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Abstract
The fundamental period of structures is a parameter used in structure under design and for 
evaluating existing structures. Data-driven methods using ambient vibrations have become 
popular, particularly for the adjustment of empirical relationships applied to building 
classes. This study presents the results of a survey of ambient vibrations performed in 146 
reinforced concrete buildings in the center of Quito (Ecuador). Classical functional forms 
giving period (T) for height (H) or number of floors (N) are derived and compared with the 
relationships available in the Ecuadorian seismic design provisions. We highlight varia-
tions in the empirical relationships according to soil conditions, but above all according to 
the date of construction and the historic seismic sequence to which the buildings have been 
exposed. The cumulative damage effect is finally confirmed by repeating ambient vibra-
tion measurements after the 2016 Mw 7.8 Pedernales earthquake located in the subduc-
tion zone, about 175 km from Quito. Even with such a long epicentral distance, leading 
to low macroseismic intensity  (IEMS98 = IV), the seismic ground motion of between 0.017 
and 0.081 g recorded in Quito reduced the resonant frequency of the buildings tested by 
between 2 and 13%. This confirms the effect of cumulative damage in reinforced concrete 
buildings located in seismic zones, even for weak ground motions, and the variability of 
empirical T/H relationships associated with damage.
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1 Introduction

The seismic loadings supported by civil engineering structures are resonance frequency- 
(or period) and damping-dependent. The shape of the response spectrum for a given seis-
mic demand is therefore the result of the seismic response of a series of one degree of 
freedom systems having a specific period of resonance for a given value of damping. Cur-
rently, the fundamental period is a parameter used in structure under design and structure 
retrofitting (CEN 2004). The seismic design provisions of buildings codes (e.g. Uniform 
Building Code in US, Eurocode in Europe) provide simplified relationships between the 
period (T) and the building height (H) to be used, for example, in equivalent lateral force 
analysis, according to the design (e.g. shear walls or frame buildings), method (force-based 
or displacement-based design approaches) and materials (reinforce concrete RC or steel). 
The empirical period formulae in the US seismic code were first established by experi-
ments assessing structural periods from their seismic motion during Californian earth-
quakes (Goel and Chopra 1997, 1998). Since Carder (1936), many experiments have been 
conducted using ambient vibrations (AV) recorded in buildings, notably thanks to improve-
ments in digital acquisition systems and signal processing methods for structural modal 
analysis. The efficiency of AV-based methods is no longer in doubt, supported by the oper-
ational modal analysis community (Brincker and Ventura 2015). Many model-driven (e.g. 
Crowley and Pinho 2004, 2010) or data-driven studies (e.g. Gallipoli et al. 2009; Michel 
et al. 2010a; Salameh et al. 2016) focus on the assessment of resonance periods of struc-
tures and the definition of T/H relationships, which are relevant to seismic risk analysis. 
Additional structural features, such as cracking and plan irregularity (Masi and Vona 2010) 
or the nature of infills (DeLuca et al. 2014), determine the empirical period formulae for 
concrete structures. Continuous monitoring of modal parameters has also demonstrated 
their high sensitivity to external forces, such as weather conditions (e.g., Clinton et  al. 
2006; Mikael et  al. 2013; Guéguen et  al. 2016), variations in soil-structure interactions 
(e.g., Todorovska and Al Rjoub 2006; Guéguen et  al. 2017), and also a larger damping 
coefficient variation than the resonance frequency (e.g., Nayeri et al. 2008; Brossault et al. 
2018).

Period-based operational applications for post-earthquake damage classification explor-
ing the post/ante period ratio provide evidence of the efficiency of operational modal 
analysis for earthquakes. For example, using permanent instrumentation, Clinton et  al. 
(2006), Mucciarelli et al. (2009), and Astorga et al. (2018, 2019) evaluated the variation of 
period values before and after damaging earthquakes, and Dunand et al. (2004) and Vidal 
et al. (2014) matched the period shift with operational and emergency assessment of post-
earthquake damage based on visual inspection. Using AV, Dunand et al. (2004) and Vidal 
et al. (2014) showed that with a before/after period variation of less than 30–40%, struc-
tures remained in an undamaged grade; these values can be used as thresholds for dam-
age occurrence for a Seismic Structural Health Monitoring (S2HM) strategy (Guéguen and 
Tiganescu 2018). Trevlopoulos and Guéguen (2016) provided time-variant capacity curves 
of RC structure models with cumulative damage, considering the resonance frequency var-
iation as a damage proxy. Masi and Vona (2010), with modeling, and Guillier et al. (2014), 
with experimental data, clearly showed the high sensitivity of T/H empirical period formu-
lae to damage and/or cracking states, especially for structures tested a long time after they 
were built, i.e. certainly having suffered aging or seismic damage in seismic-prone regions. 
However, there is still no universal relationship between the level of damage or cracking 
and the resonance frequency shift observed using ambient vibrations. Furthermore, it is 
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also difficult to know to what extent the AV frequency values used to calibrate the T/H 
coefficients are influenced by the past seismic activity of the region and the cumulative 
structural damage.

The objective of this study is to examine the modal variation of existing RC structures 
in Quito (Ecuador) due to the 2016 Pedernales (magnitude M = 7.8) earthquake. In 2015, 
an experiment was conducted to obtain the resonance frequencies of buildings using ambi-
ent vibration techniques. After the earthquake, almost all the buildings were tested again to 
assess the potential effect of the earthquake on the structures. In the first section, we pre-
sent the study area and the buildings tested. The second section describes the data acquisi-
tion and processing methods, and the results of the survey with respect to building charac-
teristics are provided in the third section. Finally, the post-earthquake survey is presented, 
as well as the effect of this earthquake on the empirical relationships, and conclusions are 
given in the last section.

2  Dataset

The area concerned is the center part of Quito, the capital city of Ecuador (Fig. 1a), a 
high seismic hazard prone city (Beauval et al. 2010, 2013). Located on a hanging wall 
of a sedimentary valley, Quito’s population counts approximately 1.6 million inhabit-
ants in an area of approximately 370 km2. In the last two decades, a number of seismic 
risk assessments have been carried out in Quito: the seismic risk management scenario 
project in the context of the United Nations program in the 1990s (e.g., Chatelain et al. 
1999), site effect studies using seismic noise measurements (e.g., Guéguen et al. 2000), 

Fig. 1  Geographic location of the experiment. a Map of Ecuador (red star: 2016 Mw 7.8 Pedernales earth-
quake). b Location of the buildings tested in 2015 (blue: soft soil conditions; red: stiff soil conditions)
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and since 2009, the installation of a permanent accelerometer network for the prediction 
of ground motion and site effects based on standard seismic methods (e.g., Laurendeau 
et al. 2017). Quito has seen substantial urban growth since the 1990s (Chatelain et al. 
1999), with tall RC buildings mainly found in the urban expansion areas. Several con-
struction codes were in use at the time of their construction, resulting in a wide vari-
ability of building design, particularly before implementation of the earthquake building 
code in 2002 (NEC 2002), updated in 2015 (NEC 2015).

The locations of the buildings concerned are given Fig.  1b. The color code distin-
guishes (1) buildings located on the soft soil (in blue) that covers the central depres-
sion of the valley, characterized by a recent lacustrine deposit causing seismic ground 
motion amplification (Guéguen et al. 2000), and (2) buildings on stiff soil (in red), cor-
responding to consolidated volcanic deposits (named Cangahua deposits), on the east-
ern edge of the basin. No additional information about site conditions for each building 
is available. A medium stiff zone is also present in the transition zone with a central 
depression (Chatelain et al. 1999). In this study, according to the Ecuadorian building 
code, the buildings concerned are non-ductile RC infilled frame structures, with more 
than 2 floors, i.e. the most dominant typology according to the classification by Villar-
Vega et al. (2017) for the urban areas of Ecuador. In our study, 146 buildings, selected 
to represent as well as possible a wide range of building heights, were tested in 2015. 
Figure 2a represents the distribution of the buildings tested, ranging mainly between 2 
and 16 floors, with some exceptionally tall buildings and a majority of 8-floor struc-
tures, i.e. the dominant typology in Quito.

Fig. 2  Distribution of the build-
ings tested in 2015 and 2017, 
according to number of floors (a) 
and year of construction (b). In 
brackets, the period considered in 
the manuscript with the number 
of buildings tested (2015/2017)
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On 16 April 2016, a Mw 7.8 earthquake occurred along the Colombia-Ecuador subduc-
tion zone, typical of the historic activity (Ye et al. 2016). This earthquake caused important 
destruction in the epicentral region (Goretti et  al. 2017), characterized by EMS98 mac-
roseismic intensity IX (Instituto Geofisico EPN https ://www.igepn .edu.ec/infor mes-sismi 
cos/espec iales /sism-e-2016/14805 -infor me-sismi co-espec ial-n-18-2016/file last access 
05/2019; Chunga et al. 2018). In Quito, located about 175 km from the epicenter, intensity 
was estimated at IV. Because of the small distance between buildings compared to the epi-
central distance, we consider that all buildings have the same epicentral distance. Accord-
ing to the EMS98 intensity definition, many inhabitants felt the shaking inside their houses, 
some objects oscillated and no damage was expected. Despite no damage being expected, 
a second series of measurements was carried out on the same set of buildings, between 
November 2016 and March 2017, i.e. at least seven months after the main shock. The same 
equipment was used for the two campaigns and a similar data processing was done (see 
Sect. 3). Figure 2b compares the characteristics of the buildings tested in 2015 with those 
tested in 2016–2017. In total, only 117 buildings were tested in 2016–2017, compared with 
the 146 buildings tested in 2015, the difference corresponding to buildings for which the 
second authorization was not obtained. However, the height distribution of the buildings 
was the same, and the buildings covered the two geotechnical sectors presented previously.

The buildings were also selected equally according to their construction date. Guil-
lier et al. (2014) showed a modification of structure response according to major historic 
earthquakes, which could have affected the real estate in Lima (Peru). In our study, three 
periods were defined according to the seismic activity of the region (Beauval et al. 2013), 
considering historic events that might have affected Quito’s buildings, and according to 
the earthquake code applicable in 2002. Figure 3 shows the earthquake distribution accord-
ing to magnitude and epicentral distance from Quito since 1950, i.e. the date of construc-
tion of the oldest building tested. Approximately 1200 events were recorded with a magni-
tude M > 4.5 and epicentral distance R < 500 km (USGS Catalog; https ://earth quake .usgs.
gov/earth quake s/brows e/ last access 01/2018). The dates of the most important events are 
indicated. These earthquakes correspond to scientific publications or reports, and include, 
for example, the earthquake of Mar-1987 (Reventador, M = 7.2, R = 83 km) and the Quito 
quakes in Nov-1986 (5.3, 7 km) and Aug-1990 (5.3, 15 km). The 2016 Pedernales gener-
ated weak macro-seismic intensities attributed to the city. We therefore consider three dif-
ferent periods of construction: (1) [1950–1990] for buildings constructed before 1990, i.e. 

Fig. 3  Number of earthquakes according to magnitude and epicentral distance (USGS catalogue), repre-
sented for the period considered in the manuscript. Dates of the main earthquakes are indicated. Dashed 
lines indicate the M > 5 and R < 100 km earthquakes

https://www.igepn.edu.ec/informes-sismicos/especiales/sism-e-2016/14805-informe-sismico-especial-n-18-2016/file
https://www.igepn.edu.ec/informes-sismicos/especiales/sism-e-2016/14805-informe-sismico-especial-n-18-2016/file
https://earthquake.usgs.gov/earthquakes/browse/
https://earthquake.usgs.gov/earthquakes/browse/
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the period suffering the most relevant earthquakes; (2) [1991–2002] for buildings that did 
not suffer relevant earthquakes and were built before the national building code changed 
(NEC 2002); (3) [2003–2015] for the newest buildings, designed according to the new 
building code. All the data (i.e., building main characteristics and resonance frequencies 
before and after Pedernales earthquake) are provided in electronic supplement.

3  Ambient vibration recordings

The dynamic response of the tested structures was assessed using ambient vibrations. The 
robustness of this approach, widely used for building testing, has been confirmed for the 
dynamic characterization of structures by many authors since Carder (1936), e.g. Nayeri 
et al. (2008), Gallipoli et al. (2009) and Michel et al. (2010a). Based on the premise that 
vibrations are recorded by sufficiently sensitive acquisition systems, including both digitiz-
ers and sensors, the basic process for recording and processing data consists in calculating 
the average Fourier spectra of ambient vibration recordings made at the top floor of the 
building. In this study, we chose to make three simultaneous measurements at the top with 
three sensors aligned in the longitudinal direction (Fig. 4); this enables physical distinc-
tion between the horizontal bending modes and the torsion mode (i.e., rotation around the 
vertical axis) using the Frequency Domain Decomposition method (Brincker and Ventura 

Fig. 4  Example of data processing. a Ambient vibrations recorded in vertical, longitudinal and transverse 
directions. b Singular values computed by Frequency Domain Decomposition. Values indicate the reso-
nance frequencies for the horizontal modes in the transverse (blue) and longitudinal (red) directions, and 
torsion mode (green). Colored bandwidths of modes correspond to MAC value of 80% c L,T mode shapes 
obtained from singular value decomposition. Gray squares indicate the positions of the three 3C sensors 
used for modal analysis



3551Bulletin of Earthquake Engineering (2020) 18:3545–3562 

1 3

2015). FDD is a standard operational modal analysis method validated for civil engineering 
structures (e.g., Michel et al. 2010b; Goulet et al. 2013; Perrault et al. 2013). It consists in 
computing, by singular value decomposition, the eigenvectors corresponding to the power 
spectral density (PSD) matrices of the recordings. This provides the eigen-modes (singu-
lar vectors, SV) and the eigen-frequencies (singular values), assuming mode orthogonality. 
The physical significance of the eigenvector is confirmed by applying the Modal Assurance 
Criterion (MAC) value, which enables discrimination between the singular value peaks of 
PSD matrices corresponding to physical structural modes and other SV peaks.

Figure  4 shows the process, with an example of measurements made at the top of a 
16-floor building in the 2015 dataset. Synchronized data were recorded for 15 min by three 
sensors in the three main building directions (Fig. 4a) with Reftek stations (type REFTEK-
160-03B, with a 3C geophone and an ADXL325 accelerometer). Only the geophone was 
used, being more sensitive, to obtain a better resolution of ambient vibrations. The data 
were pre-processed (mean removal, trend removal, apodization, etc.) according to the pro-
cess applied by Michel et  al. (2010b). SV were then calculated by FDD (Fig.  4b). The 
frequency bands indicated in color correspond to the 80% MAC value that confirms the 
physical structural modes. Eigenvectors were used to reproduce modal deformations. In our 
case, since only measurements at the top were available, the modal deformations are only 
represented in the longitudinal–transverse (L–T) plane at the roof of the structure, allowing 
nevertheless to distinguish the L and T bending modes from the torsion mode (Fig. 4c). In 
this example (Fig. 4b), 3 modes are clearly identified at  f1T = 0.76 Hz,  f1L = 1.05 Hz and 
 fT = 1.55  Hz, for the transverse, longitudinal and torsion modes, respectively, as well as 
higher bending modes, over 2 Hz, in both horizontal directions. Recent studies (e.g., Bou-
tin et al. 2005; Perrault et al. 2013; Michel and Guéguen 2018; Guéguen et al. 2019) have 
shown the possibility of defining the structural behavior using continuous beam like struc-
tures, whose modal characteristics generally vary between the shear  (fi/f1 = 3, 5 [i = 2,3]) 
and the bending  (fi/f1 = 6.3, 17.5 [i = 2,3]) beams, according to the structural design. The 
ratio between the second and the third modal frequencies in both horizontal directions and 
the fundamental mode is plotted in Fig. 5, according to building height H. From the entire 
dataset, only 260 and 95 data are concerned, corresponding to the number of buildings for 
which the second and third bending modes are assessed in the longitudinal and transverse 
direction. The fit to the data (Fig. 5) corresponds to the relationship:

Fig. 5  Frequency ratio versus 
building height for the 2015 
experiment, considering both 
horizontal components. Solid and 
dashed lines are the  fx/f1 = a·Hα 
functions fitted to the data
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Note the  f2/f1 ratio close to 3 for the smallest buildings, i.e. corresponding to a classic 
shear beam model (Boutin et al. 2005; Perrault et al. 2013), typical of this type of building 
and increasing slightly with height (up to 3.5). The same variation is observed for the  f3/f1 
ratio: starting from 5 and increasing to 7.5, showing modification of the theoretical beam-
like model with height.

In this study, period (T) or frequency (f) versus height (H, N) relationships are derived 
considering both horizontal directions (L and T) mixed together for each building. Actu-
ally, most of relationships found in seismic codes are provided considering the building 
height, without considering plan dimension. In addition Michel et al. (2010a) concluded on 
the low impact of the plan dimension in the dispersion of the relationships.

4  Empirical models based on period and number of floors

Figure 6 shows the relationship between the building resonance period measured in 2015 
and building height, compared with the formulae from the latest national building code 
(NEC 2015). One of the first formulae relating the fundamental period of vibration to 
height, used for the simplified design of RC structures, is given in ATC3-06 (1978), as 
follows:

f
2
∕f

1
= 2.450 H

0.089

f
3
∕f

1
= 3.304 H

0.186

Fig. 6  Period of the first mode in the transverse and longitudinal direction (filled dot) versus the height for 
buildings tested in 2015, compared to the National Ecuadorian Code relationships for mixed RC structures 
(dashed line) and RC frame structures without structural walls or bracing elements (dashed-dotted line). 
Solid thick line and solid thin line correspond to the empirical model fitted to the data (± standard devia-
tion)
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with  Ct and α calibrated so that the fundamental period thus derived is underestimated 
by about 10–20%, at a yield value to obtain a conservative estimate of base shear (Goel 
and Chopra 1997). Earthquake provisions allow linear computation by equivalent static 
methods for structure design, which generally consider only the first mode, or by dynamic 
methods including the contribution of the higher modes. Crowley and Pinho (2010) dis-
cuss the meaning and relevance of the Ct coefficients in EC8 relationships. For equivalent 
static methods, they conclude on the possibility of using empirical relationships provided 
by seismic codes to estimate the vibration periods of constructions in design. Dynamic 
methods allow direct calculation of periods using the numerical method. Finally, Crow-
ley and Pinho (2010) report differences in design base shear forces considering these two 
methods for structures in design, mainly because of the difference between code formulae 
and numerical computations involving seismic ground motion, during which structure stiff-
ness can be reduced by up to 50%. Experimentally, civil engineering structures have shown 
to undergo a frequency shift of up to 30%, or about 10% of stiffness during seismic load-
ing without damage being observed, but resulting in a co-seismic reduction of earthquake 
loading (Astorga et al. 2018).

Figure 6 shows code formulae for two types of design indicated in the Ecuadorian earth-
quake-resistant building code, i.e. RC frame structures without structural walls or bracing 
elements (Ct = 0.055, α = 0.90) and mixed RC structures (shear walls plus frame) with stiff-
ening elements (Ct = 0.055, α = 0.75). The structural system of buildings investigated in 
Quito are frames with infilled masonry walls for low-rise buildings, and frames with con-
crete walls and masonry infills for medium to high rise buildings and Ct and α coefficients 
do not account for the contribution of the masonry to the structural elements. The experi-
mental data fit the second period formula better, whereas we expect a better correlation 
with the other formula. It may result that the formula provided by the national code are not 
adapted to the national types of construction. However, the empirical coefficients Ct and 
α derived from the 2015 datasets are quite different (Ct = 0.019, α = 1.04 from experimen-
tal data and Ct = 0.055, α = 0.75 and 0.90 for the relationships provided in seismic codes, 
Fig. 6), which confirms the recognized advantage of data-driven methods applied to spe-
cific building typologies or even specific buildings. Differences between formulae provided 
by EC8 code and experimental data have been widely discussed in recent years (see Gal-
lipoli et al. 2010 for a synthesis). Generally speaking, the differences between experimental 
and numerical modeling formulae are due to the non-linearity of structural response, the 
fractured state of the structures, soil-structure interaction, etc. Differences also exist when 
compared to seismic code provision formulae, raising questions about their calibration. For 
example, Gallipoli et al. (2010) reported that experimental data on RC buildings in differ-
ent European countries were comparable but very different from the EC8 code formula. A 
similar observation is verified for Ecuadorian RC buildings.

Figure 7 shows the variation of the empirical formulae according to the three periods 
defined previously (Fig. 7a), and according to site conditions (Fig. 7b). For the sake of sim-
plicity, these comparisons are made on a simplified relationship with T as a function of the 
number of floors N, as follows:

where C is the coefficient of proportionality. C equals 15.1 for all data (Fig. 7). For build-
ings built between 1950 and 1990, C is smaller (14.5) than for buildings built between 

(1)T = CtH
�

(2)T = N∕C
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1991 and 2002 (C = 15.4) and between 2003 and 2015 (C = 16.2), with comparable stand-
ard variation values (between 0.12 and 0.16). For this figure and the following ones that 
show a regression, a linear least squares fitting is done to provide the regression and the 
standard deviation. During the first period, several large earthquakes were recorded (Fig. 3) 
which could have caused slight damage to the structures, thus reducing the frequency val-
ues (and increasing the period values). Since 1950, the buildings have undergone seismic 
sequences that could have affected the frequency values acquired by ambient vibrations, 
as already reported by Dunand et al. (2004) and Vidal et al. (2014). Using numerical sim-
ulation, Masi and Vona (2010) reported C coefficient variations of around 10% between 
cracked and non-cracked states of an RC structure (not caused by earthquakes). Guillier 
et al. (2014) also reported a variation of C values between 15 and 24 for RC buildings con-
structed before or after the major 1974 earthquake in Lima (Peru) and tested in 2013, cor-
responding to a variation of about 40%. Between [1991–2002] and [2003–2015], C values 
change from 15.4 to 16.2, i.e. a 5% increase. In addition, confidence interval (see Fig. 10) 
are different, with quite the same standard deviation. The previous and first seismic build-
ing code was released in 1977, based on the 1974 UBC, so we could expect a more impor-
tant effect on the period values. Neither category suffered major earthquakes. However, 
Astorga et al. (2018) showed a variation of about 50% for a specific building monitored 
over a 20  year period in a permanently instrumented RC building. Pre-existing closed 
cracks can be activated even under weak loading, that can lead to a greater dispersion in 
the empirical relationships derived from the data collected for each typology.

Another factor influencing the empirical formulae is the boundary conditions of the 
structure, such as the soil-structure interaction (SSI) condition. The effect of SSI on reso-
nance frequency has been known for a long time (e.g., Stewart et al. 1999), and is often 
considered or estimated for rigid structures under strong motion. Under ambient vibrations, 
even slight variations can be detected resulting from minor changes in soil conditions, 
for example due to climatic conditions (e.g., Todorovska and Al Rjoub 2006, Guéguen 
et al. 2017). In this study, the empirical formulae for buildings built on rock or soft soil 
are slightly different (Fig. 7b) with C from 15.9 to 14.2, i.e. 12% variation, with standard 

Fig. 7  Variation of the fundamental period of the buildings tested in 2015 versus the number of floors, 
according to construction period (a) and site conditions (b)



3555Bulletin of Earthquake Engineering (2020) 18:3545–3562 

1 3

deviations equal to 0.13 and 0.15, respectively. As damage and SSI have the same effect on 
frequency (reducing resonance frequency), Fig. 7b also verifies that for each construction 
era, the distribution of the buildings tested on soft or stiff soil remains the same and, gener-
ally speaking, the site conditions do not have a strong impact on empirical T/N relation-
ships computed for our dataset (Fig. 7a) over time. This effect is not negligible but remains 
stable over time, unlike the effect of cracking / damage.

5  Effect of the M 7.8 Pedernales (2016) earthquake on T/H models

During the April 16th, 2016 earthquake, located along the coast, many people reported 
strong vibrations in the structures of Quito, notably at the top of the Institute of Geophys-
ics of the Escuela Politécnica Nacional of Quito (IG-EPN). IG-EPN building was built 
in 1976, prior to the first earthquake engineering regulation introduced in Ecuador. This 
building is a 8 stories building, each of story with the same height, each of which com-
prises a slab supported by reinforced concrete columns. A rough estimate of site conditions 
indicates a positioning of the building on very compacted volcanic deposits, similar to rock 
site conditions (Vs > 800 m/s). Since 2011, the structure has been permanently monitored 
with a triaxial accelerometer (GURALP-5TD) located at the top. Peak ground acceleration 
recorded in the city of Quito by the Ecuadorian network was between 0.017 and 0.081 g 
(Beauval et al. 2017) and macroseismic intensity evaluated at IV, i.e. no important damage 
was expected in Quito.

A permanent accelerometric station was installed at the top of the IG-EPN building 
before the 2016 earthquake. Figure 8 shows the time variation of the resonance frequency 
of the building, calculated on the continuous data using the Random Decrement method 
(Cole 1968). The data are processed to have a frequency value per day according to the 
procedures applied in Mikael et  al. (2013) and Guéguen et  al. (2017). Before the main 
shock, the resonance frequency of the building under ambient vibrations in both directions 
was between 1.5 and 1.6 Hz. During the event, a large co-seismic drop was observed, and 
the frequency value fell approximately to 1.1 Hz in the longitudinal direction and 1.3 Hz in 
the transverse direction, i.e. a variation of about 30%. Because we get only a value per day, 
the frequencies are smoothed and a higher coseismic drop is even expected.

Fig. 8  Continuous monitoring of 
the EPN-IG building during the 
seismic sequence of the M7.8 
Pedernales earthquake. Red and 
black lines correspond to the 
resonance frequencies in the 
longitudinal and transverse direc-
tions respectively. Black squares 
represent the date of measure-
ment of the fundamental period. 
The gray zone corresponds to 
the period of the experimental 
survey performed after the 
Pedernales earthquake in 117 
buildings
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Such variations are not exceptional and are often observed under severe stress (Clinton 
et al. 2006; Astorga et al. 2018). After the earthquake, the resonance frequency in both direc-
tions recovered partially, with values of around 1.4 Hz, i.e. a loss of frequency of approxi-
mately 5–10% after the earthquake. Figure 8 also shows the time of the ambient vibration 
campaigns carried out in this study. Depending on the time of the measurement, slight fluc-
tuations in values occur, mainly because of atmospheric conditions. Such fluctuations have 
been estimated for a large number of buildings and are between 1 and 2% in general (e.g., 
Clinton et al. 2006; Todorovska and Al Rjoub 2006; Nayeri et al. 2008; Mikael et al. 2013; 
Guéguen et al. 2016), i.e. less than the variations observed before/after damaging earthquakes. 
In Dunand et al. (2004) and Vidal et al. (2014), the frequency dropped by between 5 and 30% 
for buildings classified in the first level of damage. After the main shock, the fluctuation may 
also be due to the long recovery time of elastic properties, reflecting a slow dynamic pro-
cess described by Guéguen et al. (2016) and Astorga et al. (2018) in civil engineering struc-
tures, and characteristic of the level of fracturing (Astorga et al. 2019). However, in the shaded 
band in Fig. 8, which corresponds to the post-seismic period of the 2016–2017 dataset, eight 
to eleven months after the Mw 7.8 earthquake, the frequency drop is permanent, of greater 
amplitude than the natural fluctuation of the resonance frequency in the particular case of the 
IG-EPN building, an observation that can be generalized to most of the RC buildings tested in 
Quito. For this particular building, the only one permanently instrumented in the city, a long-
term frequency drop was only observed after the Pedernales earthquake and the aftershocks 
sequence. We assume the other buildings had a similar behavior, i.e. the changes observed for 
the second campaign were caused by the main shock and the aftershocks sequence. Further-
more, compared with the pre-event period (Fig. 5), using the same building set and the same 
fitting model, the ratio between the first and the second or third modes has changed slightly 
(Fig. 9). The fit to the data (Fig. 9) corresponds to:

f
2
∕f

1
= 2.171 H

0.123

f
3
∕f

1
= 2.672 H

0.245

Fig. 9  Frequency ratio (blue:  f2/
f1—green:  f3/f1) versus building 
height for the 2017 experimental 
survey. Solid and dashed lines 
are the  fx/f1 = a.Hα function fitted 
to the data in 2017 and in 2015 
given in Fig. 5. Thick and thin 
lines are mean ± standard devia-
tion, respectively
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The post-earthquake variation corresponds to a reduction of 10–20% for the slope of the 
fit and an increase of 30–40% for the exponent for both  f2/f1 and  f3/f1 ratios. According to 
the theoretical beam-like model (Perrault et al. 2013), which provides suite of frequency 
ratio in relation to the building design (shear to bending beam model), even if we observe 
changes (slight) of the frequencies, we observe no consistent change in frequencies ratios, 
so that the global behavior of the buildings remains the same. The variation is very slight 
and may have no consequence on seismic response, but it may indicate a link between dam-
age and modification of the behavior of existing structures in the case of extensive damage.

Figure 10 shows the variation of the empirical formulae before and after the 2016 earth-
quake according to the number of floor (a) and the height (b). Only 117 of the 146 build-
ings tested in 2015 were tested in 2017. A slight variation of the empirical relationship 
is observed. In 2015, the values of C are identical for the whole dataset (146 buildings) 
and for only the 117 buildings of the 2017 dataset. Coefficient C falls from 15.14 to 14.35 
between the 2015 and 2016–2017 datasets, i.e. a decrease of 5%, with a standard deviation 
that remains the same (0.15 before and 0.16 after). This reflects the fact that there is no 
physical meaning to expect a reduction of the variability after the Pedernales earthquake 
that did not produce strong damage. Because of the stable value of standard deviation, the 
difference of the mean trend, even slight, suggests a global modification of the vibration 
period within the dataset.

Figure 11a, b show the changes of the fundamental period according to the horizontal 
direction considered, compared with the height of the buildings. We observe that the fre-
quency ratio is depending on the building height. A different trend is observed for the two 
directions, the ratio decreasing for taller buildings in their longitudinal direction, whereas 
it remains constant (around 0.956) in their transverse direction, as a consequence of the 
different building design in these two directions. This difference cannot fully be explained 
because all the buildings have a different azimuth, which means all the longitudinal direc-
tions of the buildings can be orientated in any direction.

Fig. 10  Comparison of the empirical models derived from the experimental survey done before (black 
for all buildings; blue: for 117/148 buildings) and after (red) 2017 with number of stories or height of the 
building. Dots correspond to the data. Thick and thin lines are mean value of the regression ± standard devi-
ation, respectively
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The period ratio before/after for the first torsional mode (Fig. 11c) shows a similar trend 
than the one observed for the horizontal direction, i.e. a higher change is observed for the 
tallest buildings. For the periods of both horizontal directions, and for the torsional mode, a 
similar standard deviation (0.029 and 0.025) is associated to the data.

Finally, Fig. 11d show the before/after period ratio of the first horizontal mode, for both 
directions, considering site conditions. We observe a change of period related to the height 
for only buildings located on stiff soil. Nevertheless a 45% higher standard deviation is 
associated to the soft soil data (0.035 and 0.024 for soft and rock soil data, respectively). 
Since the period recorded using ambient vibration corresponds to the period of the soil-
structure system, this largest variability may result of the larger variability of the soft site 
conditions than of the rock site condition.

Even if the measurements for the 2015 and 2016–2017 datasets were not performed 
under the same atmospheric conditions, the frequency shift is larger than the variation 
expected from atmospheric conditions. Even for slight seismic ground motion, structure 
degradation occurs. Although it remains negligible with respect to the safety of the build-
ing stock, it is not negligible over the lifetime of a building if a long sequence of earth-
quakes is considered, as indicated by the variations of C in Fig. 7a or the results of Guil-
lier et al. (2014). In practice, three categories of frequency variation are defined: [2–5%], 
[5–10%] and [10–13%]. Figure  12 shows the distribution of the frequency variation in 
Quito, according to these three categories. All the buildings tested showed a frequency 
variation, even though Quito city was classified as intensity IV. These variations remain 
larger than the seasonal variations that might be expected. No general trend is observed and 
no particular spatial pattern can be distinguished on the distribution of frequency variations 
or the number of floors.

Fig. 11  Period elongation of the tested buildings between before and after the Pedernales earthquake. a For 
the first horizontal mode in the longitudinal direction  (T1L). b For the first horizontal mode in the transverse 
direction  (T1T). c For the first torsional period measured before and after the earthquake  (T1To). d For the 
first horizontal mode in both horizontal direction considering the type of soil (stiff or soft). Thick and thin 
lines are mean value of the regression ± standard deviation, respectively. The hashed horizontal line is the 
frequency value at 1
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However, a single earthquake may cause frequency variations impacting the change in 
the T/H empirical relationship T = N/C or T = Ct H. For a large number of buildings in 
the same typology class and located in seismic prone regions, the uncertainty of the fre-
quency values for buildings whose period of construction covers several decades is essen-
tially caused by the cumulative damage of successive earthquakes. This observation also 
reflects the high sensitivity of the dynamic parameters of structures to seismic loading and 
confirms the need for studies based on specific building measurements rather the empirical 
formulae from seismic provisions.

6  Conclusions

This study shows the effect of cumulative damage on the resonant period of RC buildings 
and the impact on empirical formulae derived from experimental measurements. The effect 
of seismic ground motion on periods has been known for a long time, especially during 
strong earthquakes. The level of damage can be characterized in proportion to a frequency 
drop (Dunand et al. 2004; Vidal et al. 2014) and, over the lifetime of structures, the accu-
mulation of damage leads to a long-term cumulative increase in period values (Clinton 
et al. 2006; Astorga et al. 2018, 2019), which modifies the seismic vulnerability of existing 
structures. During a main shock/aftershock sequence, this period can be used as a param-
eter to characterize the temporal variation of seismic vulnerability over a short time, con-
tributing to immediate post-seismic crisis management (Trevlopoulos and Guéguen 2016).

In this study, past earthquakes that shook existing buildings introduce variability in the pro-
portionality coefficients between T and H when fitting the empirical T as a function of H rela-
tionships to the experimental data. No major damage was reported in the building tested and 
the slight variation of the frequency values can be interpreted as a slow degradation (similar to 
aging) of the building due to repeating earthquake loadings. However, this variation is slight, 
but not negligible, representing 5–10% depending on the RC structures tested, which may 
have an impact on seismic loading. In Quito, the coefficients of the relationship T = Ct H are 

Fig. 12  Geographic location of 
the buildings tested in 2017, clas-
sified according to the frequency 
shift compared with 2015 values
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Ct = 0.02 and alpha = 1.03 for all buildings, corresponding to a simplified relationship accord-
ing to the number of floors N, equal to T = N/15.1 (sigma = 0.15). Depending on construc-
tion era and history, these formulae change between N/14.5, N/15.4 and N/16.2 from older 
to newer buildings based on the 2015 survey only. One reason invoked may be the effect of 
cumulative seismic damage on vibration periods, including additional effects such as aging, 
fatigue etc. …In this study, we have chosen to present most of the results by a simplified 
T = N/C relationship, in order to test the sensitivity of this relationship. Only regular buildings, 
geometrically in plan and elevation, were chosen in order to limit the bias due to anomalies. 
Fluctuations may result from internal variations in the dimensions of each floor, but this infor-
mation is not easily obtained in practice. The relationships from the seismic codes provide the 
first approximation of the fundamental periods for some standardized constructions. Individ-
ual studies of buildings may make a relevant contribution to the reduction of building response 
uncertainties compared to averaged code provisions.

Quito is a high seismic hazard prone city and during the construction periods of the tested 
buildings, there were a number of earthquakes considered strong in terms of earthquake engi-
neering. The occurrence of past earthquakes results in the cumulative degradation of buildings 
over time. Moreover, following the 2016 Pedernales earthquake, post-seismic measurements 
show a period increase for all the buildings tested, even though seismic ground motion was 
weak. The post-earthquake empirical formula gives T = N/14.3, compared with N/15.1 before 
the earthquake, which shows that a complete sequence of moderate to strong earthquakes 
makes a relevant contribution to the variability of experimental formulae. Even if Pedernales 
earthquake is not relevant for seismic engineering (Fig. 3), the general period elongation con-
firms that the tested buildings have suffered slight damage. That can then be confirmed (also 
with Fig. 7a) that older buildings must have been affected by a long sequence of earthquakes, 
even considered of low relevance to seismic engineering. Although ambient vibration meas-
urements are currently the most efficient (cheap, fast, accurate, easily reproducible) way of 
evaluating the dynamic characteristics of a structure, accounting for its current condition, spe-
cific studies on the threshold level of the seismic ground motion that causes cracking or dam-
age would help to clarify the uncertainty of T–H formulae. The fundamental period of exist-
ing buildings can change after a large but distant and seemingly undamaged earthquake, that 
may question on the variability of previous empirical relationships and the modification of the 
building properties over time. Additional information such as age, regularity of the floor plan, 
details of construction, foundation soil and higher modes could be integrated in further studies 
but for a dataset with a more detailed information.
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