with 
the results of the analytical modal analysis of the UFS model. This verification confirms 
that the ANSYS program can predict the response of the structure under the dynamic 

(seismic) load. Table 3.6 lists the natural frequencies of the model that resulted from 

analytical and ANSYS analysis. Fig. 3.5 shows the comparison of natural frequencies 

between the theoretical and ANSYS modal analysis of the UFS model. 

Analytical Modal Analysis ANSYS Modal Analysis 
NO- Frequency 

(Hz) Direction of Modes Frequency 
(Hz) 

Direction and 
Description of Modes 

1 0.73 Z-direction 0.63 Z-direction (Sway mode) 
2 1.46 X-direction 1.0 X-direction (Sway mode) 
3 2.13 Z-direction 1.88 Z-direction (Sway mode) 
4 3.36 Z-direction 3.09 X-direction (Sway mode) 
5 4.26 X-direction 4.06 Z-direction (Sway mode) 
6 4.3 Z-direction 4.06 Z-direction (Sway mode) 
7 4.92 Z-direction 4.93 Floors bounce up and down 
8 6.71 X-direction 6.76 Torsional mode 
9 8.61 X-direction 8.89 Floors bounce up and down 
10 9.84 X-direction 9.81 Floors bounce up and down 

Table 3.6 Natural frequencies of the UFS model from analytical 
and ANSYS modal analysis 

12 

0 

I0 

6 

-4-analý4ical res uhs A ANSYS resuhs 

468 10 12 

Mbde number (1,2,..., 10) 

Figure 3.5 Comparison between theoretical and ANSYS 
modal analysis results (natural frequencies) of the UFS model 
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3.3.3 Three Dimensional Transient Dynamic Analysis 

The three-dimensional transient linear dynamic analysis was conducted for the 

UFS model using ANSYS to determine the seismic response parameters such as 
displacements, strains, stresses, and forces. In general, this analysis was carried out in 

accordance with the following main steps. 

1. Creation of the three dimensional finite element model as shown in Fig. 3.1 in 

the absence of walls (bracing) 

2. Determination of the analysis type (transient linear dynamic analysis) and some 
solution options such as damping effects (C = 0), the total time of earthquake 
applied loads (t = 10.19 sec) and the time intervals of loading which is 

commonly constant (time step = 0.0 1 sec) 

3. Applying the seismic loads (earthquake loads) as a displacement time-history atý 

the fixed bases of the model and afterward the analysis solution is carried out (it 

must be noted that the effects of gravity loads were omitted and not applied for 

this model) 

The transient dynamic analysis of this model (UFS) was applied under two types of 
time-history, horizontal time-history alone that contains two orthogonal components 
(two dimensional seismic action in the directions x, z), and both horizontal & vertical 

time-history together that contain three orthogonal components (three dimensional 

seismic action in the directions x, z, y). The UFS model was seismically analysed in the 

absence of walls, damping and gravity loads in order to study the effects of these factors 

on the seismic behaviour of RC buildings by conducting a comparison between this 

model (UFS) and the braced 5-storey RC building which will be discussed later in the 

section 3.4. 

The damping force of building (C) reduces the resonant amplification of the input 

motion (seismic excitation) and subsequently the occasions of high accelerations, 

velocities and displacements, which are required for a high seismic performance for the 
building. Gravity loads have a significant effect on the equilibrium of the building 
during the earthquake. It may stabilize the building vertically depending on the 
directions (positive or negative direction) of the horizontal and/or vertical earthquake 
i. e. depending on the value of generated overturning moment of the building. Also the 
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axial forces of columns that are in compression due to the gravity loads may be 

increased or even altered to tension under the horizontal and/or vertical earthquake. 

3.3.3.1 Input Ground Motion 

The earthquake for the purpose of seismic analysis and/or design of structures 
is usually characterised by a spectral shape (response spectra). The input ground 

motions (earthquakes) which are used for the transient dynamic analysis (time-history 

analysis) must be in the form of an acceleration, velocity or displacement time-history. 

This time-history is generated from the response spectra of the earthquake as 

acceleration, velocity or displacement versus time (see sections 2.2.3,2.2.3.1). The 

input ground motions which were used in this research for all transient dynamic analysis 

of RC building models, are classified to horizontal and vertical input ground motions. 

The horizontal input ground motions, which were in the form of an acceleration time- 

history, are representative of 10.19 second 0.2g ZPA (zero period acceleration) United 

Kingdom ground motion. This acceleration time-history (PGA = 0.2g) was generated 
from a typical UK design response spectra of a hard site (Uniform Risk Spectra (URS), 

Principia Mechanica Limited, ref [32]), refer to section 2.2.3.1. The vertical input 

ground motion was reduced by 2/3 of that of the horizontal motions to account for a 

typical reduction normally observed for vertical motion (for vibration periods T :50.15 

sec, reduction factor is equal to 0.70), Eurocode 8, ref. [4], Penelis & Kappos, ref [8]. 

Due to the displacement time-history being the only available option for applying input 

ground motion in a transient dynamic analysis using ANSYS, the horizontal and vertical 

acceleration time-histories derived from the spectra were integrated numerically and 

converted to displacement time-histories. These displacement time-histories were 

applied as 10.19 second with a digitized interval (vibration period) of 0.0 1 second (see 

Fig. 3.6). This size of time increment is typical to allow the effect of frequencies within 

the normal earthquake range to be captured in the model. Soil properties and effects of 

soil structure interaction were ignored in this research, (but were recommended for 

future work). Hence the translational ground motion was applied in the three spatial co- 

ordinate directions directly to the bases of the model. 
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Figum 3.6 Typical displacement (horizontal - vertical) 
time-history input motion 

The ANSYS program has the capability to generate a response spectra from a 
displacement time-history for any selected node of the building model. The response 

spectra generator uses the displacements from the transient dynamic analysis results. 
Calculations are based on a numerical integration scheme with the displacement time- 
history data from the file as the input forcing function. The response spectra can be 

calculated and produced as a displacement, velocity, or acceleration response spectra. 
ANSYS was used to generate the acceleration response spectra (0.2g ZPA Typical UK 

URS) of the horizontal displacement time-history input motion used in this research 
(see Fig. 3.6). 

Many earthquake engineering research organizations throughout the world have 

computer programs for generating response spectra of earthquakes. A purpose written 

spectra generation program written in Fortran (based on the normal procedure using the 

'Duhamel Integral') was used to generate the acceleration response spectra (0.2g ZPA 

Typical UK URS) of the horizontal acceleration time-history input motion (0.2g PGA) 

to verify the ANSYS program. Figures 3.7,3.8 show the acceleration response spectra 
(0.2g ZPA Typical UK URS) that were generated using ANSYS and the computer 

program. The comparison between these figures confirms the capability of ANSYS in 

producing the response spectra and using it as an accurate seismic analysis tool. 

3.3.3.2 Analysis under Horizontal Earthquake 

A transient dynamic analysis (time - history analysis) was carried out for the 
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Figure 3.7 Acceleration response spectra of horizontal input 
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Figure 3.8 Acceleration response spectra of horizontal input 
motion (acceleration time- history) using the computer program 

UFS model under the horizontal displacement time - history input motion alone (see 

Fig. 3.6). The displacement time-history was applied directly to the fixed bases of the 

model in x, z directions as a two-dimensional input motion. The complete response 
history (seismic behaviour) of the building was evaluated by the response parameters 

such as maximum amplitude of the relative displacement, the relative velocity and the 

absolute acceleration developed during a seismic excitation. Also the resulting forces 

(such as maximum stresses, strains, moments and shear & axial loads) were used to 
determine the dynamic response of the building. Investigation of the transient dynamic 

analysis results of the UFS model under horizontal input motion shows that: 
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1. In general, the lateral displacements (ux, uz) increase with the height of building 

until they reach their maximum values at the upper floor. Fig. 3.9 shows the 

displacement time-histories of building floors that were excited from the input 

motion. Also this figure shows the comparison between displacements values of 
input motion and the excited displacements at floors. Although the complete 

response history (dynamic behaviour of the building at any loading step of the 

earthquake) of the building can be determined, only the response envelope (i. e., 

the maximum value achieved by each response quantity at any time during the 

earthquake for building floors) will be considered here. 

Figures 3.10,3.11,3.12 show the envelopes of lateral displacements, shear 
forces (lateral forces) and columns moments of the UFS model under the 

earthquake. From these figures it can be noted that the minimum displacements 

(17.20 mm. at time 5.08 sec) occur at the base and increases at each floor to 

reach its maximum value (69.90 mm at time 5.11 sec) at upper floor (the times 

of minimum & maximum values of displacements 5.08,5.11 sec show that there 

is a lag in the maximum displacements as expected). The maximum shear forces 

(167.30 kN at time 8.67 sec) and columns moments (338.80 kN. m at time 8.66 

sec) occur at the base and decrease at each floor to reach its minimum values 
(79.90 W at time 8.79 sec & 155.80 kN. m at time 8.79 sec) at upper floor. 

These forces are important parameters in the seismic design of buildings. Many 

seismic codes (such as EC8, ref. [4]) utilize these forces for design of buildings 

in accordance with the requirements of seismic analysis and design. Also the 

assessment technique of these forces for the complete response history of 
building allows us to determine the realistic seismic behaviour and identify the 

vulnerable areas of the building during the seismic excitation. 

2. Axial forces in building columns is one of the important factors which affects 

the ductility (section rotation capacity) of columns during the earthquake. In 

general a reduction in the compressive axial load will increase the ductility of 

the section, but may compromise the ultimate strength. Fig. 3.13 shows the 

envelopes of moments and axial compressive loads of the UFS columns during 

the earthquake. As the gravity loads are not applied in this model (UFS), the 

axial forces of the columns are completely due to the earthquake. Fig. 3.13 

exhibits the relationship between the moments and axial loads during the 
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earthquake. A number of important points with regard to the formation of 

collapse mechanisms are raised at this stage. In general terms it can be seen and 

assumed that the columns in the ground and lower floors have the greater 

compressive axial load within them, both under earthquake loading only, and 

earthquake plus gravity loading. It can be seen from Fig 3.13 that the applied 

moments are greater in the lower floors also, as expected. Hence in relation to 

the natural design state of the majority of reinforced concrete columns, the 

increased axial load will help in resisting the larger moments applied (within a 

reasonable axial load increase limit) at ground and lower floor levels. However 

the ductility may be compromised as a result, which may affect the global 

collapse mechanisms. Also the compressive effect within the concrete columns 

can affect their relative stiffnesses throughout the various stages of loading, 

which may in turn affect the distribution of loading throughout the structure. All 

of these points will be examined further, later on in the work. 
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Migure 3.9 Displacement time-histories of buiUing floors and inpid 
motion 

3. Fig. 3.14 shows the interstorey drift for the UFS model at the time step 5.11 sec 

since the maximum lateral displacement of the upper floor during the earthquake 

occurred. These types of plots are commonly used to compare between global 

seismic behaviour of RC frames including different types of joints (flexible or 

rigid) and/or under different types of earthquake (peak ground acceleration). 
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Here we will compare the mode shapes which were produced from the modal 

analysis and the displaced shape occurring during seismic excitation. For this 

comparison the displaced shape with the maximum displacement of the upper 
floor was selected because it may be compared to the 'major' mode of model 

that captures the majority of the mass of the building during seismic excitation. 
Table 3.7 lists the comparison between the 'major' mode shape from the modal 

analysis (refer to sec. 3.3.2, table 3.4) and the displaced shape of the transient 

dynamic analysis of the UFS model. Fig. 3.15 shows the displaced shape of the 

finite element model of UFS at the time step 5.11 sec under the earthquake. 
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Analysis type Frequency (Hz) Direction Description 
of Mode 

Modal analysis 
1.0 

('Major' modal frequency) X- direction Sway Mode 

Transient dynamic 2.5 X- direction Sway Mode 
analysis (Average global response frequencies) 

Table 3.7 Comparison between mode shapes from modal analysis and displaced 
shapes of transient dynamic analysis of UFS model 

4. In 1970, Clough (Wiegel, ref [53]), carried out an elastic dynamic analysis for a 
two-dimensional 20-storey RC building under an earthquake (0.3g PGA) using 

the mode superposition method. This building was designed in accordance with 

the static code regulations (USA codes). Fig. 3.16 shows the response envelopes 

of lateral displacements and columns moments for this building as plotted by 

Clough. The comparison between figure 3.16 and figures 3.10,3.12 is in good 

agreement & provides confidence in the ANSYS modelling. Also the 

comparison between figures 2.17 (Dowrick, ref [13]) which was presented in 

chapter 2 and 3.11 presented above also supports this. 
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Figure 3.16 Response envelopes of elastic lateral displacements and columns moments 
of 20-storey RC building under an earthquake [Clough (Wiegel, ref. [53])] 

3.3.3.3 Analysis under both Horizontal and Vertical Earthquake Together 

The vertical component of earthquake ground motion has generally been 

neglected in the earthquake-resistant design of structures. This is gradually changing 
due to the increase in near-source records obtained recently, coupled with field 

observations confirming the possible destructive effect of high vertical vibrations. Also 

the seismic design of specific reinforced concrete buildings (such as important high rise 
buildings) needs the vertical component of the seismic action to be considered in the 

analysis to obtain the realistic behaviour of such buildings during the earthquake. 

A transient dynamic analysis (time - history analysis) was carried out for the UFS 

model under the both horizontal and vertical displacement time - history together (see 

Fig. 3.6). The horizontal and vertical displacement time-histories were applied 

concurrently and directly to the fixed bases of the model in x, z directions for the 
horizontal displacements and y-direction for the vertical displacements as a three- 
dimensional input motion. Investigation of the transient dynamic analysis results of the 

UFS model under the horizontal and vertical components of the earthquake shows that: 

2. The vertical displacements (uy) increase with the height of building until they 

reach their maximum values at the upper floor. Fig. 3.17 shows the envelope of 

vertical displacements of the UFS model under the both horizontal and vertical 
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earthquake together. This figure shows that the minimum displacements (11.5 

mm at time 5.08 sec) occur at the base and increases at each floor to reach its 

maximum value (12.70 mm at time 4.99 sec) at upper floor. This is expected due 

to the amplification effects through the higher elevation of the building. 

6 

11.5 12 12.5 13 

Vertical displacement (mm) 

Figure 3.17 Maxmium vertical displacement of building Boors 
during concurrent components (vertical & horizontal) of 

earthquake 

3. In 2001, Collier & Elnashai, ref [54], mentioned that a damage consistent 

with a high level of vertical acceleration was observed in the 1994 Northridge 

earthquake. The investigation report for the consequences of high vertical 

accelerations of this earthquake on RC buildings highlighted cases of brittle 

failure induced by direct compression, or by reduction in shear strength and 
ductility due to variation in axial forces arising from the vertical motion. Also 

for first mode vertical response, the reduction in axial force in columns is more 

significant for higher storeys, since it represents a larger relative change in the pre- 

existing static axial load (reduction of the columns strength). Interior columns 

were shown to be more vulnerable, and vertical oscillations of slabs at their natural 

period caused considerable damage. These points will be discussed later on through 

the next different models applied in this work. 

Fig. 3.18 shows the envelopes of moments and axial compressive loads of the 

UFS columns during the concurrent horizontal and vertical earthquake. As the 

gravity loads are not applied in this model (UFS), the axial forces of the columns 

are completely due to the horizontal and vertical earthquake. Fig. 3.18 exhibits 
the relationship between the moments and axial loads during the earthquake. 
The comparison between figures 3.18 (under both horizontal & vertical 
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earthquake together) and 3.13 (under horizontal earthquake only) shows that the 

values of moments remained approximately unchanged and the axial 

compressive loads increased with a value range from 100 kN to 200 M This 

comparison shows clearly the effects of vertical vibrations on the axial 

compressive loads of columns dunng the seismic excitation as that was observed 
by the recent records of the earthquakes (such as Northridge earthquake 1994, 

Hyogo-ken Nanbu 1995). 
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Figure 3.18 Comparison between maximum moments and axial loads of building 
columns under horizontal & vertical earthquake 

4. A decrease in the stiffness of some elements of the building during the seismic 

excitation will result in a decrease in the global stiffness of the building which 

will become more flexible (i. e. its global response fundamental period T will 

increase in accordance with the global response frequency F since T= IT). Fig. 

3.19 shows the difference of average response period for the UFS model under 
the horizontal earthquake only (maximum period is 1.70 sec at time 6.21 sec) & 

under the both honzontal and vertical earthquake together (maximum period is 

0.80 sec: at time 3.77 sec). As the global response period of the flexible building 

is always longer than that of the figid building, the UFS model under the 

concurrent horizontal & vertical earthquake exhibited more rigidity than that 

under horizontal earthquake only. This ngidity may refer to the effects of 

vertical vibrations on the axial compressive loads of building columns. Hence 

the building columns %vill be vulnerable to the brittle failure during the seismic 
excitation as mentioned in Collier & Elnashai, ref. [541. 
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Figure 3.19 Variation of the fundamental period with time step for 
the UFS model under horizontal earthqauke only & under both 

horizontal and vertical earthquake together 

3.4 ANSYS Analysis of a braced 5-storey RC Building 

The model of braced 5-storey RC building (this model will be called BFS) has 

the geometric characteristics and design details that previously mentioned for the UFS 

model and are listed in the table 3.1. But the BFS model differs concerning the effects 

of walls. The BFS is braced model i. e. the effects of walls were involved in the design 

and analysis. 

The idea of modelling an infill panel (wall) With a single element (strut) able to simulate 

the global effect of the panel on the response of the structure, has always been attractive 
because of the obvious advantages in terms of computation simplicity and efficiency. 
In 1990, Macleod, ref. [55], mentioned that the brickwork or blockwork which 'infills' 

the area between beams and columns in a frame makes a major contribution to 
behaviour. Under lateral load the normal model for the infill is a diagonal compression 

strut. Stafford Smith & Riddington (1978) recommend that the area of such a strut 

should be equal to one tenth of the diagonal length of the panel times the wall thickness. 
Also in 2002, Cameron & Pankaj, ref [56], concluded that the infill panels (masonry 

walls) of the frame under the horizontal or/and vertical earthquake behave more likely 

as a diagonal strut. 

For the design of BFS model the walls were chosen as blockwork panels having a 0.25 

m thickness and 8.70 m diagonal length. For purpose of carrying out the static and 
dynamic analysis of the BFS model using ANSYS, these infill panels were replaced by 
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RC diagonal compression struts in accordance with the recommendations presented in 

Macleod, ref. [55], for the analytical modelling of structural walls in the buildings. The 

section dimensions of struts (bracing) are, (1) area of section equal to 0.23 M2, (2) the 

breadth of section equal to 0.25 m, and (3) the depth of section equal to 0.9 m. In the 

analysis of the BFS model the walls were replaced by struts in order to include the 

structural effects of infill panels in the dynamic behaviour of RC buildings without 

explicit modelling in the finite element representation of the ANSYS program. Fig. 3.20 

shows the three-dimensional finite element model of the BFS including the infill panels 
(as generated using ANSYS). 

Three types of analysis were conducted (including gravity loads, damping) using 
ANSYS for this model (BFS) as follows: 

1. Three-dimensional static linear analysis 

2. Three-dimensional modal analysis 

3. Three-dimensional transient linear dynamic analysis: 

a) Under horizontal earthquake alone 

b) Under both horizontal and vertical earthquake together 

ELEMENTS AN 
JUN 6 2003 

21: 10: 37 

Bracmg 
8.70 in L 
0.25 mB 
0.90 mD 

ý-x 

Modelli. ng of a braced 5-storey RC bu: Llding 

Figure 3.20 The finite element model of braced five-storey RC building (BFS) 
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3.4.1 Three Dimensional Static Analysis 

The static analysis of BFS was carried out to check the safety of building against 

collapse under its own weight and live load and to verify forces in the static case. This 

model was generated using the finite element computer program ANSYS as shown in 
Fig. 3.20 in accordance with the design details listed in table 3.1 and the details stated 

above. The static load (gravity loads that included specified dead and live loads) was 

applied using the gravitational constant of 9.8 1 M/S2 acting on the appropriate density 

(mass) of the model. 

The results of static linear analysis of the BFS using ANSYS are in good agreement 

with the hand calculations results (the mass of building and its vertical reaction forces 

were estimated with a high degree of accuracy). Also investigation of the ANSYS 

results of the model shows that the maximum degree of freedom value in y-direction 

(maximum deflection UY) is acceptable in accordance with the serviceability limit state 

requirements of BS 8110, ref. [3]. In accordance with the stress-strain curve of concrete 

presented in BS81 10 (see Fig. 2.1), the maximum stress of concrete grade 30 N/mM2 Is 
2. ty loads equal to 13.4 N/mm A check of the maximum stress of this model under g-ravi 

(based on the static analysis results using ANSYS) revealed that the maximum value 

was equal to 7.80 N/mM2, less than the BS81 10 limit. These checks were made to show 

that the BFS is safe against collapse under the gravity loads. Table 3.8 presents a 

comparison between the analytical and ANSYS results of the static linear analysis of 

BFS. 

Static Linear Anal, Tsis Results of BFS 
Description Analytical Analysis ANSVS Analysis Remarks 

Mass of model (kg) 390022 378610 Good agreement (2.9 % 
difference) 

Vertical reaction 
force of each base 956 5 928 5 Good agreement (2.9 % 

. . difference) 
(kN) 

Maximum deflection N/A 20 Acceptable value 
UY (mm) (BS81 10, ref [31) 

Maximum stress of 2 4 (designed) 13 7.8 (applied) Building safe against 
) concrete (Nlmm . I collapse 

Table 3.8 Analytical and ANSYS results of static linear analysis of BFS 

3.4.2 Three Dimensional Modal Analysis 

Modal analysis of BFS model (three-dimensional finite element model that is 
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shown in Fig. 3.20) was carried out using ANSYS in the absence of damping (C = 0, 

see section 2.2.1.1). Also up to 30 mode shapes were extracted. This analysis yielded 

the natural frequencies (undamped), mode shapes of free vibration, the mass 

participation factor (F), and the effective mass (Meff) for each mode, which are 

important for carrying out the transient dynamic analysis, and simple hand calculations, 

For this model (BFS) the resulting effective masses were used particularly to calculate 

the real value of damping coefficients (Rayleigh damping coefficients) that were 

applied in the transient dynamic analyses. This will be presented later in the section 

3.4.2.1. 

Table 3.9 lists the sum of effective masses of all modes in each direction. When 

conducting a modal analysis as a prelude to a transient dynamic analysis (time-history 

analysis) it is important that the majority of the mass is captured i. e. no less than 80%. 

For this model (BFS), thirty modes up to 16.1 Hz were extracted and this proved 

sufficient to capture the majority of the mass and consequently the major modes of 

response, see table 3.9. As the investigation for the modal analysis results is focused on 

the modes at which most mass is 'captured' (the 'major' modes of vibration) in order to 

identify the resonance phenomenon of building under the earthquake, table 3.10 

summarizes the ftequency, mass participation factors, captured masses, and description 

for the major modes of vibration of the BFS model. 

Description Mass Qýg) Percent of Mass 

Actual total mass of BFS 378610 100 

Sum of effective masses of all modes in 
376827 99.51 

x-direction 
Sum of effective masses of all modes in 349073 92.20 

y-direction 
Sum of effective masses of all modes in 376997 99.57 

z-direction 

Table 3.9 Sum of effective masses of all modes in each direction for BFS 

The major modes in the x-direction and the z-direction show that the majority of mass 

of the building was captured for these modes (see table 3.10). The behaviour of the 

model in case of the sway-mode in the x-direction and the z-direction for the major 

modes is representative for an occurrence of stressed storey (such as soft storey) under 

the horizontal earthquake when the model has irregularities in the infill panels (walls) as 
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shown in Fig. 3.2 1. The major modes in y-direction show that the captured mass of the 

model in this direction may be concentrated in several modes of vibration. In these 

modes, the floors bounce up and down in addition to a presence of torsion, which show 

that the vertical earthquake may have a significant effect on the structure. 

"Mai r" Modes %Mass c ptured) Descri tion of p Mode Frequency Mass X- Y- Z- Mode No. (HZ) Partic. (r) Direction Direction Direction 

1 0.9 613.3 N/A N/A 99.3% Sway Mode 

2 1.6 607.9 97.6% N/A N/A Sway Mode 

4 4 7 421 3 N/A 46 9% N/A Floors bounce up and 
. . . down 

Floors bounce up and 21 I 11.3 270.6 N/A 19.3 % N/A I down plus torsion 

Table 3.10 Modal analysis results of BFS (major modes of vibration) 

m 
MODAL SOLUTION 

STEP-1 JUN 9 2003 

SUB -2 
01: 49: 16 

FREO-1.6 
Ux (AVG) 537E-09 
DINX -. 001922 
SPIN - S37E-08 

. 213E-03 
M -. 001919 

426E-03 

. 640E-03 

. 853E-03 

. 001066 

1 

. 00128 

. 001493 

. 001706 

. 0019191 

lA-X 

Modal. Armlysis of a braced 5-storey RC Bu3. idlng 

Figure 3.21 Sway mode (major mode of vibration) of BFS model in x-direction 
(various colours, indicate to the values of displacement in meter for storeys) 

Table 3.11 summarizes the modal base reactions and modal overturning moments for 

the major modes of vibration listed in table 3.10 and a torsional mode of the BFS 

model. Although these quantities are not strictly useful in terms of their application, 

qualitatively they provide insight into the effects of the major modes concerned. These 
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results show that the change in translational and rotational motions of the structure with 
the change of mode shapes depends mainly on the frequency and type of mode shape of 

the structure (see and note the coloured values in table 3.11). Also the results of the 

mode shape in the y-direction (floors bounce up and down) reveal that the vertical 

earthquakes are having a significant effect on the axial forces of columns (see the 

coloured value in table 3.11). The results in table 3.11 highlights the importance of the 

three-dimensional nature of the model due to the effects of torisonal modes on the 

structure. Fig. 3.22 shows the typical torsional mode shape of the BFS model at a high 

natural frequency equal to 13.4 Hz, 

The three-dimensional analysis of this model (BFS) reveals that the torsional modes 

must be taken account of in the design of earthquake resistant concrete structures 

especially in the seismic regions have severe earthquakes. This building exhibited a 
high natural frequency at the occurrence of torsional mode due to the presence of infill 

panels (links between joints). Results of the torsional modes from the modal analysis of 

this model (see table 3.11) show that the bracing of the structure increases the overall 

stiffness of the building thereby increasing the natural frequencies under earthquake 
loads. 

AN ELEMM SOLUrION 

MP-1 
JUN 9 2003 

SUB -23 
02: 26: 00 

FREQ-13.393 
Sx (NUVG) 576E+07 
DIKX -. 003431 
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2 3'7E+07 

-67448 

102 E+07 

. 2722+07 

441E+07 

. 611E+07 

. 78 1E+07 

. 
950E+071 

Il Modmi Analysis of a braced 5-storey RC BuIlding 

Figure 3.22 Torsional mode shape of BFS model and its longitudinal stresses 
(various colours; indicate to the values of stresses in x-direction) 
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Total Modal Reactions of Total Modal Overturning 
Mode No. 

d Frequency Model Bases Moments of Model Bases 
an (HZ) Description X-dir Y-dir Z-dir X-axis Y-axis Z-axis 

(1) 0 9 5 65 0.10 -20789 -37234 -0 0005 28.41 Sway mode . . . 
(2) 1 6 -61427 0 28831 40 -12 42 30 0 003 116020 Sway mode . . . . . 
(4) 

Floors 4.7 0.08 -362240 -0.004 -0.004 991.97 -0.15 bounce up 
and down 

(23) 
Torsional 13.4 1.55 -1297900 3.79 5.05 -10605 -2.20 

mode I I I I I I I I 

Table 3.11 Modal analysis results (modes of vibration) of the BFS model 
(base forces and moments of three-dimensional FE model) 

3.4.2.1 Rayleigh Damping Coefficients 

The seismic behaviour of building is defined by solving the equation of 

motion, which is the equation for equilibrium between the forces arising from inertia, 

damping and stiffness together with the externally applied force (earthquake). Therefore 

the damping force (C) of building is a significant factor influencing its seismic 

response. In the transient dynamic analysis of the buildings, the damping forces must be 

applied in order to obtain the realistic behaviour of the buildings during the earthquake. 

Damping can essentially be related to the stiffness and mass of the structure i. e. their 

exists stiffness and mass proportional damping coefficients. In general as the mass 

increases the damping falls, whilst with an increasing stiffness, the level of damping 

will increase. These damping coefficients are defined as (x for mass proportional 

damping and P for stiffness proportional damping, and in combination can define what 
is known as Rayleigh damping for the model (discussed in the next section). 

As the damping is present in most systems, it was specified in the transient dynamic 

analysis of the BFS model. The transient dynamic analysis of the BFS model was 

conducted using the ANSYS Program and one of the available forms for applying 
damping in the analysis using ANSYS is Alpha damping and Beta damping. Alpha 

damping and Beta damping are used to define Rayleigh Damping constants cc and P. 

The damping matrix [C] is calculated by using these constants to multiply the mass 
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matrix [M] and stiffness matrix [K]: [C] =a [Nfl +0 [K]. The values of a and 0 are not 

generally known directly, but are calculated from modal damping ratios, 4i. 4i is the 

ratio of actual damping to critical damping for a 'major' mode of vibration, (i). If coi is 

the natural circular frequency of mode i, a and 0 satisfy the relation 4i = (a /2 (0) + 

(Pcoi / 2). To specify both Rayleigh damping coefficients a and P which are applied in 

ANSYS for a given modal damping ratio 4i, it is commonly assumed that the sum of the 

cc and 0 terms is nearly constant over a range of frequencies. For the BFS model the 

Rayleigh damping coefficients (x and 0 were calculated as follows: 

1. The modal analysis of the BFS model revealed that 99.3 % of mass of the 

building was captured for the sway ('major') mode in the z-direction in range of 
frequencies from 0.9 Hz to 1.6 Hz. Therefore the selected range of circular 

natural frequencies (coi) which contribute to the response of the BFS model was 

5,5.1,5.2,5.3 ........ II rad/sec depending on the frequency (Hz) = (o)i) / 2n. 

2. In accordance with the ASCE standard, ref [26], the damping ratio 4i of the 

reinforced concrete structures is equal to 0.07. Hence the approximate Rayleigh 

damping coefficients (x and P were computed numerically according to the 

following ASCE standard formulas (the resulting values of cc and 0 are 0.481 

and 0.0088 respectively) 

Cc := 

(o max+ (o min 

4i* 01 max* 0' min 2-ei 

Co MW 

3. Afterward the values of a and P were corrected and computed for every mode 

natural circular frequency coi in the selected range of frequencies according to 

the formula of modal damping ratio 4i = (cc /2 O)i) + (0o)i / 2) that 4im = (a /2 

wj) for mass proportional damping only (P = 0) and 4j, = (Ocoi / 2) for stifThess 

proportional damping only (a = 0). Then the sum (4it) of 4im and 4jý values for 

every mode natural circular frequency wi was computed. 

4. The values of 4it, 4j. and 4i, were plotted versus the frequencies and from graphs 

the values of Rayleigh damping coefficients a and P (values applied in the 

transient dynamic analysis) were computed as shown in the Fig. 3.23. 
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Figure 3.23 Rayleigh damping coeflicients (Alpha & Beta) of the UFS 
rnodel 

3.4.3 Three Dimensional Transient Dynamic Analysis 

The three-dimensional transient linear dynamic analysis was carried out for the 

BFS model using ANSYS to determine the seismic response parameters (such as 
displacements, strains, stresses, and forces). Unlike the UFS model, the transient 
dynamic analysis of the BFS model was conducted in the presence of walls, damping 

forces and gravity loads in order to examine and determine the realistic seismic 
behaviour of existing RC buildings which are designed according to the normal design 

codes (such as BS-81 10, ref, [3]). Also the effects of these factors (walls, damping 

forces and gravity loads) on the seismic behaviour of RC buildings through the 

comparison between the UFS model & this model (BFS) were studied and that Will be 

presented later in the section 3.5. 

in general, the analysis of the BFS model was carried out in accordance vvith the 
following main steps. 

1. Creation of the three dimensional finite element model as shown in Fig. 3.20 

2. Determination of the analysis type (transient linear dynamic analysis) and 

applying the gravity loads by using the gravitational constant 9.81 M/S2 acting on 
the appropriate density (mass) of the model 
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3. Determination of the analysis type (transient linear dynamic analysis) and some/ 

solution options such as applying the damping forces (Rayleigh damping 

coefficients cc = 0.033 and = 0.033 as shown in the Fig. 3.23), the total time of 

earthquake applied loads (t 10.19 sec) and the time intervals of loading which 

is commonly constant (time step= 0.0 1 sec) 

4. As the superposition or direct combinations of load effects can readily be carried 

out for the elastic dynamic analysis, the earthquake loads were applied as a 
displacement time-history (input ground motion as shown in the Fig. 3.6) at the 

fixed bases of the model (this is a direct combinations for the gravity and 

earthquake loads) and afterward the analysis solution was carried out 

The transient dynamic analysis of this model (BFS) was applied under two types of 

time-history, horizontal time-history alone that contains two orthogonal components 
(two dimensional seismic action in the directions x, z), and both horizontal & vertical 

time-history together that contain three orthogonal components (three dimensional 

seismic action in the directions x, z, y). 

3.4.3.1 Analysis under Horizontal Earthquake 

A transient dynamic analysis (time - history analysis) was carried out for the 

BFS model under the horizontal displacement time - history input motion alone (see 

Fig. 3.6). The displacement time-history was applied directly to the fixed bases of the 

model in x, z directions as a two-dimensional input motion. The complete response 
history (seismic behaviour) of the building was evaluated by the response parameters 

such as maximum amplitude of the relative displacement, the relative velocity and the 

absolute acceleration developed during a seismic excitation. Also the resulting forces 

(such as maximum stresses, strains, moments and shear & axial loads) were used to 
determine the dynamic response of the building. Investigation of the transient dynamic 

analysis results of the BFS model under horizontal input motion shows that: 

1. The lateral displacements (ux, uz) increase with the height of building until they 

reach their maximum values at the upper floor. Fig. 3.24 shows the displacement 

time-histories of building floors that were excited from the input motion. Also 

this figure shows the comparison between displacements values of input motion 
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and the excited displacements at floors. By generating the acceleration response 

spectra of the excited displacement time histories of the building floors in the x- 
direction, it was noted that the peak ground acceleration (PGA) of the input 

motion (0.2g) was amplified through the higher elevation of the building at 

natural frequencies range from 1.5 to 2.5 Hz. The determination of the resonant 

amplification of the input motion demonstrates the significance of the natural 
frequency of the building at or near the resonance conditions. Also this 

amplification is important criterion for the global seismic performance of the 

building. Fig. 3.25 shows the acceleration response spectra and its peak 

acceleration values for the floors of the BFS model under the horizontal 

earthquake. 
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Figure 3.24 Displacement time- histories of building floors and inpit 
motion 

Figures 3.26,3.27,3.28 show the envelopes of lateral displacements, shear 
forces (lateral forces) and columns moments of the BFS model under the 

earthquake. From these figures it can be noted that the minimum displacements 

occur at the base and increases at each floor to reach its maximum value at upper 
floor. The maximum shear forces and columns moments occur at the base of the 

building. The distribution of shear forces and column moments is particularly 
dramatic due to the effects of walls and the stiffness discontinuities in the 

building. 
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Figure 3.25 Acceleration response spectra of BFS floors under 
horizontal earthquake 
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Figure 3.28 Maximum momerits of columns at joints during 
seisrrnC excitation 

2. Fig. 3.29 shows the envelopes of moments and axial compressive loads of the 

BFS columns during the earthquake. The resulting axial forces of the columns 

are due to the gravity and earthquake loads. From this figure it was observed that 

the values of the axial compressive loads are high in comparison to the values of 

moments. This comparison provides insight into the effects of the gravity loads 

on the axial compressive loads and moments of the building columns during the 

earthquake. As the axial compressive loads increase and the moments decrease, 

the column section will be become effectively stiffer, have lower ductility and 

are consequently more vulnerable to brittle failure. 
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Figure 3.29 Comparison between maximum moments and axial loads 
of building columns under earthquake 

3.4.3.2 Analysis under both Horizontal and Vertical Earthquake Together 

The transient dynamic analysis (time - history analysis) was carried out for the 

BFS model under both horizontal and vertical displacement time - histories together 
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(see Fig. 3.6). The horizontal and vertical displacement time-histories were applied 

concurrently and directly to the fixed bases of the model in x, z directions for the 

horizontal displacements and y-direction for the vertical displacements as a three- 

dimensional input motion. Investigation of the transient dynamic analysis results of the 

BFS model under the horizontal and vertical components of the earthquake shows that: 

1. The vertical displacements (uy) increase with the height of building until they 

reach their maximum values at the upper floor. Fig. 3.30 shows the envelope of 

vertical displacements of the BFS model under the both horizontal and vertical 

earthquake together. This figure shows that the minimum displacements (11.5 

mm) occur at the base and increases at each floor to reach its maximum value 
(15.75 mm) at upper floor. This is expected due to the amplification effects 

through the higher elevations of the building. 
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Figure 3.30 Maximum vertical displacement of building floors 
during concurrent components (vertical & horizontal) of 

earthquake 

2. Fig. 3.31 shows the envelopes of moments and axial compressive loads of the 

BFS columns during the concurrent horizontal and vertical earthquake. As the 

gravity loads were applied in this model (BFS), the resulting axial forces of the 

columns are due to the combination of gravity and horizontal & vertical 

earthquake loads. The comparison between figures 3.31 (under both horizontal 

& vertical earthquake together) and 3.29 (under horizontal earthquake only) 

shows that the values of moments and axial compressive loads remained 

generally unchanged. 

3. In several recent earthquakes (such as Northridge earthquake 1994, Hyogo-ken 

Nanbu 1995), it was observed that the vertical earthquake ground motion caused 
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Figure 3.31 Comparison between maximum moments and axial loads of building 
columns under horizontal & vertical earthquake 

Fig. 3.32 shows the generated acceleration response spectra and its peak 

accelerations of the vertical displacement time histories of the BFS slabs under 

the both horizontal and vertical motion together. The figure shows that the 

vertical peak ground acceleration (0.13 g) of the input motion was amplified 

nearly five times in the model slabs to reach its maximum value (0.63 g) at the 

upper floor slab. Also the vertical oscillation frequencies at the peak 

accelerations of the slabs response spectra are very high (approximately ranging 
from 18 to 25 Hz). 

3.4.3.3 Verification of Results Using Analytical Calculations 

An analytical calculation was carried out for the BFS model in order to obtain 

the maximum limit value for the peak ground acceleration (PGA) of the horizontal 

earthquake that the building can withstand. The comparison between the analytical peak 

ground acceleration and the actual PGA of the horizontal input motion (0.2 g) that was 

applied in the transient dynamic analysis using ANSYS will verify the stabilization of 

the BFS model during the seismic action in addition to the dynamic analysis results of 

ANSYS. Also the peak acceleration values (analytically & ANSYS) of seismic response 

of the first floor can be compared. The peak ground acceleration that the building can 

withstand and also the value at the first floor was calculated with respect to the gravity 
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loads plus the overturning moment which is developed from the horizontal earthquake 

as shown in the Fig. 3.33. 
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Figum 3.32 Acceleration response spectra of slabs of building 
floors under both honzontal and vertical earthquake together 

From the analytical calculation, it was found that the maximum limit value of the PGA 

that the building can stabilize against the overturning is equal to 0.58g. Also the 

analytical value of the first floor is equal to 1.2g. The ANSYS analysis of the BFS 

model under the horizontal earthquake only produced 0.2g PGA for the base of building 

and 0.39g PGA for the first floor (refer to Fig 3.25). The analytical PGA values are 
three times the ANSYS values and satisfy the amplification of the input motion through 

the higher elevation of the building. Therefore the comparison between the analytical & 

ANSYS results is in good agreement & provides confidence in the ANSYS transient 

dynamic analysis. Also as the analytical PGA values (0.58g, 1.2g) are larger than the 

applied values (0.2g, 0.39g), it is concluded that the building may have sufficient 

resistance against collapse during the earthquake. 

3.5 Discussion of Seismic Response of the unbraced and braced 5-storey 
RC Building 

A study of the disparity in the seismic response of the unbraced and braced 5- 

storey RC building will demonstrate the effects arising from the gravity loads, damping 
forces and bracing (walls) on the response of such buildings under the earthquake. 
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1 

\0 

Earthquake forces 

F771. 
Arm 

m total mass of building 

g acceleration of gravity 9.81 m/s2 

A total area of columns sections of building 

I= sum of moment of inertia of columns at centroid of building 

overturning force F=Xx mg constant 
Direct stress = f/A = mg/A 

Bending stress = (M/1) xY=yx Yc xXx mg 

at zero stress (VA) - (MII)Y =0 

therefore /X =I/Ax Yc xy 

for building base, the X=0.58 and (PGA) = 0.58g 

for first floor, the X=1.2 and (PGA) = 1.2g 

Figure 3.33 Analytical calculations of PGA for the BFS model under 
horizontal earthquake only 

In general, an appropriate value of the gravity loads and damping forces reduces the 

resonant amplification of the input motion and consequently the applied seismic forces 

on the building will be decreased. Also the structural walls (brick or block walls) 
increase the stiffness of the building and subsequently the global seismic resistance 

against collapse (the formation of soft storey must be avoided due to the irregularities of 

walls). In the next section a study for the effects of these factors on the seismic response 

of the RC buildings will be presented through the comparison between the unbraced and 
braced 5-storey RC building. 

3.5.1 Effects Study of Gravity Loads, Damping Ratio, and Infill Walls 

In order to study the effects of gravity loads, damping ratio and infill panels, a 

comparison was made between the seismic responses of the UFS & BFS model under 

the horizontal earthquake only. This comparison highlighted the difference in 
displacements, axial forces of columns and the amplification of the input ground 

motion. Fig. 3.34 shows the displacement time histories (ux) of the upper floor for the 

UFS & BFS model during the seismic excitation. Also Fig. 3.35 shows the displaced 

shapes of the UFS & BFS finite element model at the maximum drift of the upper floor 
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during the seismic excitation. As shown in these figures, the resulting displacements of 
UFS due to the vibration are high in comparison to the BFS. The maximum 
displacement of UFS (70 mm) is approximately three times the BFS model (25 mm). 
This mainly due to the presence of bracing (walls) which increase the stiffness of the 

building and concurrently decrease the horizontal displacements of the columns. In 

addition to that the damping forces reduce the amplification of the input motion and 

increase the natural frequencies of the building. 
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Fig. 3.36 shows the acceleration response spectra of the upper floor (which were 

generated from the displacement time histories in the Fig. 3.34) of the UFS & BFS 

model under the horizontal earthquake. This figure demonstrates the significance of 
damping forces in reducing the resonant amplification of the earthquake that the PGA of 
UFS is nearly six times the BFS model at a higher frequency. 
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Figure 3.36 Comparison between acceleration response spectra 
of the upper floor for the UF S& BF S model under horIZOntal 

earthquake only 

Fig. 3.37 shows the axial load time-history of ground floor columns of the UFS & BFS 

model under the horizontal earthquake. This figure exhibits the effects of gravity loads 

on the axial loads of the columns. For the UFS model the axial loads of columns change 

among the compression and the tension during the seismic excitation in accordance with 
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the values and directions of the resulting forces especially the generated overturning 

moments. For the BFS model, due to the presence of gravity loads the axial loads of 

columns are completely in compression having high values. This figure reveals 

thoroughly the role of the gravity loads in the structural integrity of the building during 

the earthquake. This point will be discussed in detail later on through the major model 

of the work. 

3.5.2 Probabilities of Formation of Soft Storey (Building Stiffness) 

A soft storey is where, from the perspective of lateral earthquake loads, the 

structure of a lower storey in a building is softer than the one vertically adjacent to it Usually 

this occurs at ground floor levels. They are generally more open, having a few number of 

masonry infill walls and weaker than the floors above. As always, the weakest areas of 

the buildings are the first to be damaged by earthquake shaking Therefore the columns ofa soft 

storey are damaged firstly and consequently the building becomes unstable under further 

lateral loads. Columns of the soft storey commonly fail due to the formation of plastic 
hinges at their tops and bottoms thereby only requiring a limited number of hinges to 

form before a global sway collapse occurs. Soft storey failure is a major cause of 

building collapse dunrig damaging eardxpakes. 

Although the presence of the infill walls for the RC buildings increases the global 

stiffness of these buildings, when infills are not placed in a storey similar to the other 

stories, a discontinuity in the stiffness of the building will be created, forming a soft 

storey at this location (such as the BFS model having a soft storey at the ground floor). 

Simultaneously the building columns experience increased axial forces, reduced 
bending moments and shear forces due to effects of the gravity loads as mentioned 

above in the sec. 3.5.1. Therefore such buildings are vulnerable to inevitable collapse 
during the earthquake due to the complete failure of the soft storey columns which have 

low ductility as a result of the increased axial loads, at the same time as a large ductility 

demand is required at the plastic hinge locations. 

To study the possible formation of the soft storey mechanism for the BFS model under 
the horizontal earthquake only, it was referred to in figures 3.26,3.28,3.29 to 
investigate the resulting forces (horizontal displacements, bending moments and axial 
loads) during the earthquake at the first floor (the possible soft storey and is commonly 
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called ground floor). These resulting forces were examined for the soft storey forces as 

mentioned above. It was found that the maximum bending moments of the first floor 

and second floor columns were equal to 238 kN. m & 83 kN. m respectively i. e. the first 

floor has an applied moment larger than second floor by 65 % and consequently larger 

ductility demand than other stories. Along with the maximum axial force of the first 

floor columns equal to 971 kN i. e. the value of axial force is four times the bending 

moment therefore the columns may have low ductility. As the ductility demand at any 

column section during the earthquake can be measured by the percentage of the relative 
horizontal displacement at this section to the total relative displacement of the building, 

it was found that the total relative displacement of the BFS was equal to 7.4 mm (A as 

shown in the Fig. 3.38) and at top of the first floor 3.2 mm i. e. the relative displacement 

at top of the first floor was equal to 42 % of the total relative displacement that confirms 

the large ductility demand at the first floor. Then it could be concluded that the soft 

storey mechanism was likely to form for the BFS model. Fig. 3.38 shows the displaced 

shape of the BFS model at the maximum moment for the first floor columns (238 kN. m) 
during the earthquake. 
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Figure 3.38 Displaced shape of the BFS model at maximum moment of the first floor 
columns during the horizontal earthquake (various colours indicate to the horizontal 

displacements ux in meter) 
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CHAPTER 4 THREE DIMENSIONAL MODELLING AND 
ANALYSIS 

4.1 Static Design Of The Ten-Storey RC BuiIding 

Multi-storey framed RC buildings designed according to early seismic codes or 

without any seismic provision, have usually low resistance against earthquakes, and 

especially the buildings that contain a soft storey (which in most cases show a complete 
failure due to the formation of the soft-storey collapse mechanism). Because of these 

problems, the analysis and assessment of existing multi-storey RC buildings is required 

and necessitates a refined procedure. Hence the analysis and assessment of the seismic 

response of an existing ten-storey framed RC building is herein applied and examined. 

In the absence of any available plans of existing multi-storey RC buildings, an accurate 
design in accordance with the BS-8110, ref, [3], of a 10 storey RC two-way frame 

building was produced. This building was selected as the main model of this research in 

order to examine the realistic seismic response of the existing multi-storey RC 

buildings. It represents the typical residential buildings that are found in many regions 

of the world such as the Middle East area. The building contains some specific design 

features such as a soft storey in the ground floor which could possibly be present due to 

the requirement of large spans for car parking. These features will be shown later on in 

the next section. Openings in the floor and non-structural walls at and around lift-shafts, 

and stairs have been deliberately omitted from the constituents of the building model in 

this research but will be recommended for any future work. These constituents were 

omitted so as not to unnecessarily complicate the three-dimensional finite element 

modelling process of the building. 

The building was accurately designed under its gravity loads in accordance with BS- 

8110, ref [3], BS-6399, ref [5 1] and BS-648, ref [52], producing the first case of this 

building and that will be called the FCTS model. After the seismic analysis and 

assessment of the FCTS model, the building model was 'upgraded' accordingly 
depending on the assessment results of this model to produce the second case of the 

building and that will be called the SCTS model. In the SCTS model the section 
dimensions of the all ground floor columns were increased to Im x lm in comparison to 

the FCTS model in which its ground floor columns have dimensions 0.8m x 0.8m & 
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0.6m x 0.8m (this only the disparity between the FCTS & SCTS model). The purpose of 
this upgrade is to study the effect of the stiffness factors on the soft storey and 

consequently the collapse of building. These points will be discussed in detail later on in 

the next chapters. The sequence and details of the design (calculation sheet of design) 

for the building models (FCTS & SCTS) according to the static design regulations, and 
the difference between them is included in Appendix H. 

In the first instance after implementation of the static design of the FCTS model, all 

columns of the building were assessed with regard to the design capacity (ultimate limit 

state design) under the gravity loads using a column assessment computer program (this 

will be presented later on in the chapter 5). The results of the assessment revealed that 

some columns sections of the ninth floor have insufficient design capacity due to the 

absence of significant axial load (which can affect the moment carrying capacity of a 

column). Therefore the design of these columns was modified and the assessment 

program was reapplied to ensure that the building is safe under the gravity loads before 

running the seismic analysis. Also this examination was applied for the SCTS model 

prior the seismic analysis. All details of this modification are shown in the Appendix II. 

In addition to this examination mentioned above, the FCTS & SCTS model were 
investigated with regard to the requirements of the serviceability limit state design. This 

investigation was carried out using the results of the linear static analysis of these 

models (safety checks which will be discussed later on in the section 4.3). The 

investigation exhibited that the design satisfied these requirements for both models. 

4.1.1 Description Of The Building 

The building was designed with the relevant general data which is included in 

the table 4.1. All design details are mentioned in the Appendix H. The inertia effects of 

walls were also included in the design, i. e. the self-weight. For analysis purposes these 

walls were modelled as bracing as recommended in chapter 3, section 3.4. The type of 

used walls is blockwork partitions with load 2.5 kN/rn2 and was applied for the outer 
beams of the building. The inner partitions are lightweight partitions with load I kN/m2 

and applied in the design as live loads. Fig. 4.1 shows the details of this building. 
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Description Of The Ten-Storey RC Building 

" Building - 24m by 24m in plan, 36.5m in height 

" Ground floor -2 bay, 5m in height, 12m spans 

" First floor to ninth floor -3 bay, 3.5m in height, 8m spans 

" All floors in other direction -3 bay, 81n spans 
" The characteristic concrete compressive strength (fc,, ) is 30 N/mm 2 

for whole building except ground floor columns & transfer beams 
is 40 N/mm 2 

" The yield strength of the steel reinforcement (Q is 460 N/mM2 

" The design load consists of ultimate dead load and live load 

" Density of the reinforced concrete material (p) is 2400 Kg / M3 

Table 4.1 General details of the ten-storey RC building 

The frame span of ground floor was selected larger than other storey to satisfy firstly, 

current architectural design requirements, which state that, for multi-storey buildings 

the ground floor should be designed to service the residents for car parking, and 

secondly, to provide multi-storey building which contains a potential 'soft-storey' (in 

this case the ground floor storey). 
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Figure 4.1 The ten-storey RC building 
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4.2 Three Dimensional Finite Element Modelling Of The Global Building 
Structure 

Three-dimensional structural modelling in the past was time consuming and 

required large computational resources. Previously the earthquake records indicated 

that the seismic excitations are primarily two-dimensional, and recently these 

records exhibited significance of the vertical component of the earthquakes. 
Therefore the seismic excitations must be considered as three-dimensional. These 

excitations occur generally in three orthogonal directions. Furthermore, they are 
inherently random and their orthogonality and independence promote the 
importance of the seismic modelling and analysis to be subject to the two or three 

orthogonal components concurrently. These concurrent components 'biaxial or 
triaxial' interaction provides the means to investigate the real seismic response of 

existing structures. Consequently, three-dimensional modelling presents the 

appropriate method to capture the effects of these two or three degree of freedom 

orthogonal excitations. Moreover, three-dimensional structural modelling 
incorporating concurrent orthogonal seismic excitations can provide insight into 

secondary effects, such as torsional modes of behaviour. 

In general, the selection of the appropriate mathematical model of the physical structure 
for the purposes of analysis depends on the type of analysis to be applied, on the action 

to which the analysis refers and to the intended use of the analysis results. The 

idealization of RC buildings for the seismic response analysis has to capture all 
important features of the structural behaviour under the seismic action. Moreover, if the 

main purpose of the analysis is to calculate seismic action effects for the global structure 

of the building, the idealisation and the discretisation of the structure have to take into 

account the assumptions behind, the specific results which are needed and the required 
form of these results, etc. 

A proper RC concrete building model implemented in a finite element program should 
be general and integrated, possibly incorporating as special cases submodels for the 

different behaviour of concrete elements under loads. The ultimate purpose of a finite 

element analysis is to re-create mathematically the actual behaviour of a structure i. e., 

the analysis must be an accurate mathematical model of a physical prototype. In the 

broadest sense, this model comprises all the nodes, elements, material properties, real 

126 



Chapter4 Three Dimensional Modelling AndAnalysis 

constants, boundary conditions, and other features that are used to represent the physical 
structure. Hence, the type of model appropriate for an analysis of RC buildings is a 
member-by-member type of model (direct generation), in which every beam or column, 
and every part of a wall between successive floors is represented as a 3D beam element, 

and the only degrees of freedom considered are the 3 translations and the 3 rotations at 
each joint of these elements. This requires nodes with 6 degrees of freedom at these 

points, regardless of whether other elements frame into them there, or not. 

4.2.1 Modelling Approach 

For the three-dimensional finite element modelling of the building structures, 
ANSYS has three different techniques (approaches) for the model generation (process 

of defining the geometric configuration of the model's nodes and elements). These 

techniques allow generating the model which represent the spatial volume and 

connectivity of the actual building. Generation of the 3D finite element model of the 

FCTS & SCTS was carried out using the direct generation approach. The direct 

generation technique is convenient for small or simple models and provides the 

modeller with complete control over the geometry and numbering of every node and 

every element. But it is too time consuming, the volume of data can become 

overwhelming, the design optimization less convenient and it is difficult to modify the 

mesh which was selected. Also this technique requires more attention to every detail of 

the mesh and can sometimes cause the modeller to become more prone to committing 

effors. 

Nevertheless direct generation approach was selected and applied for 3D finite element 

modelling of the ten-storey RC building (FCTS & SCTS) as the building contains a 

variety of structural members and complicated geometrical properties. The approach of 
ANSYS, and other computer analysis packages (such as ABAQUS) exclusively allow 
the generating of the realistic 3D finite element modelling for such buildings. Due to the 

nature of the ten-storey RC building being rather large & complex, all types of 

performed analyses are linear. The type of mesh (number and shapes of elements) is not 

significant factor and is commonly used for the solid model approach which allows the 

automatic mesh (control the mesh type and size according to the element shape). The 
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mesh type (fine or condensed) is a significant factor which may affect the accuracy of 
analysis results using the solid model approach. 

The sequence of generating the 3D finite element model of the ten-storey RC building 

was implemented as follows: 

1. Selection of the finite element type for every structural member to represent the 

major characteristics of the building structure. The properties of each element 

type satisfies the requirements of modelling (such as the three dimensional) and 

analysis type (such as linear analysis) 

2. Set the element attributes for the selected finite elements such as the geometrical 

properties (cross-sectional area, etc) and the material properties (Young's 

modulus, etc) 

3. Definition of the nodes for the global building structure and the number of nodes 

required for each element in the building 

4. Definition of the all elements of the building to form the global 3D finite 

element model that every element in the building is defined by identifying its 

nodes 

The above steps of generating the model of the FCTS & SCTS model will be presented 
in detail in the next section. 

4.2.2 Generation Of The Finite Element Model 

As the three-dimensional finite element model of the ten-storey RC building 

(FCTS & SCTS) was generated using the finite element computer package ANSYS, 

The first step in generating the model was the pre-processing stage, including: 

Derinition Of Element Types 

Within the framework of linear elasticity, 3D beam elements are typically Beam 

elements which must be used for columns and beams. For modelling columns, the 
Beam 4 element type (3D elastic beam) was used. Beam 4 is a uniaxial element with 
tension, compression, torsion, and bending capabilities. This element has six degrees of 
freedom at each node, translations in the nodal x, y, and z directions and rotations about 
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the nodal x, y, and z-axes. This element is defined by two or three nodes as shown in 

Fig. 4.2. For modelling the beams, Beam 44 (3D elastic tapered unsymmetrical beam) 

element type was used. Beam 44 is a uniaxial element with tension, compression, 
torsion, and bending capabilities. The element has six degrees of freedom at each node, 
translations in the nodal x, y, and z directions and rotations about the nodal x, y, and z- 
axes. This element allows a different unsymmetrical geometry at each end and permits 
the end nodes to be offset from the centroidal axis of the beam (at connection between 
beams and slabs the modelling nodes are in the centre of slabs therefore the type of 
finite element of beams must permit the offset). This element is defined originally by 

two nodes but there is a third node used for identifying the offset as shown in Fig. 4.3. 
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Figure 4.2 The ANSYS finite element type Beam 4 (3D elastic beam) 

Typically slabs are considered on rigid supports and analysed and designed for 

gravity actions separately from the frame and/or wall system that resists lateral 

actions and carries the gravity loads to the ground. They should be present, though, 

in the geometric 3D model of the structure, so that their dead and live loads are 

computed and appropriately distributed as reactions to their supporting beams, walls 

and/or columns. Under seismic actions floor slabs play the important role of 
transmitting the inertial loads to the lateral-force-resisting system, and of tying 
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together the elements of the latter into a 3D entity. To perform these roles slabs 

should be monolithically connected with their supporting beams, walls and columns. To 

satisfy these requirements of slab modelling, the Shell 63 (elastic shell) element type 

was used. Shell 63 has both bending and membrane capabilities. Both in-plane and 

normal loads are permitted. The element has six degrees of freedom at each node, 

translations in the nodal x, y, and z directions and rotations about the nodal x, y, and z- 

axes. This element is defined by four nodes as shown in Fig. 4.4. 

TIJ-5 
Ko 

T438 

T KZT 1 

IA 1, KY 

! ýl 
HE 

-D ýl ---0 DSCZI I --,, C EN 

DZI 
Y4 

ARF-Al 

z4 T2. T6 T3. T7 
Uge subscnpt 2 wdh nods J 

If no de K is omitted and 0=0, the elem 
y4 axis is pars le I to the global X-Y plar 

z 
K 

y4 

X4 

x 

Figure 4.3 The ANSYS finite element type Beam 44 
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Figure 4.4 The ANSYS finite element type Shell 63 (elastic shell) 
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Link 8 (31) Spar or Truss) element t)W was used as the typical finite element 

modelling of the bracing (walls). This element type may be used in a variety of 

engineering applications. Link 8 can be used to model trusses, sagging cables, links, 

springs, etc. The three-dimensional spar element is a uniaxial tension-compression 

element with three degrees of freedom at each node, translations in the nodal x, y, and z 
directions. As in a pin-jointed structure, no bending of the element is considered. This 

element is defined by two nodes as shown in Fig. 4.5. 

II 
xY 

II 

Figure 4.5 The ANSYS finite element type Link 8 (3D spar) 

Definition Of Element Real Constants 

Element real constants are geometrical properties that depend on the element type, such 
as cross-sectional area of the structural member, moment of inertia, etc. Not all element 
types require real constants, and different elements of the same type may have different 

real constant values. 

The real constants of all finite element types which were used for modelling the ten- 

storey RC building (FCTS & SCTS), were specified in accordance with the geometrical 

properties of every structural member (columns, beams, slabs and walls). These real 

constants included the cross-sectional area (A) of the member, moment of inertia (1) 

around its axes and the thickness of the section in the two perpendicular directions 

(depth & breadth). Also other properties describe the geometrical shape of the structural 

member locally and globally with respect to the building structure (such as the offset 
distance of the element type Beam 44). For example, real constants for the finite 

element type Beam 4 of the ground floor columns Cgii (refer to section 9, Appendix II) 
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of the FCTS model, have a cross-sectional area (A = 0.64 m), moment of inertia (0.034 

m4 around the two axes) and thickness (0.8 m in the two directions). 

Definition Of Element Material Properties 

Most element types require material properties such as Young's modulus (E), Poisson's 

ratio (v), density (p), etc. Depending on the desired type of the structural analysis, the 

material properties can be linear or nonlinear. Concerning the linear analysis, material 

properties can be isotropic or orthotropic. 

As the three-dimensional finite element model of the ten-storey RC building herein 

(FCTS & SCTS) has considered a model constructed of linear elements only, the linear 

material properties for all element types of the structural members were implemented. 

These material properties were applied similarly to those used in the static design of the 

building according to BS81 10 provisions (see Appendix II). 

Also due to the applied analysis types for the building (FCTS & SCTS) being linear, the 

overall global building model was not created as a composite material i. e., created as 

concrete only, with only linear isotropic behaviour being considered for the material 

properties. The material properties of all element types of the structural members of the 

ten storey RC building (FCTS & SCTS) were constant except the density of the Shell 63 

elements. The RC density of the Shell 63 elements was modified due to the presence of 

the live loads, inner partitions loads and floor covering loads which were distributed 

over the slabs (see Appendix II). The applied linear material properties for the building 

(FCTS & SCTS) were, Young's modulus (E = 20 x 109 N/M2), Poisson's ratio (v = 0.2), 

and the density (p = 2400 Kg / M3 ). For the element type Shell 63, the density used was 

4778.5 Kg / m3. 

The second step in generating the model was to build the model in the three-dimensions. 

The building of this model was carried out using the direct generation technique 

(modelling approach) which was mentioned above in section 4.2.1. This 3D model was 

generated manually 'floor by floor' by defining firstly all nodes which simulate the 

global building structure in the three spatial co-ordinate directions. Then the different 

element types of the structural members for each floor were generated using the nodes 
defined previously. The model meshing was carried out using the free mesh technique 

(an ANSYS mesh technique) which allows the modeller to choose the appropriate finite 
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element size. The mesh size is constant for every type of the structural members of the 
building. Each member except the bracing (Link 8 element type) was equally divided to 

a number of finite elements having an appropriate size compatible with the global size 

of the building structure. Nevertheless, this mesh size was demanding of the available 

physical & computer resources. In addition the number of elements used is dependent 

on the post-processing requirement i. e., a column modelled with a number of beam 

elements will give insight into the behaviour at local areas of the column, rather than 

using one element which can only indicate acceptability or failure. All building beams 

(Beam 44 element type) and ground floor columns (Beam 4 element type) were divided 

to Im. length finite elements. Also all other building columns (Beam 4 element type) 

and the floor slabs (Shell 63 element type) were divided to 0.875m length &Im length 

x Im width finite elements respectively. In general, the building of the model was time 

consuming and the complete 3D model included approximately 10000 elements & 6600 

nodes. 

The third step was the application of the appropriate boundary conditions for column 
bases, which were assigned equal to zero for all degrees of freedom (creating Rxed ends 

and simultaneously the modelling of the soil structure interaction was omitted in this 

research and will be recommended for the future works). The Three-dimensional finite 

element model of the ten storey RC building (FCTS) that was generated using ANSYS 

is shown in Fig. 4.6. 

4.3 Linear Static Analysis Of The FCTS And SCTS Model 

Aficr transformation of the geometrical model of the ten-storey RC building into 

a realistically simulated three-dimensional finite element model comprising all the 
designed static gravity loads, the linear static analysis using ANSYS was performed for 

the building models (FCTS & SCTS) under these gravity loads. The linear static 

analysis was executed prior the dynamic analyses in order to verify generally the 

equilibrium of the building models under the static gravity loads and also the various 

modelling approximations that have been assumed. 

As the main aim of a finite element analysis is to examine how a structure responds to 

certain loading conditions, specification of the proper loading conditions is the key step 
in the analysis. The ANSYS program is provided with a variety of ways for applying 
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the loads on the model. These ways contain a variety of options that can control how the 

loads are actually used during solution. In a linear static analysis, the gravity forces of a 

structure are calculated and applied using the mass of the structure model (that is 

commonly supplied by a density specification) and the gravitational acceleration (g). 

Figure 4.6 The 3D finite element model of the ten-storey RC building (FCTS) 

The 3D finite element models of the FCTS & SCTS (as shown in Fig. 4.6) were 

analysed statically under the gravity loads only prior conducting the modal and seismic 

analysis. The static analysis of these models were carried out to check the safety of 
building against collapse under its own weight and live load and to verify forces in the 

static case. After generation of the finite element models of the ten-storey RC building 

(FCTS & SCTS) as shown in Fig. 4.6, the linear static analysis was performed for them 

by applying the static load (gravity loads that included specified dead and live loads) 

using the gravitational constant of 9.8 1 M/S2 acting on the appropriate density (mass) of 

the models. 

As mentioned above in the section 4.1, the static analysis results for all columns of the 

FCTS & SCTS models were assessed with regard to the design capacity of BS 8110 

using a column assessment computer program to ensure the structural integnty of the 
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building against collapse under the gravity loads. The assessment results demonstrated 

that the building (FCTS & SCTS) is safe against collapse under the gravity loads. 

The mass of the building models (FCTS & SCTS) was checked by comparing the 

analytical calculation of the building mass and results (mass & reaction forces at bases) 

from the linear static analysis. The check confirmed that the mass and gravity had been 

applied correctly. Fig. 4.7 shows the base numbers (node numbers) of the FCTS & 

SCTS models in accordance with the numbering of the finite element modelling using 
ANSYS. Tables 4.2,4.3,4.4 present a comparison between the analytical and ANSYS 

results of the models mass and also show the ANSYS static analysis reaction solutions 
for these models. It should be noted that if the analytical and ANSYS results for the 

model mass are significantly different it is usual practice to factor the densities in the 
finite element model to 'tune' the mass to exactly that of the analytically calculated 

value. In our case the masses were judged to be significantly close enough to avoid 

applying this method. 

- 
8m 

-Bm--,, --8m , 

node 6251 node 6252 node6253 

E 
00 

node 6254 node 6255 node 6256 

node 6257 node 6258 node6259 
00 

node 6260 node 6261 node 6262 00 
mmmI 

- 
l2m 12m 

Figure 4.7 Base numbers of the FCTS & SCTS models 

Mass Of Building Models 

Description Building Analytical ANSYS Remarks 

Mass of 
d l 

FCTS 6037224 6003200 0.6 % difference 
mo e 
(kg) SCTS 6084552 6070400 0.3 % difference 

Table 4.2 Analytical and ANSYS results for mass of FCTS & SCTS 
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The FCTS & SCTS model were investigated with regard to the requirements of the 

serviceability limit state of BS 8110. This investigation was carried out using the 

ANSYS results of the linear static analysis of these models. The investigation 

consequence revealed that the maximum degree of freedom value in y-direction 
(maximum deflection UY) for the FCTS & SCTS occurred at the transfer beams 

(structural member beam B, refer to Fig. 4.1) of the ground floor under the columns of 
the floors above. The resulting maximum deflection for FCTS & SCTS was 10.49 mm 
and 8.75 mm respectively. These values demonstrate that the serviceability limit state 

requirements of BS 8110 were satisfied for both models. (It is noted that concrete is 

normally cracked at serviceable levels of loading, hence reduced stiffnesses may be 

considered - which should improve the response characteristic in any case). 

ANSVS Static Analysis Reaction Solutions of FCTS 

Node Number Fx (kN) Fy (kN) Fz (kN) Mx (kN. m) My (kN. m) Mz (kN. m) 
6251 44.488 3162 59ý969 102.81 -2.6865 -65.073 
6252 4.6624 4625.9 112.23 200.92 0.74925 -3.76 
6253 -56.197 3049.9 62.246 110.79 -1.9397 78.089 
6254 101.07 4225.4 2.7433 6.2013 -1.42 -147.27 
6255 -0.009208 10119 15.178 26.724 0.58877 0.85396 
6256 -102.03 4263.4 6.5928 8.7558 1.7411 149.49 
6257 102.03 4263.4 -6.5928 -8.7558 1.7411 -149.49 
6258 0.009208 10119 -15.178 -26.724 0.59877 -0.85396 
6259 -101.07 4225.4 -2.7433 -6.2013 -1.42 147.27 
6260 56.197 3049.9 -62.246 -110.79 -1.9397 -79.089 
6261 -4.6624 4625.9 -112.23 -200.92 0.74925 3.76 
6262 -44.488 3162 -58.968 -102.81 -2.6865 65.073 

Total -2.7494E- 10 58891 - 4.0397E-09 - 1.2575E-08 -5.9344 7.0495E-10 

Table 4.3 ANSYS static analysis results of FCTS (reaction solutions) 

ANSVS Static Analysis Reaction Solutions of SCTS 

Node Number Fx (kN) Fy (kN) Fz (kN) NIX (kN. m) My (kN. m) Mz (kN. m) 
62il 2.04E+02 3.24E+03 7.13E+01 1.27E+02 -1.39E+01 -3.02E+02 
6252 1.31E+01 4.52E+03 1.45E+02 2.74E+02 6.66E-0 I -1.84E+01 
6253 -2.40E+02 3.14E+03 8.15E+01 1.57E+02 6.29E-01 3.20E+02 
6254 4.48E+02 4.43E+03 1.62E+00 7.50E-01 -6.14E+00 -6.45E+02 
6255 1.89E+00 9.96E+03 2.25E+01 4.06E+01 4.94E-01 -3.04E+00 
6256 -4.49E+02 4.48E+03 1.25E+01 1.91E+01 5.07E+00 6.46E+02 
6257 4.49E+02 4.48E+03 -1.25E+01 -1.91E+01 5.07E+00 -6.46E+02 
6258 -1.89E+00 9.96E+03 -2.25E+01 -4.06E+O I 4,94E-01 3.04E+00 
6259 -4.48E+02 4.43E+03 -1.62E+00 -7.50E-0 I -6.14E+00 6.45E+02 
6260 2.40E+02 3.14E+03 -8.15E+01 -1.57E+02 6.29E-01 -3.20E+02 
6261 -1.31E+01 4.52E+03 -1.45E+02 -2.74E+02 6.66E-0 I 1.84E+01 
6262 -2.04E+02 3.24E+03 7.13 E+O I -1.27E+02 1.3 9E+O I 3.02E+02 

Total -7.94E-10 
I 5.96E+04 3.96E-09 1.48E-08 2.24E-09 

Table 4.4 ANSYS static analysis results of SCTS (reaction solutions) 
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The transfer beams (structural member beam B, refer to Fig. 4.1) of the ground floor of 

the FCTS & SCTS models perform a main role in the structural integrity of the ten 

storey RC building rather than columns under the gravity loads. These beams as shown 

in Fig. 4.1 have large spans, carry the columns of the above floors and are located in the 

ground floor (in essence these beams form a soft storey with the ground floor columns). 
Due to these reasons, the resulting forces (ANSYS static analysis) of these beams were 

examined in comparison to the used design forces (refer to section 7.1.2, Appendix 11) 

in accordance with the design capacity of BS 8110. This safety check was conducted in 

order to ensure the overall structural integrity of the buildings (FCTS & SCTS) against 

collapse under the gravity loads. Table 4.5 lists the comparison between the maximum 

design & analysis forces of the transfer beams (B) of the buildings ground floor. The 

comparison shows that the design forces are larger than the analysis forces i. e. the 

buildings are safe against collapse with regard to the transfer beams. 

Design And Analysis Forces Of Transfer Beams (B) 

Max. Shear Force Max. Positive Moment Max. Negative Moment 

kN (under columns above) (at support) 
Building kN. m kN. m 

Design Analysis Design Analysis Design Analysis 

FCTS 5547.5 5353.3 8460.8 6998.1 13214 11933 

SCTS 5547.5 5382.8 8460.8 6807,2 13214 11747 

Table 4.5 Comparison between design and analysis forces of transfer beams (B) 

4.4 Modal Analysis Of The FCTS And SCTS Model 

As mentioned previously in chapter 3, sections 3.3.2 & 3.4.2, the modal analysis 

for a structure must be performed prior the seismic analysis due to the significance of 

this analysis in identifýJng the dynamic response of structures. Modal analysis is a 
linear analysis providing the structural engineer with a valuable insight into the dynamic 

characteristics of the structure (expected dynamic behaviour during the earthquake) and 

also with a necessary data for the seismic analysis (such as Rayleigh damping 

coefficients), as follows: 

9 Modal analysis presents the 3D modes of vibration & natural frequencies of the 

structure. By examination the effective masses of these modes, the 'major' 
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modes of vibration for the structure can be determined. The characteristics of the 

major modes of vibration (such as frequency and type of mode) have to be taken 
into account due to its possible presence and onerous effects on the structure 
during the earthquake (resonance phenomenon). 

* Also the three-dimensional modal analysis of the structure demonstrates the 
torsional effects through the examination of the 3D mode shapes. These effects 

arise when the structure has irregular geometric shape or stiffnesses 
discontinuity. 

The frequencies of major modes of the structure are used to calculate the real 

value of damping coefficients (Rayleigh damping coefficients) which must be 

applied in the transient dynamic analysis to obtain a realistic dynamic response 
during the earthquake. 

ANSYS has several mode extraction methods such as subspace, power dynamics, 

reduced, unsymmetric, damped, etc. Selection of the proper method for modal analysis 

of the required structure based on the involving of damping effects, geometrical shape 

of structure, the desired results, etc. The subspace method is used for large symmetric 

eigenvalue problems (3D large structures), and contains various solution controls that 

govern the subspace iteration process. In addition to that, the subspace method is 

available for solving the modal analysis of structures in the absence of the damping 

effects (i. e. the damping matrix of the equation of motion is equal to zero, [C] = [0]). 

Modal analysis of the FCTS & SCTS model (three-dimensional finite element model 
that is shown in Fig. 4.6) was carried out using the ANSYS subspace method in the 

absence of damping (C = 0). This analysis was performed in several steps, 1- definition 

of the analysis type as modal, 2- selection of the subspace method as the solution 

method, 3- specifying the number of modes to extract, and 4- running the 3D finite 

element modal analysis. For the FCTS & SCTS model, a thirty modes up to 6.22 Hz & 

6.23 Hz respectively were extracted. Tables 4.6,4.7 list the modal analysis results of the 

FCTS & SCTS models including the frequencies of the all extracted modes, the 

effective mass for each mode in the three orthogonal directions (Y' Y, Z), the sum and 

percent of effective masses of all modes in each direction. Also the coloured rows in 

these tables indicate to those modes which have large effective masses in any direction 
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(X or Y or Z) in comparison to the other modes (the major modes). These tables show 

that the number of extracted modes was sufficient to capture the majority of the mass in 

any direction for both models (the captured mass must not be less than 80 % of the 

building mass), and the modal analysis was applied correctly. 

Modal Analysis Results of FCTS 

M d N F H 
Effective Masses (Kg) 

o e o. requency ( z) - X- Direction Y- Direction Z- Direction 
1 0.89 1031.79 0.00 5271320 
2 0.94 5178970 0.00 802.18 
3 1.45 0.00 12111.3 0.00 
4 2.41 8968.08 0.00 592418 
5 2.49 680976 0.00 5697.82 
6 3.08 0.00 4193900 0.00 
7 3.91 14789.3 0.00 5439.73 
8 3.98 8103.8 0.00 12304.5 
9 4.33 0.00 157141 0.00 
10 4ý78 0.00 138.13 0.00 
11 4.95 4083.42 0.12 47481.2 
12 4.97 55721.5 0.00799 2555.37 
13 5.26 0.00 362260 0,00 
14 5.73 0.00 3244.97 0.00 
15 5.76 1261.29 0.69 2138.35 
16 5.78 0.00 209639 0.00 
17 5.80 1598.58 1.36 1377.36 
18 5.91 0.00 46481.5 0.00 
19 5.91 0.01 43168.7 0.01 
20 5.92 142.46 0.00 181.23 
21 5.93 257.91 0.04 61.02 
22 6.00 1.85 0.02 706.76 
23 6.01 0.00 47761.7 0.00 
24 6.01 757.77 0.10 0.00 
25 6.09 8.09 0.25 135.56 
26 6.10 225.96 0.00 30.72 
27 6.13 0.00 68791.7 0.00 
28 1 6.20 4.58 0.02 4.98 
29 6.21 21.93 0.25 36.87 
30 6.22 0.00 211.32 0.00 

Sum of effective masses 
(In each orthogonal direction) 

(Kg) 
5956930 5143850 5942690 

Actual total mass of 
building (Kg) 6003200 

Percent of mass for each 
direction (%) 

99.2 
I 

85.7 
I 

98.9 

Table 4.6 ANSYS modal analysis of the FCTS model 
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As the examination for the modal analysis results is focused on the modes at which 

most mass is 'captured' (the 'major' modes of vibration), in order to identify the 

resonance phenomenon of building under the earthquake, table 4.8 summarizes the 
frequency, captured masses, and description for the major modes of vibration of the 

FCTS & SCTS model. 

Modal Analysis Results of SCTS 

M d N F H 
Effective Masses (Kg) 

o e o. requency ( z) 
X- Direction Y- Direction Z- Direction 

1 1.03 26.53 0.00 4803500 
2 1.12 4414920 0.00 8.67 
3 1.96 0.00 64447.20 0.00 
4 2.75 505.81 0.01 907100 
5 3.04 989573 0.00 1.88 
6 3.17 0.00 3996910 0.01 
7 4.02 24607.60 0.00 31778.90 
8 4.09 69418.90 0.01 11703.70 
9 4.49 0.00 286324 0.04 
10 4.81 0.01 134.81 0.03 
11 5.21 312.23 0.17 134872 
12 5.49 191395 0.06 406.07 
13 5.69 0.00 453656 0.00 
14 5.74 0.06 51503.70 0.00 
15 5.82 1476.36 0.06 16171.30 
16 5.86 0.10 6701.71 0.00 
17 5.89 56950.70 0.00 39.39 
18 5.93 0.00 575.90 0.00 
19 5.95 1757.48 0.00 779.46 
20 5.96 4519.83 0.01 37.97 
21 5.97 0.04 2965.18 0.27 
22 6.02 42.21 0.01 4179.34 
23 6.05 23245.90 0.51 13.60 
24 6.05 0.02 29752.30 0.02 
25 6.10 319.20 0.01 1206.16 
26 6.12 15666.90 0.01 10.99 
27 6.16 0.02 83225.70 0.02 
28 6.21 983.55 0.04 84.52 
29 6.23 1254.57 0.02 142.25 
30 1 6.23 0.04 1.59 0.00 

Sum of effective masses 
(In each orthogonal direction) 

(Kg) 
5796970 4976200 5912040 

Actual total mass of 
building (Kg) 

6070400 

Percent of mass for each 
direction (%) 

95.5 
I 

81.9 
I 

97.4 

Table 4.7 ANSYS modal analysis of the SCTS model 
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Investigation of the major modes of the FCTS & SCTS model (see table 4.8) presents 

significant information with regard to the expected dynamic response of these buildings 

during the earthquakes. There are some important points derived from the consequences 

of this investigation as follows: 

"Major" Modes (% Mass captured) Description of 
Mode Frequency X- Y- Z- Mode 

Building 
No. (RZ) Direction Direction Direction 

1 0.89 N/A N/A 87.9% Swav Mode for 
compiete building 

2 0 94 86.3% N/A N/A Swav Mode for 
. complete building 

4 2.41 N/A N/A 9 9% Sway Mode for building 

FCTS . exceptground floor 

5 2.49 11.3 % N/A N/A Sway Mode for building 
except ground floor 

6 3.08 N/A 69.9% N/A Floors bounce up 

13 5.26 N/A 6% N/A Torsional mode plus 
Floors bounce up 

1 1.03 N/A N/A 79.2% Swav Mode for 
complete building 

2 1.12 72.7% N/A N/A Swav Mode for 
compiete building 

4 2.75 N/A N/A 14.9% Sway Mode for building 

SCTS except ground floor 

5 3.04 16.3% N/A N/A Sway Mode for building 
except ground floor 

6 3.17 N/A 65.8% N/A Floors bounce up 

13 5.69 N/A 7.5% N/A Torsional mode plus 
I I I I Floors bounce up 

Table 4.8 Modal analysis results of the FCTS & SCTS model 
(Major modes of vibration) 

As the major modes are concentrated in the sway behaviour in the x-direction 

and z-direction, the importance of carrying out seismic analysis for the buildings 

in the three dimensions arises for the input ground motion (must be concurrent 

two-dimensional horizontal earthquake) and the building (must be a three 

dimensional model). In addition to that, the sway behaviour may be in the 

resultant direction of these two horizontal directions and in this case the three- 

dimensional modelling of building and two-dimensional of input motion is 

I. mperative to obtain the global realistic behaviour under seismic loading. 

0 The major modes in the y-direction highlight the significance of the three 

dimensional modelling of the building and also the input ground motion due to 

the possible torsional effects on the building as a result for the presence of the 
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vertical component of the earthquake. Also as these buildings have stiffnesses 
discontinuity at the ground floor, the major modes in the y-direction included a 

torsional mode. 

e The natural frequencies of the buildings (FCTS & SCTS) at the major modes 

must be compared with the resonant frequencies which can be obtained from the 

response spectra of these buildings under the earthquakes in order to identify the 

resonant frequencies correctly. 

Figures 4.8,4.9 show the major modes of vibration of the three dimensional finite 

element model for FCTS (sway mode in x-direction at frequency 0.94 Hz & torsional 

mode in y-direction at frequency 5.26 Hz). 

ANSYS 7.0 
JUL 9 2003 
02: 55: 28 
DISPLACEMENT 
STEP=1 
SUB -2 
FREQ-. 941994 
PowerGrekphics 
EFACET-1 
AVRES-Hat 
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DSCA-3008 
XV -. 27157 
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ZV -. 96142 

*DIST-22.541 
*XF -12.389 
*YF -13.262 
*ZF -14.137 

A-ZS--. 16881 
Z-BUFFER 

, W-X 

Modal Analysis Of The FCTS Model 

---__j 

Figure 4.8 Sway mode of FCTS model in x-direction 
(major mode of vibration with natural frequency 0.94 Hz) 

Rayleigh Damping Coefficients 

It has been mentioned previously in chapter 3, section 3.4.2.1, that the damping forces 

must be applied in the seismic analysis of buildings. These forces influence the dynamic 

response of the buildings during the earthquakes, and consequently it constitutes one of 

the significant parameters in the equation of motion which is used to describe the 

realistic seismic behaviour of structures. Also it was mentioned in detail how the 
damping forces are calculated using the modal analysis results and applied in the 
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transient dynamic analysis of the buildings using the Rayleigh damping coefficients 

method. 
ANSYS 7.0 
JUL 9 2003 
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Modal Analysis Of The FCTS Model 

Figure 4.9 Torsional mode of FCTS model in y-direction 
(major mode of vibration with natural frequency 5.26 Hz) 

The damping forces involved in the transient dynamic analysis are chosen to simulate 

the realistic seismic response of the FCTS & SCTS model (damping forces of buildings 

reduce the resonant amplification of the earthquakes). The Rayleigh damping 

coefficients (x and P of the FCTS & SCTS model were computed using the modal 

analysis results according to the method previously mentioned (chapter 3, section 
3.4.2.1) as follows- 

The FCTS Model 

The modal analysis results (refer to tables 4.6,4.8) of the FCTS model revealed that 

97.5 % of the building mass was captured for the sway ('niajor') modes in the two 

transverse directions (X, Z) in frequencies ranging from 0.9 Hz to 2.5 Hz. (x and 0 are 

chosen such that the required material damping is set at frequencies corresponding to 

the lowest mode and the mode at which 90 % of the response of the structure has been 

captured. According to the ASCE standard, ref [26], the damping ratio ýj of the 

reinforced concrete structures is typically equal to 0.07. Computation of the Rayleigh 
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damping coefficients of the FCTS model is shown in the following section. Also the 

resulting values of these coefficients were (x = 0.029 and 0=0.028. 

i := 50.. 200 CO(i) :=i-0.1 ýj: = 0.07 f(i) := 
CO 0) 

- Hz 
2 -7t 

O)niin: = 5 O)niax: = 20 

2- wmax- O)min 2- ýj 

(L)max+ Ottlin (D 
max + G) mi 

) 

a=0.56 5.6x 16-3 

2 co 2 

CO(i) =i= f(i) = ýini`(')) = ýj, (-(O 
= tdo)) = 

- --1 - --1 ---1 -1 F-5-1 r-501 FO 796 Hz [0 056 F0014 FO 07 

0.07 

0.06 

05 I. (. (w .0 
9P (0)(0) .E is 0.04 

Oý03 

0.02 

0.01 
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f(i) 
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--- Alpha (mass damping) 0.029 
.... Beta (stiffness damping) = 0.028 
- Total damping 

Figure 4.10 Rayleigh damping coefficients (Alpha & Beta) of the FCTS model 
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The SCTS Model 

The modal analysis results (refer to tables 4.7,4.8) of the SCTS model revealed that 

94.1 % of the building mass was captured for the sway ('major') modes in the z- 

directions in frequencies ranging from 1.03 Hz to 2.75 Hz (cc and 0 are chosen such that 

the required material damping is set at frequencies corresponding to the lowest mode 

and the mode at which 90 % of the response of the structure has been captured). 

According to the ASCE standard, ref. [26], the damping ratio 4i of the reinforced 

concrete structures is typically equal to 0.07. Computation of the Rayleigh damping 

coefficients of the SCTS model is shown in the following section. Also the resulting 

values of these coefficients were a=0.032 and P=0.029. 

i: = 60.. 180 CD(I) 0.1 4i: = 0.07 f(l) := 
CDO 

- Hz 
2.7c 

comin: = 6 O)Max: = Is 

2- ý- - 'Omax' C'min 2- 4i 

comax+ ODmin (ODmax+ comiý 

a=0.63 p=5.833x 16-3 

2-(o 2 

6 60 0.955 Hz 0.053 0.018 0.07 
6.1 61 0.971 0.052 0.018 0.069 
6.2 62 0.987 0.051 0.018 0.069 
6.3 63 1.003 0.05 0.018 0.068 
6.4 64 1.019 0.049 0.019 0.068 
6.5 65 1.035 0.048 0.019 0.067 
6.6 66 1.05 0.048 0.019 0.067 
6.7 67 1.066 0.047 0.02 0.067 
6.8 78 1.082 0.046 0.02 0.066 
6.9 69 1.098 0.046' 0.02 0.066 

7 70 1.114 0.045 0.02 0.065 
7.1 71 1.13 0.044 0.021 0.065 
7.2 72 1.146 0.044 0.021 0.065 
7.3 73 1.162 0.043 0.021 0.064 
7.4 74 1.178 0.043 0.022 0.064 

ý7., 15 
. 
-75- 0.042 0.022 
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Figure 4.11 Rayleigh damping coefficients (Alpha & Beta) of the SCTS model 

4.5 Transient Linear Dynamic Analysis Of The FCTS And SCTS Model 

Transient dynamic analysis (direct integration time-history analysis) of the 

buildings using real or designed acceleration time-history (according to the earthquake 

records such as UK design response spectra) presents a reliable technique to obtain the 

realistic seismic response of the buildings. The ANSYS program is provided writh three 

different methods full, mode superposition and reduced method for carrying out the 

time-history analysis of the buildings. The full method (refer to chapter 3, section 
3.1.2.4) is a comprehensive method for calculating the transient seismic response of the 

structures accurately. Therefore this method is commonly used although it is the most 

expensive method. 

As the main objective of this research is to assess the performance of the existing multi- 

storey RC buildings (statically designed RC buildings) under the prescribed seismic 

event, the three-dimensional finite element models (as shown in Fig. 4.6) of the FCTS 

& SCTS building were analysed seismically (time-history analysis) using the full 

method of the ANSYS program. The three-dimensional seismic (time-history) analysis 
for these models was performed under the horizontal earthquake alone & both 

horizontal and vertical earthquake together. The assessment of seismic response of the 
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FCTS & SCTS model was conducted by comparing the dynamic element forces which 

were extracted from these analyses against the ultimate limit state design of BS81 10 

(this Wll be discussed later on in the chapter 5). 

The seismic analysis of the FCTS & SCTS model was carried out using ANSYS in 

accordance with the sequence of the following steps: 

1. After creation of the three-dimensional finite element model as shown in Fig. 

4.6, the analysis type was determined as a full transient dynamic analysis using 

the solution controls option of ANSYS. 

2. The gravity loads were applied by using the gravitational constant 9.8 1 M/S2 

acting on the appropriate density (mass) of the model. In this analysis, both the 

static (gravity) and dynamic (earthquake) loads were included together (direct 

combinations). When the gravity load is applied directly with the dynamic loads, 

ANSYS will include the effects of these loads in the modelling of dynamic 

behaviour of the building in the vertical direction (i. e. ANSYS will define the 

gravity loads as a vertical dynamic load at every time step of the seismic 
loading). Consequently, to avoid these effects, the gravity loads were applied as 
dynamic loads (gravity loads are defined as a function of time). 

The gravitational constant 9.81 m/s 2 was applied gradually (0.98,1.96, 

2.94 ........ 
8.83,9.8 1) as shown in Fig. 4.12 using the load step option of 

ANSYS. Ten load steps were performed for applying the gravitational constant 
9.81 M/S2 progressively. The first nine load steps were specified for a time 
interval 0.1 sec & total time of loading was 1.0 sec and also the tenth load step 
for a time interval 0.1 sec. A total time of loading of 14 sec was applied to 

ensure that the building has been damped completely under the total gravity 
loads. 

For every load step, some solution options were defined such as the end time of 

every load step (the time at end of the tenth load step was 15 sec), the time 

intervals of loading (time step size was constant equal to 0.1 sec), the type of 
desired results (the running of each analysis was divided into two individual 

times according to the type of results) and the Rayleigh damping coefficients 

which were chosen to be equal to artificial high values of 0.09,0.09 to 
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contribute in damping of the vertical dynamic characteristics of the building 

under the gravity loads. 
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Figure 4.12 Loading steps of the gravitational constard 9.81 
rn/s/s in AN SYS for applying the gravity loads of model 

3. After the building has become static under the effects of gravity loads, ANSYS 

then automatically established the static case of the building as the initial 

conditions for the analysis under the earthquake i. e., the initial dynamic loads 

were equal to zero at time 15 sec. 

4. Then the eleventh load step was created and configured for applying the 

dynamic loads (earthquakes) of the building analysis. This load step was 

performed by setting some solution options which must be specified before 

applying the time-history loads. As the prescribed total time of the earthquake 

was 10.19 sec, the end time of this load step was defined at 25.19 sec. Also the 

time step size (the time intervals of loading) of this load step was constant and 

equal to 0.01 sec (i. e. the earthquake was applied through 1019 load cases). The 

type of the desired results and the Rayleigh damping coefficients were specified 

also using the solution options of ANSYS. 

Due to the large number of the nodes & elements of the building model, and the 

maximum storage capacity for any file of an NTFS operating system being 8GB, 

the complete seismic analysis for every model was carried out in two individual 

times of running in accordance with the maximum result file size of the analysis. 

As the damping forces influence the realistic seismic response of the buildings, 

the Rayleigh damping coefficients (refer to section 4.4) were applied for the 
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transient dynamic analysis of the FCTS & SCTS model according to the 

calculated values using the modal analysis results of these models. These 

coefficients were applied using the solution options of the eleventh load step and 

specified for the FCTS (a = 0.029 & 0.028) and SCTS (cc = 0.032 & 

0.029) model. 

5. Applying of the seismic loads (earthquakes) for models (FCTS & SCTS) was 

carried out through the eleventh load step using the displacement time-history 

input motion which was previously presented in detail in chapter 3 (refer to 

chapter 3, section 3.3.3.1 and Fig. 3.6). For the transient dynamic analysis of the 

ten-storey RC buildings under the horizontal earthquake alone, the horizontal 

displacement time-history was applied directly to the fixed bases of the models 
in x, z directions as a two-dimensional input motion. For the models under both 

horizontal and vertical earthquake together, the horizontal and vertical 
displacement time-histories were applied concurrently and directly to the fixed 

bases of the model in x, z directions for the horizontal displacements and y- 
direction for the vertical displacements as a three-dimensional input motion. 

6. After completion of the eleven load steps of the analysis, the transient dynamic 

analysis solution was carried out according to these load steps. Then the post 

elastic results were reviewed and extracted using the time-history postprocessor 

of ANSYS. 

Due to the seismic analysis of the ten-storey RC building using the finite element 

method (the ANSYS program) included some complicated processes (such as modelling 

and analysis), all ANSYS commands which were used for executing the transient 

dynamic analysis of the FCTS model under the both horizontal and vertical earthquake 

together are shown in the ANSYS input data batch file in Appendix M. It can be 

referred to this file for more additional information about the used modelling and 

analysis technique. 
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CHAPTER 5 SEISMIC ASSESSMENT 

5.1 Philosophy Of Assessment 

The developments in seismic design standards through the years have 

brought about the realisation that many structures designed prior to the modem design 

codes (such as Eurocode 8, ref [4]) may be deficient according to the seismic 
requirements of current design standards. This deficiency in seismic performance of the 

structures has been emphasised by the observation of the damage effects of the recent 
earthquakes on the 'old' building structures (existing multi-storey RC buildings). For 

example, the earthquake with Richter magnitude 7.2 which struck Kobe, Japan, in 
1995 badly damaged many buildings and bridges. However, the damage to reinforced 

concrete buildings in that earthquake was much more severe for buildings built before 

the current Japanese seismic code came into effect in 1981. Most buildings built after 
1981 suffered only minor damage. As a consequence for this recent observation 

concerning the deficient RC buildings under the earthquakes, the need for the seismic 

assessment arises in many countries in order to upgrade (retrofit) these buildings if 

necessary. 

The structural deficiencies of many existing reinforced concrete buildings designed to 

normal design codes (such as BS8110) are generally not just a result of inadequate 

strength. The longitudinal reinforcement present in some existing structures results in a 
horizontal load strength which may approach or exceed that required by current seismic 
design standards for structures of limited ductility or even ductile structures. 
However, poor structural response during earthquakes is normally due to a lack of a 
static design approach to ensure the formation of an appropriate global mechanism of post- 
elastic deformation and/or to poor detailing of reinforcement, which means that the available 
ductility of the structure may be inadequate to withstand the earthquake without 
collapse. 

Due to the expected deficiency in the seismic performance of existing reinforced 
concrete buildings, it is necessary to define specific methods for the seismic assessment 
of these buildings. In 2002, Park, ref. [17], mentioned that a detailed assessment 
procedure for the seismic assessment of existing reinforced concrete frames has been 
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suggested by Priestley and Calvi and by Park. The suggested procedure is based on 
determining the horizontal load strength and ductility of the critical post-elastic 

mechanism of structural deformation. Once the available horizontal load strength and 
ductility of the structure has been established, reference to the current code seismic 

acceleration response spectra for earthquake loading then enables the designer to assess 
the seismic risk. The procedure uses recent analytical and experimental evidence of the 
behaviour of elements and joints subjected to simulated seismic loading. The 

experimental information obtained included the interactions between the shear 

strength of members or joints and flexural ductility, and the performance of lap-splices 

and anchorages. 

Retrofit when necessary to enhance the strength and/or ductility of the structure has been 

achieved in some countries (such as New Zealand, United States, Japan and other 

earthquake countries) by adding 

" New structural steel bracing 

" New structural concrete walls, either sprayed on to existing walls or as infills 

within existing frames, or as new walls placed vertically up the structure 

By jacketing (enclosing) existing elements using jackets of reinforced concrete 

or steel or fibre glass or carbon fibre 

By adding seismic isolation 

Also it was mentioned that currently a Study Group of the New Zealand Earthquake 
Society is preparing a seismic assessment document It is anticipated that it will be 

nominated by the New Zealand Building Code Handbook as a means of compliance. 

In this research, the assessment of seismic response of the existing multi-storey RC 

buildings was conducted depending on the three-dimensional transient linear dynamic 

(time-history) analysis of these buildings. As the solution of the time-history analysis of 

the FCTS & SCTS model under the horizontal earthquake & under the horizontal and 

vertical earthquake together was carried out, the post elastic time-history forces (such as 

moments and axial loads) of these building analyses were extracted to be used in the 

assessment of these models in accordance with the applied assessment technique. The 

concept and procedure of the assessment technique which was applied for the FCTS & 
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SCTS model in order to obtain the realistic seismic response of these models, is 

presented in the following sections. 

Methodology Of The Assessment Technique 

The global RC building structure is composed of various structural members such as 

columns, beams and slabs. These members are 'linked' structurally, and the forces they 

experience are distributed according to their relative stiffnesses. It is standard practice 

with seismic design to ensure that plastic hinges form in beam before columns to avoid 

soft storey global collapse and to realise the maximum benefit of post-elastic load 

redistribution. Due to the linear nature of the model, the post elastic yielding behaviour 

is not captured, and assessment must be based on the integrity of the structure for the 

elastic case only. Assessment of all beams, slabs & columns would provide a thorough 

examination of the building model. However, the columns provide the main vertical 
load supporting members & it is imperative that these remain in-tact to maintain global 

structural integrity. Due to these reasons the seismic assessment of the FCTS & SCTS 

model was focussed only on the buildings columns. Nevertheless the assessment for 

buildings columns only was still onerous due to the number of finite elements the 

columns were comprised of (636), the types of resulting seismic forces used (moments 

& axial loads) and the number of load cases (10 19) according to the acceleration time- 

history input motion. 

The concept of the columns assessment is based on the assessment of the combined axial 
load and biaxial bending moments (fy, m,,, mo of a column section against the requirements 

of BS8110 (ultimate limit state design). The assessment of the columns of the FCTS & 

SCTS model under the earthquakes was performed as follows: 

1. The post elastic forces of columns from the time-history analysis were obtained. 
These forces consist of extreme values (maximum and minimum value) of the axial 
load (fy) & bending moments (m,,, mýt) throughout the time-history for bottom & top 

node of every 3D finite element of the columns. At each node of the column finite 

element the total number of the output axial load or any bending moment of all 
building columns were 636 maximum and 636 minimum values. Due to the axial 
load of columns during the earthquakes being either compressive or tensile forces, 

the assessment was performed for the maximum and minimum values of axial load 
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separately according to its resulting sign. In the other extreme, the maximum 
(absolute) bending moment value (m,, or rn. ) of the maximum or minimum values 

of bending moments only was assessed. 

2. The applied seismic forces which were obtained (stated above in step No. 1) for all 
finite elements of the building columns for every dynamic analysis type according 
to the model type (FCTS or SCTS) and the seismic action (horizontal alone or both 
horizontal & vertical together) were organized using a computer data file 
(maximum fy, maximum absolute m,,, maximum absolute m. & minimum fy, 

maximum absolute m,,, maximum absolute rn. ). Subsequent to that these forces, 
dimensions of the columns sections, the reinforcement details of the columns 
according to the static design (see appendix 11) and other information (such as 
identification of the column finite elements) were compiled into a computer data file 

(spreadsheet) as required by the input format for the assessment computer program. 

3. The assessment of the combined axial load and biaxial bending moments of 
building columns was carried out using a fortran computer program. The complete 

program running for every data file was carried out twice in accordance with the 
design concrete compressive strength (f. ) of ground floor 40 N/mm2 and the above 
floors 30 N/mm2 (see Appendix H). 

The fortran computer program was written primarily to assess the ability of a 

reinforced concrete column to withstand axial load and biaxial bending 

moments. It reads in a database of columns with corresponding section 
properties, together with an applied axial load and bending moments about section 
axes x and z. Using strain compatibility and equilibrium checks, the ultimate 
bending moment capacities about both section axes are computed for the 

applied load. The procedures set out in BS81 10 are then used to 'assess' the 

applied bending moments against the ultimate moments computed for the 

section, producing a margin of safety. Failure surface theory is also included as 

an additional check in the program, as used in older codes of practice. 

4. For every analysis type according to the model type (FCTS or SCTS) and input 

motion components included (horizontal alone or concurrent horizontal & 

vertical), the number of the assessment results files was 4 according to the 
bottom & top nodes and maximum & minimum axial load at each node. Each 
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file contained 636 assessment results according to the total number of the 

column finite elements. The files of all assessment results were imported into 

spreadsheets and formatted & summarized in tables. Appendix IV includes the 

spreadsheet of the assessment results file of the FCTS model under the 
horizontal earthquake only (bottom node & minimum axial loads). This 

Appendix shows clearly some of the input data of the columns and the results of 

assessment for every column finite element during the earthquake. Also it 

demonstrates the conservatism of the assessment technique used for the seismic 

analysis results. 

5. As the assessment results were formatted into spreadsheets as shown in 

Appendix IV, the margins and acceptability of columns were examined 

accurately by hand for every spreadsheet to summarize the case of building 

columns under the earthquakes for every type of analysis. The resulting margins 

at every column node (top or bottom) from the two spreadsheets of maximum & 

minimum axial loads at this node were studied to get the worst case under the 

earthquakes. The columns were registered as passing the assessment if the 

margins were greater than 1, and failed if the column margins fall below the 

acceptable limit, less than 1. Margins less than 1 were reviewed regarding 

overload capacity or complete failure occurrence for a column and/or the 

columns having snapped due to the axial tensile forces. Hence the worst-case 

scenario of the global seismic response (realistic collapse mechanism) was 

evaluated for the building models (FCTS & SCTS). 

As the main collapse mechanisms of the FCTS & SCTS model were drawn in 

accordance with the columns assessment, the transfer beams (B) of the buildings under 

the earthquakes were assessed against the design values of the maximum shear forces 

and bending moments of these beams (see Appendix 11, section 7.1.2). This assessment 

was conducted in order to confirm the realistic seismic response of the buildings that 

was obtained from the columns assessment. This was also done to give insight into the 

seismic behaviour of the transfer beams of the RC building soft storey under the vertical 

component of the earthquakes. 

154 



Chapter5 Seismic Assessment 

5.2 Assessment Of The FCTS Model 

Investigation of the global seismic behaviour of the first case ten-storey RC 

building (FCTS) determined by the seismic margins study of the columns gives 

significant insight into the vulnerable local areas of the building. The description of the 

global collapse mechanism of the FCTS model will be shown in the next sections. 

The procedure of the seismic assessment technique which has been utilized has two 

distinct areas of conservatism, from the loading applied and those inherent in the 

applied design code. The conservatism of this seismic assessment technique will be 

discussed later on in the section 5.2.2. 

5.2.1 Discussion And Evaluation Of Assessment Results (Collapse Mechanism) 

Fig. 5.1 shows the realistic global collapse mechanism of the FCTS model under 

the horizontal earthquake only. This collapse mechanism is the worst-case scenario 

which was produced from the seismic assessment of the building in accordance with the 

requirements of BS81 10. From this figure it can be noted that the formation of collapse 

mechanism of the FCTS model consists of failed and overloaded columns (requiring the 

presence of plastic hinges). Plastic hinges must form at the bottom end of the internal 

columns of the ground floor. In addition to that a plastic hinge must form at the top end 

of one of these internal columns. The back comer columns of the building were failed at 
the first, second and third floor. Also the fourth floor column requires plastic hinges at 
both its ends. The front comer columns were failed in the first & second floor and 
plastic hinges must develop at both ends of the third floor column. 

The description of the collapse mechanism stated above (see Fig. 5.1) indicates the 

particular areas in the building that are structurally vulnerable. Examination of this 

collapse mechanism gives insight into the factors affecting the resulting seismic 

response of the FCTS model as follows: 

e The failure is concentrated in two comer columns of the building as shown in 
Fig. 5.1, and there is reserve capacity of the surrounding structure. Hence there 

is vast potential for overload due to redistribution of forces to the stronger 
sections. 
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0 Column Failure 

Plastic Hinge 

Figure 5.1 Realistic seismic response of the FCTS model under horizontal earthquake 
only (global collapse mechanism) 

The failure occurs in the comer columns in the direction of the resultant of the 

2D horizontal input motion (in the two orthogonal directions x& z). As the 

time-histories are identical the peaks in each direction occur simultaneously 

putting the onus on the two diagonally opposing comers. 

Although the building contained a soft-storey in the ground floor, the failure and 

some of the required plastic hinges are occurring in the above floors 

commencing with the first floor. Due to the stiffness discontinuity at the 

connection points between the ground and first floor, the failure occurred at 

these particular points and extended toward the floors that have less stiffnesses. 

The columns stiffnesses of the ground and first floor were calculated analytically 

to determine which floor is less stiff. The stiffness of the ground floor is larger 

than the first floor, hence the failure and plastic hinges extended to the above 
floors not the ground floor. 
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Fig. 5.2 shows the vulnerable areas causing global collapse of the FCTS model under 
both horizontal and vertical earthquake together. From this figure it can be noted that 

the collapse of the FCTS model consists of overloaded columns and additional columns 

that have snapped due to the presence of the tensile forces during the earthquakes. All 

ground floor columns were snapped except two internal columns as shown in the figure 

were snapped at its bottom ends only. 

From a study of this collapse, the first significant point is the inclusion of the vertical 

component of the earthquakes for the seismic analysis and assessment of the existing 

multi-storey RC buildings, particularly our model containing a soft-storey. There are 

some important points concerning the factors affecting formation of this soft-storey 

collapse mechanism as follows: 

0 Column Failure 

Plastic Hinge 

0 Column snapped (Green Colour) 

Figure 5.2 Realistic seismic response of the FCTS model under both horizontal & 
vertical earthquake together (global collapse mechanism) 
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When compared with the results from the horizontal earthquake only (see Fig. 

5.1), the effects of the vertical component can be revealed through the collapse 

of the soft-storey (ground floor) as predicted. The collapse of the soft-storey will 
lead to the complete failure of the building. Also investigation of the soft-storey 

regarding the required plastic hinge formation shows that there is practically no 
benefit from redistribution of load and global collapse is likely. 

Examination of the top ends of the ground floor comer columns (back left & 

front right column) and bottom ends of the first floor comer columns (back left 

& front right column) suggests that there is no requirement for the formation of 

plastic hinges at the top ends of ground floor comer columns. Failure is 

occurring at the bottom ends of first floor comer columns. This observation 

confirms that the building is vibrating in the direction of the horizontal input 

motion resultant and the behaviour is affected by the relative stiffness 

discontinuity at these connection points. 

The formation of the soft storey collapse mechanism is evident for this seismic 

case of the ten-storey RC building. The effects of the vertical component of the 

earthquakes on the axial loads of columns are demonstrated for the ground floor 

columns which were snapped although their axial loads were compressive forces 

in the static case. 

Assessment results Of The Transfer Beam (B) 

As mentioned above in section 5.1, the transfer beams (B) of the ground floor of the 

FCTS building model were assessed under the horizontal earthquake only & under the 

concurrent horizontal and vertical input motion. This assessment was conducted by 

comparing the maximum seismic values of shearing forces and bending moments of 

these beams and the corresponding design values (see Appendix II, section 7.1.2). Table 

5.1 lists the seismic & design values of shearing forces and bending moments of these 

beams. 

From this table, it can be noted that the transfer beams pass the assessment under the 
horizontal earthquake that emphasizes the satisfactory seismic performance of the soft 

storey (ground floor) of the building through the realistic collapse mechanism shown in 
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Fig, 5.1. Also the comparison for the building under the concurrent horizontal & 

vertical earthquake confirm this, The seismic performance of the transfer beams under 

the vertical component of the earthquakes is mainly dependent on the shearing 

performance of these beams. The shear forces of the transfer beams listed in table 4.1 

under the both horizontal and vertical earthquake together show that the shearing is a 

problem and the beams may fail due to this reason. The mode of shearing failure is non- 
ductile and therefore this presents an additional hazard to the collapse mode, however 

there is much conservatism in shear design according to the codes of practice. 

Seismic Assessment Of The FCTS Transfer Beam (B) 

Maximum Under Horizontal Under Concurrent 
Applied Forces Design Values Earthquake Only Horizontal & Vertical 

Earthquake 

Shear Force 5547 5 4985 7146 
(kN) . 

Bending 13214 12750 16370 Moment (kN. m) 

Table 5.1 Seismic response of the transfer beam (B) of the FCTS model 

5.2.2 Conservatism Of The Assessment Technique For The Seismic Analysis 
Results 

The assessment procedure which was mentioned above in section 5.1, was 

applied for the seismic analysis results with an approach leading to the worst-case 

predicted for the collapse mechanism of the ten-storey RC building. To satisfy this 

purpose from the assessment procedure, the conservatism was inherent as a 

consequence for the type of loading used (time-history loading) and also in the 

assessment results from the static design code (BS81 10). 

Due to the input ground motion (earthquake) used in this research being discretised into 0.0 1 

sec time intervals (with the total time of the earthquake of 10.19 sec) the number of load 

cases that were applied for the elements (636) of the models columns was 1019. This large 

number of load cases and column elements increases the data manipulation required for the 

assessment. As a result the extreme values of loading throughout the total time were 

extracted (regardless of time of occurrence) and applied as a single load case which 
demonstrates the presence of the conservatism using this assessment technique. To 

reduce this conservatism, the '100-40-40' rule of ASCE standard, ref. [26], can be used. 
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By using this rule the three orthogonal spatial seismic components of the load case are 

applied in the ratios of 100% - 40% - 40% therefore the load case would have to be 

applied three times, as the reduction ratio in the seismic components must be cycled 

through all three orthogonal directions, and the most onerous case will be applied. 

This conservatism was also evident in summarizing the seismic margins of every case 

of loading for the models. For every analysis type (according to the applied directions of 

the input motion & the model type), there were 4 spreadsheets and every spreadsheet 

contains a large number of the results (636) as shown in Appendix IV. 

To estimate the benefit (level of the present conservatism) using this assessment 

technique, a single column element was chosen to be assessed under the full time- 

history of 1019 load cases. Figures 5.3,5.4 shows the drawings of the columns axes for 

the ground & above floors of the building models. According to these drawings the 636 

elements of columns were identified in the assessment process. Regarding the 

spreadsheet included in Appendix IV, every column element was identified according to 

the axis character, number and additional number relates to the element order in the 

height of column (the columns were divided to Im elements). The column element B31 

in the ground floor was selected for this purpose as the desired margin of the selected 

column was less than 1. This column had a margin 0.87 from the global assessment of 

the FCTS model columns under the horizontal earthquake only as shown in Appendix 

IV (see coloured row in this spreadsheet). From the assessment of this column under the 

horizontal time-history loading, it was found that the worst margin less than I was equal 

to 0.89 (spreadsheet of the assessment of this column under the time-history loading is 

included in Appendix IV). The approximate benefit was calculated using the above 

margins of this column from the global and actual assessment under the time-history 

loading as shown in the following section. 

Approximate Benefit (level of the conservatism) = (0.89 - 0.87) / 0.87 = 2.3 % 

The conservatism arises also from the assessment procedures of static design codes 
(BS8110). As any design code contains a number of factors which inherently (and 

purposefully) produce a margin of safety, and the assessment may be examined 

according to the required values of these factors. Material safety factors of 1.5 and 1.05 

are prescribed for the concrete and steel in accordance with the BS8110 and these 

values were used for this assessment. Part 2 of the BS81 10 mentioned that it can be 
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used a material safety factor 1.2 for the concrete in certain circumstances as a worst 

credible value. Therefore the conservatism due to the material safety factors is evident. 
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Figure 5.3 Columns axes of the ground floor of the FCTS & SCTS model 
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Figure 5.4 Columns axes of the above floors of the FCTS & SCTS model 

5.3 Assessment Of The SCTS Model 

Due to the fori-nation of the soft-storey collapse mechanism for the FCTS model 

under the both horizontal and vertical earthquake together (see Fig. 5.2), the SCTS 

model was produced as an upgraded model to present a more desirable seismic 
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performance against this collapse mechanism. The main aim of this model was to alter 
the ground floor stiffness (the soft storey) in an attempt to improve the seismic 

performance. Therefore the ground floor columns of the FCTS model were modified 
(increased) in the SCTS model to be Im xlm for all ground floor columns. Similar to 

the FCTS model, the SCTS model was analysed seismically and assessed. The results of 
assessment of the SCTS model are discussed in the following sections. 

5.3.1 Discussion And Evaluation Of Assessment Results (Collapse Mechanism) 

Fig. 5.5 shows the global behaviour of the SCTS model under the horizontal 

earthquake only. This figure shows the presence of failed and overloaded columns at the 

comers once again, with the onerous columns on the first floor or above. This behaviour 

exhibits less damage in comparison to the corresponding behaviour of the FCTS model. 
Unlike the FCTS model, there is no plastic hinges required to form at the ground floor 

columns of this model. Also the ductility requirement or failure for the comer columns 

of the above floors is less (i. e. the margins are higher). The back comer columns of the 

building were failed at the first floor and the second floor column requires plastic hinges 

at both its ends. The front comer columns failed in the first & second floor and require 

plastic hinges at both ends of the third floor column. 

The comparison between the seismic behaviour of the FCTS & SCTS model under the 
horizontal earthquake only (see figures 5.1,5.5) demonstrates the significance of the 

role that is performed by the stiffness and inertia of the ground floor columns in 

mitigating the vulnerable areas of the building during the earthquake. Also as shown 
these two factors influence the present locations of the most vulnerable areas. As the 

ground floor columns of the FCTS model had different inertia (external columns 0.6m x 
0.81n & internal columns 0.8m x 0.8m), the most vulnerable areas were at the back 

comer columns hence the building is predominantly bending clockwise i. e. the back 

comer columns are experiencing the greater tensile forces. For the SCTS model due to 

the all ground floor columns having similar inertia rather than increasing the stiffnesses, 
the most vulnerable areas were at the front comer columns hence the building is 

predominantly bending anti-clockwise i. e. the front comer columns are experiencing the 

greater tensile forces. In general increasing the size of the ground floor columns of the 
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ten-storey RC building decreased the onerous effects of the horizontal earthquake i. e. 

the seismic performance of the ten-storey RC building was enhanced. 

0 Column Failure 

Plastic Hinge 

Figure 5.5 Realistic seismic response of the SCTS model under horizontal earthquake 
only (global collapse mechanism) 

Fig. 5.6 shows the vulnerable areas causing global collapse of the SCTS model under 

both horizontal and vertical earthquake together. Similar to the FCTS model under the 

concurrent horizontal & vertical earthquake (see Fig. 5.2), the collapse of the SCTS 

model consists of overloaded columns and additional columns that have snapped due to 

the presence of the tensile forces during the earthquakes. Also all ground floor columns 

were snapped (except two internal columns had snapped at their bottom ends only as 

shown in Fig. 5.6). 

The seismic behaviour of the SCTS model as shown in Fig. 5.6 shows that the 

formation of the soft-storey collapse is similar (the margins are approximately the same) 

to the FCTS model (see Fig. 5.2) including some slight changes. These changes are 
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summarized in the conversion and reallocation of the failure at the top ends of two of 
the internal columns of the FCTS model (the columns not snapped) to requiring plastic 
hinges to form at the top ends of the back & front comer columns of the SCTS model. 
Also a failure at the bottom end of one of the right external columns of the FCTS model 

was converted to requiring a plastic hinge at the same location for the SCTS model. 

* Column Failure 

Plastic Hinge 

* Column snapped (Green Colour) 

Figure 5.6 Realistic seismic response of the SCTS model under both horizontal & 

vertical earthquake together (global collapse mechanism) 

The seismic behaviour of the SCTS model as shown in Fig. 5.6 regarding the above 
floors exhibits a slightly improved performance above the corresponding FCTS model 
(see Fig. 5.2) as predicted. In general as the soft storey collapse of the SCTS model was 
formed similar to the FCTS model, the complete collapse of the building is likely to 

occur and consequently the increase of the ground floor stiffness which was suggested 
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for improving the seismic performance is not significant under both horizontal and 

vertical earthquake together. 

Assessment results Of The Transfer Beam (B) 

Similar to the FCTS model the transfer beams (B) of the ground floor of the SCTS 

building model were assessed under the horizontal earthquake only & under the 

concurrent horizontal and vertical input motion. This assessment was conducted to 

confinn the seismic performance of the upgraded model of the FCTS building (i. e, the 

SCTS model). Table 5.2 lists the seismic & design values of shearing forces and 

bending moments of the SCTS model transfer beams. 

Seismic Assessment Of The SCTS Transfer Beam (B) 

Maximum Under Horizontal Under Concurrent 
Applied Forces Design Values Earthquake Only Horizontal & Vertical 

Earthquake 

Shear Force 5547 5 4917 7636 
(kN) . 

Bending 13214 12220 16610 
Moment (kN. m) 

Table 5.2 Seismic response of the transfer beam (B) of the SCTS model 

From this table, it can be noted that the transfer beams of the SCTS model under the 

horizontal earthquake only pass the assessment similar to the FCTS model (see table 
5.1) with applied seismic forces having less values than the FCTS model. Also like the 

FCTS model the seismic response of the transfer beams of the SCTS building under the 

concurrent horizontal & vertical earthquake revealed insufficient structural integrity to 

withstand the seismic event. 

The comparison between the applied seismic forces of the transfer beams of the SCTS 

model under concurrent horizontal & vertical earthquake and the corresponding FCTS 

model exhibits the effects of the stiffnesses of the ground floor columns on the seismic 
behaviour of the transfer beams. From this comparison it can be noted that the seismic 
forces of the SCTS model transfer beams are larger than the FCTS model. This 

confirms that when the columns are stronger than beams the required plastic hinges at 

column-beam joint will be formed in the weaker member (beams). 
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5.4 Response Spectra Of The FCTS And SCTS model 

The seismic behaviour of the buildings can be evaluated by the response 

parameters such as maximum amplitude of the relative displacement, the relative 

velocity and the absolute acceleration developed during a seismic excitation. The 

generation of secondary response spectra of the building provides significant 
information regarding the seismic behaviour of the buildings. For a defined level of 
input ground motion response spectra are commonly used to define peak structural 

response in terms of peak acceleration, maximum velocity, and maximum 
displacement. Also the secondary response spectrum defines confidently the natural 
frequencies of the buildings at which the resonance phenomenon can occur i. e. the 
frequencies at peak responses of the buildings under a seismic event. 

The value of the peak response of the buildings under the earthquakes at various levels 

of damping is often required for seismic analysis and design. The seismic performance 

of the buildings and equipment within it can be evaluated using the peak acceleration, 

velocity and displacement of the buildings seismic response. Analytically the peak 

accelerations of the buildings against the overturning moments can be computed. 
Consequently, by comparing the values result from the response spectra of the buildings 

and the analytical calculations, the seismic performance of the buildings can be 

determined. This approach for defining the seismic performance of the buildings was 

used for the FCTS & SCTS model andwill be discussed in the next sections. 

5.4.1 Under Horizontal Earthquake Only 

The acceleration secondary response spectra of the FCTS & SCTS model under 

the horizontal earthquake only were generated using the extracted displacement time- 

histories of the building floors in the x-direction. It should be mentioned that the peak 

ground acceleration (PGA) of the horizontal input motion which was used for the 

seismic analysis of these models is equal to 0.2g. Figures 5.7,5.8 shows the horizontal 

response spectra of the FCTS & SCTS model respectively under the horizontal 

earthquake only. From these figures it can be noted that the PGA (0.2g) of the input 

ground motion was amplified through the higher elevation of the buildings to reach its 

maximum value at the upper floor. The peak value at the upper floor for the FCTS & 

SCTS model is equal to 0.68g & 0.53g respectively as shown in the figures. Also the 
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figures demonstrate the resonant natural frequencies of the buildings (FCTS & SCTS) at 

the peak acceleration values of their seismic response. The shapes indicate that peak 

accelerations are irregularly distributed over the frequency range but decrease very 

significantly at the high frequencies. The resonant natural frequency content of the 

FCTS & SCTS model is ranging from 0.95 to 2.8 Hz and 1.3 to 5.5 Hz respectively. 
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Figure 5.7 Horizontal acceleration secondary response spectra of 
FCTS floors under horizontal earthquake 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 4- 
0.1 1 10 100 

Frequency (Hk) 

1000 

-first fl. Spectra - PA 0.12g (lHz) second fl. Spectra - PA 0.15g (lHz) third fl. Spectra - PA O. 1Bg (1 Hz) 

fourth fi. Spectra - PA 022g (I Hz) -fifth fl. Spectra - PA 0.22g (I Hz) - sbdh fi. Spectra - PA 0.25g (11 Hz) 

-seventhfi. Spectra- PA 0.3g (IHz) -eighth fl. Spectra - PA 0.35g (lHz) ninthfI. Spectra - PA 0.47g (lHz) 
tenth fl. Spectra - PA 0.53g (1 Hz) 

Figure 5.8 Horizontal acceleration secondary response spectra of 
SCTN floors under horizontal earthquake 
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As shown in the figures 5.7,5.8 the peak accelerations of the seismic response of the 
FCTS model are larger than the SCTS model. This disparity in the peak accelerations 
between the FCTS & SCTS model arises due to the effects of the stiffnesses of the 

ground floor. As the stiffnesses of the ground floor columns were increased, then the 

damping forces increased reducing the resonant amplification of the input motion. 

As mentioned previously in chapter 4, section 4.4, the modal analysis results of the 
FCTS & SCTS model exhibited that the major modes of vibration of these models in the 

x-direction were captured at frequencies 0.94,2.49 Hz for the FCTS model and 1.12, 

3.04 Hz for the SCTS model. When compared these values with the resonant natural 
frequencies of the FCTS & SCTS model (0.95 to 2.8 Hz & 1.3 to 5.5 Hz respectively) 
that are shown in figures 5.7,5.8, it can be noted that the modal frequencies are in good 

agreement with the frequencies of the response spectra and consequently the resonant 
frequencies of these models in the x-direction were identified and confirmed. Also it can 
be noted that the resonant natural frequencies of the SCTS model are larger than the 

FCTS model. Under a defined level of an earthquake frequency content, the resonant 

natural frequencies of the building can be increases by modifying (increasing) the 

building stiffnesses to reduce the onerous effects Of resonant amplification of the input 

motion. 

To judge the global seismic performance of the FCTS & SCTS model using their 

generated secondary response spectra, analytical calculations were performed for the 
FCTS model under the horizontal earthquake only & under horizontal & vertical 

earthquake together using a simplified pseudo-static overturning calculation. The details 

of these analytical calculations for the global seismic performance of the FCTS model 

are included in Appendix V. The analytical PGA that the FCTS model can withstand 

without overturning under the horizontal earthquake only at the ground floor base in the 

x-direction was 0.49g (see Appendix V). Also the PGA at the bottom of the first floor 

(roof of the ground floor) was 0.58g (see Appendix V). By comparing these results with 
the PGA of the input motion (0.2g) and the PGA of the first floor shown in Fig. 5.7 

(0.2g), it can be concluded that the global seismic stability of the FCTS model under the 
horizontal earthquake only is sufficient against collapse with regard to this estimation 

method. Also this comparison confirms the global collapse mechanism of the FCTS 

model is that shown in Fig. 5.1. 
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5.4.2 Under Both Horizontal And Vertical Earthquake Together 

The acceleration secondary response spectra of the FCTS & SCTS model under 
both horizontal and vertical earthquake together were generated using the excited 
displacement time histories of the building floors in the x-direction & the y-direction. It 

should be mentioned that the peak ground acceleration (PGA) of the horizontal and 

vertical input motion which were used for the seismic analysis of these models are equal 

to 0.2g & 0.13g respectively. By generating the horizontal secondary response spectra 

of the FCTS & SCTS model under the concurrent horizontal & vertical earthquake in 

the x-direction, it was found that these spectra are similar to those mentioned above 

under horizontal earthquake only (see figures 5.7,5.8). Figures 5.9,5.10 shows the 

vertical secondary response spectra of the FCTS & SCTS model respectively under the 

concurrent horizontal & vertical earthquake. From these figures it can be noted that the 

vertical PGA (0.13g) of the input ground motion was amplified through the higher 

elevation of the buildings to reach its maximum value at the upper floor. The peak value 

at the upper floor for the FCTS & SCTS model is equal to 0.71g and 0.81g as shown in 

the figures. Also these figures show that the resonant natural frequencies of the FCTS & 

SCTS model in y-direction are equal to 2.8 Hz. From these figures it can be noted that 

the vertical input ground motion (0.13g) was significantly amplified for both models 
(0.71g, 0.81g) and that exhibits the onerous effects of the vertical component of the 

earthquakes. 
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Figure 5.9 Vertical acceleration secondary response spectra of FCTS 
floors under concurrent horizontal & vertical earthquake 
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Figum 5.10 Vertical acceleration secondary response spectra of 
SCTS Boors under concurrent horizontal & vertical earthquake 

As mentioned previously in chapter 4, section 4.4, the modal analysis results of the 

FCTS & SCTS model exhibited that the major modes of vibration of these models in the 

y-direction were captured at frequencies 3.08,5.26 Hz for the FCTS model and 3.17, 

5.69 Hz for the SCTS model. When comparing these values with the resonant natural 
frequencies of the FCTS & SCTS model (2.8 Hz) that are shown in figures 5.9,5.10, it 

can be noted that the modal frequencies in the y-direction are in good agreement with 

the vertical frequencies of the response spectra and consequently the resonant 
frequencies of these models in the y-direction were identified and confirmed. 

Also as mentioned above the global seismic performance of the FCTS model was 
judged under both horizontal & vertical earthquake together using the generated 

response spectra in the x&y direction and the analytical calculations (overturning 

method). The analytical PGA that the FCTS model can withstand under the concurrent 
horizontal & vertical earthquake at the ground floor base in the x&y direction 

simultaneously was 0.53g & 0.35g respectively (see Appendix V). Also the PGA at the 

bottom of the first floor (roof of the ground floor) was 0.67g & 0.44g respectively (see 

Appendix V). By comparing these results with the PGA of the input motion (0.2g, 

0.13g) and the PGA of the first floor shown in figures 5.7,5.9 (0.2g, 0.31g), it can be 

concluded that the global seismic performance of the FCTS model under the concurrent 
horizontal & vertical earthquake is sufficient against collapse with regard to this 
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calculation irrespective the realistic results of the seismic analysis of both models (see 

figures 5.2,5.6). 
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CHAPTER 6 DISCUSSION OF RESULTS 

6.1 Introduction 

Earthquake engineering, as an independent field of science, may by considered as 

a development of the last 40-50 years. The installation of dense networks of 

accelerograms worldwide, the feasibility of analysing complicated structures in both the 

elastic and the inelastic stage of their dynamic response using the recently developed 

powerful computers, the experimental testing of structural members and subassemblages 

under inelastic load reversals including inelastic response, the development of earthquake 

simulators for studying structural models, the refinement and the extensive use of in situ 

measuring techniques, and finally the broadening of the knowledge regarding the 

behaviour of soil, either in free-field conditions or in interaction with the structures, 

constitute significant steps towards the development of this relatively new field of 

engineering. 

As knowledge was accumulating, it became clear that the problem of the seismic 
behaviour of structures is primarily an energy-related one. In order for a structure to avoid 

collapse, it should be in a position to absorb and dissipate the kinetic energy imparted in it 

during the seismic excitation. To satisfy this aim, it must be understood how the building 

structures behave during the seismic event i. e. how the building structures dissipate this 

energy globally during the seismic excitation. Subsequent to that the local vulnerable 
areas must be investigated and the building structures seismically upgraded specifically 
the existing building structures. In general the modem design codes attempt to balance 
between the energy dissipation capacity & demand of the building structures under the 

earthquakes in order to reduce the disasters. 

As shown above when dealing with a subject such as seismic engineering it is appreciated 

that there are many variables and factors involved which make it a far from precise branch 

of science. Although a thorough understanding of the effects of each variable is required, 
it cannot be investigated these effects completely through one research or more. Therefore 

in this chapter we attempt to discuss few of these variables (such as soft storey, vertical 

earthquake, building response and 3D simulation) with regard to the finite element model 

studied in this research. 
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6.2 Investigation Of The Affecting Factors On Collapse Mechanisms Of The 
FCTS And SCTS Model 

From the examination of the behaviour of the FCTS & SCTS model under the 

horizontal motion only & under concurrent horizontal and vertical motion, a number of 
the significant factors that have influenced the behaviour of these mechanisms are 
highlighted. 

The presence of the soft storey collapse of these models emphasized the seismic risk for 

such buildings particularly if they are statically designed such as these models. 
Although the effects of the vertical component of the earthquakes on the tall RC 

buildings were previously ignored and recently still have to be taken into account in 

narrow range, the significance of this component in judgement on the realistic seismic 
behaviour of the global RC building structures was demonstrated through its onerous 

effects on the FCTS & SCTS model. As we endeavoured to upgrade the FCTS model to 

be the SCTS model in order to improve the seismic performance of the ten-storey RC 

building and mitigate its seismic risk, the effects of this modification will be discussed 

in the next sections. In the seismic analysis for the global RC building structures the 

important function for the 3D simulation of these buildings that significantly influence 

the realistic seismic response will be pointed out in the next sections. 

6.2.1 Soft Storey 

Tall RC buildings often contain a storey having wider spans in accordance with 

architectural design. In essence this storey is often specified in residential or office 
buildings to satisfy the requirements of car parking, or in particular circumstances for 

retail shopping. Also this storey is commonly located in the lowest level of the building 

(i. e. the ground floor). Therefore this storey by its nature is 'softcr' than those at the 

higher elevation, causing concern for its behaviour at ultimate load. 

Under the seismic event, the soft-storey is detrimental for the building because of abrupt 

stiffness changes that act as a load 'attractor'. As the soft-storey of the building is 

typically at the lowest level and weaker than upper levels, a column sway mechanism 

can develop with high local ductility demand. For the FCTS & SCTS model the soft- 
storey collapse mechanism occurs due to the vertical component of the earthquake as 

mentioned in chapter 5. As the finite element model of the ten-storey RC buildings 
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(FCTS & SCTS) was linear, the stiffness changes of the soft-storey columns due to the 

overload & axial load 'confinement' effects cannot be captured but the collapse 

mechanisms of the models under the vertical earthquake (see chapter 5) demonstrate the 

dramatic effect of the reduced vertical load on the soft-storey making it much weaker. 

Formation of the soft-storey collapse mechanism of the FCTS & SCTS model due to the 

vertical earthquake can be examined using the margins of safety from the assessment 
(refer to chapter 5). For the soft-storey collapse mechanism of the FCTS model under 

the vertical earthquake (see Fig. 5.2), the margins of the front left comer column & the 

surrounding columns for the ground floor were examined. Also the margins of the front 

internal column & the surrounding columns for the ground floor were examined for the 

collapse mechanism of the FCTS model under the horizontal earthquake only. Figures 

6.1,6.2 show the margin values of the front left comer column & the surrounding 

columns under the vertical earthquake, and the front internal column & the surrounding 

columns under the horizontal earthquake only for the FCTS model. 

Figure 6.1 Margin values of the front left comer cokunn and its 

surrounding colunvis of the FCTS model under the vertical earthquake 
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Fig. 6.1 shows that the all margins of the bottom & top end of the left front comer 

column and the surrounding columns are less than I i. e. no column has a reserve 

capacity. Therefore the applied moments for this column and also the surrounding 

columns cannot redistribute. By investigation of all margins of the ground floor 
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columns, it was found that the margins cannot allow for any potential redistribution and 
the soft-storey collapse mechanism of the FCTS model was formed. 

Figure 6.2 Margin values of the fi7ont interrial colutm and its 
surrounding columm ofthe FCTS model under the horizontal 

earthquake only 
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For the FCTS model under horizontal earthquake only, Fig. 6.2 shows that the majority 

of margins of the bottom & top end of the front internal column and the surrounding 

columns are larger than 1. For those columns where the margin is less than I they are 

only slightly so. Therefore there are many columns which have reserve structural 

capacity. Due to these margins potential redistribution is available. The comparison 
between the potential redistribution for the ground floor columns of the FCTS model 

under the horizontal input motion only & under the concurrent horizontal and vertical 
input motion (see figures 6.1,6.2) exhibits clearly the effects of the vertical motion on 
the axial loads and moments of the soft-storey columns i. e. the ductility demand of the 

soft-storey is significantly increased due to the vertical component of the earthquake. 

Also to examine the effects of the modification which was suggested to the ground floor 

columns of the FCTS model (increasing the stiffness of the soft-storey), the margins of 
the front left comer column & the surrounding columns (the same column investigated 
for the FCTS model above, see Fig. 6.1) for the ground floor of the SCTS model were 

examined. Fig. 6.3 shows the margin values of the front left comer column & the 

surrounding columns under the vertical earthquake for the SCTS model. 
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Figure 6.3 Margins values of the fi-ont left comer colurm and its 
surrounding columns of the SCTS model under the vertical earthquake 
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Fig. 6.3 shows that the all margins of the bottom & top end of the left front comer 

column and the surrounding columns are less than I similar to the FCTS model. By 

investigation the margins of this column & the surrounding columns for the FCTS 

above (see Fig. 6.1 ) and SCTS (see Fig. 6.3) model, it was found that the margins for 

this column and the second left external column the same in total for the bottom and top 

end for every column. Increasing the stiffness has redistributed the larger values of 

margins from top ends to bottom ends for every column. The margins of the front 

internal column are similar. From this comparison it can be concluded that the relative 

stiffness increase is disproportionate to the strength enhancement gained by increasing 
the column size. Other factors such as damping & building response will be altered but 

only marginally so. 

6.2.2 Vertical Earthquake 

In general the vertical component of the earthquake (motion) governs the 

seismic behaviour of the RC buildings columns. When columns are subjected to 

reduced compressive & possibly tensile forces, the corresponding bending capacities are 

reduced significantly. For the static design case it is likely that the margins of the 

columns are operating below the peak axial load required to resist maximum bending. 

Hence the most onerous case is when the compressive axial load decreases and possibly 
become tensile. On the other hand, reduced axial loading can have the benefit of 
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increasing the ductility of the columns. The interaction is complex especially under a 

transient event such as an earthquake, but it can be seen that there is a 'trade-off 

between strength & ductility when concerned with axial load. Hence statically designed 

columns Will normally always have problems at the higher elevations in the building 

due to decreasing axial loads. However in our case, the problem lies with the natural 

global sway modes of the building dominating the response, hence the columns 

experiencing the highest deviation in axial loads from the static case will be those at or 

near the base, at the extremities of the building. 

Fig. 6.4 shows the comparison between the maximum axial loads of columns of the 
FCTS floors under the horizontal earthquake only & under the concurrent horizontal 

and vertical earthquake. This figure demonstrates the effects of the vertical component 

of the input motion on the axial loads of the FCTS columns. From this figure, it was 

noted that the ground floor columns experience a significant change in their axial loads 

due to the vertical earthquake. 
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Figure 6.4 Maximum axial loads of floor comer columns of the 
FCTS model under horizontal earthquake o* & under 

concurrent horizontal and vertical earthquake 

6.2.3 Building Response 

As the RC building response under the earthquakes is significantly affected by 

the damping forces, the yielding of the RC material has a significant effect on the 

building damping during the seismic excitation. Although this effect has not been 

captured in the seismic response of the FCTS & SCTS model, the role which this effect 

perform in the seismic response of the RC building must be demonstrated. Besides the 
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viscoelastic behaviour of materials that generate the damping forces there is the 
hysteretic behaviour of materials. The hysteretic behaviour is the dissipated energy due 

to the plastic behaviour of the material. When the deformation level of the material 
increases the dissipated energy increases and therefore the damping increases. As the 
inelastic behaviour of the RC building increases the damping level under the 

earthquakes, the excited accelerations reduce and consequently the seismic mitigation of 
the building increases. 

The secondary response spectra of the FCTS & SCTS model shown in chapter 5 were 

generated according to the viscous damping of 5 %. If these secondary response spectra 

are generated including the damping due to the plastic behaviour of the FCTS & SCTS 

model, the peak accelerations of the building floors will be signiflcantly reduced and the 

seismic performance of the buildings may be improved. It should be mentioned that the 

damping forces increase the natural frequencies of the building and consequently the 

onerous effects of the resonance phenomenon may be reduced under a defined input 

ground motion having a peak acceleration at a frequency (primary response spectra of 

the input motion) different from the natural frequencies of the building. Also it is not 

always the case for the response spectra of a real or prescribed earthquake having a peak 

acceleration larger than another earthquake response spectra to have more onerous 

effects on the RC building. This can occur if the peak acceleration is at a frequency 

similar to one of the natural frequencies of the building. 

6.3 Significance Of The Three Dimensional Simulation Of Buildings 

The seismic behaviour of the tall RC buildings is demonstrated realistically 

when the finite element simulation for the building is three-dimensional. Many 

buildings are commonly simulated as a two-dimensional finite element model normally, 

as a consequence of the increased complexity in simulation of tall RC buildings in 

three-dimensions (due to the complicated geometrical shape and material properties of 

the buildings). Hence the components of the input ground motion which is used for the 

seismic analysis are often a one-dimensional horizontal earthquake. 

The resulting seismic responses of the FCTS & SCTS model as a three-dimensional 

model (with the input motion two or three dimensional) revealed the significance for the 

realistic seismic behaviour of high-rise RC buildings. The three-dimensional modelling 
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of these buildings and the horizontal concurrent two-dimensional earthquake 

simultaneously demonstrated that the global seismic response was produced identifying 

local vulnerable areas in two opposite comer columns i. e. the buildings were responding 

under the seismic event in the three-dimensions. Also the significance of the three- 
dimensional input ground motion (two horizontal and one vertical component) & three- 
dimensional modelling of the buildings simultaneously was demonstrated through the 

soft storey collapse mechanism. This has demonstrated the importance of incorporating 

all these spatial co-ordinate dimensions in a seismic simulation for the purposes of 

subsequent building assessment. 
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CHAPTER 7 CONCLUSION AND FUTURE WORK 

7.1 General Conclusion 

In conclusion, a methodology for the seismic analysis and assessment of a 
detailed structure using a commercial finite element package has been presented in this 

work. Based upon a direct time-history integration technique, the behaviour of a 

statically designed ten-storey reinforced concrete building subject to a typical synthetic 
UK earthquake with a probable return period of I in 10000 years has been simulated. A 

logical conservative assessment to the appropriate British Standard code (BS81 10) was 

performed to give insight into any available overload capacity, and probable modes of 
failure, both locally and globally. 

When dealing with a subject such as seismic engineering it is appreciated that there are 

many variables and factors involved which make it a far from precise branch of science. 
Therefore when embarking on such a topic, a thorough understanding of the effects of 

each variable is required, and certain conservative approaches must be adopted to filter 

and narrow down the number of 'unknowns', providing a focus for the work. The level 

and consequences of the inherent conservatism can certainly be qualified (and 

quantified in some circumstances), which may provide mitigating arguments in the 

event of a collapse scenario. These conservatisms and factors which effect the analysis 

are discussed in more detail here. 

7.1.1 Choice Of The Earthquake Accelerogram 

The earthquake accelerogram. chosen for this project was generated from a 

typical 0.2g Uniform Risk spectrum commonly used within the UK Nuclear Industry. 

This presents one of many variables, as the choice of earthquake was somewhat 

arbitrary. Actual seismic time-history records could have been used from the growing 
databases that are now available, however many of these are long in duration and are 

associated with many site specific issues such as local soil conditions. Hence it was 
deemed reasonable to use a synthetic 'spectrum-compatible' accelerogram derived from 

an appropriate typical design response spectra. In this way a ten second earthquake was 

acceptable. 
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7.1.2 Consideration Of Soil Structure interaction 

The model used in the research was assumed to have a fixed base, as the concern 
was for the building performance. However soil-structure interaction is rarely 
insignificant should be taken into account depending on the local soil conditions. For 

building founded on rock or 'hard-sites' the fixed base representation is fairly adequate. 
For softer soils, interaction between the structure and the ground is significant and has a 
direct effect on the loading that the building will experience. 

Models for incorporating soil structure interaction have typically been represented by 

'springs and dashpots' to model the relative stiffness and damping, depending on the 
foundation soil type. These soil compliances are usually obtained from complex 

purpose written programs for foundation-soil interaction such as CLASSI, which 

require substantial detail of the soil strata. The modeller can then use the results for 
damping and stiffness directly within the model. 

However, a more accurate method, (and one which is becoming more common) is to 

model the soil explicitly with the structure. Any accurate model for the soil will need to 

incorporate complex plasticity models, something which explicit codes such as DYNA- 

3D lend themselves to well. 

For the purposes of this research, as the focus is on the structure, soil-structure 
interaction was deemed a side issue which may be incorporated into any possible future 

iterations of the work. 

7.2 Assessment 

For the assessment of the structure, a logical approach has been adopted, 

whereby a conservative 'sweep' of the columns (deemed to be the main load-bearing 

structural members) is performed in the first instance against the static design code 
(BS81 10). Obviously if all of the resulting margins of the columns pass the assessment 
(> 1) then there is no need for any further action and the conclusion is that the structure 
has reserve load carrying capacity when subject to the prescribed earthquake. When the 

column margins fall below the acceptable limit (<I) then these columns may be 

reviewed for refinement in the assessment. 
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The conservatism is present in two distinct areas of the assessment procedure - from the 
loading applied and experienced by the structure and those inherent in the applied 
design code. 

7.2.1 Conservatism In The loading 

Firstly the conservatism in the loading is discussed. As the earthquake is 

discretised into 0.01 sec time intervals, in theory it is possible to obtain the loading at a 

particular instant in time on a particular element, thereby examining the actual loading. 

However for the duration of the 10 second earthquake, there would be 1000 load cases 
to apply to a large number of elements, increasing the effort required for assessment. In 

our case the maximum loading throughout time (irrespective of the instance of 

occurrence) has been extracted and applied as a single load case, hence the conservatism 
is evident. 

For a single column (with a margin less than 1), the extraction of 1000 load cases 

throughout the time history was performed to give an estimation of the level of 

conservatism present, about 3% for the particular column chosen. Other methodology is 

allowed in various codes of practice for reducing the conservatism when using a load 

case which is the most onerous of a transient event. ASCE 4-86 presents what is 

commonly known as the '1004040' rule, whereby the three orthogonal spatial seismic 

components of the load case can be applied in the ratios of 100% - 40% - 40%, derived 

from a risk argument based on the unlikelihood of the simultaneous occurrence of the 

peak loading. Of course the load case will have to be applied three times, as the 

reduction ratio in the seismic components must be cycled through all three orthogonal 
directions, and the most onerous case will govern. An alternative is to use the square 

root of the sum of the squares (SRSS) of orthogonal load components and assess 

accordingly for the resultant loading. 

Further conservatism in the loading originates from the material properties used. The 

finite element model was constructed of linear elements only, so judgements regarding 
the required and available ductility to form plastic hinges can only be formulated as 
mitigating arguments throughout the assessment process. It is possible however to 
incorporate nonlinear material properties within a time-history analysis. Any model of 
reinforced concrete which incorporates nonlinear material properties will need to 
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account for a number of factors. The material is composite, therefore the behaviour of 

each constituent material must be considered. If the materials are modelled explicitly, 
then the discretisation required is likely to effect the size of the model which can be 

produced, i. e. the number of elements required and local detail is increased. 

Alternatively some kind of pseudo stress-strain characteristics for the composite can be 

formulated which can minimise the discretisation needed. Whichever option is used, 

any nonlinearity will require the finite element program to iterate between time steps, 
increasing computer time, storage requirements, and ultimately stretching the limits of 

available computing power and expense. 

in the real structure when a structural member is overloaded, yielding will occur, 

assuming it has been correctly designed and detailed. The onset of yielding then has a 

number of implications. As the material stress-strain characteristics are no longer linear, 

the response of the structure is altered, such that the accelerations are reduced. Also it is 

likely that the hysteretic damping will increase, serving to reduce the loading upon 

members even further. Assuming the yielded member in question has sufficient post- 

yield deformation characteristics (i. e. significant ductility), this will serve to redistribute 

loading to the stiffer un-yielded members, assuming there is sufficient redundancy 

available. This behaviour forms a significant part of the philosophy of seismic design, 

the provision of adequate redundancy and design of members to form as many plastic 

hinges (in the beams) as possible before collapse. Hence seismic design must 

incorporate the provision of adequate ductility (capacity) which must outweigh the 

ductility demand of the designed collapse mechanism. 

The issue of strain rate has been addressed but judged not to be of significance within 

this analysis. When dealing with any transient dynamic problem, if inertia effects are 

significant then the rate of loading can possibly have an effect. In essence, if the rate of 

straining is high enough, and the time of load application is small, then the structure in 

question may exhibit an apparent 'overstrength'. The strain rates exhibited in the model 

were found not to be high enough to claim overstrength. Also the issue of low cycle 

fatigue, whereby the structural members undergo load reversal are not evident. The 

material properties will degrade under these conditions, so this would also present an 
issue when considering the use of non-linear material properties. 
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It should be noted that by their nature, analyses carried out in the frequency domain can 

only cope with linear material properties due to their dependence on the modal 

characteristics of the structure (properties which require a linear response). These 

methods allow simpler satisfactory analysis and assessment of structural models, but 

will have more inherent conservatism within them due to the simplifying assumptions 
they incorporate. 

7.2.2 Conservatism In The Code Assessment 

The columns are initially assessed using an automated routine which compares 

the combined bending and axial loading to the requirements of BS8110. Within any 
design code there are a number of factors which are inherently (and purposefully) 

produce a margin of safety, hence it is necessary to examine the sources of this and their 

implication. Material safety factors of 1.5 and 1.05 are prescribed for the concrete and 

steel material. Part 2 of the code suggests that a worst credible value of 1.2 may be 

taken for the concrete in certain circumstances, and this may be judged appropriate for 

use in the assessment. 

The combined axial load and biaxial bending design method used in BS8110 is 

essentially combines the biaxial moments into a modified uniaxial load. This is based 

on a modification of the previous superseded design code whereby a 'failure-surface' 

was used (this is an extension of the traditional reinforced concrete column axial load 

and bending capacity curves into three dimensions). Although not presented, the failure 

surface assessment model was also incorporated and generally produced less 

conservative results and is inherently more accurate. 

7.3 Model Behaviour - Static vs Seismic Design 

The adopted approach gives insight into the seismic behaviour of the statically 

designed structure. It is evident that when subjected to horizontal earthquakes the 

structure exhibits a good seismic withstand capacity, having significant capacity above 

the normal static state, and it is likely that it will remain in-tact. However, the 
introduction of the vertical component is all important and can have dire consequences 
for the columns. For the model chosen, a soft-storey was deliberately incorporated in 

the ground floor, and it is at this elevation (where the stiffness changes abruptly) that 
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the problems occur. The dominant sway and bouncing modes of the structure 
concentrate loading in the ground floor, and the only outcome is global collapse. It is 
likely that if the structure were to have a uniform stiffhess throughout its elevation, the 

non-compliant margins of the columns would be distributed more evenly around the 

structure. It is also likely that the columns at the higher elevations would exhibit the 
lower margins due to the decrease in static axial loading. 

The response spectra show clearly the coupling of the structure with the input motion 

causing resonance at the major sway modes. The accelerations appear to increase with 
height, but it is the shear size and geometry of the structure (relatively high height to 
base width ratio) which cause a problem for the ground floor, generally in oveft=ing. 
It should be noted that if nonlinear behaviour had been incorporated, this would have 

effected the building response, moving the frequency away from the peak of the input 

spectra, thereby reducing the accelerations, giving a 'better' result. 

The structure is symmetrical, which is normally a feature of good seismic design, even 
though the building is statically designed only. The centre of mass and geometric centre 

are close together, minimizing torsion in plan, so this has had serious beneficial effect 

on the seismic performance on the model. No local detail has been included such as 

stairwells and lift shafts which may cause local stiffness changes. The details will also 

serve to add strength, stiffness and mass to the structure with the overall likelihood of 
beneficial action. Detailing of the reinforcement is a primary focus of seismic design. 

The model in question may only serve to show that certain level of ductility is required, 

something which may not be necessary for static design, although it is common to allow 
for a certain amount of moment redistribution. This is provided by the correct detailing 

of members. All members will be designed, regardless of the code followed, to fail in a 
ductile flexural manner rather than shear which is normally a sudden brittle failure. But 

to realise this failure mode, adequate anchorage must be provided at member junctions 

to ensure bond failure cannot influence the behaviour. Hence one of the major 
differences between seismic and static design is the provision of greater anchorage 
lengths and confinement (shear reinforcement). The assessment procedure does not 

presently incorporate this check. 
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One very important consideration which cannot be accounted for in any of the 'desk' 

work is workmanship. The desired behaviour of the real structure can only be attained if 

the workmanship on site meets or exceeds that required. Of the important variables, 
properties of the concrete should meet the specification and be correctly cast, and 

reinforcement provision (anchorage) must also be closely adhered to. The good 
intentions of the designer can be completely undone by the quality of the build and 

works on site, and this often seen as a major contributing factor to the collapse of RC 
buildings subject to a seismic event. 

7.4 Future Work 

There are two distinct important areas of focus which future work should 

address. The provision of appropriate non-linear behaviour, and incorporation of soil 

structure interaction effects. 

Non-linear material properties can easily be incorporated into finite element models 

using implicit time marching schemes (such as ANSYS), but explicit codes present an 

attractive option. Explicit finite element codes such as DYNA-3D are ideal for analysis 

with transient events where material nonlinearity is required and it is used extensively in 

the field of impact and crashworthiness. The finite difference time-marching scheme 

employed differs from the normal implicit codes of ANSYS and ABAQUS, requiring 

the load to be applied over a time period. The explicit solution will set a time-step size 
based on the element discretisation, and material nonlinearity is easily handled. As the 

code is developing and becoming used more for seismic work, the confidence is 

growing in its reliability, and may present the way forward for future work regarding 

the seismic analysis of buildings. 

Soil structure interaction effects can be incorporated directly into the finite element 

model. Complex plasticity models are now readily available such as Mohr Coulomb or 
Drucker Prager, incorporating a 'cap' model to model dilatency effects properly. 

Modified shear and damping properties due to the motion of the prescribed earthquake 

can be obtained from simple soil column models using programs like 'Shake 2000' 

The assessment could easily be extended to incorporate the other important structural 

members such as beams and slabs. In the assessment routines used, the influence of 
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material safety factors can be studied, and the 1004040 rule can be employed. If 

serious data handling routines are automated, it is not beyond the realms of possibility 
to asses the loading throughout the time period for each time increment. Modifications 

to the existing assessment would be possibly to run a series of models with modified 
(reduced) I values depending on the margins of the columns from previous runs. This 

would perhaps give insight into a progressive collapse state, however if material non- 
linearity is incorporated, this may not prove necessary. Effects of non-symmetry of the 
building geometry can be studied and incorporating actual structural features should 
also be considered. Detrimental worlananship also provides a possible path for 

parametric study concerning its influence. 

Only a brief mention has been made regarding some of the parameters and features 

which may be studied, there are many more issues. The sub ect is too broad to cover in j 

one project, but the approach presented can adapted as required to focus on the studies 
in question. 
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APPENDIX I 

Static Linear and Nonlinear Analyses of Steel Fixed Beam & One-Storey 
Steel Portal Frame 

Steel Fixed Beam 

A steel beam with fixed ends and carrying a point load (see Fig. 1.1) was analysed using 

the basic theories of elasticity and plasticity (analytical solution), and the ANSYS 

program to verify the ANSYS program results in linear and non-linear analysis. Also 

the non-linear analysis of the beam shows the features of plastic theory by studying the 
formation of a collapse mechanism and plastic hinges in this beam at failure. This beam 

is a statically indeterminate structure with a degree of redundancy of two. It therefore 

needs three plastic hinges to form a collapse mechanism and it is considered a good case 

study for plasticity. The description of the beam geometry and material properties is 

shown in table 1.1. 

w 

a 
L 

b 

Figure 1.1 The steel fixed ended beam 

Description of steel fixed beam Remarks 

Span (L) 1000 mm 

Dimensions of the section 100 X 100 mm Solid square 

Yield stress (cyj 250 N/mM2 BS 8110 part 1, ref [3] 

Poisson's ratio (v, ) 0.3 BS 8110 part], ref [3] 

Young's modulus (E, ) 200 kN/mm 2 BS 8110 part 1, ref [31 

(a) 3000 mm 

(b) 7000 mm 

Table 1.1 Description of steel fixed ended beam 
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Firstly, in accordance with the linear and non-linear stress-strain curve of steel and the 

properties of the beam section, the maximum moments and forces of the beam section 

were calculated analytically for four cases starting from the yielding of the outside edge 

of the section up to flow of yielding for whole section as shown in Fig. 1.2. The fourth 

case illustrates the full plastic hinge producing the plastic moment and collapse load 

values for the beam. By drawing the general form of elastic bending moment diagram of 
the beam under the point load, the distribution of moment shows that the maximum 

moment is at the left hand support of the beam, see Fig. 1.3. Hence the formation of the 

collapse mechanism begins by the formation of plastic hinges at the restrained ends of 
the beam and finally under the point load as shown in Fig. IA 

Secondly, the beam was created in the ANSYS program with all geometry and material 

properties as stated in table 1.1, and was loaded by the force values that have been 

obtained from the analytical analysis of the beam section. These values contain bending 

moment values for the first yield for the section and full plasticity also. For that reason a 

material non-linear analysis was performed in ANSYS. Fig. 1.5 shows the deformed 

shape of beam from ANSYS together with the longitudinal stresses for the case (1). 

Table 1.2 lists the moments and forces that resulted from analytical and the ANSYS 

program analysis. 

100IMM case 

E a)ds oftero sh= and suidn 

partial plastic binge 

strain yield stress 
case (2) case (3) case (4) 

CT (T CY 
1/6(d) 

1/3(d) 
1/2(d) 

partial plastic hi ge 
full plastic hinge 

yield stress yield stress yield stress 

Figure L2 The stress distribution of beam section of the studied cases 
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Figure 1.3 The elastic bending moment distribution of the beam 
(Values of bending moments taken from Moy, ref. [I 11) 

Node(3)-7 
Node(l) w 

Node(2) 

ab 
L 

Figure 1.4 The collapse mechanism of the beam 
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Figure 1.5 The deformed shape of the beam under a vertical point load 
and its horizontal stresses 
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Maximum vertical force (kN) Maximum bending moment (kN. mm) 
Analytical ANSYS program Analytical ANSYS program analysis 

Cases analysis analysis results of the 
beam analysis results of the beam Remarks 

results of results of 
the beam the beam 
section Node I Node3 section Nodel Node2 Node3 

First 
First case 28.35 -22.226 -6.1236 41675 -41675 +25005 -17861 yielding 

case 

Second Plastic 
35.55 -27.871 -7.6788 52262.5 -52259 +31355 -22397 hinge 

case formation 

Plastic 
Third 40.25 -31.556 -8.6940 59170 -59168 +35501 -25359 hinge 
case formation 

Fourth Non-lincar 
case anaK'sis 

[Collapse 59.52 -43.924 -15.655 62500 -68211 +62467 -48337 
case for Mp 

load and and W, 

plastic (Collapse 

moment] mechanism) 

Table 1.2 Comparison between the results of analytical and ANSYS program analyses 
of the beam (see Fig. 1.4 for notation) 

Investigation of the beam analysis results using the analytical and ANSYS program 

analyses shows that: 

1. The results of post elastic forces and moments of ANSYS prograrn analysis are 

in good agreement with the results of analytical analysis for the first three cases. 
This verification confirms that the ANSYS program analysis is an acceptable 

and accurate method for linear structural analysis. Also the results indicate that 

the sequence of possible locations for plastic hinge formation of a structure 

depends on the elastic deformation values of these locations. 

2. The results of post inelastic forces and moments of the fourth case which has a 

non-linear analysis and illustrates the case of collapse mechanism formation of 

the beam are in good agreement with analytical results. This gives us a high 

degree of confidence that ANSYS can predict non-linear structural response 

with a high degree of accuracy. 

3. The plastic moment values of node 1, node2 and node3 of the beam (refer to Fig. 

1.4) that were resulted from ANSYS (refer to table 1.2) show that the plastic 

hinges formed at node I and node2 whereas the values are equal or more than the 
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analytically calculated plastic moment value. At the same time the plastic hinge 

was not formed at node3 that the value is less than the analytical plastic moment 

which means, the collapse mechanism of the beam was not formed completely. 
Clarification of that relates to the ANSYS program (see section 3.1.2.1, chapter 

3). The ANSYS solution does not converge when the structure has collapsed 
because the stiffhess matrix becomes singular and cannot be solved, ANSYS, 

ref [421. 

4. Further studies using a refined mesh indicate that the structure will attain a 

maximum load slightly under the theoretical collapse load due to the limitations 

of developing the full plastic behaviour toward the core of the beam at the 
imposed fixed ends. Hence the behaviour is structure oriented, and these results 

are as expected. 

Figures (1.6,1.7,1.8) show the comparison of results between the theoretical and 

ANSYS analyses of the beam for nodel, node2 and node3 that verify the capability of 
ANSYS. In these figures, the vertical forces (analytical and ANSYS program results) 

were plotted versus the bending moments (analytical and ANSYS program results) of 

the left hand support, under point load and right hand support of the beam for all of the 

studied cases. 

80000 

70000 

2! 60000 

E 50000 --------- 

40000 

30000 

20000 

10000 

--$-analytical results --o-ANSYSrestilts 

0 to 20 30 40 50 60 70 

Maximurn vertical force (kN) of studied cases 

Figure 1.6 Comparison between analytical and AN SYS 
results of the node I 

Steel portal frame 

A steel portal frame with fixed bases was studied in this stage to verify the capability of 

--*--analytical results --. *. -ANSYS res Wt sJ 
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the ANSYS program in linear and non-linear analysis of the structures having a large 

number of members and joints. This steel portal frame illustrates the one-bay single 

storey structure which provides a more complex plastic analysis problem. The frame 

having the same section and material properties as the fixed beam before is described in 

the following sections, see table 1.1. Fig. 1.9 shows the geometry and the general case of 
loading of the steel portal frame. This frame is a statically indeterminate structure with a 
degree of redundancy of three. Hence it requires four plastic hinges to forrn a complete 

collapse mechanism. The static elastic and plastic behaviour of the portal frame was 

analysed using classical theory and the ANSYS program according to the load cases, 

which are shown in table 1.3. 

70000 

60000 

50000 

40000 

F 

01 16 
30000 

I 5 
20000 
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lyticalresults --*---ANSYS results 

0 
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;0 
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Maximum vertical force (kN) of studied cases 

Figure 1.7 Comparison between analytical and AN SYS 
results of the node 2 
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Figure L8 Comparison between analytical and ANSYS 
results of the node 3 

The static elastic analysis of this frame was implemented using the analytical method 

[-ýanalyticalresuks 
--*---ANSYS results 
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and the ANSYS program to verify the ANSYS program as an accurate structural 

analysis too] and to achieve the ductile plastic hinge behaviour of this frame as 

predicted by theory. 

l A l i d Loads(kN) R marks Cases too s na ys s types an e Type Value 

First case 
Linea 

Ir 
analysi's 

Analyticallý (elastic theory) An assumed vertical point 60 Elastic behaviour 
ANSYS program 

load 

Second Linear analysis 
Anal-viicalk, (elastic theory) An assumed horizontal point 50 Elastic behaviour 

case ANSýS program 
load 

Third Linear analvsis The assumed vertical and 60 Analytically (elastic theory) horizontal point loads 50 Elastic behaviour 
case ANSYS program together 

Non-linear analvsis 
The analytically calculated This is called beam 

Fourth Analvticallv (plastic theory) vertical point load using the 59.52 mechanism where the 
case ANSYS program plastic theory (first collapse beam is failed onlv 

load) (three plastic hinjes) 

The analvticalIv calculated 
This is called sxNay 

Non-linear analvsis horizontal point load using mechanism %%here the 
Fifth case Analvtically (plastic theorv) the plastic theory (second 41.67 columns are failed 

ANSYS program collapse load) only (four plastic 
hinges) 
This is called 

The analvtically calculated combined mechanism 
Non-linear analysis vertical and horizontal point 39 39 where the beam and 

Sixth case Analylically (plastic theory) load together respectively . 88 31 columns are failed 
ANSYS program using the plastic theory (third . together (four plastic 

collapse loads) hinges and full 

I I 
ductility) 

Table 1.3 The load cases and analysis types of the steel po rtal frame 

-: Vertical point load V 

Node2 3M Nodc3 7m Node4 

Horizontal point load H 

Nodel NoW 

IOM 

Figure 1.9 The geometry and loads of the steel portal frame ( general case) 

Because the frame is a statically indeterminate structure, it was solved analytically using 

the moment distribution method to obtain all its internal deformations against the 

A l i d l Loads(kN) R marks Cases na ys s types an too s e Type Value 
Linea r analysi's An assumed vertical point First case I Analyticallý (elastic theory) load 60 Elastic behaviour 

ANSYS program 
Second Linear analysis 

Anal-viically (elastic theory) An assumed horizontal point 50 Elastic behaviour 
case ANSYS program 

load 

Third Linear analvsis The assumed vertical and 60 Analytically (elastic theory) horizontal point loads 50 Elastic behaviour 
case ANSYS program toýcthcr 

Non-linear analvsis 
The analvticall%, calculated This is called beam 

Fourth Analytically (plastic theory) vertical point load using the 59.52 mechanism where the 
case ANSYS program plastic theory (first collapse beam is failed onlv e load) (three plastic hing s) 

The analvticalIv calculated This is called sxNay 
Non-linear analvsis horizontal point load using mechanism %%here the 

Fifth case Analvtically (plastic theorv) the plastic theory (second 41.67 columns are failed 
ANSYS program collapse load) on1v (four plastic 

hinges) 
This is called 

The analvtically calculated combined mechanism 
Non-linear analysis vertical and horizontal point 39 39 where the beam and 

Sixth case Analylically (plastic theory) load together respectively . 31 88 columns are failed 
ANSYSPTogram using the plastic theory (third . together (four plastic 

collapse loads) hinges and full 
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external forces for all cases of linear analysis, and subsequent to that the same cases 

were applied on ANSYS program (see table 1.3). Fig. 1.10 shows the moment 

distribution diagrams of all elastic behaviour cases. 

Vertical point load V 60 kN 

Maximum (Mi= 75.41 kN. m 

1.10 (a)'I'he first case 

Horizontal 
point 
load + 
H= 
50 
kN 

1)ý 91.27 kN. + 

LI 0 (b) The second case 

Vertical point load V= 60 kN 

Horizontal point load H= 50 kN 

matimumtw 120.928 kN. ni 

1.10 (c) The third case 

Figure 1.10 The moment distribution diagrams of the steel portal frame 
(linear analyses cases) 
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The static non-linear analysis of this frame was implemented using plastic theory and 
ANSYS to investigate inelastic behaviour. Determination of the correct collapse 

mechanism of this frame presents a problem because there are three possibilities for the 

mechanism depending on the applied load case. The frame collapse caused by the 
dominant action of the vertical force (beam mechanism - partial collapse) requires three 

plastic hinges only at the both ends of the beam and under the vertical point load. Frame 

collapse caused by the horizontal force (sway mechanism - structure is pushed side- 

ways complete collapse) requires four plastic hinges at the top and bottom of both 

columns. Frame collapse caused by the combined action of the vertical and horizontal 

loads (combined mechanism - complete collapse) requires four plastic hinges to form at 
the bottom of both columns, under the vertical point load and the top of the right-hand 
column. The combined mechanism is the actual collapse mechanism of this frame. It 

presents complete collapse and gives the least load factor of the collapse loads of the 

three collapse mechanisms. In 1979, Home, ref. [ 18], proved that the correct failure load 

which provides the correct collapse mechanism of the structure would appear to be 

derived by considering all mechanisms and using that which gives the least load factor 

assuming proportional loading. 

The first step in the non-linear analysis of this frame was the investigation of its 

inelastic behaviour analytically using the plastic theory. Each relevant load case was 

solved to obtain the collapse loads Wc and the internal deformations at failure 

depending on the plastic moment Mp (full ductility) of the beam sections, (which was 

calculated before as described in the fourth case of the steel fixed beam). 

The second step of the non-linear analysis of this frame was carried out for all possible 

collapse mechanisms using the ANSYS program depending on the collapse loads which 

was obtained from the analytical solution, and the material yield stress of the frame (cry 

= 250 N/mm2). Fig. I. II shows the possibilities collapse mechanisms (also shows the 

locations of formed plastic hinges of each mechanism) of the frame using the ANSYS 

program. The locations of formed plastic hinges which are shown in the Fig. I. II can be 

determined using the variation in colours, of the bending moment diagram of frame that 

these colours indicate to the values of bending moments. Table 1.4 and 1.5 lists the 

analytical and ANSYS results that describe the internal deformations (forces and 

moments) of the steel portal frame for all of the studied cases. 

,- 1'. ý 
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AN MAY 14 2003 
22: 45: 29 

Plastic F[inges LINE STRESS 
S TH P-- 1 
SUB =123 
TIME--1 
IMOMENT JMONENT 

MIN =-63048 
ELEW3 
mAx =65466 
ELEW14 

zV =1 
*DIST--6131 

xF =5038 
Yr =3000 
Z-BUFFER 

-63049 

-48769 
-34490 
-20210 
-5931 
8348 
22628 
36907 
51187 

ý-x 65466 

pon-linear analysis of steel portal frame under vertical point ad 

Figure 1.11 (a) The beam mechanism of the steel portal frame and its bending 
moment diagram (The first non-linear analysis case) 

AN MAY 14 2003 
22: 57: 30 
LINE STRESS 
STEPýl 
SUB =22 
TIME=1 
IMOMENT MOMENT 
miN =-65118 
ELEW-1 
MAX =59629 
ELEW-9 

Zv =1 
*DIST--6621 

XF =5249 
Yr =3025 
Z-BUFFER 

ý-x 

-65118 
-51257 
-37396 
-23536 
-9675 
4186 
18047 
31908 71 
45769 

M 
59629 

I non-linear analysis of steel portal frame under horizontal load 

Figure 1.11 (b) The sway mechanism of the steel portal frame and its bending 
moment diagram (The second non-linear analysis case) 
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AN MAY 14 2003 
23: 02: 00 
LINE STRESS 
STEP=1 
SUB =53 
TIME=1 
IMOMENT JMOMENT 
MIN =-64888 
ELEM=2 
MAX =64095 
ELEM--15 

ZV =1 
*DIST--6510 

XF =5215 
Yr =3000 
Z-BUFrER 

-64888 
-50557 
-36227 
-21897 
-7566 
6764 
21094 
35425 
49755 

k_x 64085 

non-anear analysis of portal frame under vertical and hor3. zont jl loads 

Figure 1.11 (e) The combined mechanism of the steel portal frame and its bending 
moment diagram (The third non-linear analysis case) 

Reaction forces (kN) 

Cases Analyt ical analysis ANSYS prog ram analysis 
Vertical reactions Horizonta l reactions Vertical reactions Horizonta l reactions 
Node 1 Node 5 Node 1 Node 5 Node I Node 5 Node I Node 5 

First 
-43.1 -16.9 -12.1 12.1 -43.095 -16.905 -12.114 12.114 

case . 
Second 11.75 -11.75 25 25 11.739 -11.739 25.002 24.998 

case 
Third 

-31.35 -28.65 12.9 37.1 
I 

31.356 -28.644 12.888 37.112 
case 

Fourth Cannot be Cannot be 
41.664 17.856 deternitned determined 42.838 16.682 14.421 -14.421 case exactly exactly 

Fifth 
-12.5 12.5 -20.833 -20.833 -11.939 11.939 -20.743 -20.743 case I 

Sixth 20.938 18.442 -11.047 20.833 21.053 18.328 -10.209 -21.417 case I 

Table 1.4 Comparison between the results (reaction forces) of analytical and ANSYS 
program analyses of the steel portal frame (see Fig. 1.9,1.10,1.11 for notation) 

investigation of the frame analysis results using the analytical and ANSYS program 

analyses shows that: 

1. The results of post elastic forces and moments of ANSYS program analysis are 

in good agreement with the results of analytical analysis for the linear analysis 
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cases. This verification confirms that the ANSYS program analysis is an 

acceptable and accurate analysis tool for linear structural analysis of the 

structures having a large numbers of members and joints. Also the elastic 
behaviour of frame for each load case (linear analyses) indicates that the 

possible locations for plastic hinge formation and the expected type of collapse 

(partial - complete) depend on the elastic deformation values of these locations 

and the type of applied load. 

Bending Mo nts (kN. m) 

Analytical analysis ANSYS program analysis 
Cases 

1 

Node I Node 2 Node 3 Node 4 Node 5 

I 

Node I Node 2 Node 3 Node 4 Node 5 

1 

Fi rst 18.741 53.873 75.410 42.932 -29.66 18.749 53.936 75.350 42.983 -29.70 case 
Second 

-91.27 58.730 - 58.730 -91.27 -91.31 58.698 - 58.690 -91.29 case 
Third 

-72.52 4.862 98.90 101.66 -120.9 -72.56 4.762 98.831 101.67 -121.0 case 
Cannot Cannot 

Fourth be be 
detennin 62.5 62.5 62.5 determin 23.479 62.877 65.466 51.307 -35.21 case ed ed 
e\actIv exactl 

Fifth 
-62.50 62.50 25.00 62.50 -62.50 -65.11 59.629 23.882 59.609 -65.11 case 

Sixth 
-62.50 3.782 62.50 62.50 -62.50 

I 

-60.96 1.055 64.004 63.966 -64.99 case , I I I I 

Table 1.5 Comparison between the results (bending moments) of analytical and ANSYS 
program analyses of the steel portal frame (see Fig. 1.9,1.10,1.11 for notation) 

2. The results of post inelastic forces and moments of the non-linear analysis cases, 

which illustrate the three types of collapse mechanism of the frame, are in good 

agreement NVIth analytical results. This gives us a high degree of confidence that 

ANSYS can predict non-linear structural response with a high degree of 

accuracy for the complex plastic analysis problem. 

3. The plastic moment values of node2, node3 and node4 of the frame that required 

to fon-n the beam mechanism (fourth case) and resulted from ANSYS program 

(refer to table 1.5) show that the plastic hinge was formed at node2 and node3 

whereas the values are equal or more than the analytically calculated plastic 

moment value. At the same time the plastic hinge was not formed at node4 that 

the value is less than the analytical plastic moment with small value which 
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means, the beam mechanism of the frame was not formed completely. 

Clarification of that relates to the ANSYS program (refer to the section of steel 

fixed beam). The plastic moment values of nodel, node2, node4 and node5 of 

the frame that required to forin the sway mechanism (fifth case) and resulted 

from ANSYS program (refer to table 1.5) show that the plastic hinge was formed 

at node I and node5 whereas the values are more than the analytically calculated 

plastic moment value. At the same time the plastic hinge was not formed at 

node2 and node4 that the value is less than the analytical plastic moment with 

very small value. The ANSYS program results of sixth case (combined 

mechanism) show a high degree of accuracy of the ANSYS analysis that the 

plastic moment values of nodel, node3, node4 and node5 that required to form 

the actual collapse mechanism of this frame are approximately equal to the 

analytical plastic moment value (see table 1.5). 

Figures (1.12,1.13,1.14) show the comparison of results between the theoretical and 

ANSYS analyses of the frame for nodel, node2, node3, node4 and node5 that verify the 

capability of ANSYS. In the figures 1.12 & 1.13, the vertical reactions of nodel 

(analytical and ANSYS program results) were plotted versus the bending moments 

(analytical and ANSYS program results) of the node I for all of the studied cases (static 

linear and nonlinear analyses). Fig. 1.14 shows the capability of ANSYS program to 

perform the nonlinear analysis (forination of the combined collapse mechanism of 

frame). In this figure the node numbers (1,2,3,4,5) were plotted versus its moment 

values for the studied sixth case of frame (analytical and ANSYS program results). 

100 
90 

90. 
70 - 

60 

E so 
0 C- 40 

30 

analytical restilts 0 ANSYSrestilts 
20 

to 

0 
05 10 15 20 25 30 35 40 

;5 
50 

Vertical reactions (kN) 

Figure 1.12 Comparison between anaý*al and AN SYS 
results of the node I for the hwar analysis cases 
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80 
F. 70 

60 

5o 

40 

30 

10 1000,10' --s- analy t ical restdt sA ANSYS residt s 

0 20 25 

Vertical reactions (kN) 

Figure 1.13 Comparison between analytical and ANSYS 
results of the node I for the nonlimar analysis cases 
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Figure 1.14 Comparison between theoretical and AN SYS 

results of the formation of combined collapse mechanism 
(monients at nodes 1,2,3,4,5) 
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Design Calculation Sheet Of Ten-Storey Reinforced 
Concrete Building 

First Case Ten-Storev RC Building (FCTS 

1. Building Description 

0 Residential Building 
The building is a reinforced concrete structure 
Building - 24m by 24m in plan, 36.5m in height 
Ground floor -2 bay, 5m in height, 12m spans 
First floor to ninth floor -3 bay, 3.5m in height, 8m spans 
All floors in other direction -3 bay, 8m spans 
The characteristic concrete compressive strength (Fcu) is 30 N- mm- 2 for all slabs & 
beams and columns of building except for transfer beams" B" and columns" C" of 
ground floor is Grade 40 (Fcug is 40 N- mm- ý 

" The yield strength of the steel reinforcement (Fy) is 460 N- MM- 2 

(Hot rolled high yield steel) 
" The design load consists of ultimate dead load (UDL) and live load (ULL) 

" Density of the reinforced concrete material (p) is 2400 kg - M7 3 

" The effects of walls on B, B1 are included in the design (self-weight) and for purpose to 
analyse the building using the finite element analysis, these walls are replaced by a 
designed bracing for outer columns as will be shown in the end of this sheet 

" The type of used walls is blockwork partitions with load 2.5 kN - M_ 
2 

" The, type of inner partitions of beams B2 B3 is lightweight partitions with load 1.0 
IN -M2 applied as live load 

i 4in i 4M i 4in i 4m i 4m v 4m i 

B3 
/ B2 

Bracing Floors Columns 

Ground Floor Columns 

B I- 
BB 

12m 

Figure U. 1 Details of the building 
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8m 8m 8m 

son 

5 -j - BI 00 ýF7F 

_7110-1 
- IL Ei 

00 F-B 2 

9L 
IL 

00 HF-- 

I 
12m I 12m I 

Figure IEL2 Plan of the ground floor slab 

8m 8m 8m 
iI BI 

-- 10 M 

E! 
A 1ý 

BI 00 F-1 F 77 -N- 
-2, -in IN IM noors Colmns 

2 

00 

- 107 
FF -11 

SILII 00 1F 

Figure IL3 Plan of every floor slab for the floors from the first to ninth 
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2. Slab Deshm 

The structural system of the slab for all storeys is similar. Design of one floor slab is enough for 
this part of calculation as it will be the same for all floors slabs of the building. as the slab is 
square it is designed as two - way spanning. 

Two Way Slab E 

2.1 Initial Slab Thickness 

Long Span of slab 1: = 4000- mm 

kN: = MOON 

The basic span to depth ratio for initial design of continuous slabs spanning in two 
directions gives the initial thickness of slab. 

35 St: = 
<St 

< 150mm, 150mm, 
3'5) 

St = 15omm 
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2.2 Diumensions And Materials 

Short Span Lx: = 400(him Fcu: = 30 -N- mm 

Long Span I. Y: = 400(him FY := 460. N- mm -2 

Density of reinforced concrete material p := 23.544- kN - M- 
3 

2.3 Loadine Characteristic 

All the following constant loads for imposed and dead loads are based on BS 648, BS 
6399 and manual for the design of reinforced concrete building structures (The Institution of 
Structural Engineers - The Institution of Civil Engineers) 

Load of blockwork walls for B, 131 Lw: = 2.5. kN. M- 
2 

Load of Partitions for B2 
, 

B3 LL p :=I- kN. 

Live (imposed) Load per unit area LL: = 1.5 - kN - 

-2 Floor Covering (dead load) per unit area DLfc: = I- kN m 

Volume of Slab Vol: = L, 
- - 

"Y - st 
Vol 2.4 m3 

Slab Load (dead load) DLI: = p- Vol DL 56.506 kN 

Floor Covering (dead load) I)L2: = DLfc - Lx -I -Y D1,2 ý 16kN 

Live (imposed) Load LL 1: = 11 - Lx - Ly 1,1,1 = 24kN 

Live (partitions) Load LL2: ý 1,1, p - Lx - I-y 112 ý 16kN 

Ultimate Dead Load tJDL: = (DLI + DL2) * 1.4 LTDL 10 1.508 kN 

Ultimate Live Load ULI,: = (LI, I+ Ll, ý 
- 1.6 ULL 64 kN 

Total Design Load Per Unit Area n: 
(tYDL + ULQ 

(I 
- -L 

) n= 10.344 kN - m- 
2 

\ Y 
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Originator: T. El-khawanky APPENDIX II 

Checker: Dr. L. Weekes Calculation Sheet 

2.4 Maximum Design Moments 

The slab and supports are assumed to be monolithic, therefore equations 14 and 15 are 
applied (BS 8110 - 1). Also the slab has two short edges discontinuous which determines 
the coefficients values from table 3.14 depending on the Ly/Lx value. 

This means the moments are similar in the two directions X and Yand From 
IN table (3 -14) 

Coefficients of Negative moment at continuous edge [3 :=0.046 

Coefficients of Positive moment at mid - span 

2 
(ve Cord. ) M, n- Lx 

'I: = 

(+vemid. ) Ms2: ýP2-n-L; - 

2.5 Effective Depths 

covers: = 30mm 

P2: ý 0.034 

Ms, ý7.613kN-m-m 
I 

Ms2 ý 5.627kN-m. mI 

ýs: = 12nun 

First direction - span bars in the boftom layer (effective depth) ds, := St - covers 2 

ds, = 114rrun 

Second direction - span bars in the top layer (effective depth) ds2 :ý St - cover., 2 

Cý2 ý 102mm 

2.6 Area Of Steel 

b: = 1000mm Minimum area of steel of section A,; an: = 
1 

. 0.13. b- St 
100 

Asm = 195Inm2 

ks, 
MS1 

Im ks, = 0.02 
Fcu, b- ds 
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ks, 
Lever arm zsl: =ds, 0.5+ 0.25- _)2 zsl :=i zs, > 0.95dsl, 0.95ds, zsl) 0.9 

1( 

zs ,ý 108.3 mm 

First direction - bars in the bottom layer for support 

Msl 
As,: = -. Im 

0.95. Fy' ZSI 

As I= 195 rrim 

As, := if(AS, < NM, Asm, As 

For this area of steel use T12 bars at 500 mm centres; (areal: = 226.19nun) 

First direction - bars in the bottom layer for mid - span 

Ms2 
As2: ý Im 

0.95. Fv * zSI 

As2 ý 195 nim 

AQ: ý "f(As2 < Asm, ASM, As2) 

For this area of steel use T12 bars at 500 mm centres ( area2: = 226.19mmý 

Second direction - bars in the top layer for support 

Ms] 
ks2: ý -I. Im 

J. 'Cu"b - ds2- 

Lever arm zs2: = ds2 0.5 + 0.25 - 
ks2 )2 

0.9 

96.9 mm Z, 

ks2 ý 0.024 

ZQ: ý "(zs2 ý' 0.95d, 0.95d. s2, s2, Zs2) 
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Msl 
As3: ý Im 

0.95. F 
Y' zs2 

As3 ý 195 mm 

AO: ý 'f(As3 < Asm, Asm, As3) 

For this area of steel use T 12 bars at 500 mm centres ( area3 := 226.19MMý 

Second direction - bars in the top layer for mid - span 

As4: = - 
Ms2 

. IM 
AA: = i< Asm, Aý 0.95. FY, Zs2 f(As4 

smA4) 

2 AS4 ý 195rmn 

For this area of steel use T12 bars at 500 mm centres ( area4: = 226.19mm) 

2.7 Deflection (serviceabditv check) 

Service Stress fs := 
2- Fy ' As2 

3- area2 
264.38 N- MM- 

N 
477. 

Modification Factor fms: = 0.55+ 

0. 
N 

rrun 
Ms2 

fms = 1.78 

12 0.9- Im 

mm b- ds2 

Allowable Span to Depth Ratio SDrs: = 26 - fms SDrs = 46.272 

I Actual Span to Depth Ratio SDas :=- SDas = 39.216 
ds2 

The slab is satisfactory with respect to deflections 

2.8 Shear Resistance 

The shear coefficients are 1- at cont. edge Bvi: = 0.4 

From table 3.15 and =I IN 2- at discont. edge 13v2: = 0.26 
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Shearforces Vsl: =Bvl-n. Lx Vs2: = Bv2 -n- Lx 

Vs I= 16.551 m- 
I kN Vs2 = 10.758 m-1 kN 

VS1 
- Max shear stress v: = -- Im v=0.162N - mm b- ds2 

Desiqn concrete shear stress (BS 8110 - 1: 1997, Table 3.8) 
111 

0.79 .N . 
(100. areal) 

3.400- 
mm 

41" FCU 3 

2b-d ds, N 
rmTI S1 25- 

2 vC = 0.536N - nun- 
VC :=1.25 

mm , 

The slab is satisfactory with respect to shear and no shear reinforcement required 

3. Deshm Of Beam B3 

Span of Beam 'Mýý 8(ýOonrn 

3.1 Design Loading On Beam B3 

Height of Floor (1 - 9) hf: = 350(him 

Max Design Load 

Patch load ( From slab, BS 8110 - 1: 1997, Figure 3.10) Lp3: ý Vs, - 0.75- 1133 

Total patch load I-tp3: ý Lp3 -2 

Assume the initial dimensions of beam are bB3: = 25(hM 

Ultimate self weight of beam ULB3: = bB3'dB3 * IBY P*1.4 

tj"B3 = 26.369kN 

Total load on beam 11133: ý 1-tp3 + ULB3 

1-p3 = 99.305 kN 

"tp3 ý 198.609 kN ý 

dB3: = 400mm 

LIB3 = 224.979 klý 

214 



Originator: T. El-khawanky APPENDIX 11 Date: 11/07/2002 

Checker: Dr. L. Weekes Calculation Sheet 

Total Load = 28.12 kN/m 

8m 8m 8m 

Details of Beam B3 

3.2 Section Prouerties Of Beam B3 

The beams are treated as T- section at mid - span and rectangular section at supports 
the effective width of this flanged beam is 

Weff: = 
0.7 - 'B3 

+ bB3 
5 

3.3 Ultimate Bending Moments And Shear Forces 

From table 3.5 the max bending moments and shear forces are 

max moment at support MIH: ý 0- 1 I'LtB3 * IB3 

max moment at mid -span M2b3: ýO-09*1-tBYIB3 

max shear force P%3: ý 0.6. LtI33 

3.4 Critical Section At Suppor 

Assume the diameter of bars used is T16 and 2 layers of bars 

coverb3: = 30mm 

k'Wý - 
M'b3 

Fcu' b133 , d3cf, 2 

d3cf, := (dB3 + St) - Illlb3 - Ob3 

Weff ý 1.37 x ICý mm 
1 

Mlb3 ý 197.981 mkN I 

M2b3 ý 161.985 m kN I 

FSb3 ý 134.987 kN 

Ob3: ý 16nun 

d3ef, = 504 nun 1 

klb3 ý 0.104 compression reinforcement is not required 
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klb3 2 

'lb3: = 0 0.5+ 25- - efl, 0.95d3efl, 'lb3) efl * 

(0.0.9 ) 
'lb3 := 'f('lb3 ý' 0.95d3 

Ilb3 = 436.861 nim 

Minimum area of steel of section Asml: = 
I-0.13. bBY (dB3 + St) Asm, = 178.75mm 2 

100 

As5: ý 
Mlb3 

As5: ý if(As5 `ý Asml, Asml, As5) As5 ý 1.037 x 103 nIM2 
0.95. Fy* Zlb3 

I 

6 bars of T16 are arTanged in 2 layers vvith area5: = 1206.37mm 

Bearn3 section at support 

TNc ssofslab I50mm 

Link 
Main Reu n diameter 30 

/in DepthofBearn 400mm 

Secondary Reinfýernent 2 bars 16mrn diameter 
T5-0 -mm 

3.5 Critkal Section At Mid - Soan 

Check of neutral a)ds Mr: = 0.45- Fcu - Weff - St - d3efl - 
St ) 

Mr= 1-19x 10 3 
mkN 2 

Because the Mr > M2b3 the neutral axis lies in the flange and the section is treated as 

rectangular section 

k2b3: ý - 
M2b3 

k2b3 ý 0.016 No compression reinforcement is required 
Fcu, Weff, d3eil 2 
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k2b3 
z2b3 := d3efl 0-5 25-- 

0.9 

) 

z2b3 = 478.8 mm 

I 
Minimum area of steel of section Asm2 :=-0.13 - 

[(Weff 
* St) + (dB3 

- b, 33)] 100 

Asm2 ý 397.15 mm 

M2b3 
As6: ý 0.95. Fy, z2b3 AS6 := ilAS6 < Asn12, Asn12, As6) AS6 = 774.173 nun 

4 bars of T 16 are arranged in two rows with area6: = 804.25nim 

Beam3 section at mid - span 

Width of fiange 1370 mm 

Thi ofslab 150mm 

Secondary Reinforcement 2 bars I 

Tin 
diameter 

Link 
3 ý8 
/M Depth rn - 400mm 

Main Reinforcement 4 bars 16mm 

z2b3 :ý "f(z2b3 ý' 0.95d3efl, 0.95d3efj, z2b3) 

3.6 Shear Reinforcement 

U Iti m ate shear st ress 
FSb3 

vM: ý - bB3. d3efl vb3 ý 1.071 N- nm- 
21 

400 - mm 
eqtertn := Defl 

eqterm =I 

eqtmn := if(eqtcrm <I, I, eqt(, -m) I 

217 



Originator: T. El-khawanky APPENDIX 11 Date: 11/07/2002 

Checker: Dr. L. Weekes Calculation Sheet 

Desi. qn concrete shear stress (BS 8110 - 1: 1997. Table 3.8) 

111 

)3 - F, 3 

0.79- 
N 100- area5 

- (eqtenn) 4u 
2N 

rrim 
bB3 * d3efl 

25- 
2 -2 

vcb3 
1.25 

MM vcb3 ý 0.662 - mm 

From table 3.7 category 3 is required here and choose links only so that T8 is prolvided for 
this section 

ý2Wý 8nun 

2 

Total cross - section area of links at the neutral axis for 2 legs of T8 is As 
ý2b3 

v, :=2-- -- - 4 

Asv, = 100.531 mm 

A,, Vl . 0.95. F 
Spacing of links through the span of beam is -VI 

y 
bB3' (vb3 - vcb3) 

sv, ý 429.24 nun 

Max links spacing is Nlm: = 0.75. d3ef, svim = 378nim 

So the final spacing for links for this beam is svf := 333. -Inmi. e 3 links (T8) / meter 

Note: 

Due to the beam being singly reinforced secondary steel bars should be provided to stabilize 
shear links i. e 2 T16 for the beam section as secondary steel bars. 

3.7 Deflection Check 

Service Stress 

Modification Factor 

fsb3 -- 

2- Fy ' As6 

3- area6 

ftnH: ý 0-55-4 

N 
477- 

2- 
fsb3 

mm 

fsb3 = 295.198 N- mm- 

120- 0.9. 
N M2b3 

mrd bB3 - d3eil 

ftnb3 ý 0-989 
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Allowable Span to Depth Ratio SDrl: = 26 - fmb3 

Actual Span to Depth Ratio SDal: ý 
lB3 

d3efl 

The beam is satisbctory with respect to deflections 

4. Desip-n OF Beam B2 

'B2: ý 8000mm 

SDrl ý 25.715 

SDal ý 15.873 

4.1 Design Loading On Beam B2 

Max Design Load 

Patch load (From slab, BS 8110 - 1: 1997, Figure 3.10) Lp2: ý Vs, * 0.75- 'B2 l'p2 = 99.305 kN 

Total patch load I-tp2: ý Lp2 *2 Lip2 ý 198.609kN 

Assume the initial dimensions of beam are bB2: = 250= dB2: = 550mm 

Ultimate self weight of beam ULB2: = bB2 * dB2 * IB2 *P'1.4 U1, B2 = 36.258kN 

Total load of beam (From distributed load) LtB2: = 1-tp2 + ULB2 ItB2 ý 234.867 kN 

4133 
Also there is a concentrated load from beam B3 on beam B2 at every mid - span PM: ý -. 2 

2 

PtB2 ý 224.979 kN 

224.979 kN 224.979 kN 224.979 kN 

UDL = 2J. 36 kN/m 

8m 8m 

Details of Beam B2 
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4.2 Ultimate Bending Moments And Shear Forces 

The beam sections are treated as beam B3 above Weff = 1.3 7x 103 mm 

From computer program the Max moments and shear forces as follows 

max moment at support Mlb2: = 379.13N- m 

max moment at mid - span M2b2: = 305.72N -m 

max shear force FSb2: = 229.93N 

4.3 Critical Section At SumDo 

Assume the diameter of bars used is T16 and 2 layers of bars +I bfý 16mm coverb2: = 30mm I 

s d2efl :ý (d132 + 't) - c"verb2 - Ob2 

k'b2: ý - 
M'b2 

2 
k'b2 ý 0- 118 

Fcu' B2,2efl 

d2 
klb2 )2 

zlb2 efl 
0.5 + 0.25 -- 0.9 

d2eil ý 654 mm 1 

compression reinforcement is not reqtAred I 

Zlb2: ý il(zlb2 ý' 0-95d2efl, 0.95d2efl, zlb2) 

'b2 ý 552.307 mm 

Minimum area of steel of section Asm3: ý 
I-0.13- 

bB2'(dB2 +S 
100 t) 

Mlb2 
As7 :ý 0-95 - Fv lb2 N7: ý if(As7 `ý A=3, Am3, As7) 

8 bars of Tl 6 are arranged in 2 layers with area7 := 1608.49mm 

Asm3 = 227.5 mm 
21 

As7 ý 1.571 x 103 nlM2 
I 
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Beam2 section at support 

I 

a 
Z)o 

*4 

Mam Retnfoýmt 8 bam 16mm dis 

I 

mew 
Linim 5 

68 / mcter 

Secmdmy Remfýýmmt 2 bm 16mm dimetý 
-- 

- 

. 
250 mm - 

4.4 Critical Section At Mid - Span 

Check of neutral a)ds Mr, :=0.45. FCU - Weff - St d2efl - 

St) 
MrI = 1.606 x 10 3 kN. rn 2 

Because the MrI > M2b2 the neutral axis lies in the flange and the section is treated as 

rectangular section 

k2 
M2b2 

k2 b2: ý b2 = 0.017 compression reinforcement is not required 
Feu * Weff * d2efl 

d2 
k2b2) 2 

z2b2 efl 
0.5 + 0.25 -- 0.9 z2b2: ý if(z2b2 ý' 0.95d2efl, 0.95d2efl, z2b2) 

z2b2 ý 621.3 nim 

Mir*n urn area of steel of section Asm4 :ý1 -0.13- 
[(W 

eff * St) + (d 
-b 100 B2 Bý] 

M2b2 
As8: = 0.95. Fy * z2b2 

As8 := 'lAsg < Asm4, Asin4, As8) 

6 bars of TI 6 are arranged in 2 layers with area8: = 1206.37 - mm 

Asm4 = 445.9 mm 
21 

Aýq = 1.126 x1 O'mm' 1 
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Beam2 secfion at mid - span 

__ 

'2 
_ I/ ___ 

Link. 5 
Secondary Retniforcement 2 bars 16mm diameter 8/ meter 

Mwn Reinfýwi 6 bm 16mm &metff 

4.5 Shear Reinforcement 

Ufti mate shear stress 
FSb2 

- vb2 * bB2, d2en 

eqterml := 
400 - mm 

eqterml := if(eqtennl < 1, l, eqterml) d2efl 

Desiqn concrete shear stress (BS 8110 - 1: 1997, Table 3.8) 

0.79. 
N 100- area7 )3- 

(eqterTn 1) 4 FCU 3 

me B2, d2 b efl 25- 
N 

2 
MM ý v%2: ý 1.25 

Vb2 ý 1.406 N- nim- 
21 

eqterm I=I 

V%2 ý 0.668 N- nim -2 

From table 3.7 category 3 is required here and choose links only so that T8 is provided for this 
section 

ý2b2: ý 8rmn 

2 
b2 

Total cross - section area of links at the neutral axis for 2 legs of T8 is Asv2 :=2- 
4 

Asv2 ý 100.531 mm 
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Spacing of links through the span of beam is sQ: ý - 
Asv2 - 0.95. Fy 

bB2 * (vb2 
- vcb2) 

Max links spacing is sv2m: ý 0.75. d2ef, 

Sv2 ý 238.001 nirn 1 

'v2m = 490.5 nun 

The final spacing of links for this beam is svfl := 20(hun Le 5 links T8 / meter 

Note: 

Due to the beam being singly reinforced secondary steel bars should be provided to stabilize 
shear links Le 2 T16 for the beam section as secondary steel bars. 

4.6 Deflection Check 

service stress . 

2. FV * As8 
f-lb2 'ý 

3- area8 
fsb2 ý 286.238 N- mm-) 

477. 
N2- 

fSb2 

Modification Factor fmb2: ý 0.55+ nim 
M2 

rnb2 ý 0.973 

120.0.9. 
N b2 

22 
mm bB2, d2en 

Allowable span to depth ratio is SDr2: = 26- ftnb2 SDr2 = 25.295 

Actual span to depth ratio SDa2-- 
'B2 

SDa2 = 12.232 
d2ef] 

The beam is satisfactory with respect to deflections 

5. Desien Of Beam BI 
lffl: ý 8000, 

5.1 Desien Loading On Beam B1 

This type of beams is exterior beams of building and carry blockwork wall and one panel of 
slab 

Max Design Load 

Total Patch load (From slab, BS 8110 - 1: 1997, Figure 3.10) 11pl: = Vs2'0.75- IBI 11p, = 64.548kN 

Assume the initial dimensions of beam are bBl: = 250m dB I: = 400mm 
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Ultimate self weight of beam ULBI: = bBI dBI * IBI'P * 1.4 LJLBI = 26.369kN 

Height of wall hw: = hf - (dBl + St) hw = 2.95 x 103 nun 

Ultimate Load of Wall ULw: = hw ' IB Y Lw 1.4 ULw = 82.6kN 

Total load on beam (From distributed load) LtBl: = 1-tpl + ULBI + ULw LtB I= 173.517 kN 

Also there is a concentrated load from beam B3 on beam 131 at every mid - span PtB 1: = 
1-tB3 

2 

PtBI ý 112.489kN 

112.489 kN 112.489 kN 112.489 kN 

UDL = 21.7 kN/m 

8m 8m- 

Details of Bearn BI 

5.2 Ultimate Bendine Moments And Shear Forces 

The beam sections are treated as L- beams Weffl :=0.7. 
'BI 

+ bBI Wcffl = 810mm 
10 

From computer program the Max moments and shear forces as follows 

max moment at support 

max moment at mid - span 

max shear force 

M1b1: = 229.09N - 

Wbl: ý 173.51N - 

FSbl: = 145.0&N 
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5.3 Critical Section At Suvvo 

Assume the diameter of bars used is T16 and 2 layers of bars Obl: ý l6nun coverb, := 30mm 

d1cf, := (dBI + St) - coverbl - ON 

Mlbl 
klbl: ý -2. klbl = 0.12 

Fcu * bBI , dlefl 

klbl 
"bl :ý dlef, 0.5 25- - 

(0 

0.9 

) 

d1 ef] = 504 nim I 

compression reinforcement is not required 

Zlbl :ý il(zlbl > 0.95dlefl, 0.95d'efl, zlbl) 

"bl = 423.944mm 

Minimum area of steel of section Asm5: = 
I-0.13. bB I* (dB I+ 'ýt) Asm5 = 178.75nirn 100 

Mlbl 
Asg: = -32 0.95 - Fy'zlbl As9 'f(As9 "" Asm5, Am5, As9) Asq = 1.237 x 10 mm 

4 bars of T20 are arranged in 2 layers with area9: = 1256.64mm 2 

Beam I section at support 

Main Reinforcement 4 bars 20 mrn diameter 

Secondarv Reinfbrcement 2 bars 16mm diameter 
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5.4 Critkal Section At Mid - SiDan 

Check of neutral a)ds Mr2: ý 0.45 - Fcu - Weff, - St - 

(dlefl 

- 
st) 

Mr2 = 703.667 kN -m 21 

Because the Mr2 ý" M2b I the neutral axis lies in the flange and the section is treated as 

rectangular section 

k2bl: ý - 
M2bl 

k2bl ý 0.028 
Fcu, Wefn - dlefl 2 

k2b 1 
z2b, := dlef, 0.5 25- - 0.9 

) 

compression reinforcement is not required 

z2bl :ý if(z2b, > 0.95dlefl, 0.95d'efl, z2bl) 

z2b, 478.8mm 

Minimum area of steel of section A=6: = -. 0.13. [(Weff, - St) + (dB I- bB 1)] 100 

Asm6 = 287.95 niin2 

Aslo: = 
M2b1 

As, 0= 829.543 nim 
2 

0.95. F, 'z2b, 
As ,0 := if(AS ,0< Asm6, Asm6, As 10) 

3 bars of T20 are arranged in 1 layer with arealO: = 942.48 - nim 

Beam I section at mid -span 

Secondary Reinforcement 2 bars 16mm diameter 

Main Reinf'orcement 3 bars 20 mm diameter 
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5.5 Shear Reinforcement 

Uftimate shear stress vbl :ý- 
FSb I 

vbl ý 1.151 N- mm- b, 31. dlen 

eqtenn2 
400 - mm 

eqtenn2: = if(eqtenn2 < 1, l, eqtenn2) eqtenn2 
dlefl 

Desicin concrete shear stress (BS 8110 - 1: 1997, Table 3.8) 

0.79- 
N- 100. area9 )3 

- (eqtenn2) 4 FCu 3 

mm 
2(b, 31 - dlef, 

25. N 
2 

vcb I :ý1.25 
mm ,, v%, ý 0.671 N- mm 

From table 3.7 category 3 is required here and choose links only so that T8 is provided for this 
section 

+2bl: ý 8mm 

+2bI 
2 

Total cross - section area of links at the neutral axis for 2 legs of 0 is A, 0 :=24 

Aw3 ý 100.53 1 MM 
2 

Spacing of links through the span of beam is sv3 -ý 

NO - 0.95- Fy 

'v3 = 365.776 mm bBI' (vbI 
- vcbl) 

Max links spacing is Sv3m: ý 0.75- then Sv3m ý 378 mm 

The final spacing of links for this beam is svf2: = 333.3-nmi. e 3 links T8 / meter 

Note: 

Due to the beam being singly reinforced secondary steel bars should be provided to stabilize 
shear links Le 2 T16 for the beam section as secondary steel bars. 

5.6 Deflection Check 

service stress t"b 12- 
F%, , AsIO 

fsb I= 269.919 N- mm 3- arealO 
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N 
477- NI 

nim Modification Factor ftnbl: ý 0.55+ 

120.0.9. 
N M2b I 

ftnbI ý 1.025 

22 
mm bBI - dlefl, 

Allowable span to depth ratio is SDr3: = 26 - fmb I SDr3 = 26.649 

Actual span to depth ratio SDa3: = 
'BI 

SDa3 ý 15.873 
d1cf, 

The bearn is satisfactory with respect to deflections 

6. Design Of Columns For Floors From First To Ninth Floor 

From floors plan there are three types of columns: 1- comer columns , 
2- facade columns, 3- 

interior columns. every column is designed according to its type. 

6.1 Corner Columns From First To Ninth Floor (Braced columns) 

Clear height of columns in each floor 10: = hf - (dBl + St) 10 = 2.95 xI O'mm 

From BS81 10 - 11(table 3.19), effective height coefficients of columns are 0: = 0.75 

Effective height of columns lex: = 10 ley: = 10 

lex = 2.213 x 10 3 
MM ley ý 2.213 x 10 3 

MM 

The assumed dimensions and areas for floors from top to bottom (ninth to first floor) 
are as follows: 

Column 9 Breadth bg: = 250= Width wg: = 25(knm Ag: = bg, wg 

Column 8 Breadth b8: = 25(bim Width w8: = 25(hun A8: = b8'w8 

Column 7 Breadth b7: = 25(knin Width w7: = 25(him A7: = b7 * w7 

Column 6 Breadth b6: = 300= 

Column 5 Breadth b5: = 30(hm 

Column 4 Breadth b4: = 30(him 

Width w6: = 30(him A6: = b6 * w6 

Width w5: = 300mm A5: = b5'w5 

Width w4: = 30(him A4: = b4'w4 
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Column 3 Breadth b3: = 350m Width w3: = 350= A3: = b3'w3 

Column 2 Breadth b2: = 350nm Width w2: = 35ffim A2: = b2'w2 

Column I Breadth bi: = 35G= Width wi: = 35(him A, :=b, - wl 

Ag = 6.25 xI Oý nUn2 Aýj = 6.25 x 10ý IMM 
2 A7 = 6.25 x 10ý rnm 

2 

A6 =9x 10ýMM2 A5=9x I 0ý MITI 
2 A4 =9x 10ýmm 2 

A3 = 1.225 x 10 5 
nun 

2 A2 = 1.225 x 10 5 
MM 

2 A, = 1.225 x 10 5 
MIM 

2 

Check of column type (short - slender) 

lex 

. X- W 

ley 

ry :=- b 9 g 

rx = 8.85 ry = 8.85 

Then the columns are short columns because rx and ry < 15 for these braced columns and 
this check for first column is enough for all columns which its di mensions increase. 

Design Loading for Columns 

From BS 6399 - 1,1996 (Loading for buildings) there are reduction factors for distributed 
imposed floor loads (including partitions loads) differing in values according to number of floors 
in building. From that the ultimate load of floor per unit area should be recalculated as follows: 

For ninth to forth floor ULL4.9: = ULL 0.6 ULL4.9 = 38.4kN 

UDI, + ULL4.9 
-2 n4.9: = - LX - Ly n4.9 = 8.744 kN -m 

For third floor Ul. 1.3: = ULL. 0.7 ULL3 = 44.8kN 

UDL + 'jI, l, 3 2 
n3 - L-X - LV n3 = 9.144 kN -m 

Forsecondfloor ljl, 1-2: ýUII-0.8 ULL2 = 51.2 kN 

UIX, + IJI, I, -, -2 n2: = Lx - I-V n2 = 9.544 kN -m 

For first floor t 111 := LJLL - 0.9 UIA, l = 57.6kN 
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UDL + ULL, 
-2 n, :=- LX - Ly n, = 9.944 kN -m 

The area of floor that this column type carries Af: =4.125-m-4.125-m Af = 1.702 x 107 rM 
: 

Load from slab on every column for ninth to forth floor LCs4.9: = n4.9' Af LCs4.9 = 148.789 kN 

Load from slab on column of third floor LCs3: = n3 - Af LCO = 155.595 kN 

Load from slab on column of second floor LCs2: = n2'Af LCs2 = 162.401 kN 

Load from slab on column of first floor 1, Csl: = n, - Af LCsI = 169.207kN 

Loads from beam B3 on everv column for ninth to first floor LCB3 = 12.773 kN 
bBI IB3 

_ 

). 
1.4 LCB3: = dB3, bBY 

( 

22 

Loads from beam 131 on everv column for ninth to first floor LCBI = 26.369kN 
LCBI: = dBl - bBI * IBI *P'1.4 

Loads from walls on every column for ninth to first floor LCw: = IB I* 10' Lw 1.4 LCW = 82.6kN 

Tota axial loads on every column except self weight for ninth to fourth LC4.9 = 270.531 kN 
floor 1, C4.9: =I, Cs4.9+1, CB3+1, CBI+LCw 

Tota axial loads on everv column except self weight for third floor LC3 = 277.337 kN 
LC3: = 1, Cs3 + LCB3 + LCB I+1, Cw 

Tota axial loads on everv column except self weight for second floor LC2 = 284.143 kN 
LC2: = LCs2 + I, CB3 + LCB I+ LCw 

Tota axial loads on everv column except self weight for first floor LC I= 290.949 kN 
LC := LC, i+ LCB3 + LCB I+ LCw 

Self weight of each column from ninth to first floor 

I, 
cg: = A, ) - I() -p-1.4 Lcq = 6.077 kN 

l, c8: = AS - 10 -p-1.4 Lc8 = 6.077 kN 

l, 
c7: = A7 ' 10' P'1.4 LO -,, ý 6.077 kN 

"c6: ý A(, 1() -14 Lc6 = 8.751 kN 

I'c5: = A5 10' 1.4 Lc5 = 8.751 kN 
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Lc4: = A4 * 10 -P-1.4 LC4 = 8.751 kN 

Le3: = A3 * 10 *P*1.4 43 ý 11.911 kN 

Lc2: = A2 * 10 * P' 1.4 42 = 11.911 kN 

Lcl: = Al - 10 -p-1.4 LCI = 11.911 kN 

All columns are designed as axially loaded and to compensate for the effect of 
eccentricities, the ultimate load from the floor immediately above the column is multiplied by 
factor 2.0. (Manual for the design of reinforced concrete building structures, the institution of 
structural engineers). 
Design of column C9 

Total axial load of column Ng: = LC4.9- 2+ Lcq Ng = 547.139 kN 

Vertical steel bars of column Ascg. - 

Ng - 0.35. FCU - Ag 
Ascg = -350.278 nim 0.7- Fy-0.35- Fcu 

The result means that the load is very small so that the area of steel will be the allowable 
minimum percentage of reinforcement for the column 

4 bars of TI 2 with area areacg: = 452.3*mý 

Check of minimum and maximum steel bars area of column such that the minimum is 
r=0.4% and maximum = 6% 

areacq 
' 100 r. 9 = 0.724 (Acceptable ratio) rC9: ý Ag 

Unks diamete for column less than 6mm and the links diameter for this column is 

ýcq: = 0.25.12mm ýcq =3 nun 

So that the links cliameter of this column is 6mm (T6) 

Max spacing for links is SC , 9: = 12. l2mm sc9 = 144 mm 

So that the used spacing for this column links is 125 mm i. e8T6/meter 

Design of column C8 

Total axial load of column Ng: = "C4.9+ LC9 + LC4.9- 2+ Lc8 N8 = 823.746 kN I 
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Vertical steel bars of column Asc8: ý 
N8 - 0.35. FCU - A8 

Asc8 = 537.709 mm 0.7 - Fy - 0.35. FCU 

4 bars of TI 6 with area areac8: = 804.2&irý 

Check of minimum and maximum steel bars area of column such that the minimum is 
r=0.4% and maximum = 6% 

areac8 
ra: ý A. . 100 rc8 = 1.287 (Acceptable ratio) 

Unks diamete for column less than 6mm and the links diameter for this column is 

kg: = 0.25.16mrn 

So that the links cliameter of this column is 6mm (T6) 

ýc8 = mm 

Max spacing for links is sc8: ý 12.16mm sc8 ý 192 mm 

So that the used spacing for this column links is 175 mm i. e5.5T6/meter 

Design of column C7 

Total axial load of column N7: = LC4.9-2 + LCq + LC8 + LC4.9* 2+ "0 N7 = 1-1 ' 103kN 

Vertical steel bars of column Asc, .- 

N7 - 0.35- Fcu - A7 
A- . 426 x1 03 MM2 0.7- Fy-0.35- Fcu sO 

4 bars of T20 +4 bars of TI 2 with area areacV= 1709. Ohn? 

Check of minimum and maximum steel bars area of column such that the minimum is 
r=0.4% and maximum = 6%) 

areac7 
rc7 :ý-* loo 

A7 
rc7 = 2.734 (Acceptable ratio) 

Links diamete for column less than 6mm and the links diameter for this column is 

ý0: ý 0.25 - 20rm 

So that the links dameter of this column is 6mm (T6) 

ýc7 =5 mm 1 
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Max spacing for links is sO: ý 12.12mm sO ý 144 nun 

So that the used spacing for this column links is 125 mm i. e8T6/meter 

Design of column C6 

Total axial load of column N6: = LC4.9- 3+ Lcg + Lc8 + LO + "C4.9,2 + Lc( 
) 

N6 = 1.38 x 10 3 kN 

Vertical steel bars of column ASC6 -- 

N6 - 0.35- FCU - A6 

0.7. Fy-0.35. Fcu 

8 bars T16 with area areac6: = 1608.4*mý 

areac6 
rc6: ý -' loo rC6 = 1.7 87 

A6 

ýC6: = 0.25. l6nim 

So that the links diameter of this column is 6mm (T6) 

Max spacing for links is sc6: = 12.16mm 'c6 ý 192 mm 

So that the used spacing for this column links is 175 mm i. e5.5T6/meter 

Design of column C5 

Total axial load of column N5: = LC4.9- 4+ Lc9 + Lc8 + Ic7 + Lc6 + LC4.9- 2+1, c5 

N5 ý 1.659 x1 03 kN 

Vertical steel bars of column Ascý,. - 
N5 - 0.35- FCU - A5 

Asc5 = 2.292 x1 03 MM2 0.7. Fy-0.3 5. FCU 

2 8 bars ý 20 with area areac5: = 251 
. 
27nrri 

areac5 
rc5 :ý-*1 ()() 

A- 
rc5 = 2.793 

Asc6 = 1.395 x 103 nun 
21 

(Acceptable ratio) 

k6 = 4mm I 

(Acceptable ratio) 
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The links diameter of this column is 6mm (T6) 

The used spacing for this column links is 200 mm Le 5 T6 / meter 

Design of column C4 

Total axial load of column N4: = LC4.9 -5+ Lc9 + Lc8 + LO + Lc6 + 1, c5 + "C4.9.2 + 1, c4 

N4 = 1.938 x 10 3 kN 

Vertical steel bars of column Asc4. - 
N4 - 0.35- Fcu - A4 

Asc4 = 3.188 x1 03 MM2 0.7- Fy-0.35- Fcu 

2 4 bars T25 +4 bars T20 vvith area areac4: = 3220.13nrri 

areac4 
rc4: ý -A4 . 100 rc4 = 3.578 (Acceptable ratio) 

The links diameter of this column is 8mm (T8) 

The used spacing for this column links is 200 mm i. e5T8/meter 

Design of column C3 

Total axial load of colum N3: = LC4.9- 6+ Lcg + Lc8 + LO + Lc6 + "c5 + "c4 + I, C3,2 + 10 

N3 = 2.234 x 10 3 kN 

Vertical steel bars of column Asc3 
.- 

N3 - 0.35- FCU - A3 
A 3.043 x 10 

3 
MM 

2 
0.7- Fy-0.35- FCU sO 

4 bars T25 +4 bars T20 with area areac3: = 3220.1 liff? 

rc3 :ý 
areac3 

, 100 rc3 ý 2.629 (Acceptable ratio) 
A3 

The links diameter of this column is 8mm (T8) 

The used spacing for this column links is 250 mm i. e4T8/meter 
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Design of column C2 

Total axial load of column N2: = N3 - LC3 + LC2.2 + "c2 N2 = 2.537 x 10 3 kN 

Vertical steel bars of column Asc2 .- 

N2 - 0.35- FCU, A2 
= 4.016 x1 03 MM2 0.7- Fy-0.35. Feu 

Asc2 

4 bars T32 +4 bars T16 vAth area areac2: = 4021.24m? 

area. 2 
rc2 :ý 

A2 . 100 rc2 = 3.283 (Acceptable ratio) 

The links diameter of this column is 8mm (T8) 

The used spacing for this column links is 175 mm i. e5.5T8/meter 

Design of column C1 

Total axial load of column Nl: = N2 - LC2 + LCI -2+ Lcl N, = 2.847 x 10 3 kN 

Vertical steel bars of column Asc, .-N, 
- 0.35- Fcu * A, 

& 0ý MM2 0.7- Fy - 0.35. Fcu 'C I=5.01 XI 

4 bars T32 +4 bars T25 Wth area areacl: = 5180.4&uiý 

areac I, 
100 r., ý 4.229 (Acceptable ratio) rcl :ýA, 

The links diameter of this column is 8mm (T8) 

The used spacing for this column links is 250 mm Le 4 T8 / meter 
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Column C9 

4 ban 4 12 
6 hneter 0 

N 

250 mm 

Corner Columns of building 

Column C7 

4 bars 0 12 - 
4 bars + 20 14" 84 

6/mewr 
4n 
V4 

A 

0 

Column C8 

p 

4 bars # 16 hnks 5.5 
6 hnew 

250 mm 

250 mm 
0 

Column C6 

+ 
8 bars + 16 IM, 

el 

Ib di a 

300 mm 

Column C5 

links 5 
8 ban + 20 6 hneter 

en 

300 mm 

Corner Columns of building 

0 
N 

Column C4 

4 bars # 20 - finks 5 
4 bms 4 25 -8 

/meter 

300 nun 
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Column C3 

4 bars ý 20 
links 4 ib S 
8A neter 0 

4 bars ý 25 

350 mm 

Column C2 

4 bars 16 -Zý 
links 55C 

W-8 /, nete, 
4 bars 32 

350 mm 

Corner Columns of building 

Column CI 

4 bars 25 
links4t 
8 /1 netcr CD 

4 bars 32 M 

Ia -- -A 

350 mm 

6.2 Facade Columns From First to Ninth Floor ( brace columns 

Clear height of columns in each floor 10: = hf - (dBI + St) 10 = 2.95 xI (ý mm 

From BS81 10 -1 (table 3.19), effective height coefficients of colum ns are P: = 0.75 

Effective height of columns lex: = 10' P ley: = 10 - 13 

lex ý 2.213 x 10 3 
rnm ley = 2.213 x 10 3 

MM 

The assumed dimensions and areas for floors from top to bottom (ninth to first floor) 
are as follows: 

Column 9f Breadth bgf: = 25G= Width wgf: = 25(inm Aof: = bof - wof 

Column 8f Breadth b8f: = 25CInun Width w8f: = 250nm Agf: = bgf, wgr 

Column 7f Breadth b7f: = 300mm Width w7f: = 30G= A7f := b7f ' w7f 

Column 6f Breadth b6f: = 30Cirm Width w6f: = 300nm A6f: = b6f'w6f 

Column 5f B readth b5f: = 350nm Width w5f: = 350= Aff := b5f ' w5f 

Column 4f Breadth b4f: = 35(bim Width w4f: = 35ffiim A4f := b4f * W4f 

Column 3f Breadth b3f: = 40ffiun Width w3f: = 400nm A3f: = b3f' w3f 
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Column 21' Breadth b2f: = 400mn Width w2f: = 40(hun A2f := b2f w2f 

Column 1f B readth bif: = 400mu Width wif: = 400mn Alf: = b1f w1f 

Aqf = 6.25 x 10ý MM 
2 A8f = 6.25 x (ý MM 

2 
A7f =9xI 0ý MM 

2 

A6f =9x 164 mm 
2 A5f = 1.225 x, (ý rnrn2 A4f = 1.225 x 10 5 

mm 
2 

A3f = 1.6 x 10 5 
irim 

2 A2f = 1.6 x 105 mm 
2 

Aif = 1.6 x 10 5 
mm 

2 

Check of column type ( short - slender) 

'ex ey r 
xf 

:= ryl, :=- 

Wqf b9l, 

rxf = 8.85 ryf = 8.85 

Then the columns are short columns because rx and ry < 15 for these braced columns and 
this check for first column is enough for all columns which its dimensions increase. 

Design Loading for Columns 

From BS 6399 - 1,1996 (Loading for buildings) there are reduction factors for distributed 
imposed floor loads (including partitions loads) differ in values according to number of floors in 
building. from that the ultimate load of floor per unit area should be recalculated as follows: 

For ninth to forth floor ULL4.9: ý ULL - 0.6 U114.9 = 38.4kN 

UDL + ULL4.9 
-2 n4.9: ý 

IN * LY n4.9 = 8.744kN -m 

For third floor IJLL3: = ULL - 0.7 ULL3 ý 44.8kN 

UI)I, + tj""3 
-2 n3 := 

LX - Ly n3 = 9.144 N-m 

For second floor ULL2: = ULL - 0.8 ULI 2= 51.2 kN 

tjl)l, + tj""2 
-2 n2 :ý 

IN * IN 
n2 = 9.544 N-m 

For first floor tJLL,: = ULL- 0.9 IJLI, i = 57.6kN 
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UDL + ULL, 
-2 

n, :=- 
LX - Ly 

n, = 9.944 kN -m 

The area of floor that this column type carries Aff :=8-m-4.125. m Aff = 3.3 xI (ý MM2 

Load form slab on every column for ninth to forth floor LCs4.9f: = n4.9 - Aff LCs4. gf = 288.56kN I 

Load form slab on column of third floor LCs3f: = n3 , Aff LCs3f = 301.76kN 

Load form slab on column of second floor LCs2f: ý n2 * Aff LCs2f = 314.96kN 

Load form slab on column of first floor LCslf: = n, - Aff LCslf = 328.16kN 

Loads from beam B3 on everv column for ninth to first floor LCB3f = 25.545 kN 
LCB3f: = dB3 - bB3'(IB3 - bBI) *P'1.4 

Loads from beam B2 on everv column for ninth to first floor LCB2f = 17.562 kN 
ýIB2 

_ 
bBlý 

.p. LCB2f: = dB2, bB2' - 1.4 
22 

Loads from beam 131 on everv column for ninth to first floor LCBIf` = 26.369kN 
LCBlf: ý d131 - bBl "BI *P-1.4 

Loads from walls on every column for ninth to first floor 1, Cwf: = 1131 * 10' Lw * 1.4 LCwf = 82.6 kN I 

Tota axial loads on every column except self weight for ninth to fourth 
floor l, C4.9f-ýI, Cs4. gf+LCB3f+LCB2f+LCBlf+LCwf 

Tota axial loads on everv column excevt self weight for third floor 
LC317: ý 1, Cs3f + LCB3f+ I, CB2f+ LCB I f+ LCwf 

Tota axial loads on everv column except self weight for second floor 
LC2f: ý 1, Cs2f + LC133f + "C132f + I-CB If+ LCwf 

Tota axial loads on every column except self weight for first floor 
I, C I f: ý 1, Cs If+1, CB3f + 1, CB2f + LCB If+ LCwf 

LC4.9f ý 440.637 kN I 

LC3f ý 453.837 kN 

LC2f = 467.037 kN 

LC if = 480.237 kN 

Self weight of each column from ninth to first floor 

Lcgf: = Aqf . 10 - () - 1.4 Lcgf = 6.077kN 

1, Cgf: = A8f * 10, p, 1.4 L, 8f = 6.077 kN 

"c7f: = A7f * 10' P*1.4 Lc7f = 8.751 kN 

lt6Cý Aof - 1() -p- 14 Lc6f = 8.751 kN 
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Lc5f: ý A5f * 10'P « 1.4 LC5f = 11.911 kN 

Lc4f: = Ag - 10 -p-1.4 Lc4f = 11.911 kN 

Le3f := A3f ' 10 'P»1.4 Le3f = 15.558kN 

Lc2f := A2f * 10 *P«1.4 Lc2f = 15.558kN 

Lclf: = Alf - 10 -p-1.4 Lclf = 15.558kN 

All columns are designed as axially loaded and to compensate for the effect of eccentricities, 
the ultimate load from the floor immediately above the column is multiplied by factor 1.5. 
(Manual for the design of reinforced concrete building structures, the institution of structural 
engineers). 

Design of column C9f 

Total axial load of column Ngf := LC4.9f * 1.5 + Lcgf Ngf = 667.032kN 

Vertical steel bars of column Ascgf - 

Nqf - 0.35. Fcu - Aqf 
Ascgf = 34.615 mm 0.7. Fy-0.35- Fcu 

The result means that the load is very small so that the area of steel will be the allowable 
minimum percentage of reinforcement for the column. 

4 bars of T 12 with area areacgf: = 452.3%uý 

Check of minimum and maximum steel bars area of column such that the minimum is 
r=0.4% and maximum = 61/6 

areacgf 
rc9f: ý Aqf . 100 rcgf = 0.724 (Acceptable ratio) 

Unks diamete for column less than 6mm and the links diameter for this column is 

ýcqf: = 0.25.12mm 

So that the links dameter of this column is 6mm (T6) 

Max spacing for links is scgf: = 12. l2nun 

ýc9, - = mm 

scgf = 144 mm 1 

So that the used spacing for this column links is 125 mm Le 8 T6 / meter 
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Design of column C8f 

Total axial load of column N8f: = LC4.9f + Lcof + LC4.9f' 1.5 + Lc8f N8f = 1.114 x 103 kN 

Vertical steel bars of column Asc8f -- 

N8f - 0.35- FCU - A8f 

. 469 x 10 3 
MM 

2 
0.7. Fy - 0.35- Fcu 

Asc8f ýI 

8 bars of T16 with area areac8f: = 1608.4*irý 

Check of minimum and maximum steel bars area of column such that the minimum is 
r=0.4% and maximum = 6% 

areac8f 
. 100 rc8f ý 2.574 (Acceptable ratio) rc8f: ý A8f 

I 

Links diamete for column less than 6mm and the links diameter for this column is 

ýc8f: = 0.25.16nun ýcgf =4 mrn 

Max spacing for links is sc8f 12 - 16mm c8f ý 192 nun S 

So that the used spacing for this column links is 175 mm Le 5.5 T6 / meter 

Design of column C7f 

Total wialloacl of cokimrN7f: = LC4. gf- 2+ Lcqf + "c8f + LC4.9f* 1.5+ "Of N7f = 1.563 x IAN 
I 

Vertical steel bars of column Asc71 -- 

N7f - 0.35. Fcu - A717 
Asc7f ý 1.984 x 10 3 

nim 
2 

0.7. Fy-0.35- Fcu 

2 
4 bars of T'210 +4 bars of T 16 with area areac7f: = 2060.89nrri 

So that the links cliameter of this column is 6mm (T6) 

Check of minimum and maximum steel bars area of column such that the minimum is 
r=0.4% and maximum = 61/b 

area. 7f 
rc7f: ý -* 1()() 

A7f 
re7f = 2.29 (Acceptable ratio) 

Links diameter for column less than 6mm and the links diameter for this column is 
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k7f :ý0.25 - 20nun +c7f =5 mm 

So that the links diameter of this column is 6mm (T6) 

Max spacing for links is sc7f: ý 12- 16nun sc7f ý 192 mm 

So that the used spacing for this column links is 175 mm Le 5.5 T6 / meter 

Design of column C6f 

Total axial load of column N6f: = LC4. qf -3+ Lc9f + Lc8f + Lc7f + LC4.9f* 1.5 + Lc6f 

N6f = 2.013 x 10 3 kN 

N6f - 0.35. FCU - A6f 
Vertical steel bars of column Asc6f -- 0.7 -Fy-0.35- Fcu 

2 4 bars T32 +4 bars TI 2 with area areaca: = 3669.3&ini 

areac6f 
rc6f: = A6f . 100 rc6f = 4.077 

ýc6f: = 0.25 - 32nun 

ASC6f = 3.427 x 10 3 
mm 

21 

(Acceptable ratio) 

ýc6f =8 mm 1 

So that the links diameter of this column is 8mm (T8) 

Max spacing for links is sc6f: = 12- 12rnm sc6f = 144 mm 

So that the used spacing for this column links is 125 mm Le 8 T8 / meter 

Design of column C51' 

Total axial load of column N5f: = LC4. qf -4+ Lc9f + Lc8f + Lc7f + Lc6f + LC4.9f' 1.5 + l, 
c5f 

N5f` = 2.465 x 10 3 kN 

Vertical steel bars of column Asc5t -- 

N5f - 0.35. F,. 
u - 

A5f 
Asc5f = 3.784 x 10 3 

MM 
2 

0.7- Fy-0.35. Fcu 

2 8 bars T25 with area areac5f: = 3926.9*ini 

rc5f 
areac., )f 

rc5f = 3.206 (Acceptable ratio) 
A5f 
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The links diameter of this column is 8mm (T8) 

The used spacing for this column links is 250 mm Le 4 T8 / meter 

Design of column CM 

Total mdal load of ookimn N4f: = LC4. qf -5+ Lcqf + Lc8f + Lc7f + Lc6f + Lc5f + LC4.9f' 1.5 + Lc4f 

N4f = 2.918 x 10 3 kN 

Vertical steel bars of column 

4 bars T32 +8 bars T20 Wth area 

Asc4t -- 

N4f - 0.35- Fcu - A4f 

0.7. Fy-0.35. Fcu 

2 
areac4f: = 5730.26nrii 

Asc4f = 5.237 xI (ý nIM2 

areac4f 
r=4.678 (Acceptable ratio) r(A-f: = -' 100 e4f A4f 

The links diameter of this column is 8mm (T8) 

The used spacing for this column links is 200 mm Le 5 T8 / meter 

Design of column C3f 

Total axial load of column N3f: = N4f - 0.5 - LC4. gf + LC3f' 1.5 + Lc3f N3f = 3.394 xI Oý kN I 

Vertical steel bars of column AsOt -- 

N3f - 0.35- FCU - A3f 
AsOf = 5.501 x 10 3 

MM 
2 

0.7. Fy -0 , 
35. FCU 

4 bars T32 +8 bars T20 with area areac3f: = 5730.26nrý 

rc3f :ý 
areac3f 

,IW rc3f ý 3.581 (Acceptable ratio) 
A3f 

The links diameter of this column is 8mm (178) 

The used spacing for this column links is 200 mm Le 5 T8 / meter 

Design of column C2f 

Total axial load of column N2f: = N3f - 0.5. ', C3f + LC2f' 1.5 + 1-c2f N2f = 3.883 x 10 3 kN 
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Vertical steel bars of column Asc2t 
-- 

N2f - 0.35. Fcu, A2f 

0.7. Fy-0.35- Fcu 

4 bars T32 +8 bars T25 with area areac2f: = 7143.9&irý 

"ýK2f = 7.072 x 10 3 
mm 

2 

rc2f 
areac2f 

* 100 rc2f ý 4.465 (Acceptable ratio) 
A2f 

The links diameter of this column is 8mm (T8) 

The used spacing for this colum n links is 250 mmi. e4 T8 /m eter 

Design of column Clf 

Total axial load of column NIf: = N217 -0.5- LC2f+ LC If - 1.5+ Lc If Nif = 4.385 x 10 3 kN 

Vertical steel bars of column Asclf: = 
NIf - 0.35- FCU - Alf 

Asclf = 8.684 x 10 3 
MM 

2 
0.7. Fy - 0.35- Fcu 

8 bars T32 +8 bars T20 Wth area areacif: = 8947.2kmý 

areac If* 
100 rc If ý 5.592 (Acceptable ratio) rclf: ý Alf 

The links diameter of this column is 8mm (T8) 

The used spacing for this column links is 200 mm Le 5 T8 /meter 

Column C917 

E 
4 bars + 12 

Column C7f 

250 mm 

Column C8f 

E 
8 bars + 16 liýs 55E 

6 ftelr C> VII 

250 mm 

Facade Columns of building 

4 bars ý 16 E 
4 bars links 55E 

6c /M ter 

300 mm 

244 



Originator: T El-khawanky APPENDIX 11 Date: 11/07/2002 

Checker: Dr. L. Weekes Calculation Sheet 

Column C6f 

4 bars 12 - links 8 
4 bars 32 8 hneter 

300 mm 

Column Of 

r 
I; te4te# 

ýr- 

8 bars + 25 --ý' (D wl 
m 

350 mm 

Column CH 

8 bars ý 20 
links 5E 

4 bars ý 32 8 /meter Q 

400 mm 

Column C2f 

8 bars ý 25 
links 4 4o 

4harsý32 8 , meter 

400 mm 

Facade Columns of building 

Column C4f 

8 bars + 20 E 

_11= 
5P 

4 bars + 32 "new c> 

350 mm 

Facade Columns or building 

Column CIf 

8 bars ý 20 - 
links 5E 
8 /meter 

CD 8 bars ý32 

400 mm 
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6.3 Internal Columns From First To Ninth Floor ( unbraced columns 

Clear height of columns in each floor 10i: = hf - (dB2 + St) 10, = 2.8 x 10 3 
MM 

From BS8110 - 1(table 3 . 19), effective height coefficients of columns are P: = 0.75 

Effective height of columns lexi: = 10i -P l i: = lOi' 
ey 

lexi = 2.1 x1 03 mm leyi = 2.1 x 10 3 
MM 

The assumed dimensions and areas for floors from top to bottom (ninth to first floor) 
are as follows: 

Column 9i Breadth bgi: = 250M Width wgi: = 25Ctnm Agi: = b9i w9i 

Column 8i Breadth b81: = 250= Width w8i: = 250= A8i: = b8i wg, 

Column Ti Breadth b7,: = 35(him Width w7i: = 35(him A71: = b7i w7i 

Column 6i Breadth b6i: = 35(him Width w6,: = 350rnm A6i: = b6i'w6i 

Column 5i Breadth b5i: = 45ffiim Width w5i: = 450mm A5i: = b5i w5, 

Column 4i Breadth b4i: = 45(hun Width w4i: = 45CInm A4i: = b4i N, 

Column N Breadth b3i: = 45ffiim Width w31: = 45(him A3i: = b3i'w3i 

Column Z Breadth b2i: = 500nn Width w2i: = 500mm A21: = b2l w2i 

Column 1i Breadth bii: = 5(Xhun Width wli: = 500nm Ali: = bli wl, - 

Agi = 6.25 xI Oý mM2 A8i = 6.25 xI 0ý MM2 A7i = 1.225 x 10 5 
MM 

2 

A61 = 1.225 x 10 5 
nim 

2 A51 = 2.025 xI (ý nim 
2 A4i = 2.025 x 105 MM2 

Al = 2.025 x 10 5 
mm 

2 A2i = 2.5 x ()5 inm 
2 

Ali = 2.5 x 10 5 
rrun 

2 

Check of column type ( short - slender) 

lexi 
. xi - W91 r, .- leyi 

Y' bq, 
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Checker: Dr. L. Weekes Calculation Sheet 

rxi = 8.4 ryi = 8.4 

Then the columns are short columns because rx and ry < 10 for these unbraced columns and 
this check for first column is enough for all columns which its dimensions increase. 

Design Loading for Columns 

From BS 6399 - 1,1996 (Loading for buildings) there are reduction factors for distributed 
imposed floor loads (including partitions loads) differ in values according to number of floors in 
building. from that the ultimate load of floor per unit area should be recalculated as follows: 

For ninth to forth floor ULL4.9: ý ULL - 0.6 U""4.9 ý 38.4kN 

UDL + ULL4.9 
-2 n4.9: ý -II n4.9 = 8.744kN -m 

--x 

For third floor ULL3: ý ULL - 0.7 U113 = 44.8kN 

UDL + ULL3 
- Lx, - 1-Y 

For second floor 

UDL + ULL2 
n2: ý - L-1. - Ly 

For first floor 

UDI, + ULL, 
n, :=- 

Lx - I-y 

ULL2: = ULL - 0.8 

ULL,: = ULL - 0.9 

The area of floor that this column type carries Afl: = 8- m. 8. m 

n3 = 9.144 kN - m- 
21 

ULL2 = 51.2kN 

n2 = 9.544 kN - m- 
21 

Ulli = 57.6kN 

ni = 9.944 kN - m- 
21 

Afi = 6.4 x 107 MM2 
1 

Load form slab on every column for ninth to forth floor LCs4. gi: = n4.9 * Af, LC, g. 9i = 559.631 kN 

Load form slab on column of third floor LCs3i: = n3 , Af, LCs3i = 585.231 kN 

Load form slab on column of second floor I, Cs2i: ý n2 * Afi LCs21 = 610.831 kN 

Load form slab on column of first floor LCslj: = n, - Af, LCs I, - = 636.431 kN 

Loads from beam B3 on everv column for ninth to first floor LCB3i = 51.09kN 
1, CB31: = ý133' 6133 . 2. (1133- N32)' P*1.4 
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Loads from beam B2 on everv column for ninth to first floor 
LCB2i: ý dB2 - bB2' (2. IB2 - bB2) 'P'1.4 

LCB2i = 71.382 kN 

Tota axial loads on every column except self weight for ninth to fourth floor 
LC4.9r'ý "Cs4.9i+ LCB3i+ LC132i LC4.91 = 682.104 ký 

Tota axial loads on everv column except self weight for third floor 
LC3i: ý "Cs3i + 1, CB3i+ l, CB2i LC3i = 707.704 kN 

Tota axial loads on everv column except self weight for second floor 
I, C2i: ý 1, Cs2i + LCB3i+ LCB2i LC2i = 733.304 kN 

Tota axial loads on every column except self weight for first floor 
I, C I i: ý "C-, Ii+ "C133i + "CB2i LC Ii= 758.904 kN 

Self weight of each column from ninth to first floor 

Lcgi: = Agi - 10, -p-1.4 Lcqj = 5.768kN 

Lc8i: = A8i - 10i -P-1.4 Lc8i = 5.768kN 

Lc7i: = A7i"Oi'P' 1.4 Lc7i = 11.306kN 

Lc6i: = A6i - loi -p-1.4 Lc6l = 11.306kN 

Lc5i: = A51 "Oi'P' 1.4 Lc5i = 18.689kN 

Lc4i: = A4i * 10i *P*1.4 Lc4i = 18.689kN 

Lc3i: = A3i "Oi'P ' 1.4 LO i= 18.689 kN 

l, 
c2i: = A2i * 10i *P*1.4 Lc21 = 23.073 kN 

LCII: = Ali - loi -p-1.4 Lcl i= 23.073 kN 

All columns are designed as axially loaded and to compensate for the effect of eccentricities, 
the ultimate load from the floor immediately above the column is multiplied by factor 1.25. 
(Manual for the design of reinforced concrete building structures, the institution of structural 
engineers). 

Design of column C9i 

Total axial load of column Ngl: = LC4.9i* 1.25 + LC9, Ngi = 858.399 kN I 

Vertical steel bars of column 
Ngi - 0.35- Fcu - Agi 

0.7. Fy - 0.35. Fcu 
Ascgi = 648.952 mm 

21 

248 



Onginiattv III khs%%wik% APPENDIX 11 Dateý I IA)7/2002 

(, hcLkcl DI I AcckcN Calculation Sheet 

4 bws TIO vAth aree wcscq,: = 804 2%iý 

Check of minimum wW mmmurn steel bars area of column such that the mirimurn is 
ra0.4% mid mammum a 0% 

FC91: = 11N) rý., h =1 287 (Acceptable ratio) 
kh 

Unks dsmote lot column Im ffm Ornm and the Inks dameter for ttis column is 

#, M 2'; 1 Cvv" ýcqj =4 nim 

So that the links darneter of Ns column is 6mm (r6) 

Max spearV kw br*s is 'c1h ý 12 1 mun %coi = 192mm 

So OW the und g-i Ig for the column Inks is 150 mm Le 5.5 T6 / meter 

Design of column C& 

Tdai axW k3ed of coltann N., ý N% -0 25 '-C4ý9i+ '-(ý4 Ih 1,25 + I. Cgi N8i = 1.546 x 103 kN I 

Vorbcai ideW bom of cokann A,: s,: = 
N81- 0.35- Fcu - A81 

Asc8i = 2.857 x 103 MM2 
07 Fv -0 35 Feu 

. Si: = 3220.1 kuli' 4 bm T25 *4 bms T20 wAth mcar 

Check of monernum and moamum at" bars area of column such that the minimum is 
r-0 4% mid m=murn - e% 

Aj 

la, - 1101 'C81 ;2 (Acceptable ratio) 
Ali, 

Unks damelle kx cokonn noil low then 6mm and the inks cliameter for ths column is 

*cx, - (I Z's Zilcmn ýai = 6.25mm 

So Met ft Inks dameter of this cokimn is 8mm (T8) 

MOX 290arV for hnits rs sc8i = 240mm 

So thst ttw uwd g for tfts cokimn Inks is 2W mm i. 9 5 T8 / meter 

Design of column Ch 

Total anal kind of cokmmn 4 )1 ('4 Ih 1 2' + I-c7i N7i = 2.24 x 10' 3 kN 
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Checker: Dr. I.,. Wf--ckes Calculation Sheet 

Vertical steel bars of column 
N7i - 0.35 - FCU - A71.3.061 

x 10 3 
mrn 

2 Awl" 
0.7 - Fy - 0.35 - Fcu 

Ase71 

4 bars of T32 with area areac7i: = 3216.9%rý 

Check of minimum and maximum steel bars area of column such that the minimum is 
r=0.4% and maximum = b'Yo 

areac7i 
rc7i: = A7i . 100 rc7i = 2.626 (Acceptable ratio) 

Links diamete for column not less than 6mm and the links diameter for this column is 

ýOi :=0.25 - 32nun k71 ý8 mm 

So that the links diameter of this column is 8mm (T8) 

Max spacing for links is s0i: ý 12- 32mm 'c71 ý 384 mm 

So that the used spacing for this column links is 350 mm Le 2.5 T8 / meter 

Design of column C6i 

Total axial load of column N61: = N7i - LC4.9i* 0.25 + LC4.9i' 1.25 + Lc6i N6i = 2.93 3xI (ý kN 

Vertical steel bars of column A 
N61 - 0.35. Fcu - A6i 

5.287 x1 03 MM2 sc6i: = - 'sc6i 0.7. Fy - 0.35. Fcu 

4 bars T32 +8 bars T20 with area areac6i: = 5730.2b2 

area - 
rc6i: = -- 100 rc6i = 4.678 (Acceptable ratio) 

A6i 

ýC61 :=0.25 - 32nun k6i =8 mm 

So that the links dameter of this column is 8mm (T8) 

Max spacing for links is -"c61: = 12.2Qnrn "c61 = 240mm 

So that the used spacing for this column links is 200 mm Le 5 T8 / meter 

Design of column C5i 

Total axial load of column N51: = N6i - Uý4.9i' 0.25 + LC4.9i* 1.25 + Lc5i N51 = 3.634 xI Oý kN 

250 



Originator: T. El-khawanky APPENDIX 11 Date: I 1/07/2(X)2 

Checker: Dr. L. Weekes Calculation Sheet 

Vertical steel bars of column A .-. 
N51 - 0.35 - FCU * A5i 

Asc51 10 3 
nim 

2 
sc51, - 0.7 -Fy-0.35- Fcu 

4.84 x 

4 bars T32 +4 bars T25 with area areac5i: = 5180.4&iir? 

areac5i 
rc51 100 r. 5i ý 2.558 (Acceptable ratio) 

A5i 

The links diameter of this column is 8mm (T8) 

The used spacing for this column links is 250 mm Le 4 T8 /meter 

Design of column C4i 

Total axial load of column N4i: = N5i - l, C4.9i* 0.25 + LC4.9i' 1.25 + 1-c41 N4i 4.335 x 103 kN 

Vertical steel bars of column ASC41'- 
N4i - 0.35. Fcu, A41 

, ASC4i 7.09 x 10 3 
MM 0.7 - Fy - 0.35. Fcu 

4 bars T32 +8 bars T25 with area areac4i: = 7143.9hný 

areac4i 
rc4i: ý A4j . 100 rC41 = 3.528 (Acceptable ratio) 

The links diameter of this column is 8mm (T8) 

The used spacing for this column links is 250 mm Le 4 T8 / meter 

Design of column CI 

Total axial load of column N3i: = N4i - l, C4.9i'O. 25+ LC31' 1.25+ Lc3i N3i = 5.067 x 103 kN 

Vertical steel bars of column - 

N3i - 0.35- Fcu * A31 
Asc3i = 9.442 x 10 3 

MM 
2 Asc3l * 0.7. Fy - 0.35- Fcu- 

12 bars T32 vAth area areac31: ý 9650.9brý 

rc3i :ý 
areac3i 

, 100 r. 3i = 4.766 (Acceptable ratio) 
A3, 

The links diameter of this column is 8mm (T8) 

The used spacing for this column links is 350 mm Le 2.5 T8 / meter 
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Checker: Dr. L. Weekes Calculation Sheet 

Design of column C2i 

Total axial load of column N2i: = N3i-LC3i* 0.25+ LC2i* 1.25+ Lc2i N2i = 5.83 x 103 kN 

Vertical steel bars of column Asc21 -- 

N2i - 0.35. Fcu - A2i 
1.029 xI Oý MM 

2 
0.7 - Fy - 0.35. Fcu 

Asc2i 

8 bars T32 +8 bars T25 with area area 
2 

c2i: = 10360.9&uTi 

area,,, 
rc21 --- , 100 r. 2i ý 4.144 (Acceptable ratio) 

A21 

The links diameter of this column is 8mm (T8) 

The used spacing for this column links is 250 mm Le 4 T8 / meter 

Design of column Cli 

Total axial load of column NIj: = N2i - LC2i'0.25 + LC II-1.25 + Lcl i Nii=6.619x 10 3 kN 

Vertical steel bars of column Ascli 
N, 0.35- Fcu, Ali 

0.7 - Fy - 0.35 - Fcu 
Asc, i=1.282 xI (ý mm2 

I 

16 bars T32 with area areacli: = 12867.961ir? 

area, Ii 
. 100 re 1 5.147 (Acceptable ratio) rCIF 

Ali 

The links diameter of this column is 8mm (T8) 

The used spacing for this column links is 350 mm Le 2.5 T8 / meter 
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Checker: Dr. L. Weekes Calculation Sheet 

Column c9i 

4 ban+ 16 11 55 1, 
6 

C14 

250 mm 

Column C8i 

4 bars + 20 
4 bars + 25 links 5 

8 /meter 0 
VI C14 

je 9-011 

250 mm 

Column C6i 

P 
8bars+20 

E 
4 bars + 32- 

<8 /mew C) 
194 W) 

350 mm 

Column C5i 

4 bars ý 25 

1 ý 

links 4 
4 ban ý 32 -- 8 /mctr Cl 17 71 kn 

'IT 

450 mrn 

Internal Columns of building 

Column C7i 

E 
4 bars ý 32 Imks 2S4E 

8 /meter C> 

350 mm 

Internal Columns of building 

Column C4i 

8 hars ili 25 
link, 4E 

4bam+32 /mcter C, 
W) 

450 mm 

In 
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'hecker: Dr. I.. W, --ekes 
Calculation Sheet 

Column C3i 

Imiks 25 rz 
8 Imeter 

12 bars ý 32 - 

450 mm 

Column C2i 

8 hars 41 links 4 cfi 
8 /meter 

8 bars ý 32 

500 mm 

Internal Columns of building 

Column CIi 

00 Tluinýk, 

2.5 iP 
E 
E 

8 /Yneter 0 
16 bars 32 - 

500 mm 

7. Desien Of Beam (B) And Column (C) oF Ground Floor 

The concrete grade for the design of this structure increases to 40 N/ mm2 

The length of span is IB: ý 12000nm 

The height of ground floor is hc: = 500(him 

-2 Concrete grade Fcug: = 40- N- mm 

7.1 Design Of Ground Floor Beam (B 

7.1.1 Max Design lAmd Of Beam (B) 

From Slab (Patch load) I 'p := Vl - 0.75- If3 1 148.957 kN 

Total load form two sides of slab Ltp :=1 1) *2 Ltp = 297.914 kN 

0 Assume the initial dimensions of beam are bB: ý 800= cIB: = 1500nun 

U Itimate self Weight of beam tj'-B: = bB - dB * IB *P*1.4 tJl, f3 ý 474.647 kN 

Total load of beam (from distdbuted load) Iffl: = Ltp + ULB 
ItB = 772.561 kN 
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Also there are concentrated loads from beam W on Beam B at 4 meters from outer 
supports of the two spans. 

LtB3 
PIB: ý 2.2 

PI B= 224.979 kN 

Also there are concentrated loads from beam b2 on Beam B at 4 meters from central 
support of the beam right and left. 

PM: ý L-tB2 + PtB2 P2B = 459.846 kN 

Also there are concentrated loads from columns above (Cli - C9i) on Beam B at 4 meters 
from central support right and left. 

P3B: = NI, - LCji - 0.25 P3B = 6.429 x 103 kN 

224.979kN 6888. MkN 6888. MkN 224.979kN 

To Load =64.38 k /m 

4m _-4-m. -. _4AD----. 
A-m 

rn 

Details of ground floor Beam B 

7.1.2 Ultimate Bendine Moments And Shear Forces Of Beam (B) 

The beam sections are treated as rectangular sections 

From computer program the max moments and shear forces as follows: 

max negative moment at support Mlb: ý 13214. kN m 

max positive moment under column M2b: ý 8460. & kN - 

max shear force FSb: = 5547.5. kN 
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7.13 Critical Section At Suppo 

Assume the diameter of bars used is T40 and 3 layers of bars 

coverb: = 40mm 

defl :ý (dB + St) - c01eIrb - ýlb - 

ýlb 

2 

k1b: ý - 
mib 

- klb = 0.172 

Fcug - bB - defl 2 

ýlb: = 40 -mm 

def, = 1.55 x 103 rnn 

compression reinforcement is required 

ko :=0.156 "b: ý defl * 0.5 + 0.25 -- 0.9) 
- 

defl - z1b 
'b 0.45 

"b ý 1.204 x0 mm 
ý 

xb = 768.499 mm 

Assume the diameter of compression steel bars is T40 and two layers of bars 

effective depth to com pressi on rei nforcem ent is def2 := coverb +ýIb 

ratio to determine the compression stress . 

def2 
rb *ý 

Nb 

Then the compression stress is 0.95 Fy 

Area of compression reinforcement Asb I -- 

(k1b 
- kO) - Feug - bB' d 

etj 
2 

0.95 - FY - 
(def, 

- def2) 

4 bars of T32 are arranged in 1 layer with arcasb, := 3216.99mm. 2 

ck = 80 mm 

rb = 0.104 

Asbi ý 1-9 , 103 MM2 
1 

max percentage of compression or tension reinforcement should not exceed 4% of the area of 
beam section. min percentage of compression reinforcement should not less than 0.2 and of 
tension reinforcement should not less than 0.13. 

rBlc: ý 
areasb] 

. 100 rB Icý0.244 acceptable ratio ( St + dB) - bB 
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Area of tension reinforcement Asb2 -- 

ko - FCug - bB * defl 2+ 

Asbl Asb2 = 2.469 xI Oý nIM2 
0.95- Fy * z1b 

20 bars of T40 are arranged in 4 layers with areasb2 := 25132.74mim 

rBlt: ý 100 
(St + dB) bB 

Tension Reinforcement 20 bars 40 min 

Compression Reinforcement 4 bars 32 nu 

rBIt ý 1.904 acceptable ratio 

Beam B section at support 

7.1.4 Critical Section At Span Point Under Columns Above (positive moment 

M2b 
k2b: ý - 

Fcug - bB * defl 

z2b: = defl 0.5 + 0.25 - 
k2b )2 

0.9 

M2b 
AsWý '0.95. Fy, z2b 

k2b ý 0- 11 compression reinforcement is not required I 

z2b: = ll(z2b > 0.95defl, 0.95derl, z2b) 

z2b = 1.329 x 103 mm 

Asb3 ý 1.457 xI (ý MM2 
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Checker: Dr. L. Weekes Calculation Sheet 

12 bars of T40 are arrarged in 2 layers vvith areasb3 :ý 15079-64mm 

rB2t :ý 
areasb3 

. 100 rB2t ý 1.142 acceptable ratio (St + dB) - bB 

Beam B section at point under columns above 

Secondary Reinforcement 4 bars 16 mm 

Tension Reinforcement 12 bars 40 n 

7.1.5 Shear Reinforcement 

SHEAR FORCE DIAGRAM OF BEAM (B) 

5547 48S kN 

2338,9 k? 

33N 9 kN 

55A7 485 kN 

Ultimate shear stress vb: ý - 
PSb 

I'B' defl vb = 4.474 N- mm- 
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eqterm3 - 
400 - nun eqtenn3 := if(eqterm3 < 1, l, eqterrn3) eqterm3 

def, 

The check of shear depends on the tension reinforcement of section of span under column 
above i. e areasb3 

eqterm4 
100 - areasb3 

eqterm4 := if(eqterm4 < 3, eqterTn4,3) 
bB'defl 

Desiqn concrete shear stress (BS 8110 - 1: 1997, Table 3.8) 

N34 Fcug 3 

0.79- -- (eqtenn4) . (eqtenn3) 
2N 

mm 25- 
2 

mm 
vcb: ý 1.25 

eqt(--rm4 = 1.216 

vcb = 0.789N. fflm-2 

From table 3.7 category 3 is required here and choose links combined with bent - up bars. 
The diameter of links used TIO. 

The horizontal distance of bent - up bars is st :=1.5. den starts at distance d from the face 

of the support. 

ý=2.325 x 103 mm 

Effective depth of compression reinforcement of section of beam that used for calculation of 
concrete shear strength is 

des := coverb +8- mm der3 = 48 mm 

Angle of bent - up bars is (x: = 45. deg and angle of shear section is 7: = 61.28. deg 

Choose 4 bars 32 mm diameter for bent -up bars which determine 1- the distance between 
every two bent - up bars (sb). 2- the area of bent - up bars. 

2 
ýýt: ý 32. mm Asb: = 4- 

Ic 'ýbent 

4 

St 
sb :ý- 3 

3 Asb = 3.217 x 10 nun 

sb = 775 mm 

Links must be provided to resist one - half the shear i. e for bent - up bars or links, the shear 
force is 

fs .- 

FSb 

2 
3 fs = 2.774 x 10 kN 
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Vbent: ý Asb'0.95. Fy- (cos(cc) + sin(cc) - cot(y)) 
dofl - def3 

Vbent ý 2.982 x 10 3 kN 
'b 

Acceptable to resist shear by bent - up bars 

With respect to links 

+2b: ý lomm 

Total cross - section area of links at the neutral axis for 2 legs of TI 0 is Asv :=2. 
ý2b 

2 

4 

Asv = 157.08 mm 

Ultimate shear stress for links vbl: ý 
fS 

vbl = 2.237 N- mm bB - defl 

Spacing of links through the span of beam is sv: = 
Asv - 0.95- Fy 

bB'(vbl - vOb) N- 59.262 mm 

Max links spacing is svm: = 0.75- def, svm = 1.162 x ()3 mm 
I 

The final spacing for links for this beam is svf: = 55.6=i. e 18 links TIO/ meter 

Note: 

1- Due to the beam being singly reinforced section under column above secondary steel bars 
should be provided to stabilize shear links Le 4 T16 for the beam section as secondary steel 
bars. 

2- The bent - up bars combined with links used only for the section right and left of the central 
support but for other sections of beam its enough to use links only. 
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Form of shear reinforcement of beam section near from central support 

4 bars 32 mm diameter bentl- up bars 

2 25 mm_ 

18 links 10 mm diamet 

sb 77 75-. ml 

7.1.6 Deflection Check 

service stress fsb .-2-Fy* 
Asb3 

3- areasb3 

N 
477.2 - fsb 

Modification Factor flnb: ý 0.55+ - 
mm 

M2 Nb 
120.0.9--+ 

min 
2 bB' defl 2 

10. m Allowable span to depth ratio is SDrb: = 26. 
IB . fiInb 

113 
Actual span to depth ratio SDab: ý T7 de" n 

fsb = 296.279 N- mm -2 ý 

finb = 0.834 

SDrb ý 18.071 

SDab ý 7.742 

The beam is satisfactory with respect to deflections 

7.2 Desi2n Of Ground Floor Columns 

7.2.1 Internal Column (unbraced colUmns) 

Clear height of column 10ig: = he - (dB + St) loig = 3.35 x 10 3 
MM 
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From BS8110- 10able 3.19), effective height coefficients of columns are 0: = 0.75 

Effective height of columns lexig: ý lOig *0 leyig: = 10ig 

lexlg = 2.513 x 10 3 
mm leyig = 2.513 x 10 3 

mm 

The assumed dimensions and area for column 

Column gi Breadth bgi: = 80(Inm Width wgi: = 80(kmn Agi: = bgi - wgi 

Ag, = 6.4 x 10 5 
nun 

2 

Check of column type ( short - slender) 

lexig 
ry, 9 

leyig 
r. ig: = 

wgi b 
91 

rxig ý 3.141 Yig ý 3.141 

Then the column is short columns because rx and ry < 10 for this unbraced column . 

Design Loading for Columns 

The area of floor that this column type carries Af-, g: = 12. m- 8- m Afig = 9.6 x 10 7 
MM 

21 

Load form stab on column 1, Csig: = n- AfIS LCsig ý 993.047 kN 

Loads from beam B3 on column LCB3ig = 60.814 kN LC133 ig: = [(IB - 2. bB2) + (IB3 - bB - bB3)] - bBY dB3 *P*1.4 

Loads from beam B2 on column LCB2igý dB2. bB2 * 
(2. 'B2 - bB * 2) *P*1.4 LCB2ig = 65.264 kN I 

Loads from beam B on column I, Cffig: ý dB - bB * IB *P'1.4 LCBig ý 474.647 kN I 

There are concentrated loads from columns above and for this internal column there are two 
point loads right and left of central support 
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Loads from columns above 1, Ccjg: ý2-(Njj-0.25-LCj)- 
8 

LCcig ý 8.572 x 10 3 kN 
12 

1 

Tota axial loads on column except self weiqht LCig = 1.0 17 xI Oý kN 
1, Cig: = LCsig + "CB31g+ 1-CB21g+ "CBig+ "Ccig 

Self weight of column 

1-cig: = A8i - 1018 1.4 Lcig = 70.67 kN 

All columns are designed as axially loaded and to compensate for the effect of eccentricities, 
the ultimate load from the floor immediately above the column is multiplied by factor 1.25. 
(Manual for the design of reinforced concrete building structures, the institution of structural 
engineers). 

Design of column Cgii 

Total axial load of column Nýjj: = LCj8- 1-25 + Lcig Ngii = 1.278 XI Oý kN 

Vertical steel bars of column A_gjj -. = 
Ngii - 0.35- Fcug - Agi 

Ascgii= 1.24x 0=12 

,; c 0.7- Fy-0.35- Fcug 

16 bars ý 32 with area areacgii: = 12867.9&w? 

Check of minimum and maximum steel bars area of column such that the minimum is 
r=0.4% and maximum = 60/6 

areacgii 
llcgi := 

Ag, . 100 regi = 2.011 (Acceptable ratio) 

Unks diamete for column not less than 6mm and the links diameter for this column is 

ýCgi :=0.25 32mm ýCgi =8 nim 

So that the links dameter of this column is 8mm (T8) 

'i 
:= 12 - 32nun Max spacing for links is sce ,; cg ýi 

= 384 mm 

So that the used spacing for this column finks is 250 mm Le 4 T8 / meter 
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7.2.2 External Column ( unbraced columns 

The assumed dimensions and area for column 

Width w := 60(hun A -- b-w Column ge Breadth bge: ý g(Xhlm ge ge, ge ge 

Age ý 4.8 x 10 5 
mm 

2 

Check of column type ( short - slender) 

iexig 
ryeg 

eyig 

%N ge 
bge 

rxeg 4.188 ryeg 3.141 

Then the column is short columns because rx and ry < 10 for this unbraced column . 

Design Loading for Columns 

The area of floor that this column type carries Afeg: =6.125-m-8-m Afelý = 4.9 x 107 mm2 
I 

Load form slab on column 1, Cseg: = n- Afee LCseg ý 506.868 kN 

Loads from beam B3 on column 

"CB3eg: - 
113 

- 
b131 

+ (1133 - 6B - bB3)], bB3 * dB3 1.4 LCB3eg = 42.273 kN 
22) 

Loads from beam 131 on column LCBIeg: ý dBI - bBI * 
(IBI 

- ')B) P' 1.4 LCBleg=23.732kN 

Loads from beam B on column I, CBeg: = 

(IB 
+ bBl bB - dB 1.4 LCBeg = 247.212 kN 

2 

Loads from walls on colum n above the beam B1 LCwf: = 113 1' 10 * "w' 1.4 1, Cwf ý 82.6kN I 

There are concentrated loads from columns above around central support and for this external 
column there is a part from this point load. 

Loads from columns above l, Cceg: =(Nlj-0.25-LCj)- 
4 

LCceg = 2.143 xI Oý kN 
12 

1 
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Also there is axial load from columns above this external column LCcfeg: ýNlf-0.5-1, Clf 

LCcfeg ý 4.145 x 103 kN 

Tota axial loads on column except self weiaht LCeg ý 7.191 x 10 3 kN 
LCeg: = LCseg + LCB3eg + LCB I eg + LCBeg + LCwf + 1, Cceg + LCcfe8 

Self weight of column 

"ceg: = Age - loig *p-1.4 Lc, eg = 53.002 kN 

All columns are designed as axially loaded and to compensate for the effect of eccentricities, 
the ultimate load from the floor immediately above the column is multiplied by factor 1.5. 
(Manual for the design of reinforced concrete building structures, the institution of structural 
engineers). 
Design of column Cgie 

Total axial load of column Ngie: = LCeg * 1.5 + Lceg Ngie = 1.084 xI 0ý kN 

Vertical steel bars of column Asco -- 
Ngie - 0.35- Fcug -A ge Ascgie ý 1.337 x 

Omm' 
e 0.7- Fy-0.35. Fcug 

8 bars T40 +8 bars T25 with area areacgie: = 13980. hmý 

Check of minimum and maximum steel bars area of column such that the minimum is 
r=0.4% and maximum = 6'Yo 

areacgie 
rege 

A. 
100 rcge ý 2.913 (Acceptable ratio) 

Unks diamete for column not less than 6mm and the links diameter for this column is 

kge: ý 0.25 . 40inm ýC, 
e = IOMM 
,e 

So that the links chameter of this column is 10mm (TIO) 

Max spacing for links is scge :ý 12- 25cm , ege ý 300 mm 

So that the used spacing for this column links is 250 mm i. e 4 TIO / meter 
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Ground Floor Columns of Building 

Column Cgie 
600 mm - 

Column Cgii 

E 
tinks 4E hnks4 

8 bars 40 10/meter 

L 

8/ mc 8/ 8 /meter 

8 bars 25 Oc 16 bars 32 00 

. 0- _0 
8(M mm 

8. Analytical Approach For Blockwork Of External Panels Of Budding 

In this section the walls on beam B1 will be replaced by a diagonal compression struts to 
include the structural effects of wall panels without explicit modelling in the finite element 
representation. 

Stafford Smith & Riddington (1978) recommend that the area of such a strut should be equal 
to one tenth of the diagonal length of the panel times the wall thickness. 

Diagonal length LD: ý 
[(hf) 2+ (1B 1)2] 

2 

Wall thckness Wt: = 250. mm 

LI) = 8.732 x 103 mm 

Area of the sW section as: = I10- 
"D * Wt 

2.183 x 10 5 
rm 

2 

By choosing dimensions equal to the area obtained above, it was found that these 
dimensions as follow: 

Breadth of strut Bs: = 300. nun and depth of strut Ds: = 750- mm 

The actual area of strut is asa: = Bs * Ds asa ý 2.25 x 10 5 
mm 

2 
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9. Summary of dimensions of the structural elements of the building 

Description Dimensions 

Slab 150 mm thickness Panels 4 rn x 4m 

Dimensions 
Description 

Span Breadth Depth 

Beam B3 8000 mm 250 mm 400 mm 

Beam B2 8000 mm 250 mm 550 mm 

Beam Bl 8000 mm 250 mm 400 mm 

Beam B 12000 mm 800 mm 1500 mm 

Bracing CS 8732 mm 300 mm 750 mm (Compression Strut) 

Dimensions 
Description Columns - I i Breadth Width Height 

C9 250 mm 250 mm 3500 mm 

C8 250 mm 250 mm 3500 mm 

C7 250 mm 250 mm 3500 mm 

C6 300 mm 300 mm 3500 mm 

Comer Columns 
From First to Ninth 

I 
C5 300 mm 300 mm 3500 mm 

Floor - 
C4 300 mm 300 mm 3500 mm 

C3 350 mm 350 mm 3500 mm 

C2 350 mm 350 mm 3500 mm 

C1 350 mm 1 350 mm 1 3500 mm 
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c9f 250 mm 250 mm 3500 mm 

C8f 250 mm 250 mm 3500 mm 

C7f 300 mm 300 mm 3500 mm 

C6f 300 mm 300 mm 3500 mm 

Facade Columns 
From First to Ninth CY 350 mm 350 mm 3500 mm 
Floor 

CM 350 mm 350 mm 3500 mm 

CY 400 mm 400 mm 3500 mm 

C2f 400 mm 400 mm 3500 mm 

Cif 400 mm 400 mm 3500 mm 

c9i 250 mm 250 mm 3500 mm 

C8i 250 mm 250 mm 3500 mm 

C7i 350 mm 350 mm 3500 mm 

C6i 350 mm 350 mm 3500 mm 

Internal Columns 
From First to Ninth C5i 450 mm 450 mm 3500 mm 
Floor 

C4i 450 mm 450 mm 3500 mm 

C3i 450 mm 450 mm 3500 mm 

C2i 500 mm 500 mm 3500 mm 

Cii 500 mm 50omm 3500 mm 

Cgii 800 mm 800 mm 500omm 
Ground Floor 

Colunins 
Cgie 800 mm 600 mm 500omm 
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10. Important Notes 

Modification of some columns reinforcement 

e Column C9 (Page 25) 

After check the design of this column section (using a Columns Assessment Computer 
Program) as a biaxial bending section, It is found that the percentage of steel bars 

reinfrcement is insufficient due to the axial load of this floor column is low and bending 
moments around its section axes are high. The appropriate (final) reinforcement of this 
column section is: 

2 
4 bars of TI 6+4 bars of TI 2 vvith area areacgf,: = 1256.64. nun 

Check of minimum and maximum steel bars area of column such that the minimum is 

r=0.4% and maximum = No 

rc9f, := 
areac9r, 

I OK) rcgfl = 2.011 (Acceptable ratio) 
At) 

Links diamete for column less than 6mm and the links diameter for this column is 

k9fi: = 0.25 - 16mm ýcql-, =4 mm 

So that the links diameter of this column is 6mm J6) 

Max spacing for links is scgfl: = 12- 12mm scqj-I = 144mrn 

So that the used spacing for this column links is 125 mm i. e8T6/meter 

Column C9f (Page 34) 

After check the design of this column section (using a Columns Assessment Computer 
Program) as a uniaxial bending section, It is found that the percentage of steel bars 
reinfrcement is insufficient due to the axial load of this floor column is low and bending 
moment around its section axis is high. The appropriate (final) reinforcement of this column 
section is: 

2 4 bars of TI 6+4 bars of TI 2 with area areacgffi: = 1256.64. mm 

Check of minimum and maximum steel bars area of column such that the minimum is 
r=0.4% and maximum = No 

areacqffi 
rC911-1 IW 4ff, =2 Oll (Acceptable ratio) re I- 

Links diameter for column less than 6mm and the links diameter for this column is 
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ýco, ffi :=0.25 - 16mm 

So that the links dameter of this column is 6mm (T6) 

Max spacing for links is scgffl: = 12- 12mm 

ýc9ff, =4 mm 

,, Cgfrl ý 144mm 

So that the used spacing for this column links is 125 mm Le 8 T6 / meter 

Column C9, C9f 

4 bars ý 12 E 
4 bars + 16 lid., 8E 

6 /metcr I X 

250 nim 

11. Stability Of Budding 

Lateral stability in two orthogonal directions should be provided by a system of 
strongpoints; within the structure so as to produce a 'braced' structure, i. e. one in which 
the columns will not be subject to sway moments. Hence the multi-Storey RC building will 
require to be braced. The ten-storey RC building is braced as shown in Fig. 11.1. The 
stability check of the ten-storey RC building is satisfied as follows: 

conservative wind load calulation based on the requirements of BS6399 

Basic wind speed 

Aftitude factor 

Direction factor 

Seasonal Factor 

Probability Factor 

Site wind speed 
BS 6399 cl 2 2.2 

Vb: = 22-m-s (conservative) 

Sa: = 1.04 

Sd: = 1 

SS: = I 

SP :=I 

Vs: = Vb * Sa * Sd' Ss' Sp 

(conservative) 

(consmative) 

(conservative) 

(conservative) 

BS 6399, Flg. 6 

BS6399 cl 2.2.2.2, with 
36.5 m buildng height 
BS 6399 c/ 2.2 2 3,240 
degrees 
BS6399 cl 2.2.2.4 

BS6399 cl 2225 

Vs = 22.88 m s- 
I 
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Terrain and building factor Sb := 1-95 (conservative) BS6399 tab/e 4 
(He = 30m, >100km from sea) 

Effective YAnd speed (BS 6M cl 2.2.3): Ve: ý Sb * Vs Ve ý 44.616 rn s- 

22 Dynamic pressure (BS6M cl 2.1.2) qs: = 
(0.613. 

Ve2) - Pa - rn- .s 

qs = 1.22 kN - m- 

Extemal Surface Pressure 

External pressure coefficients Cpe: = -1.6 (conservative) BS6399 C/ 2.4 & 2.5 

Size effect factor Ca: = 0.86 (conservative) BS6399 C/ 2.1.3.4 

Conservative wind pressure on an area: q: = Ca * Cpeqs q= -1.679kN - in- 
2 

11.1 Stability Check (every floor bracing. ) 

Height of Floor (1 - 9) ý-: = 3500m Height of Building h: = 36.5- in 

Span of Building in Two Orthogonal Directions span := 24. in 

Horizontal Loading at Every Floor (due to vAnd pressure) ff: = span - hf -q- -1 

ff = 141.039 kN 

As the floors of bOlding (first to ninth floor) is 3-bay (8 m span for every bay), then the 
horizontal force is clistributed on 3 bracing, i. e. the horizontal force for every bracing YAJI be 

ff 
sTanhay :ý 8' m ffb 

3 

ffb = 47.013 kN 

Force in bracing t'b: = ffb 

(spanbay 2+ hf 22 

fb = 51.315 kN 
Tanbay 

Then the applied tensile stress for bracing is a tt) - 
fb 

asa is the area of building 
asa 

bracing, refer to section 8) 
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cytb = 0.228 N- mm -2 

From the applied value of tensile stress above of the building bracing, it can be concluded 
that the bracing is subjected to law tensile stress. Therefore the lateral stability of building 
floors may be satisfied. 

11.2 Stability Check (Iflobal building structure) 

8m 8m 

E 

M 
Bracin 

(wvifid-prýQss tic Total ho-azoAtal force 

'orce (m z) 00 

12 rn 

- -- -I- 24 m 

Calculations of Building Oveduming Momcnts 

The overall stability of building depends on the resulting overturning moment from the 
horizontal forces (wind pressure), and the gravity forces of building, see figure above. 

Total Horizontal Loading (total wind pressure on building) fwt: = span -h-q 

fwt = 1.471 x 10 3 kN 

The overturning moment around bottom comer of building due to the total horizontal force 
mop: = fw, - 14.788. m 

mop= 2.175x IAN. m 

The mass of building is mass, 3: = 6003200 Kg The Gravitv Force of Building is 
fgb: ý massl3 ' 9.81 -N 
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fbý5.889 x 10 4 kN 
9 

The stability moment around boftom comer of building due to the gravity force 
Msg: = fgb * 12 -m 

msg = 7.067 x 10 5 kN -m 

From the values of moments due to the total horizontal loading & gravity force, it can be 
seen that the value of stability moment due to the gravity loads is larger than the 
overturning moment due to the horizontal loading. Therefore the overall global building 
structure is stable under the effects of all types of static loading in accordance with the 
requi rem ents of BS81 10. 

Second Case Ten-Storey RC Budding (SCTS 

The SCTS model is absolutely similar to the FCTS model except all columns of the ground 
floor were modified to have larger and constant dimensions. 

The Dimensions of all columns sections of ground floor in the SCTS model are im x im. 
Also the reinforcement is the same reinforcement of column Cgii of the ground floor of the 
FCTS model. 

Area of Steel Bars of the ground floor columns of the SCTS model 

2 16 bars ý 32 with area areacg: = 12867.96 nim 

The column links is 4 T8 / meter 

Ground Floor Columns of the SCTS model 

Column Cg 

w--w- 
E 

links 4E 
8 /meter 

l6b3rs*32 

1000 MM 
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APPENDIX HI 

ANSYS Input Data Batch File Of Transient Dynamic Analysis Of FCTS 
Under Both Horizontal And Vertical Earthquake Together 

/batch 
/com, ANSYS RELEASE 5.7 
/com, Structural 
/prep7 

/title, Transient Dynamic Analysis of FCTS under H+V EQ 

et, l, sheH63 *elasfic 4node shell element 
keyopt, 1,1,0 
keyopt, 1,2,0 
keyopt, 1,3,0 
keyopt, 1,5,2 
keyopt, 1,6,2 
keyopt, 1,7,0 
keyopt, 1,8,0 
keyopt, 1,9,0 

et, 2, beam44 *31) tapered beam 
keyopt, 2,2,0 
keyopt, 2,6,1 
keyopt, 2,9,9 
keyopt, 2,10,0 
keyopt, 2,7,0 
keyopt, 2,8,0 

et, 3, beam44 *31) tapered beam 
keyopt, 3,2,0 
keyopt, 3,6,1 
keyopt, 3,9,9 
keyopt, 3,10,0 
keyopt, 3,7,0 
keyopt, 3,8,0 

et, 4, beam44 *31) tapered beam 
keyopt, 4,2,0 
keyopt, 4,6,1 
keyopt, 4,9,9 
keyopt, 4,10,0 
keyopt, 4,7,0 
keyopt, 4,8,0 

et, 5, hnk8 *spar element 

et, 6, beam4 *31) elastic beam 
keyopt, 6,2,0 
keyopt, 6,6,1 
keyopt, 6,7,0 
keyopt, 6,9,9 
keyopt, 6,10,0 
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et, 7, beam4 *31) elastic beam 
keyopt, 7,2,0 
keyopt, 7,6,1 
keyopt, 7,7,0 
keyopt, 7,9,9 
keyopt, 7,10,0 

et, 8, beam4 *3D elastic beam 
keyopt, 8,2,0 
keyopt, 8,6,1 
keyoptý8,7,0 
keyopt, 8,9,9 
keyopt, 8,10,0 

et, 9, beam4 *3D elastic bewn 
keyopt, 9,2,0 
keyopt, 9,6,1 
keyopt, 9,7,0 
keyopt, 9,9,9 
keyopt, 9,1 0,0 

et, I O, beam4 *3D elastic beam 
keyopt, 10,2,0 
keyopt, 10,6,1 
keyopt, 10,7,0 
keyopt, 10,9,9 
keyopt, 10,10,0 

et, I 1, beam4 *3D elastic beam 
keyopt, 11,2,0 
keyopt, 11,6,1 
keyopt, 11,7,0 
keyopt, 11,9,9 
keyopt, 11,10,0 

et, 12, beam4 *3D elastic beam 
keyopt, 12,2,0 
keyopt, 12,6,1 
keyopt, 12,7,0 
keyopt, 12,9,9 
keyopt, 12,10,0 

et, 13, beam4 *3D elastic beam 
keyopt, 13,2,0 
keyopt, 13,6,1 
keyopt, 13,7,0 
keyopt, 13,9,9 
keyopt, 13,10,0 

constants of elements****************************** 

r, 1,0.15,0.15,0.15,0.15... 

r, 2,0.1,1.333333333E-3,5.208333333E-4,0.125,0.2, , 
rinodif, 2,13,0, -0.275,0, 
rmodif, 2,21,0.125,0.2, 
rmodiC2,7,0.1,1.333333333E-3,5.208333333E-4,0.125,0.2,, 
rmodif, 2,16,0, -0.275,0, 
rrnodiý2,23,,, 
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nnodif, 2,19,,, 
rmodif, 2,25 

...... 
nnodif, 2,31 

..... 
rmodi&2,37 ....... 
rmodit2,43 ....... 
modiý2,49 ..... .. 
rmodit2,55,, 

r, 3,0.1375,3.466145833E-3,7.161458333E-4,0.125,0.275,, 
rmodi&3,13,0, -0.35,0, 
rmodit3,21,0.125,0.275, 
rmodit3,7,0.1375,3.466145833E-3,7.161458333E-4,0.125,0.275,, 
rmodi&3,16,0, -0.35,0, 
rmodi&3,23 ... 
rmodit3,19 .. 
rmodif, 3,25 

....... 
rmoA3,31 ....... 
rmoa3,37,,,,,, 
rmoa3,43 ....... 
rmodif, 3,49 

..... .. 
rmodi&3,55,, 

r, 4,1.2,0.225,0.064,0.4,0.75,, 
rinodif, 4,13,0, -0.825,0, 
rmodif, 4,21,0.4,0.75, 
rmodit4,7,1.2,0.225,0.064,0.4,0.75,, 
rmodif, 4,16,0, -0.825,0, 
nnoa4,23 ... 
rmodif, 4,19 ... 
rmodiý4,25 ....... 
rmodif, 4,31 ....... 
rmodi&4,37 ....... 
rmodif, 4,43 ....... 
rmodit4,49 ..... .. 
rmodiý4,55, . 

r, 5,0.225,, 

r, 6,0.0625,3.255208333E4,3.255208333E4,0.25,0.25,, 

r, 7,0.09,6.75E4,6.75E4,0.3,0.3,, 

r, 8,0.1225,1.250520833E-3,1.250520833E-3,0.35,0.35,, 

r, 9,0.16,2.133333333E-3,2.133333333E-3,0.4,0.4,, 

r, 10,0.2025,3.4171875E-3,3.4171875E-3,0.45,0.45,, 

r, I 1,0.25,5.208333333E-3,5.208333333E-3,0.5,0.5,, 

r, 12,0.64,0.034133333,0.034133333,0.8,0.8,, 

r, 13,0.48,0.0144,0.0256,0.8,0.6,0, 

C*************************Concrete material properties of elements************************ 

mp, 1,0 
mp, ex, l,, 20000000000 
mp, prxy, ],, 0.2 
mp, dens, 1,, 4778.5 
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mp, ex, 2,, 20000000000 
mp, prxy, 2,, 0.2 
mp, dens, 2,, 2400 

c**** *Generation of slab & beam Nodes************************** 

141,0,0,0 
ngen, 25,1,1,1,1 , 1,0,0, 
ngen, 25,25,1,25,1,0,0j, 
ngen, 10,625,1,625,1,0,3.5,0 

c*****************************Generation of slab & beam elements************************ 

type, l 
matj 
reaL I 
e, 1,26,27,2 
egM24,1,1,1,1 
egen, 24,25,1,24,1 
egen, 10,625,1,576,1 
type, 4 
mat, 2 
real, 4 
e, 1,2 
egen, 24,1,5761,576 1,1 
egen, 4,200,5761,5784,1 
type, 3 
mat, 2 
reaL3 
e, 9,34 
eger424,25,5857,5857,1 
egen, 2,8,5857,5880,1 
type, 2 
mat, 2 
reaL2 
e, 1,26 
egen, 24,25,5905,5905,1 
egen, 2,4,5905,5928,1 
egen, 3,8,5929,5952,1 
egen, 2,4,5977,6000,1 
e, 101,102 
egen, 24,1,6025,6025,1 
egen, 3,200,6025,6048,1 
type, 3 
mat2 
real, 3 
egen, 10,625,5857,5904,1 
type, 2 
mat, 2 
real, 2 
egen, 10,625,5905,6096,1 
type, 2 
mat, 2 
real, 2 
e, 626,627 
egen, 24,1,8257,8257,1 
egen, 2,600,8257,8280,1 
type, 3 
mat, 2 
real, 3 

277 



AppendixLU ANSYSInput Data Batch File Of Transient Dynamic Analysis OfFM 

e, 826,827 
egen, 24,1,8305,8305,1 
egen, 2,200,8305,8328,1 
type, 2 
mat, 2 
real, 2 
egen, 9,625,8257,8304,1 
type, 3 
mat, 2 
reA3 
egen, 9,625,8305,8352,1 

c* ****Generation of elements & nodes of ground floor columns***************** 

n, 6251,0, -5,0 
ngen, 3,1,6251,6251,1,12,0,0 
ngen, 4,3,6251,6253,1,0,0,8 
ngen, 5,12,6251,6262,1,0,1,0 

type, 12 
mat, 2 
real, 12 
e, 6252,6264 
egen, 4,12,9129,9129,1 
egen, 4,3,9129,9132,1 
e, 6300,13 
e, 6303,213 
e, 6306,413 
e, 6309,613 
type, 13 
mat, 2 
real, 13 
e, 6251,6263 
egen, 4,12,9149,9149,1 
egen, 4,3,9149,9152,1 
egen, 2,2,9149,9164,1 
e, 6299,1 
e, 6302,201 
e, 6305,401 
e, 6308,601 
e, 6301,25 
e, 6304,225 
e, 6307,425 
e, 6310,625 

c*******************Generation of elements & nodes of first floor columns******************* 

n, 6311,0,0.875,0 
ngen, 4,1,6311,6311,1,8,0,0 
ngen, 4,4,6311,6314,1,0,0,8 
ngen, 3,16,6311,6326,1,0,0.875,0 

type, 8 
mat, 2 
real, 8 
e, 1,6311 
e, 6311,6327 
egen, 2,16,9190,9190,1 
e, 6343,626 
egen, 2,3,9190,9191,1 
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e, 25,6314 
e, 6346,650 
egen, 2,12,9190,919 1,1 
egen, 2,3,9197,9198,1 
e, 601,6323 
e, 6355,1226 
e, 625,6326 
e, 6358,1250 
type, 9 
mat, 2 
real, 9 
e, 6312,6328 
e, 6328,6344 
egen, 2,1,9205,9206,1 
egerý2,12,9205,9208,1 
e, 6315,6331 
e, 6331,6347 
egen, 2,3,9213,9214,1 
egM2,4,9213,9216,1 
e, 9,6312 
e, 6344,634 
e, 17,6313 
e, 6345,642 
e, 609,6324 
e, 6356,1234 
e, 617,6325 
e, 6357,1242 
e, 201,6315 
e, 6347,826 
e, 225,6318 
e, 6350,850 
e, 401,6319 
e, 6351,1026 
e, 425,6322 
e, 6354,1050 
type, II 
mat, 2 
real, II 
e, 6316,6332 
e, 6332,6348 
egen, 2,1,9237,9238,1 
egen, 2,4,9237,9240,1 
e, 209,6316 
e, 6348,834 
e, 217,6317 
e, 6349,842 
e, 409,6320 
e, 6352,1034 
e, 417,6321 
e, 6353,1042 

c******************Generation of elements & nodes of second floor columns****************** 

ngen, 2,16,6343,6358,1,0,1.75,0 
ngen, 3,16,6359,6374,1,0,0.875,0 

type, 8 
mat, 2 
real, 8 
e, 6359,6375 
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e, 6375,6391 
egen, 2,3,9253,9254,1 
egen, 2,12,9253,9256,1 
e, 626,6359 
e, 6391,1251 
e, 650,6362 
e, 6394,1275 
e, 1226,6371 
e, 6403,1851 
e, 1250,6374 
e, 6406,1875 
type, 9 
mat, 2 
reaL9 
e, 6360,6376 
e, 6376,6392 
egen, 2,1,9269,9270,1 
egen, 2,12,9269,9272,1 
e, 6363,6379 
e, 6379,6395 
egen, 2,3,9277,9278,1 
egen, 2,4,9277,9280,1 
e, 634,6360 
e, 6392,1259 
e, 642,6361 
e, 6393,1267 
e, 1234,6372 
e, 6404,1859 
e, 1242,6373 
e, 6405,1867 
e, 826,6363 
e, 6395,1451 
e, 850,6366 
e, 6398,1475 
e, 1026,63 67 
e, 6399,1651 
e, 1050,6370 
e, 6402,1675 
type, II 
mat, 2 
reAll 
e, 6364,6380 
e, 6380,6396 
egen, 2,1,9301,9302,1 
egen, 2,4,9301,9304,1 
e, 834,6364 
e, 6396,1459 
e, 842,6365 
e, 6397,1467 
e, 1034,6368 
e, 6400,1659 
e, 1042,63 69 
e, 6401,1667 

c*******************Gtneration of elements & nodes of third floor columns****************** 

ngen, 2,16,6391,6406,1,0,1.75,0 
ngen, 3,16,6407,6422,1,0,0.875,0 

type, 8 
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mat, 2 
reaL8 
e, 6407,6423 
e, 6423,6439 
egen, 2,3,9317,9318,1 
egen, 2,12,9317,9320,1 
e, 1251,6407 
e, 6439,1876 
e, 1275,6410 
e, 6442,1900 
e, 1851,6419 
e, 6451,2476 
e, 1875,6422 
e, 6454,2500 
type'9 
mat, 2 
real, 9 
e, 6408,6424 
e, 6424,6440 
egen, 2,1,9333,9334,1 
egen, 2,12,9333,9336,1 
e, 6411,6427 
e, 6427,6443 
egen, 2,3,9341,9342,1 
egen, 2,4,9341,9344,1 
e, 1259,6408 
e, 6440,1884 
e, 1267,6409 
e, 6441,1892 
e, 1859,6420 
e, 6452,2484 
e, 1867,6421 
e, 6453,2492 
e, 1451,6411 
e, 6443,2076 
e, 1475,6414 
e, 6446,2100 
e, 1651,6415 
e, 6447,2276 
e, 1675,6418 
e, 6450,2300 
type, 10 
mat, 2 
real, 10 
e, 6412,6428 
e, 6428,6444 
egerý2,1,9365,9366,1 
egen, 2,4,9365,9368,1 
e, 1459,6412 
e, 6444,2084 
e, 1467,6413 
e, 6445,2092 
e, 1659,6416 
e, 6448,2284 
e, 1667,6417 
e, 6449,2292 

c****** *****Generation of elements & nodes of fourth floor columns***************** 

ngen, 2,16,6439,6454,1,0,1.75,0 
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ngen, 3,16,6455,6470,1,0,0.875,0 

type, 7 
mat, 2 
real, 7 
e, 6455,6471 
e, 6471,6487 
egM2,3,9381,9382,1 
egen, 2,12,9381,9384,1 
e, 1876,6455 
e, 6487,2501 
e, 1900,6458 
e, 6490,2525 
e, 2476,6467 
e, 6499,3101 
e, 2500,6470 
e, 6502,3125 
type, 8 
mat, 2 
reaL8 
e, 6456,6472 
e, 6472,6488 
egen, 2,1,9397,9398,1 
egen, 2,12,9397,9400,1 
e, 6459,6475 
e, 6475,6491 
egen, 2,3,9405,9406,1 
egen, 2,4,9405,9408,1 
e, 1884,6456 
e, 6488,2509 
e, 1892,6457 
e, 6489,2517 
e, 2484,6468 
e, 6500,3109 
e, 2492,6469 
e, 6501,3117 
e, 2076,6459 
e, 6491,2701 
e, 2100,6462 
e, 6494,2725 
e, 2276,6463 
e, 6495,2901 
e, 2300,6466 
e, 6498,2925 
type, 10 
mat, 2 
real, 10 
e, 6460,6476 
e, 6476,6492 
egen, 2,1,9429,9430,1 
egen, 2,4,9429,9432,1 
e, 2084,6460 
e, 6492,2709 
e, 2092,6461 
e, 6493,2717 
e, 2284,6464 
e, 6496,2909 
e, 2292,6465 
e, 6497,2917 
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O'""""""""Generation of elements & nodes of fifth floor columns****************** 

ngen, 2,16,6487,6502,1,0,1.75,0 
ngeri, 3,16,6503,6518,1,0,0.875,0 

type, 7 
mat, 2 
reA7 
e, 6503,6519 
e, 6519,6535 
egen, 2,3,9494,9495,1 
egen, 2,12,9494,9497,1 
e, 2501,6503 
e, 6535,3126 
e, 2525,6506 
e, 6538,3150 
e, 3101,6515 
e, 6547,3726 
e, 3125,6518 
e, 6550,3750 
type, 8 
mat, 2 
real, 8 
e, 6504,6520 
e, 6520,653 
egen, 2,1,9510,951 1,1 
egen, 2,12,9510,9513,1 
e, 6507,6523 
e, 6523,6539 
egen, 2,3,9519,9519,1 
egen, 2,4,9518,9521,1 
e, 2509,6504 
e, 6536,3134 
e, 2517,6505 
e, 6537,3142 
e, 3109,6516 
e, 6548,3734 
e, 3117,6517 
e, 6549,3742 
e, 2701,6507 
e, 6539,3326 
e, 2725,6510 
e, 6542,3350 
e, 2901,6511 
e, 6543,3526 
e, 2925,6514 
e, 6546,3550 
type, 10 
mat, 2 
real, 10 
e, 6508,6524 
e, 6524,6540 
egen, 2,1,9542,9543,1 
egen, 2,4,9542,9545,1 
e. 2709,6508 
e, 6540,3334 
e, 2717.6509 
e, 6541,3342 
e, 2909,6512 
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e, 6544,3534 
e, 2917,6513 
e, 6545,3542 

c***** *Generation of elements & nodes of sixth floor columns****************** 

ngen, 2,16,6535,6550,1,0,1.75,0 
ngeti, 3,16,6551,6566,1,0,0.875,0 

type, 7 
mat, 2 
real, 7 
e, 6551,6567 
e, 6567,6583 
egen, 2,3,9558,9559,1 
egen, 2,12,9558,9561,1 
e, 3126,6551 
e, 6583,3751 
e, 3150,6554 
e, 6586,3775 
e, 3726,6563 
e, 6595,4351 
e, 3750,6566 
e, 6598,4375 
egen, 3,1,9558,9559,1 
egen, 3,4,9558,9559,1 
egen, 3,4,9560,9561,1 
egen, 3,1,9562,9563,1 
e, 3134,6552 
e, 6584,3759 
e, 3142,6553 
e, 6585,3767 
e, 3326,6555 
e, 6587,3951 
e, 3350,6558 
e, 6590,3975 
e, 3526,6559 
e, 6591,4151 
e, 3550,6562 
e, 6594,4175 
e, 3734,6564 
e, 6596,4359 
e, 3742,6565 
e, 6597,4367 
type, 8 
mat, 2 
real, 8 
e, 6556,6572 
e, 6572,6588 
egen, 2,1,9608,9609,1 
egen, 2,4,9608,961 1,1 
e, 3334,6556 
e, 6588,3959 
e, 3342,6557 
e, 6589,3967 
e, 3534,6560 
e, 6592,4159 
e, 3542,6561 
e, 6593,4167 
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C** ***Generation of elements & nodes of seventh floor columns***************** 

ngen, 2,16,6583,6598,1,0,1.75,0 
ngen, 3,16,6599,6614,1,0,0.875,0 

type, 6 
mat, 2 
reaJ, 6 
e, 6599,6615 
e, 6615,6631 
egen, 2,3,9624,9625,1 
egen, 2,12,9624,9627,1 
e, 3751,6599 
e, 6631,4376 
e, 3775,6602 
e, 6634,4400 
e, 4351,6611 
e, 6643,4976 
e, 4375,6614 
e, 6646,5000 
type, 7 
mat, 2 
reaL7 
e, 6600,6616 
e, 6616,6632 
egen, 2,1,9640,9641,1 
egen, 2,12,9640,9643,1 
e, 6603,6619 
e, 6619,6635 
egen, 2,3,9648,9649,1 
egen, 2,4,9648,9651,1 
e, 3759,6600 
e, 6632,4384 
e, 3767,6601 
e, 6633,4392 
e, 4359,6612 
e, 6644,4984 
e, 4367,6613 
e, 6645,4992 
e, 3951,6603 
e, 6635,4576 
e, 3975,6606 
e, 6638,4600 
e, 4151,6607 
e, 6639,4776 
e, 4175,6610 
e, 6642,4800 
type, 8 
mat, 2 
real, 8 
e, 6604,6620 
e, 6620,6636 
egen, 2,1,9672,9673,1 
egen, 2,4,9672,9675,1 
e, 3959,6604 
e, 6636,4584 
e, 3967,6605 
e, 6637,4592 
e, 4159,6608 
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e, 6640,4784 
e, 4167,6609 
e, 6641,4792 

c"""""""Generation orelements & nodes of eighth and ninth floor columns************* 

ngen, 2,16,6631,6646,1,0,1.75,0 
ngeN3,16,6647,6662,1,0,0.875,0 
ngen, 2,16,6679,6694,1,0,1.75,0 
ngen, 3,16,6695,6710,1,0,0.875,0 

type, 6 
mat, 2 
reaL6 
e, 6647,6663 
e, 6663,6679 
egen, 4,1,9688,9689,1 
egen, 4,4,9688,9691,1 
egen, 4,4,9692,9695,1 
egen, 2,48,9688,9719,1 
e, 4376,6647 
e, 6679,5001 
e, 4384,6648 
e, 6680,5009 
e, 4392,6649 
e, 6681,5017 
e, 4400,6650 
e, 6682,5025 
e, 4576,6651 
e, 6683,5201 
e, 4584,6652 
e, 6684,5209 
e, 4592,6653 
e, 6685,5217 
e, 4600,6654 
e, 6686,5225 
e, 4776,6655 
e, 6687,5401 
e, 4784,6656 
e, 6688,5409 
e, 4792,6657 
e, 6689,5417 
e, 4800,6658 
e, 6690,5425 
e, 4976,6659 
e, 6691,5601 
e, 4984,6660 
e, 6692,5609 
e, 4992,6661 
e, 6693,5617 
e, 5000,6662 
e, 6694,5625 
e, 5001,6695 
e, 6727,5626 
e, 5009,6696 
e, 6728,5634 
e, 5017,6697 
e, 6729,5642 
e, 5025,6698 
e, 6730,5650 
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e, 5201,6699 
e, 6731,5826 
e, 5209,6700 
e, 6732,5834 
e, 5217,6701 
e, 6733,5842 
e, 5225,6702 
e, 6734,5850 
e, 5401,6703 
e, 6735,6026 
e, 5409,6704 
e, 6736,6034 
e, 5417,6705 
e, 6737,6042 
e, 5425,6706 
e, 6738,6050 
e, 5601,6707 
e, 6739,6226 
e, 5609,6708 
e, 6740,6234 
e, 5617,6709 
e, 6741,6242 
e, 5625,6710 
e, 6742,6250 

c**************************Generation of bracing elements of model*********************** 

type's 
mat, 2 
reaLS 
e, 609,1226 
eger43,8,9816,9816,1 
egen, 9,625,9816,9818,1 
e, 1,634 
eger43,8,9843,9843,1 
egen, 9,625,9843,9845,1 
e, 601,1026 
e, 401,826 
e, 201,626 
egen, 9,625,9870,9872,1 
e, 25,850 
egen, 3,200,9897,9897,1 
egen, 9,625,9897,9899,1 

c******************************Boundary conditions of 

d, 625 l, uxO 
d, 6251, uy, O 
d, 625 l, u7,0 
d, 625 l, rotxO 
d, 625 l, rotyO 
d, 625 l, rotzo 
d, 6252, ux, o 
d, 6252, uy, O 
d, 6252, uz, O 
d, 6252, rotx, O 
d, 6252, roty, O 
d, 6252, rotz, O 
d, 6253, ux, O 
d, 6253, uy, O 
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d, 6253, uz, O 
d, 6253, rotx, O 
d, 6253, roty, O 
d, 6253, rotz, O 
d, 6254, ux, O 
d, 6254, uy, O 
d, 6254, uz, O 
d, 6254, rotx, O 
d, 6254, roty, O 
d, 6254, rotz, O 
d, 6255, ux, O 
d, 6255, uy, O 
d, 6255, uz, O 
d, 6255, rotx, O 
d, 6255, roty, O 
d, 6255, rotz, O 
d, 6256, ux, O 
d, 6256, uy, O 
d, 6256, uz, O 
d, 6256, rotx, O 
d, 6256, roty, O 
d, 6256, rotz, O 
d, 6257, ux, O 
d, 6257, uy, O 
d, 6257, uz, O 
d, 6257, rotx, O 
d, 6257, roty, O 
d, 6257, rotz, O 
d, 6258, ux, O 
d, 6258, uy, O 
d, 6258, uz, O 
d, 6258, rotx, O 
d, 6258, roty, O 
d, 6258, rotz, O 
d, 6259, ux, O 
d, 6259, uy, O 
d, 6259, uz, O 
d, 6259, rotx, O 
d, 6259, roty, O 
d, 6259, rotz, O 
d, 6260, ux, O 
d, 6260, uy, O 
d, 6260, uz, O 
d, 6260, rotx, O 
d, 6260, roty, O 
d, 6260, rotz, O 
d, 6261, ux, O 
d, 6261, uy, O 
d, 6261, uz, O 
d, 6261, rotx, O 
d, 6261, roty, O 
d, 6261, rotz, O 
d, 6262, ux, O 
d, 6262, uy, O 
d, 6262, uz, O 
d, 6262, rotx, O 
d, 6262, roty, O 
d, 6262, rotz, O 
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antype, 4 
tmopt, fidl 

c**************************Load steps & Solution control options************************* 

outres, nsol, aU load step No. I 
alphad, 0.09 
betad, 0.09 
time, O. I 
kbc, l 

acel, 0,0.981,0, gravity loads 
Iswrite, 1, 

time, 0.2 load step No. 2 
kbc, l 

acel, 0,1.962,0, gravity loads 
Iswrite, 2, 

time, 0.3 load step No-3 
kbc, l 

acel, 0,2.943,0, gravity loads 
Iswrite, 3, 

time, 0.4 load step No. 4 
kbc, I 

aceLO, 3.924,0, gravity loads 
Iswrite, 4, 

time, 0.5 load step No. 5 
kbc, l 

aceLO, 4.905,0, gravity loads 
Iswrite, 5, 

time, 0.6 load step No. 6 
kbc, I 

acel, 0,5.886,0, gravity loads 
Iswrite, 6, 

time, 0.7 load step No. 7 
kbc, l 

aceLO, 6.867,0, gravity loads 
Iswrite, 7, 
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time, 0.8 load step No. 8 
kbc, l 

acel, 0,7.848,0, gravity loads 
Iswrite, 8, 

time, 0.9 load step No. 9 
kbc, l 

aceLO, 8.829,0, gravity loads 
Iswrite, 9, 

deltim, O. 1,0,0 
time, 15 load step No. 10 
kbc, l 

acel, 0,9.8 1,0, gravity loads 
Iswrite, 10, 

c 

deltim, 0.01,0,0 load step No. II 
alphad, 0.029 
betad, 0.028 
time, 25.19 
kbc, I 

flst, 2,12,1, orde, 2 
fitern, 2,6251 
fitem, 2, -6262 
*dirr4htirne, table, 10 19,1. jime 
d, p51x,, %htime% .... uyuz... (horizontal displacement time-history) 
flst, 2,12,1, ORDF-, 2 
fitem, 2,6251 
fitem, 2, -6262 
*dirn, vtime, table, 1019,1,, time 
d, p5 I x, , %vtime/c 

.... uy .... 
(vertical displacement time-history) 

Iswrite, 11, 

C*******************************Output control & solution****************************** 

outres, nsol, all, solution for DOF at nodes 
/config, nres, 1500 
Agwrite, file, lgw, 
/Outputýfile, out, 
/Solu 
Issolve, 1,11,1, 
finish 
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APPENDIX V 

Analytical Calculations For The Seismic Performance Of The 10 
Storey RC Building 

The FCTS Model Under Horizontal Earthquake Only 

0.8 M 10.8 M E 
Y 

0.6 mx0.8 in 
X 

0MII 
ZI 

-- 12m----- 12. 
---_ 

Plane of ground floor columns of the FCTS model 

E 

MMM0 

12m-- 
_ 

Plane of columns for other floors of the FCTS model 
(The dimensions of columns according to the Appendix H) 

To calculate the peak ground acceleration that the FCTS model can withstand under the 
horizontal earthquake only, the overturning moment for the FCTS model was calculated as 
follows. 

Gravity force of the building f: = M-g m mass of building 

g acceleration of gravity 
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8m i 8m i 8m I 

F 

E 
00 Go 

E 
00 00 t- 
ON 
11 Approximate representation of s 

7 

Overturning forces of the building under horizontal earthquake only 

Assume horizontal overturning force = Fo = Pmg 

p= the peak value of the horizontal acceleration 

x: = 12m For the building base x,: = 14.788n 

For the first floor x2: = 9.78&n 

Direct stress for the building =f/AA= sum of column areas of every floor 

Bending stress = (M / 1) .xM= overturning moment of building around the centroid 

x 12 m as shown in the figure above I= moment of inertia for all 
columns in the x- direction 
around the centroid 

M Pmg. X1 Then Bending stress = (P mg x1 x) /I 

From condition at zero stress for the building (f / A) - ((M / 1) 
. x) =0 

p=I/x. xl. A 

For the building base moment of inertia in the x-direction I= 553.212 m4 

and total area of the columns A=6.4 m2 see Appendix 11 for columns dimensions at 
the ground floor 

P (ground floor) = 0.49 
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For the first floor moment of inertia in the x-direction 11 = 189 m4 P= 11 / x. x2. A1 

and total area of the columns Al = 2.77 m2 see Appendix II for columns dimensions at 
the ground floor 

pi (first floor) = 0.58 

The FCTS Model Under Concurrent Horizontal & Vertical Earthquake 

s 

s Co 
00 
I,,! 

00 

E 
In 

4) 
.1 

Ol 

E 

vertical force 

Itrturning 

(F I 
I 

Overturning forces of the building under concurrent horizontal & vertical earthquake 

To calculate the peak acceleration of the concurrent hodzontal and vertical earthquake that the 
building can withstand, it was assumed that there are hodzontal and vertical overturning forces 
and the vertical force may be upward or downward. the overturning moment of the building was 
calculated around the left bottom comer of the building according to the stability conditions. 
the hodzontal and vertical peak accelerations were calculated as follows: 

First case of the vertical earthquake (downward fbrce 

Gravity force f=m. g Horizontal overtuming force Fo = ah -m -9 

Vertical overtuming force Fov = av. mg ah is the value of the horizontal peak 

acceleration 

av is the value of the vertical peak 

acceleration 

calculating the overturning moment for the building around the left bottom comer as shown in 
the figure above 

the overturning moment M, = Fo. xl M, = ah-m-g-xl 
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APPENDIX V 

the resisting moment M2, *2 Fav. x + f. x M2 = am. g. x + m. g. x 

By equating M1 81 M2 then the result ajrx1 = (av + 1) x 

Also as mentioned in chapter 2,3 the vertical earthquake = (2 / 3) the horizontal earthquake 

av = (2 / 3) ah ah ýx1 (x1 - (2/3)x) 

Then in the case of the downward vertical force ah'ý 1.77 av = 1.18 

This resufts are not acceptable regarding the realistic seismic performance of the RC 
buildings under the earthquake. 

Second case of the vertical earthquake (upward force) 

calculating the overturning moment for the building around the left bottom comer as shown in 
the figure above 

the overturning moment M3 = Fo. x1 + Fov. x M3 = ah. m. g. xl+ avm. g. x 

the resisting moment M4 ý" M4 = M-9-X 

By equating M3 & M4 then the result alrxl + a, x =x 

Also as mentioned in chapter 2,3 the vertical earthquake = (2 / 3) the horizontal earthquake 

a�, = (2 / 3) ah ah: -- x/ (xl + (2/3)x) 

Then in the case of the upward vertical force for the ground floor 
ah'2 0.53 av = 0.35 

For the first floor x2 = 9.788 m ah =x/ (x2 + (2/3)x) 

Then in the case of the upward vertical force for the first floor 

ah = 0.67 av = 0.44 
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