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Chapter 1

Introduction

1.1 Background

Central Asia is a region with high seismic hazard, resulting from the colli-

sion between the Indian and Eurasian plates (Molnar and Tapponnier, 1975,

1978), which takes place in the Hindu Kush and Himalaya region. Seismic

hazard is a probabilistic concept, which defines the probability of a given level

of ground motion to occur in a given area and time window. The evaluation

of seismic hazard as a prediction and design tool is mainly based on records

of past seismic events in the region of interest. Records of large earthquakes

in Central Asia are available for the last two centuries (World Data Center,

1982); they include events of significant magnitude in the northern part of

the Tien Shan mountain range (M=8,2 1889 Chilik earthquake; M=8,2 1911

Kemin earthquake; M=6,9 1938 Chu-Kemin earthquake). Probabilistic seis-

mic hazard assessment (PSHA) for Central Asia has therefore been the goal

of many studies at di↵erent spacial scales (Ulomov, 1999; Bindi et al., 2012;

Ullah et al., 2015).

Seismic hazard is one of the three probabilistic components that define seis-
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mic risk. The other two are seismic vulnerability, which estimates the damage

to structures and infrastructures resulting from a certain level of ground mo-

tion in the area, and exposure, which considers essentially the assets exposed

to damage in the area. Seismic risk is the result of these three variables and

can be defined as the probability of an entity to be damaged as consequence

of a seismic event of a certain magnitude in a given area. Seismic risk can

be defined from economic, social or environmental points of view, according

to what is considered as being exposed population.

In order to reduce seismic risk, the main focus of intervention is vulnera-

bility. In seismic regions, reducing the structural vulnerability is prescribed

as a goal of the structural design. Unfortunately reality shows that this

kind of prescription is sometimes neglected during the construction phase.

This seems to be the case also for a number of existing buildings in Central

Asia, where the e↵ects of past earthquakes suggest that the vulnerability

of the buildings is actually higher than expected (Nurmagambetov, 1999;

GeoHazard International, 1997). Because of the centralization of design and

construction practices in the former U.S.S.R., similar structural systems can

be found throughout the region. GeoHazard International (1997) has iden-

tified six structural types, out of which only precast RC large-panel systems

are said to present a fairly low seismic vulnerability.

The city of Bishkek (see Figure 1.1), the capital of Kyrgyzstan, has experi-

enced during the last fifty years a steep increase in its population, together

with the expansion of the urban area. This relatively new scenario in terms

of seismic risk has established Bishkek as a significant case study in Central

Asia. Considering the geomorphological setting, Bishkek is located in the

Chu basin, one of the largest depressions of the Tien Shan mountain region.

The Issyk-Ata fault system, in the Kyrgyz Range, controls the seismic hazard
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of Bishkek and is located on the southern bounds of the Chu basin. Looking

at the geology of the area, the depth of the Paleozoic basement ranges from

1 km (northern part of the city) to 3 km (southern part of the city). Quater-

nary sediments of the Ala-Archa and Alamedin rivers form the uppermost

layer, with a thickness of 200-300 m. Parolai et al. (2010) showed that,

although these alluvial materials are quite sti↵, they are responsible for sig-

nificant site amplification e↵ects over a broad frequency range. This means

that the amplitude of ground motion will be larger for several frequency

components, as a result of the dynamic properties of the upper sediments.

This e↵ect generally increases the stress on the structures and can also lead

to failure of the foundation system. Bindi et al. (2011) developed a deter-

ministic risk scenario for Bishkek, taking site amplification into account, and

showed that a magnitude 7,5 earthquake at the Issyk-Ata fault would cause

the collapse of 21 794 buildings and 21 794 fatalities over 77 148 existing

buildings and a population of 849 204. In this work the vulnerability was

estimated according to the classification of the European Macroseismic Scale

1998, EMS-98 (Grünthal, 1998), considering the percentage of buildings be-

longing to each vulnerability class as a homogeneous value throughout the

city area. It was pointed out (Bindi et al., 2011) that a vulnerability model

at the district scale should be a further step in the hazard assessment. In the

framework of the Earthquake Model Central Asia1 (EMCA) project, Wieland

et al. (2012) proposed an integrated approach to estimating the building in-

ventory for seismic vulnerability assessment, using satellite remote sensing

and ground-based omnidirectional imaging to map building typologies over a

given area. This method optimizes the amount of information required with

a top-down analysis, acquiring more detailed information only if they are

1
http://www.emca-gem.org/
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necessary. Knowing the building typology distribution, the vulnerability can

be assigned on a district scale, according to the classification of the present

buildings. In addition, ambient vibration analysis has been used to charac-

terise the dynamic behaviour of five building typologies in Bishkek (Petryna

et al.,2014; Petrovic et al., 2014). For this purpose, Petryna et al. (2014)

retrieved the modal characteristics and the average shear wave velocity in

the structure for five di↵erent buildings. Continuing the approach followed

by Petrovic et al. (2014) and Petryna et al. (2014), this work improves the

evaluation of the level of damage that can occur, if such structural systems

are subjected to dynamic shaking.

Figure 1.1: Location of Bishkek, capital city of Kyrgyzstan. (Source: Open-
StreetMap)
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1.2 Objectives of the research

This thesis contributes to our capacity for the dynamic characterisation of

precast reinforced concrete (r.c.) large-panel buildings in Bishkek, with the

outlook of improving vulnerability models for this structural type.

To this purpose, ambient vibrations measurements were performed in four

r. c. large-panel buildings. In this way, we recorded the structural response

to the dynamic excitation of the so-called ambient noise, which is the com-

bination of all vibrations produced by natural or anthropogenic sources that

can be recorded in the area. This dynamic input usually includes a fairly

wide frequency range, which allows one to identify those frequencies that are

natural frequencies of the buildings. Furthermore, ambient noise provides a

dynamic input of very small amplitude, which guarantees that the structural

behaviour is linear elastic.

A first objective is therefore to obtain experimentally the values of some

parameters that characterize the structures’ dynamic behaviour (fundamen-

tal frequency, first modes of vibration, wave propagation velocity in elastic

regime). These buildings all belong to the series 105: this means that they

were all built using r. c. panels with the same geometry and material charac-

teristic. Small variations in plan or in the balcony distribution characterise

each of the four buildings, which are otherwise very similar in design.

A second goal of this work is to see if it is possible to set up a numerical Fi-

nite Element model that describes the global dynamic behaviour of di↵erent

buildings of the same typology. This information will contribute to the later

improvement of a vulnerability model for the city of Bishkek.

The numerical modelling is based on the available information about geome-

try and materials of the buildings, which was in some aspects incomplete. A

third objective of the thesis is to compare the experimental results with those

8



obtained numerically, based on partially incomplete information. Assuming

that the experimental results computed from ambient vibration measure-

ments are correct, a final goal is the calibration of the numerical model to

the experimental results, looking at the global dynamic characteristics of the

buildings.

1.3 Organization of the text

After this Introduction, the case studies are presented (Chapter 2). The

second chapter includes a description of the buildings, together with the

report of the sources used to collect the information used in this work.

Chapter 3 presents the experimental analysis of the ambient vibration data.

It starts with the description of the measurements set-up and is then divided

into three parts: first, the spectral analysis is presented (Section 3.2); then

the operational modal analysis (Section 3.3) and the interferometric analysis

(Section 3.4) are reported. Chapter 4 focuses on the numerical model. It is

also subdivided into three parts, dealing with the analysis methods (Section

4.1), the analysis setting (Section 4.2) and the results (Section 4.3).

Then, in Chapter 5, the experimental and numerical results are compared.

This is the basis for the calibration of the model, in order to match the

experimental results, presented in Chapter 6. Finally, Chapter 7 summarizes

the results obtained with suggestions for future work.
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Chapter 2

Case studies

2.1 Description of the buildings

The focus of this study are four large-panel (LP) buildings located in Bishkek.

Two are symmetric in plan (number 37 and 43) and two asymmetric (number

25 and 4/1); all belong to the building series 105. Figure 2.1 shows the build-

ings’ location on an OpenStreetMap web image. Their construction times

varies between the 1960s and the 1980s. All structures were designed and

have always been used for residential purpose. They all share the same con-

struction technique and are very similar in plan. Their dimensions in plan are

39,6 m x 10,8 m and 40,5 m x 10,8 m for the symmetric and asymmetric in

plan buildings, respectively. All buildings have nine three-meter high floors

and a basement rising up to 0,9 m above the ground level, for a total height

of 27,9 m. A distinction has to be made between building 43 and the other

three: this stands, in fact, separated from other adjacent buildings. The

other three, instead, are separated by a seismic joint from the neighbouring

building with the same structure as the one studied.

In LP buildings, the load-bearing structure is composed of precast reinforced
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concrete panels that are usually produced in standard sizes to fulfil the var-

ious purposes of construction (slab, internal or external walls, with or with-

out openings) and assembled on the building site with partially cast in place

joints. The construction process was done in series: the geometry of the

structures has very little variation within the same series, because the same

types of panels were used. In our case, the building series 105 features el-

ements of only two standard dimensions: 3,60 m x 3,00 m for the larger

panels (L) and 2,70 m x 3,00 m for the smaller panels (S ). According to the

distribution of these elements on the longitudinal dimension, the symmetric

in plan buildings have the scheme LSLLSL LSLLSL, while the asymmetric in

plan buildings have the scheme LSLLSL LSLLLL. The plans of the buildings

are represented in Figures 2.2-2.4 .

Information about the buildings characteristics were collected through doc-

umentation and site inspection.

Figure 2.1: Location of the four buildings in Bishkek (Kyrgyzstan) (Source:
OpenStreetMap).
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Figure 2.2: Plan view of building number 37. The plan is symmetric. On the
right side an adjacent block is present (not shown in this figure), separated
by a seismic joint. On the plan, the locations of the seismic recordes (A, B,
C, D) are presented, together with a conventional cartesian system.

2.2 Documentation

The buildings’ characteristics have been reconstructed on the basis of two

main sources: the information about the series 105 buildings that is avail-

able from the World Housing Encyclopedia (WHE) and a plan view referred

to this series archived at the Kyrgyz State University of Construction, Trans-

port and Architecture (http://www.ksucta.kg/en/) in Bishkek.

From the website of WHE (http://db.world-housing.net/building/38), a wide

range of information is available. First, the geometry of the panels is given:
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Figure 2.3: Plan view of the building number 43. The plan is symmetric.
The buildings stands separated from adjacent structures. On the plan, the
locations of the seismic recordes (A, B, C, D) are presented, together with a
conventional cartesian system.

a summary of the dimensions of the di↵erent typologies is reported in Table

2.1. Then, the design and construction processes are documented. This in-

cludes information about the assembling of the panels. As Figure 2.5 shows,

each precast element has vertical and horizontal steel dowels, which are to

be joined together on the building site. Once the panels are placed in their

final position, the dowels are welded and cast in place concrete is used to

fill the gap between the panels. The final joint system is shown in Figure

2.6. It can be seen that the joints usually connect four panels. Another
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Figure 2.4: Plan view of the asymmetric buildings, number 25 and 4/1. The
plan is asymmetric. Adjacent to this block, stands another block (not shown
in this figure), separated by a seismic joint. On the plan, the locations of
the seismic recordes (A, B, C, D) are presented, together with a conventional
cartesian system.

important aspect documented on the WHE are the building materials. It is

stated that vertical walls and slab panels are made of concrete with charac-

teristic cube compressive strength between 20 and 30 MPa and that external

walls are made of lightweight concrete. The WHE also provides information

about the construction process. These buildings were designed taking seis-

mic prescriptions into account, probably following the SNiP II-7-81 code or

its previous version from 1962. It is noted that panel joints may be a short-

coming in the earthquake resistance of the structure. In fact, the quality of
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the connections is considered to be poor in some cases, because of the inap-

propriate density of the concrete, missing alignment of the steel dowels and

poor quality of welding. In general, these flaws are too few to compromise

the overall resistance of the buildings. Cracking of joints (see Figure 2.8 for

an example) could however be spotted in the buildings. With reference to the

EMS98 (Grünthal, 1998), the buildings are considered to belong to vulnera-

bility class E, between medium and low vulnerability. The second reference

available is a plan view of a typical building from the series 105 (Figure 2.7).

The plan does not show the whole length of the building, which is assumed

to be symmetrical. This blueprint confirms the dimensions given by WHE

and shows the position of the elevator and the stairs. The distribution of

internal walls is also reported, although it was seen during the measurements

that some of them have been torn down or moved by the tenants.

Table 2.1: Geometry data from WHE. The dimension of the precast struc-
tural elements are given.

Dimensions of large panels 360x300 cm
Dimensions of small panels 270x300 cm
Thickness of internal wall panels 16 cm
Thickness of external wall panels 30 cm
Window opening in large panels 182x153 cm
Window opening in small panels 124x153 cm
Balcony door in large panels 255x190 cm
Balcony door in small panels 166x190 cm

2.3 Building inspections

The inspection played a fundamental role in the buildings’ characterization.

The survey took place at two di↵erent times: firstly, the dimensions of the

panels were roughly measured and their position documented. Then, after
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Figure 2.5: Structural detail of a wall panel (source WHE).

having read the available documentation (see Section 2.2), a second inspec-

tion was carried out, in order to check and integrate the information and

to look for signs of damage on the structure. From the first inspection, it

was clear that the panels had two di↵erent sizes, 3,6 m x 3,0 m (large pan-

els) and 2,7 m x 3,0 m (small panels). The schemes used to combine these

elements were also identified and the balcony distribution was documented.

It was then possible to sketch the plan view of the buildings based on this

information. In the second inspection, attention was paid to the basements,

which have a variable height in the each building from 1 to 1,8 m, and are

used as cellars and technical compartments. The positions of the internal

walls in the basements do not vary with respect to the upper floors, but the

panels have wide openings, in order to let pipes run along the building. It
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Figure 2.6: Structural detail of the joint for external wall panels - horizontal
section on the left and vertical section on the right (Source: WHE).

was also possible to see an element of the foundation, which confirms that

the buildings lie on a r. c. shallow mat foundation with strip footing.

The state of the joints between panels was documented: some of them show

a vertical crack or a cracking pattern related to thermal stress, others are

missing the cement cover. However, most joints have a proper concrete cover:

it is implied then that the missing covers are construction flaws. These flaws

are limited to a very few spots and even if they could cause a failure of the

joint, this would probably be a local phenomenon. Connections with the

balconies are often in a very poor condition: the connection between vertical

and horizontal panels is often lacking the concrete cover on the outside. All
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Figure 2.7: Plan view of a typical building of the series 105 (from the Institute
of seismic-resistant construction in Bishkek). This plan shows only half of
the building. We assumed that the other half would be symmetric, as could
be observed from the building inspections for buildings 37 and 43. The
distribution of the internal walls observed in the inspection is well represented
in this plan.

these flaws were not considered in the numerical modelling, because they

probably a↵ect only the local behaviour.

It was observed that no joint is present between the slab and the balcony,

which have then to be considered as one continuous panel. The vertical el-

ements of the balconies also look like panel elements, which are connected

together and to the external walls with the typical joint system. The bal-

conies are often used as an internal part of the flat, as they are closed in by

windows. In some rare cases, they are open.

18



Figure 2.8: Cracking of the joint reported in building 4/1, documented during
the second inspection. The shape of the crack led us to believe that this could
become a local point of failure in case of large ground motion excitation.

A further goal of the second survey was to see if the elevator and the stairs

can be considered as non-structural parts or if they are integrated into the

structure, in order to decide whether to include them in the numerical model.

It was observed in the stairwell of all four buildings, that one of the two flight
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of stairs between two floors is detached from all walls. The landing is also

not connected to the external walls in a standard way, because the presence

of a window in all buildings let the connection between landing and vertical

walls be only at the two extremities of the panels. The elevator is placed in a

corner between two structural walls, but the other two walls of the elevator

shaft are non-structural partition walls. As stated above, the stairs are only

partially connected to the structural system, therefore their contribution to

the global sti↵ness is irrelevant with respect to the large panels. Also the

additional walls of the elevator shafts are non-structural walls and do not

provide additional sti↵ness. In conclusion, both the stairs and the elevator

shaft will be taken into account only as masses in the numerical modelling

of the four buildings.

20



Chapter 3

Experimental ambient

vibration analysis

3.1 Measurement set-up and data pre-processing

Seismic stations were installed in the four selected buildings in order to record

ambient vibrations. The stations comprised a 24 bit DSS-CUBE3 digitizer

(http://www.omnirecs.de/) and a 4,5 Hz three components geophone (see

Figure 3.1). The sampling rate was 400 Hz and a build-in GPS antenna

provided the timing for the data collection. Since the GPS reception could

be missing during the measurements inside the buildings, all stations were

activated and left outside for some time before and after the installation, in

such a way that GPS time could be synchronized and used to correct time

delays with a built-in software after the measurements. Forty stations were

available, but a variable number was installed in the buildings, since they

had to be placed in private apartments. For all four buildings, one station

was installed outside as a reference station, in order to have a recording in-

dependent from the building’s influence. The installation setting foresaw a
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station in every corner of each floor, including the roof, and two stations

installed in the basement. This setting is optimal for obtaining information

about the global behaviour of the building. As already mentioned, it was

not possible to have this ideal condition in all buildings. Tables 3.1-3.4 re-

port the actual setting for each building. The stations were usually recording

during one night in each building, hence data was collected for some hours.

The measurements are taken along three components, oriented as a Carte-

sian coordinate system. The first component is aligned with the longitudinal

dimension of the buildings’ section in plane (x), the second with the trans-

verse one (y) and the third with the building vertical dimension (z) (see also

Figures 2.2-2.4 for reference). The recordings was saved in a CUBE property

format, which was then converted into the standard miniSEED format. In

each miniSEED file the velocity at the measurement position is saved to-

gether with the corresponding time at discrete time-steps of 0,0025 s.

Table 3.1: Station positions for the measurements in building 37. The po-
sitions A, B, C and D are shown in Figures 2.2-2.4. The numbers in the
columns are the stations’ ID. Stations that ran out of battery power during
the measurements are written in brackets.

Floor A B C D
Roof 793 797 801 604
9 - - (798) (605)
8 - - 712 796
7 - - - -
6 - - (887) -
5 900 790 888 (711)
4 - - 710 (807)
3 799 800 792 875
2 808 809 795 902
1 805 806 713 804

Basement (802) (803) - -
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Figure 3.1: Typical station used for the ambient vibration measurements.
The yellow instrument is a 4,5 Hz three components geophone, while the
black box is a 24 bit DSS-CUBE3 digitizer. The numbers reported in Tables
3.1-3.4 are the ID of the digitizer.

Table 3.2: As in Table 3.1 but for building 43.

Floor A B C D
Roof 710 873 809 (807)
9 713 712 - -
8 796 902 805 711
7 808 900 865 903
6 800 799 - -
5 791 605 604 795
4 - - - -
3 (901) (874) (793) (797)
2 - - 804 798
1 891 864 801 790

Basement 898 899 - -
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Table 3.3: As in Table 3.1 but for building 25.

Floor A B C D
Roof 801 802 798 876
9 808 807 (710) 791
8 (874) 712 805 711
7 (901) 809 865 792
6 - - 898 875
5 891 804 864 713
4 891 804 864 713
3 604 806 793 899
2 797 796 873 605
1 - - 899 790

Basement 803 903 - -

Table 3.4: As in Table 3.1 but for building 4/1.

Floor A B C D
Roof 710 604 900 902
9 797 801 792 808
8 805 798 713 796
7 - - - -
6 898 876 800 793
5 - - 807 799
4 874 795 711 804
3 864 888 - -
2 865 899 903 712
1 891 873 791 875

Basement - - 802 803
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3.2 Spectral analysis

3.2.1 Methodology

The first analysis made on the data set was aimed at computing the Fourier

spectra of each measured component for all buildings. The Fast Fourier

Transformation (FFT) is a technique, based on the Fourier series, that allows

an aperiodic time signal g(t) be described by the linear combination of a given

number of periodic functions. Each of these functions has a given frequency

(! = 2⇡ · f) and is multiplied by a Fourier coe�cient, computed with (3.1).

G(!) =

Z 1

�1
g(t)e�i·!·tdt (3.1)

G(!) is the Fourier coe�cient for the frequency !. From the set of Fourier

coe�cients, it is possible to define the set of periodic functions describing

the signal. The Fourier coe�cients are complex values: for each frequency

component, the modulus is the amplitude of the periodic function and the

ratio between the real and the imaginary part is the phase shift that has

to be taken into account in the periodic function. The Fourier spectrum is

graphically represented by the plot of the spectral amplitude in the frequency

field.

In our application, the time signal is discrete with a sampling rate equal to

400 Hz. This implies a limitation in the frequency range that can be consid-

ered in the spectrum. The Nyquist frequency, fN , sets the upper boundary

of the frequency that can be computed by the numerical processing of the

signal, and is defined as half of the sampling rate, as in (3.2), where n is the
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number of samples in the time interval T.

fN =
n

2T
> max f (3.2)

If a finite number N of frequencies are considered for the spectrum, the

method is called Discrete Fourier Transform (DFT), based on the FFT algo-

rithm. In this case, the Fourier coe�cients are computed with a sum as in

(3.3).

Gn =
1

N
·
N�1X

k=0

gk · e�i·2⇡· knN (3.3)

The process implies a discretization of the signal, which has to be sampled

at N points to obtain the values of gk. The number of samples has to be

a power of two. The maximum number of samples is limited by the time

window used for the data collection. It is worth noting that it is very impor-

tant to select a significant frequency range for the operation, covering those

values that have the higher energy content in the time signal.

FFT and DFT usually require some preliminary operations on the time sig-

nal, in order to avoid misleading results. With the objective of discarding

small Fourier coe�cients, which are numerical noise with respect to the larger

values, a filter is generally applied to the signal, so that some frequencies are

not considered in the FFT. Also, in order to avoid spectral leakage, the time

windows applied to the signal can be overlapped. Last, but not least, a cosine

taper function is applied to the beginning and the end of the recording in

order to prevent numerical noise.
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3.2.2 Analysis

The spectral analysis aims firstly at retrieving the fundamental frequency of

the buildings. This is the frequency value corresponding to the first peak of

the Fourier spectrum. Higher modes can also be identified in the spectra. In

our application, since we have sensors recording on the three components at

the same position on di↵erent floors, the spectra can also give some informa-

tion on the modal shape. The input data for the analysis are the recordings

over several hours. For building 43, five hours were considered, from 24:00

to 05:00 local time (UTC +6). For building 4/1, we took a four-hour signal,

from 01:00 to 05:00 local time. Recordings in buildings 37 and 25 had some

corrupted parts, probably due to some machine working in the buildings

(elevator, washing machine) or to someone moving the sensor. Therefore,

only three hours were considered for building 37, from 11:00 to 14:00 and

two hours, from 24:00 to 02:00, for building 25. Di↵erent time-windows were

used for the four buildings because the recording time varied from one build-

ing to the other. Moreover, in the data processing, the times window was

chosen so that most sensors were recording, because some of them lost bat-

tery power during the measurements.

The data were processed with a bandpass Butterworth filter, designed to

discard all frequency content above 100 Hz and below 0,2 Hz: this range

excludes from the analysis frequency content that is not significant for the

analysis. For the computation of the DFT, a finite number of points were

sampled from the signal, equal to N = 216 = 65536. A cosine taper function

was applied to the beginning and the end of the time signal. The FFT was

then computed on time windows with a 50% overlap. The average and the

standard deviation of the coe�cients were then computed.
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3.2.3 Results

The first frequencies of vibrations for the buildings were estimated, their

values and the corresponding modal shape do not vary much among the

four buildings, as can be expected from their similar characteristics. Figure

3.2 shows the spectra of recordings for the three components (x, y, z are

in blue, red and black respectively) at position A on di↵erent floors from

the basement (bottom) to the roof (top) for building 43. In Appendix 2,

similar plots of the spectra at the four recording positions are reported for all

buildings. The amplitude variation along the height in the spectra represents

the displacement variation in the modal shape. Looking at the spectra in the

three directions on di↵erent floors, it is possible to identify flexural modes

in x and y from the peaks of these components. Torsional modes can also

be identified, because spectra of all components feature a peak at the same

frequency. Coupled modes cannot be identified in the spectra.

In Figure 3.2, the right column shows the first three modes, while the left

shows the higher modes. The fundamental frequency can be identified at

2,46 Hz with a flexural mode in y. The second and third peak correspond to

a flexural mode in the x direction (2,74 Hz) and a torsional mode (2,91 Hz)

respectively. In fact, the second peak is only present in the spectra of the

x and z component, while the third can be seen in the spectra of all three

component. As far as the higher modes are concerned, a torsional mode

can be clearly seen on the left at 6,83 Hz. The second flexural mode in the

x direction is also visible at 8,00 Hz: it can be seen that the displacement

increases, reaches the maximum amplitude, decreases, goes to zero and then

increases again.

Some common features can be seen in the spectra for all four buildings: the

first peak can always be seen in the spectra for the y component at around
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2,5 Hz. The first mode is then identified for all buildings as a flexural mode

in the y direction, with a frequency around 2,5 Hz.

Comparing the spectra for building 43 (Figure 3.2) with those for building 37

(Figure 3.3), some di↵erences are noted. In general, the spectra of building

37 shows many more peaks, which can be often related to torsional modes.

In the left column of Figure 3.3 the fundamental mode (bending in y) can

be identified at 2,42 Hz, together with a first torsional mode (2,51 Hz), a

first flexural mode in x (2,73 Hz) and a second torsional mode at 2,82 Hz.

Looking at the higher frequencies, only torsional modes can be identified.

A similar pattern can be observed in the spectra of buildings 37, 25 and 4/1

(see Appendix 2). These three building all stand next to another block: this

might cause a di↵erent dynamic behaviour with respect to building 43.
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Figure 3.2: Spectra for position A of building 43 at di↵erent floors from the
basement (bottom) to the roof (top). The x, y and z components are plotted
in blue, red and black, respectively. In all spectra, the line represents the
mean value and the hues the standard deviation. The fundamental mode
(bending in y) is clearly visible on the left at 2,46 Hz. The first bending in x
(2,74 Hz) and first torsional mode (2,91 Hz) can also be seen. On the right
higher, modes can be identified (torsion at 6,83 Hz, bending in x at 8,00 Hz
and torsion at 9,67).
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Figure 3.3: Spectra for position A of building 37 at di↵erent floors from the
basement (bottom) to the roof (top). The x, y and z components are plotted
in blue, red and black respectively. In all spectra, the line represents the
mean value and the hues the standard deviation. In the spectra on the left,
the fundamental mode is clearly visible (bending in y at 2,43 Hz), as well as
the first torsional mode (2,51 Hz), the first flexural mode in the x direction
(2,73 Hz) and the second torsional mode (2,82 Hz). Torsional modes can be
identified in the middle (at 3,60 Hz and 4,41 Hz) and on the right column
(6,99 Hz and 8,33 Hz).
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3.3 Modal analysis with the Frequency Do-

main Decomposition

3.3.1 Methodology

To retrieve the mode frequencies and shapes of the structures from the am-

bient vibration recordings, a non-parametric identification technique is used,

called Frequency Domain Decomposition (FDD, Brincker et al. 2001). This

method is based on the idea of the Peak Picking (PP) technique (Bendat

and Piersol, 1993): the mode frequencies of a system can be estimated from

the peaks of the power spectral density (PSD) matrix, as long as the modes

are well separated. This condition is no longer necessary in the FDD, which

yields exact results if the structure is loaded with white noise, lightly damped

and its close modes are geometrically orthogonal. We can state that our case

satisfies all these conditions. In the FDD, the PSD matrix of the measure-

ments is first computed: each element of the matrix is the result of the

cross-correlation between two Fourier spectra f(!) and g(!), as written in

(3.4).

f · g⇤(!) =
Z 1

�1
f(!) · g⇤(!)d! (3.4)

Where * denotes the complex conjugate of the function g(t). The recordings

used to compute these spectra are the velocity of the structure at a given

point, therefore they represent the output of a loading operation, where the

input (ambient noise) is unknown. Brinker et al. (2001) write:

Gyy(j · !) = H̄(j · !) ·Gxx(j · !) ·HT (j · !) (3.5)
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In (3.5), Gyy(j · !) is the PSD matrix of the output, a function of the imag-

inary unit j and the angular frequency !. Gyy(j · !) results from the pre-

and post-multiplication of the PSD matrix of the input, Gxx(j · !), with the

frequency response function (FRF) of the system, H(j ·!), where the overbar

indicates the complex conjugate matrix and the superscript T indicates the

transposed matrix. Since the input is white noise, the PSD matrix Gxx(j ·!)

is a constant matrix. The output PSD matrix can be then written as the

product of the complex conjugate of the FRF function with a constant and

with the transpose of the FRF function. In the FRF, it is possible to identify

the mode shape vector �k and the modal participation vector �k. �k is the

pole used to rewrite the FRF in a pole-residual form:

H(j · !) =
nX

k=1

�k · �T
k

j · ! � �k

+
�̄k · �̄kT

j · ! � �̄k

(3.6)

In the case of light damping, the residue matrix of the PSD becomes propor-

tional to the mode shape vector. When the frequency ! is a mode frequency

of the system, the deformed shape of the system is also the shape of the

triggered mode. Considering that the PSD matrix is computed through the

cross-correlation of the Fourier spectra, it follows that the peak values in the

matrix occurs at frequencies that are also mode frequencies of the system.

At these frequencies, only the corresponding mode shape will determine the

FRF, which means that the only mode shape vector with a non-zero par-

ticipation factor will be the eigenvector representing the modal shape. This

allows us to find the mode shapes of the system through a singular value

decomposition (SVD) of the output PSD matrix:

Ĝyy(j · !i) = UiS + iUH
i (3.7)
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In (3.7), Ui is the matrix of the singular vectors and Si is the diagonal

matrix of the singular values. Near a frequency peak one (at maximum

two) mode shape is dominating the response of the structure and the row

ui, corresponding to the mode frequency !i, estimates the mode shape. It is

important to note that the method let us also define mixed modes, since the

estimated mode shape can be a combination of more than one eigenmode.

3.3.2 Analysis

In our application, the output PSD matrix was computed using recordings

on all three components for all positions at all floors over several hours (for

specifications, see the time intervals reported in paragraph 3.2.2). Because

of the high computational cost of the cross-correlation, the input data were

resampled at a frequency of 100 Hz. For the cross-correlation, the input data

were detrended and tapered with a cosine function at the beginning and at

the end. A bandpass Butterworth filter with boundaries 0,2 Hz and 100 Hz

was applied to the signal, discarding the frequency values that are either

too low or to high to be significant. The cross-correlation was performed

considering the three components of each sensor.

3.3.3 Results

A plot of the PSD matrix for building 43 is reported in Figure 3.4. It is pos-

sible to read on this graph the frequency values corresponding to the modal

frequencies of the structure, which are the maxima of the PSD matrix. The

displacements of the instrumented points are also known from the SVD of the

PSD matrix. Considering the row of the unitary matrix U corresponding to

the PSD peak value, the modal shape of the structure can also be retrieved.

Not only has the fundamental mode of the buildings been retrieved, but also
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several higher modes. This report features all eigenmodes found below 10

Hz. A summary of the results is presented in Tables 3.5- 3.8. As far as the

description of the modes is concerned, the direction is given considering the

system reported in Figures 2.2-2.4. For all buildings, the first mode is trig-

gered around 2,5 Hz and is bending in the y direction. The second mode is a

torsional mode and the third flexural in the x direction, except for building

43, whose second mode is bending in the x direction and the third is tor-

sional.

The di↵erent dynamic behaviour of building 43 was also observed for higher

modes: while the other buildings feature several torsional modes and com-

bined modes with bending and torsion, building 43 only has three higher

modes below 10 Hz. The sequence of the higher mode shapes is also the

same as in the lower modes. These di↵erences might be related to the fact

that building 43 is separate from other buildings.

As mentioned above, for buildings 37, 25 and 4/1, several torsional modes

were identified below 10 Hz. Observing the modal shapes, it is clear that

the adjacent block has great influence on the dynamic behaviour of these

buildings. In the first torsional mode shape of all three buildings (frequency

is around 2,5 Hz) it can be seen that one side has larger displacements with

respect to the other, which is almost in the original position. The torsion

should then involve both blocks and the centre of rotation can be identified

in the seismic joint between the two. Also, in the higher modes, the fact

that most bending modes are combined with torsion could be related to the

interaction with the other block.
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Figure 3.4: Plot of the PSD matrix for building 43. The maximum eigen-
values are present at frequency values that are also the modal frequencies of
the structure. In this example, the first three modes can be seen below 3 Hz,
together with the higher modes above 6 Hz.
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Table 3.5: Results of the modal analysis for building 37. Eight modes were
identified below 10 Hz. The first three modes (bending in y, torsion and
bending in x) can be seen below 3 Hz. Higher modes are either torsional or
combined modes (bending and torsion).
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Mode Frequency
[Hz]

Modal shape Plot of the modal shape
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Table 3.6: Results of the modal analysis for building 43. Six modes were
identified below 10 Hz. The sequence of the mode shapes is the same for the
lower and the higher modes: bending in y, bending in x and torsion.

Mode Frequency
[Hz]

Modal shape Plot of the modal shape

1 2,46
First flexural
mode in the y

direction

−2

0

2

4

6

−0.5

0

0.5

1

1.5

−10

0

10

20

30

40

X directionY direction

Z
 d

ir
e

c
ti
o

n

2 2,74
First flexural
mode in the x

direction

0
1

2
3

4
5

−0.5

0

0.5

1

1.5

−10

0

10

20

30

40

X directionY direction

Z
 d

ir
e

c
ti
o

n

3 2,91
First torsional

mode

−2

0

2

4

6

−0.5

0

0.5

1

1.5

−10

0

10

20

30

40

X directionY direction

Z
 d

ir
e

c
ti
o

n

4 6,83

Combined
mode: torsion
and bending in
the y direction

−2

0

2

4

6

−0.5

0

0.5

1

1.5

−10

0

10

20

30

40

X directionY direction

Z
 d

ir
e

c
ti
o

n

5 8,00
Second flexural
mode in the x

direction

−2

0

2

4

6

−0.5

0

0.5

1

1.5

−10

0

10

20

30

40

X directionY direction

Z
 d

ir
e

c
ti
o

n

6 9,67
Second tosional

mode

−2

0

2

4

6

−0.5

0

0.5

1

1.5

−10

0

10

20

30

40

X directionY direction

Z
 d

ir
e

c
ti
o

n

39



Table 3.7: Results of the modal analysis for building 25. Six modes were iden-
tified below 10 Hz. The first three modes (bending in y, torsion and bending
in x) have frequencies below 3,5 Hz. Higher modes are either torsional or
combined modes (bending and torsion).
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Table 3.8: Results of the modal analysis for building 4/1. Eight modes were
identified below 10 Hz. The first three modes (bending in y, torsion and
bending in x) are below 3 Hz. Higher modes are either torsional or combined
modes (bending and torsion).
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Mode Frequency
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Modal shape Plot of the modal shape
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3.4 Interferometric analysis

3.4.1 Methodology

Deconvolution

Seismic interferometry is a method based on the relationship between waves

recorded at di↵erent receivers (Snieder and Safak, 2006). Considering an

array of sensors recording at the same vertical position on di↵erent floors,

it is possible to estimate the waves’ propagation and their velocity from one

position to the other and if they are partly or completely refracted. Knowing

this information for a structure means knowing its impulse response function

(IRF), which describes how waves propagate within the system.

The technique considers one recording station as a virtual source, called the

reference station. Usually, the uppermost or the lowermost station is chosen

as this, but the procedure holds for any other station. The idea is to represent

the wave propagation as if it was generated by the reference station. To do so,

the signal is deconvolved, i.e., its spectrum u(!) at every station is divided

by the spectrum at the reference station uref (!):

D(!) =
u(!)

uref (!)
(3.8)

In order to avoid instability, an estimate of (3.8) is normally used, where the

parameter ✏ controls the degree of filtering applied to the deconvolution.

D(!) =
u(!) · u⇤

ref (!)

| uref (!) |2 +✏
(3.9)

Observing the deconvolved wavefield, it is possible to see how the up- and
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down-going waves propagate inside the structure and compute the wave ve-

locity between two stations. The wave velocity is estimated fitting the points

obtained by dividing the distance between the considered station and the ref-

erence one with the time interval necessary for the wave to travel between

the two stations. The time interval is computed as the time shift of the wave

positive peaks between the two stations. A least squares fitting of the points

in the time-space plane is used to estimate the global wave velocity along the

structure. In our case, the recordings on three components allow us to com-

pute both the vertical and two shear wave velocities. Seismic interferometry

was first proposed by Kanai (1965) and it has been applied either to earth-

quake data (Kohler et al., 2007; Picozzi et al. 2011) and ambient vibrations

(Prieto et al., 2010; Nakata and Snieder, 2014). In our case, the goal is to

study the linear IRF of the system as a response to ambient vibration.

Denoising

In some cases, the up- and down-going waves could not be clearly identified

in the deconvolved wavefield, hence a denoising procedure was necessary.

The method adopted (Parolai, 2009) was originally meant to be applied to

seismograms, but in this case, we applied it to the functions of the decon-

volved wavefield. The denoising procedure uses the S transform to obtain a

signal with a maximum signal-to-noise ratio, minimizing the loss of informa-

tion. The S transform is an invertible time-frequency spectral localization

technique, combining elements of wavelet transforms and short-time Fourier

transforms (3.10).

S(⌧, f) =

Z 1

�1
h(t)

|f |p
2⇡

e�(⌧�t)2f2/2e�i2⇡ftdt (3.10)
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where t is the time, f is the frequency and ⌧ is the parameter controlling the

position of the Gaussian window on the time axis. Equation (3.10) is applied

to a function in time h(t), but it can also be rewritten applied to its Fourier

spectrum H(f) (3.11).

S(⌧, f) =

Z 1

�1
H(↵ + f)e�2⇡2↵2/f2

e�i2⇡↵⌧d↵ (3.11)

Equation (3.11) is preferred to (3.10) because it is more e�cient. A continu-

ous thresholding function (3.14) proposed by Yoon and Vaidyanathan (2004)

is applied. The method is applied separately to the real and imaginary part

of the S-transform coe�cients. The parameter � is the cut-o↵ value, while ↵

defines the shape of the function.

fc(x) =

8
>>><

>>>:

x� sgn(x)(1� ↵)� if|x| � �,

0 if|x|  �,

↵�( |x|��
���

)2{(↵� 3)( |x|��
���

) + 4� ↵} otherwise.

(3.12)

where (x) is either the real or imaginary part of S(⌧, f). The parameter

� = �
p
2logN depends on the frequency-dependent noise variance �2 and

on the length of the signal N . The three parameters ↵, � and � satisfy the

conditions 0 < � < � and 0  ↵  1. In the denoising procedure, the S-

transform is first computed. Then the thresholding function is applied to the

S-transform coe�cients. The signal is finally back-transformed to the time

domain with equation (3.13).

h(t) =
p
2⇡

Z 1

�1

S(t, f)

|f | ei2⇡ftdt (3.13)
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Computation of the fixed-base frequency

From the results of the interferometric analysis, it is also possible to estimate

the fixed-base frequency of the structure f1 as (3.14).

f1 =
vs
4H

=
1

4⌧tot
(3.14)

where ⌧tot is the wave travel-time from the ground floor to the roof, vs is the

estimate for the average wave velocity in the structure and H is the height

of the building (Trifunac et al., 2010). This frequency is usually di↵erent

from the one retrieved in the spectral analysis, called fsys, the fundamental

frequency of the soil-structure system.

3.4.2 Analysis

In the first step of this analysis, we computed the spectra of several hours

of recordings (see Section 3.2.2 for the considered time intervals), with an

overlap of 50% and a bandpass filter with boundary values of 0,01 Hz and 20

Hz (Petrovic et al., 2014) and cosine-tapered. For the spectral deconvolution,

the regularization parameter ✏ is set equal to 10�3 , which was identified

as the value yielding the best compromise between regularity and loss of

information. The station at the top of the building was used as the reference

station.

Because the deconvolution on the x component did not have clearly defined

peaks, whereas in the y component the up- and down-going waves were easy

to identify, the deconvolved signal was denoised using the S transform. The

frequency interval considered for the wavelet function is 1-20 Hz and the

denoising parameter ↵ and � are respectively set equal to 0,7 and 0,5 (Parolai,

2009).
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3.4.3 Results

The deconvolution was carried out considering separately the x, y and z com-

ponents. The results of the deconvolved signal measured in building 25 are

reported in Tables 3.9-3.11. In this case, the station on the roof was chosen

as reference station. In the same table, the time-distance relation for the

up- and down-going wave is reported. The points corresponding to the time

when the peak appears in the Green function for the deconvolved wavefield

are plotted at their distance from the reference station. These points were

used to estimate the wave velocity with a linear least-square fitting of the

space-time relation. Some points were discarded in the fitting, because the

recording was corrupted or the up- and down-going wave could not be sepa-

rated. With the fitted space-time relation, an estimate of the wave velocity

was computed: the results are reported for all buildings in Tables 3.13-3.16.

For the vertical direction, the estimates of the vertical velocity are very scat-

tered: this is due to the fact that the up- and down-going waves could often

not be separated in the deconvolution, because their velocity is too high. For

this reason, it was not possible to estimate the wave velocity for the z com-

ponent. The estimate of the average wave velocity is between 350 and 450

m/s for the x component and between 400 and 550 m/s for the y component.

These are average estimates on the total height of the buildings.

Table 3.12 shows the results of the deconvolution for the x component before

and after the denoise procedure. Looking at the wavefield before the denois-

ing (on the left), the up- and down-going waves cannot usually be identified

unequivocally. On the right, the denoised results clearly show the waves

propagation on the di↵erent floors.

As far as the fundamental fixed-base frequency structure is concerned, the

results obtained with Equation (3.14) are reported in Table 3.17 and com-
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pared with those obtained for the system with the FDD (Section 3.3.3) . For

building 37, the value is overestimated: because the sensor in the cellar did

not record properly, ⌧tot in (3.14) is in this case considered equal to the travel

time between the ground floor and the roof. The value of f1 is very close to

fsys for building 43, whereas f1 < fsys in the other two buildings.
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Table 3.9: Results of the interferometric analysis for building 25, y compo-
nent. The results of the deconvolution are presented on the left. For this
component, the peaks of the up- and down-going waves can be seen sepa-
rately. On the right the position in time of the peaks are plotted at their
distance from the reference station. A space-time relation was then fitted as
a least-square interpolation of these points.

Posi-
tion

Deconvolution (top) Fit of the wave velocity

A

B
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C

D
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Table 3.10: Results of the interferometric analysis for building 25, x compo-
nent. The results of the deconvolution are presented on the left. For this
component, a denoising procedure was carried out on the deconvolved wave-
field for position A, C and D. On the right the position in time of the peaks
are plotted at their distance from the reference station. A space-time relation
was then fitted as a least-square interpolation of these points

Position Deconvolution (top) Fit of the wave velocity

A

B
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C

D
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Table 3.11: Results of the interferometric analysis for building 25, z compo-
nent. For this component, it was not possible to separate the peaks of the
up- and down-going waves with the deconvolution, because the wave velocity
is too high with respect to the sampling rate adopted. No estimate of the
wave velocity can be computed.

Posi-
tion

Deconvolution (top) Posi-
tion

Deconvolution (top)

A B

C D
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Table 3.12: Comparison between the deconvolved wavefield for the x compo-
nent before (left) and after (right) the denoising procedure. On the left, the
deconvolution reasults show many peaks: the up- and down-going waves are
di�cult to identify unequivocally. They can be clearly seen on the right in
the denoised wavefield.

Position Deconvolved wavefield Deconvolved wavefield after denoising

A

B
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Position Deconvolved wavefield Deconvolved wavefield after denoising

C

D
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Table 3.13: Estimate of the wave velocity for building 37. The values were
obtained through a least-squares fitting of travel times between the pulses
of up- and down-going waves at di↵erent floors versus the distance of the
considered sensor from the sensor on the roof.

Position y direction [m/s] x direction [m/s]
A 423 367
B 425 427
C 556 403
D 557 427

Table 3.14: As in 3.13 but for building 43.

Position y direction [m/s] x direction [m/s]
A 495 309
B 468 223
C 513 323
D - -

Table 3.15: As in 3.13 but for building 25.

Position y direction [m/s] x direction [m/s]
A 429 366
B 449 381
C 480 413
D 519 340

Table 3.16: As in 3.13 but for building 4/1.

Position y direction [m/s] x direction [m/s]
A 557 411
B 565 256
C 445 331
D 497 392
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Table 3.17: Fundamental frequency of the structures. The values computed
with the FDD fsys and the ones retrieved with the deconvolution f1 are
presented.

f1 [Hz] fsys [Hz]
Building 37 2,82 2,42
Building 43 2,44 2,46
Building 25 2,21 2,37
Building 4/1 2,11 2,44
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Chapter 4

Numerical Finite Element

modelling

4.1 Methodology

4.1.1 Modal Analysis

Numerical modal analysis is a well-known method for structural dynamic

analysis (Chopra, 1996), which aims to compute the modal frequencies and

forms of multi-degree of freedom (MDOF) systems. Considering a continuous

structure as a series of single-degree of freedom (SDOF) systems, it is possible

to set up an eigenvalues problem, whose solution describes how the structure

vibrates.

The first step is the discretization: a discrete model of the structure is needed

to start the computation. In order to obtain a discrete system, it is necessary

to assume that mass and sti↵ness of the structure are concentrated in a finite

number of points, instead of being distributed along structural elements.

This is usually the most di�cult part of the process, because of the several
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assumptions that must be made. Indeed making the right choices at this

point has a great influence on the results.

Once the discrete MDOF system has been defined, it can be described by two

matrixes. The mass matrix [M ] features all the discrete masses present in the

model. The sti↵ness matrix [K] describes the sti↵ness relations between the

masses. Both are square n by n matrixes, where n is the number of degrees

of freedom of the system, which in this case coincides with the number of

masses. The MDOF system can then be described by (4.1).

[M ] · {ÿ}+ [K] · {y} = 0 (4.1)

The function y describes the displacement of the system at each DOF and

its second derivative in time the acceleration. The second term of (4.1) is

zero because we consider a homogeneous problem, which represents the case

of no dynamic load on the structure. If the structure is dynamically loaded,

a load function should be present in the second term and the solution of the

problem would feature both the homogeneous and the particular solution.

The solution will be in any case n-dimensional, which means that the number

of points chosen for the discretization is the maximum number of modes that

can be retrieved. It can be noticed that no damping term is present in (4.1).

In fact, the dynamic equilibrium for SDOF systems also features damping,

as in (4.2).

m · ÿ + c · ẏ + k · y = f(t) (4.2)

where c is the damping coe�cient, ẏ the velocity and f(t) the applied force.

Generally in the modal analysis, the damping term is not explicitly consid-

ered, because it is not possible to estimate the damping coe�cients for each

degree of freedom. Therefore the Rayleigh damping is usually introduced.
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This technique consists of estimating two coe�cients ↵ and � that, multiplied

by the mass and sti↵ness matrixes, represent the damping characteristics of

the system. Equation (4.3) shows how the damping matrix [C] is expressed

with the Rayleigh damping coe�cients.

[C] = ↵ · [M ] + � · [K] (4.3)

In this way, damping can be considered in the computation, by simply mul-

tiplying the two matrixes by the two coe�cients. The values of ↵ and �

are normally chosen to fit the damping behaviour of the system at certain

modes. This means that the actual damping behaviour at other modes could

be di↵erent than that represented by the model and that the results of the

analysis would not represent the actual dynamic behaviour of the structure.

In (4.1) the function {y} can be described as the product of a spacial term

{�j} with a function ⌘(t) that varies with time. Generally, ⌘(t) is a harmonic

function of amplitude Aj, radial frequency !j (!j = 2 ·⇡ · f) and phase angle

�j. Expression (4.1) can be then rewritten as (4.4).

�[M ] · Aj · !2
j · {�j} · sin(!j + ✓j) + [K] · Aj · {�j} · sin(!j + ✓j) = 0 (4.4)

Simplifying (4.4), it is possible to formulate the eigenvalues problem (4.5).

{[K]� [M ] · !2
j} · {�j} = 0 (4.5)

The spacial term {�j} is the eigenvector of the problem, representing the

modal form, while the eigenvalues !j represent the eigenfrequencies of the

system. The eigenvectors {�j} are linearly independent and orthogonal with

respect to the mass and sti↵ness matrixes. This means that it is possible to
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diagonalize the problem with pre- and post- multiplication of the eigenvectors

with the matrixes. The results of this operation are namely the modal mass

matrix [M⇤] and the modal sti↵ness matrix [K⇤]. Expression (4.1) can then

be rewritten with diagonal matrixes as follow in (4.6).

[ ]T · [M ] · [ ] · [⌘̈(t)]+[ ]T · [K] · [ ] ·⌘(t) = [M⇤] · [⌘(t)]+[K⇤] ·⌘(t) = 0 (4.6)

where { } is the modal matrix, whose columns are the modal forms. From

this last expression, it is possible to compute directly the mode frequencies

of the system as the ratio between the modal sti↵ness matrix and the modal

mass matrix. As said before, the eigenvectors {�j} represent the modal form,

but they are not absolute values, therefore they only give a relationship be-

tween the displacements of the DOF of the system. Usually the eigenvectors

will be normed before presenting them as eigenforms. If the problem is not

homogeneous, it can also be diagonalized, introducing the modal load vector

{p⇤(t)}, as written in (4.8).

{ }T · [M ] · { } · [⌘̈(t)] + { }T · [K] · { } · ⌘(t) = { }T · {p(t)} · { } (4.7)

[M⇤] · [⌘̈(t)] + [K⇤] · ⌘(t) = {p⇤(t)} (4.8)

The displacements computed with (4.7) are in the modal coordinates and

must be multiplied with the modal matrix { } to be in the physical coordi-

nates.

4.2 Analysis

A first step in the numerical analysis was to choose an appropriate number of

models to set up. As described in Section 2.1, two types of geometry in plan
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can be distinguished, the symmetric (buildings number 37 and 43) and the

asymmetric (buildings number 25 and 4/1). While the latter have the same

balcony distribution and stand both next to another block, the symmetric in

plan buildings have di↵erent settings and balcony distributions. According

to the experimental results, building 37 has a di↵erent dynamic behaviour

than building 43 (see paragraph 3.3.3). These reasons led us to believe that

building 37 and 43 should be studied with two separate models.

Therefore, three di↵erent numerical models were set up: a model for building

37, one for building 43 (see Figure 4.1) and one for the asymmetric in plan

buildings (25 and 4/1). In the beginning, we modelled buildings 37, 25 and

4/1 as independent buildings, not considering the fact that another block is

present next to them.

Figure 4.1: 3D view of the model for building 43. The di↵erent colors repre-
sent the di↵erent section types. The roof and the external walls can be clearly
seen in blue and red, respectively. Because the view has some tranparency,
some internal elements can also be seen. The slab elements are presented in
orange, and the internal walls in green.
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Table 4.1: Assumptions made about the elements’ geometry adopted in the
models. These dimensions are multiples of the mesh size, equal to 30 cm.

Element Original size Size in the
model

Window opening in large panels 182x153 cm 180x150 cm
Window opening in small panels 124x153 cm 150x150 cm
Balcony and entrance door in large
panels

225x190 cm 240x180 cm

Balcony door in small panels 166x190 cm 150x180 cm
Internal door 125x200 cm 150x180 cm

4.2.1 Geometry and mesh size

As reported above (see Section 2.2), the geometry of the structural elements

is given. These dimensions were the starting point for choosing a mesh size for

the numerical analysis. As a general consideration, a finer mesh leads to more

precise results, but could cause the non-convergence of the computation. On

the contrary, if the mesh size is too large, the finite element model may not

retrieve some of the deformation of the structure. Eventually, the mesh size

has to be chosen considering how precise is our knowledge of the geometry.

In our case, the dimensions of the structural elements are documented in

centimetres, so a very fine meshing is possible. Considering the geometry

of the structural elements, a mesh size of 30 cm was adopted. Table 4.1

reports how the dimensions of the structural elements were adapted in the

model to be a multiple of the mesh size. The dimensions of the panels were

kept as in reality, i.e., 2,7x3,0 m for the small panels, 3,6x3,0 m for the large

panels. The balcony span was also considered equal to 1,5 m as in reality.

The panels were modelled as shell elements. When an opening is present,

four shell elements were used, but their continuity is provided by the mesh.

Each area element has been meshed with a maximum size of 0,3 m in both

directions and joints were added on the edges when restraints/constraints
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exist at adjacent corner points. This means that if two adjacent elements

have mesh corners at the same position, a joint connects the two elements.

This is ultimately the purpose for having a regular mesh. Four types of area

sections were defined:

1. Internal walls: with a thickness of 16 cm;

2. External walls: with a thickness of 30 cm;

3. Slab: with a thickness of 16 cm;

4. Roof: with a thickness of 30 cm.

As discussed above (see Section 2.3), the stairs and elevator shaft will

not be modelled. At their positions, a full slab is present. Considering the

balconies, we decided to model only their slab, while the vertical walls will be

taken into account as masses. This modelling allows us to take into account

the real position of their masses. The cantilever length of the balcony is in fact

1,5 m. This model also seemed the most appropriate because the balconies

are actually used as interior of the flats and their slab panels continue inside

the building.

4.2.2 Materials

The available information on the materials is quite poor (see Section 2.2):

we only know that the cubic compressive strength of the concrete is between

20 and 30 MPa and that the external walls are made of lightweight concrete.

After several trials, we saw that lower values of the mechanical characteristics

of the materials would provide a better fit to the experimental results. The

following materials were defined in the models:

1. Internal walls: concrete with characteristic cylindrical compressive

strength of 16 MPa, elastic modulus of 20 GPa and density of 25 kN/m3.
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2. External walls: concrete with characteristic cylindrical compressive

strength of 16 MPa, elastic modulus of 18 GPa and density of 22 kN/m3.

3. Slabs and roof: concrete with characteristic cylindrical compressive

strength of 16 MPa, elastic modulus of 3000 GPa and density of 25 kN/m3.

The last material was defined with such a high value for the elastic mod-

ulus so as to allow the slabs be rigid in plan. This means that they would

not undergo deformation out of their plane. This assumption is generally

true for well-connected horizontal elements. Also, this would avoid retriev-

ing local modal shapes of the balconies, which are not significant for our

purposes and cannot be compared to the obtained experimental results.

4.2.3 Loads and masses

External loads were applied to the models and considered in the modal analy-

sis as mass sources. First, a distributed area load was computed, to take into

account non-structural and accidental loads. As far as the non-structural

loads are concerned, the following contributions were identified:

-Lightweight concrete screed (10 cm thick): 15 kN/m3 x 0,10 m = 1,5

kN/m2;

-Wooden or ceramic floor (5 cm thick, considering an average density of

12 kN/m): 12 kN/m3 x 0,05 m = 0,6 kN/m2;

-Partition walls: according to the Italian normative (NTC 2008), it is

possible to assume an equivalent surface load to take partition walls into ac-

count: in our case, a linear weight of 1,10 kN/m is estimated for the partition

walls, therefore the equivalent distributed load is equal to 1,20 kN/m2.

The non-structural loads sum up to 2,9 kN/m2. The accidental distributed
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loads are assumed to be equal to 3 kN/m2, based on the Eurocode pre-

scription (EN 1991-1-1) for distributed loads, increased considering that the

average surface of a flat is smaller with respect to European standards and

therefore the load is more concentrated. The distributed load applied to the

slab elements is then 6 kN/m2, input as an area load uniform to frame. This

is also applied to balcony slabs because they are mostly closed and used as

part of the flats. For the attic slab and on the roof, a reduced distributed

load was applied, equal to 3 kN/m2, since no regular non-structural load is

present on these two floors.

Then, the mass of the balconies has to be considered. Because of the conti-

nuity between the floor and the balcony slabs, this part has been modelled.

Therefore, only the loads of the vertical walls are applied to the model. These

are estimated as follows:

! Large balconies: Applied load = 14,4/2 kN + 16,8 kN = 24 kN

Lateral wall (full height): 3 m x 0,16 m x 1,40 m x 25 kN/m3 = 16,8 kN

(each wall)

Central wall (h= 1 m): 1 m x 0,16 m x 3,60 m x 25 kN/m3 = 14,4 kN

! Small balconies: Applied load = 10,8/2 kN + 16,8 kN = 22,2 kN

Lateral wall (full height): 3 m x 0,16 m x 1,40 m x 25 kN/m3 = 16,8 kN

(each wall)

Central wall (h= 1 m): 1 m x 0,16 m x 2,70 m x 25 kN/m3= 10,8 kN

The dimensions of the vertical walls are assumed to be 1,4 m x 3,0 m x

0,16 m for the lateral panel and 2,70 m x 1,00 m x 0,16 m or 3,60 m x 1,00

m x 0,16 m for the front panel of a small and large panel, respectively. The
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elements are made of concrete and look like standard panels, so 25 kN/m3 is

assumed as the density. These loads are applied as point load on the corner

joints of the balconies’ shells.

As far as the elevator and stair masses are concerned, they are taken into

account simply by modelling a full slab in their positions.

4.3 Results

A modal analysis was performed for the three models and the results re-

ported in Tables 4.2-4.4. As far as the description of the modes is concerned,

the direction is given considering the system reported in Figure 2.2. It can

be observed that the three models yield very similar results, in spite of their

di↵erent geometry. In particular, they all have a fundamental flexural mode

in y, a second mode that is flexural in x and torsional as third mode. This

order well represents the experimental results for building 43, but not for

the other three buildings, which have the torsional as the second mode and

bending in x as the third. This will be discussed in more detail in Chap-

ter 5. Considering then the values of the modal frequencies, they are very

similar for all three models and are in general higher than those estimated

experimentally. All in all, it can be stated that the three models represent

structures that appear to display the same dynamic behaviour, which is in

contrast with the experimental results.
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Table 4.2: Results of the numerical modal analysis for building 37. These
initial results were obtained setting up a model according to the information
available in the documentation or obtained during the building inspections.
The modal shapes are described according to the directions defined in Figure
2.2.

Mode Frequency [Hz] Modal shape
1 3,67 Flexural mode in the y direction
2 4,82 Flexural mode in the x direction
3 5,03 Torsional mode

Table 4.3: As in Table 4.2 but for building 43.

Mode Frequency [Hz] Modal shape
1 3,76 Flexural mode in the y direction
2 4,95 Flexural mode in the x direction
3 5,32 Torsional mode

Table 4.4: As in Table 4.2 but for the asymmetric buildings (25 and 4/1).

Mode Frequency [Hz] Modal shape
1 3,77 Flexural mode in the y direction
2 4,90 Flexural mode in the x direction
3 5,36 Torsional mode
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Table 4.5: Pictures of the modal shapes obtained from the numerical models.
It can be observed that all three models yield essentially the same modal
shapes.

Mode
Building 37 Building 43 Asymmetric buildings

1

Flexural mode in y Flexural mode in y Flexural mode in y

2

Flexural mode in x Flexural mode in x Flexural mode in x

3

Torsional mode Torsional mode Torsional mode
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Chapter 5

Comparison between

experimental and numerical

results

In the previous chapters, the experimental and numerical results were pre-

sented. We now report them together in Tables 5.1-5.4 in order to compare

them. Assuming that the experimental results obtained from the ambient

vibration analysis describe the global linear dynamic behaviour of the build-

ings, the numerical results have to be improved.

We already pointed out that the three models yield very similar results,

although they were meant to model di↵erent dynamic behaviours. In partic-

ular, the fundamental mode, which is bending in y, observed at about 2,4 Hz

for all buildings, is well represented in the models, but at a frequency value

more than 1 Hz higher than experimentally estimated. The second and third

modes computed numerically, i.e. bending in the x direction and torsion,

respectively, in the ambient vibration analysis were identified as torsion and

bending, respectively, for three buildings (37, 25 and 4/1). The order of the
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experimental modal shapes is correctly matched only in the case of building

43. The di↵erent order of the modal shapes implies that the numerical model

does not represent the mass and sti↵ness distribution of the structure. These

properties also govern the values of the modal frequencies, which are higher

than the ones obtained experimentally.

In particular, Building 43 di↵ers from the other three in three aspects:

1. It stands clearly separate from other buildings (no seismic joint present).

2. It has a di↵erent geometry in plan than buildings 25 and 4/1 (but not

building 37).

3. It has a di↵erent balcony distribution.

Considering the third aspect, the numerical analysis was also performed with-

out modelling the balcony slabs, which, in this case, were taken into account

only as masses. The order of the modal shapes was unchanged. We can

therefore conclude that the balcony distribution is not a↵ecting the order of

the global modal shapes.

As far as the second point is concerned, the di↵erent modal behaviour inter-

ests all three other buildings, as they are asymmetric or symmetric in plan.

Therefore, only the first aspect is left to consider (see paragraph 6.1.4).

Looking at all four buildings, the eigenfrequency values computed numer-

ically are higher than those obtained experimentally. The poor knowledge

on the material properties is pivotal for this aspect. A reduction in the fre-

quency can in fact be obtained assuming that the buildings are characterized

by less sti↵ness or more mass. Following this path, new numerical results

were computed and are presented in Chapter 6.
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Table 5.1: Comparison between experimental and numerical results for build-
ing 37.

Experimental results Numerical results

Mode
Frequency

[Hz]
Modal shape Frequency

[Hz]
Modal shape

1 2,42 Flexural mode in the
y direction

3,57 Flexural mode in the
x direction

2 2,51 Torsional mode 4,52 Flexural mode in the
x direction

3 2,73 Flexural mode in the
x direction

4,75 Torsional mode

Table 5.2: Comparison between experimental and numerical results for build-
ing 43.

Experimental results Numerical results

Mode
Frequency

[Hz]
Modal shape Frequency

[Hz]
Modal shape

1 2,46 Flexural mode in the
y direction

3,76 Flexural mode in the
y direction

2 2,74 Flexural mode in the
x direction

4,95 Flexural mode in the
x direction

3 2,91 Torsional mode 5,32 Torsional mode

Table 5.3: Comparison between experimental and numerical results for build-
ing 25.

Experimental results Numerical results

Mode
Frequency

[Hz]
Modal shape Frequency

[Hz]
Modal shape

1 2,37 Flexural mode in the
y direction

3,61 Flexural mode in the
y direction

2 2,94 Torsional mode 4,80 Flexural mode in the
x direction

3 3,47 Flexural mode in the
x direction

4,98 Torsional mode
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Table 5.4: Comparison between experimental and numerical results for build-
ing 4/1.

Experimental results Numerical results

Mode
Frequency

[Hz]
Modal shape Frequency

[Hz]
Modal shape

1 2,44 Flexural mode in the
y direction

3,61 Flexural mode in the
x direction

2 2,59 Torsional mode 4,80 Flexural mode in the
x direction

3 2,80 Flexural mode in the
x direction

4,98 Torsional mode
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Chapter 6

Calibration of the numerical

models

As pointed out in the previous chapter, the numerical results do not match

the experimental ones. Assuming that the ambient vibration analysis yields

a correct description of the linear dynamic behaviour of the buildings, a cal-

ibration of the numerical models was performed. Four di↵erent possibilities

were considered for the better modelling of the structural behaviour: study-

ing the box-like behaviour of the buildings, assuming a di↵erent distribution

of the internal walls, changing the elastic modulus of concrete and assuming

that the adjacent buildings are actually connected. These are presented in

the following paragraphs. Out of these four, two (variation of the elastic

modulus and connection between adjacent buildings) were finally adopted

to calibrate the numerical models. The results of the calibration are then

reported.
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6.1 Methodologies

6.1.1 Elastic Keys

As a first possibility to better model the mechanics of the four buildings, we

considered that the joints between the panels are peculiar elements, which

might not guarantee the box-like behaviour of the structure. We modelled

this condition adding a shell element at the end of each vertical wall with

particular mechanical properties. This stripe-like shell element, which we

called an elastic key, is 30 cm wide and has a di↵erent elastic modulus with

respect to the walls. Also, an elastic key is placed around the floor slab

to model the connection between the horizontal and vertical elements. The

Young modulus for the elastic keys is chosen in ordr to obtain results closer

to the experimental ones.

This solution actually represented quite well the global dynamic behaviour

of the buildings, but we had to assume very small values of the elastic mod-

ulus for the connections. We judged this result unsatisfactory and would in

conclusion assume that the joints provide good connection between panels,

at least within the elastic regime.

6.1.2 Distribution of the internal walls

Considering how the panels are jointed together and that the distribution of

separation elements can vary in private apartments, it is possible to assume a

di↵erent setting for the internal walls. The distribution we assumed features

two additional internal walls running along the longitudinal direction of the

buildings, as shown in Figure 6.1. These walls are positioned were the joint

between the external panels are present. If these walls were present, the

second mode shape would be torsional. However, after the inspection, it
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was clear that these walls are not present in the apartments. Also, it would

have been very strange if the di↵erent dynamic behaviours within the same

building series were due to the di↵erent position of the internal walls. This

option has therefore also been discarded.

Figure 6.1: Plan view of buildings 25 and 4/1 with the additional longitudi-
nal internal walls (in pink). This di↵erent distribution of the internal walls
changes the sti↵ness and masses distribution, so that the order of the modal
shapes retrieved numerically is the same as the one obtained experimentally.

6.1.3 Material properties

As mentioned before, the documentation on the material properties is very

poor, so we decided to vary in the models the material density and elastic

modulus to fit the eigenfrequencies of the buildings. This was done for the

vertical walls. The values of the parameters are presented in the following

section.

It was, however, not possible to find a calibration of the material properties

that would yield a correct order of the modal shapes for building 37, 25 and

4/1. Therefore, we excluded the possibility of modelling di↵erent buildings

with di↵erent materials: this would have been also not consistent with the
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fact that they all belong to the same series.

6.1.4 Seismic joint

As we stated in Chapter 5, a significant di↵erence between the buildings could

be their position with respect to other buildings. Buildings 37, 25 and 4/1

are separate from another building block only by a seismic joint. This space

between the buildings is closed by a metal sheet, so that the wind does not

enter. The roof panels are clearly jointed (see Figure 9.4) and at the ground

floor a common vertical wall is sometimes present. We do not know if the two

buildings are connected at some other points. The local engineers claimed

that these joints do not foresee any connection between the two blocks. We

modelled di↵erent conditions. First, we considered the two buildings being

completely connected, as if they were one single building. The result of this

modelling was a correct order of the modal shapes. Then, we connected

the two buildings only at the points we could see, but the results did not

match the experimental ones. Finally, we assumed that the buildings are

actually connected by the floor slabs (as in Figures 6.2-6.3). This assumption

is motivated by the fact that, although no connection is supposed to exist

between the two blocks, the roof slabs are clearly connected.

6.2 Analysis

Out of the four possibilities presented in the previous section, the third and

the fourth were adopted in the final modelling.

For all three models, the material properties of the vertical walls were changed.

In the calibrated model we assumed:

1. Internal walls: concrete with characteristic cylindrical compressive
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Figure 6.2: Plan view of building 37, showing the adjacent block. In our
assumption, a connection 30 cm wide is present between the slabs at each
floor.

Figure 6.3: Plan view of buildings 25 and 4/1 , showing the adjacent block.
In our assumption, a connection 30 cm wide is present between the slabs at
each floor.

strength of 16 MPa, elastic modulus of 12 GPa and density of 25 kN/m3.

2. External walls: concrete with characteristic cylindrical compressive

strength of 10 MPa, elastic modulus of 5 GPa and density of 20 kN/m3.

The adjacent block is also included in the models of building 37 and of the

asymmetric in plan buildings. The two blocks are assumed to be jointed at

every floor by a continuous slab. The distance between the two blocks is not

constant in reality, but can be approximated to 30 cm in our models, to be

consistent with the mesh size. Therefore, in the two models a 30 cm wide

slab element connects the two blocks at each floor. A plan view of the two
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block-systems is present in Figures 6.2 and 6.3.

6.3 Results of the calibration

The results of the modal analysis for the calibrated models are reported

in Tables 6.1-6.4. In the calibrated models, the order of the modal shapes

matches the one obtained from the experimental analysis. The percentage

error between the frequency values is also reported in the tables. Table 6.5

shows the modal shapes obtained from the numerical analysis. Considering

the frequency values, the calibration led to values that are very close to those

obtained experimentally. The percentage variation is less than 20% and is

null or very close to zero for the fundamental frequency. We cannot actu-

ally state that with this calibration we have recovered information about the

building materials. We modified the elastic modulus of concrete for vertical

walls in order to calibrate the models, but in reality, the concrete could have

superior mechanical characteristics and the masses present in the buildings

might be higher than what we assumed.

About the order of the modal shapes, it seems very likely that the adja-

cent blocks have a strong influence on the global dynamic behaviour of the

structures. The modal shapes obtained from the numerical modal analysis

modelling both blocks are the same as the experimental ones. Even if the

assumption we made about the slab connection might be wrong, it is clear

that, under dynamic excitation, the two adjacent buildings behave as one

structural system.
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Table 6.1: Comparison between experimental and numerical results of the
modal analysis for building 37. The percentage error is also computed.

Mode
Frequency

(experimental)
[Hz]

Frequency
(numerical)

[Hz]

Modal shape % Error

1 2,42 2,41 Flexural mode in the
y direction

10

2 2,51 2,89 Torsional mode 15
3 2,73 3,28 Flexural mode in the

x direction
20

Table 6.2: As in Table 6.1 but for building 43.

Mode
Frequency

(experimental)
[Hz]

Frequency
(numerical)

[Hz]

Modal shape % Error

1 2,46 2,43 Flexural mode in the
y direction

1

2 2,74 3,18 Flexural mode in the
x direction

16

3 2,91 3,39 Torsional mode 16,5

Table 6.3: As in Table 6.1 but for building 25.

Mode
Frequency

(experimental)
[Hz]

Frequency
(numerical)

[Hz]

Modal shape % Error

1 2,37 2,43 Flexural mode in the
y direction

2

2 2,94 2,93 Torsional mode 1
3 3,47 3,28 Flexural mode in the

x direction
5,5
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Table 6.4: As in Table 6.1 but for building 4/1.

Mode
Frequency

(experimental)
[Hz]

Frequency
(numerical)

[Hz]

Modal shape % Error

1 2,44 2,43 Flexural mode in the
y direction

1

2 2,59 2,93 Torsional mode 13
3 2,80 3,28 Flexural mode in the

x direction
17
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Table 6.5: Pictures of the modal shapes obtained from the numerical models.
It can be observed that building 37 has a dynamic behaviour very similar to
the asymmetric buildings.

Mode
Building 37 Building 43 Asymmetric buildings

1

Flexural mode in y Flexural mode in y Flexural mode in y

2

Torsional mode Flexural mode in x Torsional mode

3

Flexural mode in x Torsional mode Flexural mode in x
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Chapter 7

Conclusions

7.1 Analysis conducted

Experimental ambient vibration analysis and numerical Finite Element mod-

elling were carried out for four r.c. large-panel buildings in Bishkek, Kyr-

gyzstan. The experimental analysis includes spectral analysis, frequency do-

main decomposition and interferometric analysis. For the numerical analysis,

three di↵erent models were set up to study three di↵erent global dynamic

behaviours that had been identified during the experimental analysis. Then,

taking the experimental results as a reference, some changes were made in

the numerical models so that their results could be closer to the experimen-

tal ones. With the ambient vibration analysis, the modal frequencies and

shapes of the four buildings were identified, together with the linear IRF. It

was also possible to compute both the fundamental frequency of the fixed-

base structure and of the soil-structure system. On the other hand, with the

numerical modal analysis, the frequencies and shapes of the buildings were

also computed. In the final version of the model, the di↵erence between the

experimental and numerical modal analysis is less than 20% and between
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0-2% for the fundamental frequency estimate.

7.2 Results obtained

Considering the results obtained both experimentally and numerically, two

di↵erent types of global dynamic behaviour can be identified. On the one

hand, building 43, standing separate from other buildings, has three clearly

defined modes below 3 Hz (bending in y, bending in x and torsional). On

the other hand, the three other buildings, which stand next to another block,

have more combined modal shapes involving torsion and a di↵erent sequence

in the lower modes (bending in y, torsion and bending in x). In conclusion,

the buildings in question all have a fundamental flexural mode in the same

direction with frequency around 2,4 Hz, but the higher modes are strongly

influenced by their standing alone or next to another block.

In the calibration of the numerical model, it was possible to study what

aspects mainly influence the global dynamic behaviour of the structures.

The relationship between mass and sti↵ness of the buildings was considered

the result of both the material properties and the elements’ distribution and

mutual connection. The most important conclusion in this sense is that the

global dynamic behaviour of the buildings standing next to another block is

strongly a↵ected by this condition.

The objective of this work was also to see if one numerical model could

represent the behaviour of all four buildings. We can say now that at least

two models have to be set up to represent the dynamic behaviour of buildings

that stand alone and buildings with an adjacent block. However, if the

goal is to obtain the fundamental mode of the building, a single model can

be representative for all buildings. It should also be pointed out that the
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initial model, based on available information and without taking into account

the adjacent buildings, had very di↵erent results than the numerical ones,

especially with regards to the order of the modal shapes.

7.3 Future developments

In future studies, it should be clearly defined how two adjacent buildings are

jointed. The results of ambient vibration analysis on both adjacent buildings

could also be useful to identify the modal shapes that involve both blocks.

More information about the materials would also lead to an improvement in

the numerical models. These could then be used to build structure fragility

curves for this type of buildings. Studying a wider number of buildings of

this series could also lead to an improvement of the results.
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Chapter 9

Appendix 1: Photos of the

buildings

Figure 9.1: Front view of building 37.
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Figure 9.2: Lateral view of building 37.

Figure 9.3: View of the back of building 37.
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Figure 9.4: View of the seismic joint in building 37.
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Figure 9.5: Front view of building 43.
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Figure 9.6: Lateral view of building 43.
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Figure 9.7: View of the back of building 43.

Figure 9.8: Front view of building 25.
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Figure 9.9: Lateral view of building 25.
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Figure 9.10: View of the back of building 25.
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Figure 9.11: View of the seismic joint in building 25.
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Figure 9.12: Front view of building 4/1.
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Figure 9.13: Lateral view of building 4/1.
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Figure 9.14: View of the back of building 4/1.
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Chapter 10

Appendix 2: FFT spectra

Figure 10.1: Spectra for position A of building 37. The longitudinal, transver-
sal and vertical components are plotted in red, blue and black respectively.
In all spectra, the line represents the mean value and the hues the standard
deviation.
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Figure 10.2: Spectra for position B of building 37 at di↵erent floors from
basement (bottom) to roof (top). The x, y and z components are plotted
in blue, red and black respectively. On the left, the first flexural mode in
y (2,42 Hz), the first torsional mode (2,51 Hz), the first flexural mode in x
(2,73 Hz) and the second torsional mode (2,82 Hz). In the middle column, a
combined mode (torsion and bending in y at 3,60 Hz) and the third torsional
mode (4,41 Hz) can be seen . Among the higher modes on the right, two
combined modes can be identified (6,99 Hz and 8,33 Hz).
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Figure 10.3: Spectra for position C of building 37 at di↵erent floors from
basement (bottom) to roof (top). The x, y and z components are plotted
in blue, red and black respectively. On the left, the first flexural mode in
y (2,42 Hz), the first torsional mode (2,51 Hz), the first flexural mode in x
(2,73 Hz) and the second torsional mode (2,82 Hz). In the middle column, a
combined mode (torsion and bending in y at 3,60 Hz) and the third torsional
mode (4,41 Hz) can be seen . Among the higher modes on the right, two
combined modes can be identified (6,99 Hz and 8,33 Hz).
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Figure 10.4: Spectra for position D of building 37 at di↵erent floors from
basement (bottom) to roof (top). The x, y and z components are plotted
in blue, red and black respectively. On the left, the first flexural mode in
y (2,42 Hz), the first torsional mode (2,51 Hz), the first flexural mode in x
(2,73 Hz) and the second torsional mode (2,82 Hz). In the middle column, a
combined mode (torsion and bending in y at 3,60 Hz) and the third torsional
mode (4,41 Hz) can be seen . Among the higher modes on the right, two
combined modes can be identified (6,99 Hz and 8,33 Hz).
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Figure 10.5: Spectra for position A of building 43 at di↵erent floors. The
x, y and z components are plotted in blue, red and black respectively. On
the left the first flexural mode in y (2,46 Hz), in x (2,74 Hz) and the first
torsional mode can be identified. On the right a second torsional mode (6,83
Hz) and a second flexural mode in x (8,00 Hz) can be seen.
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Figure 10.6: Spectra for position B of building 43 at di↵erent floors from
basement (bottom) to roof (top). The x, y and z components are plotted
in blue, red and black respectively.On the left the first flexural mode in y
(2,46 Hz), in x (2,74 Hz) and the first torsional mode can be identified. On
the right a second torsional mode (6,83 Hz) and a second flexural mode in x
(8,00 Hz) can be seen.
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Figure 10.7: Spectra for position C of building 43 at di↵erent floors from
basement (bottom) to roof (top). The x, y and z components are plotted
in blue, red and black respectively. On the left the first flexural mode in y
(2,46 Hz), in x (2,74 Hz) and the first torsional mode can be identified. On
the right a second torsional mode (6,83 Hz) and a second flexural mode in x
(8,00 Hz) can be seen.
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Figure 10.8: Spectra for position D of building 43 at di↵erent floors from
basement (bottom) to roof (top). The x, y and z components are plotted
in blue, red and black respectively. On the left the first flexural mode in y
(2,46 Hz), in x (2,74 Hz) and the first torsional mode can be identified. On
the right a second torsional mode (6,83 Hz) and a second flexural mode in x
(8,00 Hz) can be seen.
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Figure 10.9: Spectra for position A of building 25 at di↵erent floors from
basement (bottom) to roof (top). The x, y and z components are plotted in
blue, red and black respectively. The fundamental mode can be seen on the
left (bending in y at 2,37 Hz) very close to a combined mode (2,51 Hz). The
first torsional mode (on the right at 2,94 Hz) and flexural mode in x (in the
middle at 3,47 Hz) can also be identified. Among the higher modes on the
right, two torsional modes can be seen (4,43 Hz and 6,96 Hz).
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Figure 10.10: Spectra for position B of building 25 at di↵erent floors from
basement (bottom) to roof (top). The x, y and z components are plotted in
blue, red and black respectively. The fundamental mode can be seen on the
left (bending in y at 2,37 Hz) very close to a combined mode (2,51 Hz). The
first torsional mode (on the right at 2,94 Hz) and flexural mode in x (in the
middle at 3,47 Hz) can also be identified. Among the higher modes on the
right, two torsional modes can be seen (4,43 Hz and 6,96 Hz).

111



Figure 10.11: Spectra for position C of building 25 at di↵erent floors from
basement (bottom) to roof (top). The x, y and z components are plotted in
blue, red and black respectively. The fundamental mode can be seen on the
left (bending in y at 2,37 Hz) very close to a combined mode (2,51 Hz). The
first torsional mode (on the right at 2,94 Hz) and flexural mode in x (in the
middle at 3,47 Hz) can also be identified. Among the higher modes on the
right, two torsional modes can be seen (4,43 Hz and 6,96 Hz).
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Figure 10.12: Spectra for position D of building 25 at di↵erent floors from
basement (bottom) to roof (top). The x, y and z components are plotted in
blue, red and black respectively. The fundamental mode can be seen on the
left (bending in y at 2,37 Hz) very close to a combined mode (2,51 Hz). The
first torsional mode (on the right at 2,94 Hz) and flexural mode in x (in the
middle at 3,47 Hz) can also be identified. Among the higher modes on the
right, two torsional modes can be seen (4,43 Hz and 6,96 Hz).
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Figure 10.13: Spectra for position A of building 4/1 at di↵erent floors from
basement (bottom) to roof (top). The x, y and z components are plotted
in blue, red and black respectively. On the left, four modes can be seen:
bending in y (2,44 Hz), torsion (2,59 Hz), bending in x (2,80 Hz) and torsion
(2,93 Hz). In the middle another torsional mode can be identified (4,43 Hz).
Among the higher modes on the left a torsional one (6,63 Hz) and flexural
one in x (8,12 Hz) can also be seen.
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Figure 10.14: Spectra for position B of building 4/1 at di↵erent floors from
basement (bottom) to roof (top). The x, y and z components are plotted
in blue, red and black respectively. On the left, four modes can be seen:
bending in y (2,44 Hz), torsion (2,59 Hz), bending in x (2,80 Hz) and torsion
(2,93 Hz). In the middle another torsional mode can be identified (4,43 Hz).
Among the higher modes on the left a torsional one (6,63 Hz) and flexural
one in x (8,12 Hz) can also be seen.
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Figure 10.15: Spectra for position C of building 4/1 at di↵erent floors from
basement (bottom) to roof (top). The x, y and z components are plotted
in blue, red and black respectively. On the left, four modes can be seen:
bending in y (2,44 Hz), torsion (2,59 Hz), bending in x (2,80 Hz) and torsion
(2,93 Hz). In the middle another torsional mode can be identified (4,43 Hz).
Among the higher modes on the left a torsional one (6,63 Hz) and flexural
one in x (8,12 Hz) can also be seen.
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Figure 10.16: Spectra for position D of building 4/1 at di↵erent floors from
basement (bottom) to roof (top). The x, y and z components are plotted
in blue, red and black respectively. On the left, four modes can be seen:
bending in y (2,44 Hz), torsion (2,59 Hz), bending in x (2,80 Hz) and torsion
(2,93 Hz). In the middle another torsional mode can be identified (4,43 Hz).
Among the higher modes on the left a torsional one (6,63 Hz) and flexural
one in x (8,12 Hz) can also be seen.
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