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)is study focuses on the assessment of the correlation and variability of ground motion amplitudes recorded in Bucharest area
during Vrancea intermediate-depth earthquakes from a database of 119 pairs of horizontal components. Empirical models for the
evaluation of the peak ground velocity and displacement from spectral accelerations are proposed in this study.)e distribution of
the shear wave velocities from 41 boreholes at specific depths appears to follow a normal probability distribution. )e analysis
performed in this study has also shown that the variability of peak ground velocities and displacements does not appear to be
influenced by the earthquake magnitude. In addition, it was observed that the variability in terms of shear wave velocities at
specific depths is smaller than the variability of the spectral amplitudes of the recorded ground motions. )e empirical site-
amplification factors from the Eurocode 8 draft fail to capture the long-period spectral amplifications observed in Bucharest area
during large magnitude Vrancea intermediate-depth earthquakes.

1. Introduction

Significant long-period spectral amplifications have been
observed in Bucharest, the capital city of Romania, during
large magnitude Vrancea intermediate-depth earthquakes
occurring in the past 40 years [1, 2]. A combination of source
and site effects appears to be reason for the occurrence of
such amplifications [3–6] during large magnitude earth-
quakes. Unfortunately, no ground motion was recorded
during the largest seismic event of the past century, the
November 1940 Vrancea earthquake, and thus, the above-
made observation cannot be validated. In addition, besides
the long-period amplifications, pulse-like ground motion
recordings were observed at various seismic stations within
the Bucharest area during the last three significant Vrancea
intermediate-depth earthquakes in 1977, 1986, and 1990 [7].
)e single free-field ground motion recorded in Bucharest
during the major 1977 Vrancea earthquake is characterised
by a very strong pulse.

Recently, Olteanu and Vacareanu [8] have developed an
empirical model for the prediction of spectral displacements
generated by Vrancea intermediate-depth earthquakes.

From the point of view of spectral accelerations, Vacareanu
et al. [9] have developed a ground motion model for the
prediction of spectral acceleration from Vrancea interme-
diate-depth earthquakes. )e soil conditions are defined in
both models using the criteria from the current version of
the Eurocode 8 [10].

Pavel et al. [11] have proposed a model for the evaluation
of ground motion amplitudes in Bucharest area using a
database of natural and simulated recordings. )e site-re-
sponse analysis performed in the study of Pavel et al. [12] has
shown that the median site amplifications decrease with the
increase of the input peak ground acceleration for spectral
periods of up to 2.0 s, while for longer periods, the median
site amplifications increase denoting nonlinear soil
behaviour.

)is study focuses on the evaluation of the variability in
terms of ground motion amplitudes and comparison with
the variability of the shear wave velocities in the upper 50m
of soil deposits as obtained from 41 boreholes in the
Bucharest area. In addition, site-specific empirical relations
for the evaluation of the peak ground velocity and dis-
placement from the spectral accelerations are also proposed
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in this study. )e site amplifications computed from the
recorded ground motions are also compared with the em-
pirical ones from the recent Eurocode 8 draft [13].

2. Ground Motion Database

)e database used in this study consists of 119 pairs of
horizontal ground motion recordings from 11 Vrancea
intermediate-depth earthquakes occurring in the period
1977–2013 with moment magnitudes MW in the range
5.0–7.4 and focal depths in the range 87–154 km. )e
characteristics of the seismic events, the number of ground
motion recordings, epicentral distance range, and peak
ground acceleration (PGA) range for each earthquake are
reported in Table 1. A reverse faulting mechanism with the
rupture propagating in the NE-SW direction [14] (for most
of the earthquakes and for the largest ones) or in the NW-SE
direction is observed for all the seismic events in the da-
tabase. A part of this database has been used in previous
studies (e.g., [15]) and has been extended for this research.
)e processing of the digital ground motion recordings was
performed using the procedures from the literature [16, 17].
In the case of the analogue recordings from older seismic
events, no processing was performed since only the pro-
cessed waveforms were available for this study.)e analogue
waveforms were processed using a Ormsby filter with the
low-pass frequency of 0.20–0.25Hz and a high-pass fre-
quency of 25–28Hz [18].

)e distribution of the epicentral distance and peak
ground acceleration of the ground motion recordings with
the earthquake magnitude is illustrated in Figure 1.

3. Evaluation of Ground Motion Amplitudes

)e normalised acceleration response spectra as a function
of the earthquake magnitude are analysed in Figure 2. )e
occurrence of significant long-period spectral amplifications
for earthquakes with magnitudes larger than 7.0 is note-
worthy from Figure 2. However, this aspect needs further
validation from future seismic events in order to check the
impact of the source-site distance on the spectral amplifi-
cations, besides the influence of the earthquake magnitude.

)e variation of the peak ground velocity and peak
ground displacement with the earthquake magnitude is
analysed in Figure 3. A significant increase of the mean peak
ground velocity and peak ground displacement for moment
magnitudes larger than 6.4 can be inferred from Figure 3.

A comparison between the maximum spectral acceler-
ations from the ground motion recordings in the database
and the design acceleration response spectra from the
current Romanian seismic code P100-1/2013 [19] and from
the current Eurocode 8 [10] are illustrated in Figure 4. A site
class C is assumed for Bucharest in order to evaluate the
design acceleration response spectrum according to Euro-
code 8 [10]. It can be observed that the design acceleration
response spectrum has been exceeded by the recordings in
the short-period range (groundmotions recorded during the
MW 6.9 Vrancea intermediate-depth earthquake of May
1990). However, for the medium- and long-period range, the

spectral accelerations from the recorded ground motions are
well below the design values.

4. Correlation of Spectral Accelerations with
Peak Ground Velocity and Displacement

While spectral accelerations are important for the evaluation
of the seismic fragility and risk of structures and buildings,
the peak ground velocity and displacement are employed in
the seismic risk assessment of distributed pipe networks
(gas, water, and sewage) [20]. Since, the spectral accelera-
tions are relatively easily obtained, there are a number of
studies in the literature which have developed empirical
relations between the spectral amplitudes and the peak
ground motion values. Pavel and Lungu [21] have evaluated
the relation between various frequency content parameters
and the spectral accelerations. )e following empirical re-
lation between the peak ground velocity and the spectral
acceleration at 1.0 s (SA1.0) was proposed [21]:

PGV �
SA1.0

8
. (1)

Another simple relation for the prediction of the peak
ground velocity from spectral acceleration was proposed by
Bommer and Alarcon [22] and is given as follows:

PGV �
SA0.5

20
. (2)

Booth [23] and Malhotra [24] have proposed empirical
relations for the computation of the peak values of the
ground motion (acceleration, velocity, and displacement)
using the maximum acceleration, velocity, and displacement
spectral ordinates. )e empirical relations obtained using
the ground motion dataset from this study and the ones
proposed by Booth [23], Malhotra [24] and Pavel et al. [15]
are reported in Table 2. It can be observed that there are
significant differences between the relations reported in
Pavel et al. [15] and those proposed in this study. )e reason
for these differences is due to the fact that, in this study, only
ground motions recorded in Bucharest area are employed,
while in the study of Pavel et al. [15], ground motions
recorded all over the Romanian territory were used.

)e correlation between the peak ground velocity (PGV)
and peak ground displacement (PGD) and the spectral
accelerations for the ground motion recordings in the da-
tabase is illustrated in Figure 5. )e maximum correlation
coefficient between the PGV and PGD and the spectral
accelerations are observed at T�1.0 s and T� 2.0 s,
respectively.

Subsequently, based on the previously computed cor-
relation coefficients, the following empirical models for the
evaluation of PGV and PGD from spectral accelerations for
ground motions recorded in Bucharest area are proposed:

PGV �
SA1.0

10
,

PGD �
SA2.0

28
.

(3)
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)e relation between the observed and the empirical
peak ground velocities and displacements is illustrated in
Figure 6.

Subsequently, the peak ground velocity and displace-
ment are evaluated using relations (3) and (4) from the
spectral accelerations obtained using the ground motion
model of Pavel et al. [11]. A comparison between the ob-
served and empirical peak ground velocities and displace-
ments is shown in Figure 7. It can be observed that there is a
very good fit between the observed and the empirical peak
ground velocities and displacements, with the exception of
the MW 7.1 1986 Vrancea earthquake.

)e coefficients of variation for the spectral accelerations
observed during the four largest magnitude earthquakes in
the database are analysed in Figure 8. It can be observed that
the same trend of variability is observed for all four
earthquakes in the sense that the largest variabilities are
observed for short periods and for long periods, as well. )e
large variability associated with the long periods may also be
due to the processing of the ground motion recordings.

Figure 9 compares the variability for the peak ground
velocity and displacement as a function of the earthquake
magnitude for the four largest magnitude events in the
database. It can be observed that the variability associated
with both the peak ground velocity and displacement has the
same order of magnitude and does not appear to be
influenced by the earthquake magnitude.

A comparison between the variability of the spectral
accelerations observed at seismic stations within Bucharest
area during the Vrancea intermediate-depth earthquake of
April 2009 (MW � 5.4 and h� 110 km) and during the
Vrancea crustal earthquake of November 2014 (MW � 5.4
and h� 41 km) is shown in Figure 10. )e 2014 event is the
largest event which occurred in the Vrancea crustal seismic
zone (which overlaps the Vrancea intermediate-depth zone)
in the past 60 years. Since it is a crustal event, it was not
mentioned in Table 1. )e evaluation of the variability of the
spectral accelerations for the 2014 event is performed using
the data from 8 seismic stations in Bucharest area (as
compared to 10 for the 2009 intermediate-depth event). It

Table 1: Characteristics of the earthquakes in the database.

No. Date Moment magnitude
(MW)

Focal depth
(km)

Focal
mechanism

No. of ground motion
recordings

Epicentral distance
range (km)

PGA
range (g)

1 04.03.1977 7.4 94 Reverse 1 101 0.21
2 30.08.1986 7.1 131 Reverse 14 101–135 0.05–0.16
3 30.05.1990 6.9 91 Reverse 13 145–178 0.06–0.22
4 31.05.1990 6.4 87 Reverse 9 161–181 0.01–0.04
5 28.04.1999 5.3 151 Reverse 6 90–128 0.01–0.04
6 06.04.2000 5.0 143 Reverse 3 123–163 0.01–0.02
7 27.10.2004 6.0 105 Reverse 21 149–168 0.02–0.06
8 14.05.2005 5.5 149 Reverse 16 109–149 <0.01
9 18.06.2005 5.2 154 Reverse 16 120–160 <0.01
10 25.04.2009 5.4 110 Reverse 10 115–155 0.01–0.03
11 06.10.2013 5.2 135 Reverse 10 113–154 0.01–0.04

M
om

en
t m

ag
ni

tu
de

 M
w

100 120 140 160 18080
Epicentral distance (km)

4.5

5

5.5

6

6.5

7

7.5

(a)

M
om

en
t m

ag
ni

tu
de

 M
w

0.05 0.1 0.15 0.2 0.250
PGA (g)

4.5

5

5.5

6

6.5

7

7.5

(b)

Figure 1: Distribution of the epicentral distance and peak ground acceleration with the earthquake magnitude for the database.
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Figure 2: Mean normalised acceleration response spectra as a function of the earthquake magnitude.
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Figure 3: Variation with the earthquake magnitude of the mean peak ground velocity and peak ground displacement.
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can be observed that the spectral amplifications are larger for
the crustal event, while the variability of the spectral ac-
celerations is larger for the intermediate-depth earthquake of
April 2009.

5. Variability of the Characteristics of the
Soil Profiles

)is section focuses on the assessment of the variability of
the characteristics of the soil profiles within Bucharest area,
namely, the variability in the shear wave velocities. )e
variability of the shear wave velocity in the upper 50m of soil
deposits is evaluated by combining the data collected by Bala
et al. [25, 26], Calarasu [27], Calarasu et al. [28], and Lungu
et al. [29]. )e position of the available 41 boreholes and of
the recording seismic stations is illustrated in Figure 11. It

can be observed that the recording seismic stations are more
spread as compared to the positions of the boreholes.

)e mean value of the shear wave velocity and the co-
efficient of variation of the shear wave velocities for the
upper 50m of soil deposits are illustrated in Figure 12. )e
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Figure 4: Comparison between themaximum spectral accelerations of the groundmotion recordings in the database and the design spectral
accelerations from the codes P100-1/2013 [19] and Eurocode 8 [10].

Table 2: Comparison between the empirical relations for the
computation of the peak ground acceleration, velocity, and dis-
placement from various studies.

Parameter
Relation

Booth [23] Malhotra
[24]

Pavel et al.
[15] )is study

PGA SAmax/2.65 SAmax/2.14 SAmax/2.31 SAmax/2.91
PGV SVmax/2.30 SVmax/1.63 SVmax/1.59 SVmax/2.38

PGD SDmax/
2.30 SDmax/1.84 SDmax/1.50

SDmax/
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Figure 5: Correlation between the peak ground velocity and peak
ground displacement and the spectral accelerations.
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depth of 50m was chosen since a significant number of
boreholes (about half of the available 41) reached this depth
and only a limited number extended to larger depths. A
logarithmic fit is proposed on the mean shear wave velocity.
)e proposed relation (valid up to a depth of 50m) is

mean shearwave velocity � 61.58 · ln(depth) + 147. (4)

From Figure 12, it can be observed that the proposed
logarithmic equation fits quite well the mean shear wave
velocity up to 50m. It can also be observed that the
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Figure 6: Relation between observed and empirical values for (a) PGV (correlation coefficient� 0.97) and (b) PGD (correlation
coefficient� 0.99).
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Figure 7: Variation with the earthquake magnitude of the mean observed and predicted (a) peak ground velocities and (b) peak ground
displacements.
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coefficient of variation of the shear wave velocity decreases
with the depth, reaching a value of 0.1 at 50m. In the top
10m of soil layers, the values of the coefficient of variation
are of about 0.2–0.25.

)e relative frequency of the shear wave velocities at three
depth levels, 10m, 30m, and 50m, respectively, is illustrated
in Figure 13. On the three relative frequency histograms from
Figure 13 are superimposed the corresponding normal
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Figure 8: Coefficients of variation for the spectral accelerations as a function of the earthquake magnitude.
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probability plots. For all three depth levels (10m, 30m, and
50m), three statistical tests (Kolmogorov–Smirnov, Chi-
squared, and Anderson–Darling) did not reject the normality
assumption for significance levels in the range 0.01–0.20. )e
mean and standard deviation necessary for computing the

normal probability distribution functions shown in Figure 13
are given in Table 3.

)e mean and the standard deviation of the shear wave
velocity measured in the upper 30m and 50m, respectively,
of soil deposits are reported in Table 3.)e decrease with the
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Figure 10: Mean normalised acceleration response spectra and coefficients of variation for the spectral accelerations for the Vrancea
intermediate-depth earthquake of April 2009 and for the Vrancea crustal earthquake of November 2014.
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Figure 11: Position of boreholes and of seismic stations in Bucharest area used in this study.
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Figure 12: (a) Mean shear wave velocity as a function of the depth for boreholes in Bucharest area. (b) Coefficient of variation of the shear
wave velocity as a function of the depth for boreholes in Bucharest area.
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Figure 13: Continued.
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depth of the standard deviation of the shear wave velocity
can also be observed from Table 4 which provides the mean
shear wave velocity and standard deviation for the upper
30m and 50m, respectively, of soil deposits.

6. Assessment of Empirical Site Amplifications

)edraft of the future version of the Eurocode 8 [30] proposes
a new site classification and new site-amplification factors [13]
as compared to the current version [10]. Based on the criteria
from Paolucci et al. [13] for the depth to the seismic bedrock
(an assumed value of 250m) and shear wave velocity (an
assumed value of 300m/s), a site class F can be inferred for
Bucharest. Subsequently, the ground motion amplitudes for
four earthquake scenarios are evaluated considering the
ground motion model developed by Abrahamson et al. [31]
for rock conditions and the site-amplification factors of
Paolucci et al. [13]. )e computations are performed for the
earthquake scenarios corresponding to the Vrancea seismic
events of March 1977 (MW � 7.4, h� 94 km, d� 100 km),
August 1986 (MW� 7.1, h� 131 km, d� 120 km), May 1990

(MW� 6.9, h� 91 km, d� 160 km), and October 2004
(MW� 6.0, h� 105 km, d� 160 km). )e median spectral
accelerations computed from all the ground motions recor-
ded in Bucharest area during each event are compared with
themedian spectral accelerations obtained for the same events
from the ground motion model by Abrahamson et al. [31] for
rock conditions and the site-amplification factors by Paolucci
et al. [13] for site class F. )e ground motion model of
Abrahamson et al. [31] is also employed in the European
Seismic Hazard Model 2020. )e results of the comparisons
are illustrated in Figure 14. )e procedure for constructing
the design response spectra is given in [30], and it involves the
evaluation of the ground motion for rock conditions, which
has to be subsequently amplified considering the soil-de-
pendent site amplifications in order to evaluate the site-
specific surface level ground motion. It can be observed from
Figure 14, that, on the one hand, the design response spectra
constructed according to the abovementioned procedure fail
to capture the long-period spectral amplifications occurring
during large magnitude Vrancea intermediate-depth earth-
quakes and on the other hand fail to capture the significant
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Figure 13: Relative frequency histograms of the shear wave velocities at (a) depth� 10m, (b) depth� 30m, and (c) depth� 50m. Normal
probability distribution functions shown with dashed lines are superimposed on each histogram.

Table 3: Mean and standard deviation of the shear wave velocities at depths of 10m, 30m, and 50m.

Depth (m) Mean shear wave velocity (m/s) Standard deviation of the shear wave velocity (m/s)
10 275 53
30 355 45
50 389 41
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Figure 14: Comparison between the observed acceleration response spectra and the design response spectra according to the Eurocode 8
draft [30] for (a) 1977 earthquake; (b) 1986 earthquake; (c) 1990 earthquake; and (d) 2004 earthquake.

Table 4: Mean and standard deviation of the shear wave velocities in the upper 30m and 50m of soil deposits.

Depth (m) Mean shear wave velocity (m/s) Standard deviation of the shear wave velocity (m/s)
30 285 38
50 314 33
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short-period spectral amplifications which were observed
during smaller magnitude earthquakes. )us, the current site
amplifications proposed for the F site should be further re-
vised and adapted for Bucharest in order to ensure the
necessary level of seismic safety of new buildings.

7. Conclusions

)is study is focused on the evaluation of the correlation
and variability of ground motions recorded in Bucharest
area.)e correlation between the spectral accelerations and
the peak ground velocity and displacement is evaluated
based on a ground motion database of 119 pairs of hori-
zontal components from 11 Vrancea intermediate-depth
earthquakes.)e statistics of the shear wave velocity up to a
depth of 50m are evaluated based on data collected from 41
boreholes. In addition, the correlation between the peak
values of the ground motion and spectral acceleration
ordinates on one hand and the earthquake magnitude on
the other hand is also studied. An empirical model for the
mean shear wave velocity up to 50m as a function of the
depth is proposed in this study. )e main findings of this
study can be summarized as follows:

)e design spectral accelerations from the current code
P100-/2013 [19] were exceeded in the short-period
range by the spectral accelerations from the recorded
ground motions. However, for the medium- and long-
period range, the spectral accelerations from the
recorded ground motions are well below the current
design ones.
A very good fit between the observed and the empirical
peak ground velocities and displacements (computed
from empirical spectral accelerations with the relations
proposed in this study), with the exception of the MW
7.1 1986 Vrancea earthquake.
A logarithmic fit for the mean shear wave velocity up to
a depth of 50m is proposed in this study.)e variability
in the shear wave velocities decreases with the depth of
the soil profile.
)e distribution of the shear wave velocities at a specific
depth appears to follow a normal probability
distribution.
Larger variabilities for the spectral accelerations
computed for the seismic stations in Bucharest area
were observed as compared to the variability of the peak
ground velocity and displacement.
)e variability in terms of shear wave velocities at
specific depths is smaller than the variability of the
spectral amplitudes of the recorded ground motions.
)e design response spectra constructed according to the
procedure given in the Eurocode 8 draft [30] fail to
capture the long-period spectral amplifications occurring
during large magnitude Vrancea intermediate-depth
earthquakes and on the other hand fail to capture the
significant short-period spectral amplifications which
were observed during smaller magnitude earthquakes.
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