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I 

 

Abstract 

Effects of soil-structure interaction on the excitation and response of a 

medium-rise RC building 

It is common tradition in Iceland to found structures on compact gravel cushions. This differs 

from foreign traditions where it is more common to found structures on piles where the soil is 

thick. The topic of this study is a phenomenon commonly called soil-structure interaction, i.e. 

how the dynamic properties of a thick gravel foundation work together with the dynamic 

properties of an attached structure.  In the project a 13 storey reinforced concrete residential 

building is examined. Monitoring system has collected acceleration data in the building since 

2007. System identification of the structure is performed based on earthquake recordings from 

the data set. The dynamic characteristics of the 7 meter thick gravel cushion, which the 

building is founded on, are examined. The building is modelled applying the finite element 

program SAP2000. The dynamic properties of the foundation are examined by using spring 

supports for the building and the overall differences in the dynamic properties compared to a 

fixed supported building are evaluated. The structural model including the spring supports is 

calibrated based on the results from the system identification of the structure to ensure that the 

model represents the dynamic characteristics of the structure. Then response spectrum 

analysis is conducted for fixed base and spring supported model and the results compared. 

It was found that natural frequencies of the structure, estimated by FE-model, significantly 

depend on the supporting conditions. The response spectrum analysis showed that the 

dynamic forces proved to be significantly higher for the spring supported model than for the 

fixed base model. Therefore it is important, in the design process of reinforced concrete 

structures, to take the influence of dynamic properties of the foundation into account when 

structures are modelled and analysed.  

 

Keywords: Earthquake excitation, acceleration data, finite element analysis, soil-structure 

interaction, reinforced concrete, gravel cushion foundation, time history analysis, response 

spectrum analysis, frequency response analysis.  
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Ágrip 

Áhrif samverkunar malarpúða og mannvirkis á örvun og svörun bygginga 

úr járnbentri steinsteypu 

Algengt er að byggingar á Íslandi séu grundaðar á þjöppuðum malarpúða. Víðast hvar 

erlendis eru byggingar fremur grundaðar beint á staurum þar sem jarðlög eru þykkari. Þetta 

verkefni fjallar um hvernig sveiflufræðilegir eiginleikar þjappaðra fyllinga  og bygginga hafa 

samverkandi áhrif  sem ákvarða sveiflueiginleika mannvirkisins sem heildar.  

Í verkefninu er 13 hæða steinsteypt íbúðarhúsnæði tekið til skoðunar. Tveir hröðunarmælar 

hafa vaktað húsið allt frá árinu 2007 og er til umtalsvert magn gagna frá þeim mælingum og á 

grundvelli þeirra er gerð kerfisgreining á húsinu. Þá eru skoðaðir sveiflufræðilegir eiginleikar 

7 metra þykkrar malarfyllingar sem húsið er grundað á. Gert er líkan af húsinu í forritinu 

SAP2000 og kannað hvaða áhrif fastar undirstöður, annars vegar, og gormaundirstöður, hins 

vegar, hafa á sveiflufræðilega eiginleika þess. Líkanið á gormaundirstöðunum er kvarðað 

útfrá niðurstöðum kerfisgreiningarinnar til að tryggja að það endurspegli sveiflufræðilega 

eiginleika byggingarinnar. Þá er gerð svörunarrófsgreining á líkaninu, bæði með föstum 

undirstöðum og gormaundirstöðum, og niðurstöður bornar saman. 

Við sveiflugreiningu á einingarlíkani í SAP2000 kom í ljós að val á undirstöðuskilyrðum 

hefur veruleg áhrif á mat á eigintíðni mannvirkisins. Svörunarrófsgreininging sýndi að láréttir 

kraftar reyndust vera umtalsvert hærri fyrir líkan, undirstutt með gormum, heldur en 

fastspennt líkan. Því verður að telja mikilvægt að eiginleikar undirstöðunnar séu teknir með í 

reikninginn við uppsetningu einingarlíkans og greiningu á steinsteyptum mannvirkjum. 

 

Lykilorð: Jarðskjálftaáraun, hröðunarmælingar, einingaraðferðin, samspil mannvirkis og 

undirstöðu, járnbent steinsteypa, malarpúði, tímaraðargreining, svörunarrófsgreining, 

tíðnisvörunargreining. 
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1 Introduction 

1.1 Background 

This study, which is in the field of earthquake engineering, focuses on the dynamic behaviour 

of a reinforced concrete building and how it is affected by the foundation properties of the 

building.  

In Iceland, structures are often founded on packed gravel cushions if the soil layers are 

relatively thick, rather than using high reinforced concrete foundation walls resting on a solid 

rock surface. This differs from foreign traditions, where piles are more commonly used in this 

type of situations. This type of gravel foundation has different dynamic properties than solid 

rock foundation. It is expected that the gravel cushion will have stronger non-linear 

characteristics than the solid rock, which behaves more or less linearly during low magnitude 

seismic action. Compact gravel cushion is also less stiff than rock and therefore it is more 

likely to interact with the structure. The dynamic characteristics of the foundation will likely 

affect the dynamic response of the structure as a whole.  

 

1.2 Problem statement 

The plan is to study a 13 storey, 41 m high residential building located in Reykjavik, Iceland. 

It is built on top of a one storey utility basement. The structure is a concrete shear wall 

building with a central reinforced concrete core containing elevators. What makes this 

building interesting to observe, is the fact that it is founded on about 7 m thick compacted 

gravel cushion. Two three-axial accelerometers were installed in the building in the fall 2007 

and have been operating there since. One was installed in a utility room above the 13th floor 

and the other was installed in a utility room in the basement of the building. This monitoring 

system has recorded the response of the building during many wind storms, and several 

earthquakes of various magnitudes. Therefore there is a considerable number of acceleration 

data available for investigating the dynamic behaviour of the building. 

The dynamic properties of the cushion and how it affects the dynamic behaviour of the 

structure as a whole is the main topic of this thesis. The study is based on recorded data along 

with FEM modelling of the structure, including both the building and the gravel cushion.  
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1.3 Aim and objectives of the study 

The aim of this study is to increase the knowledge and understanding regarding the dynamic 

properties and behaviour of structures founded on packed gravel cushions. The focus of study 

will be on how packed gravel cushions affect the dynamic behaviour of structures. It is of 

great importance to be able to account correctly for any soil-structure interaction when 

evaluating the dynamic properties (natural periods and damping) of structures for seismic 

design. 

The main objectives of this study are outlined below: 

1. To estimate the dynamic properties of a 13 storey reinforced concrete building. 

2. To evaluate the dynamic properties of a gravel foundation. 

3. To study the influence of the foundation on the dynamic properties of the structure. 

4. To construct and calibrate a model of a building founded on a gravel cushion. 

5. To compare design forces and displacements of the same models with and without 

taking the influence of the gravel cushion into account. 

 

1.4 Scope of the work  

This work started early in January 2012 and was planned to be finished in the end of May 

2012 followed with graduation the 9th of June 2012. 

The thesis is divided to six main chapters. In addition are references and appendixes. The 

following list clarifies the subject covered in each chapter. 

The first chapter introduces the project along with its aim, objective and outlines of its 

organization. 

Chapter two discusses the methodology which is used in this research. Structural modelling 

methods and techniques are introduced.  

The third chapter gives an overview of literature which is relevant to the subject of the thesis. 

It includes review of structural monitoring, processing of data, identification of system, 

dynamic analysis of structures and topics related to soil-structure interaction. 
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Chapter four deals with the case studied in this thesis. It introduces the studied building and 

the installed monitoring system. Overview of data is given along with data processing. Finally 

system identification of the structure is performed. 

The fifth chapter deals with modelling, model calibration and analysis of the case studied 

where 13 storey reinforced concrete residential building is analysed to evaluate its dynamic 

behaviour. Finally the chapter closes with a summary of results. 

Chapter six is a discussion of the thesis topics and presents the conclusions deducted from the 

results. In addition there are suggestions for future research in this field. 

The last section of the thesis includes the references followed with appendixes for the case 

study. 
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2 Research methodology 

2.1 Introduction 

This thesis includes both literature review and a case study based research. The literature 

survey is meant to explore what has been done in the field of soil-structural analysis and 

related topics. The methodologies used in the research are combined analytical and numerical 

methods, although some empirical approaches, based on experimental work, may be utilized. 

The structural analysis is based on physical principles, primarily implemented using 

numerical methods.  

 

2.2 Structural modelling 

Few analytical methods are available to solve practical problems. Instead different numerical 

solution strategies have been developed to aid in problem solution. The finite element method 

(FEM) is a widely applied numerical approach. This method has in the past few decades 

developed into a key method for modelling and simulation of structures (Liu & Quek, 2003). 

Inelastic response of shallow foundations is a very complex process due to the behaviour of 

the surrounding semi-infinite soil media. Several methods are available to model an isolated 

foundation for a structure: -The uncoupled approach, with uncoupled translational and 

rotational springs, can model the load-deformation behaviour but cannot predict settlement.    

-The method of plasticity-type macro-element formulation, using foundation action 

bounding/yield surfaces, gives a satisfactory prediction of the complete foundation response 

because it accounts for nonlinear behaviour and coupling effects every direction. However, 

the macro-element models available are based on specified bounding surfaces that may not be 

applicable to a wide range of problems. -The continuum approaches, such as boundary 

element or finite element methods, are most rigorous but they are computationally intensive 

and time consuming. -The Winkler approach is a trade-off between the uncoupled and macro-

element models. The Winkler model, developed by Winkler (1867), is a simple model which 

accounts for the behaviour of both the foundation and the soil. The model represents the soil 

beneath the foundation as a system of elastic springs which are similar but mutually 

independent (see Figure 2.1).  
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Figure 2.1  Schematic model of superstructure on a Winkler model foundation  

 

The Winkler model can simulate progressive mobilization of the plastic capacity and the 

resulting settlement, but the lateral action is uncoupled from the vertical and rotational actions 

(El Ganainy & El Naggar, 2009). The Winkler model assumes that the foundation reaction at 

a particular point is proportional to the soil displacement. Therefore the model is considered 

as a single parameter model with the spring's elasticity as its only parameter. 

Considering the foundation as a system of very closely spaced elastic springs, the springs 

become dependent on each other. Some modified approaches that take this dependence into 

account have been developed such as the model developed by Vlasov (1966).The modified 

approaches are considered to be multiple-parameter foundation models (Mullapudi, 2010).  

The structure, which is a combination of the building and its foundation, can be modelled as a 

2 degree of freedom system (DOFS) which is the simplest model available for soil-structure 

interaction (SSI). In spite of its simplicity, the 2 DOF model is widely used in practice and 

sufficient to expose the fundamental characteristics of SSI (Şafak, 1995). The 2DOF model is 

shown schematically in Figure 2.2. 
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Figure 2.2   Two-Degrees-of-Freedom system representing soil-structure interaction (Şafak, 1995). 

 

The lower mass-spring-dashpot represents the foundation and the upper mass-spring-dashpot 

represents the building. The model is based on the assumptions that both systems are linear, 

their motions dominated by the fundamental modes, the stiffness of the soil is frequency 

independent and the rocking motions are negligible (Şafak, 1995). The two natural 

frequencies,    and   ,  of the coupled system, as illustrated in Figure 2.2, can be calculated 

as (Timoshenko & Young, 1974) 

 
    

  
 

 
   

         
      

         
  

 
    

   
   ( 2.1) 

where 

 

  
  

  
        

  

  
                

  
  

   ( 2.2) 

 

The parameters   ,    and   ,    denote mass and stiffness for the fixed-base building and 

for the foundation, respectively. Thereby if the natural frequencies of the building and the 

foundation are known the resulting frequencies of the structure can be evaluated. 

Modelling technique has been developing very rapidly the past few decades. To perform a 

study in the field of soil-structural interaction the usage of computer software is of great 

importance.  Several types of computer software are available for structural modelling which 

are based on the FEM technique. Without making comparisons between available FEM 

software, SAP2000 will be used in the thesis. 
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2.3 The full scale data 

In this research, available full scale acceleration data recorded in the building is utilized. In 

addition available information on earthquake location- and magnitude for events in the 

vicinity of the building during the past 4 years is used to supplement the data recorded in the 

building.  

The acceleration time series are provided by the Earthquake Engineering Research Centre of 

the University of Iceland (EERC).  The EERC has two strong motion accelerographs located 

in the building. The accelerographs are instruments deployed to record acceleration induced 

by for example earthquake and wind. The devices monitor the structure continuously and 

when the acceleration is above a defined trigger level the recording process starts. The 

recording continues as long as the acceleration is above the trigger level. The recorded time 

series, commonly called accelerogram, includes a pre-event and post-event period. The 

duration of the pre- and post-event period is configurable. The accelerogram is automatically 

transferred by GSM communication to the data base of EERC.  

The earthquake location and magnitude information is provided by the Icelandic Metrological 

Office (IMO). The IMO records information of weather and seismicity from all parts of 

Iceland. Tables which contain earthquake date, time, location, depth and size (magnitude) can 

be obtained from the homepage of IMO http://www.vedur.is .  

It is valuable to have access to full scale data to use in association with appropriate and 

recognized modelling techniques in order to calibrate models and validate results. 

   

http://www.vedur.is/
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3 Theoretical background 

3.1 Introduction 

This chapter is a discussion of topics which are important in relation to the content of the 

thesis. The first part concerns how structural monitoring is performed and the basic 

requirements for the monitoring instruments. Then there is some discussion of the processing 

of acceleration data. Identification of a system is then reviewed. There is a discussion on the 

dynamic characteristics of structures that can be estimated using system identification. Some 

system identification methods which can be related to the observed structure are mentioned. 

Finally, theories related to dynamic structural analysis and soil structural interaction are 

briefly introduced to the reader. 

 

3.2 Structural monitoring  

The recording and analysis of structural response to ambient or forced excitation is an 

important part of structural engineering science. Different kinds of sensors are used to 

monitor structures, such as displacement sensors, strain gauges and accelerometers. Structural 

monitoring with accelerometers is an important part of earthquake engineering science. Data 

from such monitoring provide valuable insight into excitation and response of structures. The 

number of available data records matters because each earthquake provides additional 

information due to the relative randomness of earthquake phenomena. 

The most important goal of earthquake engineering is to define, recommend and implement 

effective measures against the possible negative effects of earthquakes. To reduce the risk of 

casualties, injuries and economic losses is what gives impetus to engineers to fully master 

structural analysis methods and models so that the actual behaviour of the structures coincide 

as nearly as possible with the behaviour they anticipate. 

Information collected by structural monitoring is important in engineering processes that for 

example are intended: 

 to calibrate models used in a design process 

 to validate or improve seismic design codes, such as EC-8 

 to monitor structural response during an earthquake 

 to provide data useful to a retrofit process 
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Several technical characteristics need to be considered when choosing instruments for 

structural monitoring. They are for example: 

 number of recording channels 

 sampling rate 

 storage capacity 

 remote operation 

 precise timing 

 backup power supply (battery operation) 

Accelerometers measure and record acceleration of the surface they are mounted on. A tri-

axial device measure 3 perpendicular acceleration components. Each accelerometer collects 

response from a single location in a structure. Normally two tri-axial accelerometers are 

considered the minimum for structural monitoring where one is located at the top level of the 

building and another in the basement (bottom level). 

In the last decades the monitoring instruments have got relatively small and easy to install. 

Modern instruments, such as accelerometers, can be operated using “wireless” techniques and 

are connected to GPS for precise timing. 

 

3.3 Data processing 

The accelerograms are a time evolution of recorded acceleration which can either be caused 

by ground motion or strong wind. The accelerographs embed information which can be 

valuable in earthquake engineering. 

The accelerograms do not only contain clear signal from the source of excitation (wind / 

ground motion). It also contains other extraneous motion of different origin which is called 

noise. To get reliable information out of the accelerograms it is necessary to remove the noise 

from the data files to get the actual signal from the source. The nature of noise is mostly 

random and therefore it can be difficult to distinguish between the actual signal and noise. 

However various techniques are used to identify and remove noise from an accelerogram to 

get a reasonably clear signal. Using these various techniques to clean up the signal is called 

data processing (Rupakhety, 2011). Various types of noise have been encountered in strong 

motion accelerograms such as instrumental noise, periodical spikes, high-frequency noise and 
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low-frequency noise. Detailed discussion of different types of noise, in recorded ground 

motion, can be found in PhD thesis by Rajesh Rupakhety (2011). Recorded upper level 

motion of buildings can in addition contain noise coming from the building itself such as 

noise related to air ventilation, elevators, door opening systems and other mechanical systems 

within the buildings. 

Strong motion records must be pre-processed to provide satisfactory identifications of soil-

structure system. Data pre-processing consist of baseline correction, removal of outliers, 

filtering, decimation, and synchronization and alignment of input and output (Stewart, Seed, 

Center, & Fenves, 1998). Detailed discussion of data pre-processing is in Stewart et al (1998). 

Earthquakes and storms are by their nature considered as random events. To characterize the 

measured acceleration from such events, it is appropriate to mention the key parameters used 

in analysis of random data. Accelerograms are used by engineers to derive the motions that 

structures must be designed to withstand. As strong motion accelerograms due to specified 

conditions are a limited resource, hypothetical earthquakes are sometimes simulated using the 

methods of random (stochastic) process.  By definition, a random process is an ensemble of 

number of random variables related to a similar phenomenon which may be a function of one 

or more independent variables. The number of random variables in the ensemble required to 

characterize a random process depends upon the type of process and the desired accuracy 

(Clough & Penzien, 1975). The characteristics of random data are described by a probability 

density function which is derived from statistical parameters of the data, such as mean, 

median, standard deviation, skewness, kurtosis, minimum and maximum. The probability 

density function can then be fitted to a known distribution model such as Gaussian model.  

In this study only deterministic data are used and therefore more detailed discussion of data 

simulation will not be carried out herein. 
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3.4 System identification 

The fundamental objective of any system identification analysis is to evaluate the properties 

of an unknown system given a known input into, and output from, that system. This is 

illustrated schematically in Figure 3.1. 

 

Figure 3.1  Schematic of the system identification problem(Stewart et al., 1998). 

 

Considering structural dynamics, system identification refers to an estimation of the dynamic 

characteristics of a structure based on recordings of its dynamic motion. The principle 

dynamic characteristics of structures that can be estimated with system identification are 

natural frequencies, mode shapes, participation factors and damping ratios. These parameters 

can, in most cases, be identified by using a pair of input and output recordings, especially 

when the motion of the structure has well-defined principle directions (Şafak, 1991). For 

proper selection of input-output motions, modal vibration parameters can be identified that 

describe the behaviour of the structures alone (fixed-base) and the soil-foundation-structure 

system (flexible-base). Therefore the inputs are various combinations of free-field, foundation 

(basement) and roof-level recordings. The system, when considering earthquake excitation 

acting on a building, is depicted in Figure 3.2 and the input-output pairs are listed in Table 3.1 

(Tileylioglu, 2008). 
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Figure 3.2 Recordings required for parametric system identification with earthquake excitation 

(Tileylioglu, 2008). 

 

Table 3.1 Input and output pairs from earthquake excitations for various base fixity conditions. 

Base Fixity Input Output 

Flexible-Base                     

Pseudo Flexible-Base                         

Fixed-base                               

 

In the case considered in this thesis, free field motion recordings are not available. Instead 

they are simulated using an available software (EERA) as discussed in Chapter 5.2. 

The changes which occur to input signal as they pass though a system and emerge as output 

signal is described with transfer functions. In particular, as in the case of this thesis, transfer 

functions describe the modification of motion between single input and output points. 

Derivation of transfer functions can be found for example in (Clough & Penzien, 1975). 

System identification, for a given pair of input-output motion, can be performed in two 

general ways. Non-parametric system identification procedures estimate in the frequency 

domain using the input-output motion without fitting an underlying model (Tileylioglu, 

2008). Modal periods can be identified by location of peaks on the frequency axis (Peak-

Picking method, described e.g. by (He & Fu, 2001)). The height and width of the peaks can be 

used in estimation of damping. by applying an approach of damping estimation named the 

half-power bandwidth method (Chopra, 2006).  
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Parametric system identification procedures fit a model to data in the time domain. A transfer 

function can be evaluated that represents the ratio of output/input motions. Damping ratios 

and modal periods are related to the peaks in the transfer function (Şafak, 1991).  

 

3.5 Dynamic analysis of structures 

Most civil structures are exposed to dynamic loading during their lifetime. This dynamic load 

can for instance be caused by storms, earthquakes or ocean waves. The structural response to 

such a load can be described by the equation of motion. For explanatory purposes a Single 

Degree Of Freedom system (SDOF) will be considered (Chopra, 2006). A SDOF system is 

shown schematically in Figure 3.3. This system may be considered as an idealization of a one 

storey structure. The system consists of a frame which provides the stiffness k to the system 

but is considered to have no mass. The mass m of the system is concentrated at the roof level 

and a viscous damper c which dissipates vibrational energy is added to the system. The height 

h denotes the distance from the base to the centre of the mass. The relative displacement of 

the system is denoted with u, total displacement with ut, the ground displacement is 

represented with ug, the elastic deformation of the frame with ued and θg denotes the ground 

rotation. 

 
Figure 3.3    A Single Degree Of Freedom system subjected to ground acceleration (Ólafsson, 2010). 
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For the system illustrated in Figure 3.3, the equation of motion can be expressed as: 

               ( 3.1) 

 

where      and k denotes mass, damping and stiffness of the system;   and    stands for 

relative displacement, and velocity and     stands for total acceleration of the system. As 

equation 3.1 shows, the inertia of the mass depends on the acceleration of the system, effects 

of damping relate to the system velocity and effect of stiffness relates to the system 

displacement. As can be seen in Figure 3.3 the total displacement    is the sum of    and  . 

That leads to:  

            ( 3.2) 

 

where    stands for relative acceleration of the system and     is ground acceleration. Then 

applies: 

               ( 3.3) 

 

 Combining equations 3.1 and 3.3 the equation of motion for forced vibration is written as 

(Chopra, 2006) :  

                     ( 3.4) 

 

Ignoring the damping, the equation of motion for the free vibration of SDOF system can then 

be written as: 

          ( 3.5) 

 

For that system the natural frequency   can be evaluated by: 

 

   
 

 
 ( 3.6) 
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Real buildings are considered as Multi-degree of Freedom (MDOF) system. Buildings can 

vibrate in different mode shapes where the number of mode shapes is equal to the number of 

dynamic degrees of freedom in the building. Vibrational properties of MDOF system can be 

estimated by solving an eigen value problem as given by the following equation for zero 

damping: 

      
        ( 3.7) 

where    is natural frequency for the  th mode of the system and   stands for  th mode 

shape of the system. 

Given mass   and stiffness   matrices, the eigen value problem is to find positive   s and 

corresponding   s. For most building types, the first few mode shapes govern the response of 

the building. 

The damping coefficient,  , is a measure of energy dissipated in a cycle of vibration. The 

damping ratio,  , of the system can be defined as: 

   
 

    
 ( 3.8) 

For under-damped systems, such as civil engineering structures, the damped frequency,   , is 

defined as: 

            ( 3.9) 

Damping in civil engineering structures is generally very low and therefore the difference 

between    and    is generally small. Damping values for several types of structures have 

been estimated by Newmark & Hall, (1982) and they are presented in Table 3.2. 
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Table 3.2 Damping in civil engineering structures (Newmark & Hall, 1982). 

Stress Level Type and Condition of structrue Damping Ratio 
(%) 

Working stress, no more 
than about 1/2 yeald point 

Welded steel, prestessed concrete, well-reinforced 
(only slight carcking)  

2-3 

Reinforced concrete with considerable cracing 3-5 

Bolted and/or riveted steel, wood structures  with 
nailed or bolted joints 

5-7 

At or just below yeld point 

Welded steel, prestessed concrete (without complete 
loss in prestress) 

5-7 

Prestessed concrete with no prestess left 7-10 

Reinforced concrete   7-10 

Bolted and/or riveted steel, wood structures  with 
nailed or bolted joints 

10-15 

Wood structures with nailed joints 15-20 

 

It is appropriate to mention the relationship between frequency and period which is: 

 
         

  

  
 ( 3.10) 

where    is the natural cyclic frequency and    is the natural period of the system. 

Several methods are available to solve the equation of motion (eq. 3.4) which is a second-

order differential equation.  

Analytical solution methods are used to solve SDOF systems but for MDOF systems 

numerical procedures have been developed which satisfy the equations of motion during each 

time step by using numerical integration. 

For linear MDOF system it is convenient to perform modal decoupling of the equation of 

motion which can be written as: 

                               ( 3.11) 

where        is the external force vector. Let the matrix     be the modal matrix where the i
th

 

column of the matrix is the i
th

 mode shape of free vibration which means that           , 

             and             . Substituting and pre-multiplying by     transposed gives: 

                                                        ( 3.12) 

i.e. 



17 

 

                                   ( 3.13) 

Where, because of the orthogonality properties of the mode shapes, the modal matrices     , 

    , and      are diagonal matrices. This means that the   coupled equations have been 

replaced by   single degree of freedom systems 

   
       

       
      

                    ( 3.14) 

where    represents the i
th

 modal degree of freedom which can be solved independently. Once 

all the      have been found then the displacements     etc, are obtained using the modal 

matrix      

Equation( 3.14) can be solved using either time-domain or frequency-domain based solutions. 

An example of a time-domain based solution is the Newmark’s beta method (Clough & 

Penzien, 1975), which is one of the most commonly used methods in earthquake engineering. 

In brief, the integration process of Newmark’s beta method can be described by the following 

equations: 

 
          

   
 

    
   
 

      ( 3.15) 

 

 
                   

 

 
        

            
       ( 3.16) 

where   is parameter to capture different variations of acceleration during a time step and is 

either set as ¼ (constant average acceleration method) or 1/6 (linear acceleration method).  

The Frequency response method is a frequency domain based method where the Fourier 

transform of ground acceleration,      , is evaluated using Fast Fourier transform function 

(FFT) as: 

                 ( 3.17) 

The modal load vector        can then be evaluated by: 

                 ( 3.18) 

where    is the participation factors of the modes. The frequency response function,         

is determined as: 
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 ( 3.19) 

The Fourier spectra of the modal response,        is evaluated by: 

                      ( 3.20) 

Having turned the modal frequency response into a Cartesian coordinate system the time 

series of response for each degree of freedom can be evaluated through inverse Fourier 

transform of the Fourier response spectra. 

 

3.6 Soil-structure interaction  

Most civil structures are attached to the ground in one way or another. When a building, 

having certain dynamic properties, is attached to a soil which has different dynamic 

properties, the overall response becomes dependent on the coupling between the two systems. 

The process in which the response of the soil influences the motion of the structure and the 

motion of the structure influences the response of the soil is called soil-structure interaction 

(SSI) (Tuladhar, 2006). The dynamic effect of a soil-structure interaction depends on the mass 

and stiffness properties of the structure, the stiffness of the soil and the damping 

characteristics of soil and structure (Datta, 2010). One of the dynamic properties which are 

clearly different between soil and a concrete structure is the damping. Typical assumption of 

modal damping ratio for reinforced concrete structure is 3-5% (see Table 3.2) but for the soil 

region it is much different, maybe 15-20%  (Chopra, 2006).   

Conventional structural design methods partially address the flexible foundation effect 

through guidance on including the stiffness and strength of the soil components of the 

foundation in the structural analysis model. Those methods do not consider the reduction of 

the shaking demand on the structure relative to the free-field motion caused by kinematic 

interaction or the foundation damping effect (“FEMA 440,” 2005). For light structures such as 

low rise buildings, founded on relatively stiff soil, it can be considered reasonable to neglect 

the effect of SSI. However the effect of SSI becomes prominent for heavy structures such as 

high-rise buildings resting on relatively soft soils (J.P. Wolf, 1988). Structural response can be 

detrimentally affected by SSI and therefore it may lead to unsafe design for both the 

superstructure and the foundation if SSI is neglected in structural analysis (Mylonakis & 

Gazetas, 2000). 
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The dynamic soil-structure interaction consists of two interactions, i.e. kinematic interaction 

and inertial interaction. The inertial interaction is the result of the mass of the structure while 

the kinematic interaction is the result of the stiffness of the structure.  

Earthquake ground motion causes soil displacement known as free-field motion. Those 

displacements can be in both vertical and horizontal directions. When a foundation, placed on 

the surface or embedded in a soil deposit, is so stiff that it cannot follow the free-field 

deformation pattern, the motion of the foundation is influenced by kinematic interaction. This 

is the case even considering the foundation having no mass. This will be explained through 

the examples illustrated in Figure 3.4.  

 

Figure 3.4 Kinematic interaction with free-field motions indicated by dashed lines: (a) flexural 

stiffness of surface foundation prevents it from following vertical component of free-field 

displacement.; (b) rigidity of block foundation prevents it from following horizontal component of 

free-field displacement; (c) axial stiffness of surface foundation prevents immediately underlying soil 

from deforming incoherently (Kramer, 1995). 

 

In Figure 3.4 (a) a massless mat foundation is prevented from following the horizontally 

varying vertical component of the free-field motion by its flexural stiffness. Therefore the mat 

foundation moves differently than the free-field ground motion. It can be noted that the nature 

of ground motion in the close vicinity and below the foundation is changed from that of the 

free-field ground motion because of this action. In Figure 3.4 (b) the massless embedded 

foundation is kept from following the vertically varying horizontal free-field motion by its 

rigidity. In Figure 3.4 (c) the axial stiffness of the slab prevents development of the incoherent 

free-field motion. In all these cases the motion of the foundation is influenced by kinematic 

interaction. 

Considering Figure 3.5 the kinematic interaction can also induce different modes of vibration 

in a structure resulting in rotational movement in a foundation. 
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Figure 3.5 Excitation of rocking vibration in an embedded foundation by vertically propagating 

s-waves: (a) at certain frequencies, the wavelength is such that unbalanced overturning moments cause 

rocking; (b) at other frequencies rocking may be suppressed (Kramer, 1995). 

 

When embedded foundation is subjected to vertically propagating s-waves with a wavelength 

close to the depth of the embedded foundation, a net overturning moment can be applied to 

the foundation. Even with purely translational free field motion, this can cause the foundation 

to rock as well as translate as illustrated in paragraph (a). For different frequency the 

wavelength can be such that rotation is inhibited as clarified in paragraph (b). In similar 

manner, the horizontally propagating waves can result in induced torsional vibration of the 

foundation. 

The inertial interaction is the result of the inertia forces which are generated in the structure 

because of movement of the structure during earthquake or other vibration. The inertia forces 

then transmit dynamic forces to the foundation. Assuming the supporting soil is compliant the 

foundation will undergo dynamic displacement. But if the supporting soil is extremely stiff, as 

considered for fixed base condition, no dynamic displacement occurs in the foundation. To 

find the dynamic displacement at the interface of the soil-foundation, it is simply the sum total 

of the free-field ground motion, the displacement produced due to inertial action and the 

displacement due to kinematic interaction. When the soil, which is beside the foundation, 

goes through vibration produced by the inertial effect, a part of the energy which is 

disseminated to the structure by the ground motion, goes into moving the adjacent soil mass. 

The energy travels within the surrounding soil as radiating waves and will gradually die out 

with distance. This energy loss is called radiation damping of the soil and can be described as 

one of the important aspects of the inertial effect. 

To illustrate the important effects of soil-structure interaction it is appropriate to consider a 

Multi-Degree Of Freedom (MDOF) system with multi-support excitation shown in Figure 

3.6. The following discussion is based on chapter 7 in Datta (2010).  
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Figure 3.6 Substructure method of analysis for MDOF system with multi-support excitation 

(Datta, 2010). 

 

The system shown in Figure 3.6 is characterized by the presence of a quasi-static component 

of the response in the total response of different degrees of freedom. This component is 

produced due to different ground motion at different supports producing relative support 

motions. Using the substructure method to formulate the dynamic soil-structure interaction, 

the total displacement v
t
  is written as: 

             ( 3.21) 

 

where    denotes vector of displacements at all non-support DOF produced due to the ground 

displacements at the supports ;    stands for vector of displacements at all non-support DOF 

produced due to displacements at the supports for maintaining elastic compatibility between 

the foundation and the soil; and    is vector of the relative dynamic displacements produced 

at all non-support DOF due to the inertial action. 

Free field ground motion tends to move the foundations supports equal to the displacement of 

the adjacent soil. As the ground motion is different at different support, the relative motion 

between the supports produces elastic forces in the structure. These elastic forces produce 

deformations in the interface that induce compatible displacements in the structure and in the 
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soil. Similarly the dynamic forces induce compatible dynamic displacements in the structure 

and in the soil. The dynamic displacement which causes in the soil will propagate in the form 

of a wave within the soil. This gives rise to the radiation damping in the dynamic soil-

structure interaction problem.  

Having the above in mind the equation of motion of the structure in Figure 3.6 can be written 

as: 

 
 
      

      
  

   
 

   
    

      

      
  

   
 

   
    

      

      
  

  
 

  
    

 
  
   ( 3.22) 

 

The subscripts s and f stand for the structure and the foundation respectively;   
  is the total 

nodal forces at the base degrees of freedom; the opposite of these forces act on the soil 

substructure. To obtain    and   , which are the quasi-static components of the responses, 

only the stiffness terms of the equation of motion are considered. Let’s denote the quasi-static 

response of non-support degrees of freedom due to ground motion at the supports by   
 
 and 

the ground motions at the supports be denoted by   
 
   . Then let the quasi-static 

displacements at non-support degrees of freedom produced due to the compatible 

displacements at the soil foundation interface be denoted by   
 , and the compatible 

displacements at the supports be denoted by   
 
. Equilibrium of forces at the foundation 

interface of the structure, in frequency domain, can then be written as: 

       
    

         
 
   

 
       

 
   ( 3.23) 

 

where the impedance matrix for the soil corresponding to the interface degrees of freedom is 

denoted by    . It is noted that the imaginary part of the impedance matrix is not included as 

eq. 3.23 is only written for quasi-static motion. This simplification leads to: 

      
             

 
       

       
 
     ( 3.24) 

 

If only considering the displacements of the non-support DOF due to the free field ground 

motion of the support then is: 

      
       

 
   ( 3.25) 

which gives: 
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         ( 3.26) 

 

Substituting for   
  given by eq. 3.26 in the right-hand side of eq. 3.24, expression for    is 

given by: 

 
    

 

  
           

          ( 3.27) 

 

As there are no external forces acting on the structure then: 

      
       

 
   ( 3.28) 

 

Therefore by adding eq. 3.28 with eq. 3.24,    can be obtained by solving: 

 
 
      

          
  

  
 

  
    

 
   

  ( 3.29) 

 

To determine    we can substitute    given by eq. 3.21 into eq. 3.22 and rewrite the equation 

of motion as: 

 
 
      

      
  

   
 

   
    

      

      
  

   
 

   
    

      

      
  

  
 

  
   

   
      

      
  

   
 

   
    

      

      
  

   
 

   
    

      

      
  

  
 

  
    

 
  
    

( 3.30) 

 

where   
    

    
  and   

 
   

 
   

 
. 

As the damping terms on the right-hand side of eq. 3.30 make little contribution to effective 

loading for relatively low structural damping, the following equation may be written in 

frequency domain using eq. 3.23: 

 
     

      

      
     

      

      
   

      

      
   

  
 

  
  

    
      

      
  

  
 

  
    

 
  
     

  

( 3.31) 

 

where V represents the Fourier transform of v and           
 
.    

      can be 

considered as the dynamic component of the load acting on the foundation arising due to the 
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dynamic compatibility of displacements at the interface. It can be obtained in similar way as 

eq. 3.23 that: 

   
        

        
 
 ( 3.32) 

 

It is noted that     in eq. 3.32 has both real and imaginary components. The imaginary 

component denotes the radiation damping which increases the overall damping of the system. 

Now eq. 3.31 can be written as: 

 
     

      

      
     

      

      
   

      

          
   

  
 

  
  

    
      

      
  

  
 

  
   

( 3.33) 

 

From the solution of eq. 3.33   
  and   

 
 can be determined. Inverse Fourier transform of   

  

and   
 
 gives   

  and   
 
 and then all parts of eq. 3.21 are known to find the total displacement 

  . 

To form the frequency independent impedance matrix,    , and the damping matrix for the 

soil, the shape of the foundation must be considered. Most of the values that are available in 

textbooks are valid for circular footings. To evaluate values for rectangular footings, one can 

determine the area of an equivalent circle. The coefficients for a circular rigid footing can be 

evaluated as given in Table 3.3 (Datta, 2010):  

Table 3.3 Stiffness and damping coefficients for circular rigid footing (Datta, 2010). 

Component Stiffness parameter Damping parameter 

Vertical       
   

   
       

 

   
    

  

Horizontal    
   

   
    

   

   
    

  

Rocking    
    

      
    

   

   
    

  

Torsional                     
  

   is the shear wave velocity;   is the shear modulus;   is the mass density;   is the radius of 

the circular footing;   is the Poisson’s ratio. 
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As indicated in equations in Table 3.3 there are several parameters related to the properties of 

the soil that must be determined. The mass density   can be determined on-site using simple 

geotechnical method. Typical values for mass density of sandy and gravelly sites lies in the 

range of 1700-2200 kg/m
3
 and the Poisson’s ratio between 0.25 and 0.35 (Bessason & 

Erlingsson, 2011). The shear wave velocity    is more complicated to evaluate and requires 

seismic methods. A fast and relatively low cost method, called Spectral Analysis of Surface 

Waves (SASW), has been used in the past decades to evaluate shear wave velocity in man-

made fillings (Bessason & Erlingsson, 2011). The shear wave velocity of soil is related to the 

soil compaction and therefore, considering compact gravel cushion, the shear wave velocity 

increases with depth due to higher compaction at lower levels. Comparison of    profiles from 

several sites in Iceland is presented in Figure 3.7. Shear wave profiles from several sites in 

Iceland can also be found at https://notendur.hi.is/~bb/sasw/. 

 

Figure 3.7 Comparison of shear wave velocity profiles from different sites in Iceland (Bessason, 

n.d.). 

 

The maximum shear modulus,     , which represents the dynamic shear modulus, can be 

estimated in several different ways, such as from measured shear wave velocity, using 

https://mail.ru.is/owa/redir.aspx?C=7ZDO1ItP-0WTSy8VkSbFuNgEwF-Z9s4IeX9HS-P9DSggbe3hECpPAV--LdY7HbtyXlaabPTeKIU.&URL=https%3a%2f%2fnotendur.hi.is%2f%7ebb%2fsasw%2f
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empirical formulas and from static elastic modulus tests (Odometer tests). The most reliable 

means of evaluating      is by measuring   and    of the particular filling and use the 

relation: 

         
  ( 3.34) 

 

A considerable variation is in the estimated      in man-made fillings in which depends on 

thickness, material, compaction etc. From data presented at https://notendur.hi.is/~bb/sasw/ it 

can be estimated that shallow fillings made of gravel have an average value of       ranging 

from 30 to 200 MPa. 

More detailed discussion on soil-structure interaction can for example be found in Wolf 

(1988), Mylonakis & Gazetas (2000) and Wolf & Song (2002). 

  

https://mail.ru.is/owa/redir.aspx?C=7ZDO1ItP-0WTSy8VkSbFuNgEwF-Z9s4IeX9HS-P9DSggbe3hECpPAV--LdY7HbtyXlaabPTeKIU.&URL=https%3a%2f%2fnotendur.hi.is%2f%7ebb%2fsasw%2f
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4 The case studied 

4.1 Introduction 

This chapter is a case study for a residential building in Reykjavik Iceland. It contains detailed 

discussion on the characteristics of the building as well as the acceleration monitoring system, 

located in the building. Important material properties of concrete and gravel filling are 

estimated. Then it gives an overview on the earthquake and strong wind data, recorded in the 

building for the time interval between January 2008 and March 2012. The final part of the 

section deals with processing of recorded data and identification of the system. 

 

4.2 The building 

The observed residential building was built in 1992. It is a 13 storey reinforced concrete shear 

wall structure standing on a one story basement (Figure 4.1).  

 

Figure 4.1 Arskogar 8 in Reykjavik to the left. 

 

Another identical building is located close by and a one storey entrance building connects the 

two buildings. The entrance building has limited structural connections to the other buildings 

but may affect the dynamic behaviour of the observed structure. The building is close to being 
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symmetric in shape with a central elevator core made of reinforced concrete shear walls. The 

height of the building is 41m, length is 27,5m and width is 15,5m. The alignment of the 

building is such that the translational modes of vibrations are approximately in the SE-NW 

and NE-SW directions. 

The material properties for the structure are defined in the drawing set for the building. 

Concrete for exterior elements is specified as S-250, concrete for interior elements as S-200 

and reinforcement steel as KS 40.  

The building was, according to information from the structural designer, expected to be 

founded on approximately 3.5 m. thick compacted cushion. The cushion was supposed to 

consist of two layers as shown in Figure 4.2. 

 

Figure 4.2 Foundation design according to pre-built plan. 

 

 The lower layer was to be made of compacted lava filling (hraunfylling) and was to be 2 - 2.5 

m. thick. The upper layer was to be made of compacted coarse basalt filling (bögglaberg) with 

thickness of 1 m. However after discussions with the contractor who built the house it was 

clear that the as built cushion was not according to the initial plans. The reason is that the 

depth from surface down to solid rock turned out to be about 11 meters. Therefore the cushion 

below the footings of the building is approximately 7 meters. According to the same source 

the entire cushion is made of coarse basalt filling. 

Direct measurements of the material properties of the actual gravel cushion are not available. 

However Bessason & Erlingsson, (2011) have estimated the properties of a similar cushion 
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made of basalt filling from the same gravel mine. They used the Spectral Analysis of Surface 

Wave (SASW) method, discussed in chapter 3.6, to estimate the shear wave velocity. Having 

estimated the shear wave velocity,   ,  it is a well-known methodology to use the following 

two relationships to compute maximum shear modulus,     , and maximum modulus of 

elasticity,     : 

         
  ( 4.1) 

and 

                  ( 4.2) 

 

where   is the mass density and   the Poisson’s ratio of the soil. Bessason has created a 

database for SASW data from Icelandic sites which is accessible on the webpage 

https://notendur.hi.is/~bb/sasw/. The data used to estimate the shear wave velocity of the 

foundation, studied in this thesis, is obtained from the aforementioned webpage. The mass 

density of the cushion is estimated to be        kg/m3 and the Poisson’s ratio       . 

Shear wave velocities for 7 layers, each 1m thick, was derived as the average of 8 

measurements. The measurements are plotted on Figure 4.3 and the results for each layer are 

listed in Table 4.1. 

 

Figure 4.3 Shear wave velocity for 8 profile measurements at the Music hall, Harpa (Bessason, 

n.d.). 

 

https://mail.ru.is/owa/redir.aspx?C=2qR1w_-BRUOr2cqds8yKHnpv6zcK9M4IenliyZUUw74iSMCNuC6IQQDi2T7AsPBFtmQdtcg6e9o.&URL=https%3a%2f%2fnotendur.hi.is%2f%7ebb%2fsasw%2f
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Table 4.1 Estimation of shear wave velocity of each 1m layer of the gravel cushion (Bessason, 

n.d.). 

Number P02 P03 P04 P05 P06 P07 P09 P10 average Gmax Emax 
depth (m) m/s m/s m/s m/s m/s m/s m/s m/s m/s MN/m2 MN/m2 

1 120 130 145 110 130 100 100 250 136 33,11 89,40 
2 200 270 225 225 175 240 270 250 232 96,78 261,30 
3 325 270 225 330 310 360 270 450 318 181,45 489,92 
4 325 340 425 330 310 360 360 - 350 220,50 595,35 
5 320 340 425 330 310 360 360 - 349 219,60 592,92 
6 320 340 425 - 310 490 360 - 374 252,00 680,40 
7 500 340 500 - 580 490 360 - 462 383,65 1035,84 

       
    average   317 181,06 488,87 

 

The values in Table 4.1 will be used as starting values for the EERA soil modelling discussed 

in chapter 5.2. 

As mentioned previously the specified concrete for the building is S-250 which is comparable 

to C25/30 in modern scaling. According to Eurocode 2 the secant modulus of elasticity of 

C25/30 concrete is 31 GPa (“EN 1992-1-1:2004,” 2004). To attest the modulus of elasticity, 

ultrasonic pulse velocity measurements were undertaken. In order to perform the 

measurements an instrument manufactured by CNS Instruments Ltd. was used. The 

instrument and how it is used is illustrated in Figure 4.4. 

 

Figure 4.4 Instrument set-up to left and on-site measurement to right. 

 

The instrument transmits ultrasonic pulse wave from a transmitter to a receiver and measures 

the transit time of the ultrasound wave travelling through the material. Knowing the transit 

time and thickness of the observed item the longitudinal wave velocity,   , can be calculated. 

Then the modulus of elasticity,  , is calculated by the following equation: 
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 ( 4.3) 

 

The results from the measurements that were performed on-site for the purpose to evaluate the 

modulus of elasticity of the concrete are presented in Table 4.2. 

Table 4.2 Results of on-site sound wave measurements and calculation of modulus of elasticity. 

Location 
 

Time distance surface Velocity Poissons Density   

text number s mm - m/s ratio kg/m
3
 GPa 

Basement A1 54,2 187 rough 3450 0,2 2400 25,7 

Basement A2 50,8 186 rough 3661 0,2 2400 29,0 

Basement A3 53,2 183 smooth 3440 0,2 2400 25,6 

Basement A4 53,4 188 smooth 3521 0,2 2400 26,8 

Basement A5 57,7 201 smooth 3484 0,2 2400 26,2 

Basement A6 58,5 204 smooth 3487 0,2 2400 26,3 

Basement A7 50,3 180 smooth 3579 0,2 2400 27,7 

Basement A8 49,1 180 smooth 3666 0,2 2400 29,0 

Basement A9 51,5 180,5 smooth 3505 0,2 2400 26,5 

Basement A10 52 180,5 smooth 3471 0,2 2400 26,0 

Roof A11 50 183 smooth 3660 0,2 2400 28,9 

Roof A12 49,6 190 smooth 3831 0,2 2400 31,7 

Roof A13 52,9 195 smooth 3686 0,2 2400 29,4 

Roof A14 52 191 smooth 3673 0,2 2400 29,1 

    
average 3580 

 
average 27,7 

 

The average value of   as presented in Table 4.2, i.e. 27.7 GPa, will be used in further 

calculations.   

 

4.3 The monitoring system 

The structural monitoring system in the building is owned and operated by the Earthquake 

Engineering Research Centre at the University of Iceland.  

The accelerometric recording system, located in the building, consists of two accelerographs. 

One is placed in the basement and one is placed in a utility room above the 13
th

 floor. Figure 

4.5 shows the location of the instrumentation in floor plan and Figure 4.6 shows the 

instruments on-site. 

 The accelerograph system is of the CUSP-3CLp series manufactured by Canterbury Seismic 

Instruments Ltd in New Zealand. They are equipped with triaxial low-noise (~ 70 μg rms) 

microelectromechanical accelerometers with a high-dynamic range (~ ± 2.5 g) and a wide-
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frequency passband (0-80 Hz). The sampling frequency of data is 200 Hz, i.e. 200 

observations per second. Each accelerograph system possesses a continuous GPS timing 

system with a hardware real-time backup system, acts in triggered mode and saves data files 

directly to a hard disc. The units draw their power from the electric system of the building, In 

case of power failures, a backup battery ensures several days worth of functionality. The units 

are configured with perpetual Internet connectivity using wireless GPRS, enabling remote 

connectivity for maintenance, control, and a direct upload of recordings to a central server 

after recording an event (Halldorsson, Sigbjornsson, & Schweitzer, 2009). GPS connection 

for the basement device was not available for the observation period, but the one above the 

13
th

 floor has a GPS connection for precise timing of events.  

 

Figure 4.5 Floor plans of the building showing the location of instrumentation 

 

The triggering level of the instruments has not remained the same through the observation 

time interval but is at present 0.3% g for the roof device and 0.27% for the basement device. 

The time length of pre- and post-events has been adjusted as well but present setting for both 

instruments is 30 sec. for pre-events and 40 sec. for post-events.  

 

Figure 4.6 Accelerometer system located at the roof floor to left and in the basement to right.  
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4.4 Overview on acceleration data 

All recorded time series from 2008 – 2012 were reviewed. The observed database consists of 

a total of 1030 measurements from the basement device and 402 measurements recorded at 

the roof floor. Out of the database, about 100 recordings were evaluated as earthquakes. The 

recorded earthquakes were of magnitude between 3 and 6.3. The highest measured peak 

ground acceleration was 15.2 cm/s
2
 and peak response acceleration was 180.5 cm/s

2
 during 

the Olfus 2008 earthquake, of magnitude 6.3. Unfortunately that event was only recorded at 

the roof floor.  

The geographic locations of earthquake epicentres, observed by IMO, are shown on Figure 

4.7 in relation to the location of the building. Figure 4.8 shows the epicentre locations for 

magnitudes above 3, 3.5 and 4, respectively. The green circles around the observed building 

in Figure 4.8 have a spacing of 10 km. 

 

Figure 4.7 A map showing Iceland and the location of the observed building (blue square) and 

the epicentres of recorded earthquakes (red circles). 
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Figure 4.8 A map showing south-west Iceland and the location of the observed building (blue 

square) and epicentres of recorded earthquakes (red circles). a) Events within 65 km with magnitude > 

3; b) events within 65 km with magnitude > 3.5; c) ) events within 65 km with magnitude > 4. The 

spacing of the green circles is 10 km. 
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Sixteen earthquakes were picked out of the database for further processing. Twelve of them 

were recorded both in the basement and at the roof but four were only recorded by one of two 

stations. Their locations, distances from observed building, magnitude, peak acceleration 

along with the ratio between peak acceleration at roof to peak acceleration at basement is 

tabulated in Table 4.3. 

Table 4.3 Earthquakes used for further processing. 

 

 

The number of records of strong wind storms in the database was not evaluated as they were 

not used in this study.  Figure 4.9 and Figure 4.10 show examples of acceleration response at 

the roof of the building, recorded in strong wind and during an earthquake, respectively. 

Date Distance Lattit. Longit. Magnit. Basem. peak acc Roof peak acc Magnification

km deg deg Mw cm/s2 cm/s2
ratio

1.3.2012 11,9 -21,8166 64,0018 3,0 3,51 9,00 2,6

27.2.2011 25,5 -22,0368 63,9162 3,1 2,51 6,00 2,4

18.5.2008 25,5 -22,0303 63,9138 3,4 - 2,72 -

3.1.2012 31,0 -22,0873 63,8803 3,4 0,96 3,61 3,8

8.6.2008 60,9 -21,0535 64,0251 3,6 0,48 1,38 2,9

27.2.2011 25,6 -22,0336 63,9143 3,7 1,95 10,24 5,2

1.3.2012 12,4 -21,813 63,9973 3,7 15,25 24,99 1,6

6.12.2008 37,6 -21,4005 63,9599 3,8 3,95 9,65 2,4

15.10.2011 34,3 -21,3991 64,0681 3,9 6,45 15,95 2,5

16.9.2008 26,0 -22,1048 63,9514 4,0 3,83 7,03 1,8

15.10.2011 34,3 -21,4004 64,0603 4,0 2,13 3,95 1,9

19.6.2009 30,5 -22,093 63,8888 4,3 1,55 - -

30.5.2009 39,5 -22,274 63,9025 4,4 2,03 4,63 2,3

2.6.2008 47,0 -21,272 63,9494 4,4 - 3,23 -

25.6.2009 24,7 -22,0117 63,9148 4,4 4,82 12,39 2,6

29.5.2008 61,0 -21,0681 63,9726 6,3 - 180,54 -
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Figure 4.9 Acceleration response recorded at roof level in strong wind.  

 

 

Figure 4.10 Acceleration response recorded at roof level during earthquake. 
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4.5 Data processing and system identification 

Certain data processing to the data base was required to sort out the relevant data. Some of the 

data files were induced by environmental noise unrelated to wind or earthquake. Earthquakes 

were filtered out of the data set using Matlab routine which compared the timing of the 

records to the timing of an earthquake database obtained from the homepage of IMO. This 

routine, along with several other Matlab routines, was prepared by the supervisor of the thesis. 

Then the data was band pass filtered and decimated, i.e. the sample rate was changed from 

200 Hz to 50 Hz. This was done to reduce the calculation time of the time history analysis in 

SAP2000 as well as for improved accuracy of the system identification. 

The recorded acceleration data was used for system identification of the building. The aim of 

the system identification was to estimate the natural frequencies and critical damping ratios 

for the main modes of vibration. The system identification was done using the MACEC 

toolbox in Matlab (Reynders, Schevenels, & De Roeck, 2011). The basement records were 

defined as an input and the top floor records as an output in a multi input-multi output 

(MIMO) system. The acceleration data was analysed using a combined deterministic–

stochastic subspace system identification (CSI) algorithm. CSI can be classified as a time-

domain parametric method for the modal analysis of mechanical structures (Reynders & 

Roeck, 2008). 

Frequencies and critical damping ratios for first 6 modes of vibration, evaluated with system 

identification and using 12 earthquake recordings, are listed in Table 4.4 and Table 4.5, 

respectively. 
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Table 4.4 Frequencies for first 6 modes evaluated from 12 earthquake data. 

Item Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6 
EQ number Hz Hz Hz Hz Hz Hz 

1 1,83 2,12 2,50 6,01 6,55 7,06 
2 1,84 2,17 2,48 

 
6,80 

 3 1,75 2,12 2,56 6,07 
  4 1,77 2,22 2,49 6,10 6,39 7,64 

5 1,83 2,22 2,52 5,92 
 

7,14 
6 1,77 2,14 2,52 5,99 

 
7,00 

7 1,73 2,02 2,58 6,22 6,57 
 8 1,86 2,21 2,48 

 
6,40 6,80 

9 1,83 2,17 2,48 
   10 1,83 2,05 2,48 
   11 1,84 2,16 2,51 
 

6,81 7,50 

12 1,83 2,13 2,46   6,60 7,34 

Average 1,81 2,14 2,50 6,05 6,59 7,21 

Median 1,83 2,15 2,50 6,04 6,57 7,14 

Std.dev 0,04 0,06 0,04 0,10 0,17 0,30 
 

Table 4.5 Damping ratios for first 6 modes evaluated from 12 earthquake data. 

Item Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6 
EQ number Damping % Damping % Damping % Damping % Damping % Damping % 

1 0,18 2,76 1,33 1,55 1,58 1,51 
2 0,54 1,86 1,03 

 
0,93 

 3 1,17 1,38 0,30 0,51 
  4 0,73 2,05 0,46 1,36 1,12 0,45 

5 1,51 0,73 0,76 0,73 
 

0,34 

6 0,81 0,68 0,08 1,10 
 

0,35 
7 0,30 0,67 0,67 0,34 0,29 

 8 1,54 1,51 0,97 
 

3,47 1,54 
9 1,64 2,38 0,81 

   10 0,93 1,09 0,74 
   11 2,55 1,41 1,37 
 

0,67 (5,03) 
12 1,49 2,81 1,39   1,27 3,51 

Average 1,11 1,61 0,83 0,93 1,33 1,28 

Median 1,05 1,46 0,79 0,92 1,12 0,98 

Std.dev 0,67 0,77 0,42 0,48 1,03 1,23 
 

The statistics of the modal frequencies and damping ratios, presented in Table 4.4 and Table 

4.5 will be referred to in further analysis in this thesis.  
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5 Analysis and Results 

5.1 Modelling the building 

To model the residential building analysed in this thesis the SAP2000 software, version 14.0.0 

is used. The SAP2000 software is based on the finite element method and is widely used to 

solve problems within the field of analysis of structures. The software can perform static and 

dynamic structural analysis for both linear and non-linear behaviour of structures.  

 

Figure 5.1 View in 3D of Arskogar 6, modelled in SAP2000. 

 

The FE model is based on available design drawings of the building as well as on a site 

survey, carried out to verify fundamental dimensions of structural elements. Figure 5.1 shows 

a 3D view of the model.  The model contains all elements that are considered to affect the 

structural behaviour, such as reinforced concrete walls and slabs. The non-concrete roof 
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structure is considered to have no contribution to the overall stiffness of the building and is 

therefore omitted, except as mass. The concrete walls and slabs are modelled as shell 

elements. Specific weight of reinforced concrete is considered to be close to 24.5 kN/m
3
. In 

the modelling process it was decided to account for additional weight from plaster, floor 

coverings etc. by increasing the specific weight of the concrete for the relevant elements. 

Initial boundary conditions at the building supports allow rotation but no translation. The 

initial material properties of the elements, used in the modelling are shown in Table 5.1. 

Table 5.1 Initial properties of the elements used in SAP2000 modelling. 

Name Thickness Type Weight E ν G 

  m   kN/m3 GPa ratio GPa 

Exterior wall 0,2 Concrete 29,0 27,7 0,2 11,54 
Interior wall 0,18 Concrete 29,0 27,7 0,2 11,54 
Slab 0,18 Concrete 31,5 27,7 0,2 11,54 
Socket 0,3 Concrete 24,5 27,7 0,2 11,54 
Footer 0,4 Concrete 24,5 27,7 0,2 11,54 
 

The maximum size of the shell elements was about 1 by 1 meter. The model contains 30.136 

points (nodes) and 29.785 area elements. In a 3-dimentional model every node has six 

degrees-of-freedom. Therefore the total number of degrees-of-freedom for this MDOF system 

is over 180.000 which for further processing require extensive computational capabilities. 

 

5.2 Modelling the gravel cushion 

To account for soil effects within the SAP2000 model, spring supports are defined. The 

number of nodal points at the foundation is 1.110 and a spring is attached to each of them. 

The springs used, produce stiffness to translation and rotation in 3 directions but do not 

introduce added damping into the system.  

As mentioned in Chapter 3.6, the motion measured in the basement of the structure is not 

representative of the free field motion in the rock beneath the gravel foundation. To evaluate 

the changes in the ground motion while the wave travels through the gravel cushion it was 

decided to use the EERA computer program. EERA stands for Equivalent-linear Earthquake 

site Response Analyses and is developed by Bardet, Ichii and Lin (2000) at the University of 

Southern California for analysis of layered soil deposits. The program is a modern 

implementation of the equivalent linear concept for earthquake site response analysis, which 
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was previously implemented in the well known SHAKE program. Detailed explanation of the 

theory, which the EERA program is based on, can be found in (Bardet, Ichii, & Lin, 2000) 

The gravel filling was modelled in EERA using 7 layers with thickness of 1 m. each and the 

material properties presented in table 4.1. The layered filling is considered to be placed on an 

outcrop of solid rock. Figure 5.2 shows the maximum shear modulus and shear wave velocity 

as function of depth for the gravel cushion profile as modelled in EERA. The fundamental 

frequency,   , of the cushion profile, as shown in Figure 5.2, is evaluated by the EERA 

program as 12.8 Hz and average shear wave velocity as 318 m/s. 

 

Figure 5.2 Profiles of the filling in Arskogar 6 represented by EERA.  

 

It is possible to evaluate the fundamental frequency of the cushion using the horizontal-to-

vertical (H/V) spectral technique. This technique was put forth by Nakamura in1989 and has 

proofed to be a fairly reliable method for estimating the fundamental frequency of soil layers 

using strong motion records (Haghshenas, Bard, & Theodulidis, 2008). The H/V spectral ratio 

is simply found as a ratio of the Power spectral densities (PSD) of the horizontal and vertical 

component of ground motion. The H/V spectral ratio shows the amplification characteristics 
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of the multiple reflections of horizontal shear wave at least around the predominant natural 

frequency of a sedimentary layer. Results of H/V spectral ratio analysis, using a total of 12 

time series recorded at the basement of the building, are presented in Figures 5.3-5.5. 

 

Figure 5.3 Hx/V spectral ratio for the longitudinal horizontal component of 12 time series (blue 

lines). The average spectral ratio is denoted with a red line. 

 

 

Figure 5.4 Hy/V spectral ratio for the transverse horizontal component of 12 time series (blue 

lines). The average spectral ratio is denoted with a red line. 
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Figure 5.5 H/V spectral ratio for the resultant horizontal component of 12 time series (blue lines). 

Average spectral ratio is denoted with a red line. 

 

The H/V spectral ratios for the two horizontal components are plotted respectively in Figure 

5.3 and Figure 5.4. It can be seen that the dominant amplitude for the transverse component is 

much higher than for the longitudinal component. Considering the average resultant H/V 

spectral ratio (see Figure 5.5), it can be deduced that the dominant frequency of the cushion 

lies close to 7.1 Hz. Another lower amplitude peak is located at frequency near 12 Hz. This 

peak might be related to a soil layer beneath the gravel cushion, but due to lack of information 

about the actual soil profile, this possibility will not be discussed further. A low amplitude 

peak can also be identified at a frequency close to 21 Hz. This peak can be related to the 

properties of the site response amplification function which has peaks at the following 

frequencies: 

 
   

        

  
                       ( 5.1) 

where   is the cushion thickness. The fundamental frequency, F0, is given for  =0 as: 

 
   

  
  

 ( 5.2) 

 

 F1, for  =1 is therefore about 3 times F0 and so on. The properties of the site response 

amplification function are explained in detail in Kramer (1995). 
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Assuming that the H/V spectral ratio method is giving reliable results for the fundamental 

frequency of the cushion, the dynamic properties of the cushion are seen to differ from the 

profile characteristics presented in Table 4.1. Considering this frequency difference it is likely 

that the shear wave velocity of the cushion, with average value of 318 m/s, is significantly 

overestimated. Having determined the fundamental frequency of the cushion,   , the average 

value of shear wave velocity can be estimated by the following equation: 

         ( 5.3) 

 

Using equation 5.3 with    determined as 7.1 Hz., the average shear wave velocity of the 

cushion is determined to be close to 200 m/s. Based on these results, the shear wave velocity 

for each layers of the cushion profile, as shown in Figure 5.2 is reduced by the ratio of 

200/318. The shear wave velocity estimation of 200 m/s is confirmed by EERA program 

analysis to correspond to    as 7.1 Hz. Other cushion properties are not changed. The 

resulting transfer function calculated by the EERA program, using the modified cushion 

properties, is presented in Figure 5.6. 

 

Figure 5.6 Plot of the transfer function of the foundation.  
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It can be said that time series recorded in the basement of a gravel-cushion-founded building 

is measuring the response of the foundation. In order to estimate the combined dynamic 

properties of the structure and the foundation the input acceleration is required to be a free-

field motion, i.e. representing the motion of the rock beneath the cushion. The EERA program 

gives as output acceleration time series at any given point in the modelled profile due to input 

acceleration time series at any point in the profile. In this case the input acceleration time 

series is located at the top of the cushion and the output acceleration time series is taken from 

the rock 7 m below. The calculated acceleration time series for the rock along with the 

measured basement time series, for given earthquake, are plotted in Figure 5.7. 

 

Figure 5.7 Measured basement acceleration time history (blue) and simulated rock acceleration 

time history (red). The circles denote peak acceleration. 

 

For this particular event, the peak accelerations for the simulated time series on the rock 

outcropping are significantly lower than the measured peak acceleration at the basement, i.e.  

47% lower for the x-component and 64% lower for the y-component. This indicates that a 

considerable amplification of motion occurs as the wave travels through the cushion.  
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In the EERA program, the non-linear damping effects of soil are considered to be a function 

of strain. The function, valid for sand, is shown schematically in Figure 5.8. For this particular 

event the maximum strain in the middle of the gravel cushion, estimated by EERA, is 

0.0056% which gives maximum damping ratio in the range of 2-3%. Estimation of strain due 

to design ground acceleration for the building, which is 0.2g (“Icelandic National Annexes to 

EUROCODES,” 2010), gives maximum strain value of 0.0195%. According to this method 

the maximum damping ratio of the cushion, due to design ground acceleration, is in the 

vicinity of 4%. Because of the relatively low strain level, the damping supplied by the gravel 

cushion is not sufficient to counteract the dynamic magnification effect of the cushion 

response on the building. 

 

Figure 5.8 Damping ratio of sand as a function of time evaluated in EERA. 

 

Fourier spectrums for the two horizontal components, measured at basement and simulated at 

the rock surface, are shown in Figure 5.9 and Figure 5.10, respectively. 
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Figure 5.9 Fourier spectrum for the longitudinal component of measured acceleration in the 

basement (blue) and simulated acceleration on rock (red). 

 

 

Figure 5.10 Fourier spectrum for the transversal component of measured acceleration in the 

basement (blue) and simulated acceleration on rock (red). 
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5.3 Model calibration and analysis of the building with and without the 

gravel cushion 

Initially the boundary conditions of the SAP2000 model of the structure were defined as a 

semi-fixed support with nodal points at the base of the building allowing only rotation but no 

translation. To account for the passive resistance of the adjacent entrance building, supports 

were placed at appropriate points which did not allow any translation in the horizontal 

direction perpendicular to the wall (i.e. y-direction). The results of the modal analysis of the 

structure with this type of fixed supports are given in Table 5.2. The natural frequencies of the 

first 3 modes of vibration are compared to the results from the system identification discussed 

in Chapter 4.5 and shown in Table 5.3. 

Table 5.2 Natural periods and frequencies evaluated based on the FE-model using fixed supports 

and initial material properties. 

Mode Period Frequency Circular frequency 

number s Hz rad/s 

1 0,4557 2,194 13,79 
2 0,4269 2,343 14,72 
3 0,3302 3,029 19,03 
4 0,1318 7,589 47,68 
5 0,1273 7,854 49,35 

6 0,1221 8,192 51,47 
 

Table 5.3 Comparison of natural frequencies for the first 3 modes of vibration from 

eigenfrequency analysis of the FE-model and from system identification of recorded data. 

 
FE model Recorded data 

 Mode Eigen frequency analysis System identification Ratio 

number Hz Hz 
 1 2,194 1,81 1,21 

2 2,343 2,144 1,09 

3 3,029 2,504 1,21 
 

As seen from Table 5.3, there is a substantial difference between the natural frequencies 

evaluated based on the FE-model and those identified in the recorded data. Therefore it is 

obvious that the fixed base FE-model model does not fully describe the dynamic behaviour of 

the structure. Assuming that the model of the building is properly made and recognising that 

the building is not actually ”fixed” to the ground it can be concluded that the difference is 

most likely caused by the dynamic properties of the building foundation, i.e. the gravel 

cushion. 
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Having evaluated the fixed-base frequencies of the structure, which can be considered as 

uncoupled structural frequencies, it is appropriate to calculate frequencies of the coupled 

system of structure and foundation by the 2DOF method introduced in Chapter 2.2 (Şafak, 

1995). The fundamental frequency of the foundation, estimated in Chapter 5.2 to be 7.1 Hz, is 

considered to be the fundamental frequency of the coupled system. The uncoupled structural 

frequencies are obtained from the modal analysis of the fixed base model as 2.2 Hz for mode 

1 and 2.3 Hz for mode 2. Coupled structural frequencies of the first two modes, along with the 

uncoupled foundation frequency can then be calculated by equation 2.1 and the results are 

presented in Table 5.4.  

Table 5.4 Natural frequencies of a 2-DOF system model for the building and foundation. 

  Uncoupled Coupled 
Mode Building Foundation Building Foundation 

number Hz Hz Hz Hz 

1 2,2 6,6 2,1 7,1 
2 2,3 6,6 2,2 7,1 

 

It should be noted that the 2DOF model discussed in Chapter 2.2 is a simplified model of the 

interaction of soil-structure and therefore the resultant frequencies, presented in Table 5.5, can 

only be considered as indicative of the interaction effect. 

To replicate the dynamic effects of the foundation it is decided to support the model with 

spring foundation. The foundation plan of the model contains 1.110 points and one spring is 

attached to each point. Initial stiffness values can be evaluated using equations presented in 

Table 3.3. Those equations are, as mentioned earlier, valid for circular foundations but can 

give indication about the stiffness of rectangular foundation. The radius of the foundation is 

evaluated as average of the horizontal dimensions of the foundation. The shear modulus of the 

cushion can be evaluated by the following equation: 

        
   ( 5.4) 

 

The input parameters are listed in Table 5.5 and the stiffness components, calculated using 

equations from Table 3.3, are presented in Table 5.6. 
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Table 5.5 Input parameters for spring stiffness calculations. 

Parameter Symbol Value Unit 

Shear modulus Gmax 72 MPa 

Mass density ρ 1800 kg/m3 

Poisson ratio ν 0,35 - 

Effective radius of the footing r 13 m 

Number of springs NS 1110 pcs 

Shear wave velocity Vs 200 m/s 
 

Table 5.6 Results of calculations for vertical, horizontal and rotational stiffness of springs 

Stiffness component Total stiffness Stiffness per spring 

Vertical, kvert 5760 MN/m 5,2 MN/m 

Horizontal, kh 4538 MN/m 4,1 MN/m 

Rocking rotation, kϕ 838375 MN/m 755,2 MN/m 
 

Table 5.7 Natural periods and frequencies of the building with spring supports using the initial 

stiffness values from Table 5.6. 

Mode Period Frequency Circular frequency 

number s Hz rad/s 

1 0,7333 1,364 8,57 
2 0,6166 1,622 10,19 
3 0,4179 2,393 15,04 

4 0,2627 3,807 23,92 
5 0,1861 5,372 33,76 

6 0,1665 6,006 37,74 
 

Table 5.7 shows the results of the eigen frequency analysis for the building with spring 

supports using the spring stiffness values from Table 5.6. The resulting natural frequencies are 

seen to be considerably lower that the natural frequencies evaluated based on system 

identification of the recorded data. Therefore, it is obvious that the spring stiffness values 

presented in Table 5.6 are not describing the properties of the foundation correctly and 

therefore a different approach for evaluating the spring stiffness is needed.  

From elastic theory the longitudinal vertical stiffness of a cube is by definition: 

 
          

   

 
 ( 5.5) 
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where     and   are the elastic modulus, the area and the thickness of the gravel cushion, 

respectively. Equation 5.5 can therefore represent the vertical stiffness of the gravel cushion. 

Similarly the horizontal stiffness of a cube, i.e. the shear stiffness, can be defined as: 

 
            

   

 
 ( 5.6) 

 

where   is the shear modulus of the gravel cushion. 

The relationship between   and   is defined as: 

           ( 5.7) 

 

Then from equations 5.5 – 5.7 it can be derived, for   equal to 0.35 as before, that: 

                           ( 5.8) 

 

According to this method it can be concluded that vertical stiffness of a gravel cushion can be 

about 3 times higher than the horizontal stiffness. The cushion dimensions, along with other 

input parameters for calculation are listed in Table 5.8 and the stiffness of the cushion, 

estimated by this method is presented in Table 5.9. 

Table 5.8 Cushion dimension and other input parameters for calculations of spring stiffness. 

Parameter Symbol Value Units 

Length l 29 m 
Width w 17 m 

Height h 7 m 

Poisson ratio ν 0,35 - 

Shear modulus Gmax 72 MPa 

Modulus of elasticity Emax 194,4 MPa 
 

Table 5.9 Results of calculations for vertical and horizontal stiffness of springs. 

Stiffness component Total stiffness Stiffness per spring 

Vertical, kvert 13691 MN/m 12,3 MN/m 

Horizontal, kh 5071 MN/m 4,6 MN/m 
 

In Table 5.10 are the results of modal analysis of the structure with spring supports attached, 

vertical and horizontal spring stiffness values according to Table 5.9 and rotational spring 
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stiffness as given in Table 5.6. The resulting natural frequencies for the first 3 modes are 

compared to the natural frequencies evaluated based on system identification of the recorded 

data in Table 5.11. 

Table 5.10 Natural periods and frequencies of the building with spring supports using the stiffness 

values in Table 5.9. 

Mode Period Frequency Circular frequency 

number s Hz rad/s 

1 0,6616 1,512 9,5 
2 0,5747 1,74 10,93 
3 0,4087 2,447 15,37 
4 0,1791 5,585 35,09 
5 0,1755 5,698 35,8 

6 0,1438 6,955 43,7 

 

Table 5.11 Natural frequencies of a spring supported FE-model using stiffness values from Table 

5.9 compared to values from the system identification of recorded data. 

 
FE model Recorded data 

 Mode Eigen frequency analysis System identification Ratio 

number Hz Hz 
 1 1,5116 1,81 0,84 

2 1,74 2,144 0,81 

3 2,4465 2,504 0,98 

  

According to Table 5.11, the natural frequencies of the first two modes are still lower than 

those evaluated by system identification (SI) of recorded data. Therefore the stiffness of the 

springs must be increased to simulate correctly the natural frequency values evaluated by the 

SI analysis.  

Without any rational justification, an iterative process was performed to fit the spring 

supported model to the results of the system identification. The final results of the iterative 

process are given in Table 5.12 and the final stiffness values for the springs from the iterative 

process are listed in Table 5.13. 

To get the same natural frequencies from the FE-model as those evaluated by the SI analysis, 

the horizontal stiffness based on equation 5.6 was used along with the rocking stiffness from 

equation in Table 3.3. The horizontal stiffness values based on equation 5.6 and as presented 

in Table 3.3 are of similar magnitude. The vertical spring stiffness, however, had to be 

increased 7 fold to achieve appropriate comparison. This high vertical stiffness compared to 
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the horizontal one, could indicate anisotropy in the effective material characteristics of the 

gravel cushion alone, as indicated by the H/V-ratio frequency plot in Figure 5.5. 

The first six mode shapes, obtained by the modal analysis of the FE-model in SAP2000 are 

shown in Figure 5.11. 

Table 5.12 Modal periods and frequencies of the building with spring supports with iterated 

stiffness 

Mode Period Frequency Circular frequency 

number s Hz rad/s 

1 0,5521 1,811 11,4 
2 0,4671 2,141 13,5 
3 0,3941 2,537 15,9 

4 0,1717 5,823 36,6 
5 0,1405 7,119 44,7 

6 0,1309 7,637 48 
 

Table 5.13 Results of spring stiffness values from the iteration process. 

Stiffness component Total stiffness Stiffness per spring 

Vertical, kvert 106560 MN/m 96 MN/m 

Horizontal, kh 5328 MN/m 4,8 MN/m 

Rocking rotation, kØ 838375 MN/m 755,2 MN/m 
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Figure 5.11 The first six mode shapes of the FE-model of the building obtained from SAP2000. 

(a): dominant longitudinal translation, (b): dominant transversal translation, (c): dominant rotation, (d) 

dominant longitudinal translation, (e) dominant rotation,(f) dominant transversal translation. 
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5.4 Estimation of structural damping 

To estimate the appropriate damping for the most important modes, time history analysis is 

performed. Rock acceleration time series, simulated by the EERA program, is used as input 

acceleration in the analysis and the output acceleration is derived from a point in the model 

which represents the location of the roof accelerometer. For the calibration process, it is 

convenient to compare the Fourier spectra derived from earthquake response, recorded at roof 

floor, to the Fourier spectra of time histories from the FE-model using the ground acceleration 

for the same earthquake. Such comparison for the horizontal components, respectively, with 

constant 5% damping is shown in Figure 5.12. 

 

Figure 5.12 Fourier spectra of measured response of the building (blue lines) and of time history 

analysis (red lines) for 5% constant damping ratio.  

 

It can be concluded from Figure 5.12, that a constant critical damping ratio of 5% for all 

modes of vibration is an overestimation of the overall structural damping. Figure 5.13 shows 

the same procedure, using the damping ratios evaluated by system identification (SI) based on 

recorded data (see Table 4.5). The damping ratios, evaluated by SI, clearly fit the model better 

than 5% constant damping. However there is a clear sign of underestimation of damping at 

frequency close to 2 Hz. 
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Figure 5.13 Fourier spectra of measured response of the building (blue lines) and of time history 

analysis (red lines) for damping ratios as evaluated by system identification based on recorded data. 

 

To estimate an appropriate damping ratio for the most important modes an iterative procedure 

is carried out. Performing time history analysis in SAP2000 is a rather time consuming 

process. For more efficient analysis procedure, a Matlab routine was assembled in order to 

perform frequency response analysis using the modal properties of the structure obtained from 

the modal analysis of the FE-model in SAP2000. The iterative procedure involves varying the 

critical damping ratio of each of the most important modes, in order to fit the peaks of the 

calculated Fourier spectra to the Fourier spectra derived from the recorded response of the 

building. The damping ratios of the first six modes, obtained from the iterative procedure are 

tabulated in Table 5.14 along with the damping ratios evaluated by system identification of 

the recorded data. 

Table 5.14 Natural frequency and critical damping ratios of the first six modes, obtained by 

iterative frequency response analysis along with critical damping ratios evaluated by system 

identification of recorded data. 

Mode Frequency Model damping SI damping 
number Hz % % 

1 1,811 1,95 1,6 

2 2,141 4,2 1,9 
3 2,537 0,5 1,7 
4 5,823 2 3,5 
5 7,119 0,5 1,2 
6 7,637 0,5 3,3 
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Figure 5.14 Fourier spectra of measured response of the building (blue lines) and response 

evaluated through modal frequency analysis (red lines) for the critical damping ratio determined by 

iteration. The figure represents the longitudinal direction of the building. 

 

 

Figure 5.15 Fourier spectra of measured response of the building (blue lines) and response 

evaluated through modal frequency analysis (red lines) for the critical damping ratio determined by 

iteration. The figure represents the transversal direction of the building. 
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Figure 5.14 and Figure 5.15 show plots of the Fourier spectra of measured response along 

with Fourier spectra from modal time history analysis using the modal parameters from the 

FE-model ant the critical damping ratios resulting from the iterative frequency response 

analysis. 

Comparing the two spectra for the longitudinal direction of the building, as illustrated in 

Figure 5.14, a good fit is achieved for frequencies below 6 Hz. For higher frequencies the fit 

is inadequate. For the transversal direction of the building (Figure 5.15), the calculated 

Fourier spectra fits the recorded one fairly well up to 10 Hz although some energy is seen to 

be missing at frequencies above 6 Hz.  

The recorded response time series for the two horizontal components are plotted together with 

the simulated time series in Figure 5.16. There it can be seen that the simulated time series are 

lacking the higher frequency content.  

 

Figure 5.16 Recorded earthquake response time series plotted along with a simulated response 

time series at the roof floor. The upper plot is for the x-direction and the lower plot is for the y-

direction. 
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5.5 Response spectrum analysis 

Response spectrum analysis, for both fixed and spring supported model, was performed in 

order to evaluate how the foundation conditions affect the fundamental design values. 

According to Eurocode; design ground acceleration for the location of the building is 0.2g 

(“Icelandic National Annexes to EUROCODES,” 2010), ground type B is judged to be the 

cushion but ground type A is used for the fixed base case. The behaviour factor  , is 

determined appropriate for by Eurocode 8, according to the type and shape of the building, as 

3.0 (“EN 1998-1:2004,” 2004). Results of the analysis, for base forces and moments along 

with accelerations and displacements of interest are tabulated in Table 5.15. 

Table 5.15 Results of Response spectrum analysis of Arskogar 6 for fixed base and spring 

supported models. 

    Base 
shear 

Base 
moment 

Roof 
acceleration 

Basement 
acceleration 

Roof 
displacement 

Support type  Direction kN kNm m/s2 m/s2 m 

Fixed base 

X 6669 185293 2,104 0,014 0,01 

Y 7115 163326 2,163 0,002 0,01 

Spring supports 

X 10336 238467 2,744 1,179 0,019 

Y 9395 232650 2,799 0,291 0,014 

Spring/fixed ratio 

X 1,55 1,29 1,30 - 1,90 

Y 1,32 1,42 1,29 - 1,40 

 

It can be seen from Table 5.15 that all values of interest are considerably higher for the spring 

supported model than for the fixed base model. It should be noted that the analyses are not 

based on the same design spectra. Figure 5.17 shows the design spectra for soil type A and B, 

respectively, as well as the natural frequencies of the first modes of vibration. It can be seen 

that the spectral acceleration for soil type A is up to 20% lower than for soil type B. This 

difference is in favour for the fixed base model and explains partly the difference between the 

forces for the two models. However, the active participation of the spring support in the 

structural response is mainly responsible for the higher horizontal forces and displacements. 

The difference observed between forces of interest, for fixed base and spring supported 

models, indicates that the support conditions can significantly affect design forces and 

displacements of structures. 
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Figure 5.17 Eurocode 8 design spectra for soil types A and B (solid lines) and for q-factor as 3 

(dashed thick lines). The periods due to first modes of vibration are denoted with thin dashed lines. 

 

Upward displacements of the foundation due to rocking were evaluated as well as the 

downward displacements due to the weight of the structure. As illustrated in Figure 5.18 the 

maximum upward displacement is much less than minimum downward displacement and 

therefore the reinforced concrete footings should not lose contact to the foundation pad during 

the design earthquake.  

 

Figure 5.18 Displacements of spring supports due to the weight of the structure (blue line) and due 

to earthquake excitation evaluated by the response spectrum analysis using the Eurocode 8 spectrum 

and a PGA of 0.2g. 
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5.6 Summary of results 

The case building was modelled in SAP2000. Initially the model had fixed supports. Modal 

analysis of the fixed base model gave natural frequencies, for the fundamental modes, that are 

significantly higher than natural frequencies derived by system identification of the recorded 

data. 

Non-linear properties of the gravel foundation were estimated using the EERA computer 

program. Several options were reviewed in order to evaluate the shear wave velocity of the 

cushion which is important input parameter for the EERA estimation. The shear wave 

velocity is related to the fundamental frequency of the cushion (Eq. 5.1). Due to this 

relationship it was decided to rely on the H/V method for estimating the value of the 

fundamental frequency for the gravel cushion. Using the H/V method the fundamental 

frequency of the cushion is estimated as 7.1 Hz and thereby the average shear wave velocity is 

estimated to be close to 200 m/s. The results of the EERA simulation for average shear wave 

velocity of 200 m/s show considerable magnification of ground motion in the gravel cushion 

at a frequency close to the fundamental frequency of 7.1 Hz. Damping effects of the gravel 

cushion are expected to be a function of the strain that occurs in the cushion during 

earthquake. Due to relatively low strain levels expected at the site, the maximum damping 

ratio of the gravel cushion, for design ground acceleration, is estimated to be less than 5%. 

Spring supports were introduced in the SAP2000 model of the building in order to simulate 

the effects of the gravel cushion. Evaluation of translational and rotational stiffness of the 

springs was conducted using well-known theoretical and empirical methods. An iterative 

process was used to find the appropriate stiffness properties for the spring supported model 

that would give natural frequency results comparable to those evaluated by system 

identification of the recorded data. The spring stiffness due to rotation and horizontal 

translations turned out to be in accordance with the proposed classical methods for estimating 

the foundation stiffness. On the other hand the vertical stiffness was required to be 

substantially higher than estimated by the previously mentioned methods.  

Time history and frequency response analysis were performed in order to determine the 

damping ratios of the fundamental modes of the model and evaluate a model simulation of the 

acceleration response comparable to the response, recorded at the roof floor of the building. 

The damping results, as presented in Table 5.14, are not entirely consistent with the modal 

damping evaluated by system identification of the recorded data.  
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Response spectrum analysis, for fixed base and spring supported FE-model, was performed to 

evaluate how different support conditions affects the fundamental design values. The result is 

that both the base shear force, base moment and horizontal roof displacements are slightly 

higher for a spring supported FE-model than for a model with fixed supports at the base. 
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6 Discussion and final remarks 

6.1 Review of tasks 

The first part of the thesis is dedicated to review of the methodology used in the study 

followed with review of theory related to monitoring of structures, processing data, system 

identification, soil-structure interaction and dynamic analysis of structures. 

The latter part of the thesis is a case study where a case building is examined with regard to 

the topics reviewed in part one. The case building studied is a 13 storey residential building 

located in Reykjavik. The building is a reinforced cast-place concrete structure, founded on an 

approximately 7 meter thick filling made of compact pillow lava. A monitoring system is 

installed in the building in order to record the earthquake and wind induced motion of the 

building. The system has recorded acceleration time series during several earthquakes and 

these data were used to evaluate natural frequencies and critical damping ratios of the 

fundamental modes of the structure.  

Non-linear characteristics of the gravel cushion were estimated using the EERA computer 

program. To be able to use the program several input parameters were determined using 

various methods. 

On site wave velocity measurements were performed to evaluate the dynamic modulus of 

elasticity for the concrete. 

The building was modelled in SAP2000 using both fixed base supports and spring supports. 

Modal analyses were performed for both cases. Time history analysis of the spring supported 

model was performed in order to calibrate the critical modal damping ratios and to develop a 

model that would fit the recorded response at the roof floor of the building.  

Finally, a response spectrum analysis were carried out for the FE-model using two different 

support conditions, i.e. fixed base and spring supports. The purpose was to find out how 

support conditions affect the fundamental design values. 

 

6.2 Main findings 

System identification of the building was carried out from 12 earthquake time series, recorded 

in the building, using the MACEC toolbox (Reynders et al., 2011) in Matlab. The resultant 
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modal frequencies and damping ratios of the first few modes were determined as average 

value of the twelve SI cycles.  

A 13 storey reinforced concrete building was modelled in the FEM software SAP2000 as 

detailed as considered sufficient to represent its structural dynamic properties. The model was 

analysed with supports allowing rotations but no translations. The modal frequencies of the 

fundamental modes turned out to be considerably higher than the modal frequencies derived 

by SI (Table 5.3). It can therefore be concluded that the fixed base model is not imitating the 

dynamic properties of the building sufficiently. As the building is not actually fixed to the 

ground, this substantial difference is likely to be caused, at least partly, by the use of 

inappropriate supports. To simulate the effects of real support conditions it was decided to 

support the model with springs. 

Various methods were used to estimate the dynamic properties of the gravel foundation. The 

average shear wave velocity of similar foundation has been measured as approximately 300 

m/s. Using the Horizontal/Vertical spectral method the average shear wave velocity is 

estimated to be close to 200 m/s. Although gravel foundations seem to be of similar size and 

made of similar material, their dynamic properties can be quite different.  

 Evaluation of appropriate spring stiffness was carried out using several commonly accepted 

methods. The spring stiffness was adjusted by iteration process in order to fit the modal 

frequencies to results of system identification. It turned out that the appropriate horizontal and 

rotational stiffness was quite consistent with commonly used analytical estimation formulae 

based elastic-half-space theory (see Table 5.6 and Table 5.13). However the required vertical 

stiffness was found to be much higher than the value suggested by the estimation formulae. 

Comparing the initial model to SI (Table 5.3) it is noticed that the ratio of the calculated and 

measured natural frequencies for mode 2 is quite different from the same ratios for mode 1 

and 3. When fitting the spring stiffness, the vertical spring stiffness turned out to have great 

influence on the ratio between individual modes. The reason why the vertical spring stiffness 

had to be so high to achieve good simulation of the observed modes is not clear. However, 

considering the natural frequency ratios from the initial model, there is a possibility of 

inconsistency between the structural stiffness in x and y directions. This possible 

inconsistency could partly explain this difference. 

Non-linear properties of the gravel foundation were estimated using the EERA computer 

program. Earthquake time series recorded in the basement was used as output acceleration 
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and the input acceleration was derived at rock surface 7 m below. Comparison of input and 

output time series shows that wave travelling through the gravel cushion is considerably 

affected by the cushions properties. The simulated rock peak acceleration is evaluated to be 

significantly lower than the peak acceleration measured in the basement. As can be seen from 

Figure 5.9 and Figure 5.10 the gravel cushion has most effects at frequency close to the 

fundamental frequency of the cushion. Estimation of damping in the gravel foundation was 

carried out in EERA. The maximum damping ratio of the gravel cushion, for the design 

ground acceleration specified for the site, is estimated to be less than 5%. 

Time history analyses were carried out to estimate the modal damping ratios by fitting the 

model to measured response of the building. The simulated rock time series from EERA was 

selected as input acceleration and output time history was derived from point at the roof floor. 

The modal damping ratios selected for best fit of Fourier spectrum of the time series were not 

consistent with modal damping ratios evaluated by system identification. Comparison of 

Fourier spectra of the time series (Figure 5.14 and Figure 5.15) reveals that the model 

response is fairly consistent with the building response at frequencies in range with the first 3 

modes but for higher frequencies the consistency decreases.  

 

6.3 Further research  

The dynamic properties of gravel foundations for structures are found to have wide ranging 

and not well known values. In an attempt to narrow the range and increase the number of 

available data, it is suggested that systematic measurements of dynamic properties of gravel 

cushions and related foundations should be undertaken. 
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Appendix A 

This Appendix contains figures showing the acceleration time series that were used in the 

system identification analysis of Arskogar 6. Mjodd13 stands for data recorded at roof floor 

and Mjodd14 stands for data recorded in the basement. Time series from both devices due to 

same event (if available) are plotted on same page. Below each plot of time series is a plot of 

Fourier spectra, derived from the time series. In the end of Appendix A are figures describing 

statistics and timing regarding the recorded earthquakes. 
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Following is graphical presentation of statistic and timing of the earthquakes above. 
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Appendix B 

This Appendix contains screen shots of analysis by the EERA program. The figures are from 

analysis in longitudinal direction of Arskogar 6. 

  



 

 

 



 

 

 



 

 

 



 

 



 

 



 

Appendix C 

This Appendix contains drawings of Arskogar 6. It is noted that the drawings are not in scale. 

 

 

 

 



 

 



 

 



 

 



 

 



 

 



 

 


