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Abstract 

The full scale, in-situ investigations of instrumented buildings present an excellent 

opportunity to observe their dynamic response in as-built environment, which includes all the 

real physical properties of a structure under study and its surroundings. The recorded 

responses can be used for better understanding of behavior of structures by extracting their 

dynamic characteristics. It is significantly valuable to examine the behavior of buildings 

under different excitation scenarios. The trends in dynamic characteristics, such as modal 

frequencies and damping ratios, thus developed can provide quantitative data for the 

variations in the behavior of buildings. Moreover, such studies provide invaluable 

information for the development and calibration of realistic models for the prediction of 

seismic response of structures in model updating and structural health monitoring studies. 

This thesis comprises two parts. The first part presents an evaluation of seismic responses of 

two instrumented three storey RC buildings under a selection of 50 earthquakes and 

behavioral changes after Ms=7.1 Darfield (2010) and Ms=6.3 Christchurch (2011) 

earthquakes for an instrumented eight story RC building. The dynamic characteristics of the 

instrumented buildings were identified using state-of-the-art N4SID system identification 

technique. Seismic response trends were developed for the three storey instrumented 

buildings in light of the identified frequencies and the peak response accelerations (PRA). 

Frequencies were observed to decrease with excitation level while no trends are discernible 

for the damping ratios. Soil-structure interaction (SSI) effects were also determined to 

ascertain their contribution in the seismic response. For the eight storey building, it was found 

through system identification that strong nonlinearities in the structural response occurred 

and manifested themselves in all identified natural frequencies of the building that exhibited a 

marked decrease during the strong motion duration compared to the pre-Darfield earthquakes. 

Evidence of foundation rocking was also found that led to a slight decrease in the identified 

modal frequencies. Permanent stiffness loss was also observed after the strong motion events.  

The second part constitutes developing and calibrating finite element model (FEM) of the 

instrumented three storey RC building with a shear core. A three dimensional FEM of the 

building is developed in stages to analyze the effect of structural, non-structural components 

(NSCs) and SSI on the building dynamics. Further to accurately replicate the response of the 
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building following the response trends developed in the first part of the thesis, sensitivity 

based model updating technique was applied. The FEMs were calibrated by tuning the 

updating parameters which are stiffnesses of concrete, NSCs and soil. The updating 

parameters were found to generally follow decreasing trends with the excitation level. 

Finally, the updated FEM was used in time history analyses to assess the building seismic 

performance at the serviceability limit state shaking. Overall, this research will contribute 

towards better understanding and prediction of the behavior of structures subjected to ground 

motion.  
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Chapter 1. Introduction 

1.1.  Prologue 

The characterization and prediction of the response of civil structures under extreme 

loading events such as earthquakes is a challenging problem and has gained increasing 

attention in recent years. The primary motivating factors can be the design of new safer 

structures and the high expense associated with the maintenance, retrofit and replacement of 

old and damaged structures. Therefore, the development of effective, reliable and 

comprehensive design and analysis procedures is imperative, keeping civil engineering 

researchers busy exploring more advanced and reliable approaches for safer construction.  

The challenges associated with civil structures such as buildings, bridges and dams 

include modelling their complicated interaction with the surrounding ground, varying 

environmental and loading conditions, and complex material and structural behaviours which 

preclude the study of a complete system in a laboratory setting.  These issues can be tackled 

by using the recorded responses from instrumented structures and extracting the dynamic 

characteristics like natural frequencies, damping ratios and mode shapes using a process 

known as system identification (Hart and Yao, 1976; Saito and Yokota, 1996).  

The in situ measured responses are influenced by all physical properties of the structure 

and surrounding soil and can be used for better understanding of structural behaviour, health 

monitoring and model updating studies (Foti et al., 2012; Wang et al., 2010; Weng et al., 

2009). The core of these studies is to develop a mathematical model which can replicate the 

true characteristics of the full-scale structures. This representative mathematical model is 

developed by an iteration process called model updating which involves systematic 

comparison of the in-situ measured values with the dynamic properties obtained via 

mathematical model and then improvement of this model based on the measured values. The 

errors in the mathematical model arise due to the assumptions made in representing elements, 
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material and geometrical properties and boundary conditions. Therefore, reproducing the real 

behaviour of structures is a challenging task. 

1.2.  Research motivation 

The frequent occurrence of earthquakes and consequently the revelation of deficient 

constructed systems, posing a serious threat to human life and economics, led to the carrying 

out of present research and the investigation of the seismic behaviour of full-scale structures. 

Most of the current testing methods, such as shake tables or pseudo-dynamic experiments 

present a mode of investigation for a part, assembly or reduced scale model. However, such 

idealized laboratory experiments cannot account for the complexity of in-situ structures, such 

as influence of environmental and operational conditions, non-structural components (NSCs) 

and soil-structure interaction (SSI), etc. On the other hand, the dynamic characteristics of a 

structure, even measured at a few points spatially on a structure, offer a great deal of 

information about the structural performance. The importance of field measurements of 

seismic response stems from the simple fact that they represent the ground-truth about 

structural behavior.  

In seismically active regions, such as New Zealand, monitoring the seismic response of 

structures is an important and challenging task, since past earthquakes in the region have 

caused major losses (Cubrinovski et al., 2010; Dowrick, 1994, 1998 ; Wood et al., 2010). The 

seismic response of structures is therefore a major concern to society. However, considerable 

care must be given to envisaging the seismic performance of buildings to establish a well-

organized database for the structural behaviour. For this purpose, several structures across 

New Zealand are instrumented under the banner of the GeoNet project (Deam and Cousins, 

2002; www.geonet.org.nz). A portion of the research work presented herein was undertaken 

in collaboration with the GeoNet project funded mainly by the Earthquake Commission 

(EQC) of the New Zealand Government and operated by the Institute of Geological and 

Nuclear Sciences Limited (GNS Science). GeoNet is a project to build and operate a modern 

geological hazard monitoring system. Interaction with the GeoNet management and 

researchers enabled the University of Auckland to gain early access to strong motion data 

from building monitoring arrays in the Wellington and Canterbury regions. The initial part of 

this research was to use these data for ascertaining the seismic response of the instrumented 

buildings and the later part is to establish numerical models for replicating the real behaviour 

of structures based on the established seismic response trends. This is also a pilot study that 
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helps to understand the nature of GeoNet data, opportunities it presents and limitations it may 

have. 

1.3.  Objectives, scope and contribution of research 

The objective of the present research is to assess and understand the seismic response of 

buildings through long term monitoring, with a particular focus on developing trends under 

varying excitations, and consequently using the established trends to develop numerical 

models which can represent the real behaviour of a building during earthquakes using a 

model updating technique, with emphasis on the effects of NSCs and SSI.  

For ascertaining the dynamic characteristics of the instrumented buildings under seismic 

excitation the state-of-the-art numerical algorithm for subspace state-space system 

identification (N4SID) (Van Overschee and De Moor, 1996) technique was used. In order to 

develop seismic response trends, two instrumented RC buildings were monitored from 

November 2007 to February 2010, with consideration also given to evaluating SSI effects 

during seismic events. The contribution of this part of the thesis is that the relationships for 

trends are obtained via a rigorous statistical analysis using a relatively large number of 

seismic events, which is still rather rare in the existing literature. The limitation is, however, 

that only low to medium intensity seismic records were available. The analyzed excitation 

level is, nevertheless, of interest and importance for serviceability limit state studies where 

structures remain in their elastic, linear or only mildly non-linear, range. For example Uma et 

al. (2010) studied the effect of seismic actions on acceleration-sensitive NSCs and concluded 

that the acceleration demands for non-structural components can increase even in the lesser 

intensity shaking, which can damage them and consequently disrupt operational continuity of 

buildings. Also to account for the time dependent variation of structural response due to 

aging, environmental agents and consequently degradation of RC structures, the responses to 

both ultimate and serviceability limit state shaking should be evaluated (Berto et al., 2009). 

Furthermore, low to medium shaking levels are important as the baseline data to judge the 

condition of the structure in structural health monitoring applications (Sohn et al., 2003).  

To complement the aforementioned study in terms of high intensity seismic events, 

another building that has experienced two devastating events is investigated. The responses 

considered include those to low magnitude events in 2007, the Ms=7.1 Darfield earthquake 

main shock of September 4th, 2010 and its aftershocks, and the Ms=6.3 Christchurch 

earthquake main shock of February 22nd, 2011 and its aftershocks. The response of the low 
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intensity events recorded in 2007 served as the base line for judging the behaviour of the 

building. It was found through system identification that strong non-linearities in the 

structural response occurred and manifested themselves in all identified natural frequencies 

of the building that exhibited a marked decrease during the strong motion duration compared 

to the 2007 events. The absence of a free field sensor restricted the scope of analyses but a 

wealth of useful information was still extracted. This part of the research contributes towards 

better assessment of the behaviour of structures subjected to ground motion by providing 

quantitative insights for structural health monitoring, which in turn helps to improve the 

understanding of seismic response of structures.  

For structural analysis of constructed systems, the finite element method is extensively 

used (Clough and Wilson, 1999). Usually, finite element models (FEMs) are constructed 

using structural drawings, design assumptions, engineering judgment and mathematical 

approximations that may not represent all the physical aspects of the actual structure. Some 

of the important factors, for example contributions of SSI and non-structural components 

(NSCs) such as cladding and partition walls etc., are often ignored in FEMs. For replicating 

the seismic behaviour and ascertaining the effect of NSCs and SSI, one of the instrumented 

buildings is modelled in program ABAQUS (Dassault Systemes Simulia Corporation, 2011). 

The contribution of the NSCs and SSI on the dynamic behaviour of the building is evaluated 

by developing the FEM in stages, adding up step by step structural and non-structural 

components. The final stage FEM is compared with the largest recorded earthquake of 

October 10
th

, 2009 to observe that their effects are significant enough to justify inclusion in 

the FEM. It is often found in the studies that the numerical models were either compared with 

each other or with the dynamic characteristics extracted through ambient or forced vibrations. 

This study uses the responses of a full scale instrumented building recorded during actual 

earthquakes and finite element simulations to investigate the contributions of SSI and NSCs 

(cladding and partition walls) to the building seismic dynamics.  

In the initial part of the research it was observed that responses of the buildings vary 

under different excitation scenarios even for the low to medium level of excitations. It is 

therefore necessary to develop a methodology by which the response of the building can be 

replicated to account for the variation in behaviour. Consequently, the final part of this 

research is focussing on utilizing the established trends for seismic response of one of the full 

scale instrumented buildings and replicating the actual behavior under varying excitation 

levels. For this purpose, the established trends were organized into target points on the trend 
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line for the model updating routines. Sensitivity based model updating was applied using the 

FEMtools (Dynamic Design Solutions, 2008) program. A two stage updating strategy, 

considering the best possible minimum value of the objective function, was carried out to 

finally match accurately the frequencies of the FEM with the actual identified by tuning a 

structural parameter (stiffness of concrete), NSC (stiffness of cladding) and soil flexibility. 

Each previous target point serves as the starting point for the next updating routine. In this 

way, the range of responses established so far was simulated to represent the actual behavior 

of the building during varying excitation scenarios. Almost no studies were found in the 

current literature that involved model updating including SSI. The model calibration 

following seismic response trends can be considered as a novelty in the model updating and 

structural health monitoring studies for the constructed systems.  

The thesis will contribute towards better understanding and prediction of the behaviour of 

structures subjected to ground motion. Moreover, these investigations provide invaluable 

information for the development and calibration of realistic models for the prediction of 

seismic response of structures in model updating and structural health monitoring studies. 

1.4.  Thesis outline 

The thesis is organised in the following main sections: 

Chapter 2 reviews the studies on the dynamic characteristics of vibrating structures 

including the effects of SSI and NSCs. A brief account of system identification, numerical 

modelling of constructed systems and model updating is reported. A state-of-the-art 

bibliographic compilation on the application of system identification and model updating 

techniques is also described.  

In Chapter 3, a methodology for performing system identification using N4SID technique 

considering SSI is explained. The described methodology is applied on a three story 

instrumented building with a shear core to develop seismic response trends for 50 

earthquakes recorded on the building. The variation in the identified frequencies and damping 

ratios is studied for the considered earthquakes using two types of SSI models, namely 

pseudo flexible base and flexible base cases.  

A three story instrumented building larger in size than the previous one but without a 

shear core, part of the same building complex, is analysed in Chapter 4 for the same number 

of earthquakes. N4SID technique was applied to develop seismic response trends. The 
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variation in the modal parameters is discussed for the pseudo flexible base and flexible base 

models.  

In Chapter 5 changes in the behaviour of an eight storey RC building with shear walls 

under the devastating Darfield earthquake of September 4th, 2010 together with its 

aftershocks and the Christchurch earthquake of February 22nd, 2011 with its aftershocks are 

studied using the N4SID system identification technique. The investigation also includes 

separating the effects of SSI (rocking) in the identified frequencies using pseudo flexible and 

fixed base models.  

In Chapter 6, the influence of structural and non-structural components and SSI on the 

building dynamics is studied by modelling the three storey RC building with a shear core. 

The investigation considers modelling of each component in stages, by adding up structural 

components, NSCs and soil flexibility step by step. The developed stage FEMs are compared 

with the largest recorded earthquake of October 10
th

, 2009 on the building and changes in 

behaviour through the subsequent stages are discussed. 

The final stage FEM developed in the previous chapter is calibrated using the sensitivity 

based model updating technique in Chapter 7. The methodology for the sensitivity based 

model updating technique is presented. For updating the FEM, NSCs and SSI were included 

in the updating parameters. The two stage updating strategy, considering the best possible 

minimum objective function value, is elaborated. The procedure to replicate the behaviour of 

the building under varying excitation scenarios by calibrating a series of FEMs is discussed in 

detail.  

Finally, the main aspects and conclusions of each chapter are summarised in Chapter 8. 

The future research needs and works that can originate from this research are also articulated 

in this chapter. 
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Chapter 2. Literature review 

The focus of the thesis is to assess and understand the dynamic response of buildings 

during earthquakes through long term monitoring and replicating the observed behaviour. 

This is achieved by using model updating and considering the effects of NSCs and SSI in 

finite element modelling and updating. Therefore the literature review presents an overview 

of the following related topics: 

• Response characteristics of vibrating structures describing the variation of dynamic 

characteristics and the effects of SSI and NSCs on the dynamic behaviour; 

• Ascertaining the response characteristics using system identification techniques, and 

• Model calibration based on vibration signatures. 

2.1.  Response characteristics of vibrating structures 

Instrumented buildings present an excellent opportunity for studying their seismic 

response and checking the efficiency of seismic vulnerability assessment methods (Celebi, 

1997; Miranda and Bertero, 1996). These studies are also useful for the improvement of 

methodologies involved in design and analyses of structures, model updating and structural 

health monitoring (Chaudhary and Fujino, 2008; Islam, 1996; Skolnik, 2005). Laboratory-

scale tests for determining dynamic response of structures are useful but are not as complete 

as full-scale in-situ experiments. From a civil engineering point of view, laboratory-scale 

experiments are not able to incorporate many important features, e.g. full effects of soil-

structure interaction, environmental and operational conditions, and non-structural 

components. On the other hand, in-situ tests present the as-built environment which includes 

all the real physical properties of structures under study. However, the challenges of full-

scale in-situ experiments are to record and interpret the data. The popularity of in-situ 

experiments has been increasing since the introduction of the first strong motion 
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accelerograph to record ground motion in the early 1930’s (Trifunac and Todorovska, 1999). 

Since then the instruments have been installed in buildings, dams and bridges to capture their 

actual response due to earthquakes and ambient excitations. 

The seismic behaviour of a building depends on many factors like the characteristics of 

the ground motion, the local soil behaviour, the configuration and dynamic characteristics of 

structure and non-structural components of structure etc. When conducting seismic 

assessment studies, controlling the first factor involves selecting and scaling appropriate 

records. Catalan et al. (2010) investigated selection and scaling of earthquake records through 

seismic assessment of four and eight storey building frames, in two dimensions using 

IDARC-2D program (Reinhorn et al., 2006) for low to moderate seismic zones using more 

than 4000 dynamic response analyses subjected to a large number of records obtained from a 

European database. They emphasized the importance of the period T used for scaling Sa(T), 

where Sa is target acceleration response. They found that studying low levels of structural 

performance, i.e. operational or immediate occupancy, the value adopted for T has little effect 

on the response. However, when studying high levels of structural performance, i.e. life 

safety or collapse prevention, the T used for scaling is crucial and an inadequate value can 

lead to an erroneous assessment. Based on their study, it was proposed that in seismic 

assessment studies the reference period for scaling i.e T should be 1.1 times the fundamental 

period of the structure and at least 30 records should be used to guarantee reliable results.  

The consideration of local site conditions and soil-structure interaction (SSI) has been 

reported to have considerable effect on seismic response of buildings. Celebi (1994, 1997, 

2006) observed the varying response of buildings during different earthquakes and concluded 

the reason to be the level of shaking and site frequency which caused resonance, rocking and 

beating phenomena. Therefore, in seismically active regions of the world, seismic monitoring 

of structures constitutes an integral part of hazard reduction strategies. Countries like the 

United States, Japan, Taiwan, Mexico, Chile, Italy, Turkey and Greece have established 

extensive programmes for monitoring of structures during earthquakes (Celebi, 2007). This 

highlights the importance of investigating the effect of varying excitation scenarios on the 

response of structures. 

In-situ experiments have revealed that there are many factors on which the response, 

especially dynamic response, of the buildings depends. One of them is participation of NSC 

in dynamic response which is a function of building deformations and has been observed to 

depend on the intensity of ground motion (Sashi et al., 2004). Many researchers reported the 
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participation of NSC in the dynamic response during shaking (Lee et al., 2007; Liew et al., 

2002; Torkamani and Ahmadi, 1988). In the following sections, the effect of vibration 

amplitude, SSI and NSCs on the dynamic response of structures are discussed to emphasize 

the importance of assessment of dynamic behaviour of structures under varying excitation 

scenarios. 

2.1.1. The effect of vibration amplitude, wind and temperature on dynamic 

behaviour of structures 

Natural frequencies and damping ratios are very important parameters which characterize 

the dynamic response of structures under dynamic actions such as earthquake or wind 

excitation. The natural frequency appears as an important aspect in earthquake resistant 

design and is usually predicted using approximate equations, whereas damping is assumed as 

a constant parameter at the design stage. It is therefore, imperative to investigate natural 

frequency and damping using full-scale measurement on the existing structures to ascertain 

the real identified values. These full-scale experiments will help in (i) checking the dynamic 

characteristics and thus response calculations for the structure, and (ii) improving the 

understanding of the damping mechanism, which will make possible better theoretical models 

(Littler, 1995). Moreover, it will help in tracing the trends of variation in frequencies and 

damping ratios under low, moderate and strong intensity events as well as ambient vibrations. 

The identified trends can be useful in model updating and structural health monitoring 

studies. 

The dynamic characteristics of buildings are observed to depend on the vibration 

amplitude. Tamura et al. (1993; 1994) investigated the amplitude dependency of buildings 

and a tower for frequency and damping ratio during strong winds using Random Decrement 

Technique (RDT). In another investigation, Tamura and Suganuma (1996) used RDT to 

calculate effectively the wind-induced dynamic response of three towers. Two procedures 

were adopted. In the first, the amplitude dependence was calculated by arranging the 

response characteristics identified using RDT, in the order of the corresponding peak values 

for a particular amplitude in the arranged ranks. In the second, the amplitude dependence was 

calculated by arranging the dynamic characteristics, estimated using root mean square (RMS) 

values of acceleration, in the order of the corresponding average amplitude. They have 

observed for the investigated three towers that natural frequencies tend to decrease with 

increasing amplitude while damping ratios tend to increase. 
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Celebi (1996) has compared the variation of damping and fundamental periods for five 

instrumented buildings, using low amplitude tests and strong motion records. He observed 

that percentages of critical damping and the corresponding fundamental periods from low-

amplitude test data were appreciably lower than those determined from strong-motion 

recordings. It was concluded that soil-structure-interaction, to be discussed in the next 

section, and nonlinear behaviour during strong shaking together constitute the main cause of 

this difference. 

In another study, Trifunac et al. (2001) investigated the variation in apparent frequency 

from one earthquake to another by taking five earthquake excitations and two ambient 

vibration tests recorded on a seven storey hotel. It was observed that the frequency changes 

depend on level of shaking. Ambient vibration tests produced the largest frequencies while 

the lowest frequencies were observed during the largest shaking (from 1994 Northridge 

earthquake). For EW and NS direction, the maximum change was by a factor of 2.2 (55%) 

and 3.5 (71%) respectively. It was concluded that these changes are due to the nonlinearity in 

the response of the foundation soil.  

In 2001, the Chicago Full-Scale Monitoring Program was established to evaluate the 

performance of high-rise buildings by comparing their measured and predicted response 

(Kijewski-Correa, 2009). Under this program three buildings in Chicago (USA) and one each 

in Seoul (Korea) and Toronto (Canada) were instrumented with GPS, accelerometers and 

anemometers. The results achieved from these studies showed that accelerometers alone are 

not sufficient to monitor wind-induced vibrations; GPS is also required to capture the 

displacements and damping is lower in the system having greater cantilever action. 

Many researchers have investigated the response of tall buildings under wind excitations. 

The reason behind the studies is the actual damping ratio being a non-linear parameter with 

amplitude-dependent property. To better understand this phenomenon, Li et al. (2002) and 

Wu et al. (2007) studied the instrumented Di Wang tower in downtown Shenzhen, China 

during the passage of several typhoons. They investigated amplitude dependent damping 

under wind excitations by comparing their measured (using an empirical damping model) and 

predicted response (using a constant damping ratio). It was concluded that the constant values 

of damping ratio recommended in the standards and used by the structural engineering 

practitioners for super tall buildings is too high under serviceability conditions. 
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The effect of temperature and wind on the modal dynamic response of structures has been 

observed to be significant. Ni et al. (2005) studied the effect of temperature on modal 

frequencies and their correlations using long term monitoring data for a cable stayed Ting 

Kau bridge in Hong Kong. The basic purpose was to eliminate or separate the influence of 

temperature from the measurements for providing the ability to detect subtle structural 

damage. The bridge is instrumented with a sophisticated structural health monitoring system 

comprising 24 uniaxial, 20 biaxial and one triaxial accelerometers and 83 temperature sensors 

to measure temperature in steel girder, deck, lower legs, asphalt pavement and air. It was 

observed from one year monitoring data that environmental temperature variation account for 

changes in modal frequencies with a variance from 0.2% to 1.52% which otherwise may be 

assumed by structural damage. A support vector machine (SVM) based approach was 

proposed to develop models for correlating temperature and modal frequencies. Two 

regression models, with validation data only and both training and validation data, were 

presented, where the former was observed to be superior in generalization and the later in 

simulation. 

Li et al. (2010) studied the influence of temperature and wind velocity effects on modal 

parameters of Tianjin Yonghe bridge, a cable stayed bridge in mian land China, using non-

linear principal component analysis (NLPCA) and artificial neural network (ANN). The 

bridge is instrumented with six uniaxial accelerometers on the cable, fourteen uniaxial 

accelerometers on the main and side spans of the deck and one biaxial accelerometer on top 

of the tower. For measuring wind velocity and temperature an anemoscope and temperature 

sensor is installed at the tower top and mid span of the girder respectively. Modal parameters 

are estimated using Frequency Domain Decomposition (FDD) technique. The NLPCA is 

used to pre-process the signal for distinguishing influence of temperature and wind velocity 

from other environmental factors whereas ANN is used to model relationship of modal 

parameters with environmental factors. It was concluded from the results that modal 

frequencies and damping ratios generally have negative correlation with temperature and 

positive correlation with wind velocity whereas the mode shapes were observed to be not 

influenced by the environmental factors. However, it was observed that for certain modes, 

either temperature or wind velocity has significant impact on the variation of modal 

frequencies and damping ratios. 

Since many researchers (Celebi, 1996; Celebi et al., 1991; Trifunac et al., 2001) 

concluded that one of the major factors in variation of dynamic properties such as frequency 
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and damping ratio under earthquake excitation is the non-linearity in the foundation soil and 

soil-structure-interaction, therefore in the following section effects of soil-structure-

interaction will be discussed in detail. 

2.1.2. Effects of SSI on response characteristics of buildings 

A structure, its foundation and the surrounding soil constitute a system of dynamically 

interacting parts. Due to the flexibility of soil, the system period can be longer than the period 

of the fixed base building. The period can be further elongated if under large amplitude 

excitations the structure, the soil or both experience nonlinearity in their response (Trifunac et 

al., 2001). Longer periods have been observed of the buildings during strong earthquake 

excitations (Trifunac et al., 2001; Udwadia and Trifunac, 1974). Building period constitutes 

an important part in the design and analysis of earthquake resistant structures. Soil-structure-

interaction investigations, therefore, are necessary to better understand the actual response of 

structures during earthquakes. 

Numerous studies have confirmed the significance of soil-structure-interaction. 

Papageorgiou and Lin (1991) studied the response of a 14 storey reinforced concrete 

Hollywood Storage building during the Whittier Narrows earthquake and observed clear 

evidence of SSI in the longitudinal direction and weak SSI in the transverse direction of the 

building. From the recorded displacements, it was observed that stiffness in longitudinal 

direction is greater compared to transverse direction. This was due to the exterior longitudinal 

panels being stiffer than the transverse frames. The soil at the site was relatively stiff. The 

flexible transverse frames did not develop large base shear to deform it while in the 

longitudinal direction the stiffer frames and panels did so, causing significant SSI effects. 

Evaluation of SSI effects during strong motion events was extensively studied in Celebi 

(2006), Celebi and Safak (1991), Celebi and Safak (1992) and Safak (1993). The data from 

instrumented buildings was analysed using Fourier amplitude spectra and rocking and beating 

phenomena were observed. It was concluded that SSI strongly affects the response of the 

structures during the event of strong shaking. The frequencies identified from the forced 

vibration tests were different from the strong shaking events. The change in the frequency 

was up to 23%.  

In another study, Phan et al. (1994) explored SSI effects by measuring the response of the 

instrumented building during ambient vibrations and the Loma Prieta earthquake. The 

frequency ratio during the Loma Prieta earthquake response over ambient vibrations response 
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was 0.70 for the first mode and 0.68 for the second mode. Damping estimates observed were 

smaller in ambient vibrations than in the Loma Prieta earthquake. A computer model of the 

building was developed assuming both fixed base and soil modelled using springs. The 

frequency ratios between these two assumptions were matching the measured frequency 

ratios. It was concluded that the frequency difference between low ambient vibrations and 

large earthquake excitations was mainly due to SSI. 

A parametric system identification technique was used by Stewart and Fenves (1998) to 

evaluate SSI effects in buildings from strong motion records. For identification of fixed and 

flexible base modal parameters, recordings of base rocking, lateral roof, foundation and free-

field motions were required. Procedures were developed as well for estimating fixed- or 

flexible-base modal parameters for the sites where strong motion recordings were available at 

limited locations. This estimation technique was implemented for 11 instrumented sites and 

the results achieved through the estimation procedure (using limited instrumentation) 

compared well with the identified parameters using complete instrumentation for the first 

mode parameters. 

Bhattacharya and Dutta (2004) assessed the SSI effect by considering a number of 

scenarios in low-rise buildings on isolated, grid footings and raft foundations using computer 

modelling. The soil underneath the foundation was idealized using springs and equivalent 

compression only diagonal struts were used for in-filled brick walls. The studies showed that 

SSI effects can considerably influence the response of low-rise structural systems.  

Shakib and Fuladgar (2004) formulated a time domain approach to see the effect of 

dynamic soil-structure-interaction on response of asymmetric buildings. A three-dimensional 

system for asymmetric building was studied on different soil conditions. Soil was idealized as 

a linear elastic solid element and the contact surface between foundation and soil was 

modelled as linear plane interface elements with zero thickness. It was deduced that SSI 

effects reduced the lateral and torsional displacements of asymmetric buildings, causing a 

decrease in the time period of the structure. 

Another parameter identification technique was developed by Lin et al. (2008) to study 

the SSI with torsional coupling. The foundation rocking as well as translational and torsional 

motions of the foundation floor were required as system input for the identification. The 

developed technique was applied to two instrumented buildings in Taiwan. The change in 

dynamic properties of these two buildings was investigated before and after the 1999 Chi-Chi 
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Taiwan earthquake. It was concluded that all of the foundation motions should be included in 

the system input to avoid overestimation of actual periods of structures. 

2.1.3. Influence of NSCs on dynamic response of buildings 

In modern construction of houses, offices and multi-storey buildings, there are many 

NSCs like cladding, partition walls, false ceilings etc. present. Designers and engineers 

usually ignore the strength or stiffness contribution from NSC during design. However many 

experimental studies have revealed that the effect of such non-structural members on 

dynamic/seismic response is significant. In a study by Torkamani and Ahmadi (1988), an 18 

storey building was examined using mathematical modelling and system identification at 

three different construction stages. It was observed that stairs, elevator shaft and partition 

walls significantly affect the frequency of the building. The increase in the first translational 

mode and torsional mode frequencies was 17% and 34% respectively from the stage when 

only one stair and elevator with frame were present to the stage when all the NSC were 

considered.  

Fukuwa et al. (1996) tested an actual prefabricated steel framed building in Japan 

considering various levels of shaking. It was observed that dynamic properties of the building 

were influenced by the presence of non-structural members. But the contribution of stiffness 

from NSC was more significant during low amplitude vibrations. 

Chaker and Cherifati (1999) studied the influence of masonry infill panels on the 

vibration and stiffness characteristics of low rise RC buildings using mathematical modelling 

and at-site measurements of responses. It was observed that lateral stiffness of the infilled 

frame building was seven times that of the bare frame. 

Usually the plasterboard clad walls are considered to have no significant contribution 

towards lateral stiffness. Gad et al. (1999) tested many two and three dimensional framing 

configurations (cold-formed steel framed structures) under racking and dynamic testing to 

identify NSC contribution to lateral bracing of frames and also its failure mechanisms. They 

described factors (see Figure 2.1) which affect wall panel behaviour under lateral loading. 

Dominant among these factors are frame and panel material properties, connection of 

cladding and bracing to the frame, length to height ratio of panel, and size and location of 

openings. Figure 2.1 illustrates these factors.  
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Liew et al. (2002) tested plasterboard clad walls to investigate their structural behaviour 

in low rise residential buildings to identify load transfer mechanism to typical walls within a 

house. In another study, physical testing showed that these types of walls provide lateral 

stiffness and strength during seismic events (Lee et al., 2007). 

Lee and Woo (2002) observed the effect of masonry infill on a three storey experimental 

RC frame model. They concluded that contribution of masonry infill towards strength was 

80% and to stiffness was 85%, considering the global capacity of the structure from pushover 

analysis. 

The influence of NSC on the lateral stiffness of three common types of tall buildings in 

Hong Kong was studied by Su et al. (2005) using dynamic testing and finite element 

modelling. It was determined from the detailed study that the bare frame model overestimated 

the natural periods by a factor as large as 3.4 which would result in underestimation of the 

design inertia forces and base shear. It was concluded that NSC participation in total lateral  

 

Figure 2.1. Factors affecting wall panel behaviour under lateral loading (Gad et al, 1999) 
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stiffness of buildings was significant and depended on the structural form and type of 

components. 

Pan et al. (2006) experimented on a narrow rectangular building to see the effect of infill 

walls and floor diaphragms. They observed a 146% increase in the first longitudinal 

frequency for a brick wall frame compared to a bare frame using mathematical modelling. 

Mastrogiuseppe et al. (2008) observed the influence of NSC and roof diaphragm stiffness 

on single storey steel buildings. It was found that gypsum board is the stiffest element of the 

non-structural components and has the greatest influence on the in-plane force-deformation 

behaviour of the steel roof deck diaphragm.  

The above studies indicate that while studying the seismic response of buildings, NSC 

should be given serious thought, as these can provide considerable proportion of stiffness 

during a seismic event. 

2.2.  Ascertaining the response characteristics using system identification 

techniques 

The dynamic characteristics of actual buildings expose distinct features under different 

excitation levels. It is important to measure those excitations and responses to them on the in-

situ, full-scale structures and to evaluate these distinctive features. System identification 

provides useful and effective techniques to evaluate the response features of the structure 

from recorded motions. From a civil engineering point of view, system identification can be 

used to extract modal properties like frequency, damping ratios and modal shapes from 

excited structures under ambient or forced vibrations. The assessment of response of 

structures during earthquakes can be useful in formulating new and refining existing design 

code provisions and for retrofitting the old and damaged structures. Moreover, efficient 

system health monitoring programmes can be developed on the basis of online and real time 

monitoring of the instrumented structures using system identification techniques (Farrar and 

Doebling, 1999). 

2.2.1. General approaches for system identification and their application in civil 

engineering 

Two general approaches for system identification are frequency and time domain 

techniques. The frequency domain approach uses Fourier amplitude spectrum (FAS), fast 
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Fourier transform (FFT), power spectral density (PSD) or frequency response function (FRF) 

for the measured data. The modal parameters can be simply derived using curve fitting 

process applied to the FAS, FFT, PSD or FRF’s (He and Fu, 2001). The time domain 

approach uses numerical models representing the output and/or input data from the structure. 

The modal parameters of the structure are estimated using least square, weighted least square 

or Bayesian techniques depending on the test data and structural parameters being 

deterministic or stochastic (Hart and Yao, 1976).  

An overview of identification methods is presented in Table 2.1. The first column in the 

table shows the name of the method, the second column tells whether this method belongs to 

frequency or time domain and the third column provides information regarding the number of 

inputs the method can take simultaneously for estimating modal parameters. Multiple input 

methods have the advantage of separating closely spaced modes in the estimation of modal 

properties (Heylen et al., 1997). The details of the methods can be found elsewhere (Ewins, 

2000; Heylen et al., 1997). A brief methodology for Numerical Algorithm for State-space  

Table 2.1. An overview of identification methods (Ewins, 2000; Heylen et al, 1997) 

Method 
Time or Frequency 

Domain 

Single or 

Multiple Inputs 

Peak Picking method (PPM) Frequency Single 

Circle Fit Frequency Single 

Nonlinear Least Square Frequency Domain 

(LSFD) 
Frequency Multiple 

Identification of Structural System 

Parameters(ISSPA) 
Frequency Multiple 

Frequency Domain Direct Parameter 

Estimation (FDPI) 
Frequency Multiple 

Ibrahim Time Domain Method Time Multiple 

Polyreference Least Square Complex 

Exponential (LSCE) 
Time Multiple 

Eigensystem Realization Algorithm (ERA) Time Multiple 

Random Decrement Method (RDM) Time Multiple 

State-space Subspace Identification Method 

(N4SID) 
Time Multiple 

Autoregressive Moving Average Model 

Method (ARMA) 
Time Multiple 
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Subspace Identification (N4SID) will be presented in Chapter 3 as this method is used in this 

thesis. 

In the following paragraphs, some of the research work related to system identification 

for evaluating dynamic characteristics is discussed. 

Celebi (1993a, 2006; 1993b), Celebi et al. (1991) and Celebi and Safak (1991, 1992) used 

Fourier spectra in many studies to identify the modal parameters from instrumented buildings 

under earthquake excitations. Along with the estimation of frequencies and damping ratios, 

they were also able to identify rocking of foundations showing soil-structure-interaction at 

many sites.  

Satake and Yokota (1996) used Fourier spectra to identify modal properties of a 31 storey 

building with irregular plan from earthquake excitations. It was revealed that damping factors 

determined from torsionally coupled modes are larger than those of translational modes. 

Peeters et al. (1995) successfully applied the Sub-space Identification Method (N4SID) to 

a laboratory structure and the results compared well with numerical simulations. Saito and 

Yokota (1996) used the Autoregressive Moving Average Model with Exogenous Variable 

(ARMAX) to determine dynamic properties of an instrumented building during earthquake 

excitations. First the frequencies were determined by FFT then ARMAX technique was used. 

Results from both the techniques matched well.  

De Roeck et al. (2000) applied Peak Picking Method (PPM) and N4SID to identify modal 

properties of a 15 storey reinforced concrete building with shear core. Averaged normalised 

PSD functions were used for PPM. N4SID was observed to be superior to PPM as it 

identified frequencies which were missed by PPM. On the contrary, PPM was time efficient 

as compared to N4SID.  

Martinez-Garcia et al. (2004) used three methods namely ERA with Observer Kalman 

filter Identification (OKID), N4SID and Least Squares Method to identify modal parameters 

of a 24 storey reinforced concrete building, instrumented with 12 accelerometers, in New 

Mexico City. The N4SID technique was observed to provide better performance compared to 

the other two techniques. It was concluded that this algorithm can be a useful tool for 

structural health monitoring. 

Liu et al. (2005) identified the modal properties of a 14 storey instrumented office 

building using data recorded during an earthquake. They used the Auto-regressive Exogenous 
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(ARX) model for the identification. The identified results were used to calibrate a finite 

element model of the building, another significant tool for improvement in seismic design of 

structures, which provided a good match with the observed recorded responses.  

Skolnik et al. (2006) performed system identification of the UCLA Factor building, a 15 

storey steel moment resisting frame, using low amplitude earthquake and ambient vibrations. 

N4SID algorithm was used in the analyses and the measured responses were used to update a 

finite element model of the building. The updated model was used to simulate response to the 

1994 Northridge earthquake which provided structural performance consistent with the 

findings in the post-earthquake damage evaluation report. 

Nayeri et al. (2008) studied the application of two time domain techniques on the UCLA 

Factor building. The first technique was ERA in conjunction with the natural excitation 

technique (NExT) which identified 12 dominant modes of the building. The second technique 

was time domain identification method for chain-like multi degree of freedom (MDOF) 

systems which showed a very good agreement with the modal parameters identified using the 

NExT/ERA method. The variability of the estimated parameters due to temperature variations 

was also investigated. It was observed that a strong correlation existed between the modal 

frequency variations and the temperature variations in a 24 hour period. 

Ramos et al. (2010) presented case studies of two historical masonry structures in 

Portugal. They applied operational modal analysis and FEM updating for identifying 

structural damage at early stages as well as correlated identified modal properties with 

temperature and humidity. The Clock Tower of Mogadouro was tested twice, before and after 

the rehabilitation works, for structural identification. N4SID method implemented in 

ARTeMIS package was used to identify first seven natural frequencies, damping ratios and 

mode shapes under ambient vibrations. It was found that the frequencies on average increased 

by 50% whereas damping decreased by 40% in all modes except sixth mode after 

rehabilitation works. A three dimensional FEM was developed for the tower for structural 

assessment and updated to assess dynamic behaviour after rehabilitation. It was concluded 

after updating exercise that correct definition of the structure and inclusion of foundation is 

important for a good correlation between the experimental and analytical modal results. The 

Church of Monastery of Jeronimos in Lisbon was tested under ambient vibrations and modal 

parameters were identified using Enhanced Frequency Domain Decomposition (EFDD) and 

N4SID. Six natural frequencies, damping ratios and mode shapes were identified. EFDD 

provided better estimates of modal parameters as compared to the other technique. A beam 
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FEM of the structure was developed and manually updated to find relatively close match 

between frequencies. No damage was observed from the global modal parameters changes in 

both the structures during the monitoring period. The effects of temperature and humidity on 

dynamic behaviour were studied on both structures using ARX models. It was observed that 

humidity has non-negligible whereas temperature has clear influence on modal frequencies. 

Chen et al. (2011) performed theoretical and experimental modal analysis of the 

Guangzhou new TV tower to develop a reduced order FEM for the tower and to have 

experimental dynamic characteristics of the tower under ambient, typhoon and earthquake 

conditions. The tower is a super-tall tube-in-tube structure with a total height of 600m 

composed of a reinforced concrete inner structure and a steel lattice outer structure. A 

sophisticated structural health monitoring system consisting of more than 800 sensors 

comprising of weather stations, anemometers, thermometers, global positioning systems, 

digital video cameras and accelerometers etc. are installed for both in-construction and in-

service monitoring. For vibration measurement, 20 uni-axial accelerometers were installed at 

eight levels of the tower. The natural frequencies are identified by two independent methods 

i.e EFDD and N4SID under ambient vibrations in a continuous and long term manner at 

different construction stages and during two earthquakes and six typhoons. The frequencies 

identified by both methods agree well. However, it was concluded that EFDD method 

provided more consistent results and ambient vibration results can be used to update FEM to 

produce a better baseline model of the tower for future health monitoring and damage 

detection. The natural frequencies were found to increase with the development of the 

construction. It was concluded after comparing results under different excitation conditions in 

the time-frequency domain that under typhoons, responses are concentrated in the ranges of 

less than 0.2Hz and in 0.2-0.6Hz whereas under earthquakes around 0.8 and 1Hz. From the 

results of linear regression analysis it was found that natural frequencies are linearly 

decreasing with increase in the environmental air temperature. A reduced order FEM was 

developed and calibrated with the full-scale FEM using sensitivity based modal updating to 

have good agreement between the dynamic characteristics of the two models. 

Moaveni et al. (2011) tested a full scale 7-storey RC building slice at the UCSD-NEES 

shake table for a period of four months. They applied six state-of-the art techniques namely 

(i) multiple reference NExT-ERA, (ii) data-driven N4SID, (iii) EFDD, (iv) input-output 

N4SID, (v) OKID-ERA and (vi) General ERA to estimate natural frequencies, damping ratios 

and mode shapes at different damage levels based on the response of the building to ambient 
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as well as white noise base excitations. The modal parameters identified at different damage 

levels through the six techniques were compared and were found to be in good agreement, 

indicating the identified modal parameters were close to the actual modal parameters of the 

building specimen.  

Bakir (2012) studied a typical school building in Istanbul which is instrumented with 17 

accelerometers and was continuously monitored. He applied N4SID technique to determine 

the dynamic characteristics of the building and observed that under ambient vibrations stocky 

buildings can be substantially stiffer as compared to the FEM of the building without the 

partition walls being modelled. The SSI effects were also determined by applying FRF 

between the roof and the basement recordings. 

Loh et al. (2013) applied Recursive Stochastic Subspace Identification (RSSI) for the 

ambient vibrations and the Recursive Subspace Identification (RSI) technique for the 

earthquake response data on a nine storey pre-cast RC building with mid-story isolation 

system to determine time variant system dominant frequencies. It was concluded through 

cyclic loading test of the isolation system and the ambient vibration data that the mid-storey 

isolation system can significantly reduce the acceleration response of the upper structure but 

can induce significant deformation of the isolation floor. 

Martins et al. (2014) investigated variation of wind, temperature and acceleration during a 

period of eight months through state-of-the art continuous monitoring program conducted on 

the suspension roof of Braga Stadium in Portugal. The dynamic monitoring system has six 

accelerometers distributed on the roof slab and wind monitoring system comprises of two 

three-dimensional ultrasonic anemometers to measure wind velocities and directions as well 

as sonic temperatures. For continuously extracting modal parameters under ambient 

vibrations, Covariance driven Stochastic Subspace Identification (SSI-COV) method is used 

which processed 60 minutes accelerations files at a time.  From the developed correlations of 

modal dynamic structural responses with wind and temperature variation, it was concluded 

that most of the natural frequencies are simultaneously influenced by temperature and wind, 

however temperature generally has dominant influence. For damping ratio correlations the 

dominant influence of wind can be observed despite higher scatter and low wind velocity. 
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2.3.  Model calibration based on vibration signatures 

In engineering practice, analysis of existing structures or design of earthquake resistant 

structures is commenced by creating a model representation of the prototype. All the 

subsequent analyses are based upon this model. For structural analysis of constructed systems 

the finite element method has become very popular and found extensive applications (Clough 

and Wilson, 1999). Some important recent applications are in the areas of structural health 

assessment and model updating (Foti et al., 2012; Weng et al., 2009).  

2.3.1. Finite element modelling as a tool to assess seismic/dynamic behaviour of 

buildings 

In applications of structural health assessment and model updating it is necessary to 

understand the dynamic behaviour of a structure which depends mainly on the modal 

properties like natural frequency, mode shapes and damping ratios. Usually, FEMs are 

constructed to estimate some of these properties using the structural drawings and designs 

which are based upon idealized engineering judgements and mathematical approximations 

that may not represent all the true physical aspects of the actual structure. Therefore, it is 

necessary to include all the physical features of a structure which can influence the dynamic 

response appreciably. For example, important factors which are usually ignored include SSI, 

NSCs and nonlinearities in the structure. 

SSI involves transfer of energy from ground to structure and back to ground and 

mathematically it influences the solution of the governing equations of motion (Trifunac and 

Todorovska, 1999). Gazetas (1991) has provided the equations for modelling the soil in terms 

of stiffness springs and dashpot elements. The verification of the theory for the equations 

using experiments was given in Gazetas and Stokoe (1991). Bhattacharya and Dutta (2004), 

Bhattacharya et al. (2004) and Dutta et al. (2004) have used these relations to highlight the 

importance of inclusion of SSI in building FEM. They have modelled the soil to study the 

behaviour of low rise buildings on isolated, grid and raft foundations and developed curves 

showing the variation of response of buildings under different soil conditions for the three 

types of foundations.  

Shakib and Fuladgar (2004) modelled soil as a linear elastic solid element and the contact 

surface between foundation and soil as linear plane interface elements with zero thickness. 

They studied the effect of dynamic soil-structure-interaction on response of asymmetric 
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buildings. They deduced that SSI effects reduced the lateral and torsional displacements of 

asymmetric buildings causing a decrease in time period of the structure. 

To see the influence of masonry infill panels on response of building, Chaker and 

Cherifati (1999) represented them by diagonal truss elements with width determined by the 

formulae proposed by Tiruvengadam (1985) and Tahar (1984) in one model and by plane 

stress isoparametric quadrilateral finite elements in another model. They found that under 

small strain conditions the diagonal truss elements are not appropriate for the first few modes 

while plane stress elements were reasonably accurate. They concluded from the investigation 

that by ignoring these panels the first three modal frequencies are appreciably lower and the 

difference between bare frame and infilled frame models for the first, second and third modal 

frequencies is 130%, 139% and 217% respectively.  

Bhattacharya et al. (2004) and Dutta et al. (2004) have idealized the behaviour of brick 

infill walls or claddings by equivalent diagonal compression only struts. The idea behind this 

was the resistance of brick in-fill within the panel against compression, resembling the 

shortening tendency of the diagonals which tends to resist the deformation, thus effectively 

behaving like a compressive strut. The values and dimensions of the diagonal struts were 

taken from the literature (Curtin et al., 1988; Smith, 1962).  

Su et al. (2005) modelled the cladding and drywall partitions by area elements featured in 

ETABS computer analysis program (CSI, 1999). They analysed the dynamic response of 

three tall buildings in Hong Kong by comparing the FEM results with the measured ones 

computed by spectral analysis. They found that stiffness of full frame models which includes 

internal and external non-structural walls, parapet walls, precast facade walls, primary and 

secondary beams and floor slabs is 4-11 times more than a bare frame. They concluded that 

NSC contribution towards lateral stiffness depends upon the structural form and the type of 

NSC material. NSCs were estimated to be contributing as much as 87% towards the total 

lateral stiffness of the building. Also the stiffness contribution from NSCs was larger in 

framed structure compared to shear-wall structure. 

Kim et al. (2009) calibrated the developed FEMs of three tall reinforced concrete 

buildings in Korea by considering the effects of beam end effects, modelling floor slabs 

instead of using rigid diaphragm, including major NSC like plain concrete walls and cement 

brick walls and higher elastic modulus of actual concrete than specified value, to predict wind 

induced acceleration response. The FEMs of the buildings were developed in computer 
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program SAP 2000 (CSI, 2000). For comparing and validating the FEMs, acceleration 

measurements were taken at 84 roving accelerometer points and three reference points on 

each building using 24 uniaxial accelerometers. The dynamic characteristics (natural 

frequencies, damping and mode shapes) of the buildings were extracted using FDD method 

under serviceability level wind action and compared with the final modified FEMs. The 

agreement between the measured and FEMs responses was found to be remarkable with 

errors reducing from 14%-33% in the initial FEMs to 2%-7% in the final modified FEMs. It 

was concluded that accurate modelling of the elastic modulus of concrete and the flexural 

stiffness of the floor slabs is very important to correctly predict natural frequencies of the 

buildings. However, beam end offset have relatively less impact on the results. It was also 

deduced that the effects of NSCs should be included properly. The acceleration response of 

one of the building was predicted reasonably well using the developed modified FEM under a 

typhoon action. 

Zhang et al. (2013a) presented seismic cracking analysis of Konya dam, a concrete 

gravity dam in India, with initial cracks using extended finite element method (XFEM). The 

difference in crack profile analysis with and without initial cracks indicated that initial cracks 

are important in crack propagation process and estimation of the seismic response. The 

comparison between the Konya dam prototype observation, the model test, available methods 

in the literature for Konya dam and the presented XFEM indicated that XFEM method can 

effectively predict crack profile and crack propagation under seismic condition in concrete 

gravity dams. 

Zhang et al. (2013b) presented equivalent orthotropic material modelling (EOMM) 

method for finite element modelling of bridges under multi-scale dynamic loads. Using the 

EOMM method a simplified short span bridge was modelled to find static and dynamic 

responses and dynamic properties which match well with the properties and responses 

obtained from the original model with real geometry and materials. A long span cable stayed 

bridge was modelled using EOMM method to reasonably predict static and dynamic response 

under multi-scale dynamic loads i.e. wind and vehicle induced vibrations in a kilo-meter and 

meter scales respectively. 

To further enhance the capability of FEM to predict the dynamic response, the recent 

approaches are to calibrate it using full-scale measurements as the basis. It will be discussed 

in the following section. 
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2.3.2. Selecting a representative model for dynamic response prediction 

In civil engineering, we are concerned mostly with modal frequency, damping ratios and 

mode shapes to understand dynamic behaviour of structures. But how accurately the FEM is 

predicting the actual behaviour of the vibrating structure is a question worth pondering. It has 

been observed during many experiments that there are considerable differences in the results 

of an FEM and actual recorded motions. These differences can be due to many reasons which 

include (Greening, 1999): 

• Misestimating of structural material properties  

• Inaccurate modelling of structural geometry and boundary conditions 

• Poor choice of finite element type used 

• Difficulty in modelling complex and non-structural components 

• Environmental variability (such as temperature, humidity) 

• Influence of model reduction 

For predicting the response of structures, finite element modelling is required to produce 

such models that can represent true characteristics of the structures. The stages for creating 

representative models for the engineering structures are summarised in Figure 2.2 (Trifunac 

and Todorovska, 1999). The first stage involves careful thinking about the structure to be 

modelled. There are many possible models for the structure like single or multi degree of 

freedom (SDOF or MDOF), two or three dimensional, fixed or flexible base etc. Each idea 

involves approximations which can influence the results of the model. The second stage 

concerns choosing the parameters describing the model. After analysis (the third stage), the 

interpretation of the results and then comparison with actual response (the fourth stage) 

should be made if these are available, to judge the efficiency and ability of the model to 

predict the true response. The whole process involves iterations with changing assumptions, 

and testing until the results from model and experiment match well so that the model can be 

justified. Hence, the basic steps involved in the model updating process can be interpreted as 

follows (Ewins, 2000): 

Comparison: Firstly the results from experimental and numerical responses are compared. 

Correlation: Next, the two response results are matched to find degree of similarity. 

Different weighting factors can be involved for most useful correlation. 
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Localisation: The origins of differences which cause discrepancies between experimental and 

numerical responses or between two numerical model responses are determined. It is 

necessary to localise the sources of error so that necessary changes can be made. 

Reconciliation and Optimisation: In this process, a set of values for the specific parameter is 

determined such that the discrepancy between experimental data and numerical models is 

minimised.  

Verification/Validation: This is the process in which it is determined whether a given model 

is able to describe the behaviour of the actual structure. 

 

Figure 2.2. Steps for selecting representative models of engineering structures for dynamic response 

analyses (Trifunac and Todorovska, 1999) 

2.3.3. General approaches for model updating and their application in civil 

engineering 

Generally, there are two approaches to updating a model. These are direct (global) and 

iterative (local) methods (Zhang et al., 2000). Direct methods employ updating the global 
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mass and stiffness matrices of the FEM from reference response data. They provide an 

updated matrix which may not preserve the attributes of the matrix such as the symmetry, 

positive definiteness and sparseness of the matrix etc. although it regenerates the response 

data. On the other hand iterative methods apply corrections to local physical parameters of 

the FEM to remove discrepancies. Their updated results are physically interpretable, which is 

an added advantage of this approach. The topic of structural model updating is still under 

active study although several methods have been proposed in different areas. Representative 

techniques include the optimal matrix updating, sensitivity-based parameter estimation, 

eigenstructure assignment algorithms and neural-networks updating methods (Zhang et al., 

2000). Detailed information on the model updating techniques can be found in Friswell and 

Mottershead (1996), Heylen et al. (1997) and Mottershead and Friswell (1993). A brief 

methodology for sensitivity based parameter estimation will be presented in Chapter 7 as it is 

used in this thesis. The application of model updating techniques is discussed in the following 

paragraphs. 

Zhang et al. (2000) applied eigenvalue sensitivity based approach for updating the finite 

element model of a suspension bridge. They used two weighting matrices for tuning of 

frequency errors and parameters perturbations. By solving a constrained optimization 

problem, the changes in these parameters were found. The frequencies of the final updated 

model matched well with the measured ones. 

Safti Link Bridge, a curved cable stayed bridge in Singapore, was tested by Brownjohn 

and Xia (2000). A finite element model of this bridge was developed initially and was 

compared to the measured data. Discrepancies were found between the analytical and 

measured results. The FEM was then updated using sensitivity based model updating 

technique to match the analytical and measured results. It was concluded that model updating 

is an effective way of assessing the dynamic behaviour of complex structures provided the 

structure is modelled with as much detail as possible to represent its structural and geometric 

form.  

Another highway bridge, Pioneer bridge in Singapore, was tested by Brownjohn et al. 

(2003) using ambient (traffic) and forced vibration tests. This bridge was upgraded and one 

of the objectives of testing was to assess the dynamic behaviour before and after the upgrade. 

A numerical model built for the bridge was updated. Testing revealed a 50% increase in the 

natural frequency due to converting the original simple supports at the bearings to fully fixed 

ones and the updated model agreed well with this observation.  
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Lord et al. (2003) recorded ambient vibrations from a 48 storey building (One Wall 

Centre) located in Vancouver, Canada. The finite element model of this building was updated 

using automated computer program FEMtools (Dynamic Design Solutions, 2008). Sensitivity 

based analysis was used with 29 parameters to be updated, namely (i) The Young’s moduli of 

elasticity of the shear wall, floor slabs and cladding, (ii) the material mass density of the shear 

wall, floor slabs and cladding, and (iii) the thickness of the cladding. 

Wu and Li (2004) compared the efficiency of different updating techniques, viz. pseudo 

inverse method, weighted least squares method and Bayesian estimation technique, for FEM 

of the Nanjing TV tower in China. It was concluded that weighted least square technique with 

grouping of updating parameters is the most effective one. 

Ko and Ni (2005) discussed issues, trends and advances concerning structural health 

monitoring of large scale bridges. It was explained that advances in sensing devices, 

communication technologies and signal processing techniques are bringing better ways for 

inspection and monitoring of bridge safety. It was concluded that technological fusion from 

different disciplines concerning structural health monitoring will bring further advancements 

and new ways for the maintenance and rehabilitation of bridges which will help in avoiding 

costly repairs in case of damages and fatal collapse during natural catastrophes. 

Liu et al. (2005) performed a detailed case study of a 14 storey office building located in 

Alaska for estimating the most effective ways of improving the FEM. Sensitivity based 

analysis showed that refining the mass calculations and including the panel zone rigidity of 

the beam/column connections, are  the most efficient ways for updating FEM of this type of 

structure. 

Ventura et al. (2005) performed ambient vibration measurements on a 15 storey 

reinforced concrete building located in downtown Vancouver, Canada. ARTeMIS program 

(Structural Vibration Solutions, 2009) was used for system identification and FEMtools for 

the automated updating of the FEM of the building. 

El-Borgi et al. (2008) proposed a rational methodology for the structural assessment of an 

eight span RC bridge with a continuous slab in Tunisia, based on the measured response and 

non-linear analysis of an updated FEM. The dynamic characteristics of the bridge were 

extracted using EFDD technique under ambient vibrations. The modulus of elasticity of the 

concrete was selected as the updating parameter in the sensitivity based model updating 

routines. They concluded, after comparing the non-linear analysis results obtained from the 
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updated and preliminary FEM, that the bridge has suffered minimal degradation since its 

construction. 

Alemdar et al. (2009) analysed an arch type steel footbridge in Turkey under human 

walking and traffic loads. They used simple PP method and N4SID technique for output only 

system identification. A three dimensional FEM was developed in program SAP2000 (CSI, 

2000) and updated based on the measured responses using sensitivity based model updating 

technique. It was concluded from the dynamic analyses of the FEM that displacements have 

an increasing trend, but the maximum and minimum principal stresses have a decreasing 

trend after FEM updating. 

Link and Weiland (2009) proposed a multi-model updating strategy for localizing and 

identifying damage and applied it on a layered test beam composed of two thin aluminium 

face sheets joined with an adhesive layer. Local damage was introduced by removing 

adhesive over 10% of the beam length. The beam was excited under pseudo random 

excitation using electro dynamic exciter at about quarter point of the beam and IDEAS® 

modal analysis software was used to extract 10 natural frequencies and mode shapes. The 

proposed multi-model updating strategy uses modal residuals (eigenfrequencies and mode 

shapes) and time history residuals. Time history data was included specifically to carry high 

frequency information which is usually lost when experimental data is used for damage 

detection. The proposed combination of techniques clearly localized and identified damage 

even for small structural modifications. 

Weng et al. (2009) developed a damage detection technique based on the system 

identification and model updating. They used N4SID technique to identify modal properties 

of a scaled six storey steel frame and a two story RC frame at shake table subjected to 

different levels of ground excitation. The damage assessment was carried out by a 

progressive finite element model updating and a large scale optimization using a nonlinear 

least-square technique. The proposed method not only detects the damage locations but can 

also quantify the damage severities. 

Yang and Chen (2009) proposed a direct method for updating structural models based on 

measured modal data. The mass and stiffness matrices of a structural model are updated by 

utilizing the orthogonality conditions for the eigenvectors and in the case of lack of available 

equations, modal matrix are replaced by the concerned modal vector. In the proposed method, 

the bandwidth of the system matrices is preserved; therefore the updated model obtained is 
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physically meaningful. To demonstrate the application of the method, the models of a five 

story and ten story shear buildings and a cantilever beam are successfully updated. 

Zhao et al. (2009) performed structural identification and sensitivity based model 

updating with Bayesian estimation to update a three-dimensional FEM of one of the steel sky 

bridges of Hangzhou Citizen Centre in China. The experimental modal properties were 

extracted under ambient vibrations using PPM technique from average normalized power 

spectral density and a time domain least square method with data smoothing was applied for 

pre-processing the recorded acceleration data. From many updating parameters, the elastic 

modulus of main and secondary girders and the mass density of members in the floor were 

chosen as updating parameters based on sensitivity analysis. Lower and upper bounds for the 

updating parameters were specified to avoid physically meaningless changes in the updating 

parameters. Also weighting matrices were introduced for both target and updating parameters 

to avoid ill-conditioning of the updating problem. The developed three-dimensional FEM was 

updated using Bayesian estimation to decrease the maximum relative frequency difference 

from 15.8% to 4.23% and the minimum MAC value increased from 0.85 to 0.93 with all 

other MAC values close to 1.0, hence demonstrating the methodology to be effective and 

useful. 

Wang et al. (2010) presented a two phase model updating approach to develop a baseline 

model for the Runyang Suspension Bridge in China. For modal parameter identification 

under ambient vibrations simple PP method and N4SID technique are used. The model 

updating is divided into two phases of free-standing tower phase and full-bridge phase 

according to the construction procedure to simplify model updating of the long span (1490m) 

suspension bridge. Sensitivity and the penalty function concepts are employed in the iterative 

calculations for updating. The updated FEM is observed to have good correlations with the 

static and dynamic measurements and is used for continuous structural health monitoring of 

the bridge. 

Weber and Paultre (2010) presented a sensitivity based damage identification of a truss 

tower by regularized model updating. The truss tower consists of L-shaped aluminium 

members connected with single steel bolts without any gusset plate for easy fabrication, 

although it made development of FEM considerably complicated due to eccentric 

connections. To simulate damage in the truss a diagonal member was removed. Experimental 

frequencies and mode shapes of undamaged and damaged conditions were extracted using 

FDD algorithm in ARTeMIS package (Structural vibration Solutions, 2009) while truss was 
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excited by hitting it with a hammer. A FEM of the truss was constructed with beam elements 

for the vertical and truss elements for the other members while eccentric connections are 

modelled by three nodes at a joint. For a better match between mode shapes the developed 

undamaged FEM was made slightly asymmetrical. For the damaged condition the developed 

undamaged asymmetrical FEM was updated using regularization to reduce the influence of 

measurement noise alongwith generalized cross-validation to determine the optimum 

regularization parameter and line search to control the step length. The proposed 

methodology was able to accurately locate and identify the extent of damage. 

Barton et al. (2011) performed vibration tests and modal analysis on a footbridge 

demonstrator in a multidiscipline project involving almost 40 companies and academic 

institutions working together over the last two years. The footbridge, built in 1960s using 

concrete and reinforcement typical for that time, has been converted to a full scale structural 

health monitoring demonstrator which presents a good example for studying the ageing 

infrastructure. The results presented in this research are from collaboration between National 

Physical Laboratory (NPL) and the University of Sheffield for dynamic tests to measure 

vibration and mode shapes of the footbridge with the help of accelerometers and an electro 

dynamic shaker. A three-dimensional linear elastic FEM of the bridge was constructed in 

ABAQUS (Dassault Systemes Simulia Corporation, 2011) and validated under static loading. 

This validated FEM was next used in updating the relatively undamaged bridge condition. 

Four types of parameters used for sensitivity analysis include Young’s modulus, concrete 

density, temperature and boundary conditions. The effect of temperature and boundary 

conditions were included since temperature underwent substantial daily changes and showed 

influence on deflection during static tests whereas small movements of foundation were 

observed during the experiments. The comparison between experimental and calculated 

frequencies was found to be very encouraging with a semi-automatic analysis procedure. The 

best sensor locations were found from the pilot experiments for future damage detection 

studies. During the tests non-linear amplitude dependent behaviour was detected and with 

linear elastic FEM was found hard to model. It was concluded from the study that more 

sensors need to be added to monitor foundations and column movements and generic and 

sophisticated optimisation routines need to be developed for including varying properties of 

each substructures and boundary conditions. 

Jafarkhani and Masri (2011) presented an evolutionary strategy in the FEM updating 

approaches for damage detection. They experimentally tested a quarter scale, two span 
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reinforced concrete bridge system at the University of Nevada, Reno by inducing damage in a 

range of progressively increasing excitations in the transverse direction of the specimen. 

N4SID technique was used to extract natural frequencies, modal damping and mode shapes 

of the bridge system. A NASTRAN computer model was developed and validated using 

results from measured data. The FEM updating procedure considers two scenarios i.e 

availability of limited or large number of sensors. The proposed simple ARMA model 

significantly increases the efficacy of the model updating procedure for preliminary online 

damage detection. The proposed FEM updating algorithm accurately detect, localize and 

quantify the damage in the columns of the bridge, validated by comparison to experimental 

measurements and visual inspections. 

Morassi and Polentarutti (2011) performed dynamic testing and structural identification 

of two adjacent seven storey buildings of the Hypo Bank headquarters in Italy. The buildings 

are structurally separated by a vertical seismic joint. The dynamic characteristics were 

extracted separately for both buildings using FRFs under harmonic forced vibrations. The 

experimentally identified characteristics were compared with detailed FEMs of the two 

buildings which include important NSCs as well. The experimental natural frequencies were 

found to have disagreements with the analytical results for both buildings. FEMtools 

(Dynamic Design Solutions, 2008) software package was used to reduce this disagreement 

using sensitivity based model updating approach. Initially both the buildings were tuned 

separately to match the frequency differences. However, the updated values for certain 

physical parameters were yielded to unrealistic values for an acceptable agreement between 

frequencies. It was then assumed that some coupling existed through the joint and the 

dynamic behaviour of the whole complex was compared with the experimental results which 

showed a reasonably well agreement proving the assumption to be correct. 

Mottershead et al. (2011) presented a brief introduction to the procedures of 

computational sensitivity based model updating including an example tutorial for developing 

understanding and a large scale updating example of a helicopter frame. The updating of a 

baseline Lynx helicopter was undertaken by the Universities of Bristol, Liverpool and Kassel 

with DLR, Eurocopter and some other companies under the auspices of GARTEUR (the 

Group for Aeronautical research and Technology in Europe). The test arrangement on 

helicopter frame comprises 29 response points and 4 excitation attachments. Structure was 

excited using electromagnetic shakers and 12 modes of vibration were extracted. The FEM of 

the baseline structure was produced in MSC-NASTRAN and sensitivity based calibration 
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was performed. The cumulative percent error in frequency was improved from 7.42% in the 

initial FEM to 2.19% in the updated FEM after successful updating exercise. 

Foti et al. (2012) performed ambient vibration testing and model updating in order to 

evaluate the structural condition of a historical tower in Italy which is composed of stones 

and cyclopic concrete. ARTeMIS program was used to identify modal parameters using 

EFDD, N4SID and Crystal Clear Stochastic Subspace Identification (CC-SSI) to have 

confidence in the identified parameters. Sensitivity based model updating technique was 

employed through FEMtools software. The FEM of the tower was divided into eleven zones 

and modulus of elasticity and density of these zones were considered as updating parameters. 

A good match between measured and updated parameters was reached and updated FEM was 

concluded adequate to provide reliable predictions to assess the structural condition of the 

tower. 

Zhou et al. (2013) presented response surface (RS) method based on radial basis functions 

(RBFs) for modelling input-output system of large scale structures for model updating. The 

proposed method was applied to a 1/40 scale cable stayed bridge model for which the output 

response quantities are static and dynamic features whereas design parameters comprise 

global and local physical parameters. It was shown that the method can be successfully 

applied by determining an appropriate RBF for different approximated relationships and by 

selecting an optimal c of RBFs. It was demonstrated through results that RS methods based 

on RBFs have high approximation accuracy and better performance than RS methods based 

on polynomial function, and has the potential to be applied to complicated, high dimensional 

and multivariate problems. 

Bedon and Morassi (2014) carried out dynamic characterization of a base isolated Dogna 

bridge situated in Northern Italy using harmonic vibration tests and finite element analysis. 

The two span post tensioned reinforced concrete bridge with deck supported on six 

elastomeric isolators is built in the region of high level of seismic activity. Frequency 

response functions were used to extract natural frequencies and mode shapes of the bridge 

under harmonic forced vibrations. A procedure was developed to estimate the elastic stiffness 

of the isolators from one dimensional analytical models which is expected to be useful for 

early detection of degradation in seismic devices. A three dimensional FEM of the bridge was 

created in SAP 2000 program (CSI, 2000) and calibrated to find maximum differences 

between experimental and numerical natural frequencies less than 3% except 8
th

 and 11
th

 

modes which have deviation 10-15%. A shell FEM of the bridge was constructed and 
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calibrated to find good agreement between numerical and experimental data for static 

response of truck loads. 

2.4. Conclusions 

In this chapter, influence of NSCs and SSI on the dynamic characteristics of structures 

has been reviewed. The importance of studying the varying response of structures under 

seismic excitation is highlighted as well. A brief introduction to system identification is 

presented with a state-of-the-art bibliographic compilation on the application of identification 

techniques under ambient, forced and seismic excitations. Finally, the significance of model 

updating is discussed with a brief introduction to the basic steps for updating. The chapter is 

concluded with a contemporary compilation of application of model updating techniques. 
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Chapter 3. Seismic response trends of a 

three storey instrumented RC building 

with a shear core 

3.1.  Introduction 

This chapter evaluates seismic responses of an instrumented RC building using 

monitoring data collected between November 2007 and February 2010. The relationships 

between peak ground acceleration (PGA) of the free field, at the base level of the buildings, 

and peak response acceleration (PRA) at the roof level, were statistically examined for 

correlations. Natural frequencies and damping ratios, accounting for SSI, were identified. The 

relationships between the identified frequencies and damping ratios and PRA were developed 

using statistical analysis. Moreover, the effect of SSI on the seismic response of the buildings 

was also evaluated.  

The outline of this chapter is as follows. Firstly, the description of the building and sensor 

array is provided. Secondly, the methodology of the study is explained, including a brief 

introduction to the N4SID technique and its application to the present case, and then a 

method for evaluation of SSI is discussed. Next, how PGAs at the free field, PGAs at the 

building base and PRAs are correlated and how natural frequencies and damping ratios 

change with seismic response amplitude are quantitatively evaluated. Next, SSI effects on 

modal parameters are discussed. Finally, a set of conclusions summarizes this study. 

3.2.  Description of the building and instrumentation 

The building under study is a block of the GNS Science building complex at Avalon, 

Lower Hutt, situated approximately 20km north-east of Wellington, New Zealand. The entire 

building complex comprises five major blocks (Figure 3.1) which are structurally separated 
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by expansion joints. Buildings A and B are instrumented with nine tri-axial accelerometers in 

total. There is also a free field tri-axial accelerometer mounted at the ground surface and 

located at 39.4m from the south end of building A as shown in Figure 3.1. Figure 3.1 also 

shows the common global axes X and Y used for identifying directions in the subsequent 

discussions. All the data is stored in a central recording unit. The investigation for Building A 

is explained in this chapter and the following chapter focuses on Building B. 

 

Figure 3.1. Layout of GNS Science building complex at Avalon (red dots show the approximate locations 

of sensors) 

Building A is a three storey RC structure with a basement, 44m long, 12.19m wide and 

13.4m high (measured from the base level). The structural system consists of 12 beam-

column frames and a 2.54m×1.95m RC shear core with the wall thickness of 229mm, which 

houses an elevator. The plan of the building is rectangular but the beams along the 

longitudinal direction inside the perimeter beams and the shear core make it asymmetrical in 

terms of stiffness distribution (Figure 3.2). All the beams and columns are of rectangular 

cross-section. The exterior beams are 762×356mm except at the roof level where these are 

1067×356mm. All the interior beams and all columns are 610×610mm. Floors are 127mm 

thick reinforced concrete slabs except for a small portion of the ground floor near the stairs 

where it is 203mm thick. The roof comprises corrugated steel sheets over timber planks 
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supported by steel trusses. The building is resting on separate pad type footings of base 

dimensions 2.29×2.29m at the perimeter and 2.74×2.74m inside the perimeter and 

610×356mm tie beams are provided to join all the footings together. This building is 

instrumented with five tri-axial accelerometers. Two accelerometers are fixed at the base 

level, one underneath the first floor slab, and two at the roof level as shown in Figure 3.3. 

 

Figure 3.2. Building A: Typical floor plan showing location of stairs and elevator 

 

Figure 3.3. Building A: Sensor array 

3.3.  Methodology 

In this section, the methodology of the N4SID system identification technique, its 

application to the instrumented building and the approach for taking into account SSI effect 

on the identified modal parameters will be discussed. 

3.3.1. N4SID system identification technique 

A major portion of the system identification procedures is generally concerned with 

computing polynomial models which are known to give rise to ill-conditioned mathematical 

problems. This is mostly the case for multiple-input/multiple-output systems. Numerical 

algorithms for subspace state-space system identification (such as N4SID) can perform better, 
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especially for higher order systems. Some other advantages include guaranteed convergence, 

insensitivity to initial estimates and absence of local minima of the objective function. N4SID 

is, therefore, considered as one of the most powerful classes of known system identification 

techniques in the time domain (Van Overschee and De Moor, 1994). Consequently, this 

technique is used in the present study for estimating frequencies, damping ratios and mode 

shapes of the instrumented RC building. 

This subsection provides a brief explanation of the N4SID system identification 

technique. Full details of the technique can be found in Van Overschee and De Moor (1996). 

After sampling of a continuous time state space model, the discrete time state space model 

can be written as: 

���� = ��� + 
�� + �� ( 3.1 ) � = ��� + ��� + �� ( 3.2 ) 

where A, B, C and D are the discrete time state, input, output and feedthrough matrices, 

respectively, whereas xk and yk are the state and output vectors and uk is the excitation vector, 

respectively. Vectors wk and vk are the process and measurement noise, respectively, that are 

always present in real-life applications. It is assumed that the process noise wk and 

measurement noise vk are uncorrelated zero-mean stationary white noise vector sequences 

(Ljung, 1999). In the case of input/output system identification, data from both output yk and 

input uk are assembled in a block Hankel matrix, which is defined as a gathering of a family 

of matrices that are created by shifting the data matrices in time. Thereafter, the identification 

involves two steps. The first step takes projections of certain subspaces calculated from input 

and output observations (in the block Hankel matrix) to estimate the state sequence of the 

system. This is usually achieved using singular value decomposition (SVD) and QR 

decomposition. In the second step, a least square problem is solved to estimate the system 

matrices A, B, C and D. Then the modal parameters, i.e., natural frequencies, damping ratios 

and mode shapes, are found by eigenvalue decomposition (Alvin and Park, 1994; Safak, 

1991) of the system matrix A: 

� = ��������	 ( 3.3 ) 

�� = exp�Λ�� ( 3.4 ) 

The frequency	��, damping ratio �� and mode shape �� of the rth mode can be determined 

from complex eigenvalues (Λ�) and eigenvectors (��) as: 



Chapter 3. Seismic response trends of a three storey instrumented RC building with a shear core 

39 

 

�� = |Λ�|2"  
( 3.5 ) 

�� = #$�Λ��2"�  
( 3.6 ) 

�� =	 |���|%&'()#$�����* ( 3.7 ) 

Where, #$�. � and %&'(). * denotes the real part of the complex value and algebraic sign 

respectively. 

3.3.2. Application of N4SID technique to the instrumented building 

The seismic acceleration data is collected in .cmf file format. The collected acceleration 

data are detrended to remove any signal bias and/or linear trends. In case of noisy data, low 

pass filter can be used to remove high frequency noise content.  

The N4SID technique derives state-space models for linear systems by applying the well-

conditioned operations, like SVD, to the block Hankel data matrices. However, due to 

measurement errors spurious results are often encountered. In order to overcome the problem, 

the approach based on observing trends of the estimated modal parameters in the so-called 

stabilization charts (Bodeux and Golinval, 2001) is often used: a range of system orders is 

tried and modal parameters which repeat themselves across that range are accepted as correct 

results. Stability tolerances are chosen based on the relative change in the modal properties, 

i.e., modal frequencies, damping ratios and mode shapes, of a given mode as the system order 

increases. For mode shape stability, model assurance criterion (MAC) between the mode 

shapes of the present and previous orders were examined. MAC is an index that determines 

the similarity between two mode shapes. For mode shapes ,- 	and ,., MAC is defined as 

(Ewins, 2000): 

/�� = 0,12,345
�,12,1�0,32,34 ( 3.8 ) 

In Equation ( 3.8 ), superscript T denotes vector transpose. 

3.3.3. Evaluation of SSI effects 

Safak (1995) proposed a technique to identify SSI effects in buildings using non-

parametric procedures for identifying modal vibration parameters in situations when base 

rocking effect is negligible and free-field motion is not available. The natural frequency of 

the fixed base building was identified from the ratio of the Fourier amplitude spectrum of the 
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top story to foundation accelerations. The presence of SSI was detected from the amplitude of 

impulse response functions where comparable amplitudes at positive and negative times 

determine dominant SSI effect and the natural frequency with SSI is identified from the 

Fourier amplitude spectrum of the top story acceleration. Stewart and Fenves (1998) used 

parametric system identification procedures to identify SSI effects (including both base 

translation and rocking) extending the earlier works by Luco (1980) and Safak (1995). 

Therefore, their procedure has been adopted in this research. Stewart and Fenves (1998) 

proposed three different models: flexible base, pseudo flexible base and fixed base to identify 

modal parameters for the structure-foundation-soil system, the structure and foundation 

rocking, and the structure alone respectively. By comparing modal parameters identified from 

the different models the influence of the various types of foundation motions can be assessed.  

For incorporation and evaluation of SSI effects using system identification procedures, 

Stewart and Fenves (1998) proposed the following approach, adopting the model considered 

earlier by Veletsos and Nair (1975) and Bielak (1975) for surface and embedded foundations, 

respectively. Consider the structure shown in Figure 3.4. The height h is the vertical distance 

from the base to the roof (or another measurement point located on the building). The 

symbols denoting translational displacements are as follows: ug for the free-field translational 

displacement, uf for the foundation translational displacement with respect to the free field, 

and u for the roof translational displacement with respect to the foundation resulting from 

inter-story drift. Foundation rocking angle is denoted by θ, and its contribution to the roof 

translational displacement is hθ.  The Laplace domain counterparts of these quantities will be 

denoted as ˆ
gu , ˆ

fu , û  and θ̂ , respectively. 

Stewart and Fenves (1998) consider three different models and associated transfer 

functions (H1, H2 and H3) as follows: 

• Flexible base model 

6� = 789 + 78: + 78 + ℎ��789  ( 3.9 ) 

where input is the free field displacement ug and output is the total roof displacement 

ug+uf+u+hθ. 
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• Pseudo flexible base model 

6< = 789 + 78: + 78 + ℎ��789 + 78:  ( 3.10 ) 

where input is the total foundation translational displacement ug+uf and output is the total 

roof displacement ug+uf+u+hθ. 

• Fixed base model 

6= = 789 + 78: + 78 + ℎ��789 + 78: + ℎ��  ( 3.11 ) 

where input is the total foundation displacement including rocking ug+uf +hθ and output is 

the total roof displacement ug+uf+u+hθ. 

 

Figure 3.4. Inputs and outputs for evaluating SSI effects in system identification of buildings (Stewart and 

Fenves, 1998) 

The first two cases, i.e. flexible base and pseudo flexible base are relevant for this study 

because of available measurements. The Stewart and Fenves model for pseudo flexible base 

summarized above is strictly applicable to the case of two degrees of freedom (DOFs) 

foundation where response of one of those DOFs (rocking) is not available. In the analysed 

case of a 3D building on multiple footing foundation there are clearly more DOFs as each 

footing will have six of them. We use the term ‘pseudo flexible base model’ in a more 

general sense when at least some, but not all, of the foundation DOF responses are not 

available. Conversely, ‘fixed base model’ would mean that all foundation DOF responses are 

available. It can be argued, however, that for short buildings, like the ones considered in this 
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study, foundation rocking is not a dominant foundation response. Also, examination of the 

available translational foundation responses of buildings A and B shows that due to the 

restraining effect of the tie beams joining them there is a very small difference between 

horizontal responses of different footings. Thus, we argue that in our case pseudo flexible 

base system identification results are similar to what would be fixed base results. Stewart and 

Fenves (1998) demonstrate that the poles of the flexible base transfer function H1 give natural 

frequencies and damping ratios for the entire dynamical system, comprising the structure, 

foundation and soil. In other words, the identified modal parameters are influenced by the 

translational and rotational stiffness and damping of soil. The natural frequencies and 

damping ratios identified from the poles of the fixed base transfer function H3, on the other 

hand, depend on the properties of the structure alone. The pseudo flexible base case is an 

intermediate one where the poles of transfer function H2 yield modal parameters that depend 

on the stiffness and damping associated with the structure and foundation rocking (or more 

generally those foundation DOFs whose responses are ignored or not available). By 

comparing modal parameters identified from the different transfer functions the influence of 

the various types of foundation motions on these can be assessed. 

To provide a simple quantification of the effects of SSI on the response of the building in 

this study, modal vibration parameters were sought through N4SID technique for the pseudo 

flexible base case and the flexible base case using input-output pairs consisting of a 

combination of free field, foundation and superstructure level recordings as explained in 

Equations ( 3.9 )-( 3.11 ). For building A, sensors 6 and 7 were taken as the inputs while 

sensors 3, 4 and 5 were taken as the outputs for the pseudo flexible base case, whereas sensor 

10 (the free field sensor) functions as the input and sensors 3, 4, 5, 6 and 7 as the outputs for 

flexible base case.  

3.4.  Analyses of seismic response of the building A 

The objective of this research section is to assess and understand the seismic response of 

a building under a large number of earthquakes. In particular, trends are investigated between 

PGA and PRA, and then between PRA and the identified first three natural frequencies and 

corresponding damping ratios of the building, using 50 earthquakes. The presentation will 

thus follow selection of earthquakes, correlating PGAs and PRAs from the free field and 

different points in the structure, modal system identification, correlating the PRAs with the 

identified frequencies and damping ratios for pseudo flexible and flexible base models, and 
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evaluating the difference in the behaviour of the building between pseudo flexible and 

flexible base models to assess the effects of SSI. 

3.4.1. Earthquake records used in analyses 

For this study, 50 earthquakes recorded on the building between November 2007 and 

February 2010 which had epicentres within 200km from the building were selected. The 

reason for this was to select earthquakes of sufficient intensity to excite the modes of interest 

with acceptable signal-to-noise ratios, providing quality system identification results. The 

area surrounding the building had not been hit by any strong earthquake since its 

instrumentation. The majority, i.e., 44 of the 50 recorded earthquakes, had a Richter 

magnitude ranging from 3 to 5 except for only six that had more than 5, with 5.2 being the 

maximum value. This means that nearly all of the earthquakes fell into the category of low 

intensity except for a very few that can be treated as moderate events. 

Table 3.1 summarizes maximum accelerations recorded at the free field, base and roof 

sensors for the 50 earthquakes. The maximum PGA at the free field sensor 10 was recorded 

along Y-direction (0.0138g) and was almost double the maximum along X-direction 

(0.0074g). The maximum PGA at the base of building A was 0.0093g and was captured by 

sensor 6 along Y-direction, being a little higher than the maximum PGA recorded by sensor 7 

along Y-direction (0.0090g). Along the X-direction, sensor 7 recorded a slightly higher 

maximum PGA (0.0061g) than sensor 6 (0.0059g). 

The maximum PRA of building A in the Y-direction was 0.041g captured by sensor 4, 

which was double the maximum recorded acceleration in the X-direction of 0.021g. For 

sensor 3, the maximum PRA was almost the same (0.040g) as that of sensor 4 along the Y-

direction and almost double the maximum PRA acceleration in the X-direction (0.019g). The  

Table 3.1. Maximum PGA and PRA recorded by individual sensors. 

Sensor Max. acceleration in X-

direction (g) 

Max. acceleration in 

Y-direction (g) 

10 (PGA) 0.0074 0.0138 

6 (PGA) 0.0059 0.0093 

7 (PGA) 0.0061 0.0090 

3 (PRA) 0.019 0.040 

4 (PRA) 0.021 0.041 

5 (PRA) 0.010 0.015 
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sensor mounted at first floor (sensor 5) recorded 0.010g and 0.015g as the maximum recorded 

acceleration in X- and Y-directions respectively. It should be noted, however, that the 

majority (94%) of analysed earthquakes resulted in PRAs below 0.015g (this will also be 

seen clearly later in Figures 3.5 - 3.6 and 3.9 -3.12). 

3.4.2. Correlations between free field PGA and building base PGA, and between 

building base PGA and PRA 

The first analysis is concerned with amplification factors between maximum accelerations 

recorded by different sensors. In this study, the amplification factor is defined as the linear 

regression coefficient (Montgomery et al., 2001) between the maximum absolute 

accelerations in either X- or Y-direction recorded by the two sensors at hand calculated over 

the 50 considered earthquake records. 

Table 3.2 summarizes all the amplification factors between the two sensors located at the 

base of the building and the free field sensor 10. Figure 3.5 shows, as examples, scatter plots 

of PGAs of base sensor 6 vs. PGAs of the free field sensor 10 for X- and Y-directions for 

building A. As can be seen from Table 3.2, all the amplification factors are smaller than 1, 

indicating that PGAs of foundations were generally smaller than those of the free field. Also, 

the amplification factors for two sensors at the base do not differ significantly (when the 

same direction is concerned). The amplification factors in the X-direction were significantly 

larger than in the Y-direction. The largest value of the amplification factor for both sensors 6 

and 7, was 0.83 for sensor 7 in X-direction; the smallest, 0.54, for the same sensor in the Y-

direction. The values of R
2
, or coefficient of determination (Steel and Torrie, 1960), also 

reported in Table 3.2 vary between 0.82 and 0.92, indicating strong linear dependence 

between the analysed variables. This strong correlation is also evident in Figure 3.5 (What is 

considered strong, reasonable or weak correlation based on R
2
 values depends on the context; 

in this research it was decided that R
2
>0.8 denotes strong or good correlation, R

2
>0.5 reason 

Table 3.2. Amplification factors between PGA at the building base and PGA at the free field sensor 

Sensors Direction Amplification factor  R
2
 

PGA 6 vs. PGA 10 X 0.81 0.92 

Y 0.55 0.82 

PGA 7 vs. PGA 10 X 0.83 0.92 

Y 0.54 0.82 
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(a) 

 

(b) 

Figure 3.5. PGA at base of building A recorded by sensor 6 vs. PGA at free field recorded by sensor 10: a) 

X-direction, and b) Y-direction 

-able correlation, and R
2
>0.25 weak but still perceivable correlation. Those thresholds are not 

to be understood as ‘hard’.). 

A similar study was conducted for the amplification factors between PRAs of the roof and 

first floor sensors and PGAs of the base sensors, and Table 3.3 summarizes the results. Figure 

3.6 again shows examples of scatter plots of PRAs of roof sensor 4 vs. PGAs of base sensors 

6. It can be seen that larger amplification factors, varying between 4.20 and 4.44, occurred in 

Y-direction, while for X-direction they were between 3.16 and 3.37 for roof sensors 3 and 4. 

The sensor mounted at the first floor (sensor 5) has amplification factor varying between 1.56 

and 1.58 for X-direction while these are 1.64 and 1.66 in y-direction. These ranges of 

amplification factors also show that there were only small differences between different  

Table 3.3. Amplification factors between PRA at the roof, first floor and PGA at the building base 

Sensors Direction Amplification factor  R
2
 

PRA 3 vs. PGA 6  X 3.37 0.80 

Y 4.20 0.96 

PRA 3 vs. PGA 7 X 3.31 0.79 

Y 4.26 0.96 

PRA 4 vs. PGA 6  X 3.21 0.85 

Y 4.39 0.95 

PRA 4 vs. PGA 7 X 3.16 0.85 

Y 4.44 0.95 

PRA 5 vs PGA 6 X 1.58 0.86 

Y 1.64 0.97 

PRA 5 vs PGA 7 X 1.56 0.86 

Y 1.66 0.97 
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(a) 

 

(b) 

Figure 3.6. PRA of building A recorded by sensor 4 vs. PGA at base recorded by sensor 6: a) X-direction, 

and b) Y-direction 

sensor pairs for a given direction, X or Y. The values of R
2
 in Table 3.3 vary between 0.79 

and 0.97, again confirming strong linear dependence of respective PRAs of PGAs. This is 

also evident in Figure 3.6. 

3.4.3. Modal identification of the instrumented building A 

The second analysis in the seismic analyses of building A uses the same 50 earthquake 

records and performs system identification of modal parameters of the building. The 

identified natural frequencies and damping ratios are plotted against PRAs and their trends 

are statistically evaluated. N4SID technique was used to identify the first three frequencies, 

corresponding damping ratios and mode shapes. Sampling rate of the digitized signal was 

200Hz and for establishing stabilization charts system orders from 2 to 20 were considered. A 

typical stabilization chart is shown in Figure 3.7: the marker ‘black dot’ shows all the 

identified frequencies, ‘red dot’ shows stable frequencies and damping ratios, while ‘blue 

circle’ shows stable frequencies, damping ratios and mode shapes. In this research, an 

identified frequency was considered to be stable if the absolute deviation between the 

frequency identified at the present and previous order was less than or equal to 0.01Hz. A 

stable damping ratio was defined by an absolute deviation less than 5%. For mode shapes 

stability, model assurance criterion (MAC) between the mode shapes of the present and 

previous orders was to be at least 90% or greater. It can be seen in Figure 3.7 that three 

modes can be identified with confidence and subsequent discussions focus on these. 

For both pseudo flexible and flexible base models same mode shapes were observed in 

the planar view. The typical first three mode shapes of building A are shown in Figure 3.8 in 

planar view. (Note that because of a limited number of measurement points those graphs 

assume the floors were rigid diaphragms.) The shape of the first mode shows it to be a 
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translational mode along X-direction with some torsion. The second mode is nearly purely 

torsional and the third one is a translation dominant along Y-direction coupled with torsion. 

Structural irregularities, such as those due to the internal longitudinal beams being not in the 

middle and the shear core present near the North end of building A, create asymmetrical 

distribution of stiffness which has caused the modes to be coupled translational-torsional. 

Another plausible source of mode shape coupling may be varying soil stiffness under 

different foundations and around different parts of the building. 

 

Figure 3.7. Typical stabilization chart showing stable modes (superimposed by power spectral density 

curve) 

 

 

Figure 3.8. Planar views of the first three mode shapes of building A 

During some events, the first, second or third mode or any two of them were missing in 

the system identification results, which suggests that during those particular events these 

modes did not vibrate strongly enough. In some events, the second and third modal 
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frequencies tended to be very close and the minimum difference between these two was 

found to be 0.03 Hz. This shows the capability of N4SID technique to identify very closely 

spaced modes. 

3.4.3.1 Modal frequency identification results and their dependence on PRA 

Table 3.4 shows the minimum, maximum, average and percentage change (= (maximum-

minimum)/average×100%) values of the identified modal frequencies for the analysed 50 

earthquakes for both pseudo flexible and flexible base models. The detailed results of all the 

earthquakes are presented in Appendix Tables A.1 and A.2 for pseudo flexible base and 

flexible base models respectively. The average first three modal frequencies were 3.37Hz, 

3.67Hz and 3.80Hz for the pseudo flexible base model, and 3.33Hz, 3.61Hz and 3.79Hz for 

the flexible base model. For the pseudo flexible base model, the percentage change for the 

selected 50 events in the first, second and third modal frequencies is 13%, 14% and 9%, 

respectively, whereas for flexible base models, the percentage changes in the first three 

frequencies are 14%, 19% and 11% respectively. 

Table 3.4. Summary of identified frequencies for building A for pseudo flexible and flexible base models 

Mode Pseudo flexible base Flexible base 

Frequency (Hz) Frequency (Hz) 

Min. Max. Avg. % 

change 

Min. Max. Avg. % 

change 

1
st
 3.07 3.52 3.37 13% 3.04 3.50 3.33 14% 

2
nd

 3.36 3.87 3.67 14% 3.21 3.88 3.61 19% 

3
rd

 3.57 3.92 3.80 9% 3.48 3.90 3.79 11% 

 

It is of interest to explore whether, and if so how, those changes in frequencies correlate 

with response magnitude. Figures 3.9 and 3.10 show the results of modal frequency 

identification for the analysed 50 earthquakes. In each figure, those frequencies are plotted 

against PRAs in either X- or Y-direction of a representative roof sensor, being sensor 3 for 

building A. Figure 3.9 is for the pseudo flexible base model, and Figure 3.10 is for the 

flexible base model, respectively. Figures 3.9 and 3.10 clearly indicate that modal frequencies 

decrease as the PRAs increase and this is observed in all three modes, and along both X- and 

Y-directions. 
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(a) 

 

(b) 

Figure 3.9. First three modal frequencies of building A for pseudo flexible base case vs. PRA of sensor 3: 

a) X-direction, and b) Y-direction 

 

 

(a) 

 

(b) 

Figure 3.10. First three modal frequencies of building A for flexible base case vs. PRA of sensor 3: a) X-

direction, and b) Y-direction 

 

In order to quantify relationships between PRAs and modal frequencies linear regression 

(Montgomery et al., 2001) was applied. The results of the linear regression analysis are 

summarized in Table 3.5, where formulas relating the identified modal frequencies and PRA 

in both X- and Y-direction are listed. The negative values of the linear terms confirm again 

the decreasing trend of modal frequencies with increasing PRA. The strength of correlations 

of the variables is illustrated by R
2
 coefficients. These vary from 0.33 to 0.80 indicating that a 

linear relationship fits the data to a reasonable and/or sometimes good degree. Had more data 

with PRAs in the range beyond 0.015g been available it would have helped to develop a more 

refined relationship than the linear one. 
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Table 3.5. Dependence of modal frequencies on PRA 

Mode Direction Model type Modal frequency (y) – PRA 

(x) relationship
*)

 

R
2
 

1
st
  X P/flexible base

**)
 y=-20.67x+3.44 0.80 

Flexible base y=-22.99x+3.40 0.59 

Y P/flexible base y=-11.42x+3.42 0.53 

Flexible base y=-12.82x+3.39 0.40 

2
nd

  X P/flexible base y=-22.57x+3.74 0.59 

Flexible base y=-22.17x+3.68 0.34 

Y P/flexible base y=-11.72x+3.73 0.47 

Flexible base y=-12.31x+3.67 0.33 

3
rd

 X P/flexible base y=-15.02x+3.85 0.63 

Flexible base y=-19.40x+3.86 0.65 

Y P/flexible base y=-8.68x+3.84 0.51 

Flexible base y=-11.75x+3.85 0.52 

 

3.4.3.2 Modal damping ratio identification results and their dependence on PRA 

Table 3.6 shows the minimum, maximum, average and percentage change (= (maximum-

minimum)/average×100%) values of the identified modal damping ratios for the analysed 50 

earthquakes for both pseudo flexible and flexible base models. For the pseudo flexible base 

models, the average values of damping ratios for the first, second and third modes were 2.7%, 

4.3% and 2.9%, respectively, whereas for the flexible base models these were 3.4%, 5.6% 

and 3.1% respectively. The identified damping ratios show considerable scatter – the 

percentage changes were between 138% and 240%. 

Table 3.6. Summary of identified damping ratios for building A, for pseudo flexible and flexible base 

models 

Mode Pseudo flexible base Flexible base 

Damping ratio (%) Damping ratio (%) 

Min. Max. Avg. % 

change 

Min. Max. Avg. % 

change 

1
st
 0.6 4.3 2.7 138% 1.2 7.3 3.4 176% 

2
nd

 0.5 6.6 4.3 142% 1.4 12.1 5.6 190% 

3
rd

 1.0 7.3 2.9 217% 1.0 8.3 3.1 240% 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 3.11. Modal damping ratios of building A for pseudo flexible base case: a) 1st mode, b) 2nd mode, 

c) 3rd mode vs. X-direction PRA of sensor 3; d) 1st mode, e) 2nd mode, and f) 3rd mode vs. Y-direction 

PRA of sensor 3 

Figures 3.11 and 3.12 show the results of modal damping ratio identification for the 

analysed 50 earthquakes. Like the modal frequencies previously, the damping ratios are 

plotted against PRAs in either X- or Y-direction of sensor 3. Figure 3.11 is for pseudo 

flexible base model and Figure 3.12 for flexible base model, respectively. The initial 

observation about considerable scatter of results, mentioned while analysing Table 3.6, is 

now clearly revealed in the figures. With the exception of the first mode for the pseudo 

flexible base case (Figure 3.11a, d), where an increasing trend was noticeable, no clear trends 

in damping ratios could be discerned. Logarithmic curves were fitted to the damping ratios of 

the first mode for the aforementioned case where a trend could be inferred. These curves are 

included in Figures 3.11a, d, while their R
2
 values are from 0.27 to 0.41 showing a weak to a 

nearly reasonable fit.  
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The possible reasons for the variation of modal parameters with vibration amplitude are 

discussed in Chapter 4, section 4.3. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 3.12. Modal damping ratios of building A for flexible base case: a) 1st mode, b) 2nd mode, c) 3rd 

mode vs. X-direction PRA of sensor 3; d) 1st mode, e) 2nd mode, and f) 3rd mode vs. Y-direction PRA of 

sensor 3 

3.4.4. Evaluation of SSI effects 

This section re-examines the system identification results from the point of view of 

assessing SSI effects. From Table 3.4, the average first, second and third frequencies are 

3.37Hz, 3.67Hz and 3.80Hz, respectively, for the pseudo flexible base model, whereas for 

flexible base models the average first three frequencies are 3.33Hz, 3.61Hz and 3.79Hz. 

Thus, the flexible base model frequencies are lower by 1.2%, 1.6% and 0.3%, respectively, 

compared to the pseudo flexible base model frequencies. The average damping ratios (Table 

3.6) observed for the flexible base models are larger as compared to the pseudo flexible base 

models. The average values are respectively: 2.7%, 4.3% and 2.9% for the pseudo flexible 

base case and 3.4%, 5.6% and 3.1% for the flexible base case. 
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Since the level of excitation and corresponding response are low for the events in the 

present study, the difference between the pseudo flexible and flexible base model frequencies 

are not large, nevertheless a clear and consistent trend can be seen of the flexible base 

frequencies being smaller than their pseudo flexible base counterparts. In the case of damping 

ratios, a trend of larger damping ratios for the flexible base case is still discernible despite the 

large scatter of data. 

3.5.  Conclusions 

In this study, seismic responses to 50 low to medium intensity earthquakes recorded over 

a period of more than two years on a three storey RC concrete frame building with a shear 

core were analysed. Firstly, correlations between PGAs of the free field and those recorded at 

the building base, and between building base PGAs and PRAs were statistically assessed. 

Next, system identification of the building was conducted to obtain both pseudo flexible base 

and flexible base modal frequencies and damping ratios. To evaluate the variation in the 

modal characteristics, the relationships between the first three frequencies and corresponding 

damping ratios and PRA were developed. 

The main findings of this research can be summarized as follows: 

• PGAs at the free field and PGAs at the building base have very good correlation, as 

do PGAs at the building base and PRAs. 

• The amplification factors between free field PGAs and building base PGA vary 

between 0.54 and 0.83, and between building base PGAs and PRAs between 3.16 and 

4.44. 

• Modal frequencies have a clear decreasing trend with PRAs that can be reasonably 

well approximated by a linear dependence on PRA. 

• Modal damping ratios are identified with considerable scatter but in the first mode 

show an increasing trend with PRAs. 

• Regarding soil structure interaction, even for low to medium intensity shaking events, 

the differences in pseudo flexible and flexible base modal dynamic characteristics are 

noticeable, where the flexible base frequencies are smaller than their pseudo flexible 

base counterparts, while a reverse relationship applies to the damping ratios. 
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Chapter 4. Seismic response trends of a 

three storey instrumented RC building 

without a shear core 

This chapter describes the evaluation of seismic responses of building B (see Figure 3.1), 

part of the same building complex which includes building A, whose seismic responses are 

discussed in the previous chapter. The N4SID system identification technique was used to 

identify modal frequencies and damping ratios for both pseudo flexible and flexible base 

models, as explained in section 3.3. 

The outline of the chapter is as follows. Firstly, the description of the building and sensor 

array is provided. Secondly, PGAs at the free field, PGAs at the building base and PRAs are 

correlated and natural frequencies and damping ratios change with seismic response 

amplitude is quantitatively evaluated. Next, SSI effects on modal parameters are discussed. 

Finally, a set of conclusions summarizes this study. 

4.1.  Description of the building and instrumentation 

Building B is a three storey RC building with a basement, 56m long, 12.19m wide and 

13.4m high (measured from the base level). The floor plan is rectangular and the main 

structural system consists of 15 beam-column frames. Floor heights, frame pattern, the sizes 

of beams, columns, slabs, tie beams, roof and foundations are the same as that of building A 

(discussed in section 3.2) but there are more frames in longitudinal direction (Figure 4.1). 

Unlike in building A, there is no shear core in building B. The building is instrumented with 

four tri-axial accelerometers: two are fixed at the roof level and two at the base level. Figure 

4.2 shows the sensor locations and their sensitive axis directions. 
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Figure 4.1. Building B: Typical floor plan showing location of stairs 

 

 

Figure 4.2. Building B: Sensor array 

4.2.  Analyses of seismic response of the building 

The presentation of this research section will follow discussion on maximum and 

minimum recorded PGA and PRA on building B, correlating PGAs and PRAs from the free 

field and different points in the structure, modal system identification, correlating the PRAs 

with the identified frequencies and damping ratios for pseudo flexible and flexible base 

models, and evaluating the difference in the behaviour of the building between pseudo 

flexible and flexible base models to assess the effects of SSI. 

4.2.1. Maximum and minimum PGA, PRA recorded on building B 

In this study, 50 earthquakes recorded on the building which had epicentres within 200km 

from the building were selected. The majority, i.e. 44 of the 50 recorded earthquakes, have a 

Richter magnitude ranging from 3 to 5 apart from six that have more than 5, with 5.2 being 
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the maximum value. This means that nearly all of the earthquakes fall into the category of 

low intensity except a very few that can be treated as moderate events. 

Table 4.1 summarizes maximum accelerations recorded at the free-field, base and roof 

sensors for the 50 earthquakes. The maximum PGA at the free field sensor 10 was recorded 

along Y-direction (0.0138g) and was almost double the maximum along X-direction 

(0.0074g). The maximum PGA at the base was captured by sensor 9 (0.0076g) along the Y-

direction, while along the X-direction the maximum recorded PGA by sensor 9 was 0.0070g. 

For sensor 8, the maximum recorded PGA was the same for both X- and Y-directions 

(0.0071g). 

Table 4.1. Maximum PGA and PRA recorded by individual sensors. 

Sensor Max. acceleration in 

X-direction (g) 

Max. acceleration in 

Y-direction (g) 

10  (PGA) 0.0074 0.0138 

8 (PGA) 0.0071 0.0071 

9 (PGA) 0.0070 0.0076 

1 (PRA) 0.025 0.025 

2 (PRA) 0.030 0.025 

 

The maximum recorded PRA was in the X-direction (0.030g) and was captured by sensor 

2. This was only a little higher than maximum PRA in the Y-direction (0.025g). For sensor 1, 

the maximum PRA was 0.025g and was the same for both X and Y-directions. It should be 

noted, however, that the majority (96%) of analysed earthquakes resulted in PRAs below 

0.01g (this will also be seen clearly later in Figures 4.3 and 4.4 and 4.7-4.10). 

4.2.2. Correlations between free field PGA and building base PGA, and between 

building base PGA and PRA 

The first analysis is concerned with amplification factors between maximum accelerations 

recorded by different sensors. In this study, the amplification factor is defined as the linear 

regression coefficient (Montgomery et al., 2001) between the maximum absolute 

accelerations in either X- or Y-direction recorded by the two sensors at hand calculated over 

the 50 considered earthquake records.  
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Table 4.2 summarizes all the amplification factors between the two sensors located at the 

base of the building and the free field sensor 10. Figure 4.3 shows, as examples, scatter plots 

of PGAs of base sensor 8 vs. PGAs of the free field sensor 10 for X- and Y-directions. As can 

be seen from Table 4.2, all the amplification factors are smaller than 1, indicating that PGAs 

of foundations were generally smaller than those of the free field. Also, the amplification 

factors for two sensors installed at the base do not differ significantly (when the same 

direction is concerned). The amplification factors in the X-direction were generally 

significantly larger than in the Y-direction. The largest value of the amplification factor, 0.90, 

was for sensor 9 in X-direction; the smallest, 0.45, for sensor 8 in the Y-direction. The values 

of R
2
, or coefficient of determination (Steel and Torrie, 1960), also reported in Table 4.2 vary 

between 0.87 and 0.93 indicating strong linear dependence between the analysed variables. 

This strong correlation is also evident in Figure 4.3. (What is considered strong, reasonable or 

weak correlation based on R
2
 values depends on the context; in this research it was decided 

that R
2
>0.8 denotes strong or good correlation, R

2
>0.5 reasonable correlation, and R

2
>0.25 

weak but still perceivable correlation. Those thresholds are not to be understood as ‘hard’.). 

Table 4.2. Amplification factors between PGA at the building base and PGA at the free field sensor 

Sensors Direction Amplification factor  R
2
 

PGA 8 vs. PGA 10 X 0.89 0.93 

Y 0.45 0.88 

PGA 9 vs. PGA 10 X 0.90 0.93 

Y 0.48 0.87 

 

 

(a) 

 

(b) 

Figure 4.3. PGA at base of building B recorded by sensor 8 vs. PGA at free field recorded by sensor 10: a) 

X-direction, and b) Y-direction 

A similar study was conducted for the amplification factors between PRAs of the roof 

sensors and PGAs of the base sensors, and Table 4.3 summarizes the results. Figure 4.4 again 
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shows examples of scatter plots of PRAs of roof sensor 1 vs. PGAs of base sensors 8. The 

amplification factors for X- and Y-direction were generally much more uniform compared to 

building A, and they did not differ significantly between the different sensor pairs. The 

ranges of amplification factors were between 3.22 and 3.87, and between 3.27 and 3.52 for 

X- and Y-direction, respectively. The values of R
2
 in Table 4.3 vary between 0.88 and 0.97, 

again confirming strong linear dependence of respective PRAs of PGAs. This is also evident 

in Figure 4.4. 

Table 4.3. Amplification factors between PRA at the roof and PGA at the building base 

Sensors Direction Amplification factor  R
2
 

PRA 1 vs. PGA 8  X 3.29 0.93 

Y 3.51 0.94 

PRA 1 vs. PGA 9 X 3.22 0.91 

Y 3.27 0.90 

PRA 2 vs. PGA 8  X 3.87 0.90 

Y 3.52 0.97 

PRA 2 vs. PGA 9 X 3.78 0.88 

Y 3.27 0.97 

 

 

(a) 

 

(b) 

Figure 4.4. PRA of building B recorded by sensor 1 vs. PGA at base recorded by sensor 8: a) X-direction, 

and b) Y-direction 

4.2.3. Modal identification of the instrumented building 

The second analysis reported in this study uses the same 50 earthquake records and 

performs system identification of modal parameters of the building. The identified natural 

frequencies and damping ratios are plotted against PRAs and their trends are statistically 

evaluated. To provide a simple quantification of the effects of SSI on the response of the 
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building in this study, modal vibration parameters were sought through N4SID technique for 

the pseudo flexible base case and the flexible base case using input-output pairs consisting of 

a combination of free field, foundation and superstructure level recordings as explained in 

Equations ( 3.9 )-( 3.11 ). Sensors 8 and 9 were taken as the inputs while sensors 1 and 2 as 

the outputs for the pseudo flexible base case, whereas sensor 10 was taken as the input and 

sensors 1, 2, 8 and 9 as the outputs for flexible base case. The sampling rate of the digitized 

signal was 200Hz and for establishing stabilization charts system orders from 2 to 20 were 

considered. A typical stabilization chart is shown in Figure 4.5: the marker ‘black dot’ shows 

all the identified frequencies, ‘red dot’ shows stable frequencies and damping ratios, while 

‘blue circle’ indicates stable frequencies, damping ratios and mode shapes. In this research, 

an identified frequency was considered to be stable if the absolute deviation between the 

frequency identified at the present and previous order was less than or equal to 0.01Hz. A 

stable damping ratio was defined by an absolute deviation less than 5%. For mode shapes 

stability, model assurance criterion (MAC) between the mode shapes of the present and 

previous orders was to be at least 90% or greater. Figure 4.5 shows that three modes can be 

identified with confidence and subsequent discussions focus on these. 

 

Figure 4.5. Typical stabilization chart showing stable modes (superimposed by power spectral density 

curve) 

For both pseudo flexible and flexible base models same mode shapes were observed in 

the planar view. The typical first three mode shapes are shown in Figure 4.6 in planar view. 

(Note that because of a limited number of measurement points those graphs assume the floors 

were rigid diaphragms.) The shape of the first mode shows it to be a translational mode along 
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Y-direction with some torsion. The second mode is almost purely torsional and the third one 

is a translation dominant along X-direction coupled with torsion. Structural irregularity, such 

as that due to the internal longitudinal beams being not in the middle, creates asymmetrical 

distribution of stiffness, which in turn has caused the modes to be coupled translational-

torsional. Another plausible source of mode shape coupling may be varying soil stiffness 

under different foundations and around different parts of the buildings. 

During some events, the first, second or third mode or any two of them were missing in the 

system identification results, which suggests that during those particular events these modes 

did not vibrate strongly enough. 

 

Figure 4.6. Planar views of the first three mode shapes of building B 

4.2.3.1 Modal frequency identification results and their dependence on PRA 

Table 4.4 shows the minimum, maximum, average and percentage change (= (maximum-

minimum)/average×100%) values of the identified modal frequencies for the analysed 50 

earthquakes for both pseudo flexible and flexible base models. The detailed results of all the 

earthquakes are presented in Appendix Tables A.3 and A.4 for pseudo flexible base and 

flexible base models respectively. The average first three modal frequencies were 3.33Hz, 

3.80Hz and 4.14Hz for the pseudo flexible base model, and 3.28Hz, 3.79Hz and 4.11Hz for 

the flexible base model. For pseudo flexible base models, the percentage change for the 

selected 50 events in the first, second and third modal frequencies is 22%, 21% and 27%,  

Table 4.4. Summary of identified frequencies for building B for pseudo flexible and flexible base models 

Mode Pseudo flexible base Flexible base 

Frequency (Hz) Frequency (Hz) 

Min. Max. Avg. % 

change 

Min. Max. Avg. % 

change 

1
st
 2.91 3.63 3.33 22% 2.85 3.51 3.28 20% 

2
nd

 3.28 4.06 3.80 21% 3.22 4.16 3.79 25% 

3
rd

 3.53 4.63 4.13 27% 3.44 4.62 4.11 29% 
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respectively, whereas for flexible base models, the percentage changes in the first three 

frequencies are 20%, 25% and 29% respectively. 

It is of interest to explore whether, and if so how, those changes in frequencies correlate 

with response magnitude. Figures 4.7 and 4.8 show the results of modal frequency 

identification for the analysed 50 earthquakes. In each figure, those frequencies are plotted 

against PRAs in either X- or Y-direction of a representative roof sensor 1 for building B. 

Figure 4.7 is for pseudo flexible base models, and Figure 4.8 is for flexible base models. In 

Figures 4.7 and 4.8 it can clearly be seen that modal frequencies decrease as the PRAs 

increase and this is observed in all three modes, and along both X- and Y-directions. 

 

(a) 

 

(b) 

Figure 4.7. First three modal frequencies of building B for pseudo flexible base case vs. PRA of sensor 1: 

a) X-direction, and b) Y-direction 

 

 

(a) 

 

(b) 

Figure 4.8. First three modal frequencies of building B for flexible base case vs. PRA of sensor 1: a) X-

direction, and b) Y-direction 
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In order to quantify relationships between PRAs and modal frequencies linear regression 

(Montgomery et al., 2001) was applied. The results of the linear regression analysis are 

summarized in Table 4.5, where formulas relating the identified modal frequencies and PRA 

in both X- and Y-direction are listed. The negative values of the linear terms confirm again 

the decreasing trend of modal frequencies with increasing PRA. The strength of correlations 

of the variables is illustrated by R
2
 coefficients. These vary from 0.43 to 0.69, indicating that 

a linear relationship fits the data to a reasonable degree. Had more data with PRAs in the 

range beyond 0.01g been available it would have helped to develop a more refined 

relationship than the linear one. 

Table 4.5. Dependence of modal frequencies on PRA 

Mode Direction Model type Modal frequency (y) – PRA 

(x) relationship
*)

 

R
2
 

1
st
 X P/flexible base y=-26.02x+3.43 0.57 

Flexible base y=-26.83x+3.38 0.55 

Y P/flexible base y=-26.47x+3.42 0.60 

Flexible base y=-27.42x+3.37 0.59 

2
nd

 X P/flexible base y=-33.18x+3.92 0.69 

Flexible base y=-31.97x+3.88 0.43 

Y P/flexible base y=-32.97x+3.91 0.69 

Flexible base y=-31.09x+3.87 0.43 

3
rd

 X P/flexible base y=-50.54x+4.28 0.51 

Flexible base y=-54.80x+4.29 0.58 

Y P/flexible base y=-51.24x+4.27 0.51 

Flexible base y=-54.14x+4.27 0.56 

4.2.3.2 Modal damping ratio identification results and their dependence on PRA 

Table 4.6 shows the minimum, maximum, average and percentage change (= (maximum-

minimum)/average×100%) values of the identified modal damping ratios for the analysed 50 

earthquakes for both pseudo flexible and flexible base models. For the pseudo flexible base 

models, the average values of damping ratios for the first, second and third modes were 2.9%, 

4.5% and 5.6%, respectively, whereas for the flexible base models these were 3.3%, 4.6% 

and 5.7% respectively. It is noticeable that the identified damping ratios show considerable 

scatter – the percentage changes were between 132% and 190%. Such large spreads for both 

buildings A and B may be the result of both actual variability of damping as well as errors 
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introduced by the identification method, generally confirming observations from past full 

scale identification exercises where the uncertainties in damping identification were 

considerably higher than those of frequencies (see, e.g., Brownjohn et al. (2003)). 

Table 4.6. Summary of identified damping ratios for building B for pseudo flexible and flexible base 

models 

Mode Pseudo flexible base Flexible base 

Damping ratio (%) Damping ratio (%) 

Min. Max. Avg. % 

change 

Min. Max. Avg. % 

change 

1
st
 0.5 4.9 2.9 155% 0.8 5.4 3.3 140% 

2
nd

 1.8 7.9 4.6 132% 2.3 9.4 4.6 154% 

3rd 1.2 10.0 5.6 158% 1.6 12.4 5.7 190% 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 
 

(f) 

Figure 4.9. Modal damping ratios of building B for pseudo flexible base case: a) 1st mode, b) 2nd mode, c) 

3rd mode vs. X-direction PRA of sensor 1; d) 1st mode, e) 2nd mode, and f) 3rd mode vs. Y-direction 

PRA of sensor 1 



Chapter 4. Seismic response trends of a three storey instrumented RC building without a shear core 

64 

 

Figures 4.9 and 4.10 show the results of modal damping ratio identification for the 

analysed 50 earthquakes. Like the modal frequencies previously, the damping ratios are 

plotted against PRAs in either X- or Y-direction of sensor 1. Figure 4.9 is for pseudo flexible 

base model and Figure 4.10 for flexible base model. The initial observation about the 

considerable scatter of results, mentioned while analysing Table 4.6, is now clearly revealed 

in the figures. With the exception of the first mode for both pseudo flexible and flexible base 

cases (Figures 4.9a, d; 4.10a, d), where an increasing trend was noticeable, no clear trends in 

damping ratios could be discerned. Logarithmic curves were fitted to the damping ratios of 

the first mode for the two aforementioned cases where a trend could be inferred. These curves 

are included in Figures 4.9a, d and 4.10a, d, while their R
2
 values are from 0.27 to 0.59 

showing a range between a weak and up to a reasonable fit. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 
 

(f) 

Figure 4.10. Modal damping ratios of building B for flexible base case: a) 1st mode, b) 2nd mode, c) 3rd 

mode vs. X-direction PRA of sensor 1; d) 1st mode, e) 2nd mode, and f) 3rd mode vs. Y-direction PRA of 

sensor 1 
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4.2.4. Evaluation of SSI effects 

This section re-examines the system identification results from the point of view of 

assessing SSI effects. From Table 4.4, the average first, second and third frequencies are 

3.33Hz, 3.80Hz and 4.14Hz for the pseudo flexible base models, whereas for the flexible 

base models these are 3.28Hz, 3.79Hz and 4.11Hz. Like building A (section 3.4.4) , the 

flexible based frequencies for building B are lower, by 1.5%, 0.3% and 0.7%, respectively, 

compared to the pseudo flexible base model frequencies. The average damping ratios (Table 

4.6) observed for the flexible base models are larger as compared to the pseudo flexible base 

models. The average values are respectively: 2.9%, 4.5% and 5.6% for the pseudo flexible 

base case and 3.3%, 4.6% and 5.7% for the flexible base case. 

Since the level of excitation and corresponding response is low for the events in the present 

study, the difference between the pseudo flexible and flexible base model frequencies are not 

large; nevertheless a clear and consistent trend can be seen of the flexible base frequencies 

being smaller than their pseudo flexible base counterparts. In the case of damping ratios, a 

trend of larger damping ratios for the flexible base case is still discernible despite the large 

scatter of data. 

4.3. Discussion on variation of modal parameters with vibration amplitude 

There can be two primary effects which have caused the frequencies to decrease with 

increased level of shaking, also observed by Foutch and Jennings (1978), Kohler et al. 

(2005), Skolnik et al. (2006) and Ventura et al. (2002). These include SSI and nonlinearities 

in the building and/or soil-building system (effects of NSCs, damages etc.). In the case of 

soil-building system (flexible base models in this study), the decrease in frequency with 

increased level of shaking represents reaction of the soil-building system to increased stresses 

of earthquakes. A large earthquake incurring damage to the soil-building system may cause 

this change in frequency to be permanent where soil may heal itself after some time (Trifunac 

et al., 2001), however the changes due to building properties (structural/non-structural 

damages etc.) will be permanent. In the present study the earthquakes are of low to moderate 

intensity and there are no signs of damage observed during site visits, therefore the changes 

in the frequencies in soil-building system are due to SSI and softening (mainly due to effects 

of NSCs etc.) of soil-building system during shaking. 
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In the case of fixed base models (termed pseudo flexible base models due to the reasons 

mentioned in section 3.3.3), the variations in the frequencies are primarily due to the building 

properties. In this case, NSCs like walls, partition walls etc. contribute to the structural 

system stiffness under low levels of excitations whereas under high excitation levels these 

tend to separate from the main structural system (Kohler et al., 2005). Damping ratio 

generally represents scattered values with the exception of first mode which represents 

increase in damping with excitation levels. The possible reason can be more slippage 

(friction) of NSCs with the structural system as the excitation levels increase (Skolnik et al., 

2006), hence resulting in increased damping.  

4.4. Conclusions 

In this study, seismic responses to 50 low to medium intensity earthquakes recorded over 

a period of more than two years on a three storey RC concrete frame building without a shear 

core were analysed. Firstly, correlations between PGAs of the free field and those recorded at 

the building base, and between building base PGAs and PRAs were statistically assessed. 

Next, system identification of the building was conducted to obtain both pseudo flexible base 

and flexible base modal frequencies and damping ratios. To evaluate the variation in the 

modal characteristics, the relationships between the first three frequencies and corresponding 

damping ratios and PRA were developed. 

The main findings of this research can be summarized as follows: 

• PGAs at the free field and PGAs at the building base have very good correlation, as 

do PGAs at the building base and PRAs. 

• The amplification factors between free field PGAs and building base PGA vary 

between 0.45 and 0.90, and between building base PGAs and PRAs between 3.22 and 

3.87. 

• Modal frequencies have a clear decreasing trend with PRAs that can be reasonably 

well approximated by a linear dependence on PRA. 

• Modal damping ratios are identified with considerable scatter but for the first mode 

show an increasing trend with PRAs for both pseudo flexible and flexible base 

models. 

• Regarding soil structure interaction, even for low to medium intensity shaking events, 

the differences in pseudo flexible and flexible base modal dynamic characteristics are 
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noticeable, where the flexible base frequencies are smaller than their pseudo flexible 

base counterparts, while a reverse relationship applies to the damping ratios. 
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Chapter 5. Seismic response of an 

instrumented multi-storey RC building 

to the 2010 Darfield and 2011 

Christchurch earthquakes and their 

aftershocks 

5.1.  Introduction 

The dynamic response of buildings is typically characterized by natural frequencies, 

damping ratios and mode shapes. Full scale instrumented buildings offer an opportunity to 

observe these dynamic characteristics in as-built environment. The objective of this study is 

to assess and understand the seismic response of an eight storey instrumented building before, 

during and after the Ms=7.1 Darfield (04/09/2010) and the Ms=6.3 Christchurch (22/02/2011) 

earthquakes to ascertain changes in the behaviour of the building.  

The presentation of this chapter will thus follow the description of the building and sensor 

array, analysis of seismic responses discussing selection of earthquakes, modal system 

identification for the pseudo flexible and fixed base cases, discussion of the difference 

between the two cases resulting from foundation rocking, and evaluation of the differences in 

the behaviour of the building before, during and after the strong motion. 

5.2. Description of the building and sensor array 

The building under study is an eight storey RC building built in the 1960s. The regular 

and symmetrical structural system comprises 22 moment resisting frames positioned at 2.74m 

centres along the longitudinal axis of the building as shown in Figure 5.1. In addition to the 

frames the building is stiffened with three shear walls standing near both ends and in the 
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middle of the building. The building is 60m long and 15m wide with inter-storey height of 

4.3m. The foundation system consists of shallow pad type footings situated on deep, soft soil.  

The building was instrumented in 2006 and 10 sensors were installed at different floors 

and ground levels as shown in Figure 5.2. Initially, three tri-axial and one vertical sensor at 

the ground level, two sensors (one vertical and the other bi-axial) at level 4, two bi-axial 

sensors at level 7 and two vertical sensors at level 8 were installed. Later on, this sensor array 

was upgraded and all the vertical and biaxial sensors were replaced by tri-axial sensors except 

sensors 24 and 28 at the ground level and level 7, respectively. The building does not have a 

free-field sensor. 

 

Figure 5.1. Sketch of typical floor plan of the building showing location of shear walls 

 

 

Figure 5.2. Location of sensors within the building 

5.3. Analyses of the seismic response of the building 

5.3.1. Earthquake records used in the analysis 

For this study, the responses considered include those to three low magnitude events 

occurring in 2007, the Ms=7.1 Darfield earthquake main shock of September 4
th

, 2010 and 
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two of its aftershocks, and the Ms=6.3 Christchurch earthquake main shock of February 22
nd

, 

2011 and two of its aftershocks. The earthquake designations and dates of occurrence are 

listed in Tables 5.1 and 5.2. The building is situated approximately 33km from the Darfield 

earthquake epicentre and 10km from the Christchurch earthquake epicentre, respectively. The 

selection is intended to ascertain the response of the building before the first strong event had 

occurred, then during and after the first strong event, and lastly during and after the second 

strong event. The three 2007 events considered in the study resulted in maximum horizontal 

peak response accelerations (PRAs) of the structure between 0.0007g and 0.0015g and were 

used to determine the pre-strong motion, natural frequencies and damping ratios. The 

maximum horizontal PRAs observed during the Darfield and Christchurch earthquakes were 

0.51g and 0.61g, respectively, while their aftershocks considered in the study produced 

similar responses to the 2007 events with maximum PRAs between 0.0005g and 0.0022g. All 

the PRAs reported above were in either X-direction or Y-direction and measured by sensor 

27 on level 7. (Data from level 8 was not available for the 2007 events for comparison of 

PRAs at the top of the building.) 

5.3.2. Modal identification of the building 

The pseudo flexible base and fixed base cases (discussed in section 3.3.3) are relevant for 

this study because of available measurements. The term ‘pseudo flexible base’ refers to cases 

where inputs include only horizontal motions recorded at the foundations. These will 

generally have components in both mutually perpendicular horizontal directions and can also 

result in foundation rotations with respect to a vertical axis. Likewise, the extended ‘fixed 

base’ case will add to the above vertical foundation motions resulting in rocking. Modal 

vibration parameters were sought through the N4SID technique (discussed in section 3.3) for 

the above mentioned cases using input-output pairs consisting of a combination of foundation 

and superstructure level recordings as suggested in Equations ( 3.9 )-( 3.11 ). For the pseudo 

flexible base case, both horizontal accelerations of sensors 21, 22 and 23 were taken as the 

inputs while both horizontal accelerations of sensors 25, 26, 27, 28, 29 and 2A were taken as 

the outputs. However all three motions (two horizontal and one vertical) of sensors 21, 22 

and 23, and vertical motion of sensor 24 were taken as the inputs, and all three motions of 

sensors 25, 26, 27, 29 and 2A, and two horizontal motions of sensor 28 as the outputs for the 

fixed base case. For performing system identification, system orders from 2 to 50 were 

considered, while the sampling rate of the digitized signal was 200Hz. A typical stabilization  



Chapter 5. Seismic response of an instrumented multi-storey RC building to the 2010 Darfield and 2011 Christchurch earthquakes and their aftershocks 

71 

Table 5.1. Frequencies and damping ratios for pseudo flexible base case 

Earthquake 

designations 
Dates 

Frequencies (Hz) Damping ratios (%) 

1
st
 

Mode 

2
nd

 

Mode 

3
rd

 

Mode 

4
th
 

Mode 

5
th
 

Mode 

6
th
 

Mode 

1
st
 

Mode 

2
nd

 

Mode 

3
rd

 

Mode 

4
th
 

Mode 

5
th
 

Mode 

6
th
 

Mode 

2007 

03/05/2007 2.63 3.17 3.40 - - - 4.2 15.8 3.2 - - - 

14/05/2007 2.64 - 3.33 - 10.49 - 3.8 - 4.7 - 4.7 - 

17/05/2007 2.66 - 3.31 8.66 10.35 - 2.9 - 4.8 10.9 11.4 - 

Average for 2007 events 2.64 3.17 3.35 8.66 10.42 - 3.6 15.8 4.2 10.9 8.1 - 

Darfield m/shock
†
 04/09/2010 1.56 2.16 2.47 - - - 15.9 8.0 9.1 - - - 

Darfield a/shocks
‡
 

11/09/2010 2.17 2.71 3.00 8.01 8.94 9.75 3.2 5.8 6.3 5.6 4.0 4.8 

06/11/2010 2.15 2.85 3.04 7.78 8.95 9.68 3.5 15.0 3.6 6.1 5.6 8.5 

Average for Darfield a/shocks
‡
 2.16 2.78 3.02 7.90 8.95 9.72 3.4 10.4 5.0 5.9 4.8 6.7 

ChCh
*
 m/shock

†
 22/02/2011 1.60 2.27 2.31 7.56 - - 7.8 9.3 8.9 2.5 - - 

ChCh
*
 a/shocks

‡
 

27/03/2011 2.12 - 2.89 7.73 8.70 - 5.0 - 8.3 6.4 4.9 - 

30/03/2011 2.06 2.81 2.98 7.72 8.86 9.54 3.6 13.9 6.5 7.4 5.9 6.8 

Average for ChCh
*
 a/shocks

‡
 2.09 2.81 2.94 7.73 8.78 9.54 4.3 13.9 7.4 6.9 5.4 6.8 

*
ChCh = Christchurch; m/shock

†
 = main shock; a/shocks

‡
 = after shocks 
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Table 5.2. Frequencies and damping ratios for fixed base case 

Earthquake 

designations 
Dates 

Frequencies (Hz) Damping Ratios (%) 

1
st
 

Mode 

2
nd

 

Mode 

3
rd

 

Mode 

4
th
 

Mode 

5
th
 

Mode 

6
th
 

Mode 

1
st
 

Mode 

2
nd

 

Mode 

3
rd

 

Mode 

4
th
 

Mode 

5
th
 

Mode 

6
th
 

Mode 

2007 

03/05/2007 2.66 3.21 3.41 - - - 3.7 15.1 3.4 - - - 

14/05/2007 2.65 - 3.34 - 10.52 - 3.6 - 5.0 - 4.7 - 

17/05/2007 2.68 - 3.32 8.69 10.41 - 2.3 - 4.4 10.6 11.1 - 

Average for 2007 events 2.66 3.21 3.36 8.69 10.47 - 3.2 15.1 4.3 10.6 7.9 - 

Darfield m/shock
†
 04/09/2010 1.65 2.27 2.49 - - - 15.9 7.8 8.5 - - - 

Darfield a/shocks
‡
 

11/09/2010 2.20 2.79 3.09 8.08 9.00 9.83 3.3 4.7 5.7 5.6 3.8 4.3 

06/11/2010 2.17 2.88 3.15 7.84 9.11 9.76 3.1 12.9 4.3 5.5 4.5 8.1 

Average for Darfield a/shocks
‡
 2.19 2.84 3.12 7.96 9.06 9.80 3.2 8.8 5.0 5.6 4.2 6.2 

ChCh
*
 m/shock

†
 22/02/2011 1.67 2.35 2.41 7.62 - - 7.1 8.1 8.3 1.5 - - 

ChCh
*
 a/shocks

‡
 

27/03/2011 2.13 - 2.93 7.74 8.77 - 4.6 - 7.5 6.8 4.5 - 

30/03/2011 2.08 2.83 2.98 7.73 8.88 9.56 3.5 14.4 6.3 6.8 5.8 6.5 

Average for ChCh
*
 a/shocks

‡
 2.11 2.83 2.96 7.74 8.83 9.56 4.1 14.4 6.9 6.8 5.2 6.5 

*
ChCh = Christchurch; m/shock

†
 = main shock; a/shocks

‡
 = after shocks 
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chart is shown in Figure 5.3: the marker ‘black dot’ shows all the identified frequencies, ‘red 

dot’ shows stable frequencies and damping ratios, while ‘blue circle’ indicates stable 

frequencies, damping ratios and mode shapes. In this research, an identified frequency was 

considered to be stable if the absolute deviation between the frequency identified at the 

present and previous order was less than or equal to 0.01Hz. A stable damping ratio was 

defined by a deviation less than 5%. For mode shape stability, MAC between the mode 

shapes of the present and previous order was to be at least 90% or greater. In this study, the 

first six modes were identified with confidence and subsequent discussions focus on these 

only. 

The typical first six mode shapes of the building are shown in Figure 5.4. The levels of 

the building which had instrumentation are represented in the mode shapes in planar view. 

(Note that because of a limited number of measurement points those graphs assume the floors 

were rigid diaphragms.) The shape of the first mode shows it to be a translational mode along 

X- direction in which all the instrumented floors move in the same direction. The second 

identified mode is the first torsional mode in which all the instrumented floors rotate in the 

same direction. The third mode is a translation along Y-direction, with all the instrumented 

floors moving in the same direction. The fourth identified mode is the second translational 

mode along X-direction in which levels 7 and 8 move in the same direction while level 4 in 

the opposite direction. The fifth identified mode is the third translational mode along X-  

 

Figure 5.3. Typical stabilization chart (superimposed on power spectral density curve) showing stable 

frequencies 
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direction with levels 4 and 8 moving in the same direction and level 7 in the opposite 

direction. The sixth identified mode is the second torsional mode with levels 7 and 8 rotating 

in the same direction while level 4 rotate in the opposite direction. 

 

Figure 5.4. Planar views of the typical first six mode shapes of the building 

5.3.3. Evaluating changes in the dynamic behaviour of the building 

Tables 5.1 and 5.2 show the identified frequencies and damping ratios for the analysed 

nine earthquakes for the pseudo flexible and fixed base cases, respectively. As can be seen, 

little difference in natural frequencies was observed within the three clusters of events, 

namely, from 2007, post-Darfield and post-Christchurch, and in the subsequent discussions 

only their average values, also given in Tables 5.1and 5.2, are referred to. The analysis first 

addresses the differences between the pseudo flexible and fixed base cases and then examines 

the changes in dynamic properties before, during and after the Darfield and Christchurch 

events. 

Comparing the frequencies identified for the pseudo flexible and fixed base case, it can be 

seen that for all the events the latter are higher than the former. This was of course to be 

expected because the pseudo flexible case is influenced by foundation rocking that engages 

the soil, which is relatively more flexible than the structure. Table 5.3 lists relative 

differences between frequencies and damping ratios adopting pseudo flexible values as the 

reference. For example, for the 2007 events, the first average modal frequency was 2.64Hz 
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for the pseudo flexible case and 2.66Hz for the fixed base case, i.e. 0.8% higher. Comparing 

the frequencies identified for all the modes and events one can see that the fixed base values 

were generally between 0.1% and 3.3% more than their pseudo flexible base counterparts for 

the low intensity events. On the other hand, during the two strong shaking events, these 

differences were generally between 3.5% and 5.8%. (Two exceptions are the third mode in 

the Darfield event and the fourth mode in the Christchurch event, both at 0.8%.) The 

differences are not large but two general observations can be made, which are consistent with 

what is known for soil-structure interaction, namely: i) foundation rocking elongates natural 

periods, and ii) the elongation is more pronounced at higher response amplitudes. 

Unfortunately, due to the lack of a free field sensor the influence of foundation lateral 

motions could not be studied. It has been demonstrated that those effects can be significant 

even for low amplitude responses as has been identified from Chapters 3 and 4 (see also e.g. 

Butt and Omenzetter (2012)). 

An analysis of the identified damping ratios immediately reveals a much larger scatter of 

values within each cluster of earthquakes. For example, for the first mode in the 2007 events 

the largest value (4.2%) is 45% more than the lowest value (2.9%). For some modes, only a 

single estimate was available and averaging was impossible. This is not a surprise, as 

damping ratios are well known to be much more elusive to identify in full scale experiments 

especially under nonstationary and/or nonlinear conditions produced by earthquakes (see e.g. 

Brownjohn et al. (2003)). Any conclusions regarding damping presented below should be 

understood in that context. The damping ratios were in all but four cases smaller for the fixed 

base case than for the pseudo flexible case. These relative drops generally ranged from 2% up 

to 15%, and in one case reached as much as 40%. To compare, the largest relative positive 

difference was 4%. Overall, the quantitative findings about damping ratios are not at odds 

with the fact that for pseudo flexible base soil damping makes an additional contribution to 

response attenuation. Unlike the case for frequencies, no clear and consistent differences 

could be seen between the low and large amplitude events. 
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Table 5.3. Differences in frequencies and damping ratios between pseudo flexible and fixed base cases 

Earthquake designations 

Relative differences in frequency (%) Relative differences in damping ratio (%) 

1
st
 

Mode 

2
nd

 

Mode 

3
rd

 

Mode 

4
th
 

Mode 

5
th
 

Mode 

6
th
 

Mode 

1
st
 

Mode 

2
nd

 

Mode 

3
rd

 

Mode 

4
th
 

Mode 

5
th
 

Mode 

6
th
 

Mode 

Average for 2007 events 0.8 1.3 0.3 0.4 0.5 - -11 -4 2 -3 -3 - 

Darfield m/shock
†
 5.8 5.1 0.8 - - - 0 -3 -7 - - - 

Average for Darfield 

a/shocks
‡
 

1.4 2.2 3.3 0.8 1.2 0.8 -6 -15 0 -5 -13 -8 

ChCh
*
 m/shock

†
 4.4 3.5 4.3 0.8 - - -9 -13 -7 -40 - - 

Average for ChCh
*
 a/shocks

‡
 1.0 0.7 0.7 0.1 0.6 0.2 -5 4 -7 -2 -4 -4 

 

Note: All relative changes with respect to pseudo flexible base case 
*
ChCh = Christchurch; m/shock

†
 = main shock; a/shocks

‡
 = after shocks 

 

Table 5.4. Changes in frequencies and damping ratios for different seismic events for pseudo flexible base case 

Earthquake designations 

Relative frequency changes (%) Relative damping ratio changes (%) 

1
st
 

Mode 

2
nd

 

Mode 

3
rd

 

Mode 

4
th
 

Mode 

5
th
 

Mode 

6
th
 

Mode 

1
st
 

Mode 

2
nd

 

Mode 

3
rd

 

Mode 

4
th
 

Mode 

5
th
 

Mode 

6
th
 

Mode 

Darfield m/shock
†
 -41 -32 -26 - - - 342 -49 117 - - - 

Average for Darfield 

a/shocks
‡
 

-18 -12 -10 -9 -14 - -6 -34 19 -46 -41 - 

ChCh
*
 m/shock

†
 -39 -28 -31 -13 - - 117 -41 112 -77 - - 

Average for ChCh
*
 a/shocks

‡
 -21 -11 -12 -11 -16 - 19 -12 76 -37 -33 - 

 

Note: All relative changes with respect to average 2007 values 
*
ChCh = Christchurch; m/shock

†
 = main shock; a/shocks

‡
 = after shocks 
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Table 5.5. Changes in frequencies and damping ratios for different seismic events for fixed base case 

Earthquake designations 

Relative frequency changes (%) Relative damping ratio changes (%) 

1
st
 

Mode 

2
nd

 

Mode 

3
rd

 

Mode 

4
th
 

Mode 

5
th
 

Mode 

6
th
 

Mode 

1
st
 

Mode 

2
nd

 

Mode 

3
rd

 

Mode 

4
th
 

Mode 

5
th
 

Mode 

6
th
 

Mode 

Darfield m/shock
†
 -38 -29 -26 - - - 397 -48 99 - - - 

Average for Darfield 

a/shocks
‡
 

-18 -12 -7 -8 -13 - 0 -42 17 -48 -47 - 

ChCh
*
 m/shock

†
 -37 -27 -28 -12 - - 122 -46 95 -86 - - 

Average for ChCh
*
 a/shocks

‡
 -21 -12 -12 -11 -16 - 27 -5 62 -36 -35 - 

 

Note: All relative changes with respect to average 2007 values 
*
ChCh = Christchurch; m/shock

†
 = main shock; a/shocks

‡
 = after shocks 
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The next analysis looks at the difference between modal properties identified before, 

during and after the strong motion events. The reference values adopted are those for the 

2007 events and Tables 5.4 and 5.5 show relative changes in frequencies and damping ratios 

for the pseudo flexible and fixed base case, respectively. It can immediately be seen that 

marked frequency drops occurred during both Darfield and Christchurch events. For the first 

three modes in the pseudo flexible base case, these were between 26% and 41% for Darfield 

and between 28% and 39% for Christchurch. The largest drops were observed for the first 

mode. The higher modes, proved to be more difficult to identify but where identification was 

successful (the fourth mode) the drop was 13%. For the fixed base case, the first three 

frequencies dropped by between 26% and 38% for Darfield and between 27% and 37% for 

Christchurch. The fourth mode frequency decreased by 12%. Comparison of the pseudo 

flexible and fixed base case results shows that rocking was responsible for between 1% and 

3% of additional drops for Darfield and Christchurch main shocks. 

Another clearly visible difference is that in the post-Darfield aftershocks the average 

frequencies remained between 7% and 18% lower than in 2007. Those long-term drops were 

even slightly higher, between 11% and 21%, for the post-Christchurch aftershocks. All the 

identified frequencies from the 2007 events and the Darfield and Christchurch aftershocks are 

also shown in Figures 5.5 and 5.6. The frequencies are plotted against PRA of sensor 27 

(level 7) in both X- and Y-directions for the pseudo flexible base case. Sensor 27 was 

selected because, for the 2007 events the relevant data from the sensors at level 8 were not 

available. The last analysed aftershock was approximately seven months after the Darfield 

earthquake and so no evidence of stiffness recovery presents itself, with the loss of stiffness 

being apparently permanent. Again, foundation rocking can be seen to tend to lower the 

aftershock frequencies by up to 3%, but the lack of free field data makes it difficult to 

investigate how the stiffness losses were shared between the soil and structure. As for 

damping, no clear trend could be observed affecting the building after the strong motion 

events compared to 2007. 

Finally, as far as system identification as such is concerned during several events the 

N4SID technique did not identify some modes (see gaps in Tables 5.1 and 5.2). This requires 

further investigation in future, but could be caused by nonstationarity and/or nonlinearity of, 

responses around the corresponding natural frequencies. It should be borne in mind that 

N4SID assumes a linear, time invariant system but is applied here in a situation that does not 

strictly conform to those assumptions. This is a common practice (see e.g. Celebi (2006), 
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Trifunac et al. (2001)) and has the benefit of presenting results using terms like natural 

frequencies which are common in everyday engineering practice. On the other hand in some 

events, the second and third modal frequencies were very close with the minimum difference 

between them of only 0.04Hz. This shows the capability of N4SID technique to identify very 

closely spaced modes. 

 

(a) 

 

(d) 

 

(b) 

 

(e) 

 

(c) 

 

(f) 

Figure 5.5. Frequencies for pseudo flexible base case identified for low magnitude events vs. X-direction 

PRA of sensor 27: a) 1st mode, b) 2nd mode, c) 3rd mode, d) 4th mode, e) 5th mode, and f) 6th mode 
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(a) 

 

(d) 

 

(b) 

 

(e) 

 

(c) 

 

(f) 

Figure 5.6. Frequencies for pseudo flexible base case identified for low magnitude events vs. Y-direction 

PRA of sensor 27: a) 1st mode, b) 2nd mode, c) 3rd mode, d) 4th mode, e) 5th mode, and f) 6th mode 

5.4. Conclusions 

In this study, a seismic response analysis of an eight storey RC building was presented 

considering nine earthquake records. The responses considered include those to three low 

magnitude events in 2007, the Ms=7.1 Darfield earthquake main shock of September 4
th

, 

2010 and two of its aftershocks, and the Ms=6.3 Christchurch earthquake main shock of 

February 22
nd

, 2011 and two of its aftershocks. N4SID system identification technique was 

used to extract the first six frequencies, damping ratios and mode shapes considering fixed 

and pseudo flexible base cases. It was observed that the frequencies have small but 

discernible differences for the fixed and pseudo flexible base cases. The frequencies of the 

former case were always higher than the latter by up to 5.8% and the differences were more 
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noticeable during strong shaking events. On the other hand, damping ratios of fixed base 

models were typically less than the pseudo flexible base ones with a few exceptions. During 

the Darfield and Christchurch strong motion events, modal frequencies showed marked 

decreases of up to 41% compared to the pre-earthquake period. These stiffness losses 

appeared permanent as the natural frequencies remained up to 21% less than in 2007, seven 

months after the Christchurch earthquake. 
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Chapter 6. The influence of structural 

and non-structural components and soil 

stiffness on the building dynamics 

6.1.  Introduction 

For structural analysis of constructed systems, the finite element method is extensively 

used (Clough and Wilson, 1999). Some important recent applications are in the areas of 

structural health assessment and model updating (Foti et al., 2012; Wang et al., 2010; Weng 

et al., 2009). In each of these applications, it is necessary to understand the dynamic behavior 

of a structure, which depends on its modal properties. Usually, finite element models (FEMs) 

are constructed to estimate these properties using structural drawings, design assumptions, 

engineering judgment and mathematical approximations that may not represent all the 

physical aspects of the actual structure. Some of the important factors, for example 

contributions of SSI and non-structural components (NSCs) such as cladding and partition 

walls etc., are often ignored in FEMs. These factors, if modeled adequately in FEMs, can 

affect the dynamic simulations significantly, as was found, e.g., in Bhattacharya and Dutta 

(2004), Shakib and Fuladgar (2004), Su et al. (2005) and Pan et al. (2006). Therefore, to 

reduce the dependence on the approximations and better replicate the true behavior of 

structures all the structural and influential NSCs and also SSI should be modeled in FEMs.  

This chapter investigates the development of a series of FEMs to which structural and 

non-structural components and soil flexibility were added one by one to study their 

contributions to the modal characteristics of building A (described in chapter 3). The 

frequencies and mode shapes produced by the final, all-inclusive FEM were compared to 

those experimentally identified from the measured responses to the strongest recorded 
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earthquake on Building A. The final FEM developed in this study will be used in the model 

updating investigations to be discussed in the following chapter. 

6.2.  Developments of the FEM in stages  

To evaluate the effect and contribution of structural and non-structural components and 

SSI, a series of three dimensional FEMs of building A was developed using available 

structural drawings and additional at-site measurements and inspections. The following series 

of FEMs were considered in the study: 

• Stage I: Bare, fixed base, three-dimensional frame with masses of slabs, dead and live 

loads lumped at the nodes; 

• Stage II: Fixed base frame with slabs and stairs modelled and dead and live loads 

applied to them; 

• Stage III: As in Stage II with shear core (lift shaft) added;  

• Stage IV: As in Stage III with NSCs (partition walls and cladding) modelled; 

• Stage V: As in Stage IV with soil underneath foundation modelled; and 

• Stage VI: As in Stage V with soil around the building modelled. 

6.2.1. Modelling of structural components 

ABAQUS (Dassault Systemes Simulia Corporation, 2011) software was used for 

modelling. The beams and columns were modelled using two-node beam B31 elements, and 

slabs, stairs and shear core using four-node shell S4 elements. Linear elastic material 

properties were considered for the analysis. Initially the columns were assumed to be fixed to 

the ground and beam to column connections were also assumed as fixed (moment resisting 

frame assumption). The density and modulus of elasticity of RC for all the elements was 

taken as 2400kg/m
3
 and 30GPa respectively. The steel density and modulus of elasticity for 

roof elements were taken as 7800kg/m
3
 and 200GPa, respectively. The steel trusses present at 

the roof level were modelled as equivalent steel beams, having the same mass and 

longitudinal stiffness, using beam B31 elements. The masses of the timber purlins, planks and 

corrugated steel roofing were calculated and lumped at the equivalent steel beams. The mass 

due to partition walls, false ceilings, attachments, furniture and live loads was collectively 

applied at the floor slabs as area-distributed mass of 450kg/m
2
 according to design 

recommendations (ASCE/SEI-7-05, 2005). Figure 6.1 shows the three dimensional FEM 

having structural elements and NSCs (cladding and partition walls) and soil flexibility  
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Figure 6.1. Three dimensional FEM of the building in ABAQUS showing stairs, shear core, partition 

walls and cladding 

modelled in it, as will be explained shortly. 

6.2.2. Modelling of NSC 

Since the structure under study is an office building, there are a large number of partition 

walls present. The partitions were modelled as two node SPRING2 diagonal elements. The 

stiffness value of those springs was taken from Kanvinde and Deierlein (2006) as 2800kN/m. 

External cladding in the building is made up of fiberglass panels with insulating material on 

the inner side. The density and modulus of elasticity values of fiberglass were taken as 

1750kg/m3 and 10GPa, respectively, from Gaylord (1974) and their mass was calculated 

manually (100kg/m) and applied at the perimeter beams. 

6.2.3. Modelling of SSI 

The soil present at the building site is classified according to the New Zealand Standard 

1170.5 (Standards New Zealand, 2004) as class D (deep or soft soil). The shear wave 

velocity, Vs,  was taken as 160m/s based on the investigation for the site subsoil classification 

(Boon et al., 2011), the dynamic shear modulus, G, as 47MPa, and Poisson’s ratio, µ, as 0.4, 

considering the recommendations from Bowles (1996).  

Soil underneath each foundation is idealized as six springs to model stiffness 

corresponding to three translations and three rotations. The soil surrounding the building is 

modeled as translational springs at mid height of the basement columns. For the corner 
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columns, two springs, i.e., in the X and Y-direction, were used; for the remaining columns 

only the out-of plane soil stiffness was taken into account. The soil interaction underneath the 

tie beams is idealized as translational springs along two horizontal and a vertical direction. 

Base, column and tie beam springs were modeled as SPRING1 elements in ABAQUS. The 

values of spring stiffness were calculated using the procedure proposed in Gazetas (1991). 

The equations and charts for calculating static and dynamic soil stiffness coefficients are 

based on length, L, width, B, and base area, A, and second moments of area, I, of foundation, 

soil Poisson’s ratio µ, shear modulus and shear wave velocity, and dynamic response 

frequency, ω.  

According to Gazetas’ model, dynamic soil stiffness Ki for a particular degree of freedom 

i can be expressed as: 

>1 = ? × A1��, C, 
, �, D1� × E1��, C 
⁄ , G
 HI⁄ �  ( 6.1 ) 

where J × �-��, K, L, M, N-�	is the static stiffness, and O-��, K L⁄ , PL QR⁄ � is dynamic stiffness 

modification factor. Functions fi and ki are certain expressions of the parameters listed as their 

arguments. Superscript i=1, 2,…6 is applied to those functions and parameters that differ for 

different degrees of freedom. As can be seen, in all cases stiffness is proportional to the shear 

modulus G. The dependence of static stiffness on Poisson’s ratio µ in functions fi is more 

complex and varies between the degrees of freedom. While not relevant for the numerical 

simulations discussed in this section, later to vary soil stiffness during model updating, only 

the shear modulus was changed. This was done in order to keep the number of updating 

parameters small and simplify the calculation of sensitivities of natural frequencies to soil 

stiffness. The dynamic stiffness modification factors ki depend on the frequency of 

foundation motion. A quick check of their values in the frequency range from 2.5Hz to 

4.0Hz, encompassing with some margin the full range of frequencies encountered in this 

study for the building A, when soil effects are considered, showed a very small maximum 

relative variation of less than 1%. For this reason the frequency dependence of soil stiffness 

was ignored and constant values corresponding to 3.04Hz (the lowest modal frequency 

observed experimentally in Table 3.4) adopted. 

6.2.4. Discussion of FEM results 

The results of numerical modal analysis of different FEMs developed in Stages I-VI are 

presented in Table 6.1 and compared to experimental results. An important observation from 

the analysis is that the values of frequencies of the bare frame, Stage I, are significantly lower 
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compared to the experimental ones, between 23.7% and 34.0%, and also those from the 

subsequent stages. This can be explained by the fact that while practically all the mass is 

accounted for in Stage I, important contributions to stiffness from the shear core, NSCs and 

soil are not.  Stage II adds slabs to the bare frame, increasing the stiffness slightly to reduce 

the first, second and third modal frequency difference compared to the experimental results 

by 2.7%, 1.6% and 3.2%, respectively. Stage III incorporates the shear core which further 

reduces the first, second and third modal frequency difference by 7.5%, 23.1% and 17.0%, 

respectively, compared to the previous stage. By modeling NSCs in Stage IV, a further 

considerable increase can be observed in the frequencies from the previous Stage III: 17.9%, 

22.4% and 19.3%. At this stage, the first frequency is slightly lower (2.0%) compared to the 

experimental value, while the second frequency is markedly higher (23.4%) and the third 

frequency is higher (5.5%) than their experimental counterparts. In Stage V, the fixed base 

was replaced by soil springs which caused a considerable decrease, 13.1%, 26.5% and 13.8% 

for the first, second and third modal frequency, respectively, from the previous Stage IV. The 

final Stage VI includes modeling of the soil surrounding the building, in which case all the 

frequencies again increased, respectively by 10.8%, 10.6% and 14.1%. The above findings 

demonstrate that NSCs and SSI contributed significantly towards the modal dynamic 

response of the building, therefore, to replicate the true in-situ behavior of the building these  

Table 6.1. Comparison of results of different stages of FEM modal analysis with measured values during 

the largest recorded earthquake on building A 

Mode 

Frequencies 

(Hz) 

Stage I Stage II Stage III Stage IV Stage V Stage VI 
Measured 

value 

1
st
 

2.12 

(-30.3%) 

2.20 

(-27.6%) 

2.43 

(-20.1%) 

2.98 

(-2.0%) 

2.58 

(-15.1%) 

2.91 

(-4.3%) 

3.04 

2
nd

 

2.45 

(-23.7%) 

2.50 

(-22.1%) 

3.24 

(1.0%) 

3.96 

(23.4%) 

3.11 

(-3.1%) 

3.45 

(7.5%) 

3.21 

3
rd

 

2.30 

(-34.0%) 

2.41 

(-30.8%) 

3.00 

(-13.8%) 

3.67 

(5.5%) 

3.19 

(-8.3%) 

3.68 

(5.8%) 

3.48 
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should not be ignored. 

For the final FEM, all the analytical frequencies are in a reasonable agreement with the 

measured values with all the errors less than 8%. These differences can, however, be further 

reduced by tuning the final FEM developed in Stage VI using a sensitivity based model 

updating technique, a brief methodology of which and application to the FEM of the building 

A are explained and discussed in the following chapter. 

6.3.  Conclusions 

The investigation was concerned with numerical modeling of Building A and its seismic 

responses. A series of FEMs including SSI and NSCs was developed and the influence of 

different structural and non-structural components and the effect of soil on the building 

dynamics analyzed. It was found that NSCs and SSI contribute significantly to modal 

dynamic response and these should be included in FEMs to replicate the true in-situ behavior. 

The final FEM produced resonance frequencies within 7.5% of those identified 

experimentally during the largest recorded earthquake on Building A. This study contributes 

to better understanding of the importance of modeling the soil and NSCs to simulate the real 

dynamic behavior of building structures. 
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Chapter 7. Model updating for seismic 

response trends 

7.1.  Introduction 

To accurately predict the measured dynamic characteristics of a structure, it is important 

to benchmark its FEM prediction against measured actual responses. However reproducing 

very accurately the measured dynamic characteristics using a FEM is a significant challenge 

(Brownjohn et al., 2001a). It is therefore important to update or calibrate the FEM with 

respect to the measured responses. Generally, FEMs are calibrated for a particular event (e.g. 

an earthquake, strong wind, or forced or ambient vibration test) or averaged responses (e.g. 

from long term monitoring). Such studies thus ignore the naturally occurring variability of 

measured responses. However, long term monitoring (as was observed in Chapters 3 and 4 , 

also see e.g., Butt and Omenzetter (2012)) has revealed that the behavior of a building varies 

and is dependent on the vibration amplitude. It is, therefore, logical to develop representative 

FEMs replicating this observed behavior determined through long term monitoring. This will 

also help to understand and quantify the influence of structural components, NSCs and SSI, if 

these are modeled adequately and considered as updating parameters, in the modal dynamic 

response for the varying excitation and response levels. 

In this chapter, the trends of frequencies versus response levels, examined in Chapter 3 

for Building A, were reanalyzed for resultant PRA of both horizontal directions and marked 

by points on the trend line to serve as the reference measured responses to be used for 

updating. Sensitivity based model updating routines were started from the largest recorded 

earthquake (Point 1). The FEM updated for the previous point served as the initial FEM for 

the next point for updating. The updated model for Point 1 was used for the serviceability 

limit state assessment of the building under a selection of 10 ground motion records obtained 
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at the site and appropriately scaled. The presentation of this chapter will thus follow the 

evaluation of trends for frequency versus resultant PRAs marked by five updating points, the 

methodology for the sensitivity based model updating technique, model calibration for the 

response trends marked by the points, verification of the updated FEM for Point 1, and finally 

the seismic performance assessment of the building using the updated FEM. 

7.2.  Seismic response trends including SSI effects 

Figure 7.1 shows the frequencies versus resultant PRAs (i.e. magnitudes of the vectorial sum 

of the horizontal X- and Y- direction components) of sensor 3 on Building A (individual 

results for both X- and Y- directions are reported in Chapter 3) for the flexible base model. 

The reason for plotting frequencies against PRAs of the resultant of X- and Y- directions is to 

have one common trend plot against which model updating routines can be carried out. In 

order to quantify relationships between PRAs and modal frequencies considering the spread 

of the data, linear regression (Montgomery et al., 2001) was applied. It can be observed that 

the frequencies initially drop at a faster rate with increasing PRAs but later the slope is 

smaller, and hence bi-linear relationships seem suitable and consequently were applied. 

In Figure 7.1 the formulas relating the identified modal frequencies and PRA are listed (y 

stands for a frequency and x for PRA). The coefficients of determination, R
2
, vary from 0.31 

to 0.61 (The coefficient of determination of 0.99 in Figure 7.1c was ignored as it was 

obtained for a line fitted to only two points.) indicating that bilinear relationships fit the data 

reasonably well. Figure 7.2 presents the modal damping ratios versus PRAs of resultant of X- 

and Y-directions of sensor 3. As before, the considerable scatter can be observed and there 

seems to be no significant improvement when compared with Figure 3.12 which represents 

the damping ratios plots with X- and Y- directions separately. 
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(a) 

 

(b) 

 

(c) 

Figure 7.1. Modal frequencies of the three story building with a shear core for flexible base case: (a) 1st 

mode, (b) 2nd mode, and (c) 3rd mode vs. PRAs of resultant of X- and Y- directions of sensor 3 
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(a) 

 

(b) 

 

(c) 

Figure 7.2. Modal damping ratios of the three story building with a shear core for flexible base case: (a) 

1st mode, (b) 2nd mode, and (c) 3rd mode vs. PRAs of resultant of X- and Y- directions of sensor 3 

7.3. Sensitivity based model updating 

Model updating is concerned with the calibration of the FEM of a structure such that it 

can better predict the measured responses of that structure. The sensitivity based model 
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updating procedure generally comprises three steps: i) selection of reference experimental 

responses, ii) selection of model parameters to update, and iii) an iterative model tuning. In 

the sensitivity based updating, corrections and modifications are systematically applied to the 

local physical parameters of the FEM to modify them with respect to the experimental 

reference responses. The experimental responses are expressed as functions of the structural 

parameters and a sensitivity coefficient matrix in terms of the first order Taylor series 

(Brownjohn et al., 2001b) as: 

ST = SU + V�W� − WY� ( 7.1 ) 

where SZ and S[ are the vectors of experimental and analytical response values, respectively, 

whereas  W is the vectors of model parameters, where subscripts u and 0 are for the updated 

and current values, respectively. Target experimental responses SZ are usually the natural 

frequencies and mode shapes measured on the real structure, whereas updating parameters W 

are uncertain parameters in the FEM which can include geometric and material properties and 

boundary and connectivity conditions related to stiffness and inertia. V is the sensitivity 

matrix whose entries can be calculated as: 

V13 = \SU,1\W3 ]W^WY
 ( 7.2 ) 

Here S[,- �& = 1, … … … . . , (� and W. �a = 1, … … … , b� are the entries of the analytical 

structural response and the updating structural parameter vectors, respectively. Equation ( 7.2 

) calculates absolute sensitivities expressed in the units of the response and parameter values. 

For comparing relative sensitivities of different types of responses to relative changes in 

different parameters the normalized relative sensitivity matrix Vc� can be calculated as 

(Brownjohn et al., 2003): 

Vde = S�,U�f VW� ( 7.3 ) 

where Sg,[ and Wg are square, diagonal matrices holding response and parameter values, 

respectively. 

In this study, a Bayesian parameter estimation technique is used for updating the model 

with respect to the measured responses. This technique includes weighting coefficients 

applied to the updating parameters and experimental responses to accommodate the 

confidence levels in their estimation. The advantage of Bayesian estimation is better 

conditioning of the updating problem (Dynamic Design Solutions, 2008; Wu and Li, 2004). 

The difference between the experimental and model responses is resolved by using the 

following updating algorithm (Dascotte et al., 1995): 
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W� = WY − ?�ST − SU� ( 7.4 ) 

where G is the gain matrix which can be computed as: 

? = ��U + Vde2 �TVde��fVde2 �T ( 7.5 ) 

? = �U�fVde2 ��T�f + Vde�U�fVde2 ��f ( 7.6 ) 

Equation ( 7.5 ) is valid for the case when the number of responses is not less than the 

number of updating parameters, whereas Equation ( 7.6 ) is used in the case of fewer 

responses than the updating parameters. Here, �Z and �[ represent diagonal weighting 

matrices expressing confidence in the values of experimental and model responses, 

respectively, and superscript T denotes matrix transpose.  

The important considerations regarding parameter selection for updating are the number 

of parameters to be updated and preference of certain parameters among many possible 

candidates. An excessive number of parameters compared to the number of available 

responses, or overparametrization, will lead to a non-unique solution, whereas insufficient 

numbers of parameters will prevent reaching a good agreement between the experiment and 

model (Titurus and Friswell, 2008). The selected parameters should be uncertain and 

expected to vary within certain bounds, otherwise updating may result in physically 

meaningless results. If there are a number of candidate parameters available for updating, 

sensitivity analysis using the normalized relative sensitivities (Equation ( 7.3 )) can help to 

retain only those parameters that significantly influence the responses. 

7.4.  Calibration of FEM of the instrumented building A for the seismic 

responses trends 

The objective of this part of thesis is to calibrate a series of FEMs for the observed 

seismic response trends to replicate the true behaviour of the instrumented building under 

varying seismic excitation scenarios. The model updating routines are commenced from the 

maximum recorded earthquake, due to its extracted dynamic characteristics having 

reasonable differences (within 8%) with the FEM developed in the previous chapter, and are 

concluded at the other end of the trend line encompassing the smallest recorded earthquakes. 

The frequency versus PRA trend lines (Figure 7.1) are marked with five points (black dots on 

trend lines) at ample distances from each other, to be updated, for representing the series of 

updated FEMs showcasing the seismic response trends under varying excitations. FEMtools 

software (Dynamic Design Solutions, 2008) was used in this research for automatic model 

updating. In the model updating procedure, error interpreted as an objective function is 
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minimized to improve the response prediction of the model. The following objective 

function, representing mean weighted absolute relative frequency error, is considered in this 

study: 

TA = fd h ie1
d

1^f
|∆A1|A1 × fYY% ( 7.7 ) 

where n is the total number of target frequencies considered, and �- and ∆�-are the target 

frequency and frequency error respectively, whereas l�- are estimated relative variabilities of 

responses. 

The automatic iterative procedure for minimizing the objective function is controlled by 

the following three convergence criteria:  

i) the minimum value of objective function ε1, assumed 0.1% 

ii) the minimum improvement in the objective function between two consecutive 

iterations ε2, assumed 0.01%, and  

iii) the maximum number of iterations allowed, assumed 50.  

The algorithm searching for the global minimum of the objective function may be lured 

into local minima instead of the global minimum in problems that Goldberg et al. (1992) call 

‘deceptive’. This undesirable behavior is well known in the context of model updating using 

sensitivity method (Deb, 1998). In this study, a two-step updating strategy was followed to 

safeguard against being trapped in a local minimum (Brownjohn and Xia, 2000): 

• Step 1: Starting with the initially assumed values of updating parameters the objective 

function is minimized to arrive at an intermediate solution 

• Step 2: The values of the updated parameters obtained in Step 1 were perturbed by 

+10%, 0% and -10%, considering all 27 combinations, and the updating procedure 

rerun. 

The best of the 27 solutions is chosen as the final. This will typically be the one that gives 

the smallest value of the objective function but careful judgment still needs to be exercised to 

avoid physically unacceptable solutions. The following subsections describe the application 

of the sensitivity based model updating technique considering the observed seismic response 

trends. 
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7.4.1. Sensitivity analysis and selection of response and updating parameters 

The updating process starts with identifying target responses and model parameters to 

update. In this study the measured first three natural frequencies were taken as target 

responses to be replicated by the model. It was assumed that the identified frequencies used 

as targets have a scatter of 2%. The scatter was estimated using the frequencies between 

0.00133g and 0.00170g where there was enough data for very similar PRAs and not affected 

by the observed frequency-PRA trends (see Figure 7.1). Therefore, this confidence level was 

applied to the target responses to define any uncertainty in the experimental data as the 

diagonal weighting matrix Ce entries (Equations ( 7.5 ) and ( 7.6 )).  

The updating parameters were selected based on their expected uncertainty and the 

sensitivity analysis to determine the most influential parameters to produce a genuine 

improvement in the model. Only stiffness parameters were considered for updating as mass 

can normally be determined with less uncertainty. Three parameters, namely: i) shear 

modulus of soil, ii) modulus of elasticity of the cladding, and iii) modulus of elasticity of 

concrete were finally selected. The normalized relative sensitivities of the target responses to 

the parameters are shown in Table 7.1. It can be observed from the table that the values of the 

normalized relative sensitivities Snr considering all the responses show a significant 

sensitivity for producing a change in the response. Modulus of elasticity of concrete is the 

most influential parameter while the remaining two are almost equally influential but roughly 

50% less than the first. Confidence levels are applied to the updating parameters as the 

diagonal weighting matrix Ca entries (Equations ( 7.5 ) and ( 7.6 )) to take into account 

uncertainty in their estimation. For this study, it is assumed that the updating parameters can 

have a scatter within ±30%. 

Table 7.1. Normalized relative sensitivities of responses to updating parameters 

Updating 

            parameter 

 

Response 

Shear modulus of 

soil 

Modulus of 

elasticity of 

cladding 

Modulus of elasticity 

of reinforced 

concrete 

1
st
 modal frequency 0.12 0.13 0.24 

2
nd

 modal frequency 0.15 0.06 0.22 

3
rd

 modal frequency 0.11 0.10 0.25 
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In the following, correlation of initial and the target frequencies on the trend line and the 

updated results will be discussed point-wise starting from the maximum recorded earthquake 

as Point 1 and concluding at Point 5 representing the smallest recorded earthquakes on the 

frequency vs PRA trend line. 

7.4.1.1 Point 1 on the frequency vs PRA trend line corresponding to 0.04368g 

The results of FEM, developed in Chapter 3, are compared with the largest recorded 

earthquake represented by Point 1 and corresponding to PRA of 0.04368g (Figure 7.1). The 

target first three modal frequencies (Table 7.2) for this point are 3.039Hz, 3.21Hz and 

3.479Hz, respectively. The FEM developed in ABAQUS (Dassault Systemes Simulia 

Corporation, 2011) was imported into FEMtools software (Dynamic Design Solutions, 2008) 

for performing model updating. FEMtools calculated slightly different first three frequencies 

compared to ABAQUS. The first three frequencies from ABAQUS are 2.915Hz, 3.453Hz 

and 3.687Hz, whereas FEMtools calculated as 2.922Hz, 3.451Hz and 3.723Hz respectively 

(see Table 7.2). 

A comparison between dynamic properties of the FEM and target responses is presented in 

Table 7.2. Table 7.2 shows that the relative errors between the individual initial FEM and 

target frequencies are under 7.5% for all three modes. The correlation of mode shapes 

expressed by MAC values (Equation ( 3.8 )) is very good, 92%, for the second mode, while 

for the first and third modes MAC values are reasonably satisfactory, being 78% and 63%, 

respectively 

Results of updating are shown in Table 7.2. In Step 1, the objective function, ef, has 

improved considerably from 6.12% to 0.31%, and the largest individual error not exceeding 

0.32%. While MACs were not explicitly included in the objective function, improving 

frequencies typically also improves MACs. This was also the case in the reported exercise: 

the MAC values have improved slightly for the first and second mode and are equal to 80% 

and 96%, respectively, while for the third mode shape it has improved considerably, reaching 

79%. Table 7.3 shows the initial and updated values of stiffness parameters and their relative 

changes. It can be seen that the reported changes in modal characteristics were achieved by 

changing the stiffness of cladding by -31.8% and 21.7% for concrete. The soils stiffness 

practically did not change (-0.04%). 
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Table 7.2. Correlation between initial and updated FEMs and measured response at Point 1 on the trend line corresponding to 0.04368g 

Mode Measured 

responses 

FEM frequencies  

(Hz) 

Difference between FEM and 

measured frequencies 

(%) 

MAC 

(%) 

Frequency 

(Hz) 

Initial 

model 

Updating 

Step 1 

Updating 

Step 2 

Initial 

model 

Updating 

Step 1 

Updating 

Step 2 

Initial 

model 

Updating 

Step 1 

Updating 

Step 2 

1
st
 3.039 2.922 3.031 3.038 -3.85 -0.26 -0.05 78 80 80 

2
nd

 3.210 3.451 3.203 3.211 7.51 -0.22 0.02 92 96 96 

3
rd

 3.479 3.723 3.490 3.480 7.01 0.32 0.02 63 79 78 

Objective function ef 6.12 0.31 0.03    

 

Table 7.3. Changes in the updating parameters at Point 1 on the trend line corresponding to 0.04368g 

Parameter Initial value 

Updating Step 1 Updating Step 2 

Updated 

value 

Relative 

change from 

initial value 

Updated 

value 

Relative 

change from 

initial value 

Shear modulus of soil 47MPa 46.98MPa -0.04% 42.3MPa -10.0% 

Modulus of elasticity of cladding 10.0GPa 6.8GPa -31.8% 6.5GPa -35.1% 

Modulus of elasticity of concrete 30GPa 36.5GPa 21.7% 38.4GPa 27.8% 
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For the purpose of clarity and avoiding congestion due to too many tables, the individual 

results from the 27 runs in Step 2 are shown in Appendix Table B.1, where four clusters of 

points were discernible. A better solution to that of Step 1 was found among them, suggesting 

that Step 1 solution was only a local minimum and confirming the advantage and need for 

using the two-step procedure. Step 2 converged to a very small value of ef=0.03% for the 

objective function, providing an excellent match of frequencies with the maximum absolute 

error of 0.05% (see Table 7.2), and yielding the final updating parameter values of 42.3MPa 

for shear modulus of soil, 6.5GPa for modulus of elasticity of cladding, and 38.4GPa for 

modulus of elasticity of reinforced concrete (see Table 7.3). Compared to the initial values 

the relative changes were -10.0%, -35.1% and 27.8% respectively. The shifts in relative 

values compared to Step 1 were smaller for cladding and concrete, -3.7% and 6.1%, and more 

noticeable, -10.0%, for soil. Step 2 practically did not change the MACs and their final values 

are 80%, 96% and 78%. 

7.4.1.1.1 Validation of the updated FEM 

To further validate the updating exercise at Point 1, the simulated response of the updated 

FEM is compared with the recorded response of the Point 1. The updated FEM was exported 

to ABAQUS from FEMtools to perform time history analysis. For time history analysis, all 

three directions of the acceleration record measured at the base level at sensor 6 were applied 

simultaneously at all the column foundations in agreement with the fact that there are tie-

beams linking all the foundations and that the measured accelerations at the base level at 

sensors 6 and 7 were the same for practical reasons. 

To quantify the improvement in response prediction due to updating, the following 

relative error measures were adopted (Sprague and Geers, 2004): 

TmUn = o∑ UI5�q�rq^f∑ Um5 �q�rq^f − f ( 7.8 ) 

Ts = ft uvw�f
x
y ∑ UI�q�Um�q�rq^f

z∑ UI5�q�rq^f ∑ Um5 �q�rq^f {
| ( 7.9 ) 

where emag and eθ are, respectively, the relative errors in magnitude and phase between the 

simulated, as(t), and measured, am(t), acceleration time histories, t=1, 2, … N is the discrete 

time, and N is the total number of time steps. The magnitude error emag is not influenced by 

time shifts between two signals. This metric also has another advantage of being able to take 

a positive or negative sign, indicating which of the two records has a larger mean magnitude. 
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The phase error eθ is, on the other hand, influenced by time shifts between two signals but not 

their relative magnitudes. The reason for using these error metrics, instead of, for example, 

sometimes employing root mean square of the time history of the difference between the 

simulated measured responses, is that the latter is sensitive to time shifts between the two 

time histories, resulting in a large error for what is perceived as quite similar time histories 

and a rather meaningless comparison (Schwer, 2007).  

Table 7.4 shows the summary of error measures emag and eθ. Figure 7.3 presents the 

comparison between actual recorded and simulated responses of initial and updated FEMs in 

the form of acceleration time histories at representative locations (sensor 3 at the roof for 

both horizontal directions; and sensors 3 and 4 at the roof for torsion). Torsional acceleration 

is calculated as the difference between the X-direction acceleration records of sensors 3 and 4 

divided by the distance between them. It can be observed from Table 7.4 that emag in 

translational response along X-direction has improved from -0.13 to 0.06, for Y-direction 

response from -0.36 to -0.26, whereas for torsion it improved from -0.17 to -0.09. On the 

other hand, the improvement in eθ for X-direction is from 0.33rad to 0.18rad, for Y-direction 

from 0.34rad to 0.28rad, and for torsional direction from 0.41rad to 0.30rad. From the point 

of view of the building seismic performance, phase can be considered to be relatively less 

important than magnitude. 

From the magnitude errors after updating it can be concluded that the agreement of 

simulated and measured responses along X- and torsional directions has improved markedly 

and is now very close, whereas along Y-direction, despite some improvement, some 

difference is still present. The phase errors also decreased and are now between 0.18rad and 

0.30rad. 

Table 7.4. Magnitude and phase errors in response time histories for initial and updated FEMs at Point 1 

on frequency vs PRA trend line 

Direction X Y Torsional 

FEM Initial Updated Initial Updated Initial Updated 

emag (-) -0.13 0.06 -0.36 -0.26 -0.17 -0.09 

eθ  (rad) 0.33 0.18 0.34 0.28 0.41 0.30 
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(a) 

 

(b) 

 

(c) 

Figure 7.3. Recorded and simulated acceleration time histories using initial and updated FEMs at the roof 

for Point 1on frequency vs PRA trend line 

7.4.1.2 Point 2 on the frequency vs PRA trend line corresponding to 0.02213g 

The FEM, updated at Point 1, is considered as the initial FEM for this point and its results 

are compared with the frequencies corresponding to PRA of 0.02213g on the frequency vs 

PRA trend line (Figure 7.1). The first three modal frequencies (Table 7.5) corresponding to 

this point are 3.118Hz, 3.399Hz and 3.560Hz, respectively. Table 7.5 shows that the relative 

errors between the individual initial FEM and target frequencies are under 5.6% for all three 
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modes. The correlation of mode shapes is very good, 96%, for the second mode, while for the 

first and third modes MAC values are reasonably satisfactory being 80% and 78%, 

respectively. 

Results of updating are shown in Table 7.5. In Step 1, the objective function, ef, has 

improved from 3.46% to 0.95%, and the largest individual error is 1.50%. The MAC value 

has improved slightly for the first mode and is equal to 81%, while for the second mode 

shape it has slightly deteriorated reaching 95%. For the third mode shape MAC remained the 

same. Table 7.6 indicates that the reported changes in modal characteristics were achieved by 

changing the stiffness of cladding by 20% and 0.8% for reinforced concrete, whereas the soils 

stiffness changed to 4.4%. 

The detailed results of step 2 of updating are shown in Appendix Table B.2. Updating in 

step 2 converged to a smaller value of ef=0.60% for the objective function, providing a better 

match of frequencies, improving considerably the individual absolute error for second and 

third modes frequencies, whereas for the first mode frequency it very slightly deteriorated 

(see Table 7.5).The final updating parameter values are 39.6MPa for shear modulus of soil, 

7.5GPa for modulus of elasticity of cladding, and 40.2GPa for modulus of elasticity of 

reinforced concrete (see Table 7.6). Compared to the initial values the relative changes are -

6.4%, 15.4% and 4.7% respectively. The shifts in relative values compared to Step 1 were 

smaller for cladding and reinforced concrete, -4.6% and 3.9%, and more noticeable, -10.8%, 

for soil. Step 2 very slightly deteriorated the MACs and their final values are 80%, 94% and 

77%. 
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Table 7.5. Correlation between initial and updated FEMs and measured response at Point 2 on the trend line corresponding to 0.02213g 

Mode Measured 

responses 

FEM frequencies  

(Hz) 

Difference between FEM and 

measured frequencies 

(%) 

MAC 

(%) 

Frequency 

(Hz) 

Initial 

model 

Updating 

Step 1 

Updating 

Step 2 

Initial 

model 

Updating 

Step 1 

Updating 

Step 2 

Initial 

model 

Updating 

Step 1 

Updating 

Step 2 

1
st
 3.118 3.038 3.113 3.111 -2.58 -0.17 -0.21 80 81 80 

2
nd

 3.399 3.211 3.359 3.377 -5.55 -1.18 -0.65 96 95 94 

3
rd

 3.560 3.480 3.613 3.593 -2.26 1.50 0.94 78 78 77 

Objective function ef 3.46 0.95 0.60    

 

Table 7.6. Changes in the updating parameters at Point 2 on the trend line corresponding to 0.02213g 

Parameter Initial value 

Updating Step 1 Updating Step 2 

Updated 

value 

Relative 

change from 

initial value 

Updated 

value 

Relative 

change from 

initial value 

Shear modulus of soil 42.3MPa 44.2MPa 4.4% 39.6MPa -6.4% 

Modulus of elasticity of cladding 6.5GPa 7.8GPa 20% 7.5GPa 15.4% 

Modulus of elasticity of concrete 38.4GPa 38.7GPa 0.8% 40.2GPa 4.7% 
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7.4.1.3 Point 3 on the frequency vs PRA trend line corresponding to 0.01136g 

The FEM, updated at Point 2, is considered as the initial FEM for this point and its results 

are compared with the frequencies corresponding to PRA of 0.01136g on the frequency vs 

PRA trend line (Figure 7.1). The first three modal frequencies (Table 7.7) corresponding to 

this point are 3.182Hz, 3.491Hz and 3.713Hz, respectively. Table 7.7 shows that the relative 

errors between the individual initial FEM and target frequencies are under 3.3% for all three 

modes. The MAC value is very good, 93%, for the first mode, while for the second and third 

modes MAC values are reasonably satisfactory to good, being 80% and 85%, respectively. 

Results of updating are shown in Table 7.7. In Step 1, the objective function, ef, has 

improved from 2.90% to 0.10%, and the largest individual error is -0.24%. The MAC value 

has improved slightly for the second and third modes and is equal to 82% and 86% 

respectively, while for the first mode shape it remained the same. Table 7.8 indicates that the 

reported changes in modal characteristics were achieved by changing the stiffness of cladding 

by 6.7% and 1% for reinforced concrete, whereas the soils stiffness changed to 13.4%. 

The detailed results of Step 2 of updating are presented in Appendix Table B.3. Updating 

in step 2 converged to a smaller and better value of ef=0.078% for the objective function, 

providing an excellent match of all three frequencies, with the largest individual absolute 

error equal to 0.10% (see Table 7.7). The final updating parameter values are 44.6MPa for 

shear modulus of soil, 8.2GPa for modulus of elasticity of cladding, and 40.4GPa for 

modulus of elasticity of reinforced concrete (see Table 7.8). Compared to the initial values 

the relative changes are 12.6%, 9.3% and 0.5% respectively. The shifts in relative values are 

considerably smaller than Step 1 and are -0.8%, 2.6% and -0.5% for soil, cladding and 

reinforced concrete respectively. Step 2 very slightly deteriorated the MACs from step 1 for 

the second and third modes and their final values are 80%, 85%, whereas the MAC for the 

first mode remained unchanged at 93%. 
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Table 7.7. Correlation between initial and updated FEMs and measured response at Point 3 on the trend line corresponding to 0.01136g 

Mode Measured 

responses 

FEM frequencies  

(Hz) 

Difference between FEM and 

measured frequencies 

(%) 

MAC 

(%) 

Frequency 

(Hz) 

Initial 

model 

Updating 

Step 1 

Updating 

Step 2 

Initial 

model 

Updating 

Step 1 

Updating 

Step 2 

Initial 

model 

Updating 

Step 1 

Updating 

Step 2 

1
st
 3.182 3.111 3.182 3.179 -2.22 0.01 -0.10 93 93 93 

2
nd

 3.491 3.377 3.493 3.488 -3.27 0.05 -0.09 80 82 80 

3
rd

 3.713 3.593 3.704 3.715 -3.22 -0.24 0.04 85 86 85 

Objective function ef 2.90 0.10 0.078    

 

Table 7.8. Changes in the updating parameters at Point 3 on the trend line corresponding to 0.01136g 

Parameter Initial value 

Updating Step 1 Updating Step 2 

Updated 

value 

Relative 

change from 

initial value 

Updated 

value 

Relative 

change from 

initial value 

Shear modulus of soil 39.6MPa 44.9MPa 13.4% 44.6MPa 12.6% 

Modulus of elasticity of cladding 7.5GPa 8.0GPa 6.7% 8.2GPa 9.3% 

Modulus of elasticity of concrete 40.2GPa 40.6GPa 1% 40.4GPa 0.5% 
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7.4.1.4 Point 4 on the frequency vs PRA trend line corresponding to 0.00517g 

The FEM, updated at Point 3, is considered as the initial FEM for this point and its results 

are compared with the frequencies corresponding to PRA of 0.00517g on the frequency vs 

PRA trend line (Figure 7.1). The first three modal frequencies (Table 7.9) corresponding to 

this point are 3.322Hz, 3.549Hz and 3.798Hz, respectively. Table 7.9 shows that the relative 

errors between the individual initial FEM and target frequencies are under 4.3% for all three 

modes. The MAC value is very good, 95%, for the first mode, while for the second and third 

modes MAC values are good, being 85% and 82%, respectively. 

Results of updating are shown in Table 7.9. In Step 1, the objective function, ef, has 

improved from 2.70% to 0.07%, and the largest individual error is -0.11%. The MAC value 

has very slightly deteriorated for the second and third modes and is equal to 83% and 81% 

respectively, while for the first mode shape it remained the same at 95%. Table 7.10 shows 

that the reported changes in modal characteristics were achieved by changing the stiffness of 

cladding by -4.9% and 7.9% for reinforced concrete, whereas the soils stiffness changed to 

7.9%. 

The detailed results of Step 2 of updating are presented in Appendix Table B.4. Updating 

in step 2 converged to a smaller and better value of ef=0.05% for the objective function, 

providing an excellent match of all three frequencies, with the largest individual absolute 

error equal to 0.06% (see Table 7.9). 

The final updating parameter values are 47.6MPa for shear modulus of soil, 7.8GPa for 

modulus of elasticity of cladding, and 43.7GPa for modulus of elasticity of reinforced 

concrete (see Table 7.10). Compared to the initial values the relative changes are 6.7%, -4.9% 

and 8.2% respectively. The shifts in relative values are very small compared to Step 1 and are 

-1.2%, 0% and 0.3% for soil, cladding and reinforced concrete respectively. Step 2 very 

slightly deteriorated the MAC from step 1 for the first mode and its final value is 94%, 

whereas the MAC for the second and third modes remained unchanged at 83% and 81% 

respectively. 

  



Chapter 7. Model updating for seismic response trends 

106 

 

 

Table 7.9. Correlation between initial and updated FEMs and measured response at Point 4 on the trend line corresponding to 0.00517g 

Mode Measured 

responses 

FEM frequencies  

(Hz) 

Difference between FEM and 

measured frequencies 

(%) 

MAC 

(%) 

Frequency 

(Hz) 

Initial 

model 

Updating 

Step 1 

Updating 

Step 2 

Initial 

model 

Updating 

Step 1 

Updating 

Step 2 

Initial 

model 

Updating 

Step 1 

Updating 

Step 2 

1
st
 3.322 3.179 3.319 3.324 -4.31 -0.11 0.05 95 95 94 

2
nd

 3.549 3.488 3.550 3.547 -1.73 0.03 -0.05 85 83 83 

3
rd

 3.798 3.715 3.801 3.796 -2.20 0.07 -0.06 82 81 81 

Objective function ef 2.70 0.07 0.05    

 

Table 7.10. Changes in the updating parameters at Point 4 on the trend line corresponding to 0.00517g 

Parameter Initial value 

Updating Step 1 Updating Step 2 

Updated 

value 

Relative 

change from 

initial value 

Updated 

value 

Relative 

change from 

initial value 

Shear modulus of soil 44.6MPa 48.1MPa 7.9% 47.6MPa 6.7% 

Modulus of elasticity of cladding 8.2GPa 7.8GPa -4.9% 7.8GPa -4.9% 

Modulus of elasticity of concrete 40.4GPa 43.6GPa 7.9% 43.7GPa 8.2% 
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7.4.1.5 Point 5 on the frequency vs PRA trend line corresponding to 0.00058g 

The FEM, updated at Point 4, is considered as the initial FEM for this point and its results 

are compared with the frequencies corresponding to PRA of 0.00058g on the frequency vs 

PRA trend line (Figure 7.1). The first three modal frequencies (Table 7.11) corresponding to 

this point are 3.427Hz, 3.650Hz and 3.864Hz, respectively. Table 7.11 shows that the relative 

errors between the individual initial FEM and target frequencies are under 3.1% for all three 

modes. The MAC value is very good, 96%, for the first mode, while for the second and third 

modes MAC values are good being 82% and 85%, respectively. 

Results of updating are shown in Table 7.11. In Step 1, the objective function, ef, has 

improved from 2.50% to 0.41%, and the largest individual error is 0.63%. The MAC value 

has slightly improved for the second mode and is equal to 83% , while for the first and third 

mode shape it remained the same at 96% and 85% respectively. From Table 7.12, it can be 

observed that the reported changes in modal characteristics were achieved by changing the 

stiffness of cladding by 3.9% and -0.23% for reinforced concrete, whereas the soils stiffness 

changed to 18.5%. 

Updating in step 2 converged to a smaller and better value of ef=0.18% for the objective 

function, providing a better match of all three frequencies, with the largest individual 

absolute error equal to 0.28% (see Table 7.11).The detailed results of Step 2 of updating are 

presented in Appendix Table B.5. The final updating parameter values are 50.4MPa for shear 

modulus of soil, 7.8GPa for modulus of elasticity of cladding, and 45.7GPa for modulus of 

elasticity of reinforced concrete (see Table 7.12). Compared to the initial values the relative 

changes are 5.9%, 0% and 4.6% respectively. The shifts in relative values are small compared 

to Step 1 for the cladding and reinforced concrete and are -3.9% and 4.83% respectively, 

whereas for the soil it is comparatively larger, being -12.6%. Step 2 slightly improved the 

MAC from step 1 for the second and third modes and their final values are 84% and 86%, 

whereas MAC for the first mode remained unchanged at 96%. 
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Table 7.11. Correlation between initial and updated FEMs and measured response at Point 5 on the trend line corresponding to 0.00058g 

Mode Measured 

responses 

FEM frequencies  

(Hz) 

Difference between FEM and 

measured frequencies 

(%) 

MAC 

(%) 

Frequency 

(Hz) 

Initial 

model 

Updating 

Step 1 

Updating 

Step 2 

Initial 

model 

Updating 

Step 1 

Updating 

Step 2 

Initial 

model 

Updating 

Step 1 

Updating 

Step 2 

1
st
 3.427 3.324 3.420 3.426 -3.02 -0.20 -0.02 96 96 96 

2
nd

 3.650 3.547 3.636 3.641 -2.82 -0.39 -0.24 82 83 84 

3
rd

 3.864 3.796 3.889 3.875 -1.76 0.63 0.28 85 85 86 

Objective function ef 2.50 0.41 0.18    

 

Table 7.12. Changes in the updating parameters at Point 5 on the trend line corresponding to 0.00058g 

Parameter Initial value 

Updating Step 1 Updating Step 2 

Updated 

value 

Relative 

change from 

initial value 

Updated 

value 

Relative 

change from 

initial value 

Shear modulus of soil 47.6MPa 56.4MPa 18.5% 50.4MPa 5.9% 

Modulus of elasticity of cladding 7.8GPa 8.1GPa 3.9% 7.8GPa 0% 

Modulus of elasticity of concrete 43.7GPa 43.6GPa -0.23% 45.7GPa 4.6% 
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7.4.1.6 Discussion on the variation of updating parameters for the seismic response 

trends 

No updating exercise is complete without assessing the plausibility of numerically 

obtained results and clear understanding of their limitations. The minimum value of shear 

modulus of soil for the updated FEMs is 39.6 MPa at Point 2 whereas maximum is 50.4MPa 

at Point 5 (see Table 7.12). The percentage change between the maximum and minimum is 

27.3%. The modulus of elasticity of cladding yielded minimum value for the updated FEMs 

as 6.5GPa at Point 1 (see Table 7.3), whereas the maximum is 8.2GPa at Point 3 (see Table 

7.8). The percentage change for the modulus of elasticity of cladding is 26.2%. The third 

updating parameter was the modulus of elasticity of reinforced concrete, which yielded 

minimum value as 38.4GPa at Point 1 (see Table 7.3) and maximum at Point 5 as 45.7GPa 

(see Table 7.12), producing the percentage change as 19%. 

Considering all five target points, the large drop in the cladding stiffness from its initially 

assumed value of 10GPa indicates that the assumption of the cladding being fully fixed to the 

structural elements was not justified and very likely only partial fixity exists. Another reason 

for reduced stiffness is the openings for windows in the cladding panels which were ignored 

in the FEM model. Also an initial overestimation of cladding material modulus of elasticity, 

taken from the literature, is quite possible. For the modulus of elasticity of reinforced 

concrete, there is considerable increase from the initially assumed value of 30GPa. The 

increased value is not outside the typically encountered significant variability of concrete 

properties. Also, the initial estimate of modulus of elasticity of RC was based on typical, 

conservatively assumed values used in New Zealand building construction of the era but the 

exact design or laboratory tested values were unknown. For those reasons, the updated value 

is not unreasonable. It is also possible that other non-structural elements, whose stiffness was 

not updated, could have made a contribution towards larger stiffness. One would expect more 

uncertainty in the soils properties, but, perhaps unexpectedly, the change in the soil shear 

modulus, from its initially assumed value of 47MPa, is not large compared with the five 

updated values. This was due more to luck in the initial estimate than anything else. 

However, the percentage change between the minimum and maximum values for the soil 

shear modulus achieved in the five model updating routines is 27.3% which is the largest of 

all other updating parameters.  
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To quantify in a simple way the dependence of the three updating parameters on response 

amplitude linear regression was performed with resultant PRA of sensor 3 serving as the 

independent variable and are shown in Figure 7.4. The first observation that can be made is 

that all the stiffness parameters show a general decreasing trend with increasing response 

amplitude. This is consistent with known behavior of materials and structures that normally 

 

(a) 

 

(b) 

 

(c) 

Figure 7.4. Variation in the updating parameters: (a) shear modulus of soil, (b) modulus of elasticity of 

cladding, and (c) modulus of elasticity of reinforced concrete, with PRAs of resultant of X- and Y- 

directions of sensor3 
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have ‘softening’ characteristics. The coefficient of determination depicted as R
2
 in the 

figures, varies from 0.56 to 0.78, confirms that the linear relationship fits the data reasonably 

well. 

Finally, for all the parameters it needs to be noted that they are the global stiffness of soil, 

reinforced concrete and cladding without taking into account any possible local spatial 

variations. In general, the updated model represents the optimal solution for the frequency 

matching problem of Equation ( 7.7 ) that is also justified by engineering judgment, but 

hinges on the validity of the FEM topology, discretization and parameterization. It is argued 

though that these are adequate. 

7.4.2. Assessment of serviceability limit state performance using initial and updated 

FEM 

Under the serviceability limit state, the building response should remain predominantly 

elastic and avoidance of excessive lateral deformations to prevent non-structural damage is 

the primary control parameter. The inter-story drifts are commonly assumed to control the 

onset of non-structural damage (Dymiotis-Wellington and Vlachaki, 2004). Therefore, to 

study the serviceability limit state performance of the building, the maximum inter-story drift 

ratios for a random selection of 10 seismic events, recorded at the building site (see Table 

7.13) and appropriately scaled, were calculated. For the purpose of comparison, the analysis 

is performed for both the initial and updated FEMs used at Point 1 of the trend line. The 

reason for using models for Point 1, which corresponds to the maximum recorded earthquake, 

is to obtain a representative model of the structure for time history analyses under scaled-up 

excitations, thus minimizing as much as possible extrapolation of the model to those levels of 

shaking. 

Because all the available earthquakes recorded at the building site are of low intensity, it 

is therefore necessary to scale those to the serviceability limit state level shaking. The scaling 

procedure recommended in the NZS 1170.5 (Standards New Zealand, 2004) was followed for 

the selected 10 earthquakes. In short, it requires minimizing the logarithmic root-mean-square 

difference between the actual and target spectra in a frequency range encompassing the 

fundamental frequency of the structure at hand. The assumed target code spectrum for a 

return period of 25 years and hazard factor of 0.4 is shown in Figure 7.5 along with the 

spectra of the 10 earthquakes for both X- and Y-direction components. The scaling factors for 

the selected 10 events to match the target spectrum are reported in Table 7.13; they range 
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between 17 and 676. Since the measured X- and Y- components of the records were different, 

the scaling factors for both orthogonal components are also different.  

For calculating inter-story drift ratios, the scaled X- and Y-direction components of a 

record were applied simultaneously to run the time history analysis for both initial and 

updated FEMs. A constant damping of 5% was considered for the all the modes as 

recommended by NZS 1170.5 (Standards New Zealand, 2004) for time history analysis for 

serviceability limit state. (This code recommended damping ratio was used rather than the 

identified values due to considerable spread of the latter as mentioned earlier. Table 3.6 

shows that the measured values were not significantly different than 5% either.) The lateral 

displacements along X- and Y-directions at the four corners of each floor level were 

determined, inter-story drift ratios corresponding to the two directions calculated separately, 

and maximum ratios selected. For all the considered excitation cases, the largest inter-story 

drift ratios were observed between the first and the ground floor. Table 7.13 shows the 

maximum inter-story drift ratios for the considered 10 earthquakes for both initial and 

updated FEMs along X and Y-directions. The values for X-direction are between 0.06% and 

0.16% and between 0.07% and 0.21% for the initial and updated model, respectively; for Y-

direction these ranges are between 0.06% and 0.12% and between 0.07% and 0.15%, 

respectively. It can be observed that the updated FEM provides larger inter-story drift ratios, 

by 31% and 25% for the X- and Y-direction, respectively, than the initial FEM. This is 

because it is less stiff, as is evident from the modal frequencies; however, since the relative 

increase varies between the earthquakes, matching of building resonance frequencies and 

spectral content of excitation play a role too. 

The recommended limiting inter-story drift ratio values reported in the literature and 

recommended by various codes vary widely between 0.06% and 0.6% (Bertero et al., 1991). 

Dymiotis-Wellington and Vlachaki (2004) recommend 0.2% as the critical inter-story drift 

based on their observation on RC buildings. They argued that higher limiting values can 

cause significant yielding in the structure and correspond to a damage state beyond 

serviceability. Taking this latter limit value, it can be concluded that for the considered scaled 

seismic events, the building has reached or just exceeded the serviceability limit state of 0.2% 

inter-story drift for two events, EQ1 and EQ8, for the updated FEM (Table 7.13). Overall, the 

serviceability performance can be judged as satisfactory. However, the initial FEM produced 

unconservative, lower values. This confirms the benefit and importance of using a calibrated 

structural model in checking performance criteria. 
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Table 7.13. Earthquake records used in serviceability study, scaling factors and maximum inter-story drift ratios 

Earthquake 

designation 

Date (DD/MM/YYYY) 

and time of occurrence 

(GMT) 

PGA recorded (g) Scaling factor Maximum inter-story drift ratios (%) 

X-

direction 

Y-direction X-

direction 

Y-direction X-direction Y-direction 

Initial FEM Updated FEM Initial FEM Updated FEM 

EQ1 09/06/2008, 02:58  0.00164 0.00132 74 82 0.12 0.21 0.12 0.14 

EQ2 09/14/2008, 09:25 0.00144 0.00178 81 65 0.13 0.14 0.08 0.11 

EQ3 10/17/2008, 00:25  0.00029 0.00035 676 443 0.10 0.12 0.12 0.15 

EQ4 12/26/2008, 19:49  0.00319 0.00319 35 33 0.06 0.07 0.07 0.08 

EQ5 05/01/2009, 05:16  0.00363 0.00224 52 64 0.09 0.11 0.06 0.07 

EQ6 08/05/2009, 17:51 0.00097 0.00159 123 71 0.07 0.08 0.07 0.10 

EQ7 10/10/2009, 05:02 0.00587 0.00923 22 17 0.09 0.11 0.09 0.10 

EQ8 11/18/2009, 1804 0.00215 0.00250 41 42 0.16 0.20 0.09 0.10 

EQ9 12/08/2009, 22:09 0.00184 0.00179 78 67 0.07 0.09 0.09 0.11 

EQ10 02/12/2010, 13:41 0.00335 0.00294 34 41 0.08 0.09 0.06 0.08 
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(a) 

 

(b) 

Figure 7.5. Target ground motion spectrum from NZS 1170.5:2004 and scaled spectra for 10 seismic 

events used in serviceability study: (a) X-direction, and (b) Y-direction. 
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7.5.  Conclusions 

This chapter explains the study relating model updating based on seismic response trends 

of an instrumented three story RC building. The seismic response trends observed in Chapter 

3 are re-plotted for frequency versus PRAs of resultant of X- and Y- directions. The 

coefficient of determination depicted that bilinear relationships fit the data reasonably well, 

whereas damping ratios again showed considerable scatter. 

The next investigation is related to sensitivity based model updating for the seismic 

response trends, observed in the first part of the study. The trend lines developed were 

marked by five target frequency points against which the FEMs were updated to replicate the 

varying behavior of the building under seismic excitations. The updating parameters included 

a structural parameter (stiffness of concrete), a non-structural parameter (stiffness of 

cladding), and soil stiffness. The updating routines were run in series as the previous updated 

FEM served as the starting point or initial FEM for the next target updating point on the 

frequency vs the PRA trend line. Excellent matches of frequencies were achieved, with 

objective function ef  obtained, varied from 0.03% to 0.60%. The updating parameters were 

found to generally follow decreasing trends and changed in the considered range of PRA by 

19% for concrete, 26% for cladding, and 19% for soil, respectively from the starting point 1 

FEM properties. Finally, the updated FEM was used to study the seismic structural 

performance of the building at the serviceability limit state shaking. The maximum inter-

story drift ratios were calculated for a selection of 10 scaled earthquakes recorded at the 

building site. It was found that the updated FEM produced larger drifts as compared to the 

initial FEM. For the updated FEM, the inter-story drift ratios reached in some cases the 

recommended critical values, but the overall building serviceability limit state performance 

was judged as satisfactory. 
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Chapter 8. Summary and conclusions 

The focus of this thesis is to assess and understand the seismic response of buildings 

through long term monitoring, with a particular emphasis on developing trends under varying 

excitations. The established trends are used to develop numerical models which can represent 

the real behaviour of a building during earthquakes using a model updating technique, also 

highlighting the effects of NSCs and SSI. This chapter summarises the key findings and 

contributions which this thesis has made towards these objectives. 

A number of avenues for future research have been opened by this thesis. These are 

outlined in section 8.3. 

8.1. Seismic responses of instrumented RC buildings from long term 

monitoring 

The initial part of the thesis was concerned with the assessment of changes in the seismic 

behaviour of full-scale instrumented buildings. Consequently, the changes in the modal 

dynamic behaviour of buildings under seismic excitations were quantitatively assessed by 

analysing instrumented three-storey RC buildings, one with a shear core (Building A) and the 

other without (Building B) in Chapters 3 and 4 respectively, under 50 low to medium 

intensity earthquakes recorded over a period of more than two years. Firstly, correlations 

between PGAs of the free field and those recorded at the building base, and between building 

base PGAs and PRAs, were statistically assessed. A state-of-the-art N4SID system 

identification was applied on the acceleration records of buildings A and B to obtain both 

pseudo flexible base and flexible base modal frequencies and damping ratios. To evaluate the 

variation in the modal characteristics, the relationships between the first three frequencies and 

corresponding damping ratios and PRA were developed for both the buildings.  
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It was concluded from the detailed study that PGAs at the free field and PGAs at the 

building base have very good correlation, as do PGAs at the building base and PRAs. The 

amplification factors between free field PGAs and building base PGA vary between 0.54 and 

0.83 for Building A and between 0.45 and 0.90 for Building B, whereas the amplification 

factor between building base PGAs and PRAs at roof level vary between 3.16 and 4.44 for 

Building A and between 3.22 and 3.87 for Building B. Modal frequencies have a clear 

decreasing trend with PRAs that can be reasonably well approximated by a linear dependence 

on PRA. On the other hand, modal damping ratios are identified with considerable scatter but 

in first mode show an increasing trend with PRAs. Regarding soil structure interaction, even 

for low to medium intensity shaking events, the differences in pseudo flexible and flexible 

base modal dynamic characteristics are noticeable, where the flexible base frequencies are 

smaller than their pseudo flexible base counterparts, while a reverse relationship applies to 

the damping ratios. 

The contribution of the above research is that all the aforementioned relationships are 

obtained via rigorous statistical analyses using a relatively large number of seismic events, 

which is still rather rare in the existing literature. The outcome of this research is expected to 

further the understanding of dynamic behaviour of buildings during earthquakes and provide 

new quantitative data for studying seismic responses of as built structures, structural health 

monitoring and model updating studies. 

The aforementioned detailed investigation was comprised of low to medium intensity 

events, as the high intensity events were not available for these buildings. To complement 

and further that research in terms of high intensity seismic events, another building was 

included in this thesis for investigating the changes in the modal dynamic behaviour before 

and after two devastating earthquakes. In this investigation (discussed in Chapter 5), a 

seismic response analysis of an eight storey RC building was presented considering nine 

earthquake records. The responses considered include those to three low magnitude events in 

2007, the Ms=7.1 Darfield earthquake main shock of September 4
th

, 2010 and two of its 

aftershocks, and the Ms=6.3 Christchurch earthquake main shock of February 22
nd

, 2011 and 

two of its aftershocks. N4SID system identification technique was used to extract the first six 

frequencies, damping ratios and mode shapes considering fixed and pseudo flexible base 

cases. It was observed that the frequencies have small but discernible differences for the fixed 

and pseudo flexible base cases. The frequencies of the former case were always higher than 

the latter by up to 5.8% and the differences were more noticeable during strong shaking 
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events. On the other hand, damping ratios of fixed base models were typically less than the 

pseudo flexible base ones. During the Darfield and Christchurch strong motion events, modal 

frequencies showed marked decreases of up to 41% compared to the pre-earthquake period. It 

was concluded from these observations that strong nonlinearities in the structural response 

occurred and manifested themselves in all identified natural frequencies of the building that 

exhibited marked decrease during the strong motion duration compared to the pre-Darfield 

earthquakes. Permanent stiffness loss was also observed after the strong motion events as the 

natural frequencies remained up to 21% less than in 2007, seven months after the 

Christchurch earthquake. Evidence of foundation rocking was also found that led to a slight 

decrease in the identified modal frequencies. 

8.2. Model updating of an instrumented building for seismic response 

trends 

The final part of thesis was concerned with the development of a series of parameterized 

3D FEMs which replicate the experimentally observed variations in modal properties. Firstly, 

a series of FEMs of building A were developed to investigate the influence of various 

structural and non-structural components (NSCs), such as cladding and partitions, as well as 

soil underneath the foundation and around the building, on the building dynamics (as 

discussed in Chapter 6). The aforementioned components were added to the FEM one by one 

and corresponding natural frequencies computed. It was found that NSCs and SSI contributed 

significantly to modal dynamic response and these should be included in FEMs to replicate 

the true in-situ behaviour. The final FEM produced resonance frequencies within 7.5% of 

those identified experimentally during the largest recorded earthquake on Building A. 

In the second part of this investigation, a series of 3D FEMs of Building A were updated 

to follow the changes in modal frequencies with response amplitude, observed in the initial 

part of this thesis. The FEMs were calibrated using a sensitivity based model updating 

technique by tuning the stiffness of a structural parameter (stiffness of concrete), a non-

structural parameter (stiffness of cladding), and soil stiffness. (as discussed in Chapter 7). The 

frequency vs PRAs trend lines were marked by five target points against which the FEMs 

were updated to replicate the varying behavior of the building under seismic excitations. The 

updating routines were run in series as the previous updated FEM served as the starting point 

or initial FEM for the next target updating point on the frequency vs PRA trend line. 

Excellent matches of frequencies were achieved, with objective function ef  obtained, varying 
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from 0.03% to 0.60%. The updating parameters were found to generally follow decreasing 

trends with the increasing amplitude and were changed in the considered range of PRA by 

19% for concrete, 26% for cladding, and 19% for soil, respectively from the FEM properties 

at point 1 of the trend line. Finally, the updated FEM was used to study the seismic structural 

performance of the building at the serviceability limit state shaking. The maximum inter-

story drift ratios were calculated for a selection of 10 scaled earthquakes recorded at the 

building site. It was found that the updated FEM produced larger drifts as compared to the 

initial FEM whereas the initial FEM produced unconservative lower values, consequently 

confirming the significant benefits of using a calibrated structural model in checking 

performance criteria. For the updated FEM, the inter-story drift ratios reached in some cases 

the recommended critical values, but the overall building serviceability limit state 

performance was judged as satisfactory. 

This final part of the thesis extends the range of applications considered so far in updating 

by including SSI and NSCs in FEM updating and contributes to better understanding of the 

importance of modeling SSI and NSCs in FEM to simulate the real dynamic behavior of 

building structures. Model updating based on following the seismic response trends to 

replicate the actual varying structural behavior is another original contribution to the existing 

body of knowledge. 

8.3. Future research work 

For developing seismic response trends in this thesis for Buildings A and B (Chapters 3 

and 4), PRAs were considered. A broader set of metrics and other descriptive terms 

characterising ground shaking and/or structural response e.g. peak ground/response velocity 

and displacement, duration of strong motion, and direction of earthquake, usually suggested 

in the context of seismic damage, can be useful future research work. 

In this thesis, N4SID system identification technique was applied and a stabilisation chart 

was superimposed by power spectral density curve to enhance confidence in the 

identification. It would be interesting to apply a wider selection of system identification tools 

to the same data in order to further enrich the confidence in the identified modal parameters 

and to compare and ascertain differences if any, in the identified parameters. For the building 

studied in Chapter 5, application of analytical techniques that explicitly address 

nonstationarity and nonlinearity can be a useful future extension as the recorded responses 

exhibited those traits. 
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For Buildings A and B, only low to medium intensity seismic records were available. To 

extend the present study, more data, including those from high intensity earthquakes are 

required but are currently not available. The inclusion of the high intensity seismic records in 

the present research will undoubtedly further the knowledge on the assessment of the 

building seismic response. Also, to examine if any recovery of stiffness has occurred for the 

building studied in Chapter 5, after a longer period of time has passed since the devastating 

2010 and 2011 earthquakes, new records can be acquired and this will constitute a valuable 

future addition to the present analysis. 

8.4. Epilogue 

This thesis has highlighted the significance of developing seismic response trends through 

long term monitoring of instrumented structures. The investigation also identified effect of 

NSCs and SSI as important factors that can influence structural dynamic characteristics. 

Their effect should be taken into account when updating FEMs of buildings to replicate real 

in-situ behaviour. 

Model updating based on seismic response trends has been introduced to replicate the 

actual varying behavior under earthquakes. Overall, the thesis furthers the understanding of 

dynamic behavior of buildings during earthquakes and provides new methods and 

quantitative data for studying seismic responses of as-built structures for structural health 

monitoring and model updating. 
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Appendix A 

Table A.1. Summary of the characteristics of 50 selected earthquakes, measured accelerations at the first floor and the roof, and the identified frequencies and 

damping ratios for pseudo flexible base model of building A 

Earthquake 

(year_dayof the 

year_Greenwich

Mean Time) 

Epicentre  

Location 

Focal  

Depth 

(km) 

Richter  

Mag. 
Region 

PRA at 

Sensor 5 

along X 

direction 

(g) 

PRA at 

Sensor 5 

along Y 

direction 

(g) 

PRA at 

Sensor 4 

along X 

direction 

(g) 

PRA at 

Sensor 4 

along Y 

direction 

(g) 

PRA at 

Sensor 3 

along X 

direction 

(g) 

PRA at 

Sensor 3 

along Y 

direction 

(g) 

1st Mode 2nd Mode 3rd Mode 

Freq. 

(Hz.) 

Damp 

ratio 

(%) 

Freq.

(Hz.) 

Damp 

ratio 

(%) 

Freq. 

(Hz.) 

Damp 

ratio 

(%) 

2007_334_1749 
20 km north-
east of Picton 

50 km 4.2 
Marlborough 

region 
0.000603 0.000623 0.001261 0.002322 0.001103 0.001709 3.38 2.2% - - 3.80 2.5% 

2007_343_1150 
40 km west of 

Paraparaumu 
50 km 4.4 

Marlborough 

region 
0.001126 0.001936 0.002627 0.005527 0.002497 0.004143 3.35 3.0% 3.62 4.6% 3.78 1.7% 

2007_360_0419 
40 km south-

west of Patea 
120 km 4.4 

Wanganui 

Basin region 
0.000717 0.000450 0.001207 0.001452 0.001199 0.002117 3.43 3.3% 3.75 4.4% 3.85 1.6% 

2008_026_0454 
30 km north-
east of Picton 

50 km 3.7 
Marlborough 

region 
0.000426 0.000485 0.001019 0.002215 0.0009869 0.002584 3.52 2.0% 3.87 1.6% - - 

2008_32_0444 

20 km south-

west of 

Paraparaumu 

40 km 4 
Wellington 

region 
0.000878 0.000932 0.00147 0.00374 0.002082 0.00217 3.40 2.8% - - 3.79 2.5% 

2008_76_1020 
70 km north 

of Picton 
100 km 4.6 

Marlborough 

region 
0.000834 0.001556 0.002169 0.004062 0.00159 0.003327 3.36 2.9% 3.60 4.6% 3.77 2.2% 

2008_123_1511 
10 km west of 

Porirua 
30 km 4 

Wellington 

region 
0.001771 0.001880 0.006351 0.007614 0.00417 0.007993 3.33 2.9% 3.80 3.8% - - 

2008_132_0851 
10 km north-
east of Upper 

Hutt 

30 km 3.6 
Wellington 

region 
0.001047 0.001076 0.001981 0.004192 0.001812 0.003163 3.39 2.5% 3.68 3.9% 3.83 3.5% 

2008_198_0143 
30 km north-

west of 

Porirua 

70 km 4.1 
Wellington 

region 
0.000588 0.000558 0.001209 0.002642 0.001095 0.001595 3.40 4.2% - - 3.89 1.0% 

2008_201_2040 

20 km south-

east of 
Wellington 

30 km 3.4 
Wellington 

region 
0.001412 0.000988 0.002344 0.006223 0.002663 0.004717 3.44 2.1% - - - - 

2008_247_2113 
30 km south-

east of Nelson 
60 km 4.5 

Marlborough 

region 
0.000620 0.000758 0.001637 0.002342 0.001395 0.002194 3.39 2.6% 3.74 5.5% 3.87 2.8% 

2008_250_0258 
10 km north 

of Upper Hutt 
30 km 4.1 

Wellington 

region 
0.003470 0.003941 0.005799 0.009881 0.005437 0.008546 3.32 3.7% 3.58 4.8% 3.79 3.2% 
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2008_258_0925 

60 km south-

west of 
Wanganui 

90 km 5.2 
Wanganui 

Basin region 
0.002948 0.002961 0.006157 0.007261 0.006298 0.007986 3.24 3.5% - - 3.70 3.0% 

2008_258_1856 

10 km north-

east of 

Porirua 

30 km 3.3 
Wellington 

region 
0.001304 0.000906 0.002499 0.004419 0.002415 0.002718 3.30 2.4% 3.77 6.6% 3.83 4.8% 

2008_276_0740 
Within 5 km 

of Upper Hutt 
30 km 3.3 

Wellington 
region 

0.001448 0.000771 0.003044 0.002606 0.002818 0.002261 3.34 3.2% - - 3.85 7.3% 

2008_285_1958 

10 km north-

east of Upper 
Hutt 

30 km 3.3 
Wellington 

region 
0.000799 0.000473 0.001939 0.001993 0.001837 0.001803 3.34 3.0% 3.74 1.6% - - 

2008_291_0025 

20 km south-

west of 

Wanganui 

30 km 4.2 
Wanganui 

region 
0.000412 0.000711 0.0009364 0.001745 0.0009097 0.001193 3.46 1.6% 3.70 5.8% 3.83 3.2% 

2008_307_1400 

30 km north-

west of 

Wellington 

40 km 3.7 
Wellington 

region 
0.000721 0.001199 0.001604 0.003814 0.001421 0.003475 3.40 3.3% 3.63 4.6% 3.80 3.3% 

2008_326_0006 
20 km north-

west of 

Wellington 

20 km 3.1 
Wellington 

region 
0.000513 0.000377 0.001238 0.00451 0.0009052 0.001436 - - 3.823 0.5% - - 

2008_345_0001 
10 km west of 

Lower Hutt 
2 km 2.1 

Wellington 
region 

0.000792 0.000529 0.002524 0.002838 0.000982 0.002327 3.47 1.3% 3.73 2.4% - - 

2008_361_1949 
60 km north 

of Porirua 
50 km 5.1 

Wanganui 

Basin region 
0.003857 0.005497 0.007862 0.01515 0.00997 0.01289 3.24 3.5% 3.43 3.5% 3.65 3.9% 

2009_011_1551 
40 km south 

of Nelson 
100 km 4.6 

Marlborough 

region 
0.0003234 0.0003262 0.0008718 0.001116 0.000619 0.00066 3.46 2.0% 3.80 6.4% 3.88 2.2% 

2009_033_0857 
10 km west of 

Levin 
50 km 4.2 

Manawatu 
region 

0.0006877 0.0008044 0.001874 0.002081 0.001175 0.002236 3.42 2.4% 3.68 5.1% 3.77 2.6% 

2009_035_0203 
10 km east of 

Waikanae 
60 km 3.5 

Wellington 

region 
0.0004097 0.0003561 0.000837 0.001206 0.0007683 0.001386 3.43 0.6% 3.69 3.2% 3.87 2.4% 

2009_070_0946 

50 km south-

east of 
Blenheim 

50 km 4.3 
Marlborough 

region 
0.0009108 0.00103 0.002339 0.003834 0.002326 0.002665 3.33 3.2% 3.54 3.3% 3.78 2.3% 

2009_109_1949 
40 km north 

of Lower Hutt 
10 km 3.4 

Wellington 

region 
0.0003852 0.0003897 0.0007596 0.001476 0.000626 0.001079 3.43 0.7% 3.84 3.4% 3.92 1.8% 

2009_121_0516 
10 km south 

of Porirua 
30 km 4.1 

Wellington 

region 
0.004394 0.003382 0.009383 0.01122 0.007977 0.00964 - - 3.61 3.6% 3.76 2.9% 

2009_121_1312 
10 km south 
of Porirua 

30 km 3.1 
Wellington 

region 
0.0004137 0.0004572 0.001086 0.003326 0.0008998 0.001782 3.44 2.8% 3.82 1.4% 3.90 2.9% 

2009_127_0338 

10 km north-

east of 

Wellington 

30 km 3.4 
Wellington 

region 
0.0007779 0.0008632 0.002091 0.004465 0.001618 0.002652 3.42 2.4% - - 3.87 3.9% 
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2009_127_2239 
10 km east of 

Wellington 
30 km 3.6 

Wellington 

region 
0.001531 0.001769 0.002014 0.005866 0.002196 0.004676 3.41 2.9% - - 3.77 1.8% 

2009_134_2347 
10 km south-

east of Picton 
40 km 4.5 

Marlborough 

region 
0.001911 0.001875 0.004378 0.005053 0.004046 0.004697 3.33 3.5% 3.59 4.8% 3.76 2.7% 

2009_158_0927 
30 km north-

west of 

Wellington 

40 km 3.9 
Wellington 

region 
0.001349 0.0006812 0.001726 0.003255 0.002042 0.002559 3.40 2.8% - - 3.84 1.8% 

2009_211_1641 
10 km north-

west of 

Porirua 

30 km 3.8 
Wellington 

region 
0.0006798 0.0009945 0.00191 0.002889 0.001649 0.00217 3.38 3.8% 3.70 5.0% 3.86 2.1% 

2009_217_1751 
60 km north-

west of 

Wellington 

50 km 4.3 
Marlborough 

region 
0.00154 0.002154 0.003467 0.005811 0.003318 0.005259 3.31 3.6% 3.56 5.4% 3.76 3.0% 

2009_283_0502 

20 km north-

west of 
Wellington 

40 km 4.8 
Wellington 

region 
0.01027 0.01488 0.02064 0.04116 0.01846 0.03959 3.08 3.4% 3.36 4.8% 3.57 3.9% 

2009_289_0127 
20 km east of 

Taihape 
50 km 4.7 

Manawatu 

region 
0.0007666 0.0008672 0.001031 0.0009998 0.0007527 0.001094 3.47 1.9% 3.74 4.7% 3.90 1.9% 

2009_308_0252 
30 km south 

of St Arnaud 
90 km 4.5 

Marlborough 

region 
0.001456 0.0008361 0.001674 0.007109 0.001231 0.005848 3.43 1.8% 3.77 4.4% 3.86 3.2% 

2009_318_0614 
20 km west of 

Wellington 
40 km 3.5 

Wellington 
region 

0.0004042 0.0003491 0.0009382 0.001596 0.0006269 0.000872 3.43 3.1% - - 3.85 2.2% 

2009_322_1804 

10 km south 

of Palmerston 
North 

40 km 5.1 
Manawatu 

region 
0.007074 0.004538 0.01482 0.009522 0.01797 0.008845 3.07 3.8% - - 3.64 4.0% 

2009_322_1905 

10 km south 

of Palmerston 

North 

40 km 4.3 
Manawatu 

region 
0.00113 0.0007564 0.002124 0.002328 0.001729 0.001787 3.34 3.2% 3.60 4.8% 3.73 2.5% 

2009_329_0549 

20 km north-

west of 

Wellington 

40 km 3.7 
Wellington 

region 
0.0004747 0.00041 0.001031 0.002316 0.000856 0.001264 3.44 1.9% - - - - 

2009_342_2209 
30 km north-
west of Otaki 

50 km 5.1 
Wanganui 

Basin region 
0.002115 0.002686 0.005803 0.01044 0.004099 0.007465 3.31 3.4% 3.58 5.6% 3.74 2.8% 

2009_344_0254 
40 km north-

west of Otaki 
40 km 4.1 

Wanganui 

Basin region 
0.0006906 0.001004 0.001771 0.00239 0.002133 0.002348 3.44 3.0% 3.68 6.6% 3.83 2.4% 

2009_346_1638 
30 km north-

west of Otaki 
50 km 4.2 

Wanganui 

Basin region 
0.0008126 0.0007811 0.001873 0.004862 0.001379 0.003647 3.45 2.7% 3.70 6.1% 3.82 2.1% 

2009_356_1909 
10 km north-

west of 

Porirua 

50 km 4.3 
Wellington 

region 
0.002337 0.001465 0.004147 0.005959 0.004366 0.005862 3.25 3.7% 3.696 3.2% - - 

2010_008_2154 
10 km west of 

Porirua 
30 km 3.8 

Wellington 
region 

0.0006084 0.0009154 0.001465 0.00325 0.001132 0.003044 3.39 2.2% 3.67 5.2% 3.79 2.9% 
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2010_011_0320 
10 km south 

of Otaki 
3 km 3 

Wellington 

region 
0.001143 0.0005253 0.002275 0.003637 0.00159 0.002644 3.36 1.0% - - 3.84 3.9% 

2010_040_1112 
30 km south 

of St Arnaud 
110 km 4.5 

Marlborough 

region 
0.0002584 0.0003153 0.00048 0.00048 0.0003837 0.0004596 3.48 2.0% 3.71 4.9% 3.91 1.7% 

2010_043_1341 
Within 5 km 

of 

Paraparaumu 

60 km 5 
Wellington 

region 
0.004777 0.005693 0.009612 0.01722 0.01477 0.01484 3.17 4.3% 3.44 4.5% - - 

2010_052_1532 

10 km north-
east of 

Palmerston 

North 

40 km 3.6 
Manawatu 

region 
0.0002857 0.0002726 0.0004414 0.0004616 0.0003054 0.0004936 3.49 2.1% - - 3.74 6.5% 
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Table A.2. Summary of the characteristics of 50 selected earthquakes, measured accelerations at the free-field and the base, and the identified frequencies and 

damping ratios for flexible base model of building A 

Earthquake 

(year_dayof the 

year_Greenwich

Mean Time) 

Epicentre  

Location 

Focal  

Depth 

(km) 

Richter  

Mag. 
Region 

PGA at 

Sensor 10 

along X 

direction 

(g) 

PGA at 

Sensor 10 

along Y 

direction 

(g) 

PGA at 

Sensor 6 

along X 

direction 

(g) 

PGA at 

Sensor 6 

along Y 

direction 

(g) 

PGA at 

Sensor 7 

along X 

direction 

(g) 

PGA at 

Sensor 7 

along Y 

direction 

(g) 

1st Mode 2nd Mode 3rd Mode 

Freq. 

(Hz.) 

Damp 

ratio 

(%) 

Freq.

(Hz.) 

Damp 

ratio 

(%) 

Freq. 

(Hz.) 

Damp 

ratio 

(%) 

2007_334_1749 
20 km north-
east of Picton 

50 km 4.2 
Marlborough 

region 
0.0003662 0.0004648 0.000358 0.000388 0.000352 0.000371 3.38 4.7% 3.66 6.3% 3.78 2.4% 

2007_343_1150 
40 km west of 

Paraparaumu 
50 km 4.4 

Marlborough 

region 
0.0008219 0.001368 0.000816 0.001012 0.000817 0.000988 3.30 3.2% 3.53 3.6% 3.78 4.3% 

2007_360_0419 
40 km south-

west of Patea 
120 km 4.4 

Wanganui 

Basin region 
0.0005694 0.0004572 0.000445 0.000342 0.000379 0.000297 3.38 6.0% 3.58 7.1% 3.86 1.0% 

2008_026_0454 
30 km north-
east of Picton 

50 km 3.7 
Marlborough 

region 
0.0004127 0.0005236 0.000255 0.000311 0.000305 0.000355 3.48 4.6% 3.88 1.8% -  -  

2008_32_0444 

20 km south-

west of 
Paraparaumu 

40 km 4 
Wellington 

region 
0.0006133 0.003042 0.000569 0.000465 0.000608 0.000438 3.38 3.2% 3.75 1.4%  -  - 

2008_76_1020 
70 km north 

of Picton 
100 km 4.6 

Marlborough 

region 
0.001111 0.001778 0.000559 0.000749 0.000527 0.000698 3.37 3.5% 3.50 6.6% 3.75 3.3% 

2008_123_1511 
10 km west of 

Porirua 
30 km 4 

Wellington 

region 
0.002329 0.003098 0.001101 0.000832 0.001194 0.000809 3.28 2.2% 3.67 3.0%  - -  

2008_132_0851 
10 km north-
east of Upper 

Hutt 

30 km 3.6 
Wellington 

region 
0.00074 0.00097 0.00053 0.00040 0.00048 0.00047 3.31 2.4% 3.64 2.6% 3.85 2.4% 

2008_198_0143 
30 km north-

west of 

Porirua 

70 km 4.1 
Wellington 

region 
0.00057 0.00089 0.00043 0.00029 0.00035 0.00033 3.35 6.7%  -  -  -  - 

2008_201_2040 

20 km south-

east of 
Wellington 

30 km 3.4 
Wellington 

region 
0.00209 0.00351 0.00079 0.00075 0.00084 0.00077 3.41 1.8%  - -  3.89 5.3% 

2008_247_2113 
30 km south-

east of Nelson 
60 km 4.5 

Marlborough 

region 
0.00047 0.00068 0.00036 0.00043 0.00041 0.00049 3.23 5.8%  -  - 3.83 2.8% 

2008_250_0258 
10 km north 

of Upper Hutt 
30 km 4.1 

Wellington 
region 

0.001935 0.001805 0.00164 0.001321 0.001727 0.001285 3.26 2.2%  - -  3.82 2.2% 

2008_258_0925 

60 km south-

west of 

Wanganui 

90 km 5.2 
Wanganui 

Basin region 
0.002155 0.002373 0.001436 0.001783 0.001436 0.001856 3.20 2.5%  -  - 3.64 3.6% 

2008_258_1856 
10 km north-

east of 

Porirua 

30 km 3.3 
Wellington 

region 
0.001199 0.001444 0.000769 0.000775 0.000767 0.000757 3.10 3.3% 3.66 2.7% 3.87 3.5% 
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2008_276_0740 
Within 5 km 

of Upper Hutt 
30 km 3.3 

Wellington 

region 
0.000803 0.002135 0.000871 0.000383 0.00087 0.000437 3.34 4.1%  -  -  -  - 

2008_285_1958 
10 km north-
east of Upper 

Hutt 

30 km 3.3 
Wellington 

region 
0.0006693 0.0007763 0.000668 0.000403 0.000545 0.00042 3.29 5.1%  -  - 3.76 1.5% 

2008_291_0025 

20 km south-

west of 
Wanganui 

30 km 4.2 
Wanganui 

region 
0.0004145 0.0004938 0.000291 0.000349 0.000359 0.000307 3.38 4.1%  -  - 3.87 3.9% 

2008_307_1400 

30 km north-

west of 
Wellington 

40 km 3.7 
Wellington 

region 
0.0006876 0.001039 0.00047 0.000669 0.000555 0.000543 3.32 3.9% 3.68 1.7% 3.88 4.8% 

2008_326_0006 

20 km north-

west of 

Wellington 

20 km 3.1 
Wellington 

region 
0.0006316 0.0009258 0.000281 0.000291 0.000308 0.000295 3.47 1.4%  -  - 3.84 1.8% 

2008_345_0001 
10 km west of 

Lower Hutt 
2 km 2.1 

Wellington 
region 

0.0002815 0.0004217 0.000202 0.000221 0.000216 0.000226 3.50 2.2%  -  -  -  - 

2008_361_1949 
60 km north 

of Porirua 
50 km 5.1 

Wanganui 

Basin region 
0.003276 0.004168 0.003192 0.003187 0.003273 0.003451 3.12 5.0%  -  - 3.56 4.0% 

2009_011_1551 
40 km south 

of Nelson 
100 km 4.6 

Marlborough 

region 
0.0002697 0.00039 0.000231 0.000232 0.000247 0.000237 3.45 2.3% 3.64 7.6% 3.89 2.5% 

2009_033_0857 
10 km west of 

Levin 
50 km 4.2 

Manawatu 
region 

0.0006326 0.0007624 0.000466 0.000434 0.00052 0.000455 3.40 2.0% 3.68 4.4% 3.76 3.1% 

2009_035_0203 
10 km east of 

Waikanae 
60 km 3.5 

Wellington 

region 
0.0003869 0.0004383 0.000341 0.000262 0.000349 0.000272 3.41 1.6% 3.65 2.9% 3.89 2.5% 

2009_070_0946 
50 km south-

east of 

Blenheim 

50 km 4.3 
Marlborough 

region 
0.0007438 0.0009898 0.000526 0.000418 0.000628 0.000437 3.23 3.3%  -  - 3.73 2.8% 

2009_109_1949 
40 km north 

of Lower Hutt 
10 km 3.4 

Wellington 

region 
0.0003221 0.0005749 0.00024 0.000344 0.000229 0.000249 3.50 1.3%  -  -  -  - 

2009_121_0516 
10 km south 
of Porirua 

30 km 4.1 
Wellington 

region 
0.003575 0.008463 0.003628 0.002242 0.003383 0.002172 3.21 4.4% 3.67 2.1% 3.84 8.3% 

2009_121_1312 
10 km south 

of Porirua 
30 km 3.1 

Wellington 

region 
0.000801 0.001269 0.000323 0.000369 0.000366 0.000318 3.46 3.4%  -  -  -  - 

2009_127_0338 

10 km north-

east of 
Wellington 

30 km 3.4 
Wellington 

region 
0.0008305 0.001541 0.000658 0.000438 0.000639 0.000485 3.39 3.0%  -  - 3.88 2.7% 

2009_127_2239 
10 km east of 

Wellington 
30 km 3.6 

Wellington 

region 
0.001701 0.001847 0.001027 0.001185 0.001001 0.001062 3.28 7.3% 3.75 7.5%  -  - 

2009_134_2347 
10 km south-
east of Picton 

40 km 4.5 
Marlborough 

region 
0.001335 0.001478 0.001244 0.001225 0.001184 0.001218  -  - 3.42 4.2% 3.79 2.0% 

2009_158_0927 

30 km north-

west of 

Wellington 

40 km 3.9 
Wellington 

region 
0.0007528 0.0009307 0.000668 0.000474 0.000698 0.000494 3.32 3.7% 3.75 9.3% 3.86 1.4% 
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2009_211_1641 

10 km north-

west of 
Porirua 

30 km 3.8 
Wellington 

region 
0.0008254 0.001145 0.000528 0.000674 0.000535 0.000615  -  - 3.40 4.3% 3.87 2.4% 

2009_217_1751 

60 km north-

west of 

Wellington 

50 km 4.3 
Marlborough 

region 
0.001074 0.001961 0.000966 0.001591 0.000908 0.00169 3.24 3.4% 3.36 12.1% 3.72 2.2% 

2009_283_0502 

20 km north-

west of 

Wellington 

40 km 4.8 
Wellington 

region 
0.007388 0.0138 0.005867 0.009227 0.006061 0.009041 3.04 4.7% 3.21 4.6% 3.48 3.6% 

2009_289_0127 
20 km east of 

Taihape 
50 km 4.7 

Manawatu 
region 

0.0003474 0.0007059 0.000248 0.000246 0.000218 0.00023 3.43 1.9% 3.69 5.5% 3.90 3.2% 

2009_308_0252 
30 km south 

of St Arnaud 
90 km 4.5 

Marlborough 

region 
0.002186 0.002818 0.000507 0.000472 0.000431 0.000547 3.42 2.2%  -  - 3.83 3.2% 

2009_318_0614 
20 km west of 

Wellington 
40 km 3.5 

Wellington 

region 
0.0004012 0.0004222 0.000378 0.000302 0.000298 0.000294 3.44 2.8% 3.67 8.2% 3.89 1.9% 

2009_322_1804 
10 km south 

of Palmerston 

North 

40 km 5.1 
Manawatu 

region 
0.002402 0.002989 0.002146 0.002502 0.002049 0.002341 3.04 2.7%  -  - 3.57 4.3% 

2009_322_1905 
10 km south 

of Palmerston 

North 

40 km 4.3 
Manawatu 

region 
0.0006323 0.0006456 0.000534 0.000493 0.000526 0.000456 3.26 4.3% 3.55 8.6% 3.67 2.0% 

2009_329_0549 

20 km north-

west of 
Wellington 

40 km 3.7 
Wellington 

region 
0.0006611 0.001125 0.000315 0.000398 0.000345 0.000284 3.41 1.2% 3.66 10.4%  -  - 

2009_342_2209 
30 km north-

west of Otaki 
50 km 5.1 

Wanganui 

Basin region 
0.002085 0.002415 0.001836 0.001787 0.001965 0.001822 3.26 4.1%  -  - 3.70 3.3% 

2009_344_0254 
40 km north-
west of Otaki 

40 km 4.1 
Wanganui 

Basin region 
0.0006987 0.0005974 0.000637 0.000518 0.000497 0.000491 3.45 3.7% 3.61 4.8% 3.89 3.2% 

2009_346_1638 
30 km north-

west of Otaki 
50 km 4.2 

Wanganui 

Basin region 
0.0007469 0.0009192 0.000583 0.00069 0.000594 0.000645 3.42 3.8% 3.57 7.4%  -  - 

2009_356_1909 

10 km north-

west of 
Porirua 

50 km 4.3 
Wellington 

region 
0.00262 0.002704 0.002017 0.00131 0.002113 0.001222 3.08 6.0% 3.384 9.5%  -  - 

2010_008_2154 
10 km west of 

Porirua 
30 km 3.8 

Wellington 

region 
0.0008301 0.001196 0.00043 0.000411 0.000453 0.000523 3.35 2.5%  -  - 3.80 3.4% 

2010_011_0320 
10 km south 

of Otaki 
3 km 3 

Wellington 

region 
0.000283 0.0004408 0.000245 0.000244 0.000222 0.000225 3.37 2.0% 3.66 4.6% 3.87 2.3% 

2010_040_1112 
30 km south 
of St Arnaud 

110 km 4.5 
Marlborough 

region 
0.0002557 0.0004175 0.000225 0.000294 0.000216 0.000249 3.47 2.5% 3.79 6.8%  -  - 

2010_043_1341 

Within 5 km 

of 

Paraparaumu 

60 km 5 
Wellington 

region 
0.003783 0.005594 0.003353 0.002936 0.003396 0.002886 3.14 4.4% 3.45 2.0% 3.56 3.4% 
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2010_052_1532 

10 km north-

east of 
Palmerston 

North 

40 km 3.6 
Manawatu 

region 
0.0002448 0.0004277 0.000231 0.000228 0.000217 0.000232 3.48 2.7% 3.62 10.4% 3.82 2.9% 
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Table A.3. Summary of the characteristics of 50 selected earthquakes, measured accelerations at the free-field and the roof, and the identified frequencies and 

damping ratios for pseudo flexible base model of building B 

Earthquake 

(year_dayof the 

year_Greenwich

Mean Time) 

Epicentre  

Location 

Focal  

Depth 

(km) 

Richter  

Mag. 
Region 

PGA at 

Sensor 10 

along X 

direction 

(g) 

PGA at 

Sensor 10 

along Y 

direction 

(g) 

PRA at 

Sensor 1 

along X 

direction 

(g) 

PRA at 

Sensor 1 

along Y 

direction 

(g) 

PRA at 

Sensor 2 

along X 

direction 

(g) 

PRA at 

Sensor 2 

along Y 

direction 

(g) 

1st Mode 2nd Mode 3rd Mode 

Freq. 

(Hz.) 

Damp 

ratio 

(%) 

Freq.

(Hz.) 

Damp 

ratio 

(%) 

Freq. 

(Hz.) 

Damp 

ratio 

(%) 

2007_334_1749 
20 km north-
east of Picton 

50 km 4.2 
Marlborough 

region 
0.0003662 0.0004648 0.001605 0.001327 0.001818 0.001321 3.43 2.6% - - 4.17 4.5% 

2007_343_1150 
40 km west of 

Paraparaumu 
50 km 4.4 

Marlborough 

region 
0.0008219 0.001368 0.00305 0.004846 0.003478 0.003869 3.29 4.6% 3.72 4.0% 3.83 6.8% 

2007_360_0419 
40 km south-

west of Patea 
120 km 4.4 

Wanganui 

Basin region 
0.0005694 0.0004572 0.001149 0.00089 0.00154 0.001281 3.50 2.9% 3.86 3.0% 4.22 3.6% 

2008_026_0454 
30 km north-
east of Picton 

50 km 3.7 
Marlborough 

region 
0.0004127 0.0005236 0.001479 0.001438 0.002178 0.001721 3.39 3.1% 3.98 2.8% 4.38 4.5% 

2008_32_0444 

20 km south-

west of 
Paraparaumu 

40 km 4 
Wellington 

region 
0.0006133 0.003042 0.002523 0.001508 0.002645 0.001645 3.44 1.0% 3.94 3.2% 4.3 3.3% 

2008_76_1020 
70 km north 

of Picton 
100 km 4.6 

Marlborough 

region 
0.001111 0.001778 0.00301 0.002721 0.003066 0.003344 3.19 4.9% - - 3.87 7.5% 

2008_123_1511 
10 km west of 

Porirua 
30 km 4 

Wellington 

region 
0.002329 0.003098 0.00459 0.003316 0.006972 0.003867 3.26 4.2% 3.61 5.8% 3.92 5.4% 

2008_132_0851 
10 km north-
east of Upper 

Hutt 

30 km 3.6 
Wellington 

region 
0.00074 0.00097 0.002563 0.002208 0.003319 0.002139 3.30 3.6% - - 3.7 1.21% 

2008_198_0143 
30 km north-

west of 

Porirua 

70 km 4.1 
Wellington 

region 
0.00057 0.00089 0.001492 0.00117 0.001721 0.001544 3.36 2.4% - - 4.13 4.0% 

2008_201_2040 

20 km south-

east of 
Wellington 

30 km 3.4 
Wellington 

region 
0.00209 0.00351 0.00534 0.002158 0.005817 0.002266 3.54 2.6% 3.86 4.6% - - 

2008_247_2113 
30 km south-

east of Nelson 
60 km 4.5 

Marlborough 

region 
0.00047 0.00068 0.001582 0.002028 0.002078 0.002293 3.39 2.5% 3.84 3.8% 4.07 5.6% 

2008_250_0258 
10 km north 

of Upper Hutt 
30 km 4.1 

Wellington 
region 

0.001935 0.001805 0.007324 0.006635 0.009172 0.005487 3.17 4.6% - - 3.63 2.63% 

2008_258_0925 

60 km south-

west of 

Wanganui 

90 km 5.2 
Wanganui 

Basin region 
0.002155 0.002373 0.005435 0.006688 0.005749 0.00577 3.13 4.9% 3.53 4.0% - - 

2008_258_1856 
10 km north-

east of 

Porirua 

30 km 3.3 
Wellington 

region 
0.001199 0.001444 0.002446 0.00125 0.002737 0.001904 3.37 3.3% 3.78 5.6% 4.01 4.6% 



Appendix A 

145 

 

2008_276_0740 
Within 5 km 

of Upper Hutt 
30 km 3.3 

Wellington 

region 
0.000803 0.002135 0.002048 0.00191 0.002384 0.002107 3.41 1.4% 3.83 4.4% 4.12 5.5% 

2008_285_1958 
10 km north-
east of Upper 

Hutt 

30 km 3.3 
Wellington 

region 
0.0006693 0.0007763 0.002548 0.001639 0.002243 0.001429 3.39 2.8% 3.87 4.6% 4.2 5.2% 

2008_291_0025 

20 km south-

west of 
Wanganui 

30 km 4.2 
Wanganui 

region 
0.0004145 0.0004938 0.0009585 0.001317 0.001168 0.001772 3.37 2.1% 3.86 5.4% 4.27 6.6% 

2008_307_1400 

30 km north-

west of 
Wellington 

40 km 3.7 
Wellington 

region 
0.0006876 0.001039 0.001658 0.002303 0.001807 0.001671 3.47 1.5% 3.95 4.0% 4.19 5.6% 

2008_326_0006 

20 km north-

west of 

Wellington 

20 km 3.1 
Wellington 

region 
0.0006316 0.0009258 0.000648 0.0003497 0.001257 0.0005126 - - - - 4.49 1.6% 

2008_345_0001 
10 km west of 

Lower Hutt 
2 km 2.1 

Wellington 
region 

0.0002815 0.0004217 0.0005336 0.0003125 0.0005718 0.0005333 - - - - 4.63 6.1% 

2008_361_1949 
60 km north 

of Porirua 
50 km 5.1 

Wanganui 

Basin region 
0.003276 0.004168 0.009815 0.01034 0.01147 0.008456 3.12 4.9% 3.52 4.6% - - 

2009_011_1551 
40 km south 

of Nelson 
100 km 4.6 

Marlborough 

region 
0.0002697 0.00039 0.000738 0.0006476 0.001147 0.001064 3.47 0.5% 3.93 4.3% 4.5 6.8% 

2009_033_0857 
10 km west of 

Levin 
50 km 4.2 

Manawatu 
region 

0.0006326 0.0007624 0.001967 0.001563 0.002535 0.001819 3.44 2.2% 3.91 3.9% 4.37 7.0% 

2009_035_0203 
10 km east of 

Waikanae 
60 km 3.5 

Wellington 

region 
0.0003869 0.0004383 0.0009773 0.0008097 0.001544 0.0009366 3.44 2.0% - - 4.36 3.7% 

2009_070_0946 
50 km south-

east of 

Blenheim 

50 km 4.3 
Marlborough 

region 
0.0007438 0.0009898 0.003446 0.001645 0.004745 0.00196 3.34 2.6% 3.81 3.1% 3.95 4.9% 

2009_109_1949 
40 km north 

of Lower Hutt 
10 km 3.4 

Wellington 

region 
0.0003221 0.0005749 0.0008392 0.0005258 0.00075 0.0008821 3.43 0.9% - - - - 

2009_121_0516 
10 km south 
of Porirua 

30 km 4.1 
Wellington 

region 
0.003575 0.008463 0.005847 0.006488 0.005735 0.01057 3.25 3.9% - - - - 

2009_121_1312 
10 km south 

of Porirua 
30 km 3.1 

Wellington 

region 
0.000801 0.001269 0.000755 0.001408 0.001264 0.001048 3.63 0.6% - - - - 

2009_127_0338 

10 km north-

east of 
Wellington 

30 km 3.4 
Wellington 

region 
0.0008305 0.001541 0.00126 0.001284 0.001381 0.0017 3.49 2.0% - - - - 

2009_127_2239 
10 km east of 

Wellington 
30 km 3.6 

Wellington 

region 
0.001701 0.001847 0.002962 0.001719 0.00138 0.003823 3.26 3.5% - - - - 

2009_134_2347 
10 km south-
east of Picton 

40 km 4.5 
Marlborough 

region 
0.001335 0.001478 0.003191 0.001313 0.001218 0.005436 3.20 4.0% - - - - 

2009_158_0927 

30 km north-

west of 

Wellington 

40 km 3.9 
Wellington 

region 
0.0007528 0.0009307 0.001457 0.0008456 0.0009932 0.001791 3.37 1.6% - - - - 
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2009_211_1641 

10 km north-

west of 
Porirua 

30 km 3.8 
Wellington 

region 
0.0008254 0.001145 0.00163 0.001407 0.001775 0.001926 3.33 2.2% 3.84 3.6% 4.14 4.9% 

2009_217_1751 

60 km north-

west of 

Wellington 

50 km 4.3 
Marlborough 

region 
0.001074 0.001961 0.004029 0.005774 0.004068 0.006228 3.10 4.5% 3.66 6.3% 3.71 8.6% 

2009_283_0502 

20 km north-

west of 

Wellington 

40 km 4.8 
Wellington 

region 
0.007388 0.0138 0.02461 0.02523 0.02971 0.02513 2.91 3.6% 3.28 5.3% 3.53 7.6% 

2009_289_0127 
20 km east of 

Taihape 
50 km 4.7 

Manawatu 
region 

0.0003474 0.0007059 0.0006115 0.0005245 0.0007404 0.0007343 3.45 1.0% 3.93 5.1% 4.47 4.2% 

2009_308_0252 
30 km south 

of St Arnaud 
90 km 4.5 

Marlborough 

region 
0.002186 0.002818 0.003358 0.001734 0.003496 0.002497 3.41 2.4% 3.87 3.1% 4.24 3.9% 

2009_318_0614 
20 km west of 

Wellington 
40 km 3.5 

Wellington 

region 
0.0004012 0.0004222 0.001281 0.0007665 0.001978 0.0007659 - - 3.81 1.8% 4.24 8.5% 

2009_322_1804 
10 km south 

of Palmerston 

North 

40 km 5.1 
Manawatu 

region 
0.002402 0.002989 0.009429 0.009269 0.01035 0.008141 3.07 4.4% 3.38 6.9% 3.53 5.3% 

2009_322_1905 
10 km south 

of Palmerston 

North 

40 km 4.3 
Manawatu 

region 
0.0006323 0.0006456 0.00141 0.002097 0.002144 0.002528 3.27 3.2% 3.83 3.6% 4.07 8.6% 

2009_329_0549 

20 km north-

west of 
Wellington 

40 km 3.7 
Wellington 

region 
0.0006611 0.001125 0.001542 0.0009838 0.001676 0.0009998 - - 4.06 4.1% 4.44 5.2% 

2009_342_2209 
30 km north-

west of Otaki 
50 km 5.1 

Wanganui 

Basin region 
0.002085 0.002415 0.005209 0.005599 0.005159 0.004938 3.29 4.0% 3.66 5.5% 3.83 8.6% 

2009_344_0254 
40 km north-
west of Otaki 

40 km 4.1 
Wanganui 

Basin region 
0.0006987 0.0005974 0.001945 0.001614 0.001485 0.001662 3.40 2.7% 3.88 5.0% 4.15 10.0% 

2009_346_1638 
30 km north-

west of Otaki 
50 km 4.2 

Wanganui 

Basin region 
0.0007469 0.0009192 0.001778 0.002459 0.002884 0.002326 3.33 2.7% 3.98 7.4% 3.88 6.0% 

2009_356_1909 

10 km north-

west of 
Porirua 

50 km 4.3 
Wellington 

region 
0.00262 0.002704 0.004608 0.003979 0.00501 0.003966 3.21 4.6% 3.70 7.9% - - 

2010_008_2154 
10 km west of 

Porirua 
30 km 3.8 

Wellington 

region 
0.0008301 0.001196 0.00166 0.001242 0.002514 0.00164 - - 3.79 3.0% 4.32 6.5% 

2010_011_0320 
10 km south 

of Otaki 
3 km 3 

Wellington 

region 
0.000283 0.0004408 0.0007458 0.0003662 0.001113 0.001154 - - 4.00 6.5% 4.54 4.8% 

2010_040_1112 
30 km south 
of St Arnaud 

110 km 4.5 
Marlborough 

region 
0.0002557 0.0004175 0.0004334 0.000406 0.0005386 0.0005547 3.48 0.7% 4.00 3.5% 4.5 4.4% 

2010_043_1341 

Within 5 km 

of 

Paraparaumu 

60 km 5 
Wellington 

region 
0.003783 0.005594 0.01143 0.006655 0.0139 0.009129 3.16 4.1% 3.53 6.9% 3.7 8.7% 
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2010_052_1532 

10 km north-

east of 
Palmerston 

North 

40 km 3.6 
Manawatu 

region 
0.0002448 0.0004277 0.0004584 0.0003602 0.0006212 0.0006123 - - 3.86 4.4% 4.38 5.3% 
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Table A.4. Summary of the characteristics of 50 selected earthquakes, measured accelerations at the free-field and the base, and the identified frequencies and 

damping ratios for flexible base model of building B 

Earthquake 

(year_dayof the 

year_Greenwich

Mean Time) 

Epicentre  

Location 

Focal  

Depth 

(km) 

Richter  

Mag. 
Region 

PGA at 

Sensor 10 

along X 

direction 

(g) 

PGA at 

Sensor 10 

along Y 

direction 

(g) 

PRA at 

Sensor 8 

along X 

direction 

(g) 

PRA at 

Sensor 8 

along Y 

direction 

(g) 

PRA at 

Sensor 9 

along X 

direction 

(g) 

PRA at 

Sensor 9 

along Y 

direction 

(g) 

1st Mode 2nd Mode 3rd Mode 

Freq. 

(Hz.) 

Damp 

ratio 

(%) 

Freq.

(Hz.) 

Damp 

ratio 

(%) 

Freq. 

(Hz.) 

Damp 

ratio 

(%) 

2007_334_1749 
20 km north-
east of Picton 

50 km 4.2 
Marlborough 

region 
0.0003662 0.0004648 0.000455 0.000314 0.00042 0.000313 3.36 3.3% - - 4.145 4.9% 

2007_343_1150 
40 km west of 

Paraparaumu 
50 km 4.4 

Marlborough 

region 
0.0008219 0.001368 0.001013 0.0008 0.001094 0.000817 3.20 4.9% 3.65 3.4% 4.054 8.7% 

2007_360_0419 
40 km south-

west of Patea 
120 km 4.4 

Wanganui 

Basin region 
0.0005694 0.0004572 0.000351 0.000249 0.000414 0.00026 3.51 3.3% 3.84 4.5% 4.105 4.3% 

2008_026_0454 
30 km north-
east of Picton 

50 km 3.7 
Marlborough 

region 
0.0004127 0.0005236 0.000242 0.000318 0.000361 0.000302 3.33 3.3% 3.96 2.6% 4.338 4.8% 

2008_32_0444 

20 km south-

west of 
Paraparaumu 

40 km 4 
Wellington 

region 
0.0006133 0.003042 0.000449 0.000691 0.000446 0.000589 3.45 1.9% 3.94 4.1% 4.265 3.6% 

2008_76_1020 
70 km north 

of Picton 
100 km 4.6 

Marlborough 

region 
0.001111 0.001778 0.000573 0.000737 0.000564 0.000824 3.15 4.0% 3.61 4.9% 3.86 7.8% 

2008_123_1511 
10 km west of 

Porirua 
30 km 4 

Wellington 

region 
0.002329 0.003098 0.001516 0.001187 0.001625 0.001011 3.17 3.6% 3.64 3.6% 3.855 9.2% 

2008_132_0851 
10 km north-
east of Upper 

Hutt 

30 km 3.6 
Wellington 

region 
0.00074 0.00097 0.00067 0.00041 0.00057 0.00036 3.29 1.5% 3.65 5.9% - - 

2008_198_0143 
30 km north-

west of 

Porirua 

70 km 4.1 
Wellington 

region 
0.00057 0.00089 0.00039 0.00031 0.00042 0.00038 3.34 3.2% 4.16 4.7% - - 

2008_201_2040 

20 km south-

east of 
Wellington 

30 km 3.4 
Wellington 

region 
0.00209 0.00351 0.00092 0.00118 0.00084 0.00119 3.50 3.6% 3.95 4.0% - - 

2008_247_2113 
30 km south-

east of Nelson 
60 km 4.5 

Marlborough 

region 
0.00047 0.00068 0.00040 0.00050 0.00044 0.00044 3.31 2.8% 3.80 3.5% 4.196 6.7% 

2008_250_0258 
10 km north 

of Upper Hutt 
30 km 4.1 

Wellington 
region 

0.001935 0.001805 0.001853 0.001264 0.001953 0.001191 3.23 3.8% - - 3.678 1.8% 

2008_258_0925 

60 km south-

west of 

Wanganui 

90 km 5.2 
Wanganui 

Basin region 
0.002155 0.002373 0.001322 0.001734 0.001371 0.001773 3.06 5.4% - - 3.442 3.9% 

2008_258_1856 
10 km north-

east of 

Porirua 

30 km 3.3 
Wellington 

region 
0.001199 0.001444 0.000707 0.000867 0.000727 0.000829 3.45 3.6% 3.32 7.6% - - 
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2008_276_0740 
Within 5 km 

of Upper Hutt 
30 km 3.3 

Wellington 

region 
0.000803 0.002135 0.000617 0.000589 0.000613 0.000629 3.35 4.8% 3.77 4.0% 4.164 2.6% 

2008_285_1958 
10 km north-
east of Upper 

Hutt 

30 km 3.3 
Wellington 

region 
0.0006693 0.0007763 0.000569 0.000412 0.000543 0.000434 3.32 2.9% 3.73 3.9% 4.228 2.9% 

2008_291_0025 

20 km south-

west of 
Wanganui 

30 km 4.2 
Wanganui 

region 
0.0004145 0.0004938 0.000272 0.000292 0.000323 0.000315 3.33 2.5% 3.85 4.5% 4.275 5.0% 

2008_307_1400 

30 km north-

west of 
Wellington 

40 km 3.7 
Wellington 

region 
0.0006876 0.001039 0.000372 0.000432 0.000387 0.000483 3.47 2.4% 3.98 3.4% 4.182 10.7% 

2008_326_0006 

20 km north-

west of 

Wellington 

20 km 3.1 
Wellington 

region 
0.0006316 0.0009258 0.000256 0.000225 0.000297 0.00023 - - - - 4.428 1.6% 

2008_345_0001 
10 km west of 

Lower Hutt 
2 km 2.1 

Wellington 
region 

0.0002815 0.0004217 0.000226 0.00023 0.000359 0.000222 - - 3.86 2.3% 4.624 6.5% 

2008_361_1949 
60 km north 

of Porirua 
50 km 5.1 

Wanganui 

Basin region 
0.003276 0.004168 0.002844 0.002871 0.003045 0.003093 3.02 4.4% - - 3.47 6.7% 

2009_011_1551 
40 km south 

of Nelson 
100 km 4.6 

Marlborough 

region 
0.0002697 0.00039 0.000213 0.000248 0.000326 0.000259 3.42 0.8% 3.95 4.3% 4.533 7.1% 

2009_033_0857 
10 km west of 

Levin 
50 km 4.2 

Manawatu 
region 

0.0006326 0.0007624 0.000465 0.000538 0.000628 0.000604 3.35 2.6% 3.92 4.2% 4.295 5.8% 

2009_035_0203 
10 km east of 

Waikanae 
60 km 3.5 

Wellington 

region 
0.0003869 0.0004383 0.000314 0.000297 0.00043 0.000244 3.33 1.7% - - 4.343 4.9% 

2009_070_0946 
50 km south-

east of 

Blenheim 

50 km 4.3 
Marlborough 

region 
0.0007438 0.0009898 0.000539 0.000402 0.00079 0.000507 3.27 2.3% 3.73 3.0% 3.984 5.0% 

2009_109_1949 
40 km north 

of Lower Hutt 
10 km 3.4 

Wellington 

region 
0.0003221 0.0005749 0.000209 0.000243 0.000327 0.000287 - - - - 4.335 5.3% 

2009_121_0516 
10 km south 
of Porirua 

30 km 4.1 
Wellington 

region 
0.003575 0.008463 0.003075 0.002395 0.003284 0.002439 - - - - - - 

2009_121_1312 
10 km south 

of Porirua 
30 km 3.1 

Wellington 

region 
0.000801 0.001269 0.000403 0.000337 0.000399 0.000408 - - - - 4.415 3.2% 

2009_127_0338 

10 km north-

east of 
Wellington 

30 km 3.4 
Wellington 

region 
0.0008305 0.001541 0.000511 0.000473 0.000584 0.000469 - - - - 4.35 5.6% 

2009_127_2239 
10 km east of 

Wellington 
30 km 3.6 

Wellington 

region 
0.001701 0.001847 0.000986 0.00101 0.00126 0.001059 - - - - - - 

2009_134_2347 
10 km south-
east of Picton 

40 km 4.5 
Marlborough 

region 
0.001335 0.001478 0.001214 0.001114 0.001415 0.001132 3.14 4.9% - - - - 

2009_158_0927 

30 km north-

west of 

Wellington 

40 km 3.9 
Wellington 

region 
0.0007528 0.0009307 0.000587 0.000486 0.000669 0.000477 3.34 2.1% - - - - 
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2009_211_1641 

10 km north-

west of 
Porirua 

30 km 3.8 
Wellington 

region 
0.0008254 0.001145 0.000495 0.000505 0.000554 0.000543 3.28 2.8% 3.72 6.0% 4.089 5.9% 

2009_217_1751 

60 km north-

west of 

Wellington 

50 km 4.3 
Marlborough 

region 
0.001074 0.001961 0.000963 0.0013 0.001113 0.001354 3.03 3.6% - - 3.769 6.9% 

2009_283_0502 

20 km north-

west of 

Wellington 

40 km 4.8 
Wellington 

region 
0.007388 0.0138 0.007074 0.007066 0.006985 0.007641 2.85 3.0% 3.22 4.3% 3.445 5.2% 

2009_289_0127 
20 km east of 

Taihape 
50 km 4.7 

Manawatu 
region 

0.0003474 0.0007059 0.00025 0.000214 0.000364 0.000237 3.45 2.1% 3.86 6.0% 4.421 3.5% 

2009_308_0252 
30 km south 

of St Arnaud 
90 km 4.5 

Marlborough 

region 
0.002186 0.002818 0.000437 0.000935 0.000608 0.000681 3.34 4.3% 3.79 3.2% 4.329 5.3% 

2009_318_0614 
20 km west of 

Wellington 
40 km 3.5 

Wellington 

region 
0.0004012 0.0004222 0.000284 0.000274 0.000363 0.000406 - - 3.81 2.5% 4.088 6.4% 

2009_322_1804 
10 km south 

of Palmerston 

North 

40 km 5.1 
Manawatu 

region 
0.002402 0.002989 0.002317 0.002185 0.002228 0.002287 3.06 4.4% 3.28 9.4% 3.539 4.8% 

2009_322_1905 
10 km south 

of Palmerston 

North 

40 km 4.3 
Manawatu 

region 
0.0006323 0.0006456 0.000521 0.00049 0.000478 0.000542 3.22 3.0% 3.72 5.3% 4.033 7.8% 

2009_329_0549 

20 km north-

west of 
Wellington 

40 km 3.7 
Wellington 

region 
0.0006611 0.001125 0.000322 0.000337 0.000359 0.000281 3.39 4.2% 4.03 4.9% - - 

2009_342_2209 
30 km north-

west of Otaki 
50 km 5.1 

Wanganui 

Basin region 
0.002085 0.002415 0.001741 0.001747 0.001768 0.001732 3.24 4.7% 3.76 5.5% - - 

2009_344_0254 
40 km north-
west of Otaki 

40 km 4.1 
Wanganui 

Basin region 
0.0006987 0.0005974 0.000509 0.000398 0.000622 0.000437 3.37 3.7% 3.95 6.2% 4.117 12.4% 

2009_346_1638 
30 km north-

west of Otaki 
50 km 4.2 

Wanganui 

Basin region 
0.0007469 0.0009192 0.000544 0.000529 0.000585 0.000577 3.31 3.2% 3.76 7.3% 4.029 6.0% 

2009_356_1909 

10 km north-

west of 
Porirua 

50 km 4.3 
Wellington 

region 
0.00262 0.002704 0.002155 0.001259 0.002412 0.00121 3.14 3.4% 3.81 6.5% - - 

2010_008_2154 
10 km west of 

Porirua 
30 km 3.8 

Wellington 

region 
0.0008301 0.001196 0.000356 0.000481 0.000383 0.000541 - - 3.76 2.5% 4.337 6.8% 

2010_011_0320 
10 km south 

of Otaki 
3 km 3 

Wellington 

region 
0.000283 0.0004408 0.000238 0.00019 0.000342 0.000252 - - 3.94 4.4% 4.551 4.4% 

2010_040_1112 
30 km south 
of St Arnaud 

110 km 4.5 
Marlborough 

region 
0.0002557 0.0004175 0.000253 0.000215 0.000407 0.000234 3.50 2.7% 4.05 3.7% - - 

2010_043_1341 

Within 5 km 

of 

Paraparaumu 

60 km 5 
Wellington 

region 
0.003783 0.005594 0.002954 0.002394 0.003482 0.002758 3.01 4.4% - - 3.515 8.2% 
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2010_052_1532 

10 km north-

east of 
Palmerston 

North 

40 km 3.6 
Manawatu 

region 
0.0002448 0.0004277 0.000234 0.000196 0.000337 0.000238 - - 3.88 4.5% 4.264 6.0% 
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Appendix B 

Table B.1. Model updating routines for Step 2 of updated FEM at the Point 1 on the frequency vs PRA trend line corresponding to 0.04368g 

S/No 

Perturbation in Parameters (%) 

Initial ef 

(%) 

Final ef 

achieved  

(%) 

No of 

iterations 

Values of parameters after updating 
% relative changes for perturbed 

parameters after updating (%) 

G soil E cladding E concrete 
G soil 

(N/m2) 

E cladding 

(N/m2) 

E concrete 

(N/m2) 

G soil 

 

E cladding 

 

E concrete 

 

1 0% 0% 0% 
 

0.31 9 46980000 6815900000 36513000000       

2 -10% 0% 0% 0.60% 0.08 3 42390000 6568100000 38098000000 -9.8% -3.6% 4.3% 

3 0% -10% 0% 1.40% 0.21 2 46970000 6526800000 37642000000 0.0% -4.2% 3.1% 

4 0% 0% -10% 2.60% 0.20 6 47110000 6659300000 37279000000 0.3% -2.3% 2.1% 

5 10% 0% 0% 0.32% 0.35 2 51540000 6764700000 36494000000 9.7% -0.8% -0.1% 

6 0% 10% 0% 0.98% 0.19 6 46860000 6648300000 37340000000 -0.3% -2.5% 2.3% 

7 0% 0% 10% 2.10% 0.16 4 46690000 6579400000 37565000000 -0.6% -3.5% 2.9% 

8 -10% -10% 0% 1.90% 0.081 3 42400000 6455800000 38339000000 -9.7% -5.3% 5.0% 

9 -10% 0% -10% 3.00% 0.25 8 42720000 6535200000 37791000000 -9.1% -4.1% 3.5% 

10 0% -10% -10% 3.90% 0.20 4 47160000 6652400000 37294000000 0.4% -2.4% 2.1% 

11 10% 10% 0% 1.30% 0.34 6 51290000 6767200000 36511000000 9.2% -0.7% 0.0% 

12 10% 0% 10% 2.40% 0.31 4 51180000 6684200000 36765000000 8.9% -1.9% 0.7% 

13 0% 10% 10% 3.20% 0.19 3 46720000 6669300000 37296000000 -0.6% -2.2% 2.1% 

14 -10% 0% 10% 1.70% 0.03 2 42296667 6491116667 38351166667 -10.0% -4.8% 5.0% 

15 10% 0% -10% 2.30% 0.35 6 51550000 6777300000 36455000000 9.7% -0.6% -0.2% 

16 -10% 10% 0% 0.96% 0.067 5 42420000 6540600000 38208000000 -9.7% -4.0% 4.6% 

17 10% -10% 0% 1.10% 0.32 5 51340000 6696200000 36714000000 9.3% -1.8% 0.6% 

18 0% -10% 10% 0.81% 0.16 7 46570000 6571600000 37602000000 -0.9% -3.6% 3.0% 
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19 0% 10% -10% 1.40% 0.20 7 47090000 6657600000 37287000000 0.2% -2.3% 2.1% 

20 -10% -10% 10% 0.45% 0.083 3 42190000 6336900000 38861000000 -10.2% -7.0% 6.4% 

21 -10% 10% -10% 1.80% 0.23 9 42730000 6529900000 37835000000 -9.0% -4.2% 3.6% 

22 10% -10% -10% 3.60% 0.34 4 51620000 6752100000 36516000000 9.9% -0.9% 0.0% 

23 10% 10% -10% 1.10% 0.35 7 51500000 6778800000 36456000000 9.6% -0.5% -0.2% 

24 10% -10% 10% 1.20% 0.31 7 50960000 6696600000 36752000000 8.5% -1.8% 0.7% 

25 -10% 10% 10% 2.90% 0.091 3 42190000 6566300000 38162000000 -10.2% -3.7% 4.5% 

26 10% 10% 10% 3.60% 0.34 3 51240000 6756400000 36549000000 9.1% -0.9% 0.1% 

27 -10% -10% -10% 4.30% 0.24 6 42680000 6531000000 37835000000 -9.2% -4.2% 3.6% 

 

 

 

 

 

 

 

 

 

 



Appendix B 

154 

 

Table B.2. Model updating routines for Step 2 of updated FEM at the Point 2 on the frequency vs PRA trend line corresponding to 0.02213g 

S/No 

Perturbation in Parameters (%) 

Initial ef 

(%) 

Final ef 

achieved  

(%) 

No of 

iterations 

Values of parameters after updating 
% relative changes for perturbed 

parameters after updating (%) 

G soil E cladding E concrete 
G soil 

(N/m2) 

E cladding 

(N/m2) 

E concrete 

(N/m2) 

G soil 

 

E cladding 

 

E concrete 

 

1 0% 0% 0%   0.95 4 44151838 7816256667 38704100000       

2 -10% 0% 0% 0.93 0.61 19 39761241 7616946667 39946900000 -9.9% -2.5% 3.2% 

3 0% -10% 0% 1.20% 0.90 4 43262715 7705556667 39129600000 -2.0% -1.4% 1.1% 

4 0% 0% -10% 2.30% 0.71 23 43008979 7769806667 39001000000 -2.59% -0.6% 0.8% 

5 10% 0% 0% 1.30% 1.1 3 47298846 7883936667 38080500000 7.1% 0.9% -1.6% 

6 0% 10% 0% 1.30% 0.73 21 42583613 7749916667 39120400000 -3.6% -0.8% 1.1% 

7 0% 0% 10% 2.40% 0.93 2 43485938 7705326667 39103600000 -1.5% -1.4% 1.0% 

8 -10% -10% 0% 1.50% 0.74 3 39974503 7533346667 40132200000 -9.5% -3.6% 3.7% 

9 -10% 0% -10% 2.70% 0.69 13 39904443 7629466667 39888100000 -9.6% -2.4% 3.1% 

10 0% -10% -10% 3.50% 0.93 3 43770378 7736966667 38966900000 -0.9% -1.0% 0.7% 

11 10% 10% 0% 1.70% 1.2 2 44511181 7831176667 38611500000 0.8% 0.2% -0.2% 

12 10% 0% 10% 2.80% 1.1 3 46750797 7844106667 38256800000 5.9% 0.4% -1.2% 

13 0% 10% 10% 3.60% 0.73 21 43485633 7886176667 38633900000 -1.5% 0.9% -0.2% 

14 -10% 0% 10% 2.00% 0.77 3 39785964 7599186667 39990400000 -9.9% -2.8% 3.3% 

15 10% 0% -10% 1.90% 0.88 19 44506410 7830806667 38613200000 0.8% 0.2% -0.2% 

16 -10% 10% 0% 0.98% 0.72 4 39553356 7607166667 40010000000 -10.4% -2.7% 3.4% 

17 10% -10% 0% 1.20% 1.2 1 46677138 7831886667 38297900000 5.7% 0.2% -1.0% 

18 0% -10% 10% 1.70% 0.88 4 43014762 7665056667 39275000000 -2.6% -1.9% 1.5% 

19 0% 10% -10% 1.60% 0.73 22 42664957 7752946667 39099500000 -3.4% -0.8% 1.0% 

20 -10% -10% 10% 1.30% 0.6 21 39598898 7517796667 40241500000 -10.3% -3.8% 4.0% 

21 -10% 10% -10% 1.60% 0.68 15 39815515 7626806667 39910900000 -9.8% -2.4% 3.1% 

22 10% -10% -10% 3.20% 1.1 3 47280264 7847376667 38173300000 7.1% 0.4% -1.4% 

23 10% 10% -10% 1.60% 0.9 19 44534869 7832196667 38605400000 0.9% 0.2% -0.3% 
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24 10% -10% 10% 2.00% 1 4 46137417 7833006667 38370800000 4.5% 0.2% -0.9% 

25 -10% 10% 10% 3.10% 0.83 2 39921667 7782546667 39488500000 -9.6% -0.4% 2.0% 

26 10% 10% 10% 3.90% 0.89 18 44522607 7831596667 38608700000 0.8% 0.2% -0.2% 

27 -10% -10% -10% 3.90% 0.76 4 40110760 7610856667 39901400000 -9.2% -2.6% 3.1% 
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Table B.3. Model updating routines for Step 2 of updated FEM at the Point 3 on the frequency vs PRA trend line corresponding to 0.01136g 

S/No 

Perturbation in Parameters (%) 

Initial ef 

(%) 

Final ef 

achieved  

(%) 

No of 

iterations 

Values of parameters after updating 
% relative changes for perturbed 

parameters after updating (%) 

G soil E cladding E concrete 
G soil 

(N/m2) 

E cladding 

(N/m2) 

E concrete 

(N/m2) 

G soil 

 

E cladding 

 

E concrete 

 

1 0% 0% 0%  0.10 5 44895580 8021966667 40640800000       

2 -10% 0% 0% 0.46 0.26 3 41008430 7919606667 41519800000 -8.7% -1.3% 2.2% 

3 0% -10% 0% 1.20% 0.130 5 44742858 7995396667 40730400000 -0.3% -0.3% 0.2% 

4 0% 0% -10% 2.40% 0.092 3 45133369 8152406667 40278100000 0.53% 1.6% -0.9% 

5 10% 0% 0% 0.36% 0.099 2 48542343 8211116667 39656800000 8.1% 2.4% -2.4% 

6 0% 10% 0% 1.10% 0.089 4 44817073 8183606667 40248800000 -0.2% 2.0% -1.0% 

7 0% 0% 10% 2.20% 0.120 4 44568658 7957316667 40860900000 -0.7% -0.8% 0.5% 

8 -10% -10% 0% 1.60% 0.29 5 40993757 7864836667 41662600000 -8.7% -2.0% 2.5% 

9 -10% 0% -10% 2.80% 0.24 5 41356780 7951036667 41380800000 -7.9% -0.9% 1.8% 

10 0% -10% -10% 3.60% 0.120 3 45109087 8018106667 40616600000 0.5% 0.0% -0.1% 

11 10% 10% 0% 1.50% 0.099 3 48720071 8357306667 39283200000 8.5% 4.2% -3.3% 

12 10% 0% 10% 2.60% 0.093 3 48163847 8192026667 39754500000 7.3% 2.1% -2.2% 

13 0% 10% 10% 3.40% 0.078 2 44556948 8160356667 40356400000 -0.8% 1.7% -0.7% 

14 -10% 0% 10% 1.80% 0.29 3 40707094 7863456667 41715800000 -9.3% -2.0% 2.6% 

15 10% 0% -10% 2.10% 0.091 2 48883234 8260646667 39490200000 8.9% 3.0% -2.8% 

16 -10% 10% 0% 0.77% 0.23 5 41120234 7932726667 41467300000 -8.4% -1.1% 2.0% 

17 10% -10% 0% 0.92% 0.09 4 48311481 8197086667 39722100000 7.6% 2.2% -2.3% 

18 0% -10% 10% 1.00% 0.140 6 44462925 7949106667 40889200000 -1.0% -0.9% 0.6% 

19 0% 10% -10% 1.30% 0.094 4 45126199 8188516667 40190500000 0.5% 2.1% -1.1% 

20 -10% -10% 10% 0.66% 0.3 6 40764698 7855836667 41724900000 -9.2% -2.1% 2.7% 

21 -10% 10% -10% 1.70% 0.21 6 41422909 7959876667 41347100000 -7.7% -0.8% 1.7% 

22 10% -10% -10% 3.30% 0.082 4 48748500 8210376667 39631200000 8.6% 2.3% -2.5% 

23 10% 10% -10% 0.89% 0.11 5 48715521 8266546667 39497900000 8.5% 3.0% -2.8% 
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24 10% -10% 10% 1.40% 0.096 4 47938110 8191026667 39787400000 6.8% 2.1% -2.1% 

25 -10% 10% 10% 2.90% 0.25 5 40821269 7920856667 41548600000 -9.1% -1.3% 2.2% 

26 10% 10% 10% 3.80% 0.097 3 48355975 8243536667 39602700000 7.7% 2.8% -2.6% 

27 -10% -10% -10% 4.00% 0.28 3 41243374 7880616667 41577300000 -8.1% -1.8% 2.3% 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix B 

158 

 

Table B.4. Model updating routines for Step 2 of updated FEM at the Point 4 on the frequency vs PRA trend line corresponding to 0.00517g 

S/No 

Perturbation in Parameters (%) 

Initial ef 

(%) 

Final ef 

achieved  

(%) 

No of 

iterations 

Values of parameters after updating 
% relative changes for perturbed 

parameters after updating (%) 

G soil E cladding E concrete 
G soil 

(N/m2) 

E cladding 

(N/m2) 

E concrete 

(N/m2) 

G soil 

 

E cladding 

 

E concrete 

 

1 0% 0% 0%  0.068 6 48139703 7780483333 43648400000       

2 -10% 0% 0% 0.53 0.16 5 44067064 7722443333 44539400000 -8.5% -0.7% 2.0% 

3 0% -10% 0% 1.20% 0.081 3 47945253 7773163333 43701900000 -0.4% -0.1% 0.1% 

4 0% 0% -10% 2.60% 0.078 3 48401601 7970253333 43019800000 0.54% 2.4% -1.4% 

5 10% 0% 0% 0.25% 0.14 2 51946659 8019903333 42351000000 7.9% 3.1% -3.0% 

6 0% 10% 0% 0.92% 0.076 4 48097569 7997723333 43014300000 -0.1% 2.8% -1.5% 

7 0% 0% 10% 2.20% 0.086 1 47805060 7755093333 43787900000 -0.7% -0.3% 0.3% 

8 -10% -10% 0% 1.60% 0.2 3 44040197 7639813333 44793000000 -8.5% -1.8% 2.6% 

9 -10% 0% -10% 3.00% 0.16 6 44462234 7748493333 44386700000 -7.6% -0.4% 1.7% 

10 0% -10% -10% 3.70% 0.084 4 48287081 7832693333 43468800000 0.3% 0.7% -0.4% 

11 10% 10% 0% 1.30% 0.17 5 52141086 8164543333 41912500000 8.3% 4.9% -4.0% 

12 10% 0% 10% 2.60% 0.12 4 51565309 8003523333 42455000000 7.1% 2.9% -2.7% 

13 0% 10% 10% 3.20% 0.084 3 47822557 7974223333 43139200000 -0.7% 2.5% -1.2% 

14 -10% 0% 10% 1.80% 0.18 4 43797722 7656153333 44790200000 -9.0% -1.6% 2.6% 

15 10% 0% -10% 2.30% 0.17 4 52386457 8071263333 42136800000 8.8% 3.7% -3.5% 

16 -10% 10% 0% 0.84% 0.14 7 44295354 7725843333 44485800000 -8.0% -0.7% 1.9% 

17 10% -10% 0% 0.85% 0.11 7 51599975 8019263333 42404200000 7.2% 3.1% -2.9% 

18 0% -10% 10% 1.20% 0.050 2 47624589 7780233333 43734500000 -1.1% 0.0% 0.2% 

19 0% 10% -10% 1.60% 0.069 5 48425709 8008003333 42930200000 0.6% 2.9% -1.6% 

20 -10% -10% 10% 0.73% 0.22 4 43767827 7601953333 44959600000 -9.1% -2.3% 3.0% 

21 -10% 10% -10% 2.00% 0.12 8 44568894 7768233333 44307800000 -7.4% -0.2% 1.5% 

22 10% -10% -10% 3.40% 0.13 5 52037692 8032393333 42301400000 8.1% 3.2% -3.1% 

23 10% 10% -10% 1.20% 0.18 6 52278988 8118573333 42017200000 8.6% 4.3% -3.7% 
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24 10% -10% 10% 1.50% 0.098 7 51298954 7998593333 42509200000 6.6% 2.8% -2.6% 

25 -10% 10% 10% 2.80% 0.15 6 43992333 7712713333 44582100000 -8.6% -0.9% 2.1% 

26 10% 10% 10% 3.60% 0.17 3 51780391 8066023333 42242600000 7.6% 3.7% -3.2% 

27 -10% -10% -10% 4.10% 0.23 3 44308787 7646643333 44719700000 -8.0% -1.7% 2.5% 
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Table B.5. Model updating routines for Step 2 of updated FEM at the Point 5 on the frequency vs PRA trend line corresponding to 0.00058g 

S/No 

Perturbation in Parameters (%) 

Initial ef 

(%) 

Final ef 

achieved  

(%) 

No of 

iterations 

Values of parameters after updating 
% relative changes for perturbed 

parameters after updating (%) 

G soil E cladding E concrete 
G soil 

(N/m2) 

E cladding 

(N/m2) 

E concrete 

(N/m2) 

G soil 

 

E cladding 

 

E concrete 

 

1 0% 0% 0%  0.41 6 56369707 8137351667 43620966667       

2 -10% 0% 0% 0.42 0.24 4 50610233 7908311667 45275266667 -10.2% -2.8% 3.8% 

3 0% -10% 0% 0.97% 0.350 4 55449102 7941191667 44362766667 -1.6% -2.4% 1.7% 

4 0% 0% -10% 2.50% 0.40 5 54530998 8067691667 44120166667 -3.26% -0.9% 1.1% 

5 10% 0% 0% 0.65% 0.53 2 60416221 8210291667 42817566667 7.2% 0.9% -1.8% 

6 0% 10% 0% 0.99% 0.40 6 53999900 8046431667 44270866667 -4.2% -1.1% 1.5% 

7 0% 0% 10% 2.40% 0.37 3 55203195 8040871667 44096366667 -2.1% -1.2% 1.1% 

8 -10% -10% 0% 1.40% 0.2 4 50913428 7799641667 45560566667 -9.7% -4.2% 4.4% 

9 -10% 0% -10% 2.90% 0.25 5 50582557 7902651667 45297866667 -10.3% -2.9% 3.8% 

10 0% -10% -10% 3.60% 0.37 3 55816000 8024341667 44048366667 -1.0% -1.4% 1.0% 

11 10% 10% 0% 1.40% 0.59 2 56146959 8128721667 43681166667 -0.4% -0.1% 0.1% 

12 10% 0% 10% 2.80% 0.51 3 59706476 8167041667 43044566667 5.9% 0.4% -1.3% 

13 0% 10% 10% 3.40% 0.40 5 55498146 8238781667 43459166667 -1.5% 1.2% -0.4% 

14 -10% 0% 10% 2.00% 0.22 3 50689243 7896681667 45298066667 -10.1% -3.0% 3.8% 

15 10% 0% -10% 2.20% 0.55 4 56409472 8138961667 43610066667 0.1% 0.0% 0.0% 

16 -10% 10% 0% 0.84% 0.25 6 50317057 7898721667 45357866667 -10.7% -2.9% 4.0% 

17 10% -10% 0% 0.63% 0.49 5 59975193 8064611667 43315166667 6.4% -0.9% -0.7% 

18 0% -10% 10% 1.50% 0.330 5 54840171 7943231667 44453366667 -2.7% -2.4% 1.9% 

19 0% 10% -10% 1.60% 0.41 7 54083324 8049171667 44248966667 -4.1% -1.1% 1.4% 

20 -10% -10% 10% 1.00% 0.18 5 50417122 7779521667 45713466667 -10.6% -4.4% 4.8% 

21 -10% 10% -10% 2.00% 0.26 7 50464616 7900751667 45324966667 -10.5% -2.9% 3.9% 

22 10% -10% -10% 3.20% 0.51 4 60365671 8146621667 43011566667 7.1% 0.1% -1.4% 

23 10% 10% -10% 1.20% 0.54 8 56167028 8129521667 43675666667 -0.4% -0.1% 0.1% 



Appendix B 

161 

 

24 10% -10% 10% 1.80% 0.47 5 59250072 8086091667 43352866667 5.1% -0.6% -0.6% 

25 -10% 10% 10% 2.90% 0.24 5 50889283 8124991667 44566566667 -9.7% -0.2% 2.2% 

26 10% 10% 10% 3.80% 0.56 3 60099058 8338361667 42487366667 6.6% 2.5% -2.6% 

27 -10% -10% -10% 3.90% 0.22 3 51056731 7887751667 45259966667 -9.4% -3.1% 3.8% 

 

 

 

 

 

 

 

 

 

 

 

 

 


