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ABSTRACT 

Concrete is commonly used as a primary construction material for tall building 

construction.  Load bearing components such as columns and walls in concrete buildings  

are subjected to instantaneous and long term axial shortening caused by the time 

dependent effects of “shrinkage”, “creep” and “elastic” deformations. Reinforcing steel 

content, variable concrete modulus, volume to surface area ratio of the elements and 

environmental conditions govern axial shortening. The impact of differential axial 

shortening among columns and core shear walls escalate with increasing building height. 

Differential axial shortening of gravity loaded elements in geometrically complex and 

irregular buildings result in permanent distortion and deflection of the structural frame 

which have a significant impact on building envelopes, building services, secondary 

systems and the life time serviceability and performance of a building. Existing 

numerical methods commonly used in design to quantify axial shortening are mainly 

based on elastic analytical techniques and therefore unable to capture the complexity of 

non-linear time dependent effect.  Ambient measurements of axial shortening using 

vibrating wire, external mechanical strain, and electronic strain gauges are methods that 

are available to verify pre-estimated values from the design stage. Installing these 

gauges permanently embedded in or on the surface of concrete components for 

continuous measurements during and after construction with adequate protection is 

uneconomical, inconvenient and unreliable. Therefore such methods are rarely if ever 

used in actual practice of building construction.  

 

This research project has developed a rigorous numerical procedure that encompasses 

linear and non-linear time dependent phenomena for prediction of axial shortening of 

reinforced concrete structural components at design stage. This procedure takes into 

consideration (i) construction sequence, (ii) time varying values of Young’s Modulus of 

reinforced concrete and (iii) creep and shrinkage models that account for variability 

resulting from environmental effects. The capabilities of the procedure are illustrated 

through examples. In order to update previous predictions of axial shortening during the 

construction and service stages of the building, this research has also developed a 

vibration based procedure using ambient measurements. This procedure takes into 
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consideration the changes in vibration characteristic of structure during and after 

construction. The application of this procedure is illustrated through numerical examples 

which also highlight the features. The vibration based procedure can also be used as a 

tool to assess structural health/performance of key structural components in the building 

during construction and service life.     

 

Keywords: Axial Shortening, Concrete Buildings, Creep, Shrinkage, Elastic 

Deformation, Vibration Characteristic, Finite Element Method, Dynamic Stiffness 

Matrix 
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1 INTRODUCTION 
 

1.1 Background 

Differential axial shortening of gravity load bearing components in tall buildings is a 

phenomenon that was first noticed in the 1960’s with the use of concrete in combination 

with reinforcing steel for tall buildings. As buildings increased in height, elastic 

shortening became apparent during construction, and methods for correcting for 

instantaneous shortening such as construction of each floor to a corrected level or datum, 

became common practice. The long term effects of shrinkage and creep did not have a 

significant impact on buildings in the 30 storey range. However, tall buildings in the 40 

to 60 storey range showed the detrimental effects of shrinkage and creep that could not 

be adequately compensated for by building each floor to a datum level. Engineering the 

materials, components, size and configuration of 100 to 400 meter buildings during the 

design process to control the impact of differential axial shortening and deformation is a 

well established method (Fintel & Fazlur, 1987; Smith & Loull, 1991). Methods such as 

load balancing and axial stress equalization using elastic analytical procedures are 

convenient for symmetrical and regular building forms. However, controlling 

differential axial shortening and deformation becomes increasingly difficult for the new 

generation of super tall buildings in the 400 to 1000 meter range such as Burj Khalifa 

Tower, Dubai - Figure 1-1 and those with complex geometric structural framing systems 

such as the proposed Lagoons, Dubai - Figure 1-2.  
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Figure 1-1: Burj Tower, Dubai -the tallest building in the world                                                                  

(Burj Dubai official website, 2008) 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-2: The Lagoons -proposed for Dubai                                                                                            

(Dubai Future Projects, 2009) 
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Many high-rise commercial, residential and communication towers around the world 

have been constructed using reinforced concrete structural frames (Bontempi, 2003). 

Leading examples are the 828 meter tall Burj Khalifa Tower in the UAE (Baker, Korista 

& Novak, 2007) and the 533 meter tall CNN tower in Toronto (CNN tower official web 

site,2010). Many other high-rise buildings such as the 505 meter tall Taipei 101 building 

has used hybrid construction of structural steel filled with concrete for its mega columns 

linked to concrete cores by steel outrigger systems (Shieh, Cang & Jong, 2010).. 

Importantly the vertical load bearing frames of these super tall buildings use concrete 

with conventional bar reinforcements, embedded structural steel and steel skins as a 

primary material. The steel contents are provided as reinforcement to resist load and 

enhance the performance characteristics of concrete. Many researchers highlighted the 

importance of concrete used as a primary material for high-rise construction (Elnimeiri 

& Joglekar, 1989; Smith & Loull, 1991).  

The effective use of reinforced concrete, concrete encased steel and steel encased 

concrete construction in high rise construction has been made possible by the rapid 

advancement of construction and materials technology during the latter half of the 20th 

century.  The key building components that control axial shortening are the shear cores, 

internal and perimeter columns that are subjected to axial compression. Although 

concrete filled steel tubes show superior axial shortening control over conventional 

reinforced concrete columns, they tend to magnify the problem of differential axial 

shortening when built in combination with reinforced concrete shear cores and outrigger 

framing systems. Such effects can complicate the structural design and construction of 

outriggers that connect perimeter columns to shear cores such as in the 481m tall Jin 

Mao Tower, China (Korista, Sarkisian & Abdelrazaq, 1997) and the 415 m tall 

International Finacial Centre, Hongkong (Carroll et al, 2009). Conventionally reinforced 

concrete and structural steel reinforced concrete composites and hybrids continue to be 

the materials of choice for early 21st century high-rise construction due to their ability to 

provide compact floor plates over long spans, thermal, acoustic and fire insulation, 

durability and strength. The different types of construction are inherent with varying 

degrees of axial shortening in the short and long term thereby creating the demand for a 

very high degree of precision and monitoring to provide strength and performance of 

http://portal.acm.org/author_page.cfm?id=81329487892&coll=DL&dl=ACM&trk=0&cfid=6753574&cftoken=40194366
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high rise buildings. Axial shortenings of tubular structural steel filled with concrete 

members are quantified by scaling the linear elastic numerical models of reinforced 

concrete (structural steel encased in concrete) as a common design practice due to the 

non-availability of well established numerical methods to capture the true non-linear and 

time dependent load response. However, accuracy of these scaled models is questionable 

(Uy, 1998; Uy & Das, 1997).      

Axial shortening is cumulative over the height of a structure so that detrimental effects 

due to differential axial shortening become more pronounced with increasing building 

height. For example, in an 80 storey concrete building, it has been reported that the 

elastic shortenings of columns is 65mm and that due to shrinkage and creep is 180 to 

230mm (Fintel, Gosh & Iyengar, 1987). The combination of these shortening 

components is unacceptable as a structural performance criterion. It is therefore 

necessary to accurately predict linear and non-linear components of differential axial 

shortening and control performance with design.  

Unacceptable cracking and deflection of floor plates, beams and secondary structural 

components, damage to facades, claddings, finishes, mechanical and plumbing 

installations and other non-structural walls can occur resulting from differential axial 

shortening. In addition, common effects on structural elements are sloping of floor 

plates, secondary bending moments and shear forces in framing beams (Fintal & Fazlurl, 

1987). Figure 1-3 illustrates the behavior of a wall panel subjected to differential axial 

shortening. 
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Figure 1-3: Failure of wall panel due to differential axial shortening (Fintal & 

Fazlur,1987) 

 

Concrete has three significant modes of volume change after pouring. Shrinkage, as the 

name implies causes the concrete volume to decrease as the water within it dissipates 

and the chemical process of concrete causes hardening to occur. Elastic shortening 

occurs immediately as hardened concrete is loaded and is a function of the applied 

stress, length of the concrete element, and modulus of elasticity. Creep is a long-term 

effect that causes the concrete to deform under exposure to sustained loading. These 

three phenomena occur in every concrete structure (Neville, 2005). A combination of 

these three time dependent phenomena causes axial shortening. 

 

Shrinkage and creep deformations are impacted by volume and surface area. Figure 1-4 

illustrates cross sections of structural elements emphasizing variation of the volume and 

surface area of elements at a certain level in a building. The combination of elastic, 

shrinkage and creep strains cause differential axial shortening, deformation and 

distortion of building frames. The load carrying capacity and integrity of structural 

frames are not adversely impacted by these effects as they are a natural phenomenon 

associated with loaded concrete structures. Gravity load bearing elements in high rise 
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buildings are subjected to a large number of load increments during and after the 

construction process. Each load increment causes immediate elastic shortening of 

already constructed gravity load bearing elements such as walls and columns which are 

followed by shrinkage and creep over a long period of time. Typically, core shear walls 

in a high rise building are designed to resist the combination of shear and gravity loads 

while columns carry mainly gravity loads. As a result, height-dependent, significant 

stress differentials can exist between these elements due to gravity loads resulting in 

differential axial shortening. Increasing column sizes to balance stresses is not an 

acceptable solution. Additionally, designing and constructing geometrically complex 

high rise buildings with belt and outrigger systems comprising stiff shear walls is a well 

established practice today. Non vertical paths resulting from these stiff shear walls and 

the geometrical complexities amplify differential axial shortening between the elements. 

 

Core Walls Shear Wall Columns

 

Figure 1-4: A typical view of cross sections of structural elements 

 

(Uy, 1998; Uy & Das, 1997) recommended further studies to develop numerical models 

to capture the true behavior of creep, shrinkage and elastic deformations of the 

composite elements because of existing non-rigorous numerical models. Consequently, 

methods proposed in this thesis are based on the well established material models of 

reinforced concrete, whereas if required, the proposed methods can be applied to 

structures with composite elements by modifying the creep, shrinkage and young’s 

modulus parameters since these modifications do not affect to the main concept of the 

methods. 
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1.2 Prediction and Monitoring Methods 

Problems due to differential axial shortening have been observed and reported, 

especially as building height increases. A number of methods have been developed to 

quantify the differential axial shortening and they are based on laboratory tests where the 

long term time dependent material properties are predicted using previously established 

criteria. Designers normally rarely have the opportunity and facilities to observe and 

mesure the long term material behaviour of concrete in actual buildings. On the other 

hand, concrete tested under laboratory conditions does not simulate the exact behaviour 

of in situ constructed structural elements. Designers therefore depend on numerical 

analysis methods based on established performance criteria and the influence of 

available parameters, for predicting the mechanical behaviour of structural components 

(Boonlualoah et al, 2005). 

 

Analytical and test procedures that are available to quantify the differential axial 

shortening are limited to a very few parameters and are not adequately rigorous to 

capture the complexity of true time dependent material response. These techniques do 

not also address adequately the dynamic aspect of load application and the load 

migration that takes place during construction. Such non-rigorous analytical methods 

therefore fail to predict within a reasonable degree of accuracy the true behavior of tall 

and geometrically complex structural framing systems. The rigorous numerical method 

and the practical procedure developed in this research incorporate all time dependent 

parameters illustrated in Figures 1-5 to 1-7.  Figure 1-5 illustrates the variation of 

Young’s Modulus of concrete with time, and Figure 1-6 shows the time variation of  the 

stress and  the (creep, elastic and shrinkage) strains in a concrete element respectively. 

Figures 1-7a and 1-7b depict typical load time histories of self weight and superimposed 

dead loads, and the static and fluctuating live loads respectively.  
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  Figure 1-5: Variation of Young’s Modulus  with time  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-6: Time variations of stress and strains in concrete 
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   (a)      (b)  

  

Figure 1-7: (a) Construction load time histories and (b) load time histories after the 

construction, for a typical element. 

  

Vibrating wire, external mechanical and electronic strain gauges can be used to measure 

axial shortening in order to verify the pre estimated values used at design stage result in 

mitigate the adverse effects of differential axial shortening. These gauges are placed on 

or in elements during construction in order to acquire continuous measurements during 

construction and service stages. The protection of the gauges that are used in laboratory 

environments requires a degree of care and precision that is difficult to achieve on a 

construction site. More details on these gauges are discussed in Chapter 2. 

 

1.3 Objectives 

The main objectives of this research are to: 

 Develop a numerical method incorporating time dependent parameters to predict 

during design the axial shortening of column and core shear wall components of 

concrete buildings that will occur during construction and service life.  

 Develop a post construction monitoring procedure that incorporates time 

dependent behavior to quantify axial shortening using ambient measurements of 

vibration characteristics.  

These developments are based on the assumption, that the Young’s Modulus of 

concrete at the incremental load application during the construction is constant. 
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Additional objectives are to: 

 Incorporate the influence of time dependent parameters such as construction 

sequence, creep, shrinkage, time varying Young’s Modulus of reinforced 

concrete into the developments 

 Examine influence of belt and outrigger systems on axial shortening  

 Develop Dynamic Stiffness Matrixes (DSM)s of a beam/column, a shear wall 

elements and structural framing systems with load transferring elements   

 Develop a relationship between axial deformations (elastic shortening) and 

vibration characteristics  

 Assess effectiveness of the developments through illustrative examples 

 

The numerical method and the vibration based practical procedure developed in this 

research will be through dynamic computer simulations using Finite Element (FE) 

techniques. According to available options in the software, time dependent parameters 

such as the Young’s Modulus of reinforced concrete, time dependent load application, 

creep and shrinkage, are incorporated into the analysis using pre-processing and post-

processing methods. 

  

1.4 Research Problem 

Differential axial shortening is more pronounced with increasing height as well as 

geometrical complexity of buildings. The available numerical methods are limited to a 

few parameters and not adequately rigorous to capture complexity of true time 

dependent material properties as well as load migration. Quantifying differential axial 

shortening through ambient vibration measurements using strain measuring instruments 

is not common in construction practice due to unreliability and practical difficulties 

experienced with implementation. The research is hence conducted to develop a rigorous 

numerical method and a convenient procedure based on vibration characteristics to 

measure and monitor actual performance of building structures during and after 

construction. 
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1.5 Significance and Innovation of Research 

Planning is underway worldwide for the construction of geometrically complex high rise 

buildings. Differential axial shortening of vertical members and its consequent adverse 

effects on these buildings have been identified as a major concern. Based on the 

information presented in the above sections, it is evident that there is a need to develop a 

comprehensive numerical method and a convenient practical procedure to quantify and 

measure axial shortening. These developments will be innovative as they will take the 

following important parameters into consideration (i) load time histories associated with 

the construction process, (ii) time varying values of Young’s Modulus of reinforced 

concrete (iii) creep, shrinkage models that account for variability resulting from 

environmental considerations and (iv) non linear material response. In addition to these 

parameters, the procedure for post construction measuring and  monitoring will be based 

on the vibration characteristics of the structure during construction and service life of the 

building. These developments are comprehensive as they can incorporate a wider range 

of behavioural influences such as time dependent, non-linear material response and load 

applications, load migration and axial load variations. The method can be applied to any 

type of structure that uses concrete as a primary construction material without 

limitations. Special capabilities of these developments will be addressed using 

illustrative examples.       

 

1.6 Outline of the Thesis 

Chapter 1 – Introduction 

Background information, research problem and its significance as well as innovation are 

described in detail. Aims and objectives of the research is presented. 

 

Chapter 2 - Literature review 

Problem of axial shortening in tall buildings and design methods used in actual 

buildings, creep, shrinkage and elastic deformations and their governing factors are 

discussed. Phenomena governing differential axial shortening and its adverse effects are 

also discussed. Interactive behaviour of structural framing systems with belt and 
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outrigger systems  due to differential axial shortening  is demonstrated. Existing 

methods used to quantify axial shortening and their limitations are reviewed.  

 

Chapter 3 – this chapter presents a developed numerical method to quantify the axial 

shortening. Unique capabilities of the development such as capturing influences of load 

migration and axial load variations are demonstrated through an illustrative example.  

 

Chapter 4 presents development of dynamic stiffness matrices of -axially loaded beam 

element representing a column and a structural frame comprising the similar elements.. 

The relationship between the axial deformation and vibration characteristics is 

developed through a novel vibration based parameter called Stiffness Index (SI) Which 

is capable of  capturing influence of the boundary conditions, load migration and  axial 

load variation. The method is illustrated with  examples.  

 

Chapter 5- demonstrates developments of dynamic stiffness matrices of plate elements 

and a structural framing system comprising core shear walls in order to examine the 

influence of axial deformation on vibration characteristics. Capabilities of the vibration 

based parameter, Stiffness Index (SI) introduced in Chapter 4 are further interrogated 

using the structural framing systems.   

 

Chapter 6 describes enhancement of SI presented in Chapters 4 and 5 in order to 

develop a procedure to quantify axial shortening during construction and service  life of 

buildings using ambient vibration data. Unique features in the developed method are 

illustrated through numerical model of a geometrically complex high rise building with 

outrigger and belt systems.  

 

Chapter 7 summarises the thesis providing main conclusions and practical applications 

of the developed methods. 
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2 LITERATURE REVIEW 
 

Columns and core shear walls of high-rise buildings are constructed in concrete with any 

one or a combination of conventional steel bars, structural steel sections and tubular 

encasing steel. These key structural members are subjected to axial shortening caused by 

a combination of creep, shrinkage and elastic effects that increase with building height. 

At Present rigorous numerical techniques are not available to design engineers to 

reliably quantify the non-linear and time dependent impact of creep, shrinkage and 

elastic strains on axially loaded structural members that use concrete as a primary 

construction material in high-rise buildings. Quantification of axial shortening at design 

stage of high-rise buildings with composite members is hence based on scaled well 

established numerical models of reinforced concrete. Further studies to improve these 

scaled models to capture the true behaviors of the composite action have been 

recommended in recent research work (Uy, 1998; Uy & Das, 1997). Methods proposed 

in this thesis are hence based on the well established material models of reinforced 

concrete using conventional bar reinforcements. The fundamental principles and 

computational techniques developed in this research work can be applied to structural 

components that are reinforced with structural steel encased in concrete or tubular 

structural steel filled with concrete. One other aspect that requires due consideration is 

the inability to validate the findings through a process of monitoring performance of tall 

buildings during and after construction. Experimental testing of components under 

laboratory conditions cannot simulate the true behaviour of large and complex 

component systems in the open environment. Techniques available for field 

measurements and monitoring have not been feasible due to practical implementation 

problems (Boonlualoah, Fragomeni & Loo, 2005). 

 

(Kim & Cho, 2005) predicted and measured axial shortenings of two reinforced concrete 

core walls and four steel embedded concrete columns (composite columns) in a 69 

storey building. Axial shortenings of these composite columns were predicted using the 

numerical models of reinforced concrete with limitations. This study recommended 

further studies to develop a method to quantify axial deformations of composite columns 

with high steel ratios.  
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Columns of Taipei 101 tower, which is the second highest building in the world, was 

designed and constructed in steel box section filled with high strength concrete. The 

composite action between concrete and steel plates of the steel section impacts on 

elastic, creep and shrinkage strains and hence this impact was incorporated into the 

design procedure (Shieh, Cang & Jong, 2010).  

 

Baker, Korista & Novak (2008) presented quantification of axial shortening of Burj 

Khalifa Tower in the UAE using 15 separate three dimensional finite element analysis 

models. Each model represents a discrete time steps during construction and time 

dependent load application and stiffness change of concrete were employed into the 

models at the time steps. The compensation methodology was employed to mitigate the 

adverse effects of differential axial shortening. The main drawback of this quantification 

procedure is that due to the wide discrete time steps considered during the axial 

shortening quantification, capturing accurately the variations of time dependent creep, 

shrinkage, concrete stiffness and load application incorporating non vertical load paths 

resulting from stiff shear walls of outrigger and belt systems and the geometrical 

complicity at the intermediate construction stage is questionable. It is well known that 

after the opening this tower, it was not occupied around two weeks due to failure of the 

lifts. This may be a result of adverse effects of differential axial shortening.  

 

Luong et al (2004) demonstrates quantification of differential axial shortening at the 

design stage and strategies used to control the adverse effects of differential axial 

shortening of two international financial center, Hong Kong. The packing shims at the 

contact surfaces between the outrigger and the mega columns were employed to 

minimize the massive forces and moments generated due to differential axial shortening 

between these structural members. However, this strategy is unable to control the 

detrimental effects such as tilting floor plates, and distortion and deformation of non 

structural components and services. (Shahdapuri, Mehrkar-Asl & Chandunni, 2010) 

presented a method used to quantify axial shortenings of mega composite columns and 

cores of A1 Mas tower. This method was based on material models of reinforced 
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concrete in ACI codes. Capturing the true behaviour of creep, shrinkage and elastic 

shortenings of the composite members using this implemented method is therefore 

uncertain. Moreover, Laser equipments were proposed to measure axial shortenings of 

the columns and the core shear walls during and after the construction.  Jin Mao tower is 

an 88 storey building comprising mega composite columns and a reinforced concrete 

core. These key load bearing members are connected by several outrigger and belt 

systems at certain locations. It is necessary to quantify axial shortenings of these key 

members incorporating effects of non vertical load paths resulting from the belt and 

outrigger systems since these load paths impact significantly on axial shortening.  

 

(Uy, 1998) studied the effects of composite action on creep and shrinkage strains and 

concluded that these strains are low than those of reinforced concrete members because 

of the confinement effects. This study also presented the factors limited to three concrete 

strengths and these factors can be used to predict the creep strain of the composite 

members comprising the limited concrete strengths.          

 

As a primary material, concrete governs the behaviors of the key members of buildings 

and their axial shortening. Concrete is subjected to time dependent deformations and 

distortions after being placed which govern life time serviceability and performance of a 

structure during its life as stated in the introduction.  

      

2.1 Deformation of Concrete 

Firstly, concrete undergoes shrinkage soon after being poured, if moisture is allowed to 

transfer to the environment. Shrinkage is independent of load and depends on the quality 

of concrete. Secondly, concrete undergoes a further deformation which depends on the 

load present. This is known as creep which is both load and time dependent (Neville, 

2005).  

 

The total strain in a concrete member, )t,t( 0total , at any time, t(days) after loading at 

time t0 (days) can be expressed as  
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)t,t( 0total = )t,t( 0Elastic + )t,t( 0Creep + )t(Shrinkage
      (2.1)

 

 

Where the elastic strain, )t,t( 0Elastic  and the creep strain, )t,t( 0Creep  depend on the time 

that loading took place. The shrinkage stain, )t(Shrinkage depends on the time that drying 

started. Figure 2-1 depicts time variations of stress and strains in concrete. 

 

 

 

 

 

 

 

 

 

Figure 2-1: Time variations of stress and strains in concrete 

 

Figure 2-1 illustrates that immediately after concrete sets or at the end of moist curing, 

the shrinkage strain begins to develop and continues to increase at a decreasing rate. 

Meanwhile, stress applied at time (t0) causes a sudden increment in the strain diagram. 

This strain is called instantaneous strain which also follows an additional increase in 

strain due to creep.  

 

2.2 Elastic Deformation 

2.2.1 Definition 

Elastic strain )t,t( 0Elastic  occurs immediately on application of stress and depends on 

the magnitude of the stress, the rate at which the stress is applied, and on the age of 

concrete (Young’s Modulus) (Neville, 2005). 

2.2.2 Influencing Factors 

The moduli of elasticity of concrete vary with strength. Several factors govern strength 

and the modulus. The water cement ratio is the most dominant factor since when 
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increasing the water cement ratio, the modulus deceases significantly. Aggregate 

properties also affect the modulus. When increasing the modulus of aggregates, the 

modulus of concrete increases.  Figure 2-2 demonstrates the stress Vs. strain variation of 

aggregate, cement and concrete (Fintal,Ghosh & Iyengar,1987). 

 

 

 

 

 

 

 

 

Figure 2-2: The stress Vs. strain variation of aggregate, cement and concrete 

(Fintal,Ghosh & Iyengar,1987) 

 

 

2.2.3 Elastic Modulus of Concrete 

The modulus of elasticity or “Young’s Modulus” reflecting the capability of concrete to 

deform elastically is a very important mechanical property. The modulus of elasticity is 

defined as the slope of the stress strain curve within the proportional limit of a material 

(Liu, 2007). Figure 2-3 illustrates the stress-strain plot of a concrete member subjected 

to loaded and unloaded conditions. 

 

 

 

 

                                   

 

 

 

 

 

Figure 2-3: Representation of the stress-strain relationship for concrete (Liu, 2007) 

 

 



33 

 

 

The most commonly used value in structural designs is the secant modulus (static 

modulus), which is defined as the slope of the straight line drawn from the origin of axes 

to the stress-strain curve at some percentage of the ultimate strength. This modulus is 

used to design structures subjected to static loads (Liu, 2007). 

 

Since no portion of the stress strain curve is a straight line, the method of determining 

the modulus of elasticity is to measure the tangent modulus (dynamic modulus), which 

is defined as the slope of the tangent to the stress-strain (where the curve is non-linear). 

This modulus is used to design structures subjected to dynamic loadings (Liu, 2007). 

 

2.3 Shrinkage Deformation 

2.3.1 Definition 

Shrinkage is independent from the load applied and only occurs due to the loss of water 

during the dehydration process. The converse of shrinkage is swell age, which denotes 

volumetric increase due to moisture gain in the hardened concrete. This is because the 

cement gel either shrinks or expands with its volume. Additionally, shrinkage 

phenomenon takes place in fresh as well as in hardened concrete and hence this 

phenomenon can be categorized into two groups; drying and plastic. Shrinkage 

occurring before the concrete hardens is called “plastic shrinkage” while shrinkage 

occurring after the concrete hardens is called “drying shrinkage” (Fintal & Fazlur, 

1987). 

 

2.3.2 Influencing Factors 

Shrinkage is affected by all the factors which affect the drying of concrete so that it 

depends on environmental conditions. Additionally, the aggregate controls amount of 

shrinkage since increment of the aggregate content reduces shrinkage and shrinkage is 

small when stiffer aggregate is used. i.e. aggregate with higher elastic modulus (Liu, 

2007).  
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The water-cement ratio influences enormously on shrinkage. This ratio is directly 

proportional to shrinkage due to the fact that strength of concrete and its porosity depend 

on a large extent on the water-cement ratio. The higher this ratio (more porous concrete) 

therefore assists to increase the moisture interchange between concrete and the ambient 

condition and higher water content reduces volume of the restraining aggregates (Fintal, 

Ghosh & Iyengar, 1987). 

      

The environmental condition affects magnitude of shrinkage. High relative humidity 

decreases shrinkage. The magnitude of shrinkage is governed by several factors such as 

surface area of concrete member exposed to the environment, temperature, wind velocity 

and bond between reinforcements and concrete. The water in the concrete member 

evaporates from the exposed area to the environment so that when raising this area, 

amount of shrinkage also amplifies. Shape and size of the concrete member therefore 

control shrinkage. Additionally, factors such as temperature growth and amplification of 

wind velocity accelerate the drying and evaporation respectively and hence leads to high 

shrinkage. Shrinkage decreases slightly when increasing confinement effects between 

reinforcements and concrete (Fintal, Ghosh & Iyengar, 1987). 

 

2.4 Creep Deformation 

2.4.1 Definition 

Creep continues with time under the sustained stress. Creep associates with shrinkage 

since several governing factors common for both phenomena occur simultaneously. 

Creep phenomenon can be categorized into two groups; basic and drying. Basic creep 

takes place under conditions of no moisture movement between the environment and the 

concrete. Drying creep is an additional creep caused by drying. However, this distinction 

is not considered in practice and creep is simply considered as a time- dependent 

deformation under load in excess of shrinkage (Neville, 2005). 

 

A concrete structural member can deform freely under a permanent constant stress with 

the influence of creep. As a result, creep problems involve the calculation of 

deformations under a known sustained stress history. Alternatively, if the free 
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development of deformation due to creep is suppressed, the original stress is reduced. It 

means that relaxation takes place. The relaxation problems hence involve the 

deformation of stress at any time under specified conditions of strains or deformations. 

However, in reinforced concrete structures, it is impossible to explore situations which 

are categorically separated into either creep or related problems. Pure creep is not 

achievable as internal restrain is provided by the reinforcement, while real support 

conditions provide significant external restraint. In addition, pure relaxation is 

unachievable since the members are seldom restrained completely so that no 

deformation of concrete is possible. Concrete members in buildings are therefore 

subjected to a combination of both creep and relaxation (Elnimeiri & Joglekar, 1989). 

 

2.4.2 Original Mechanism 

Creep commences with hardening cement paste which consists of solid cement gel 

containing numerous capillaries. The cement gel is made up of colloidal sheets of 

calcium silicate hydrates separated by spaces containing absorbed water.  Creep is 

thereby a paste property and aggregates in concrete serve to act as a restraint. Many 

theories have been proposed to describe the mechanism of creep in concrete (Neville, 

2005).  

 

The internal mechanism of creep takes place due to any one or combination of 

followings (Neville, 2005). 

 

01. Sliding of the colloidal sheets in the cement gel among the layers of absorbed 

water (viscous flow). 

02. Flow of water out of the cement gel due to external load and drying. 

03. Elastic deformation of the aggregate and the gel crystals as viscous flow and 

seepage occurs within the cement gel 

04. Local fracture within the cement gel involving the breakdown of physical bonds, 

micro cracking and closing of internal voids. 
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Concrete with high shrinkage performs high creep. This does not mean that these two 

phenomena occur due to the same causes, however, they associate with the same 

structure of hydrated cement paste. 

 

2.4.3 Influencing Factors 

Magnitude of creep and its rate of development are influenced by many factors 

depending on properties of concrete, environmental and loading conditions. The 

individual factors interrelate and affect not only the final magnitude of creep, but also its 

development.  These factors are described as follows (Fintal & Fazlur, 1987). 

  

 Age of concrete at loading 

The magnitude of creep depends on age of concrete at instant of loading or more 

precisely on the degree of hydration at first loading. Creep will be low when concrete is 

loaded later.       

 

 Strength of concrete 

Strength of concrete is inversely proportional to magnitude of creep. Creep depends on 

factors such as the water-cement ratio and the cement type as these factors associate 

with strength of concrete. 

 

 Ambient Conditions 

Creep behaves differently for the factors which affect drying. Creep increases, once 

environmental humidity decreases. Also, temperature growth helps to amplify creep 

since deformability of cement paste is increased by an increased temperature and drying 

is accelerated. 

 

 Aggregate type and volume 

Amount of creep depends on size and stiffness of the aggregate content. If the size and 

stiffness are very high, creep reduces dramatically. Increasing the content of aggregate 

also reduces creep. 
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 Cross sectional dimensions of structural members. 

The most important factor is the area exposed to the environment because of the 

moisture movement to the environment .Creep is directly proportional to area of 

concrete member. Size of the concrete member such as surface to volume ratio controls 

creep development which means that actual shape of the member is insignificant. 

 

 Magnitude of stress 

Creep depends on the stress level of loaded concrete member. When the sustained stress 

is less than about one half of the compressive strength of concrete, the creep strain is 

directly proportional to the stress level. This is called “Linear Creep”. At higher stress 

levels (i.e. higher than 0.5 fc’ where fc’= characteristic strength of concrete) creep 

increases rapidly and becomes nonlinear with respect to stress. In practice, compressive 

stress rarely exceeds 0.5fc’ in concrete members in buildings under loaded condition so 

that the creep is direct proportional to the stress. 

 

 Reinforcements of structural member. 

Stress is directly proportional to creep strain as described earlier. Stress of reinforced 

concrete member transfers to reinforcements and hence the higher reinforcement ratio 

reduces creep and vice versa. Columns and core shear walls in high rise buildings 

comprise 2-4% reinforcement ratio and these reinforcement ratios govern their creep 

strains noticeably. 

 

2.5 Axial Shortening 

Combination of axial creep, shrinkage and elastic shortenings causes axial shortening. In 

high rise buildings, perimeter columns tend to be more heavily stressed compared to 

shear walls of internal core. These perimeter columns thereby tend to deform axially at 

higher rates compared to the shear walls. This leads to differential axial shortening 

(DAS) between the columns and shear walls. DAS increases with building height and 

non vertical load path as a result of geometric complexity of structural framing systems 

and causes serviceability related problems; impacting on floor flatness, load 
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redistribution and cracking. Axial shortening is influenced by several variables as 

outlined in Figure 2-4. 

 

 

 

 

 

 

Figure 2-4: Components of axial shortening 

 

Accurate prediction and management of axial shortening in buildings help to minimize 

potential problems as described earlier. Proactive measures can be made in optimizing 

building layout to limit differential axial shortening.  However, it is not always practical 

when considering architectural and constructional constraints. Allowance can be made 

for additional stress induced for strength requirements. Serviceability can also be 

improved by pre-stressed slabs in tall buildings. Effective prediction of the shortening 

requires the use of appropriate analysis models and assumptions including consideration 

of both structural and material modeling.  

 

Engineers predict DAS using different methods and none of them are comprehensive 

enough to capture complexities of modern high rise concrete buildings, such as load 

migration during and after construction, load –time histories, and outrigger and belt 

systems. Most of these methods are based on discrete models of an member and or 

building representing few stages of the construction and the field measurements acquired 

during the limited time frame. Consequently, these methods are unable to capture the 

time dependent load migration resulting from structural geometric complexities 

highlighting that there are no widely accepted rigorous procedures and guidelines in 

design codes suitable for quantifying axial shortening of geometrically complex new 

generation high rise buildings. Some of studies conducted to examine the axial 

shortening are outlined as follows. 

.  
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Pfeifer et al (1970) determined the axial shortening of load bearing members of a 70 

story building and allowed gaps in the construction to mitigate adverse effects of 

differential axial shortening. Elnimeiri & Joglekar (1989) developed a procedure to 

predict the long-term deformations of reinforced concrete columns, walls and composite 

columns. This procedure includes the effects of concrete properties, construction 

sequence and loading history. Ghosh (1997) presented the outcome of calculated axial 

shortenings of load bearing members of the 80 story Jin Mao Tower, Shanghai and 

recommended a few structural modifications which need to be incorporated into the 

design procedure in order to mitigate detrimental effects of differential axial shortening. 

Using this procedure, the Differential Axial Shortening (DAS) effects for three high rise 

buildings in Chicago are designed and six years of field measurements of the column 

shortenings are compared with the predicted values. Baker, Korista & Novak (2007) 

presented a design procedure for the Burj Tower, the world’s tallest building in which a 

procedure for calculating the axial deformation of vertical load bearing members was 

incorporated. This involved 15 separate three dimensional finite element models, each 

representing a discrete time during construction, to calculate axial shortenings of 

members. 

 

2.6 Quantify the Axial shortening using Ambient Measurements  

Measuring shortenings of columns and shear walls of cores to verify the predicted levels 

of shortening is an acceptable method. Russell & Corley (1997) presented outcomes of 

axial shortening measurements of Water Tower Place, a 75 storey reinforced concrete 

building in Chicago. Axial shortenings of selected vertical load bearing members at six 

levels of the building were measured using mechanical strain gauges during the first 

three years of a five year project and effects of differential movements on the strength 

and serviceability of the structure were examined.  

 

Beresford (1970) studied suitable measuring instruments to quantify the axial 

shortening. In this study, the instruments were categorized into two main groups such as 

macro and micro based on their real potential to capture the axial shortening. Macro 

scale measuring instruments are virtual scales, optical leveling, liquid manometers and 
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displacement gauges. Micro scale measuring instruments are manual strain, acoustic 

strain, electrical resistance strain, hydraulic stress and photo elastic stress gauges. This 

study also identified that obtaining accurate in-situ measurements is a inconvenient 

activity since these measurements depend on environmental conditions and the 

construction process concluding that “a great deal of practical data on long-term 

shrinkage behavior and effects in buildings is required so that theoretical methods can be 

accurately applied at the design stage” Beresford (1970). 

 

External mechanical strain, vibrating wire and electronic strain gauges are used to 

measure axial shortening in the fields. These gauges are embedded on or in the concrete 

members, although this may not be the most effective due to the fact that deploying and 

protecting of these gauges are uneconomical and inconvenient (Carreira & Poulos, 

2007). 

 

The most well established gauges used in the fields to measure axial shortening are 

described as follows. 

 

2.6.1 Vibrating Wire Gauge 

Bakoss, Burfitt & Cridland (1977) investigated the suitability of vibrating wire gauges to 

measure axial shortenings of structural members. The operation of this gauge is based on 

magnetic and electrical concepts. Figure 2-5 shown below is a typical view of the wire 

gauge. 

 

 

 

 

 

 

 

 

 



41 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-5: A vibrating wire gauge (Bakoss, Burfitt & Cridland, 1977) 

 

Basic theory behind of vibrating wire gauge operation is that an electric impulse causes 

the electromagnet to pluck the wire and hence the frequency of the resulting free 

vibration of the wire can be measured. The coil of the electro magnet can also be used as 

a resistance thermometer. When the end plates of the gauge undergo relative 

movements, strain of the wire produces a change in the frequency of the wire. 

Consequently, this frequency change can be used to quantify the relative strains so that 

the axial shortening at a certain time can be evaluated by multiplying the obtained strain 

measurements and height of the member (Bakoss, Burfitt & Cridland, 1977). 

 

2.6.1.1 The use of Briquette Gauges 

Vibrating wire gauge should be embedded in members during its construction. This 

gauge is therefore placed into a small briquette of concrete before installation to protect 

from immersion vibrators, so that normal pouring and compacting procedures can be 

used. The shape of the briquette enhances its bonding to the encasing concrete and to 

minimize the formation of voids beneath the briquette. Figures 2-6 and 2-7 shown below 

illustrate the gauge with a briquette and the location of the gauge placed in a structural 

member respectively while Figure 2-8 depicts vibrating wire gauges prior to use. 
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Figure 2-6: A briquette for vibrating wire gauge (Bakoss, Burfitt & Cridland, 1977) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-7: A typical view of the detailed of reinforced column with the location of 

the Vibrating Wire gauge  (Bakoss, Burfitt & Cridland, 1977) 
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Figure 2-8: Vibrating wire gauges prior to installation (Implementation program 

on high performance concrete,2008) 

 

Bakoss, Burfitt & Cridland (1977) also investigated the accuracy of strain readings from 

vibrating wire gauge comparing with strain measurements from resistance strain gauges 

attached to reinforcement or surface and from demountable mechanical gauges applied 

to the surface. The errors caused by temperature changes can be made insignificant for 

practical purposes, or can be estimated. Furthermore, this study explored that reliability 

of the readings is unaffected by distance of the gauge from the reading instrument 

concluding that remote monitoring or logging is not affected. 

 

A comprehensive field study was carried out at New South Wales University of 

Technology, Australia to determine axial deformations of columns in a reinforced 

concrete building (Cridland etal, 2007 ; Cridland, Heiman & Burfitt,1973). Strains of the 

concrete columns in a medium rise building were measured at three levels using 

vibrating wire gauges. Meanwhile, the column deformations were measured by precise 

leveling. Several laboratory experiments relevant to creep and shrinkage were conducted 

to verify the proactive measurements. These measurements were then compared with 

calculated value from the ACI code. Outcome depicted a good agreement on accuracy of 

the data from the code and the laboratory tests while highlighting appreciable 
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differences between shrinkage and creep strains measured in the laboratory and those 

from the ACI code provided method.   

 

2.6.2 External Mechanical Strain Gauges 

Long term surface strain like axial shortening can be measured using external 

mechanical strain gauge as well. The distance between two points on the concrete 

surface is compared with the length of a standard reference bar used as the reference. 

Use of this gauge involves the installation of special points on the concrete surface 

which is labor intensive, and cannot be used effortlessly with an automated data 

acquisition system. It is particularly suitable for measurements of strand transfer length 

and as back up for long-term strain measurements by other means. The sensitivity of 

Mechanical Strain Gauge measurements is occasionally insufficient to provide reliable 

data. Measurements of concrete surface temperatures and standard reference bar 

temperatures also require when using mechanical strain gauge. The frequent 

comparisons with the reference bar are also needed to maintain accuracy of this method 

(Carreira & Poulos, 2007). 

 

External Mechanical Gauge comprises the installation of brass knobs on concrete 

surfaces after form work removal. The gauge length is  508 mm. The installation does 

not interfere with the placing of concrete. However, brass knobs on concrete surface can 

be damaged or removed accidentally during the construction, or covered by column 

finishing when progressing the construction process. To minimize such damages, they 

are placed flush with the concrete surface in a drilled hole and bonded with epoxy. The 

number of strain readings is usually small and accessibility may be limited or impossible 

with the time. External mechanical gauge is embedded on the surface of the measured 

concrete columns so that the readings may include extreme fiber strains induced by load 

eccentricity and by temporary or seasonal temperature and moisture changes (Carreira & 

Poulos, 2007). Figure 2-9 demonstrates a typical view of the gauge being used. 
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Figure 2-9: A typical view of a mechanical gauge being used to measure transfer 

length in a pre stressed concrete girder (Implementation program on high 

performance concrete,2008) 

 

Several field studies have been conducted using External Mechanical gauges. The field 

study conducted by Donald, et al (1980) on a 70 storey building is very comprehensive. 

Time dependent shortening of concrete columns and core walls of the structure were 

measured. Meanwhile, laboratory tests were performed to determine creep and shrinkage 

properties of the concrete mixes for the columns and the core walls. External 

Mechanical Strain gauges were used to measure axial shortening at 27 different levels of 

interior columns and core walls. This  study concluded that “ in the design of a building 

where the structural system indicates that differential shortening require to be 

considered, the range in material properties should be determined (preferably by 

laboratory tests on concrete mixes to be used) and the subsequent range of differential 

shortening should be calculated”(Donald et al,19 0).  

  

Russell & Corley (1978) measured axial shortenings of vertical load bearing members of 

the high rise concrete building, Water Tower Place, a 75-storey building, located 

Chicago, Illinois using External Mechanical Strain gauges. In this study, the 

measurements were acquired at the six levels selected to provide measurements for each 

of the different concrete strengths. Air temperature and concrete surface temperature 
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were recorded for every strain reading. Laboratory test of concrete from the field were 

performed in order to calculate the creep, shrinkage and elastic deformations.  

 

2.6.3 Electronic Strain Gauge 

This gauge is embedded at the center of columns and shear walls. As a result, this gauge 

does not have the limitations as of external gauges, and can be wired to a central 

automatic collection panel for data recording. Implementing these gauges is initially 

more expensive than the exterior gauges since they require embedding in concrete 

members. Additionally, concrete placement in the members requires extra precautions to 

avoid damage from vibrators and falling concrete from form work. Electronic strain 

gauges were successfully used since the construction of large dams in the 1930’s and 

more recently in laboratory testing of structural members and in nuclear containments. A 

dual system comprising external mechanical strain gauges and embedded electronic 

strain gauges is recommended for measuring axial shortening (Carreira & Poulos, 2007). 

 

Beresford (1970) studied the suitability of Electronic Strain gauges to measure axial 

shortening and identified that the use of a precision level with targets located at a 

designated elevation on columns is another useful tool to determine differential axial 

shortening between columns and shear walls at a certain floor. This study also reported 

that a total station can also be utilized to relate the absolute differences in height in 

adjacent floors with the necessary target points. These measuring methods become even 

more problematic as construction progresses and architectural members commence to 

cover the structural members. Measuring axial shortening should therefore be discussed 

with the entire project team prior to start of construction and pricing of the structure. The 

installation, measurements, documentation and interpretation of the strain data are 

responsibility of an independent testing agency hired by the Owner and reporting to the 

Architect/Engineer. 

 

Based on the above, embedding Vibrating Wire, External Mechanical Strain and 

Electronic Strain gauges on or in the structural members to acquire continuous 

measurements and protecting them during and after construction stages are inconvenient 
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and uneconomical highlighting the need of a comprehensive convenient 

procedure/method to quantify axial shortening using ambient measurements.  

 

2.7 Vibration Measurements 

Accelerometers used to estimate the modal parameters can be installed on structural 

elements more convenient than the gauges above. Presently, use of these parameters to 

assess health and or performance and to validate the numerical model of structure is 

increasingly popular. Ellis & Ji (1996) conducted a broad study to establish the dynamic 

characteristics of a building during and after its construction. The study was carried out 

using a reasonably large building model to simulate its behaviour. The aims of that study 

were to provide information on the dynamic characteristics at different construction 

stages of the building and to understand the behavior of structural components under 

dynamic excitations such as wind, traffic loads, and earthquakes. Using both a long-

range laser interferometer and accelerometers, the dynamic characteristics of the 

laboratory model at several selected construction stages were studied under free and 

forced vibrations. Meanwhile, finite element analysis was carried out for each 

construction stage and the results were compared with the experimental results and 

achieved a satisfactory agreement. Damage assessment of structural members in a seven 

story building after the earthquake was performed using ambient vibration 

measurements by Ivanovic et al (2000) and outcomes provide a guide for future 

implementations of recording systems in buildings. This study also highlighted that 

ambient vibration measurements are more convenient since they can be acquired using 

light equipments and few operations.  Ambient Vibration Test (AVT) on the Republic 

Plaza, one of the tallest buildings in Singapore, was conducted over two years from the 

commencement of construction to the service stage.  Sensors such as accelerometers, 

GPS (Global Position System) and strain gauges were deployed on the structure to 

examine its behaviour during and after construction. Meanwhile, Finite Element (FE) 

models were developed applying micro and macro model updating methods and were 

analyzed to simulate the construction and service stages. The comparison study between 

results from the FE analysis and the ambient measurements showed a satisfactory 

agreement (Brownjohn, Pan & Deng ,2000). Ventura et al (2003) conducted ambient 



48 

 

vibration tests on a base-isolated building in Japan in order to investigate its dynamic 

response characteristics under low excitation. The natural frequencies and mode shapes 

of the building in the longitudinal, transverse and tensional directions were determined 

to calibrate finite element model of the building. Li et al (2004a, 2004b) reported that 

measured dynamic characteristics facilitate to understand the real structural behavior 

especially for modern tall buildings under wind action due to the fact that many critical 

phenomena can be investigated by full scale experiments only. Additionally, these 

measurements are very useful to calibrate numerical model of building. Kanwar et al 

(2008, 2010) identified damages of building models using Damage Index method 

associated with vibration characteristics. Different limits for Damage Index were defined 

based on the damages. This method was then applied to a real building to examine 

accuracy of the defined limits. Results depicted that Damage Index method with its 

limits can be used to identify damages of structures successfully.  This research also 

emphasized that ambient vibration characteristics can be employed to locate damages of 

structures successfully after subjected to natural hazards.  

 

Olmer (1980) presented the development of an innovative vibration measuring gauge 

called “Pick-up”. These gauges were installed on a 16 story building in order to measure 

its dynamic response. Results show that Pick up(s) have an ability to extract smaller 

natural frequencies (ranging from 0.2Hz) and modal vectors (modal displacement 

ranging from micro meter) which are more accurate than those obtained from present 

instruments such as GPS and accelerometers. This study concluded that accurate 

ambient vibration measurements of building structures can be acquired conveniently and 

accurately.  

 

The practical procedure developed in this research will depend on modal parameters. 

Quantification of axial shortening is hence more convenient than methods associated 

with vibrating wire, external mechanical strain and electronic strain gauges. Another 

benefit of this development is that these modal parameters can be used to assess heath 

and performance of structure. 
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2.8 Structural System 

Geometrical complexities of high-rise buildings are increasing dramatically. Regular 

classification of high-rise buildings with respect to their structural system is difficult. 

However, general classification as listed below can be made with respect to 

effectiveness in resisting lateral loads. 

 Moment resisting frame systems 

 Braced frame, shear wall systems 

 Belt and outrigger and shear wall systems 

 Tubular system 

 Framed tubes 

 Trussed tubes 

 Bundled tubes 

 Hybrid systems that combine advantages of different structural and material 

systems (Buyukozturk & Gunes,2008). 

 

Figure 2-10 illustrates how these systems can be utilized according to their 

effectiveness in resisting lateral loads. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-10 : Classification of structural systems based on their effectiveness in 

resisting lateral loads (Buyukozturk & Gunes,2008)  
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2.8.1 Belt and Outrigger Systems 

Outrigger and belt systems are relatively stiff framing systems connecting the shear 

cores and mega perimeter columns to enhance resistance to transient lateral force 

induced by wind and earthquakes. These systems reduce lateral deflection and the base 

overturning moment in the core and are introduced into building frames at various 

intervals ranging from 10-25 floors to allow the building to regain its stiffness after a 

significant load enhances with height. Outrigger and belt systems can be several stories 

deep connecting between cores and mega perimeter columns so that they assist to 

increase the bending rigidity and shear resistance. Mechanical plant floors are an ideal 

location for installation of outrigger and belt systems in high-rise buildings. These stiff 

framing systems also control the relative movement between the structural elements and 

hence reduce the differential axial shortening. Several buildings with this type of stiff 

framing systems have been built during the last three decades especially in America, 

England, Australia and Dubai. . Introducing these systems into buildings has become 

very common in design practice today. Figure 2-11 demonstrates a schematic diagram of 

outriggers located in a building.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-11 : A schematic diagram of outriggers located in a building. 
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Gibbons, Lee & MacArther (1998) examined impact of outrigger and belt systems on 

differential axial shortening and concluded that jacking and shim packing would be 

implemented at connections which are between outrigger systems and the perimeter 

columns, effectively allowing the differential axial shortening between the core and the 

mega perimeter columns to occur during construction without developing additional 

significant shear forces and bending moments in these systems. This approach reduces 

influence of extreme stresses developed due to differential axial shortening between the 

core and the perimeter columns. After a majority of the relative movements/differential 

axial shortening occur, the connections are then to be permanently fixed. However, 

during the above procedures, the core and the perimeter columns are not connected so 

that lateral load capacity of the building is very low. This is a significant issue when the 

structure is subjected to considerable lateral forces from the natural or manmade events 

such as earthquakes, hurricanes, blasts etc. Such a situation occurred during construction 

of the Taipei 101 tower, which is the second tallest building in the world (Taipei 101, 

2008). During construction of the tower (at 2.52 p.m, 31st March 2002), it was subjected 

to an earthquake with a magnitude 6.8 in Richter scale. The tower was undamaged while 

significant damages occurred in temporary works when a crane at the top crashed down 

killing 2 people. Another disadvantage of  above procedure introduced by (Gibbons, Lee 

& MacArther, 1998) is that differential axial shortening between perimeter columns and 

core shear walls becomes more pronounced and impacts significantly on life time 

serviceability and performance of the structures, when these structural members are not 

connected through outrigger and belt systems which control the differential axial 

shortening of those members.   

 

Gibbons, Lee & MacArther (2002) reported strategies used to control adverse effects of 

differential axial shortening. The most significant strategy was the 20mm limit for 

facades attached to the floors. The effects of creep, shrinkage and patterned imposed 

load require to be considered to determine this limit. These effects along with axial 

shortening of core and columns were incorporated in the construction to ensure that the 

building was constructed within acceptable tolerance of the determined limit. However, 

the differential axial shortening is more or less than 20mm depending on several factors 
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such as structural systems, environmental conditions, the construction materials and so 

on. Further, differential axial deformation impacts significantly on non structural 

elements and horizontal structural members such as slabs and beams as well as other 

services such as plumbing, electrical conduits. This limiting strategy implemented for 

facades attached to the floors is thus an unacceptable solution for geometrically complex 

new generation high-rise buildings.       

 

Tianyi & Xiangdong (2007) studied the influence of outrigger systems on differential 

axial shortening. The results of this study revealed that these systems control 

significantly the vertical deformations and forces of the columns by attracting additional 

moments and shear forces. Furthermore, the additional forces in these systems are 

controlled by the number of floors constructed on the top of these systems, but are not 

sensitive to total height of the building. This study also highlighted that differential axial 

shortening between the columns and the cores is very low where outrigger systems are 

placed.  

 

Previously, many outrigger and belt systems are designed using steel because steel is not 

subjected to creep and shrinkage shortenings. However, when increasing height and 

length of building constructed in urban areas, lifting large steel sections and their 

installation become very difficult. Additionally, extensive analysis requires conducting 

to assess the precise characteristics of the interface between steel trusses used for 

outrigger systems and concrete members to ensure strain compatibility for minimizing 

the potential for cracking on the concrete surfaces. Another key issue is potential impact 

on the construction program/sequence when using different materials, process and 

systems. The cores of buildings are constructed with relative speed (typical cycle times 

achieved on core are 3-4 days) using a slip or jump form construction system. Stopping 

the constructing system at the outrigger levels to permit the steelwork contractor to 

install the outrigger system is not conducive to optimizing continuity of skills and 

processes highlighting that installing steel outrigger systems delays the whole 

construction program (Gibbons,Lee & MacArther,2002). Presently, designers are 

thereby willing to design buildings with concrete outrigger and belt systems. Accurate 
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quantification of differential axial shortening is thus necessary at design stages to 

improve performance of the whole structural framing system.   . 

 

2.9 Ambient Measurements of Modal Parameters/Vibration Characteristics 

Significant works has been conducted in area of Structural Heath Monitoring(SHM) of 

civil engineering structures using change of modal parameters such as natural 

frequencies and mode shapes which can be measured conveniently. These modal 

parameters depend on mass and stiffness distributions of structure and any subsequent 

changes of these distributions reflect in changes in the frequency and mode shapes 

(Catbas, Brown & Aktan, 2006).  

 

During the construction stage, new structural members are incorporated into the 

structure according to the time schedule so that mass and stiffness of the structure 

change with construction progress. During the service stage, stiffness of members and 

mass of the structure change due to service loads/live loads. Consequently, the modal 

parameters change during these two stages and can be used to examine the bahaviour of 

members of a structure. More information on change of the modal parameters during 

these two stages will be presented in Chapter 6.  

 

Sensor systems including accelerometers, GPS (Global Position System), FBG (Fiber 

Bragg Grating) sensors are being used to measure modal parameters of structures. 

Presently, these sensor systems are installed on structures to assess their health and 

performance (Xu & Chen, 2008). Bridges comprise small number of discontinuous and 

determinate structural systems while buildings comprise massive number of continuous 

members and indeterminate structural systems. It is hence clear that measuring vibration 

characteristics of buildings require a comprehensive schedule. Figure 2-12 demonstrates 

SHM system for a building.  
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http://www.google.com.au/url?q=http://www.medibix.com/Redirector/CompanySearch/cs_choice/c/clt_choice/t/treepath/17348/stype/i&ei=iLTqSd6GDoyHkAWGt4ioCA&sa=X&oi=spellmeleon_result&resnum=1&ct=result&usg=AFQjCNFja7Hi4-CSnBD6nJ29ZpYHTXqPfQ
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Figure 2-12: SHM system for a building 

 

 

2.10 Characterization of Structural Phenomena 

One of the main purposes of the SHM operation is to monitor the development of 

specific structural phenomena in a structure. Depending on types of loads such as loads 

coming from vehicles, people, goods, wind and so on acting on the structure during the 

monitoring, different phenomena can occur. 

 

The probable cause, such as internal and external loads, for these phenomena needs to be 

identified to be able to determine which parameters should be measured. Examples of 

parameters are forces, stresses, displacements, rotations, vibrations, and strains. Also 

environmental parameters such as temperature, humidity, precipitation, wind and traffic 

can influence the phenomena. For example, environmental parameters directly combine 

with the material used for structural members so that changes of these parameters govern 

health of the structures (Atkan et al, 2003).  

` 

2.11 Time strategies 

The time strategy describes the duration and the frequency of the measurements. 

Basically, time dependent strategies are characterized as short-term, long-term, periodic, 

continuous, and triggered monitoring. The strategy selection depends on the phenomena 

to be observed. For example if the width of an existing crack requires to be observed, a 

Performance Evaluations
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periodic, long-term monitoring program can be recommended. If the damping of a 

structure needs to be measured, a short-term manually triggered program can be 

selected. In this research, the measuring effects are continuously changing over long 

periods of time (30-40 years). Hence, a long term continuous monitoring strategy can be 

recommended. Figure 2-13 shows further explanation of time strategies. 

 

 

 

 

 

 

 

 

 

Figure 2-13: Time monitoring strategies (Atkan et al ,2003) 

2.11.1 Sensor System 

Selecting the most suitable sensor systems is one of the most important factors in SHM 

since the accuracy of data obtained form these sensors depends on identification of  

parameters to be observed. Different types of sensors are well established to monitor 

civil engineering structures based on the requirements. The sensor system must be 

designed especially for the application and the kind of measurements that should be 

preformed (Hejll, 2007). Natural frequencies and the corresponding modal vectors of the 

structure can monitored during and after the construction using a sensor system 

comprising accelerometers, and GPS (global position systems), According to the 

parameters to be observed, the sensors can be categorized as follows (see Table 2-1).   
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Table 2-1: Examples of structural phenomena, strategies and suitable sensors. T: 

Time dependent strategies, C: Condition dependent strategies and L: Load 

dependent strategies (Sohn et al, 2003) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.11.2 Model Flexibility Method (MFM) 

Modal Flexibility Method (MFM) comprising modal vectors and natural frequencies are 

widely used to examine the heath/performance of members of structures because of easy 
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of computation, accuracy as well as convenient to apply to any structure (Shibukumar, 

Leslie & Girija,2008 ; Zhao & Dewolf,2006).  

 

2.11.2.1 Definition 

Modal Flexibility (MF) associates with modal parameters of a structure, such as modal 

vectors and natural frequencies and is a measure of the structural state (Adewuyi & Wu, 

2010; Shih et al, 2009; Zhao and Dewolf, 2006). This phenomenon will be used to 

develop an innovative vibration based procedure to quantify axial shortening of building 

from the ambient measurements. More information on this development will be 

presented in Chapters 4 to 6. 

 

Modal Flexibility, Fx of element x of a structure can be obtained from (Adewuyi & Wu, 

2010 ; Zhao and Dewolf, 2006, as 

 



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F          (2.2)

                                

Where  

x- the element considered  

r and n- the mode and total number of modes considered respectively 

фxr -magnitude of modal vector of mode r at element x  

Note-фxr is a single entity at element x and hence Fx is a scalar. However, Equation (2.2) 

is presented in the above format to be compatible with expressions in previous 

publications in the literature mentioned above.    

 

Since, the ω
2
 term is in the denominator of Equation (2.2), the modal contribution 

decreases with increasing frequencies, resulting in the rapid convergence of Fx Modal 

Flexibility is inversely proportional to the stiffness.  

 

2.12  Summary 

From the literature survey, it can be summarized  
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 Analytical methods available to quantify axial shortening at design stage are limited 

to a very few parameters and not adequately rigorous to capture the complexity of 

true time dependent load migration and material response  

 There is a need to develop a comprehensive numerical method to quantify axial 

shortening of structural members in high rise buildings especially those with 

complex geometrical structural framing systems.  

 There are NO convenient and practical methods/procedures available to quantify 

axial shortening using ambient measurements in order to update previous predictions 

of axial shortening.    

 There is a need for a convenient and practical procedure to update axial shortening 

during construction and service of the building.  

 This research will be based on the well established numerical models of reinforced 

concrete. However, if requited, these methods can be applied to buildings with the 

composite members by scaling the creep, shrinkage and elastic parameters.    
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3 DEVELOP A RIGOROUS NUMERICAL METHOD TO 

CALCULATE AXIAL SHORTENING IN HIGH RISE 

BUILDINGS 
 

This chapter demonstrates development of a load time history based analytical procedure 

to quantify axial shortening capturing influence of the construction sequence combined 

with the time varying values of Young’s Modulus, load migration resulting from 

structural geometric complexity, creep and shrinkage models of reinforced concrete 

elements of high rise buildings.  This procedure can be used to incorporate axial 

shortening effects into design procedure.  

 

3.1 Introduction  

In recent applications, design engineers have adopted creep , shrinkage and elastic 

models included in code based methods such as ACI, AS 3600, CEB and GL2000 (ACI 

committee 2009,1993 ; AS3600,2001 ;CEB-FIP,1990 ;Gardner,2004). GL2000 method 

has been developed more recently and creep, shrinkage and elastic models included in 

this method has become increasingly popular compared to the other methods because of 

it accuracy (Gardner,2004). Goel, Kumar& Paul (2007) conducted a comprehensive 

study to investigate the most accurate methods among ACI-209R- 82, the B3, the CEB-

FIP (1990) and GL2000.  The predicted values of creep and shrinkage were compared 

with the available experimental results from the RILEM (RILEM TC-107-GCS,1995), 

which is the computerized data bank. Outcome was revealed that the creep and 

shrinkage models of GL2000 method are more accurate.  

 

3.1.1 Time varying Young’s Modulus 

The time varying value of Young’s Modulus of concrete is one of the major governing 

factors controlling the behaviour of axial shortening. The time varying value of the 

Young’s Modulus of concrete, EC(t) is calculated using the equations given by Gardner 

(2004) 

5.0

cmtcmtc )f(43003500E)t(E                                (3.1)
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where Ecmt is the mean modulus of elasticity (in MPa) at age t and fcmt in the mean 

concrete strength at age t. 

 

The following equation is used if the experimental results for the development of 

concrete strength with time are not available. This equation depends on the cement type 

since it affects the strength development of concrete (Gardner,2004). 

 

 28cm

2

ecmt ff                                                   (3.2) 
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In the above equation, s is a strength development parameter and βe relates strength 

development to cement type. According to the type of the cement, s varies as given in 

Table 3-1. 

          Table 3-1: variation of s with cement type 

Cement Type S 

I 0.335 

II 0.4 

III 0.13 

 

 

When a reinforced concrete element is subjected to sustained loads, the stress is 

gradually transferred to the reinforcement with a simultaneous decrease in overall 

concrete stress. Therefore, creep and elastic shortening of the concrete are significantly 

influenced by the reinforcement (Alexandar, 2001). The reinforcement and concrete 

strains are assumed to be equal under the load so that the material behaviour can be 

represented by the set of equations (see Equation (3.4)) in which Ec(t) at different time 

frames can be calculated by  Equation (3.1). Effect of reinforcements can be 

incorporated into the analysis though Equation (3.4) in a simplified way in order to 
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reduce the complexity and hence to become more attractive procedure among practicing 

engineers.    
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      (3.4) 

            

In Equation (3.4),    ,  are strain, force, stress, area and Young’s 

Modulus respectively, and the subscripts T, C and R refer to reinforced concrete , 

concrete and reinforcement respectively and (t) denotes time dependence. The influence 

of reinforced concrete is introduced into the analysis as a time dependent parameter 

through Equation (3.4) above. 

   

3.1.2 Staged Construction Process 

High rise buildings commonly have floor plans with perimeter and interior columns as 

well as shear core (s). Slip and jump forms systems used to construct shear cores 

increase the age difference and loading history of gravity load bearing elements on the 

same floor and hence have an enhance influence on differential axial shortening. Thus, 

the construction system and its sequences have a significant impact on the evaluation of 

axial shortening along with the loading history and the construction time lag. In the 

preliminary study carried out time history analysis using compression only (gap) 

elements located at the interface of all vertical load bearing elements and the slabs, as 

shown in Figure 3-1. This analysis is used to simulate the impact of construction 

sequence and time based on load application.  
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Figure 3-1:  Compression only elements and load migration during construction 

 

These compression only (gap) elements transfer the compression only loads to the 

vertical members at a certain level due to all construction loads applied above that level. 

The time history of load transfer through these elements at any particular level will 

depend on the construction sequence. The finite element model representing the whole 

structure will incorporate these elements at all levels as shown in Figure 3-1. The 

elements at any one level will initially be in an “”inactive” stage until construction 

proceeds to one level above the level of these elements, after which they will be  an 

“active” throughout the rest of the construction process. Such a guide of load transfer 

will be able to simulate the exact staged construction process. With reference to Figure 
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3-1, when the loads from the storey above level (i+2), the compression only elements at 

level (i+2) and above that level, such as those at levels (i+3), (i+4), etc will be in the 

inactive stage. Meanwhile, the compression only elements below level (i+2), such as 

those at (i+1), (i), (i-1), etc will all be in the active stage. The load migration among 

structural elements below the (i+2) level is therefore simulated according to the real 

construction sequence.  Note that this model is only valid for structural systems where 

tension loads are not induced across the “gap element” interface. 

 

3.1.3 Compression only Element 

Compression only (gap) elements are strategically utilized at the locations to introduce 

the staged construction procedure as described above after being developed in the finite 

element model of the whole structure.  Figure 3-2 shows a typical compression only 

element (SAP2000 Ver 10, 2004). In this element, all internal deformations are 

independent. The presence of the gap (inactive stage) or its closure (active stage) 

influences only the vertical element below the gap element and do not affect the 

deformations of the other structural elements. The stiffness function, f(k), of this element 

can be represented by Equation (3.5). 

 

 

 

 

 

 

 

 

 

 

Figure 3-2: A schematic diagram of the compression only element at inactive stage 

(left) and active stage (right) 
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Where k is the compressive stiffness of the element and  is the initial gap opening, 

which must be zero or positive.  In the analysis, the stiffness of the compression only 

elements k determined from the axial stiffness of the vertical structural elements below 

them.  Equation (3.6) can be used to calculate the axial stiffness of the structural 

element. 

 

L

EA
k                                           (3.6)     

 

Where    

E-the Young’ Modulus of the structural element 

A-the Area of the structural element 

L-the length of the structural element  

 

3.1.4 Sub Models 

High rise buildings may have complex geometric configurations and large number of 

small components with insignificant distortional stiffness. They tend to increase the 

computational demand without significant influence on the outcome. Separate finite 

element models are thus developed for such complex sub framing systems to determine 

the loads transferred to the main structural frame that is investigated in the finite element 

analysis. Thereby, the main framing system is isolated from the less significant sub 

frames to reduce the magnitude of the numerical problem that includes the time 

dependent variables.  

 

3.1.5 Load Application and Analysis 

A typical time varying load history of a concrete element in a building can be 

represented by the stepped diagram shown in Figure 3-3. It is assumed in this diagram 

that there is instantaneous load transfer (vertical lines) from any storey, such as the one 

between (i + 1) and (i + 2) levels to the vertical elements below the level (i + 1). As a 

consequence, the Young’s Modulus of concrete in these elements can be deemed to be 

constant at this instance.  This instantaneous load transfer stage is followed by a “no 
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load transfer” stage (horizontal lines) until the next storey is constructed. In addition, the 

stress developed in the concrete elements below level (i + 2) due to the instantaneous 

dead load from floor above can be acquired as 0.5 fc
’
, where fc

’
 is the characteristic 

strength of concrete (Smith & Loull,1991; Alexander, 2001). Consequently, these 

vertical elements are in the linear elastic region enabling the principle of superposition to 

be applied.   

 

 

 

 

 

 

 

 

 

 

 

Figure 3-3: The load –time history of a typical concrete element 

 

After the loads have been placed as described above (using sub models where necessary) 

in the finite element model of whole structure, time history analysis is used to activate 

the time dependence of these loads according to the construction sequence. As shown in 

Figure 3-4, Load 11, Load 12, etc are applied at nodes 11, 12 etc, (with the nodes 

located below the respective floor levels) according to the construction method.  
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Figure 3-4: Load application to the structure 

3.1.6 Analysis 

The flow chart illustrated in Figure 3-5 represents the steps in the analysis. The initial 

condition of the structure is considered as unstressed and settlements due to the soil are 

neglected. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5: Flow chart of the analytical process 
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3.1.7 Calculation-Creep, Shrinkage and Elastic Deformation  

The relative nodal displacements U(t)  at each time step can be obtained from the time 

history analysis discussed above. The total axial shortening of each element can then be 

obtained from the procedure developed below.   

 

An equation representing the total strain and hence the axial shortening at any given 

time due to elastic, creep and shrinkage using relevant expressions in GL2000 method is 

developed in the following format to facilitate convenient computation (Gardner ,2004). 

 

)t,t( 0total = )t,t( 0Elastic + )t,t( 0Creep + )t(Shrinkage                                   (3.7)

  

Where )t,t( 0total , )t,t( 0Elastic , )t,t( 0Creep and )t(Shrinkage  are total, elastic, creep and 

shrinkage strains respectively for an element.  

 
0.5

2

c

c46

1/2

cm28 0.12(v/s)tt

tt
1.18h1x10

f

30
900K

cm28
E

o
cmt

E

1
σ 























































 28)t,t( 0total
  (3.8) 

 

Where  

 -the axially developed stress, Ecmto- the modulus of elasticity at the time of loading t0  , 

Ecm28- the mean modulus of elasticity at 28 days, Ecmto, Ecm28 and φ28- the creep 

coefficient which can be calculated using formulae presented in GL2000 method, using 

the relevant data pertaining to the problem being treated, K -the correction term for the 

effect of cement type which can be calculated using the  table presented in GL2000 

method, cm28f -the concrete mean compressive strength(in MPa) h -the humidity as a 

decimal, t-the age of concrete (days), ct  -the age drying commenced end of moist 

curing, (v/s)- the volume to surface area ratio (mm)   

 

 

L

U(t)(t) (t) E T   where U(t)  is the difference in the nodal displacement 

(or the relative displacement) and can be obtained from the time history analysis,  L-the 

length of the element. The above equation can be written as  



69 

 

 

 
0.5

2

c

c46

1/2

cm28 0.12(v/s)tt

tt
1.18h1x10

f

30
900K

cm28E

28φ

L

ΔU(t)
T
 E(t)

L

ΔU(t)
















































 

)t,t( 0total
 (3.9)    

                   

Using the principle of superposition, the total strain of a concrete element at time tn 

subjected to the force history shown in Figure 3-3 can be written as 
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The cumulative elastic, creep and shrinkage shortening of a single element can be 

written as 

0

0total )t,t()
r

t(h   L                                                         (3.11) 

 

In order to obtain the vertical displacement (or axial shortening) at a particular level (n) 

relative to the foundation (base), all the elements below that level have to be considered. 

The cumulative elastic, creep and shrinkage shortening at a location on level (n) due to 

all elements below that level (n) can be obtained from the equation shown below as  
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t(H                                               (3.12)  

 

Equation 3.12 represents the axial shortening, )(
r

tH of the element at the time, tn.    

 

3.1.8 Comparison 

The procedure developed and presented in this chapter and the method developed by 

(Fintel, Ghosh & Iyengar,1987)  are applied to a column subjected to load history to 

compare the axial shortening predictions. As this example treated a single column, 

interactive effects which are incorporated into the present research, are not treated. The 

properties of the column and other factors considered in the example are presented in 

Table 3-2. 
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Table 3-2: The properties used for the compassion study 

Property   

Size 1.5 x1.5x 4m 

Concrete strength 60MPa 

Reinforcement content in relation to the cross section 

area 

4% 

Young’s Modulus of the reinforcements 200GPa 

Humidity 50% 

 

Figures 3-6 and 3-7 show the variations of elastic and axial shortenings respectively.  It 

can be seen from Figure 3-6 that the elastic shortenings compare very well.  The axial 

shortenings in Figure 3-7 have some variations at larger values of time. This is because 

of the use of different material models to predict creep and shrinkage in these two 

approaches. As stated earlier, the method developed in this research is based on the 

widely accepted material models of GL2000 method, while Fintal’s method is based on 

material models of the much older ACI code (ACI committee 209).However, both 

results  display similar shapes and trends.  

 

            

 

Figure 3-6: Variation of the elastic shortenings 
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Figure 3-7: Variation of the Axial shortenings 

 

3.1.9 Application 

A high rise building with 64 storeys and storey height 4m as shown in Figures 3-8 and 3-

9 is used to illustrate the methodology described above. This building has two outrigger 

and belt systems constructed with 60 MPa concrete and they spread over two floors; 

between 10 and 12 and between 42 and 44.  The columns and the core are constructed 

with 80 MPa and 60 MPa concrete respectively, while the slabs are constructed with 40 

MPa concrete. The reinforcement content of the structural elements is considered as 3% 

in relation to the cross-sectional area of the element. The sizes of the structural elements 

are presented in Tables 3-3 and 3-4. The analyses are conducted taking into account the 

dead and superimposed dead loads and it is assumed that these loads are constant over 

the time. The core is connected to the columns using sixteen shear walls at the locations 

where the outrigger systems are placed. The analysis is carried out after 4500 days from 

commencement of construction and taking into account the construction sequence of 7 

days per floor.  The axial shortening of columns X and Y and the core, (highlighted in 

Figure 3-8), and differential axial shortening between these members are determined and 

discussed. The columns X and Y were selected in order to study the influence of 

location and hence different tributary areas.    
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Figure 3-8: The isometric view (left) and the sectional end view (right) of the 

building 

 

 

 

 

 

 

 

 

 

 

Figure 3-9: A typical plan view of the building 
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Table 3-3: Sizes of the columns and thicknesses of the core walls 

Location(Floor Number) Column Size(m) Core Wall(m) 

0-16 2.0 x 2.0 1.2 

17-32 1.8 x 1.8 1.0 

33-48 1.6 x 1.6 0.8 

49-64 1.4 x 1.4 0.6 

 

Table 3-4: Thicknesses of the shear walls in the outrigger and belt systems 

Location Size of the Wall (m) 

Lower (floors between 10-12) 1.2 

Upper(floors between 42-44) 0.8 

 

3.1.10  Results and Discussion 

A combination of compression only elements, time varying Young’s Modulus of 

reinforced concrete and time history analysis is used to formulate the real staged 

construction procedure and to capture load migrations during and after the construction. 

Incorporating creep, shrinkage and elastic models of GL2000 method into the above 

staged construction procedure, axial shortenings of selected vertical elements at a given 

period in time (4500 days from commencement of construction in the present case) are 

calculated as described below. The axial shortenings of the selected structural elements 

are shown in Figure 3-10, while the elastic shortening of the elements are shown in 

Figure 3-11. The influence of creep and shrinkage on the axial shortening is obvious by 

comparing the results in these two Figures.  
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Figure 3-10: The axial shortening of the core, Column X and Column Y at 4500 

days from commencement of construction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-11: The elastic shortening of the core, Column X and Column Y at 4500 

days from commencement of construction 

 

 

The load migration during the analysis can be identified by examining the variation of 

elastic shortening of the elements since this is directly proportional to the forces acting 

on the elements. Figure 3-11 shows that the magnitude of the elastic shortening of the 

core is higher than that of Column X and Column Y due to a considerable amount of 

load transfer to the core through the outrigger and belt systems. This is a very important 

consideration as most of the existing axial shortening calculation procedures do not 
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capture this important time dependent load migration. Column and core axial stiffness as 

well as the shear and flexural stiffness of the outrigger system (all time dependent 

phenomena) play a significant role in this process. Furthermore, this load migration has 

a significant post construction impact on the axial shortening due to creep as evident 

from Figure 3-10 depicting axial shortenings of Columns X and Y and the core.           

 

The differential axial shortening between Columns X and Y is shown in Figure 3-12, 

while that between these columns and the core are shown in Figures 3-13 and 3-14.  It 

can be seen from these figures that there is considerable amount of differential axial 

shortening between Column X and Column Y due to the interaction between column 

axial stiffness and load tributary in relation to belt frame stiffness.  

           

Figure 3-12: Differential axial shortening between Column X and Column Y at 

4500 days from commencement of construction 
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Figure 3-13: Differential axial shortening between the core and Column X at 4500 

days from commencement of construction 

 

 
 

 

Figure 3-14: Differential axial shortening between the core and Column Y at 4500 

days from commencement of construction 

 

Figures 3-15 and 3-16 illustrate the absolute values (moduli) of the differential axial 

shortening between the core and the two columns. From these figures, it is interesting to 

observe the influences of the outrigger and belt systems on the differential axial 
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shortenings. Variation of the differential axial shortening between the core and the 

columns are different at where the belt and outrigger systems are located as the stiff 

elements in these systems significantly control the relative movements between the core 

and the columns. In addition, it is evident that the differential axial shortening (absolute 

values) of Column Y, (with respect to the core), is much less than that of Column X, at 

the locations of the outrigger-belt systems. This is due to the fact that Column Y and the 

core are directly connected with the shear walls which control the relative movements 

between them. Shear walls radiate from the central core to connect with some of the 

perimeter columns (at the locations of the outrigger-belt systems) and as a result those 

perimeter columns have relatively smaller differential axial shortenings (with respect to 

the core) at these locations.   

 

 
 

 

Figure 3-15: Absolute value of graph of Figure 3-11 
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Figure 3-16: Absolute value graph of Figure 3-12 

 

3.2 Conclusion 

This chapter presents development of a numerical procedure used to predict the 

differential axial shortening of vertical members in a high rise concrete building.  Finite 

element time history analysis together with compression only elements and time varying 

Young’s Modulus of reinforced concrete are used to formulate the actual construction 

process and to capture load migrations during and after the construction. The effects of 

creep and shrinkage are then integrated in the procedure to calculate the axial 

shortenings of elements at any particular time. The procedure developed and illustrated 

in this section is for a 64 storey building. Results for selected elements are presented. 

The interaction of outrigger-belt frame systems with columns and cores and the resulting 

time dependent load migration is investigated. The influence of non linear time 

dependent parameters on the construction process and the impact on differential axial 

shortening is discussed.  A rigid outrigger system has a mitigating impact on differential 

axial shortening between perimeter columns and the cores. The differential axial 

shortening between perimeter columns are influenced by the axial stiffness of the 

columns in proportion to load tributary with assistance from the belt frames. 
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The proposed procedure is general enough to be applicable to all concrete high rise 

buildings to predict differential axial shortening between vertical elements. This will 

enable appropriate action to be undertaken at the planning and design stages to mitigate 

the adverse effects.  Two main strategies such as varying sizes (volume to surface ratio) 

and concrete strengths of structural elements can be implemented at design stage to 

control differential axial shortening between structural components due to the fact that 

these two strategies enable to control elastic, creep and shrinkage shortenings. Accurate 

quantification of differential axial shortening is necessary at design stage in order to 

implement such strategies accurately and successfully.   
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4 INFLUENCE OF AXIAL DEFORMATIONS OF 

COLUMNS ON THEIR VIBRATION 

CHARACTERISTICS  
 

This chapter presents the development of a dynamic stiffness matrix of a structure used 

to examine the influence of axial force on the vibration characteristics. Additionally, a 

relationship between axial deformation as a result of axial force of elements and Modal 

Flexibility (MF) phenomenon comprising modal vectors and natural frequencies is 

presented through a vibration based parameter called Stiffness Index (SI). This 

parameter can be used identify the individual  behaviour of the axially loaded elements.  

 

4.1 Introduction 

Axial loads in members influence significantly on the vibration characteristics of the 

structural framing system. Several researchers have investigated influence of axial loads 

on vibration characteristics of individual load bearing elements with different boundary 

conditions and established a relationship between the frequency and the axial load 

(Yesilce  &  Demirdag,  2008; Shaker 1975; Della & Shu, 2009). Their methods can be 

used to quantify axial force and or buckling load of an element using natural 

frequencies. However, as the natural frequencies are a property of the entire structure, 

these methods are limited to individual elements only.  

 

The influence of axial force on vibration characteristics such as nodal vectors and 

natural frequencies of structural elements has been studied. Aeronautics and Space 

Administration) technical note, NASA TN-D-8109, Shaker (1975) reported findings of a 

numerical study in which equations are derived to capture effect of axial force on modal 

parameters of beam elements with different boundary conditions. This study concluded 

that while increasing axial compressive force of beam elements with different boundary 

conditions, the frequencies become low and mode shapes change considerably. This is 

because the axial force reduces the stiffness of the beam elements.  It was also observed 

that the boundary conditions impact on mode shapes of the element. Bokaian, (1988a 

1990b) studied the influence of axial force on the modal parameters using Timoshenko 
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beam theory and  reported that the presence of a tensile axial load increases all of the 

bending natural frequencies whereas the compressive load decreases all of the bending 

natural frequencies. The magnitude of the compressive axial load can amplify up to the 

point where the first bending frequency reaches zero, and then the beam is subjected to 

buckling action. Walter & Kang  (1996) investigated impact of axial force on vibration 

characteristics of a beam element and developed a stiffness equation incorporating 

influence of axial force. Findings show that the developed equation can be used to 

estimate buckling load of the beam element as well. Yesilce & Demirdag (2008) 

examined the exact solutions of the first five natural frequencies and corresponding 

mode shapes of a Timoshenko multi-span beam subjected to the axial force. Results 

highlighted that the frequency values obtained for this beam decrease when the axial 

compressive force increases demonstrating that the stiffness of the beam element is a 

function of the axial force. The stiffness change due to the axial force impacts on the 

modal vectors as well. Bahra & Greening (2008) have carried out a comprehensive study 

to examine axial load pattern updating using ambient vibration data from a physical 

frame. Equations developed by these authors were validated using ambient vibration 

data and confirmed that axial compressive force reduces the stiffness of the elements. 

NASA (National Della (2009) studied impact of axial compressive force on the modal 

parameters of natural frequencies and modal vectors of beam elements and concluded 

that a monotonic relation exists between the natural frequency and the axial compressive 

force. The axial compressive force impacts significantly on the first vibration mode 

shape of the beam and reduces with the mode number.  

 

Based on the above, it is evident that when axial compressive forces increase, the natural 

frequencies and mode shapes of a framed structure change significantly. According to 

the best of author’s knowledge, there is not existing methods have an ability to calculate 

axial deformation (elastic shortening) resulting from axial force of load bearing elements 

in a structural framing system using both natural frequencies and mode shapes capturing 

load migration among vertical load bearing elements due to horizontal stiff structural 

elements. This is another reason to motivate to develop a rigorous vibration based 

method to quantify axial deformations of elements of structural framing systems.  
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4.2 Dynamic Stiffness Matrix of a beam/column element 

The following sets of equations are derived to present influence of axial force on modal 

vectors and natural frequencies of an element and thereby extend to the entire structural 

framing system. A beam element with a fixed end condition under free vibration with 

axial compressive force is shown in Figure 4-1. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1:  An element with axial compressive force under free vibration 

 

In Figure 4-1, where P- axial compressive force, M-moment, V-Shear Force, ρ-mass per 

unit length, y,x-distances considered, t-time 

 

Equations 4-1 and 4-2 can be formed as follows for moments and forces of the element 

respectively.   
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Where EI- flexural rigidity of the element 

Equation (4.4) can be derived using Equations 4.1 to 4.3.  
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Equation (4.4) is a fourth order homogeneous differential equation. This equation can be 

solved using variable separation method and y(x,t) can be written using two parameters 

such as  Z(x) and w(t) to represent the influence of  deflection and time respectively  

  

)t(w)x(Z)t,x(y           (4.5) 

 

Equation (4.5) is substituted into Equation (4.4) in order to form Equation (4.6) as 

follows 
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Where ω- natural frequency 

From Equation (4.6), Equations (4.7) and (4.8) can be written as follows 
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Solution of Equation (4.7) is 
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)xcos(D)xsin(D)xcosh(D)xsinh(D)x(z 24231211     (4.9) 

Where 
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D1, D2, D3, D4- vector constants  

Solution of Equation (4.8) is 
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A1 ,A2-constants determined from initial conditions of the vibration. 

Displacement of the element under free vibration can be expressed as follows using 

Equations (4.9) and (4.12) 
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Considering boundary conditions and the initial conditions of vibration, Equation (4.16) 

can be formed as follows 
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Where 1D , 2D ,
3D , 4D -vector constants 

Equation (4.20) can be written considering moment, M and shear force, V  
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Equation (4.25) can be formed using Equations (4.16) and (4.20) as follows 
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  }{}{ YkF L           (4.26) 

 

Where  Lk  –dynamic stiffness matrix and subscript, L- local coordinate system 

Modal parameters of the beam element can be estimated from Equation (4.27) presented 

below using the dynamic stiffness matrix [KDyn]   

 

    0k L                        (4.27) 

Where  

   - modal vector of the element 
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The above stiffness matrix is defined based on the local coordinate system so that 

transformation matrix, [T] can be employed (West & Geschwindner 2002) as follows to 

establish the stiffness matrix based on the global coordinate system. 

 

       TkTk L

T

G              (4.28) 

Where subscript G refers the global coordinate system 

 

The dynamic stiffness matrix of the structure,  K , incorporating the influence of axial 

loads can then be formed by assembling stiffness matrices of the elements considering 

compatibility of the nodes. With the use of the dynamic stiffness matrix  K , the 

equation of free vibration of a structure with the influence of the axial forces in elements 

can be represented as  

 

    0K            (4.29) 

 

Where Ф- modal vector  

 

It is clear from Equation (4.28) that there is an influence of the axial compressive force 

on the modal parameters of the entire structural framing system. However, it is not 

convenient to solve Equation (4.28) to examine the modal parameters with the influence 

of the axial forces of a complex structural framing system with shear walls. Therefore, 

Finite Element (FE) software is employed for this research. The Finite element package, 

ANSYS (ANSYS Inc., 2007) is modified considering the theory presented above to 

capture effects of the applied axial compressive loads and incorporated into the modal 

analysis. Using this modified FE program, a FE model was developed for an element 

used to study the effect of axial force from previous publications (Banerjee, 2000 ; 

Banerjee & Williams, 1994; Friberg, 1985) to study the accuracy of the program. 

Analysis results were then compared with the previous publications and found a 

satisfactory agreement confirming the accuracy of the modified program. The first 

example presented in the next section illustrates the validation.        
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Modal Flexibility (MF) for an element (element x) without the axial load (unloaded 

case) can be written as (using Equation 2.2 in Chapter 2)  
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Where subscript U denotes the unloaded case 

 

The stiffness matrix of an element changes due to the influence of the axial force and 

consequently the modal parameters and MF of such an element change significantly.  

Modal Flexibility (MF) for element x with the axial load (loaded case) can be written as  
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Where subscript L denoted the loaded case 

 

In order to amplify the effects of these modal flexibility changes, reciprocals of the two 

MFs for unload and loaded cases are considered as shown below: 
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MF is a function of the stiffness matrix which changes with the axial force. In order to 

capture the influence of the axial force on the MF or the vibration characteristics, the 

parameter, called Stiffness Index (SI) is introduced through Equation (4.34). This 

parameter is directly proportional to the stiffness reduction which occurs due to the axial 

load.     
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4.3 Validation of the modified FE program and study the 

capabilities of Stiffness Index (SI)-for column elements 

Four numerical examples are presented in this section. The first example is for 

validating the modified FE program used for the other examples which are used to 

illustrate the capability of the proposed vibration based parameter, Stiffness Index (SI) 

of elements in a multi storey structural framing systems such as capturing influences of 

the load migration, different tributary areas.  

 

4.3.1 Validation of the modified FE program-for column elements 

Banerjee  (2000); Banerjee & Williams (1994) and Friberg, (1985) examined an axially 

loaded beam with cantilever end condition using different approaches. Results from all 

approaches agreed well confirming their accuracy. The example used by these 

researchers was selected to study the accuracy of the modified FE program in this 

research. Figure 4-2 shows a cross section of a beam element while Table 4-1 presents 

the material properties and other data used in the vibration analysis. More information 

on the selected element can be found in references (Banerjee, 2000 ; Banerjee & 

Williams, 1994; Friberg, 1985). 

 

 

 

 

 

 

 

 

Figure 4-2: Cross section of the beam structure 
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Table 4-1: Material properties and other data used in the vibration analysis 

Beam Parameter Numerical Value 

R(mm) 24.5 

t(mm) 4 

L(mm) 820 

m(Kg/m) 0.835 

E(GPa) 68.9 

G(GPa) 26.5 

 

A finite element model of this element was developed using the modified FE program 

and was first subjected to an axial compressive force of 1790N and then to an axial 

tensile force of the same magnitude. The axial load was applied as a pressure load along 

the circumference of this beam with a semi-circular cross-section, while maintaining 

fixed and free boundary conditions at the 2 ends. These loads were used in the previous 

publications (Banerjee, 2000 ; Banerjee & Williams, 1994; Friberg, 1985)). The natural 

frequencies of first three modes and the corresponding mode shapes with and without 

axial loads are extracted from the analysis results and compared with results from the 

previous publications. Tables 4-2 to 4-4 show comparison of the results for the natural 

frequencies of the first three modes for three cases,  

 

Table 4-2: Comparison of natural frequencies without axial load 

 Natural Frequency(rad/s)  

 Axial force=0  

Frequency 

Number Pervious Publications Modal Analysis 

Difference 

(%) 

1 391.70 390.40 0.33 

2 816.00 815.00 0.12 

3 1629.00 1625.00 0.25 
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Table 4-3: comparison of natural frequencies with compressive axial load 

 Natural Frequency(rad/s)  

 Axial force=1790N(compression)  

Frequency 

Number Pervious Publications This research 

Difference 

 (%) 

1 405.80 404.00 0.44 

2 826.70 826.00 0.08 

3 1649.00 1650.00 0.06 

 

Table 4-4: comparison of natural frequencies with tensile axial load 

 Natural Frequency(rad/s)  

 Axial force=-1790N(tension)  

Frequency 

Number Pervious Publications This research 

Difference 

 (%) 

1 376.80 377.00 -0.05 

2 805.10 804.00 0.14 

3 1609.00 1608.00 0.06 

 

It is evident from Tables 4-2 to 4-4 that variations between the present results and those 

from the previous publications are less than 1%. In addition, the corresponding mode 

shapes obtained from the present analysis, where the first mode is bending and the next 

two modes are mostly torsional, compare well with the previous publications 

highlighting the accuracy of the modified FE program.   

 

4.3.2 Study the Capability of Stiffness Index (SI) applied to column 

elements  

4.3.2.1 Impact of boundary conditions on SI 

A column, 0.5 x 0.5 x 4 m is selected to demonstrate an ability of Stiffness Index (SI) 

defined in the previous section. The material properties of the column are presented in 

Table 4-5. These properties were selected to be representative columns with high 
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strengths. 10 axial compressive loading cases with loads ranging from 1, 2, 3  up to 10 

MN are applied to the column to deform maintaining it in the linear elastic region. 

Effects of the boundary conditions were studied by considering Cases A and B shown in 

Figure 4-3. The first three frequencies of vibration and the associated modes were 

obtained for both cases. These boundary conditions depict the differences in allowing or 

restraining the in-plane and out of plane bending rotations at the top of the columns.   

Table 4-5: material properties of the column 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-3: the columns with two different boundary conditions 

 

The first three free vibration modes and corresponding natural frequencies are used for 

calculating SI. The modes indicate that the first and second modes are bending while the 

third mode is a combination of bending and torsional. Percentages of the changes in the 

frequencies for each mode due to the axial compressive force are depicted in Figure 4-4.  

It is interesting to note that this change is largest for the first mode and reduces with the 

mode number. This highlights that the stiffness matrix change, indicated by the change 

in the defined parameter SI, under axial force can be essentially captured by using the 
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first mode. This observation was also made in a previous study conducted by Della & 

Shu (2009). 

 

    

 

 

 

 

  

 

 

(a) (b) 

 

 

 

 

  

 

 

 

     ( c) 

 

Figure 4-4: Percentage of frequency change (a)-first mode, (b)-second mode and 

(c)- third mode 

 

For each applied axial force, the modal parameters (natural frequencies and modal 

vectors) were extracted from the modified FE program and Equation (4.33) was used to 

calculate the Stiffness Index (SI). The corresponding axial deformation is obtained using 

static analysis. Figure 4-5 shows the variations of SI with the axial deformation for three 

different cases – using the (i) first mode, (ii) first two modes and (iii) first three modes.   
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Figure 4-5: variation of stiffness index, SI with the axial deformation for case A 

 

It is clearly revealed from Figure 4-5 that SI does not deviate significantly when 

increasing number of modes incorporated into the calculation. This confirms that impact 

of number of modes on Case A is very low.  

 

For Case B, the frequency changes with axial loads are similar to those in Case A with 

the largest changes occurring for first mode.  Though the first two modes are bending 

while the third mode is a combination of bending and torsional, as also observed for 

Case A, the shapes of the modes for Case B are different from those of Case A due to 

the impact of the different boundary conditions.. It was also observed that there was a 

significant change in shape of first mode due to the influence of the axial load as also 

observed by Della & Shu (2009).  

 

Figure 4-6 shows variation of Stiffness Index (SI) with the axial deformation, where the 

impact of number of modes can be seen.  In case B, the boundary conditions influence 

the variation of the mode shapes and hence SI. Consequently, the graphs (see Figure 4-

6) deviate considerably when the number of modes used in the calculation is increased. 

This feature is different to that observed for Case B and highlights the effect of boundary 

conditions in this study. 
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Figure 4-6: variation of stiffness index, SI with the axial deformation for case B 

  

4.3.2.2 Capture the behaviour of column elements in a structural framing 

system 

  

As the third example, a two storey 2D structural framing system shown in Figure 4-7 is 

considered with different axial compressive loads acting on the columns. The column 

sizes and the material properties are selected to be the same to maintain the equal 

stiffness before applying the axial loads. Consequently, impact of the differential axial 

forces on Stiffness Index (SI) can be investigated in this example. Another reason for 

selecting this example is that it can be used to examine the capabilities of the proposed 

SI when introduced into elements of a structural framing system. Different axial 

compressive loads such as P1,P2,P3 and P4 are applied on the columns (as shown in 

Figure 4-7) as different load cases defined in Table 4-6. This was conducted to illustrate 

the case in which columns at different levels subjected to different loads from different 

tributory areas, especially in system with geometrically complex floor plates and 

framing systems. 
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Figure 4-7: two storey structural framing system 

 

Table 4-6: the applied axial loads for the columns 

 

 

Figure 4-8 shows percentage of frequency change of the first two modes as a result of 

the axial force. This figure demonstrates that the percentage frequency change for the 

first mode is higher than that of the other. It was also examined that the frequency 

changes for the higher modes were less pronounced and hence it could be neglected, as 

was also observed by Della & Shu (2009). Consequently, modal vectors and natural 

frequencies corresponding to first two modes are taken into account to calculate 

Stiffness Index, (SI).   

 

 

 

Loads(MN) 

Case 

1 2 3 4 5 

P1 10 15 20 25 30 

P2 20 30 40 50 60 

P3 5 10 15 20 25 

P4 10 20 30 40 50 

0.5 x  0.5 m
C olumn L 1

0.5 x  0.5 m
C olumn R 1

0.5 x 0.5 m

8m

4m

P 1
P 2

P 3 P 4

0.5 x  0.5 m
C olumn L 2

0.5 x  0.5 m
C olumn R 2

4m

0.5 x 0.5 m
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Figure 4-8: Percentage of frequency change of the first two modes 

 

Figures 4-9(a), 4-9(b) and 4-9(c) depict Stiffness Indexes, SI(s) of columns L1, R1, 

column L2 and column R2 respectively. Variations of SI(s) of columns R2 and L2 are 

separately plotted due to the different ranges of the variables required along the axes.    

 

 

 

 

 

 

 

      (a) 

 

 

 

 

  

 

   (b)       (c) 

Figure 4-9: variation of SI of the elements (a)- columns L1, R1, (b)- column L2 and 

(c)- column R2 
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It is evident from Figure 4-9 that even though the selected columns in the structure have 

equal stiffness before applying the axial loads, SI of such columns deviate significantly 

from each other after applying the axial loads. This highlights that mode shapes 

incorporated in the Modal Flexibility (MF) parameter enables to capture the influence of 

the axial loads on the columns even though the natural frequencies are a property of the 

entire structural framing system. Additionally, stiffness change is inversely proportional 

to the axial deformation so that it is revealed from Figures 4-9 (a) and 4-9 (b) that 

gradient of variation of SI of column R1 subjected to more axial load is low in 

comparison to column L1 while gradient of variation of SI of column R2 carrying more 

loads is less compared to that of column L2. Based on the outcomes above, it can be 

concluded that SI is a good indicator for identifying the variations of axial deformations 

resulting from the different axial forces applied to element in the same floor level in a 

structural framing system.   

 

4.3.2.3 Capture the effects of the load migration and different tributary 

areas  

A 10 storey structural framing system with shear walls located at certain places is used 

to examine the impact of load migration due to the shear walls on the Stiffness Index 

(SI). The material properties of all elements are selected to be same as those in the 

pervious examples. Sizes of columns and beams are 1x1m and 0.5 x0.5 m respectively 

while 0.5m thickness shear walls are employed in locations as shown in Figure 4-10. 

Because of these shear walls, load migration occurs among the columns as in structural 

framing system with belt and outrigger systems as discussed in Chapter 3. This example 

will enable us to study the capability of SI to capture the load migration.  Floor height of 

the selected structure is 4m. Columns in this structure are across the total height of the 

building, while horizontal shear walls connect the columns at levels 4 and 8. Different 

axial compressive loads are applied on columns as tabulated in Table 4-7. These loads 

facilitate to simulate vertical elements of the structure subjected to different loads from 

different tributary areas. Using the modified FE program, the analysis is performed with 

increasing all the applied loads by 0.25MN in order to develop several loading cases 



98 

 

incorporating effects of axial deformations. The first two modes of vibration (both of 

which are bending modes) and the corresponding frequencies are extracted from analysis 

to calculate SI(s) of columns as higher modes do not impact significantly on SI as 

indicated in the previous examples. Stiffness Indexes, SI(s) of columns C1, C2, C3 and 

C4 shown in Figure 4-10 at the certain floor levels are selected to examine their 

behavior. SI(s) of columns in floor levels 2, 6 and 10 represent their behavior at lower, 

middle and upper levels respectively, while SI(s) of columns in levels 4 and 8 represent 

the behavior under load migration occurring due to shear walls located in these levels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-10: Structural framing system with shear walls. 
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Table 4-7: the applied axial compressive loads on columns initially 

Floor Number Force/ MN 

Column 

C1 C2 C3 C4 

1 1 1.5 2 1 

2 1 1.5 2 1 

3 2 3 3.5 2 

4 1 1.5 2 1 

5 1 1.5 2 1 

6 1 1.5 2 1 

7 2 2.5 3 2 

8 1 1.5 2 1 

9 1 1.5 2 1 

10 1 1.5 2 1 

 

Using the modified FEM programe, separate modal analysis are performed incorparating 

effect of the applied axial compressive loads for each loading case. Stiffness Indexes, 

SI(s)) are calculated incorparating natural frequncies and the corresponding modal 

vectors of  the first two modes for each column at the selected floor levels, while static 

analyisis is used to calculate the axial deformations of the columns. Figure 4-11 shows 

variation of SI(s) of the columns with their axial deformations at the selected floor 

levels.       
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(a)                                                                    (b) 

  

 

 

 

   

 

  ( c)        (d) 

 

  

 

  

  

 

        

    (e) 

Figure 4-11: variation of SI(s) of the columns, (a)-2
nd

 level, (b)- 4
th

 level, (c)-6
th

 

level, (d)-8
th

 level and (e)-10
th

 level 

 

Figures 4-11 (a),(c) and (e) depict that SI of column C3 is lower than that of the other 

columns while SI of column C2 is low compared to columns C1 and C4. This is because 

column C3 is subjected to more axial compressive load than others and column C2 is 

subjected to higher axial load than that of columns C1 and C4 (see Table 4-7). However, 

SI of column C1 is higher compared to column C4 at 2
nd

 and 6
th

 levels and SI of column 

C4 is higher than that of column C1 at 10
th

 level, though these two columns are 

subjected to equal axial loads (see Table 4-7). This is because load migration due to the 
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shear walls impacts on axial deformations of columns C1 and C4. In 4
th

 level, axial load 

of column C3 migrates to columns C4 and C3 via the shear walls while axial load of 

column C2 migrates to column C1 only via the shear wall. Load migration from columns 

C3 to C4 is much higher compared to that of other two columns since axial load of 

column C3 is subjected to high axial load. Column C4 therefore acquires more loads 

than column C1. Consequently, Figure 4-11(b) depicts that variation of SI of column C4 

is low compared to the other columns and variation of SI of column C1 is lower than 

that of columns C2 and C3. This Figure also shows that SI of column C3 is lower in 

comparison to column C2 due to the fact that axial load and hence axial deformation of 

column C3 is more pronounced than the others According to shear wall configuration in 

8
th

 level (see Figure 4-10), axial load of column C3 migrates to column C4 while axial 

load of column C2 migrates to column C1 only. However, axial load of column C3 is 

higher than other columns so that load migration from columns C3 to C4 is higher than 

other columns. Axial deformation of column C4 is thereby more pronounced than the 

other columns and hence SI of that column is low in comparison to column C3 as shown 

in Figure 4-11(d). Figure 4-11(d) also shows that variations of SI(s) of columns C1 and 

C2 are simil1ar to columns C3 and C4 because of the load migrations. Nevertheless, the 

difference between columns C1 and C2 is low in comparison to the other two columns 

due to the fact that column C2 is subjected to low axial load than column C3 and hence 

load migration from columns C2 to C1 is low.    

 

Figures 4-5, 4-6, 4-9 and 4-11 indicate a relationship between SI and axial deformation 

exists and linear positive gradients of SI with axial deformation for the different 

structural systems concluding that the elements deform axially in the linear elastic range 

and hence the stiffness reduces linearly.  

 

4.4 Conclusion 

Several methods have been developed to study the axial effects of beam elements 

comprising different boundary conditions based on their natural frequencies.  These 

methods are unable to capture the effects of the elements in a structural framing system 
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as natural frequencies are a property of a whole structural framing system. This gap in 

the present knowledge is reorganized.  

 

Chapter 4 presents the development of dynamic stiffness matrixes of a beam element 

and a structural framing system to study the influence of the axial affects on the 

vibration characteristics. This chapter introduces a vibration based parameter called 

Stiffness Index (SI) which can be used to identify the individual axial effects of the 

elements in a structural framing system capturing influences of different tributary areas, 

the boundary conditions and the load migration.   
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5 INFLUENCE OF AXIAL DEFORMATIONS ON 

VIBRATION CHARACTERISTICS OF CORE SHEAR 

WALLS   
 

This chapter presents the development of a dynamic stiffness matrix of a building 

structural framing system with core shear walls and this development is implemented to 

examine the influence of the axial forces on the vibration characteristics. Capabilities of 

the vibration based parameter, Stiffness Index (SI) defined in Chapter 4 are further 

investigated though illustrative examples.    

 

5.1 Introduction 

Many researchers have investigated the influence of axial load and hence deformation of 

a plate element on its natural frequency with different boundary conditions. 

Subrahmanyam (1985) developed expressions for the buckling of annular plates and 

established convergence. Outcome of this study highlighted that these expressions can 

be applied to the buckling of any polygonal plate. Tameroglu (1986) presented a method 

to determine general solutions for plates using the variable separation method. This 

method incorporates additional terms to treat different types of rectangular plate 

problems using Levy’s method. Kapania & Yang (1986) examined the buckling, post 

buckling and non linear vibration of imperfect laminated plates.  Chen & Liu (1990) 

developed a numerical method to study the static deflection and natural frequencies of 

plates using a Levy-type solution. The developed numerical method was compared with 

previously published works and achieved a close agreement highlighting the accuracy of 

the development. Abrate (1993) used the Levy’s method to find exact solutions for static 

deflections, free vibration and bucking loads for rectangular plates with two opposite 

edges simply supported. Chang, Hu. & Jane (1998) studied the vibration analysis of a 

delaminated composite plate subjected to in-plane load.  Results highlighted that 

fundamental natural frequency decreases as the applied axial compressive force 

increases and vice versa. Zhou (2002) studied a rectangular plate element incorporating 

stiffening effect of dead load on dynamic behavior of plates using Finite Element (FE) 

method. Outcome concluded that the stiffness of plate increases when the effect of dead 
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load is included into the calculation and that the effect is more significant for plate with 

a smaller stiffness. Xiang, Zhao  &  Wei (2002)  investigated the vibration behavior of 

multi span rectangular plates using Levy’s method which can be applied to rectangular 

plates with two parallel simply supported edges. The impact of the internal line supports 

on the vibration behavior of the plates was also studied. 

 

Based on the above, it is clear that the previous developments are limited to individual 

plate elements with their natural frequencies. Consequently, these developments can’t 

apply to investigate the axial effects/ axial deformations of plate elements in a structural 

framing system as experienced from beam/column elements in Chapter 4.  

 

Shear wall elements of cores and column elements in high rise buildings are subjected to 

huge loads during construction and service stages. Axial deformations of these elements 

are thereby more pronounced and their effects increase with height and structural 

geometric complexity. Chapter 4 demonstrates the effect of axial deformations of 

column elements on the vibration characteristics. Results highlighted that axial 

deformations of the elements impact significantly on the natural frequencies and modal 

vectors of first few modes of structural framing system and such an impact reduces with 

the modal number. This chapter also concluded that axial compressive forces of column 

elements reduce their stiffness and the frequency of the entire structural framing system. 

Swaddiwudhipong, Sidji, & Lee  (2002); Swaddiwudhipong, Lee &  Zhous (2001) 

investigated the effects of axial deformations and axial forces on the vibration 

characteristics of tall buildings. Findings confirmed that axial forces and axial 

deformations in vertical elements reduce the stiffness of the building and result in higher 

natural periods. Results of this study also demonstrated that the effects of axial 

deformations should be included for vibration analysis of structures especially for tall 

and or slender buildings. Chapter 3 presented a method to quantify axial shortenings and 

highlighted the need to quantify the elastic shortenings accurately incorporating effect of 

load migration among vertical elements occurring due to horizontal stiff shear walls, It is 

thus important to discuss the ability of the proposed method to capture such a load 

migration. 
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5.2 Dynamic Stiffness Matrix of Plate Element 

Dynamic stiffness matrix of a plate element subjected to axial (or in-plane) compressive 

loads can be formed as follows in order to examine the impact of axial compressive load 

on the modal parameters.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-1: The plate element with forces - plan view 

 

 

A plate element subjected combined lateral and direct in-planes loads is shown in Figure 

5-1 in which Nx, Ny, Nxy, Nyx are in plane forces,  x and y are distances along axes 

depicted in the Figure and p is the  pressure load applied in Z the direction     

 

The governing differential equation of the plate shown in the Figure can be written as 

follows (Ventsel & Krauthammer , 2001). 
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Where 

w- transverse displacement and D- Flexural rigidity of the plate  
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A dynamic stiffness matrix of an axially compressive plate shown in Figure 5-2 to treat 

free vibrations is developed and presented in this Chapter. Boundary conditions of this 

plate element are selected to be representative of shear walls in a core of a building. 

According to D’ Alambert’s principle, Equation (5.1) can be written for free vibration 

analysis. 
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Where μ is the mass of the element 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-2: A plate element with axial compressive load 

 

The above equation can be solved using a combination of variable separation method 

and Levy’s Method. According to variable separation method, the following equation 

can be formed as 

 

)t(g)y,x(v)t,y,x(ww            (5.3) 

  

Tx=0
TZ=0
Rx=0
Ry=0
RZ=0

X

Y

Ny

L1

Tx=0
TZ=0
Rx=0
Ry=0
RZ=0

Tx=0, TY=0, Rx=0, Ry=0, RZ=0

L2

Tx=0, TY=0, Rx=0, Ry=0, RZ=0
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Equations (5.4) and (5.5) can be formed after substituting Equation (5.3) into Equation 

(5.2)  
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. 

Where 

ω- natural frequency 

 

Solution of Equation (5.4) can be written as follows 

 

)tsin(B)tcos(A)t(gg          (5.6) 

 

Equation (5.7) is selected as a solution of Equation (5.5) based on Levy’s Method 

(Xiang, Zhao & Wei, 2002) 
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Where 

m=1,2,3 …. 

L1- shown in Figure 5-2 

At the boundary, 

0)y,0(v            (5.8) 

 And  

0)y,L(v
1

           (5.9) 

 

Substituting Equation (5.7) into Equation (5.5), f(y) in Equation (5.7) can be determined 

as follows  
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Where  
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A1, B1, C1 and D1- vector constants 

ba1             (5.11) 

ba2            (5.12) 

ba3            (5.13) 

ba4            (5.14) 
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Combining Equations (5.7) and (5.6), the deflection at any point on the plate can be 

represented from Equation (5.17) at any time t=T as follows 
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Where D,C,B,A -vector constants as at a specific time t=T, g(t) remains constant. 

 

At the boundaries, y=0 and y=L2, the deflections and rotations can be determined as 

follows 
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Where  

y
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The following equation (Equation (5.23)) can be formed combining Equations (5.18) to 

(5.21) 
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Equations (5.27) and (5.28) below represent the moment, My and shear force, Vy 

respectively 
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Where,  - Poisson’s ratio 

 

Equation (5.29) is formed using the moments and shear forces at the boundaries  
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Dynamic stiffness matrix, [KL] of the plate can be formed combining Equations (5.23) 

and (5.29) as follows 

 

  }Y{K}F{ L          (5.48) 

  

                                       

Where 
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The above stiffness matrix is defined based on the local coordinate system so that 

transformation matrix, [T] is employed as follows to establish the stiffness matrix based 

in the global coordinate system. 

 

       TKTK L

T

G                        (5.50) 

 

Where subscript G refers the global coordinate system 

 

Modal parameters of the plate element can be calculated from Equation (5.51) presented 

below using the dynamic stiffness matrix [KL]   

 

   0KL                        (5.51) 

 

Where  

   - modal vector of the element 

The dynamic stiffness matrix of the structure,  K , incorporating the influence of axial 

loads can be formed by assembling stiffness matrices of the elements considering 

compatibility of the nodes 

   

With the use of the dynamic stiffness matrix,  K , the equation of free vibration of a 

structure with the influence of the axial forces of elements can be represented as  

 

   0K 


          (5.52) 

 

Where  


 - modal vector of the structure  
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Equations (5.51) and (5.52) incorporate axial effects and hence capture the significant 

impact of the axial force on the modal parameters of the element and the entire structural 

framing system. However, it is not convenient to solve Equation (5.52) to examine the 

modal parameters with the influence of the axial forces of a complex structural framing 

system with shear walls as shown in Example 03 (discussed in the next section). The 

finite element software is thus employed for the proposed method as emplyed in Chpater 

4. 

 

It is examined in Chapter 4 the effects of axial compressive loads on column elements 

using the dynamic stiffness matrix of beam element and the Finite Element (FE) 

package, ANSYS (ANSYS Inc., 2007) was modified to capture the effects of the applied 

axial compressive loads of column elements and incorporated into the modal analysis. In 

this Chapter, this modified program is further enhanced based on the dynamic stiffness 

matrix of the plate element derived above in order to study capabilities of the vibration 

based parameter, Stiffness Index (SI) defined through Equation (4.34) in Chapter 4.  

 

It is well known that when buildings are subjected to live loads, their column elements 

deform axially in the linear elastic region. The main objective of the methodology 

proposed herein is to develop a relationship between such axial deformations and 

vibration characteristics.  This study is therefore limited to the linear elastic region.  

 

5.3 Validation of the modified FE program and study the 

capabilities of Stiffness Index (SI)-Core shear wall element 

In this section, three examples are presented. The first example is used to validate the 

proposed procedure using experimental data while the second example is used to study 

the impact of boundary conditions of the plate element on Stiffness Index (SI). The final 

example illustrates the application of the methodology to a geometrically complex 

structural framing system with shear walls. 
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5.3.1 Validation of the modified FE program-Core Shear wall element 

It is necessary to study accuracy of the modified FE program which will be implemented 

in the other illustrative examples.  This FE program was therefore used to develop a 

model of a plate element treated in an earlier experimental study on the influence of 

axial load on vibration characteristics of a plate by Ilankoi & Dickinsone (1987). The 

properties of the plate element treated are tabulated in Table 5-1.  

 

Table 5-1; Properties of the plate element 

Property Numerical value 

Young’ Modulus (GPa) 207 

Poisson’s ratio 0.3 

Density (Kgm
-3

) 7738 

Length (mm) 250 

Height (mm) 300 

thickness(mm) 1 

 

 

In the experimental study the vertical plate element had fixed boundary conditions at the 

bottom edge while only the vertical translation was allowed at the top. The other two 

edges were simply supported. The load was applied along the 250mm long top edge of 

the plate and was increased in several steps. The corresponding natural frequencies were 

measured at each load increment. The impact of incremental load on the frequency was 

then investigated from the experimental results. More information on the experimental 

testing can be found in the paper presented by Ilankoi & Dickinsone (1987). The 

experimental testing was used to study both the linear and non-linear behavior of the 

plate element under the axial compressive loads. However, only the results in the linear 

range were selected to validate the modified FE program due to the fact that effects of 

axial deformation on this region is only investigated in this research as mentioned 

earlier. 

 

A FE model for the plate element was developed using the modified FE program 

providing the appropriate boundary conditions. The axial (or in-plane) loads were 

applied in a manner similar to that in the experiment and the corresponding natural 

frequencies were extracted from the free vibration analysis while employing model 

updating techniques in order to improve the FE model. These techniques are  used to 
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fine tune the boundary conditions and the plate parameters.  The results for the natural 

frequencies are presented and compared in Table 5-2.     

 

Table 5-2: Comparison of the frequencies from the experiment and the present 

study 

 

P(N) 

Experimental Study 

Frequency(Hz) 

Present Study 

Frequency(Hz)  

Difference 

(%) 

309.4 66.65 66.89 0.36 

618.8 64.27 65.3 1.60 

928.2 62.52 63.37 1.36 

1237.6 57.72 58.12 0.69 

1547 54.96 55.52 1.02 

1856.4 50.32 51.02 1.39 

2165.8 49.43 49.2 -0.47 

 

 

In the experiment, the top surface of the plate element was modified to facilitate the 

application of the in-plane or axial loads. As the dimensions of the modifications to the 

top surface had not been clearly stated, they could not be incorporated into the FE 

model. It was also difficult to simulate same the supported boundary conditions in the 

FE model as implemented in the experiment. Furthermore, mechanical systems used in 

the experimental setup to apply simply supported boundary conditions are difficult to 

simulate in the FE analysis due to friction. These may be reasons for the small difference 

between results of the experiment and the present study, even though the model updating 

techniques have been employed for the FE model. However, it is evident from Table 5-2 

that the error is less than 2% highlighting the accuracy of the modified FE program used 

to capture the effects of axial loads and incorporate into the modal analysis.    
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5.3.2 Study the capabilities of Stiffness Index (SI) applied to core shear 

walls  

5.3.2.1 Impact of the boundary conditions on SI 

In this example, plate elements with different boundary conditions and subjected to axial 

compressive loads are selected to study the impact of their boundary conditions on the 

defined parameter, Stiffness Index (SI).  Figure 5-3 shows the two plate elements labeled 

Case A and Case B with different boundary conditions while the properties of the 

elements are tabulated in Table 5-3. The main purpose of this study was to investigate 

the effects of boundary conditions at the base of the wall elements.     

 

 

 

 

 

 

Figure 5-3: plate elements with different boundary conditions 

 

Table 5-3: properties of the plate elements 

Property Numerical value 

Young’s Modulus (GPa) 45 

Poisson’s ratio 0.2 

Density (Kgm
-3

) 2300 

L1 (m) 6 

L2 (m) 4 

Thickness(m) 0.5 

 

The analysis was conducted using the modified FE program for Cases A and B while 

increasing the axial compressive force, Ny, from 4MN to 10 MN with several load 

increments. The frequencies and the corresponding modal vectors were extracted from 

the analysis while axial deformations were quantified from static analysis. Figures 5-4(a) 

and 5-4(b) illustrate percentage of the frequency change vs. the axial deformation for 

Cases A and B respectively while Figure 5-5 shows deformation contours of first three 

modes of the plate elements(Cases A and B) under the vibration. 
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(b) 

Figure 5-4: percentage of frequency change vs. the axial deformation-(a) Case A 

and (b)-Case B 

 

 

It is clear from Figure 5-4 that the percentage change of the frequency increases with 

axial deformations as a result of axial compressive forces and this is more pronounced in 

the first mode and reduces with the mode number. This highlights that stiffness change 

due to the axial compressive force can be captured using the first few modes. In each of 

the two cases A and B, it was also evident that the mode shape change due to the axial 

load was more pronounced for the first few modes. Figure 5-5 clearly indicates that 

mode shapes for Case A (see Figures 5-5(a) to 5-5(c)) are significantly different than 

those for Case B( see Figures 5-5(d) to 5-5(e)) indicating that the boundary conditions 

impact significantly on the mode shapes and result in the SIs.    
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                        (a)              (b)    (c)  

 

 

 

 

 

 

 

 

                           (d)                (e)    (f) 
 

Figure 5-5; Deformation contours of the element (plan views): (a) –(c) first 3 modes 

for case A and (d) – (e) first three modes for case B 

 

 

The defined parameter, Stiffness Index (SI) at each load increment is calculated using 

the modal parameters while the corresponding axial deformations are calculated using 

static analysis. Figure 5-6 presents the variation of SI with axial deformation for the both 

cases. It is evident from Figure 5-6 that SI does not change appreciably when more than 

two modes are incorporated into the calculation. This indicates that the first two modes 

are adequate to capture the effect of axial force and hence deformation. Variation of SIs 

of Case A (from 250,000 to 950,000) and Case B (from 80,000 to 275, 000) are also 

different confirming that SI has the ability to capture effect of different boundary 

conditions through the change of modal parameters as experienced by Chapter 4. As 

experienced by results of examples in Chapter 4, Figure 5-6 illustrates that the variation 

of SI with axial deformation is linear for the both cases.  
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(a)                                                                              (b) 

Figure 5-6: variation of SI with axial deformation- (a)-Case A and (b)-Case B 

 

The next example will demonstrate more capabilities of SI, when it is applied to a 

geometrical complex structural framing system with cores/shear walls.   

 

5.3.2.2 Capture the effects of the different tributary areas and the load 

migration 

A three dimensional (3D) structural framing system with ten levels, shown in Figure 5-7, 

is selected to examine the capabilities of the proposed SI. This structure will not have a 

heavy computational demand for its analysis but will be adequate to explain the process 

so that it can be applied to more complex structural framing systems. Height of the floor 

is 4 m. Two cores with equal sizes named cores L and R are located in this structural 

system as depicted in Figure 5-7 so that impact of axial loads on the shear walls of these 

cores can be investigated through the defined parameter, Stiffness Index (SI). This 

framing system also comprises the stiff shear walls located at the 7
th

 level (see Figure 5-

7) so that load migration occurs as in a high rise building with outrigger and belt systems 

as experienced by Chapter 3. The material properties of the shear wall elements are 

tabulated in Table 5-4 while their sizes are tabulated in Table 5-5. In this example, the 

behavior of SIs of elements of the core walls L and R in levels 5, 7 and 9 are examined 

in order to capture the impact of the (stiff) shear wall at level 7 on the core wall elements 

at, below and above this level respectively.     
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Uniformly distributed loads are applied on slabs in different steps as tabulated in Table 

5-6 to create different loading cases. These loading cases simulate the structure 

subjected to gradual load increments. The analysis was conducted for each loading case 

using the modified FE program and the corresponding modal parameters were extracted 

while the axial deformations were determined using static analysis. As in Example 2, 

these modal parameters were first used to determine the SIs plotted with respect to the 

axial deformations of walls of the cores L and R at the selected levels. For reasons 

discussed earlier only the first two modes (both bending) in the u and v directions shown 

in Figure 5-7(b) were used to calculate SIs of the elements.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a)                                      (b)                

 

Figure 5-7: Structural framing system (a)- isometric view and (b)- plan view 
 

 

Table 5-4: Material properties of elements 
 

 

 

Structural Element Material Property Numerical Value 

Shear walls of core Density/(kgm
-3

) 2400 

Poisson Ratio 0.18 

Young’s Modulus /(GPa) 30 

stiff shear walls Density/(kgm
-3

) 2400 

Poisson Ratio 0.18 

Young’s Modulus /(GPa) 45 

C ore L

C ore R

V

U

S tiff S hear 
Walls 10m

6m

8m

6m

16.5m

3m
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Table 5-5; Element sizes 

Element Thickness (m) 

Core walls  0.25 

(Stiff) shear walls located at 7
th

  level 1 

 

 

Table 5-6: Applied loads on slabs 

Levels Loads on slabs(kPa)  

Case 1 Case 2 Case 3 Case 4 

1 to 6 2 2 2 2 

7 and 8 0 2 2 2 

9 and 10 0 0 1 2 

 

 

Figure 5-8 presents contours of modal vectors of the first two modes of only the core 

wall elements.  This is because the main objective of this paper is to develop a method to 

quantify axial deformations of the core walls/ plate elements in a structural framing 

system using modal parameters. It is evident from legends of Figure 5-8 that the 

behaviors of the modal vectors of the core walls at each level are different. This is due to 

the different tributary areas and the locations of the two cores.  This difference can be 

used to capture the individual behavior of the elements using the proposed Stiffness 

Index (SI).      

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a)       (b)  

  

Figure 5-8: Mode shapes (a) Mode 1 (Front View) and (b) -Mode 2 (End View) 

(unit in meter) 
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Figure 5-9 presents the variation between the SI and axial deformations of walls of cores 

L and R in the selected levels. The first and second letters of the legends refer to the 

particular core wall element and the level respectively. It is evident from this Figure that 

there are significant differences between the variations of SI(s) of the two selected 

elements at all 3 levels. This is mainly due to the variation of modal vectors used in the 

calculation of Modal Flexibility (MF). At the 5
th

 level, element L5 is subjected to higher 

axial deformation than element R5 due to the larger tributary area of L5. As stiffness 

change is inversely proportional to axial deformation, the SI of element L5 is less than 

that of element R5 as shown in Figure 5-9(a). Similar comments apply to the elements 

L9 and R9 at level 9 as noticed from Figure 5-9(c). 
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Figure 5-9: variation of SI of elements of core with axial deformation-(a)- 5
th

 level 

,(b)- 7
th

 level and (c)-9
th

 level. 
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Axial load of element L7 migrates to element R7 through the (stiff ) shear walls 

connecting these two elements (see Figure 5-7) and this load migration controls the axial 

deformations notably. Due to this reason there are two important features (i) SIs of the 

elements at level 7 are lower than those at levels 5 and 9 and (ii) SI of L7 is higher than 

that of R7, a reverse in trends noticed at the other two levels. Figure 5-9 depicts that 

variation of SI vs. axial deformation is linear as experienced in the previous example.     

Figure 5-9 demonstrates that the defined parameter, SI of an element in a structural 

framing system has an ability to capture the load migration and the effects of different 

tributary areas successfully. Chapter 3 highlighted that axial deformations of cores of 

high rise buildings are more pronounced due to the fact that they are subjected to huge 

loads from the upper floors even though these elements are mainly designed to carry 

lateral loads from natural sources such as wind. The findings discussed above confirm 

that SI proposed methodology can be implemented for core wall elements of high rise 

buildings. This is important as axial deformations and SI(s) of such elements are more 

pronounced than those in medium rise buildings.   

5.4 Conclusion 

Even though numerous methods have been developed to examine the axial effects of 

plate elements with different boundary conditions based on their natural frequencies, 

they cannot be discretely applied to the elements in a structural framing system since 

natural frequency used in those methods is a property of the entire structural system.  

Discrete capture of the dynamic properties of individual elements are required to 

accurately define the response of a diverse range of elements with many parametric 

variations that have been mentioned earlier. 

 

Chapter 5 presents developments of dynamic stiffness matrices of a plate element and a 

structural framing system in order to examine the influence of the axial effects on the 

vibration characteristics. Capabilities of the vibration based parameter; Stiffness Index 

(SI) introduced in Chapter 4 is applied to plate elements in a structural framing system. 

Results highlighted that SI parameter can be used to identify the individual axial effects 
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of the elements capturing effects of boundary conditions, different tributary areas as well 

as the load migrations.  

 

Outcomes of Chapters 4 and 5 conclude that Stiffness Index (SI), which uses Modal 

Flexibility (MF) phenomenon, can be applied to building structures comprising cores 

and column elements and capture the individual axial effects using the vibration 

characteristics.    

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



125 

 

6 DEVELOPMENT OF A VIBRATION BASED METHOD 

TO UPDATE AXIAL SHORTENING OF VERTICAL 

LOAD BEARING ELEMENTS IN REINFORCED 

CONCRETE BUILDINGS 
 

Outcomes in Chapters 4 and 5 demonstrate that the axial deformation impacts on the 

vibration characteristics and this impact amplifies with building height and geometric 

complexity of structural framing systems. Chapters 4 and 5 highlighted a relationship 

between Stiffness Index (SI), which uses modal vectors and natural frequencies, and 

axial deformation and capabilities of SI presented through illustrative examples. In this 

chapter, SI is further enhanced in order to develop a novel vibration based parameter 

called Axial Shortening Index (ASI) to capture elastic deformation during construction 

and service stages of buildings. This novel parameter is applied to a geometrically 

complex tall structural framing system in order to examine its capabilities.       

   

6.1 Introduction 

Chapters 4 and 5 demonstrate the development of Stiffness Index (SI) parameter of a 

structural element, which depends on the vibration characteristics. Outcomes of these 

two chapters conclude that this parameter can be used to identify the individual axial 

effects of column and core shear wall elements of structural framing system. The main 

objective of Chapter 6 is to present development of a comprehensive procedure to 

update previous prediction of axial shortening of the structural elements based on the 

variation of vibration characteristics and thereby determine realistic differential axial 

shortening between various structural elements. Stiffness Index (SI) developed in 

Chapter 4 is further enhanced in order to propose a vibration based Axial Shortening 

Index (ASI) developed and presented in this chapter. The procedure incorporating ASI is 

proposed taking into account the time dependent effects of Young/s modulus of 

reinforced concrete and construction sequence.  This procedure can be used during the 

construction and service stages in order to verify and update previous predictions.  A 

comprehensive example of a tall building with 64 storeys is treated in this chapter to 

illustrate the proposed procedure. The proposed procedure in this chapter can also be 
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used as a structural health monitoring tool during and after the construction to assess 

damage from extreme events such as earthquakes, hurricanes, or blasts.   

 

This research uses the MF phenomenon to develop a relationship between elastic 

shortening and vibration characteristics. The effects of creep and shrinkage are then 

incorporated in order to quantify the total axial shortening in the elements and hence the 

differential axial shortening between any two vertical elements can be calculated. 

Gauges such as accelerometers and Pick-ups can be installed on structural elements so 

that vibration characteristics such as modal vectors and natural frequencies can be 

acquired (kanwar et al ,2008; Olmer, 1980). These gauges can be deployed when 

readings are necessary and they need not to be fixed permanently either during or after 

construction. As a result, these instruments do not require the same degree of protection 

as vibrating wire gauges, external mechanical gauges and electronic strain gauges 

resulting in lower cost of installation. 

 

The model updating method described in this section uses time dependent load 

application to represent construction sequences, time dependent parameters for Young’s 

modulus of reinforced concrete based on GL2000 as described in Chapter 3.  

 

6.2 Load Application 

According to the construction process in high rise buildings, the typical time varying 

load history of a concrete element in the building can be represented as in Figure 3-3 in 

Chapter 3. As assumed in section 3.1.5 in Chapter 3, the Young’s Modulus in concrete at 

this incremental load application is assumed to be constant. However, the time varying 

value of Young’s Modulus of concrete is used in the analysis as time increased from T1 

to T2, from T2 to T3 and so on and this Young’s Modulus can be calculated through 

Equation 3.4 in Chapter 3. As described in Chapter 3, the stress developed in concrete 

elements due to the construction load has been found to be less than 0.5 fc’ (where fc’= 

characteristic strength of concrete). This stress is in the linear elastic region enabling the 

principle of superposition to be applied. 
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6.3 Model Upgrading Methods 

The main advantage of using FE methods in structural analysis is the ability to generate 

accurate numerical models to simulate the action effects, stresses and strains under 

variable conditions of stiffness and loads (Brownjohn, 2009; Wu & Li, 2004). As 

discussed earlier, the dynamic properties of structure can be represented by vibration 

characteristics such as modal flexibility in such analysis  

 

This research defines the two model upgrading methods; micro and macro based on 

variation of the mass and stiffness of a structure during and after the construction. 

Micro-upgrading occurs when mass is added by the structural components without any 

significant contribution to the stiffness of the whole building, for example, when wet 

concrete and simply supported beams are included into the building. Macro-upgrading 

occurs when structural components added to the building contribute to the stiffness as 

well as mass of the whole structure, and includes matured concrete and moment resisting 

frames. Young’s Modulus is assumed as a constant during micro upgrading stage as 

stated in Section 6.1. Figure 6-1 depicts micro and macro upgrading methods defined in 

a structure from construction to service stage.  As shown in this figure  stage 1, stage 2 

etc, in which instantaneous loads from mass of materials used to fabricate the floor 

above ( a certain level) are applied on the structure without any significant contribution 

to the stiffness of the whole structure are called Micro Upgrading.  When added 

materials develop and contribute stiffness and mass to the structure is called Macro 

Upgrading, which occurs across stages 1-2, 2-3, etc with changes in the vibration 

chrematistics.  These are the only two realistic scenarios during the construction of a 

building. During the Micro-Updating process the effects of the added mass are realized 

both in free vibration analysis through the dynamic stiffness matrix (presented in 

chapters 4 and 5) and automatically in static analysis. 
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Figure 6-1: Model upgrading methods defined from the construction to service 

stages 

 

It is necessary to calculate dead loads of the floors above a particular level and to 

incorporate these into the method at different stages. According to the geometric 

differences, sub FE models representing the floors are developed and analyzed 

separately to calculate the dead loads to be transferred to the building system as 

conducted in section 3.1.4 in Chapter 3. This approach is very important for high rise 

buildings with geometrically complex floors since the dead load of such floors can be 

estimated accurately as well as conveniently.  

 

6.4 Vibration characteristics and Axial Shortening  

6.4.1 Vibration characteristics 

During construction, materials such as wet concrete used to fabricate structural elements 

in the floor above a certain level do not develop instantaneous stiffness and the ability to 

support external loads by the building system. Deformation of element in the floors 

below can occur due to the influence of mass of these materials. The stiffness of the 

structural elements in the floors below will be influenced by the maturing concrete (with 

time varying properties) resulting in the further deformation of these elements.  
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                                     (a)      (b)  

   

Figure 6-2:  lump mass systems for a structure -3(a) - before upper floor 

construction and 3(b)-during upper floor construction 

 

Figure 6-2 shows one of the construction stages. In this figure, “m” refers to mass of 

materials of the floor above (under construction) while Mx, Kx and Cx (where number 

of floors, x= i, j and n) denote lump masses, stiffness and damping of each floor of the 

lump mass system. The superscript “o” indicates the new value of stiffness of the floors 

due to the mass “m” acting on the top of the structure. Locations of the instruments 

(accelerometers) are shown in this figure and they can be used to capture the vibration 

characteristics and to quantify the MF of the elements at any stage. 

 

When a structure is subjected to free vibration during the construction stage, the mass of 

materials used to fabricate the upper floor contributes to the lump mass system as 

illustrated in Figure 6-2(b). The axial forces result in axial deformations in vertical 

structural elements, such as columns and cores, increase due to additional mass.  Based 

on the outcomes of Chapters 4 and 5, it can be stated that the frequency of the structural 

elements and hence frequency of the whole structure decreases due to the increased axial 

forces. Vibration characteristics such as natural frequencies and modal vectors thus 

change with load increments. Moreover, the Young’s modulus of concrete changes with 
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time so that the stiffness of the structure and vibration characteristics change. Increasing 

mass reduces the natural frequency of the structure and increasing stiffness increases the 

frequency of the structure.  The impact of additional mass from new construction is 

instantaneous while the increment of stiffness of the newly built components is time 

dependent. This results in continuous change of MF and hence Stiffness Index (SI) with 

time. 

 

Equations 6.1 and 6.2 represent Modal Flexibility of element x depicted as in Figures 6-

2(a) and 6-2(b) respectively   
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where subscript U and L denote the two load stages without and with mass “m” 

respectively.  

 

When buildings are subjected to free vibration due to wind or traffic loads or both, the 

magnitudes of movement of the lower storeys are very low. Consequently, magnitudes 

of modal parameters and hence modal flexibilities are also very low. It is necessary to 

amplify these modal flexibilities in order to enhance the small time dependent 

incremental changes of these parameters in structural elements as the way to define 

Stiffness Index (SI) presented in Chapters 4 and 5. Hence, the reciprocals of Equations 

6-1 and 6-2 are considered as follows 
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Equation 6-5 below captures the influence of the axial force in an element induced by 

mass of materials of the floor above in terms of model flexibility changes though the 

Stiffness Index (SI) parameter. 
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Equation 6-6 can be written by considering log scale of Equation 6-5 to represent this 

influence in an amplified manner. 
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Outcomes of Chapters 4 and 5 highlights that the resulting axial deformation (elastic 

deformation) influences the Modal Flexibility (MF)  and hence SI and this can be 

captured by the Equation below.  
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where - Zx is the axial elastic deformation of element x due to the axial force 

  

To facilitate model updating (as described above) the parameter, ASI  is introduced and 

defined as follows. 
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This parameter, ASI captures variations of flexibility and displacement (elastic 

shortening) of element x during and after the construction and is called the vibration 

based Axial Shortening Index (ASI). It can hence be used to quantify the progressive 

structural deformations both during and after construction.  It is evident from Equation 

6-8 that this parameter is directly proportional to stiffness and inversely proportional to 

elastic axial deformation.    

 

6.4.2 Quantification of Elastic shortening  

6.4.2.1  Design stage predictions 

At the design stage predictions of elastic shortenings, Z of vertical members at different 

stages of construction are normally made using static analysis of finite element models 

of the building and based on the construction sequence. In addition, free vibration 

analyses of the appropriate Finite element models of the structure at different 

construction stages can be used to obtain the modal parameter βx (Equation 6-6).  Using 

these 2 parameters and Equation 6-8, the axial shortening index (ASI) 

member at the different construction stages can be calculated and retained for later use. 

The variation of axial shortening index (ASI) across the construction stages are normally 

plotted in a graph in which the vertical axis represents Axial Shortening Index (ASI) 

while the horizontal axis represents the number of the stage.  Furthermore, four or five 

floors are usually considered at a time in the finite element modeling and analysis to plot 

the variations of ASI with time and the hence the ASI at intermediate stages can be 

found by interpolation.   

6.4.2.2 Upgrading during construction  

The natural frequencies and mode shapes extracted from the deployed accelerometers at 

the different construction stages can be used to obtain more accurate and realistic values 

of the modal parameter (β now updated to ) βx 
P

 (where superscript , p denotes the 

practical measurements) for the vertical elements using Equation 6-7.  These updated 

values βx
P
 along with the previously obtained ASI can then be used to calculate the 
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updated values of the elastic shortenings Zx
P
 (where superscript, p denotes the practical 

measurements) from Equation 6-9. 
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6.4.3 Quantification of axial shortening  

The total axial shortening in consequence of a combination of elastic, creep and 

shrinkage shortenings can be calculated using the equation developed in Chapter 3 as 

follows. 
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Equation 6-10 represents the axial shortening Hx(tr) of  element x at the considered  

time, tn along the height of the building.    

 

Equation 6-11 represents the total elastic shortening, Zx
o
(tn) of an element along the 

height of the building at time tn subjected to the force history shown in Figure  
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Where  i and x are defined as in the equations above.  

 

At the design stage, results from the finite element analysis can be used to determine the 

parameter, vibration based Axial Shortening I above for each 

vertical structural element such as the core and columns in each of the stages 1, 2 to 

stage n (see Figure 6-2). From the numerical results, graphs of the variation of this Axial 

Shortening Index (ASI) s, are plotted for each structural element.   

 

During the construction of the real building, vibration characteristics such as modal 

vectors and natural frequencies at any stage of construction can be obtained using 
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strategically located accelerometers. The parameter, βx
p
, can then be calculated. Using 

the procedure mentioned in section 6.4.2.2, the elastic shortenings of element x can be 

estimated. From the volume to surface ratio of elements and humidity of the 

environment, the axial shortening of the structural element x due to shrinkage and creep 

can be determined using Equation 6-10 so that differential axial shortening between the 

elements can be calculated. 

 

6.5 Illustrative example 

A high rise building with 64 floors (floor height- 4m) as shown in Figures 6-3 and 6-4 is 

used to demonstrate the feasibility of the methodology described above. This building 

has two outrigger and belt systems constructed with 60 MPa concrete and spread over 

two floors; between floors 10 and 12 and between 42 and 44. Dotted lines in Figure 6-

3(b) show locations of shear walls of the belt and outrigger systems. The columns and 

core are constructed with 80 MPa and 60 MPa concretes respectively, while the slabs are 

constructed with 40 MPa concrete. The reinforcement content of the structural elements 

is 3% in relation to the cross-sectional area. Tables 6-1 and 6-2 present the structural 

element sizes.  

 

 

 

 

 

 

 

 

 

 

 (a)       (b) 

Figure 6-3: (a) typical plan view of the building and (b) locations of the shear walls 

in the outrigger and belt systems (dotted lines) 
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   (a)       (b) 

Figure 6-4: (a) isometric and (b) end view of the building 
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Table 6-1: Column sizes and core wall thicknesses 

Location-(Floor Number) Column size(m) Core wall thickness(m) 

0-16 2.0 x 2.0 1.2 

17-32 1.8 x 1.8 1.0 

33-48 1.6 x 1.6 0.8 

49-64 1.4 x 1.4 0.6 

 

Table 6-2: Thickness of shear walls of the outrigger and belt systems 

Location Shear wall thickness (m) 

Lower (floors between 10-12) 1.0 

Upper(floors between 42-44) 0.5 

 

The analyses are carried out excluding weight of the form work and workers acting on 

the structure in the models which simulate the construction stages. A total of 32 different 

finite element models representing the different construction stages were developed to 

apply the methodology described above. Among these models, 16 were developed 

considering four floors at a time. This floor interval was selected because the American 

National Standard, (1990), ANSI S2 47-1990, recommends that when the height of a 

building is more than 4 floors (12m), subsequent measurement points should be added at 

every four floors and at the top of building. Additionally, it is assumed that the core is 

constructed one floor prior to other structural elements during the development of the 

models. The other 15 models were generated from the previously developed models to 

apply the axial loads, representing the mass of materials of the floor above, on the 

vertical elements such as columns and core at the different construction stages. The final 

model was developed by applying the live load of 2.5kPa for mechanical floor levels and 

1 kPa for the remaining floor levels in order to study the behaviour of the structure 

during its service stage. These live loads were applied at a time of 700 days after 

commencement of the construction and it is assumed that these loads remain constant 

over the rest of time. Assuming 7 days per floor construction (construction sequence), 

the time dependent Young’s Modulus of 40MPa, 60 MPa and  0 MPa concretes were 

incorporated into the analysis to formulate the actual behaviour of the structure. 
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Equation 3.1 in Chapter 3 is used to calculate the time dependent Young’s Modulus of 

the reinforced concrete.   

 

Columns B, C, F and G shown in Figure 6-3 were selected to study the influence of 

member location (and hence tributary area) and shear walls of the outrigger and belt 

systems on the axial shortenings. Two extreme locations I, J on the core are selected to 

examine the bending behaviour of the core due to the unsymmetrical nature of the 

building.    

 

6.6 Results and Discussion      

Results from the vibration analysis indicated that the 1
st
 , 2

nd
 , 4

th
  and 5

th
 modes of free 

vibration are bending and 3
rd

 mode is torsional. The bending modes are about the two 

diagonal axes U and V indicated in Figure 6-3(b) of the plan view of the building. These 

five modes and their natural frequencies were examined since it is observed that the high 

frequencies and the corresponding modes do not impact significantly on the vibration 

based ASI. Periods of vibration associated with these modes and their variations during 

the construction stage are illustrated in Figure 6-5 which also indicates the micro and 

macro upgrading.  

  

 

 

 

 

 

 

 

 

Figure 6-5: variation of the periods with model number from construction to 

service stage. 

 

During micro upgrading there is an increase in the mass of the structural system due to 

the added low stiffness material such as wet concrete used to fabricate the floor above. 
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At the same time the stiffness of structural elements decreases slightly due to the 

increase in axial forces due from the added mass of the floor above. Despite these 

occurrences, there is no significant increase in the natural periods of the structure as 

evident from Figure 6-5, which illustrates that during micro upgrading, such as during 

stage 8 (corresponding to models 15 and 16), the periods increase only very slightly.   

 

Figure 6-5 also shows one of the Macro Model Upgrading process incorporated into the 

simulation. When the Finite Element Model is subjected to such an upgrading, overall 

the periods increase somewhat significantly due to the increase in height of the structure. 

This increase in periods is more pronounced on first two modes (modes 1 and 2) than the 

others.    

 

The structural elements at the different floor levels such as 4,12,32,42 and 52 are 

selected to evaluate the ASI using Equation 6-8 

extracted from the static and free vibration analyses of the different structural models. 

The floor levels 4, 32 and 52 are selected to study the behaviour of this index of the 

selected structural elements in the lower, middle and upper levels of the building 

respectively while the floor levels 12 and 42 are selected to study the behaviour of the 

index of the structural elements at the levels of the outrigger and belt systems. 

Furthermore, the locations of the core I and J are selected to study the bending behavior 

of the core which will be pronounced in this building due to its unsymmetrical nature.  

 

During the construction of the building it may not be possible to monitor all five modes 

of vibration for upgrading. Hence, it is necessary to investigate the impact of number of 

modes used in evaluating ASI of elements and thus ASI of the selected elements are 

calculated incorporating one mode and five modes. The results indicate that the impact 

of number of modes is considerably low. Figure 6-6 illustrates variation of ASI(s) 

calculated including one mode as well as five modes for column B located at the 4
th

 

floor level with the construction stages. It is revealed clearly from this figure that impact 

of number of modes is very low, although it is preferable (if possible) to incorporate few 
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modes into the calculations in order to reduce minor variations and to improve the 

accuracy of results. 

 

 

 

 

 

 

 

 

 

Figure 6-6:  Comparison of axial shortening indexes of column B 

 

Figures 6-7 to 6-9 illustrate the variation of the axial shortening index of the selected 

structural elements (B, C, F and G) with the construction stages. In these figures, the 

vertical axis represents the ASI while the horizontal axis represents number of the 

stages. Figure 6-7 represents the variation of the ASI of columns B and C at the selected 

floor levels.  As explained in the methodology above (and indicated in Equation 6.8), 

larger values of ASI 

Column B is connected with outrigger and belt systems whereas column C is only 

connected to the belt systems (see Figure 6-3(b)). Shear walls of these systems control 

the axial shortening of those columns and hence even though these two columns have 

equal tributary areas, elastic shortening of column B is lower than column C. Therefore, 

As shown in Figures 6-7(a) to 6-7(d), ASI of column B is higher than column C at most 

of the floor levels. However, the indexes of these elements are almost identical at the 

52
nd

 floor level (see Figure 6-7(e)) since impact of outrigger and belt systems on floors 

above from these systems is very low. This highlights that axial elastic deformation of 

the structural elements located above outrigger and belt systems are not subjected to the 

influence of these systems.    
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                              (a)                                                                      (b) 

 

 

 

 

 

 

 

                              (c)                                                                               (d) 

 

 

 

 

 

 

                                                                    (e) 

Figure 6-7: Variation of Axial Shortening Index of columns B and C at the 

different floor levels, (a)-Level 4, (b)-Level 12, (c)-Level 32, (d)-Level 42 and (e)-

Level 52 

 

Figure 6-8 shows the variation of ASI of columns G and F at the selected floor levels.  

These two columns have equal tributary areas, but column F is connected with shear 

walls of outrigger systems (at levels 10-12 and 42-44) whereas column G is not 

connected with such stiff structural elements (see Figure 6-3(b)). These shear walls 

control axial shortening of those members so that elastic shortenings of column G is 
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higher than column F at most of the floor levels. ASI of column F is therefore higher 

than column G at all levels including the 4
th

 and 32
nd

 floor levels (see Figures 6-8(a) and 

6-8(c)), where there are no shear wall connections. The impact of these shear walls are 

more pronounced on these columns located at the 12
th

 and 42
nd

 floor levels since these 

shear walls are located in these levels. Figures 6-8(b) and 6-8(d) indicate that difference 

between ASI(s) of columns F and G are higher at levels 12 and 42 compared to those at 

other levels. Furthermore, ASI(s) of these two columns located at the 52
nd

 floor level are 

almost identical (see Figure 6-8(e)) since influence of outrigger systems does not impact 

on the elements located above these systems.      
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                                                                       (e) 

Figure 6-8: Variations of Axial Shortening Index of columns F and G at the 

different floor levels-(a)- level 4, (b)-level 12, (c)-level 32, (d)-level 42 and (e)-level 

52 

 

Figure 6-9 shows variation of ASI of locations I and J of the core at the selected floor 

levels. It can be seen from this figure that the index of location I is always low in 

comparison to that at location J since elastic shortening of location I is higher than 

location J due to the influence of different tributary areas. Because of this influence, the 

core also bends into the building. At stages 12, 42 and 44, Figure 6-9(b) shows 

reductions in the differences between the indexes as the outrigger and belt systems 

located at these floor levels control elastic shortenings of the selected locations of the 

core. However, this occurrence  is not evident for I42 and J42 at the 42
nd

 level  in Figure 

6-9(d) as the shear walls of the outrigger and belt systems have  different sizes and 

Young’s Modulus (see Table 6-2) and hence different stiffnesses at these locations. This 

confirms that the outrigger and belt systems at the lower levels have a larger impact on 

behaviour of the core at those levels and have less influence at the higher levels.   
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                                                        (e) 

Figure 6-9: variations of Axial Shortening Index of the locations of the core at 

different floor levels-(a)- level 4, (b)-level 12, (c)-level 32, (d)-level 42 and (e)-level 

52 

 

At the 64
th

 stage Figures 6-7 to 6-9 indicate that the axial shortening index can capture 

the elastic shortenings due to the axial load applied during the service stage of the 

building since the indexes of the structural elements tend to decrease gradually when the 
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service loads are applied. The reason for this is that elastic shortenings of such elements 

increase due to the applied service loads. This confirms that ASI proposed in this paper 

has an ability to capture such influences in the service stage as well. 

 

 Axial Shortening Index (ASI) of the selected structural elements at the intermediate 

stages such as the stages during the construction of the floor levels 7, 32 and 54 were 

calculated using (i) the proposed method and (ii) interpolation in the graphs shown 

above. Difference between both sets of results was less than 0.01% confirming that the 

intermediate stages can be calculated by applying the interpolation method.     

 

6.7 Calculation -Elastic and Axial shortening 

During and after the construction stages of the real building, vibration characteristics 

such as modal vectors and natural frequencies can be extracted from the deployed 

accelerometers and the defined parameter, βx (=βx
p
 where superscript “p” denotes the 

physical measurement)   can be calculated using Equation 6.6 for each element x. Axial 

elastic shortening, Z
p

x at the different stages can therefore be determined by substituting 

β
p

x and the existing ASI (which have been evaluated at design stage, as discussed 

earlier) into Equation 6.9.  Elastic shortening of element x along the height of the 

building is obtained by substituting the calculated elastic shortening, Z
p

x into Equation 

6.11. After acquiring humidity and volume to surface ratios of element x, axial 

shortening of element x along the height and at a certain time is evaluated through 

Equation 6.10.     

 

Elastic shortenings of the selected elements are quantified numerically (using nodal 

displacements from static analysis) to explain the method presented above by 

substituting Zx(t)  (in lieu of Zx
p
(t) ) in Equations 6.10 and 6.11.  Figure 6-10 reveals 

results from Equation 6.11 for the selected structural elements and the core at locations I 

and J. This Figure represents the elastic shortenings along the height of the structure. 

Moreover, the same elastic shortenings are then substituted into Equation 6-10 to 

quantify axial shortening of those elements. In the present case, 5340 days (around 15 

years) after the commencement of the construction and 50% of humidity of the 
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environment are taken into account to calculate axial shortenings. Figure 6-11 shows 

axial shortening of the structural elements.  

 

 

 

 

 

 

 

 

 

 

Figure 6-10: Elastic shortening of the structural elements 

 

The core bends into the building due to influence of different tributary areas so that 

elastic shortening of location J is always less than location I. This is clearly revealed in 

Figure 6-10. Column F is connected with the shear walls of the outrigger systems so that 

the shear walls control the shortening of column F.  Column G is not connected with 

such stiff structural elements so that column G shortens more than column F as shown in 

Figure 6-10. Column B is connected with the outrigger and belt systems whereas column 

C is connected with the belt systems. Both outrigger and belt systems control the 

shortening of column B while the belt systems control the shortening of column C.  

Therefore, the elastic shortening of column C is higher than column B as depicted in 

Figure 6-10.  Behaviours of axial shortening of the structural elements are the same as 

their elastic shortening (see Figure 6-11). The magnitudes of the axial shortenings are 

higher than the elastic shortenings because of long term impact of creep, and shrinkage 

strains.        

 

Axial shortening of location J is not included in Figure 6-11 due to the fact that the 

horizontal structural elements such as shear walls are not connected at this location. 

However, location I is connected with column F using shear walls of the outrigger 
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systems. Consequently, differential axial shortening between columns I and G is very 

important as it affects the capacity of the shear walls.  

 

 

 

 

 

 

 

 

 

 

Figure 6-11: Axial shortening of the structural elements 

 

The behaviour of slab X (across the locations I, F and G) shown in Figure 6-3(a) at the 

64
th

 floor level after the examined time frame (around 15 years) is revealed in Figure 6-

12. This slab is subjected to warping action due to differential axial shortening of the 

vertical elements and it is possible that this might leads to unexpected deformation and 

probable damage, highlighting the detrimental effects of differential axial shortening. 

Additionally, the other services such as pipe lines and conduits associated with this slab 

may fail confirming that the influence of differential axial shortening is very important 

to measure during construction and service stages of the building structures to make 

adequate provision to mitigate the adverse effects.   

 

 

 

 

 

 

 

 

Figure 6-12: the behaviour of slab X 
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Results show that the (vibration based) ASI developed in this paper has the ability to 

capture flexibility (stiffness variation) and elastic deformation of vertical structural 

elements by taking into account influence of outrigger and belt systems, unsymmetrical 

nature of building  and different tributary areas. This is an important feature since the 

elastic and creep shortenings, which give significant impact on long term shortening, 

r of progressive 

deformations occurring during and after construction of building structures.      

 

6.8 Conclusion 

Upgrading axial shortening during and after construction of a building provides valuable 

feedback to verify the actual performance in relation to the theoretical predictions. Using 

ambient vibration measurement for this purpose will avoid the practical drawbacks in 

present methods.  With this in mind a comprehensive method based on variations in 

vibration characteristics has been developed to quantify the axial shortening of the 

structural elements.  These vibration characteristics can be accessed through readings 

from accelerometers and or Pick-ups that are installed on structural elements during the 

construction process. The proposed method can be used to capture the variation of the 

flexibilities and axial deformations of the structural elements during and after 

construction. A numerical example which highlights the procedure and the main 

parameters involved is presented. Results in this example show that the axial shortening 

index has the ability to capture influence of shear walls of outrigger and belt systems, 

different tributary areas, and bending bahaviour of the core (due to the asymmetric 

nature of the building) on axial shortening of vertical load bearing elements. It is hence 

evident that the proposed method can be used to update progressive structural 

deformations conveniently and efficiently.  
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7 CONCLUSION AND FUTURE WORKS 
 

Global architectural trends have resulted in design and construction of geometrically 

complex high rise buildings using concrete as a primary construction material. Concrete 

is subject to instantaneous and long term axial shortening caused by “shrinkage”, 

“creep” and “elastic” deformations. Influences of differential axial shortening among 

columns and core shear walls in geometrically complex and irregular high rise buildings 

cause permanent distortion and deflection of the structural frame which impact 

significantly on building envelopes, building services, secondary systems and the life 

time serviceability and performance of a building.  

 

The present practise to determine axial shortening in order to mitigate the adverse effects 

of differential axial shortening is as follows: (i) quantify axial shortening at design stage 

using numerical methods and (ii) use gauges to measure and verify predicted values at 

design stage and make adjustments during construction stage. However, existing  

numerical methods are based on elastic analytical techniques and simple laboratory 

experiments and they are unable to capture the complexity of true non-linear time 

dependent effects. Moreover, these techniques are not applicable to high rise buildings 

with outrigger and belt systems, Furthermore, it is impossible to conduct laboratory 

experiments to study the long term axial shortening of vertical members in a building 

incorporating  time dependent load migration occurring among the structural 

components  during and after the construction. This is due to the fact that axial 

shortening varies significantly over more than 15 years and the experiments cannot 

simulate the exact behavior of high rise buildings especially those with belt and 

outrigger systems and geometrically complex structural framing systems. Embedding 

the gauges permanently in or on the surface of concrete components to acquire 

continuous axial shortening measurements during and after construction with adequate 

protection is uneconomical, inconvenient and unreliable and hence measuring axial 

shortening in actual practice of building construction is gradually eliminated. This 

highlighted the need a comprehensive numerical method to predict axial shortening at 
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design stage and a procedure to monitor axial shortening during construction and service 

life.  

 

This thesis addresses these needs and presents an innovative rigorous numerical 

procedure to quantify axial shortening at design stage and a vibration based procedure to 

monitor and update axial shortening during construction and service stages. These two 

developments are presented based on the well established material models of reinforced 

concrete (structural steel encased in concrete). However, the fundamental principles and 

computational techniques developed and incorporated in these two procedures can be 

applied to any concrete building without any limitation since all parameters are taken 

into account for these developments. 

 

The numerical procedure developed in this research work incorporates time history 

analysis together with compression only elements and time varying Young’s Modulus of 

reinforced concrete to formulate the actual construction process with time varying load 

application capturing the influences of load migration, outrigger and belt systems and 

variable axial loads. This numerical procedure is general enough to be applicable to all 

concrete high rise buildings to predict differential axial shortening between vertical 

elements and enable appropriate action to be undertaken at the planning and design 

stages to mitigate the adverse effects.   

 

The vibration based procedure developed in this research work is based on concept of a 

dynamic stiffness matrix of a structural framing system with columns and walls which is 

developed and presented in this thesis to define the influence of the axial forces on the 

vibration characteristics. The analytical program using finite element technique is 

modified to incorporate the effects of axial forces on vibration characteristics. This 

modified technique can be used to examine the axial effects on the vibration 

characteristics of complex structural framing systems. Stiffness Index (SI), which uses 

Modal Flexibility (MF) phenomenon, was developed and used to investigate the 

individual axial effects of columns and core shear walls in a structural framing system 

using the vibration characteristics. SI has found to have the ability to capture the 
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individual axial effects successfully incorporating the influences of variable axial loads, 

the boundary conditions and load migration. The parameter, SI was then enhanced to 

develop a novel vibration based parameter called Axial Shortening Index (ASI) and a 

vibration based procedure to monitor axial shortening during construction and service 

life of a building that verify the actual performance in relation to the predictions. The 

vibration characteristics can be measured conveniently using accelerometers and or 

Pick-ups that are installed on structural components immediately after they are built. 

These two gauges require installing when the readings are necessary and hence the 

vibration based procedure will avoid the practical drawbacks. The procedure illustrates 

using a numerical example of a geometrically complex high rise building. Results 

showed that Axial Shortening Index (ASI) has the ability to capture influence of 

outrigger and belt systems, variable axial forces, and flexural bahaviour on axial 

shortening of vertical load bearing members. It is hence evident that the proposed 

method with ASI can be used to measure axial shortening more accurately.  

 

Outcomes of this thesis are highlighted that outrigger and belt systems impacts 

significantly on axial shortening of vertical structural components.  These systems can 

be located strategically in order to reduce the differential axial shortening. Secondly, the 

rigorous numerical method developed and presented in thesis can also be improved in 

order to quantify axial shortening of concrete encased steel and steel encased concrete 

structural components in high rise construction which are becoming increasingly popular 

among present high-rise building constructions. Consequently, it is proposed as a future 

work of this thesis (i) refine the rigorous numerical method and the vibration based 

method developed and presented in this thesis using the ambient measurements and (ii) 

improve these methods in order to quantify the axial shortenings using ambient vibration 

measurements during construction and service stages of high rise buildings comprising 

concrete encased steel and steel encased concrete structural components and belt and 

outrigger systems.  
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