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Abstract. The aim of this paper is an empirical estimation 1 Introduction

of the fundamental period of reinforced concrete buildings

and its variation due to structural and non-structural dam-

age. The 2009 L'Aquila earthquake has highlighted the mis-The estimation of the fundamental period is a crucial aspect
match between experimental data and code provisions valu®! response analysis for existing buildings and for their as-
not only for undamaged buildings but also for the damagedsessment and retrofitting. A reliable estimation of the funda-
ones. The 6 April 2009 L'Aquila earthquake provided the mental period” is an important aspect both in classic (force-
first opportunity in Italy to estimate the fundamental period based design, FBD) and in more recent design procedures
of reinforced concrete (RC) buildings after a strong seismic(€.g. pushover analysis, displacement-based design; see for
sequence. A total of 68 buildings with different characteris- 2 review Masi and Vona, 2010). In the linear static or dy-
tics, such as age, height and damage level, have been inve8amic method (FBD) the fundamental period (predicted in a
tigated by performing ambient vibration measurements thagimplified manner or calculated by analytical model) is the
provided their fundamental translational period. Four differ- crucial parameter to define the spectral acceleration and thus
ent damage levels were considered according with the defthe base shear force.

initions by EMS 98 (European Macroseismic Scale), trying Atpresent, concerning the evaluation of seismic actions on
to regroup the estimated fundamental periods versus buildsingle structures, most design codes (e.g. ATC, 1978; BSSC,
ing heights according to damage. The fundamental period 02003; CEN, 2005; NZSEE, 2006) provide period-height em-
RC buildings estimated for low damage level is equal to thePirical expressions, usually set up with an elastic force-based
previous relationship obtained in Italy and Europe for un-design in mind. The recent research into earthquake engi-
damaged buildings, well below code provisions. When dam-neering shows that the fundamental periods estimated by nu-
age levels are higher, the fundamental periods increase, buierical models are often significantly different than those
again with values much lower than those provided by codesobtained when using an experimental approach (Gallipoli et
Finally, the authors suggest a possible update of the code foil-, 2009, 2010; Oliveira and Navarro, 2010; Michel et al.,
mula for the simplified estimation of the fundamental period 2010). These differences are probably due to the fact that the

of vibration for existing RC buildings, taking into account dynamic properties of buildings are evaluated using numer-
also the inelastic behaviour. ical analyses based on inaccurate FE (finite element) mod-

els, based on too simplified models which inadequately re-
produce the dynamic behaviour of real structures. Although
the mass properties can be easily assessed, the geometry and
stiffness of structural and non-structural elements (when con-
sidered) are too simplified as well as the consequent damp-
ing properties of the structure considered. In fact, the infill
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panels are not generally included in this kind of numerical Table 1. Distribution of damage levels of surveyed RC buildings.
models. The inability to model correctly the structural damp-
ing linked to material properties and other physical charac- Damage level
teristics (e.g. opening an_d closir_lg of cracks, structural a_md Age Noo 0 1 2 3 a4
non-structural elements interaction, etc.) makes numerical Buildings

estimate of periods less realistic (Masi and Vona, 2010).
There are recent works where special-purpose-element mod- ~ 1946-1961 o 1 71

els have been developed in order to represent the actual 1962-1971 7 7

seismic response of the RC (reinforced concrete) structures ig;g:iggi ;g 5 % 1411 g 4
(Karayannis et al., 2011). Several key parameters influenc- 1992-2000 9 6 2 1

ing the dynamic characteristics of the buildings have been in- 2001-2009 2 2

cluded, such as infills, beam-column RC joints, and boundary

conditions such as structure to soil and/or adjacent structure 68 14 10 29 11 4

interaction. Nevertheless the gap between numerical and ex-

perimental results exists, and the experimental estimations of

fundamental period as well as its variation due to estimateshe behaviour of anti-seismic RC buildings in L' Aquila is not
damage should be an important step to update the modelsery different from those related to RC buildings designed
The aim of this study is to estimate the fundamental periodonly to vertical loads, as reported in Mucciarelli et al. (2004)
variation taking into account different levels of damage into and Masi and Vona (2010). This similarity is due to the use
account. To this purpose, we have collected several recordsf old codes of seismic design. In fact, some typical charac-
ings during and after the L'Aquila (2009) seismic sequenceteristics have been observed:

(Mucciarelli et al., 2011; Picozzi et al., 2011). The funda-

mental periods of 68 RC buildings have been estimated for — Beam—column joints without ties and ineffective an-
the first time in Italy after a strong seismic sequence. The  chorage of the steel bars (Fig. 1a).

fundamental periods of RC buildings with different typolo-
gies, structural characteristics, age, heights and damage lev-
els have been investigated by means of ambient vibration
measurements. Four different damage levels were consid-
ered with regard to the 5 damage levels defined by EMS 98
(Gruenthal, 1998). A new height—period relationship is pro- — Structural system: strong frames mainly along one di-
posed for the practical purposes such as the assessment and  rection (typically the longitudinal direction) while in the
the retrofitting of the existing European RC moment-resistant orthogonal direction weak frames are generally present.
frame (MRF) buildings.

— Open hoops (Fig. 1b).

— Structural elements with small section and few rein-
forcement bars (hoops and longitudinal bars, Fig. 1c).

On the other hand, it is worth noting that the mechanisms of
o ) surveyed damage are not different to those surveyed in recent
2 Buildings data set and analysis Italian earthquakes on existing from RC buildings designed
: . . . to resist to vertical loads only (Fig. 2).
e e e ot e, The 68 RC buings where measurement were under
span of important characteristics such as taken had heights ranging from_ll to 27m, and d|ffgrent
damage levels so that it is possible to study the real influ-

— seismic design; ence of strong ground shaking on fundamental period and to
compare these results with those obtained with regard to the
— design/construction age; undamaged buildings. The damage levels (DL) range from
) DL =1 (non-structural damage) to D4 (heavy structural
— height; damage) accordingly with the EMS 98 (Gruenthal, 1998).

Figure 3 shows typical examples of the observed damage
levels. Table 1 reports the distribution of buildings according

The age of construction ranges from 1950 to 2000. Afterto age classes and damage level. It has to be noted that the se-
the 1915 Avezzano earthquake, L'Aquila has been classifiedected buildings are mainly grouped in the oldest age classes,
as a seismic area, therefore all the RC buildings studied werand obviously the DI=0 is mainly present in more recent
designed according to the Italian seismic code enforced at thbuildings.
time of construction. The main characteristics of the buildings studied are sum-

With regard to the seismic aspects, design details do noimarized in Table 2. We also considered some particular
appear different to those of RC buildings designed only tocases: two buildings with completely bare frames (Fig. 4b,
vertical loads. Moreover, the surveyed damage showed thatumber 36 and 37 in Table 2), two buildings without stiff

— damage level.

Nat. Hazards Earth Syst. Sci., 13, 1903912 2013 www.nat-hazards-earth-syst-sci.net/13/1903/2013/



R. Ditommaso et al.: Evaluation and considerations about fundamental periods 1905

Table 2. Main characteristics of surveyed RC buildings.

ID Age H Period DL
[m] [s] [EMS98]
1 1992-2000 14.9 0.24
2 1992-2000 14.9 0.23
3 1982-1991 17.6 0.23
4 1982-1991 16.0 0.31
5 2001-2009 12.4 0.24
6 1982-1991 14.8 0.21
7 1992-2000 14.5 0.22
8 1992-2000 14.5 0.21
9 1992-2000 14.5 0.24
10 1992-2000 145 0.23
11 2001-2009 5.2 0.12
12 1946-1961 17.6 0.21
13 1982-1991 24.7 0.29
14 1982-1991 17.0 0.26
15 1992-2000 21.7 0.58
16 1982-1991 17.6 0.23
17 1972-1981 145 0.22
18 1982-1991 145 0.21
19 1982-1991 145 0.27
20 1982-1991 145 0.27
21 1982-1991 145 0.25
22 1982-1991 11.7 0.20
23 1982-1991 16.0 0.37
24 1992-2000 14.5 0.27
25 1982-1991 20.7 0.57
26 1982-1991 20.7 0.60
27 1982-1991 145 0.47
28 1972-1981 18.6 0.48
29 1972-1981 17.6 0.33
30 1972-1981 17.6 0.33
31 1972-1981 20.7 0.33
32 1982-1991 11.4 0.33
33 1962-1971 114 0.31
34 1972-1981 145 0.39
35 1972-1981 26.9 0.50
36 1972-1981 23.8 0.76
37 1972-1981 23.8 0.81
38 1962-1971 17.6 0.40
39 1962-1971 17.6 0.21
40 1962-1971 145 0.55
41 1962-1971 17.6 0.70
42 1972-1981 20.7 0.44
43 1946-1961 17.6 0.42
44  1946-1961 17.6 0.39
45 1946-1961 14.5 0.27
46 1946-1961 11.4 0.25
47 1946-1961 11.4 0.34
48 1946-1961 14.5 0.26
49 1946-1961 20.7 0.57
50 1972-1981 14.5 0.34
51 1972-1981 14.5 0.39
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Table 2. Continued.

ID Age H Period DL
[m] [s] [EMS98]

52 1962-1971 24.0 0.69
53 1962-1971 24.0 0.69
54 1982-1991 18.6 0.55
55 1982-1991 18.6 0.61
56 1972-1981 18.6 0.53
57 1972-1981 145 0.54
58 1972-1981 145 0.50
59 1982-1991 11.4 0.31
60 1972-1981 26.9 0.50
61 1992-2000 11.4 0.38
62 1946-1961 12.8 0.35
63 1972-1981 145 0.50
64 1972-1981 145 0.47
65 1982-1991 18.6 0.63
66 1982-1991 114 0.41
67 1982-1991 11.4 0.38
68 1982-1991 11.4 0.38
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stair structures (number 40 and 41 in Table 2), and one build-
ing with just one story with completely bare frames (Fig. 4a
number 44 in Table 2). The age classes have been derived
both from the post-earthquake damage and the safety assess-
ment inspection form (AeDES form) released by the ltal-
ian Department of Civil Protection after the 1997 Umbria—
Marche and the 2002 Molise earthquakes (Baggio et al.,
2007). Age classes have been selected according to different
periods of enforcing of different building codes.

3 Data analysis and structural dynamic
characterization

The best method to determine the dynamic parameters is,
of course, that of recording earthquakes inside permanently
monitored buildings, but this is a costly option restricted to
a limited number of case studies. A possible alternative to
permanent monitoring systems is to perform noise measure-
ments using temporary stations. The use of a fast procedure
and a portable instrument allows studying a large number of
buildings during an earthquake-related emergency. Gallipoli
et al. (2009, 2010) and Ditommaso et al. (2010, 2012) have
compared several techniques for structural dynamic identifi-
cation: ambient noise vibrations are very useful for the char-
acterization of the fundamental frequency and the related
modal shape (if more than one station has been used). In
this work the frequencies have been estimated using ambient
noise recordings by means of a portable three-directional tro-
mometer (Micromed Tromino). In very few instances it was
possible to perform more measurements within each build-
ing at different floors and at different points. In most cases,
just one measurement has been carried out at the highest
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accessible floor in order to identify the fundamental period
related to each instrumented structure. In all cases, the posi-
tion was approximately central with respect to the plan con-
figuration of the building. Measurements were performed us-
ing a time-window length variable from 6 to 10 min and a
sampling frequency equal to 256 Hz. To estimate the build-
ing’s fundamental period the horizontal to vertical spectral
ratio (HVSR) technique has been used (Castro et al., 1998;
Gallipoli et al., 2004; Di Giulio et al., 2005). Then, it was
possible to estimate the building’s fundamental period with a
very good reliability. There are many reasons for the use of
HVSR. Firstly, it was not possible to use the SSR (Standard
Spectral Ratio) to estimate the transfer function of the build-
ings due to safety reasons. Most of the buildings were seri-
ously damaged and the aftershock sequence was ongoing, so
we wanted to minimize the number of measurements and the
crew performing them; nowadays the restoration work often
provides no space for free field measurements. Moreover, in a
noisy environment with ongoing restoration and demolitions,
HVSR has the same target in the building and in the soil: that
of separating the true shear response of the investigated ob-
ject from the propagating noise that can mask the true eigen-
frequencies. In previous works, HVSR has proved to be a
reliable proxy of SSR to estimate fundamental frequencies,
as demonstrated on a large set of Italian buildings by Gal-
lipoli et al. (2009), provided that the measurement points are
(b) carefully selected to avoid membrane modes of the floors and

other possible problems as described in the appendix of the
paper by Gallipoli et al. (2010).

Table 2 reports the analysis results for each building, with
age classes, damage levels and building height. Figure 5
shows the comparison between the periods of the damaged
RC buildings with those obtained for undamaged RC Ital-
ian and European buildings (Gallipoli et al., 2009, 2010).
It is worth noting that the theoretical equation provided by
the codes returns an over-estimation of periods also for the
highest damage level (Dt 4). Supposing that before the
damage the frequencies of the buildings in L'Aquila were
placed along the same relationship as for undamaged Italian
buildings, the period increase due to damage never exceeds
100 % for the highest damage level (Bi4), and the period
increase is around 60 % when considering the lower dam-
age levels (Dl=2 and DL=3). This is in good agreement
with the observation provided for the only Italian buildings
whose dynamic behaviour was observed during a damaging
earthquake which occurred in Molise, October 2002 (Muc-
ciarelli et al., 2004), and as reported in Masi and Vona (2010)
for damaged RC moment-resisting frames. In Mucciarelli
et al. (2004) the damage state of an RC building in Bone-
fro (due to the 2002 seismic sequence in Molise, Italy) has
been reported. During the second shock of the seismic se-
Fig. 1. Reinforcement details of an RC building designed taking quence (1 Novemben/; = 5.3, IMCS=VII), the building’s
into account the Italian seismic code (1975). damage increased (damage grade equal to 4 according to
the EMS 98 scale) and the authors have observed the evo-
lution of the fundamental period before, during and after the
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(a) (b)

(¢) U

Fig. 2. Comparison between damages from different Italian earthquékpgb), (c): L'Aquila, Italy, LAquila earthquake 2009(d), San
Giuliano, Italy, Molise earthquake 200@), Castelluccio Inferiore, Italy, Pollino earthquake 19¢3, Bonefro, Italy, Molise earthquake

2002.
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Fig. 4. Example of special case 1, top par(al, and special case 2,
bottom panel(b).

recorded earthquake using a seismic station placed within the
building. The available data allow one to estimate the funda-
mental period of this building before the second shock and

(© upon the shift of frequency due to damage. Moreover, the
. fundamental period of the undamaged structure (before the
Fig. 3. Damage level $a) and damage level ), (C). first strong motion) was estimated on the basis of a redefined

numerical model (implementation of in situ and laboratory
tests). Finally, rather low variations of the period values have
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1.00 o> NoDamazs Table 3. Regression coefficient for different grouping of
0.90 5D height/period data according to observed EMS 98 damage.
0.80 © DL2
Tt © DL3 DL2 DL3 DL2-DL3 DLO-DL1
206 ® DL4 alfa 0.026 0.028 0.026 0.016
é" o M e IN lower95%  0.023 0.024 0.024 0.014
% 4. Special Caze:2 higher95% 0.028 0.033 0.028 0.018
§ 0.40 —Gallipoli et al. 2009
= and 2010
£0.30 — -EC8 - ATC
=
0.20 ==NZSEE 2006
0.10 —BSSC 2003 . .
0 - 4 Results and discussion
v S 10 15 20 25 30
Eelghtr] Starting from the experimental evidence, possible improve-

Jments to the current code provisions can be proposed. The
analyses of the results reported in this paper show a sig-
nificant difference between the code provision and the real
dynamic behaviour of the existing RC buildings, both dam-

been found (max value of the period elongation is around@ged and undamaged. We first explore a possible separation
30%), in spite of the condition of incipient collapse af- Of more or less damaged buildings, dividing the database to
ter the second shock. Similarly, during the April 2009 se- consider the different damage levels surveyed.
quence, Mucciarelli et al. (2011) studied the transient non- The period vs. height data of the buildings with DL1 are
stationary behaviour of a damaged building carrying out am-very close to RC Italian and European relationships experi-
bient noise and strong motion measurements: the structurdnentally estimated by Gallipoli et al. (2009) and Gallipoli et
eigen-frequencies decrease during each aftershock, but the. (2010) for undamaged buildings. The first damage level
they come back to the starting values after each event. In adDL1) is defined in EMS 98 (Gruenthal, 1998) as negligible-
dition, no damage evolution was found during the aftershockio-slight damage (only non-structural damage) with fine
sequence because the building remains within the same dangfacks in plaster over frame members or in walls at their
age mechanism caused by the mainshock. base, and fine cracks in partitions and infills. According to
In this study it is important to note that the highest damagethis definition, it is possible to consider DL1 as the damage
levels (DL3, DL4) are often localized only within the first limitation State defined in CEN (2005).
and second storeys and generally only on few columns or The DL2 and DL3 (cracks in columns and beam column
beam—column joints. These observations of localized damjoints of frames at the base and at joints of coupled walls,
aged following strong earthquakes do not match the hypothspalling of concrete cover, buckling of reinforced rods, large
esis of the codes of a diffuse damage on the frame. This igracks in partition and infill walls, failure of individual infill
probably due to possible defects governing the damage evdPanels. Cracks in columns and beams of frames and in struc-
lution during earthquakes and confirms that old Italian seis-tural walls, cracks in partition and infill walls, loss of brittle
mic codes do not consider correctly the contribution of thecladding and plaster, and falling mortar from the joints of
infilled panels, staircases, and any other non-structural elewall panels.) could be considered as the ultimate limit state
ments that contribute to the stiffness of buildings and theirand the relevant periods representative of the yielding period.
dynamic behaviour on damage to buildings during and aftelased on the description of the SD (significant damage) limit
the earthquake. state proposed by EC8-3 (CEN, 2005), damage levels 2 and 3
The values of periods of the building showing the major could be grouped because they represent the low and medium
damage level (DL4) could be considered as the upper limitstructural damage. Coherently with the paper’s goals, dam-
for this typology of buildings (RC MRF). On the contrary, age levels 2 and 3 can be considered as corresponding to the
the theoretical equation provided by the codes returns periodtfe safety performance level.
that are an over-estimation even when this level of damage is Instead, based on the description of the NC (near collapse)
observed. This disagreement has to be considered taking intgnit state proposed by EC8-3 (CEN, 2005), the most sim-
account the construction practices used in each country, withlar to this definition is DL4, when the structure has suf-
the need to perform a similar investigation and to define afered heavy, non-repairable damage with low residual lateral
relationship based on typical Italian and European buildings strength and stiffness.
as showed in previous works by Gallipoli et al. (2009, 2010), Some statistical analyses have been carried out. The form

Guler et al. (2008), and Oliveira et al. (2010) for undamaged? = « - H has been considered. The constantepends on
RC buildings. the building properties and it is determined by regression

analysis of the measurements by minimizing the square error

Fig. 5. Correlation between height, period and damage level, an
comparison with code formulas.
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Fig. 6. Correlation between height and period for buildings with

damage levels ga) and 3(b). Fig. 8.Height vs. fundamental periods: comparison between 37 fun-
damental periods estimated by Goel and Chopra (1997), and 64 in
this study (considering only the damage levels lower that DL4).

between measured and evaluated periods. Obviously, in this

formula the intercept alf = 0 is taken equal to 0.

We consider separately the DL2 and DL3, and then bothforce-based design (DL1 and DLO), and the other related to
of them compared with the joint regression of DLO and DL1. buildings with DL2 and DL3, which represents the higher
The results in Table 3 clearly show that it is possible to grouplimit value for the assessment and retrofitting of existing RC
DL2 and DL3, whose separate regressions fall within eachbuildings, in particular when the post-elastic behaviour of the
others confidence bounds. The regression for DLO and DL1structure is taken into account.
on the other hand, returns a coefficient that is significantly In order to try to understand why the proposed formulation
different from that of DL2 and DL3 taken together. The fun- in the European code is so different with respect to our em-
damental period—height relationships for damaged RC buildpirical relationships both for damaged and undamaged build-
ing are reported in Fig. 6, with equatidh= 0.026- H and  ings, it could be interesting to reappraise the data from which
T =0.028- H, respectively. Finally, Fig. 7 reports the com- the EC8 derives. The EC8 height/period provisions, as well
parison between the ECS8 relationship and the two experas those of most of the seismic codes in the world derive from
imental period—height relationships: one obtained for un-the work of Goel and Chopra (1997). They proposed empiri-
damaged buildings considering it as a lower limit in elastic cal formulae to estimate the fundamental vibration period of

Nat. Hazards Earth Syst. Sci., 13, 1903912 2013 www.nat-hazards-earth-syst-sci.net/13/1903/2013/
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RC MRF buildings, based on measurements carried out dur- Orsini, G., Papa, F., and Zuccaro, G.: Field manual for post-
ing several earthquakes in California, on mostly undamaged earthquake damage and safety assessment and short term coun-
buildings. termeasures (AeDES), EUR 22868 EN — Joint Research Centre
In their work Goel and Chopra (1997) advise that “since  ~ Inst.itute for the Protection and Security of the.Citizen, gdited
these recommendations are developed based on data fromPY: Pinto, A. V. and Taucer, F., Luxembourg: Office for Official
buildings in California, they should be applied with discre- Publications of the European Communities 2007, EUR scientific

tion to buildings in less seismic regions of the US or other and technical research series — ISSN 1018-5593, 2007.
9 9 BSSC: NEHRP Recommended Provisions for Seismic Regulations

parts of the world where buildings design practice is signifi- for New Buildings and Other Structures (FEMA 450), 2003 Edn.,
cantly different than in California.” Besides these mentioned Building Seismic Safety Council, Washington DC, 2003.

deSign and COﬂStI’UCtiOh diffel’ences betWeen Californian and:astrol R. R., Mucciare”i, M.’ Pacor’ F.’ Federici, P., and Zaninetti,
Italian RC buildings, one must take into account also the dif-  A.: Determination of the characteristic frequency of two dams
ferent composition of the two databases. Figure 8 shows the located in the region of Calabria, Italy, B. Seismol. Soc. Am., 88,
data (37 measurements on 27 RC MRF buildings) obtained 503-511, 1998.

in Goel and Chopra (1997) together with those described ifcEN: Eurocode 8: Design provisions for earthquake of structures —
this study. The two data sets barely overlap: in Goel and Part 1-4: strengthening and repair of buildings, European Pre-
Chopra (1997) there are only 7 buildings with a height less Standard ENV 1998-1-4, CorgitEurogeen de Normalisation,

. Brussels, 2005.
than 35m (9 floors), while the formula proposed here hasDi Giulio, G., Azzara, R. M., Cultrera, G., Giammarinaro, M. S.,

been derived using buildings with heights in the range of 11— Vallone, P, and Rovelli, A.: Effect of local geology on ground
27m. motion in the city of Palermo, Italy, as inferred from aftershocks
of the 6 September 2002 Mw 5.9 earthquake, Bull. Seismol. Soc.
) Am., 95, 2328-2341, 2005.

5 Conclusions Ditommaso, R., Parolai, S., Mucciarelli, M., Eggert, S., Sobiesiak,
) o ) ) M., and Zschau, J.: Monitoring the response and the back-

The fundamental period of RC buildings and its elongation  radiated energy of a building subjected to ambient vibration

are relevant to earthquake engineering applications on and impulsive action: the Falkenhof Tower (Potsdam, Germany),

existing buildings, and must be treated very carefully. In  Bull. Earthg. Eng., 8, 705-722, 2010.

the present paper, a data set acquired after the 6 April 200®itommaso, R., Mucciarelli, M., Parolai, S., and Picozzi, M.: Moni-

L'Aquila earthquake has been analysed in order to inves- toring the structural dynamic response of a masonry tower: com-

tigate the dynamic behaviour of damaged buildings. The paring classical and time-frequency analyses, Bull. Earthg. Eng.,

obtained experimental results have been compared with 10.1221-1235,2012. _

some codes and empirical relationships. This comparisor?@liPoli. M. R., Mucciarelli, M., Castro, R. R., Monachesi, G., and

shows a systematic over-estimation of period values by code OM"h P Structure, soil - structure response and effects of dam-
age based on observations of horizontal-to-vertical spectral ratio

prqvi;ions, not only for ‘?”,damaged but even'for damag,Ed of microtremors, Soil Dynam. Earthqg. Eng., 24, 487—-495, 2004.
buildings. The code provisions need to be reviewed startings 5jipoli, M. R., Mucciarelli, M., and Vona, M.: Empirical estimate
from the experimental evidence. The height—period rela- of fundamental frequencies and damping for Italian buildings,
tionship grouped for damage levels proposed in this paper Earthq. Eng. Struct. Dynam., 38, 973-988, 2009.
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