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Abstract. In this paper a simple and economically competitive procedure for the seismic as-
sessment of historic buildings is proposed. The approach is based on a combination of ex-
perimental investigation with successive numerical analysis. The dynamic parameters of the
building such as natural frequencies and mode shapes are determined from in-situ measure-
ments. A simplified mechanical model, where the mass is lumped to the story levels, repre-
sents the building. The distributed stiffness of the model is identified by a finite element modal
update procedure utilizing the experimentally determined characteristics. A pushover analysis
vields the capacity curve, and a capacity spectrum is utilized to determine the performance
point. Consequently, the seismic vulnerability of the original object can be evaluated. Struc-
tural changes (mass, stiffness) of projected reconstructions are considered in a modification
of the mechanical model, and seismic assessment is performed as for the original structure.
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1 INTRODUCTION

In the urban areas of Central Europe a noticeable amount of residential buildings are older
than 90 years. For instance in the city center of the Austrian capital Vienna approximately
32.000 houses were erected between 1850 and 1918, which is about one third of the present-
day stock of buildings. Mostly, these structures have been retained unchanged without con-
siderable structural improvement since decades. Many of these objects are landmarked, and
space is limited for the construction of new houses, and thus, in the last twenty years unused
attics of these historic buildings were converted into new apartments in order to recreate addi-
tional living space.

The reconstruction and development of attics in historic buildings is regulated in national
standards [1]. Since recent investigations have revealed that in Central Europe the earthquake
hazard was underestimated considerably, these regulations were tightened in spring 2006 by
increasing the effective earthquake loads. In [1] for the assessment of sufficient seismic resis-
tance of existing buildings the following cases are distinguished:

e Up to an additional vertical load of 7.2 kN/m? a simplified seismic analysis is permitted.
¢ For larger additional loads sophisticated seismic analysis procedures must be applied.

The simplified analysis is applicable only for lightweight constructions with a small in-
crease of vertical loads. However, in the vast majority of cases the earthquake resistance of
the structure to be remodeled must be verified by means of complex numerical methods con-
sidering large uncertainties, and the expenses for most reconstructions increase dramatically.
The actual condition of the masonry of old buildings is in general hardly known, and the
structural system and parameters are in general not well documented. There is also a lack of
information on parameters of construction material utilized in ancient houses. It is a matter of
fact that the new regulations led to a major decline of reconstruction of historic buildings and
thus, to economic disadvantages for the real estate market.

Hence, there exists a high demand for an economic and sufficient accurate seismic analysis,
which is relatively easy to implement. In this paper a simplified method based on combined
experimental — numerical analysis is presented.

2 METHODOLOGY

2.1 In-situ measurements

Seismic analyses are based on basic dynamic parameters of the considered object such as
natural frequencies and the corresponding mode shapes. For existing buildings these parame-
ters are determined beneficially from data recorded by in-situ measurements, in particular
when structural system and utilized materials are unknown. It is proposed to utilize acceler-
ometers, which are distributed on the story levels on top of each other. As an example Figure
1 shows the position of accelerometers in an actual investigated residential building in Vienna.
The sensors are placed next to the staircase because the apartments are occupied, and thus
cannot be entered without additional logistic effort. Advantageously, the measurements are
performed during the night when foot traffic is low and excitation from engines such as wash-
ing machines is very unlikely.
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Figure 1: Sensor instrumentation of a residential building

In tall buildings measurements cannot conducted simultaneously, because the number of
available sensors is customarily limited. For such objects a reference sensor is located in a
story, where it remains during the entire measurement period. After each measurement a sec-
ond accelerometer is moved to a further measuring point at a different story level until the en-
tire building is surveyed. The response of the sensor to be moved is related to the response
measured with the reference sensor.

Depending on the type of building and measurement equipment two different analysis
techniques based on:

¢ the ambient vibrations response (ambient excitation)

e the free vibration response after an impulsive like load applied with a hammer (tran-

sient excitation)
may be utilized to evaluate the dynamic parameters.

It is noted that the location of excitation must remain the same when measurements are

performed with a reference sensor.

2.2 Signal processing

The dynamic time history response is recorded in three directions. However, if reasonable
the evaluation of the data is confined to one building axis, where the structure is most vulner-
able, i.e. effects such as torsion or coupled bending torsional vibrations are negligible.

The natural frequencies of the building structure are determined by transforming the time-
history signals of each sensor into the frequency domain by Fast-Fourier-Transformation
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(FFT). Depending on the recorded data the mode shapes are evaluated in the time domain
(transient excitation) or in the frequency domain (ambient excitation).

2.2.1. Transient excitation — time domain

If the building can be excited transiently by means of a hammer the induced free vibration
response is utilized to identify the dynamic parameters. The procedure of data processing in
the time domain is sketched in Figure 2.

3-dimensional raw data sets

offset removal

windowing of the signal

ambient response transient response

spectral analysis (FFT) filter (band-pass, 4% order)

1st natural frequency

2nd natural frequency

Superposition

Figure 2: Evaluation of natural frequencies and mode shapes based on transient excitation

The n-th modal component of the undamped free displacement and acceleration response
W, and wy, respectively, of a multi-degree-of-freedom (MDOF) system differ by the square

of the n-th natural circular frequency a)n2 2],
VW = 0 COS Wyl , Vi = —Wy° Py COS Dyt (1)

In (1) ;/;n denotes the n-th mode shape. Since the maximum amplitude of a mode shape is
arbitrary the mode shape can be extracted directly from the acceleration response.

The fractions of the response, which vibrate in the natural frequencies of interest, are ex-
tracted by filtering the raw signal. Therefore the raw acceleration response is edited by a
band-pass filter of 4™ order. The frequency band around the considered natural frequency is
very narrow, i.e. the upper and lower boundary of the frequency f,; are selected according to

_ fn
fu,l_fniloo (2)

This procedure is performed for each identified natural frequency. Subsequently, the ex-
tracted time history responses of each story is plotted on top of each other, and at certain time
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instants the amplitudes are read and combined to the vector (/‘;n,,- . Note that the floor response

must be related to the response recorded with the reference sensor when the measurements of
the floor accelerations are conducted at different time instants. Finally, the estimate of the n-th
mode shape is determined by averaging,

> G, 3)

In Figure 3 the evaluation of the first bending mode g/i of an investigated building struc-
ture according to the described procedure is shown.
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Figure 3: Evaluation of the fundamental mode of a building structure (time domain)

2.2.2. Ambient excitation — frequency domain

If the ambient vibration response is recorded the mode shapes have to be determined in the
frequency domain [3]. For the evaluation of the mode shapes it is necessary to evaluate the
phase of the acceleration response. Therefore, the phasing of the response signal of each floor
of the building needs to be investigated. In order to increase the reliability of the results this
should be done simultaneously for each obtained record. The mode shapes are finally aver-
aged for the different recorded signals [3].
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Figure 4: Evaluation of the fundamental mode of a building structure (frequency domain)

2.3 Finite element model update

An estimate of the distributed stiffness of the investigated building is calculated utilizing
the equations of motion for a simplified mechanical model. Thereby, the structure is consid-
ered as a MDOF system with lumped masses at each story level. The model of the MDOF
system is thereby created as an approximation with several assumptions and can lead to dif-
ferences to the real structure. To improve the accuracy of the system the dynamic parameters
are calibrated with the outcomes from in-situ measurements. Therefore a numerical updating
procedure is utilized [4].

In general finite element model updating can be performed using direct or iterative meth-
ods [5]. The former has the advantages, because no iteration is required and measured data are
reproduced exactly. However, if the measured data is inaccurate (or correspond to a highly
nonlinear system), a model with no physical meaning may be obtained. In contrast, iterative
methods are based on a non-linear penalty function, which is minimized through subsequent
linear steps, and more computational time is required.

For the procedure proposed in this paper, a sensitivity-based iterative method is utilized [4].
The computational technique is carried out by VCUPDATE, an iterative updating algorithm
implemented in Scilab [6], which is interfaced with the finite element code OpenSees [7].
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2.4 Seismic assessment of existing buildings

The performance of the building under seismic loading is estimated by means of the ca-
pacity spectrum method [8]. The simplified mechanical model obtained from the finite ele-
ment model update procedure is subjected to a pushover analysis, which yields the capacity
curve of the structure. The pushover analysis facilitates the consideration of material nonlin-
earities of the structure. It is therefore scheduled to perform large-scale tests on building struc-
tures as well as laboratory tests on masonry material in order to get information about the
nonlinear behavior of historic buildings. The initial viscous damping of the building is esti-
mated and an appropriate demand spectrum is consulted. The intersection of demand spec-
trum and capacity curve renders the initial value of the performance point of the building
subjected to a given seismic input, as shown in Figure 5. In an iteration procedure the effec-
tive viscous damping coefficient ¢ sys,eff 18 compared with the initial viscous damping value

Cinitiar until a certain convergence criterion is reached. Finally the obtained performance point
is an appropriate measure for the evaluation of the seismic hazard of the building [8].
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Figure 5: Capacity curve, demand spectrum, and performance point

2.5 Seismic assessment of existing buildings with projected reconstruction

Structural changes of projected reconstructions in existing structures such as remodeling of
the attic may be considered by change of mass and stiffness in the mechanical model. This
can be done without major effort, because the effect of the structural design features can be
estimated very quickly. A pushover analysis renders the capacity curve of the modified model,
and seismic assessment analysis is carried out. The impact of various preliminary designs on
the seismic vulnerability of the structure can be checked.
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3 APPLICATIONS

3.1 Objects

Several existing objects were tested in order to verify the applicability and reliability of the
proposed method. The in-situ measurements were preferably performed using transient excita-
tion. In Table 1 the investigated structures, their dimension and employed building material
are listed. Furthermore, first and second natural frequencies f; and f,, respectively, in two di-
rections (E-W: east-west, N-S: north-south) of the objects are given in the same table.

dimen- height building f E-W fZ,E-W f N-S f2,N-S

location sions [m] [m] material [Hz] [Hz] [Hz] [Hz]

1 Riglergasse 10, Vienna 18x 16 23.2 masonry 242 6.75 - -

2 Diesterwegg. 4, Vienna 12 x 24 16.7 masonry 3.61 11.30 -

3 Istanbul I — Fenerbage 18 x 31 14.5 RC 5.10 1020 5.43 19.39
4 Istanbul II — Fenerbace 19 x 21 17.0 RC 4.85 - 527 10.33
5 Istanbul III — Galatasaray 4 x 14 120 masonry 3.02 7.16 - -

6 Istanbul IV — Fenerbage 10 x 20 24.0 RC .75  7.15 253 10.07
7 Istanbul V — Fenerbace 18x 18 37.0 RC 1.1 758 1.63 6.06
8 Bucharest — Hotel Ibis 50x 17 25.0 RC - - 3.03 23.29

Table 1: Investigated structures — general information and natural frequencies determined from measured data.

3.2 Results

In the following object 1 of Table 1 (Riglergasse 10, Vienna) is examined. Both ambient
excited and transient excited building response are utilized for the evaluation of this building.
Measurements were performed during a long period with a sampling rate of 500 Hz. This
large sampling rate was selected to window the signal with small time steps. A part of a re-
cord and the windowing of the signal are shown in the Figure 6.
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Figure 6: Transient (a) and ambient (b) windows with a length of 8 s for the acceleration record at the first floor
of the investigated residential building (Riglergasse 10, 1180 Vienna)

The structural mass was estimated consulting design documents, and lumped to the story
levels. The first and second mode shape, the story masses, and the story stiffness are specified
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in Figure 7. The stiffness of the mechanical model was determined by application of the men-
tioned indirect finite element update procedure [4].
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Figure 6: Final model of the investigated residential building (Riglergasse 10, 1180 Vienna), mode shapes (east -
west direction) for the corresponding frequencies.

These results constitute the structural input values for the capacity design method. The
structural model shown in Figure 7 is subjected to a static pushover analysis.

In order to consider the global nonlinear behavior of the masonry buildings it is scheduled
to perform large-scale in-situ pushover tests on real structures. The outcomes of these tests
will be utilized to calibrate the numerical pushover analysis. The nonlinear material parame-
ters will be verified using several laboratory-tests on undisturbed masonry specimens.

3.3 Further developments

During the evaluation of the dynamic parameters for the building structures listed in Table

1 some difficulties have emerged, which should be resolved in future research work.

e The evaluation of natural frequencies for residential buildings can be very cumbersome
due to the fact that the structure may have no strongly developed vibration behavior. Thus
it might be necessary to use different methods for their identification in addition such as
the stochastic subspace method [9].

¢ During the in-situ measurements attention has to be paid to internal excitation (e.g. gen-
erators, washing machines), as they can strongly affect the measurement results.

e For the evaluation of the mode shapes in the frequency domain it is advantageous to have
ambient signals only. This is hardly to realize because of locally induced vibrations (e.g.
by inhabitants).

e The evaluation of mode shapes based on the response induced by impulse loading seems
to be more reliable if the structure is rather small, because the initiated free vibrations can
be recognized clearly at each sensor location. When there are not enough sensors available
to record the induced vibrations simultaneously at all story levels this method leads to re-
liable results only when the excitation signal can be repeated for each measurement with
different locations of the accelerometer.
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e For the investigated structures only the first two natural frequencies and mode shapes
could be determined. The accuracy of the finite element model update procedure can be
increased, if at least the third natural frequency and mode shape is included.

4 CONCLUSIONS

In recent years seismic assessment analysis of existing residential buildings has become a
major issue for the construction industry. The release of uniform regulations for whole Europe
has led to changes in the validation of the existing structures. Particular the evaluation of the
vulnerability of historic residential houses is very difficult to realize. A combined numerical -
experimental analysis is the most promising approach to assess these objects. In this paper
such a procedure is proposed, which is based on in-situ measurements of the considered ob-
ject. Evaluation of the recorded vibration response renders the dynamic parameters such as
natural frequencies and mode shapes. Procedures in the time and frequencies domain are sug-
gested, depending on the type of measurement. The stiffness of the structure is estimated util-
izing a finite element model update procedure. Subsequently, the seismic vulnerability of the
building is verified utilizing capacity spectra. The structural resistance of existing buildings
after reconstruction, such as erection of additional apartments in empty attics, can be done by
the same procedure.
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