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Ground-Motion Characterization of Low-to-Moderate Seismicity Zones

and Implications for Seismic Design: Lessons from Recent Mw �4.8

Damaging Earthquakes in Southeast Spain

by J. M. Gaspar-Escribano and B. Benito

Abstract We address the ground-motion characterization of three damaging
earthquakes that occurred in the low-to-moderate seismicity region of Murcia (south-
east Spain) and compare our results with current earthquake-resistant provisions to
establish whether those provisions are consistent with the available data or need to
be revised.

The analyzed series are the 1999 Mula (mbLg 4.8, IEMS � VI), the 2002 southwest
Bullas (mbLg 4.8, IEMS � VI), and the 2005 La Paca (mbLg 4.7, IEMS � VII). Recorded
peak ground accelerations are low (PGA �0.025 g), partly because of the low
magnitude of the events and the relatively large epicentral distance of the stations
(Rep �20 km). We find that local factors control the distribution of ground motions,
possibly in combination with propagation effects. Characteristic spectral shapes, rep-
resentative of ground motions at each station, are observed. Several ground-motion
predictive models and a simulation method are used for estimating accelerations and
response spectra in the most damaged towns, where no records exist. The different
methods consistently predict similar response spectra for the epicentral areas.

Recorded and predicted normalized spectral shapes exceed the design spectral
shape of the Spanish Building Code NCSE-02 for all soil categories for intermediate–
high frequencies (above about 3 Hz). Moreover, the NCSE-02 absolute response
spectra are possibly exceeded by the corresponding predicted spectra for the epicen-
tral areas in the same frequency range. Predominant frequencies of common soils
and critical periods of most conventional buildings in the Region of Murcia also lie
in this frequency range. These factors could explain, in part, the observed damage.

The results raise questions about the definition of the NCSE-02 design spectra, and
specifically about the design spectral shape used. The approach followed in this work
may be used to calibrate other national seismic codes, especially of regions with similar
characteristics: moderate seismicity and limited availability of ground-motion data.

Introduction

Earthquake-resistant design requires knowing the char-
acteristics of ground motions related to earthquakes that
can potentially affect the structure. This is not a straightfor-
ward task in areas with low-to-moderate seismic activity
(such as Spain) because of the lack of strong-motion records
representing the largest expected ground motions. Although
historical reports and paleoseismic studies provide evidence
for the occurrence of strong ground shaking in the past,
the available records correspond to low-magnitude events
producing low accelerations. Consequently, ground-motion
models constrained by local, actual data covering the
expected magnitude range cannot be developed. Hence,
theoretical models or empirical relations from other zones
must be assumed.

The difficulties in estimating expected ground motions
transfer to earthquake-resistant provisions. Traditionally,
building codes define design seismic actions through a syn-
thetic response spectral shape that is scaled according to
some ground-motion value and includes factors accounting
for soil class, building importance, etc. (e.g., Newmark and
Hall, 1982). The recent Eurocode-8 (Comité Européen de
Normalisation [CEN], 2004) and the Spanish Building Code
(Norma de Construcción Sismorresistente Española [NCSE-
02], 2002) are based on this procedure. Specifically for
Spain, the NCSE-02 spectral shape is scaled with an ac-
celeration value derived from the so-called basic acceleration
ab (a characteristic ground-surface horizontal acceleration
extracted from the NCSE-02 probabilistic hazard map for a
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Figure 1. (a) Location map of the Iberian Penin-
sula between the Eurasian and African plates. Black
dots represent the epicenters of the earthquakes con-
tained in the IGN catalog for magnitudes mbLg �3.0
and MSK intensities I � V. AGpb, Azores-Gibraltar
plate boundary. (b) Seismic-hazard map of Spain
contained in the Spanish Building Code NCSE-02,
representing basic acceleration ab (in g) for a return
period of 500 years (modified from NCSE-02, 2002).
Contour lines each 0.04g.

return period of 500 years) and other terms representing soil
conditions, building importance, and the contribution of the
distant Azores-Gibraltar seismic source.

A similar case takes place in eastern North America,
where a different strategy for defining design ground
motions is implemented, for instance, in the International
Building Code (ICC, 2003) and in the 2005 National Build-
ing Code of Canada (Adams and Halchuck, 2003). It is
based on a more flexible response spectrum anchored at
5%-damped short- and long-period spectral accelerations
provided through seismic hazard maps (e.g., Frankel et al.,
2000; Leyendecker et al., 2000; Adams and Atkinson, 2003)
and includes nonlinear, frequency-dependent soil coeffi-
cients (e.g., Borcherdt, 1994; Finn and Wightman, 2003).

Regardless the approach utilized, the problem in areas
with low-to-moderate seismic activity is that the reference
ground-motion levels included in building codes can not be
constrained by actual data. For instance, the maximum ex-
pected motions provided in the NCSE-02 code are determined
by correlations with macroseismic intensity estimates, not
by instrumental ground-motion data. In this context, it is
interesting to explore the usefulness of the available small-
amplitude ground-motion data for checking whether current
earthquake-resistant provisions are consistent with recorded
data.

With this purpose, we use ground-motion data from
three recent, Mw �4.8 earthquakes occurring in the region
of Murcia (southeast Spain), an area with relatively large
seismic hazard where earthquake-resistant design is com-
pulsory. We obtain response spectra and normalized spectral
shapes characterizing ground motions at the recording sta-
tions. We model ground motions at short epicentral dis-
tances, where structures are damaged but where there are no
ground-motion records. Recorded and modeled spectra are
compared with those provided by the NCSE-02 provisions
focusing on two aspects: the acceleration values used for
scaling the spectral shape and, more importantly, the defi-
nition of the spectral shape. Based on our results, we make
recommendations for improving earthquake-resistant pro-
visions in future revisions of the Spanish building code.

Although the results are discussed in the frame of
the Spanish earthquake-resistant regulations, the approach
followed in this work can be applied to other areas with
low-to-moderate seismic activity, where ground-motion data
corresponding to low-magnitude events can be used for con-
straining the spectral shapes required for seismic design and/
or contained in the respective building codes (e.g., Rey et
al., 2002; Morales et al., 2003; Zaslavsky et al., 2003; Dubos
et al., 2004).

Seismotectonic Setting and Seismic Hazard

The region of Murcia (southeast Spain) is located to the
north of the boundary separating the Iberian and African
plates (Fig. 1a). At present, the overall stress regime is
governed by a north-northwest–south-southeast direction

of maximum shortening. South-southwest–north-northeast-
striking fault systems, such as the Crevillente and the Al-
hama de Murcia fault systems crossing the region of Murcia
(Fig. 2a), control tectonic deformation, primarily with strike-
slip motion and the eventual formation of pull-apart basins
(Sanz de Galdeano, 1983). Less-developed, conjugated fault
systems, striking perpendicularly to the previous ones, have
also played a role in accommodating deformation (Morel
and Meghraoui, 1996). Many of these faults are still active
(e.g., Martı́nez-Dı́az, 2002; Masana et al., 2004).

Thus, the seismicity of southeast Spain is associated
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Figure 2. (a) Simplified geological map of the
region of Murcia (southeast Spain) showing the main
tectonic units of the area (modified from Sanz de Gal-
deano, 1983), including the most important fault sys-
tems (after Martı́nez-Dı́az, 1998) and the epicentral
locations of the 1999 Mula, 2002 southwest Bullas,
and 2005 La Paca mainshocks (IGN location), with
black, gray, and white stars, respectively. CF, Crev-
illente fault; EZ-IZ, contact between the External
Zone and the Internal Zone of the Betic Cordillera;
AMF, Alhama de Murcia fault; CaF, Carrascoy fault;
LSF, Lower Segura fault; LB, Lorca Basin; LSB,
Lower Segura Basin; GB, Guadalentı́n Basin; CCB,
Campo de Cartagena Basin. (b) Seismicity map of the
region of Murcia (southeast Spain), showing the epi-
centers of earthquakes with magnitude mbLg �4.0 and
intensity IMSK � VII (extracted from the IGN catalog).
The epicenters of the recent earthquakes are also
represented.

with the plate contact between Iberia and Africa, and it is
more diffuse than in other sectors of the plate boundary (i.e.,
Atlantic or Algerian sectors; see Morel and Meghraoui,
1996). This implies that the seismic energy is released
through abundant small-to-moderate (up to M 5.5) events
over a broader area instead of through larger earthquakes
(e.g., Buforn et al., 2004). This is precisely the case for the
Murcia region, where analyses of instrumental data and
historical earthquakes (Fig. 2b) provide evidence for the
damage potential of these modest earthquakes (reaching
Medvedev–Sponheuer–Karnik [MSK] intensities up to VIII;
Buforn et al., 2005; Benito et al., 2007). Examples of this
seismicity pattern with slightly lower intensities are the 1999
Mula, 2002 southwest Bullas, and 2005 La Paca events. In
addition, neotectonic studies (Masana et al., 2004) identify
the occurrence of at least two paleoearthquakes with
Mw magnitudes of 6.1–7.0 on the Alhama de Murcia fault
(Fig. 2a) in the past 27,000 years.

Seismic hazard in the region of Murcia is relatively high
in comparison with the rest of Spain, as illustrated by the
probabilistic seismic hazard map of the Spanish Building
Code NCSE-02 (Fig. 1b).

Ground-Motion Characterization of the 1999 Mula,
2002 Southwest Bullas, and 2005 La Paca

Earthquakes: Comparison with NCSE-02 Provisions

The ground-motion records used in this work constitute
one of the most extensive accelerometric databases for a
specific area in Spain. This provides an excellent opportunity
for obtaining a data-constrained ground-motion character-
ization of the study area, which can be considered as a pilot
zone for the definition of guidelines that can be exported to
other regions in Spain.

Recorded Time Histories

The three mainshocks of Mula (1999), Bullas (2002),
and La Paca (2005) were recorded at 6, 10, and 11 stations
of the Spanish Instituto Geográfico Nacional (IGN) Network,
respectively. For the three events, all the stations are located
at epicentral distances greater than 20 km (Table 1).

In general, the recorded peak ground acceleration (PGA)
values are low because of the moderate magnitudes of the
events and the epicentral distances to the stations. Maximum
recorded PGA values are 0.012, 0.020, and 0.024 g for the
1999 Mula, 2002 southwest Bullas, and 2005 La Paca earth-
quakes, respectively (Table 1). These maximum PGA values
are not always obtained in the station with the shortest
epicentral distance (Fig. 3). The stations located within the
region limited by the prominent Crevillente and Alhama de
Murcia fault systems (i.e., stations MUL and VLR) record
larger accelerations than other stations located outside these
bounding faults (i.e., stations AHM and LOR), despite their
epicentral distances (Fig. 3). A combination of local condi-
tions at the recording sites and a channeling effect of the
seismic energy along the northeast–southwest direction of
fault strike may explain these observations.
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Table 1
IGN Strong-Motion Stations That Recorded the 1999 Mula, 2002 Southwest Bullas, and 2005 La Paca Earthquakes

Earthquake Location Code Instrument Rep PGA NS PGA V PGA EW

02 Feb 1999 Lorquı́ LOQ GSR-M 21 0.0123 0.0072 0.0120
Jumilla JUM GSR-M 43 0.0055 0.0039 0.0043
Orihuela ORI SSA-1 48 0.0006 0.0004 0.0008
Lorca LOR GSR-M 51 0.0047 0.0022 0.0042
Torrevieja TOR GSR-M 72 0.0023 0.0020 0.0026
Alcoy ALC SSA-2 110 0.0023 0.0017 0.0027

06 Aug 2002 Lorca LOR GSR-M 28 0.0068 0.0044 0.0040
Mula MUL GSR-M 33 0.0163 0.0098 0.0200
Murcia M02 GSR-18 63 0.0039 0.0021 0.0018
Vera VER GSR-M 74 0.0032 0.0019 0.0033
Olula del Rı́o OLU GSR-M 130 0.0025 0.0020 0.0010
Guadix GDX SSA-2 132 0.0014 0.0009 0.0018
Jaén JAE GSR-M 173 0.0030 0.0009 0.0040
Durcal DUR SSA-2 184 0.0005 0.0004 0.0006
Cacı́n CAC SSA-2 207 0.0004 0.0003 0.0005
Carmona CAR SSA-2 340 0.0007 0.0007 0.0011

29 Jan 2005 Mula MUL GSR-18 27 0.0237 0.0020 0.0236
Lorca LOR GSR-18 28 0.0068 0.0043 0.0065
Alhama de Murcia AHM GSR-18 32 0.0063 0.0036 0.0032
Vélez Rubio VLR GSR-18 42 xxx 0.0081 0.0106
Murcia M02 GSR-18 56 0.0034 0.0028 0.0029
Jumilla JUM GSR-18 72 0.0060 0.0040 0.0055
Olula del Rı́o OLU GSR-18 80 0.0023 0.0011 0.0015
Guadix GDX SSA-2 139 0.0011 0.0005 0.0009
Carboneras CBN SSA-2 104 0.0004 0.0005 0.0007
Jaén JAE GSR-18 179 0.0018 0.0009 0.0023
Cacı́n CAC SSA-2 213 0.0004 0.0005 0.0006

Recorded PGA values (in g) for each component and epicentral distances (Rep, in kilometers) are also shown. NS, north–south; V, vertical; EW,
east–west.

Response Spectra at the Accelerometric Stations:
Recorded Motions and NCSE-02 Design Spectra

Elastic, 5%-damped response spectra of the three com-
ponents of the ground-motion records of the larger events of
the three series are obtained at several IGN stations (stations
AHM, LOQ, LOR, MUL, and VLR; Table 2). Hereafter, the
response spectra and spectral shapes normalized by the re-
spective PGA values derived from the processed records will
be referred to as recorded response spectra and recorded
spectral shapes, respectively.

For each station, spectra for horizontal and vertical com-
ponents (whether for the same event or for different earth-
quakes) show rather similar shapes, with maximum spectral
acceleration (SA) around intermediate frequencies of 3–11 Hz
(Fig. 4). In turn, the variability of spectral amplitudes for a
given station is high because of the different magnitude of
the earthquakes considered (Table 2). For example, station
MUL exhibits noticeable scatter on spectral amplitudes,
whereas station LOR presents rather consistent spectral
shapes.

Figure 4 also shows the corresponding NCSE-02
response spectra. For each station, four spectra representing
the soil categories used in the NCSE-02 code are plotted. For
low frequencies, all NCSE-02 spectra show amplitudes about

one order of magnitude larger than the response spectra of
the 1999, 2002, and 2005 earthquakes (see Table 3). This
result is attributed to the fact that the few recorded motions
are from events with a combination of magnitudes and dis-
tances that do not contribute significantly to seismic hazard
(for the 500-year return period prescribed in the NCSE-02
code). This feature of the (absolute) response spectra does
not hold for normalized spectral shapes, as discussed in
the following.

The similarity of the shapes of the response spectra re-
corded at each station but for different events suggests that
they are strongly controlled by local site conditions. The
spectral shapes characterize the ground motions produced
by modest earthquakes at the station sites.

Spectral Shapes of the Recorded Motions and
Implications in Seismic Design

The response spectra for the 1999, 2002, and 2005
earthquakes presented in Figure 4 can be normalized by di-
viding them by the recorded PGA values. The normalized
spectra are shown in Figure 5 together with the NCSE-02
spectral shapes for four soil categories. Several interesting
points are observed. The first is that normalized spectral
shapes show a significant reduction of the scatter for a given
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Figure 3. Geographical distribution of accelerograms re-
corded by the IGN Network for the mainshocks of Mula 1999
(bottom), southwest Bullas 2002 (middle), and La Paca 2005
(top). The north–south component is represented in all cases
(except for the 2005 shock at station VLR, that shows the east–
west component). For the same event, all records are plotted
with the same scale. White stars stand for the epicenter of the
respective mainshocks. Triangles refer to IGN stations provid-
ing data for each event. White boxes indicate the location of
some damaged towns cited in the text. Main faults are also
depicted (after Martı́nez-Dı́az, 1998). CF, Crevillente fault;
EZ-IZ, contact between the External Zone and the Internal
Zone of the Betic Cordillera; AMF, Alhama de Murcia fault.

station because the dependency of the response spectrum on
magnitude is somewhat reduced. This is especially visible
for stations MUL and VLR.

For all the stations and soil categories, the NCSE-02
spectral shapes lie clearly above the recorded spectral shapes
for low frequencies (below 2 to 6 Hz, depending on the
station). By contrast, for intermediate–high frequencies (in a
range included in the interval 5–20 Hz, depending on
the station) and regardless of the soil class considered, the
NCSE-02 spectral shapes are exceeded by many of the re-
corded spectral shapes. For very high frequencies, the NCSE-
02 and the recorded spectral shapes are similar and converge
toward unity because all the spectra are normalized with
the PGA.

Ground-Motion Estimates for the Epicentral Area

There are no strong-motion stations in the immediate
epicentral areas of the respective 1999, 2002, and 2005
events (station MUL was installed shortly after the occur-
rence of the 1999 Mula earthquake), and consequently, there
is no direct measurement of the ground motion producing
the observed damage patterns. Hence, the motions at short
distances (below 20 km) must be estimated by other means.
We use two approaches: the simulation of synthetic accel-
eration time histories and spectra and the derivation of
response spectra using empirical ground-motion models.

To provide a general picture of probable ground mo-
tions in the epicentral areas rather than at specific sites, four
generic scenarios are considered. They correspond to a mag-
nitude 4.8, depth of 3 km, and different source-to-site dis-
tances. The estimated rupture area would be 7.6 km2 (using
the equation for all slip types of Wells and Coppersmith,
1994). Because the damaged towns are mainly located in
sedimentary terrains (not on firm rock) of unknown thick-
nesses, two site coefficients representing shallow and deep
alluvial soils are considered. Scenarios 1 and 2 are for very
short distances (Rep � 5 km, equivalent to a Joyner–Boore
distance RJB � 1.5 km). Scenario 1 represents the softer and
deeper soil conditions and scenario 2 represents the stiffer
and shallower soils categories. Scenarios 3 and 4 are similar
to scenarios 1 and 2, respectively, but for greater distances
(Rep � 10 km and RJB � 5 km). The specific parameters
for each scenario are listed in Table 4. These generic sce-
narios are loosely associated with actual damaged locations
and earthquakes as follows: Scenarios 1 and 2 with sites at
the towns of Mula (1999 event), Doña Inés (2002 event),
and La Paca (2005 event) and Scenarios 3 and 4 with the
town of Campos del Rı́o (1999 event) and with the town of
Zarcilla de Ramos (2002 and 2005 events) (Fig. 3).

Ground-Motion Time Histories and Response Spectra

First, we estimate the horizontal ground motions in the
damaged towns by stochastic simulation of nonstationary
acceleration time histories by summing their Fourier series
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Table 2
Ground-Motion Records Used for the Calculation of Response Spectra and Spectral Shapes (Figs. 4 and 5) at Several IGN Stations

Station (Number of Spectra) Event Date Rep Magnitude Components

AHM (6) La Paca mainshock 29 Jan 2005 31 4.7 NS, EW, V
La Paca largest aftershock 03 Feb 2005 32 4.2 NS, EW, V

LOQ (6) Mula foreshock 02 Feb 1999 21 3.4 NS, EW, V
Mula mainshock 02 Feb 1999 17 4.7 NS, EW, V

LOR (8) Mula mainshock 02 Feb 1999 51 4.7 NS, EW
Southwest Bullas mainshock 06 Aug 2002 28 4.8 NS, EW, V
La Paca mainshock 29 Jan 2005 28 4.7 NS, EW, V

MUL (12) Southwest Bullas mainshock 06 Aug 2002 32 4.8 NS, EW, V
Southwest Bullas largest aftershock 06 Aug 2002 33 3.8 NS, EW, V
La Paca mainshock 29 Jan 2005 27 4.7 NS, EW, V
La Paca largest aftershock 03 Feb 2005 28 4.2 NS, EW, V

VLR (4) La Paca mainshock 29 Jan 2005 42 4.7 EW, V
La Paca largest aftershock 03 Feb 2005 32 4.2 EW, V

Epicentral distances (Rep, in kilometers) and magnitudes (mbLg) extracted from IGN data. NS, north–south; EW, east–west; V, vertical.

with time-dependent coefficients (Sabetta and Pugliese,
1996). This method is tested at different sites where ground-
motion records are available. First, we reproduce the 2005
main event ground-motion time history at station MUL, and
compare the resulting time history with the recorded acce-
lerogram (north–south component) in Figure 6. Note the
fair match between simulated and recorded time histories
regarding maximum amplitudes, duration, and the overall
shape of the most energetic phases.

A more complete idea of the performance of this mod-
eling approach in the spectral domain is obtained by con-
strasting simulated response spectra with actual data. Figure
7 shows two examples at stations MUL (2002 mainshock)
and VLR (2005 mainshock). The simulated response spectra
provide slightly larger ground motions than the recorded
response spectra. The difference between recorded and sim-
ulated ground motions is more significant for the other sta-
tions considered, in particular, for high-frequency ground
motions (Table 5). This difference is somewhat expected
because of the significant variability of recorded ground-
motion time histories for similar magnitude–distance
conditions, as shown in Figure 3. For similar magnitude–
distance conditions, we obtain simulated ground motions
with lesser bias in the stations recording larger ground mo-
tions (Table 5). Hence, the simulated ground motions can be
regarded as representative of the stations providing larger
ground motions, which are the ones imposing more conser-
vative estimates for design purposes.

We simulate the response spectra to the four scenarios
listed earlier for the epicentral areas of the 1999, 2002, and
2005 series, where no records are available (hereafter, these
are referred to as simulated response spectra).

To obtain statistically representative results, a total of
100 simulations is carried out. Results are expressed in terms
of the mean, and the mean plus/minus one standard deviation
of the distribution of 100 simulations (Fig. 8). In addition,
the empirical ground-motion prediction models of Ambra-
seys et al. (1996), Sabetta and Pugliese (1996), and Berge-

Thierry et al. (2003) are used for estimating ground motions
for the four scenarios. The models calculate expected ground
motions as function of magnitude, source-to-site distance,
and soil class. The features of these models are listed on
Table 6, including applicable magnitude and distance ranges
and soil categorization. Input parameters of ground-motion
models for the four scenarios are listed in Table 4. In this
work, only expected mean amplitudes are provided, exclud-
ing the range of aleatory variability of the ground-motion
prediction models (typically a factor of 2).

For a given scenario, the resulting response spectra
(hereafter referred to as empirical response spectra) are simi-
lar to the simulated response spectra (Fig. 8). They consis-
tently present maximum SA values in the intermediate fre-
quency range of 4 to 9 Hz. The absolute response spectra
for each of the four scenarios consist of three parts: a rapid
linear increase of SA below 2–3 Hz, a hinge zone at inter-
mediate frequencies where maximum amplitudes are at-
tained from 2–3 Hz to 10–12 Hz, and a gradual decay for
high frequencies above 12 Hz.

The response spectra derived using the two methods
(hereafter, simulated and empirical response spectra will be
collectively referred to as estimated response spectra) pre-
sent strong similarities for each scenario (Fig. 8). We there-

Table 3
PGA Values at IGN Stations Obtained from Ground-Motion
Records Corresponding to the 1999, 2002, and 2005 Seismic

Series and Derived from the Spanish Building Code NCSE-02
Specifications (Intervals Containing PGA Estimates for

All Soil Categories)

Station
Maximum PGA Recorded

(g)
PGA from NCSE-02

(g)

AHM 0.006 0.089–0.174
LOQ 0.012 0.116–0.213
LOR 0.007 0.098–0.187
MUL 0.024 0.072–0.144
VLR 0.011 0.107–0.200
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fore conclude that the estimated response spectra for each
scenario can be regarded as reasonable ground-motion
representations for the sites that have suffered damage as a
consequence of the recent earthquakes.

Comparison between Estimated and NCSE-02
Response Spectra and Spectral Shapes for the
Epicentral Areas

We examine whether the absolute response spectra and
normalized spectral shapes of the NCSE-02 provisions are

sufficiently conservative given the estimated motions for the
four scenarios. The NCSE-02 response spectra are con-
structed with an acceleration derived from the ab values from
the hazard map (ranging from 0.08 g through 0.12 g for the
area; Fig. 1b) and using NCSE-02 soil class III (soft soil) for
scenarios 2 and 4 and soil class IV (very soft soil) and
for scenarios 1 and 3.

The estimated response spectra (mean value plus/minus
one standard deviation) and the previously defined NCSE-02
response spectra are depicted in Figure 9, and the corre-
sponding PGA values are listed in Table 7. The NCSE-02

Figure 4. Elastic, 5%-damped response spectra at IGN stations (corresponding to
the events listed in Table 2) compared with the design-response spectra specified in the
NCSE-02 Code. Horizontal and vertical components are plotted with full and dashed lines,
respectively. The four NCSE-02 spectra (thick gray lines) represent different soil categories
(the relation between soil categories and specific spectra is indicated in station AHM).

Table 4
Parameters Used in the Three Empirical Ground-Motion Models Considered for the Four Scenarios, Including Magnitude (Mag.),

Distance (Dist.), and Soil (Soil) Types and Values Adopted

Ground-Motion Model

Ambraseys et al. (1996) Sabetta and Pugliese (1996) Berge-Thierry et al. (2003)

Scenario Mag. Dist. (km) Soil Mag. Dist. (km) Soil Mag. Dist. (km) Soil

1 MS 4.7 RJB � 1.5 Soft soil MW 4.8 Rep � 5 Deep alluvium MS 4.7 Rhyp � 6.5 Soil
2 MS 4.7 RJB � 1.5 Stiff soil MW 4.8 Rep � 5 Shallow alluvium MS 4.7 Rhyp � 6.5 Soil
3 MS 4.7 RJB � 5 Soft soil MW 4.8 Rep � 10 Deep alluvium MS 4.7 Rhyp � 11 Soil
4 MS 4.7 RJB � 5 Stiff soil MW 4.8 Rep � 10 Shallow alluvium MS 4.7 Rhyp � 11 Soil
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Figure 5. Normalized spectral shapes at IGN recording stations. Black lines repre-
sent spectral accelerations divided by the PGA values extracted from recorded data, and
thick, gray lines the NCSE-02 spectral shapes. Other symbols as in Figure 4.

spectra clearly exceed the estimated spectra at low frequen-
cies (below 2 Hz), and are similar for intermediate frequen-
cies (at about 5 Hz). For high frequencies (above 3–7 Hz),
the NCSE-02 spectra are exceeded by and/or coincide with
the estimated spectra for scenarios 1 and 2 (very short
source-to-site distances). Details depend on the ab value con-
sidered. In general, the estimated spectra remain below the
NCSE-02 spectra for scenarios 3 and 4.

Despite the low magnitudes of the earthquakes consid-
ered, there are some cases (very low source-to-site distances)
in which the estimated ground motions are larger than the
NCSE-02 design motions. This difference would be more
significant if the aleatory variability of the ground-motion
models was taken into account. This may help explain the
observed damage. However, we hesitate to draw definite
conclusions on this topic because, as stated previously, the
simulated ground motions lie in the conservative bound of
the available recorded ground motions.

The NCSE-02 and estimated normalized spectral shapes
are compared separately for the four scenarios in Figure 10.
The estimated response spectral shapes exceed the NCSE-02
spectral shapes for scenarios 1 and 3 (deep alluvial soils) for

intermediate frequencies (from about 6 through 11 Hz, de-
pending on the scenario) and less so for scenarios 2 and 4
(thinner soil layer). This comparison suggests that the soil
factor and, in particular, the thickness of the soil layer may
have played an important role in the distribution of ground
motions and damage.

Figure 6. Comparison between recorded and sim-
ulated acceleration time histories at station MUL for
the 29 January 2005 mainshock.
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Discussion

One of the striking observations for the 1999, 2002, and
2005 seismic series is that, given their relatively low mag-
nitude, they produced significant damage to structures. To a
large extent, the poor quality or deficient design of con-
struction (e.g., Murphy, 1999) was an essential factor for
explaining the damage. However, some modern, engineered
buildings also suffered significant nonstructural damage
(Benito et al., 2007). This suggests that the seismic demand
was considerable. Most buildings in the epicentral areas are
one or two stories. Considering the approximation that the
natural period of a building (in seconds) equals the number
of stories constituting it divided by ten (e.g., Coburn and
Spence, 2002), the natural period of buildings in the epi-
central areas would be about 0.1–0.2 sec, equivalent to a
natural frequency of 5–10 Hz. Accordingly, these buildings

are most susceptible to intermediate–high-frequency ground
motions.

Additionally, factors such as the type of soil beneath the
buildings may contribute to explaining the observed damage
(e.g., Navarro et al., 2000). The distribution of the available
instrumental records showing that the maximum ground mo-
tions are not necessarily registered at the shortest epicentral
distances and the finding of characteristic spectral shapes at
the recording sites evidence that ground motions are
strongly influenced by local effects. Short-period (ambient)
microtremor measures show distinct predominant soil fre-
quencies in different parts of the towns of Mula and Lorca
(Navarro et al., 2000, 2005). These authors demonstrated
that two- and three-story, masonry buildings damaged by the
1999 earthquake were seated on soils with predominant soil
frequencies of about 6 Hz. These results are consistent with

Table 5
Bias between the Simulated and Recorded Horizontal Spectral Accelerations (Frequencies of 0.5, 1, 5, and 10 Hz)

Bias

Station Event Date Rep (km) Component PGA (g) SA(0.5 Hz) SA(1 Hz) SA(5 Hz) SA(10 Hz)

AHM 29 Jan 2005 32 EW 0.0032 1.33 1.48 1.60 1.63
NS 0.0063 1.32 1.56 1.44 1.49

LOQ 02 Feb 1999 21 EW 0.0120 1.21 1.42 1.58 1.33
NS 0.0123 1.29 1.51 1.60 1.47

LOR 29 Jan 2005 28 EW 0.0065 1.12 1.07 1.28 1.55
NS 0.0068 1.13 1.08 1.30 1.50

06 Aug 2002 28 EW 0.0040 1.21 1.30 1.50 1.67
NS 0.0068 1.00 1.04 1.34 1.62

02 Feb 1999 51 EW 0.0042 1.14 1.26 1.26 1.32
NS 0.0047 1.10 1.18 1.35 1.16

MUL 29 Jan 2005 27 EW 0.0236 1.23 1.36 0.95 0.87
NS 0.0237 1.19 1.37 0.93 0.90

06 Aug 2002 33 EW 0.0200 0.99 1.12 1.00 1.17
NS 0.0163 1.03 1.20 1.02 1.23

VLR 29 Jan 2005 42 EW 0.0106 1.25 1.27 1.11 1.04

Only main events from Table 1 are represented. Bias is defined as log(SAsimulated)/log(SArecorded). EW, east–west; NS, north–south.

Figure 7. Comparison of simulated and re-
corded response spectra. (Left) 2002 event at
station MUL (north–south component). (Right)
2005 event at station VLR (east–west compo-
nent).
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damage correlating with soil properties and number of
stories of the affected buildings.

We showed that the estimated response spectra deduced
for scenarios 1 and 2 (at the damaged areas) eventually ex-
ceed the NCSE-02 response spectra precisely in the inter-
mediate–high-frequency range. The direct relation between
this exceedence and the observed damage is difficult to es-
tablish because we do not know to what extent the affected
buildings were designed according to earthquake-resistant
regulations. Obviously, traditional buildings are not code
compliant. At best, modern buildings should have followed
previous versions of the Spanish building code. As the cur-
rent building code prescribes larger ground motions than in
earlier versions, the alleged exceedence of NCSE-02 spec-
trum in the intermediate–high-frequency domain would
also include buildings regulated by former versions of the
code.

Because resonance effects related to soil amplification
and natural frequencies of common buildings may be sig-
nificant, special attention must be paid to design of structures
in the intermediate–high-frequency range. For intermediate–
high frequencies, our results suggest a possible exceedence
of the NCSE-02 spectra by the estimated response spectra
in the damaged towns (Fig. 9) and the exceedence of the
NCSE-02 spectral shapes both by recorded and estimated
normalized spectra (Fig. 5 and 10). Conversely for low
frequencies, the NCSE-02 code clearly provides larger
(normalized) ground motions.

These results are obtained from the analysis of ground-
motion data and estimates corresponding to low-magnitude
events. Therefore, they can not be extended indiscriminately
to larger-magnitude events, which in principle would present
a more significant contribution to lower-frequency ground
motions. Actually, the NCSE-02 response spectrum seems to
perform better for large, rare, more distant events (such as
the IEMS � IX–X, 1829 Torrevieja earthquake, the largest
ever reported in the area, eastward of the Murcia Region)
than for small, frequent events. The incidence of such strong,
rare earthquakes would be more significant for return periods
greater than the 500 years adopted in the NCSE-02. In any
case, these results raise questions about the definition of the
NCSE-02 response spectrum.

To improve the definition of the NCSE-02 design-
response spectrum, two aspects are examined: the reference
ground-motion levels and the design-spectral shape. Results
of a recent probabilistic seismic-hazard analysis carried out
in the region (Benito et al., 2006) provides PGA values simi-
lar to the NCSE-02 hazard map (both for a 10% probability
of exceedence in 50 years), indicating that the NCSE-02
reference accelerations take reasonable values. According
to our results, we suggest that the NCSE-02 spectral shape
be revised.

A simple solution for precluding the exceedence of the
NCSE-02 design spectra for intermediate–high frequencies
would be increasing the amplitude of the flat segment of the

Figure 8. Estimated response spectra for the four
scenarios of the epicentral areas. The gray band rep-
resents the distribution of simulated spectra between
percentiles 16 and 84, and the black line is its mean
curve.
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eral characteristic spectral shapes for different recording
sites. Maximum normalized response spectra are obtained
for the intermediate–high-frequency range (from about 3 Hz
to 11 Hz).

We use a simulation method and several empirical pre-
dictive relations to estimate ground motions in the epicentral
areas, where damage to traditional and modern structures is
reported and no records are available. Again, characteristic
spectral shapes with maximum spectral accelerations for
intermediate–high frequencies are obtained. Moreover, some
estimated response spectra exceed the NCSE-02 absolute
response spectra in the same frequency interval. These fre-
quencies coincide with predominant frequencies of common
soils in Murcia and with natural frequencies of most build-
ings in the region. Consequently, a proper definition of
NCSE-02 design ground motions for intermediate–high
frequencies is of prime importance.

According to our results, we suggest the revision of the
approach to calculate design ground-motion levels in the
NCSE-02 building code for the maximum expected ground
motions in the intermediate–high-frequency domain. A dif-
ferent approach for constructing the response spectra, in-
cluding a spectral shape anchored at different spectral levels
corresponding to low and high frequencies would provide
more data-consistent, reliable design spectra. At the same
time, the definition of frequency-dependent, nonlinear soil
factors and the development of state-of-the-art hazard maps

NCSE-02 spectral shape (presently fixed at [SA/PGA]MAX �
2.5 for all soil categories). However, this approach could
also imply increasing the design ground motions for short–
intermediate frequencies, which is not confirmed by data and
could imply an exaggerated increment of costs not supported
by project engineers.

The spectral shape should be designed so that it accom-
modates for the expected low- and high-frequency ground
motions, with a given level of conservatism (expressed in
probabilistic terms and/or by maximum bounds). For low-
to-moderate seismic areas such as southeast Spain, this re-
quires finding a balance between the contributions of large,
rare, more distant events (leading to larger low-frequency
ground motions) and small, frequent events (usually with
larger high-frequency ground motions). This can be
achieved by the construction of a design spectrum based on
a response-spectral shape anchored at distinct low- and high-
frequency ground motions (see the 2003 National Earth-
quake Hazards Reduction Program [NEHRP] Provisions,
Building Seismic Safety Council [BSSC], 2003). These
ground motions should be obtained from comprehensive,
consensus-based hazard maps. Results of our study could be
useful for constraining the spectral shape for intermediate–
high frequencies. However, due to the unavailability of local
data, the intermediate–low-frequency branch of the spectral
shape should be deduced from theoretical models of the area
or adapted from other regions of the world. At the same time,
studies aimed at deriving frequency-dependent, nonlinear
soil-amplification factors are also required for the compo-
sition of the final design-response spectra.

Summary and Conclusions

Although the limited availability or absence of ground-
motion records in areas with low-to-moderate seismic activ-
ity constitutes a problem for ground-motion characterization
and seismic-hazard assessment, valuable information can be
extracted from the available small-amplitude data. Based on
ground-motion data of three recent, Mw �4.8, damaging
earthquakes occurring in southeast Spain, we identify sev-

Table 6
Main Characteristics of the Empirical Ground-Motion Models Used in This Study

Model Magnitude Distance Soil Category (VS) Predicted Parameter

Ambraseys et al. (1996) MS 4.0–7.5 R �200 km Rock (VS �750 m/sec)
Stiff soil (360 m/sec � VS � 750 m/sec)
Soft soil (180 m/sec � VS � 360 m/sec)
Very soft soil (VS �180 m/sec)

PGA
SA 0.5–10 Hz

Sabetta and Pugliese (1996) ML (�5.5)
MS (�5.5)

4.6–6.8

Rep (1–100 km) Rock (VS �800 m/sec)
Alluvium (400 m/sec � VS � 800 m/sec)
Shallow (H �20 m), deep (H �20 m)

PGA, Ia,
PSV 0.25–25 Hz

Berge-Thierry et al. (2003) MS 4.0–7.9 Rhyp (4–330 km) Rock (VS �800 m/sec)
Soil (300 m/sec � VS � 800 m/sec)

PSA (cm/sec2)
(0.1–34.0 Hz)

PSV, pseudo spectral velocity; PSA, pseudo spectral acceleration.

Table 7
Range of PGA Values Estimated in the Epicentral Area with the
Simulation Method and the Empirical Ground-Motion Models

and PGA Values Derived from the NCSE-02 Code for the
Four Scenarios Considered

Scenario
NCSE-02 PGA

(g)
Estimated PGA

(g)

1 0.15–0.20 0.11–0.23
2 0.14–0.18 0.14–0.23
3 0.15–0.20 0.07–0.17
4 0.14–0.18 0.10–0.15
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Figure 9. Comparison between the distribution of
estimated response spectra and NCSE-02 response
spectra for the four scenarios of the epicentral areas.
The gray band represents the distribution of simulated
spectra between percentiles 16 and 84, and the white
line is its mean curve.

Figure 10. Normalized response-spectral shapes
for the four scenarios of the epicentral areas. The gray
band represents the distribution of simulated spectra
between percentiles 16 and 84, and the black line is
its mean curve.
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(España), Ph.D. Thesis, Universidad Complutense de Madrid, 466 pp.

Martı́nez-Dı́az, J. J. (2002). Stress field variation related to fault interaction
in a reverse oblique-slip fault: the Alhama de Murcia fault, Betic
Cordillera, Spain, Tectonophysics 356, 291–305.

Masana, E., J. J. Martı́nez-Dı́az, J. L. Hernández-Enrile, and P. Santanach
(2004). The Alhama de Murcia fault (SE Spain), a seismogenic
fault in a diffuse plate boundary. Seismotectonic implications in the
Ibero-Magrebian region, J. Geophys. Res. 109, B01301, doi 10.1029/
2002JB002359.

Morales, J., B. Benito, and M. Luján (2003). Expected ground motion in
the south-east of Spain due to an earthquake in the epicentral area of
the 1910 Adra earthquake, J. Seism. 7, 175–192.

Morel, J. L., and M. Meghraoui (1996). Gorringe-Alboran-Tell tectonic
zone: a transpression system along the Africa-Eurasia plate boundary,
Geology 24, 755–758.

Murphy, P. (1999). Terremoto de la Comarca del Rı́o Mula del 2 de febrero
de 1999. Estudio de daños a edificaciones, Fı́s. Tierra 11, 253–267.

Navarro, M., T. Enomoto, F. J. Sanchez, F. Vidal, and S. Rubio (2000).
Relation between the predominant periods of soil and the damage
distribution after Mula 1999 earthquake, in Proceedings Sixth Inter-
national Conference on Seismic Zonation: Managing Earthquake
Risk in the 21st Century, Palm Springs, November 2000.

Navarro, M., A. Jerez, T. Enomoto, F. Vidal, J. A. Perez-Ruiz, and
T. Iwatate (2005). Study of site effects in Lorca town (Murcia, Spain)
using microtremors and strong motion records, Geophys. Res. Abstr.
7, 05184.

Newmark, N. M., and W. J. Hall (1982). Earthquake spectra and design,
in EERI Monograph, Earthquake Engineering Research Institute,
Berkeley, California, 103 pp.

Norma de la Construcción Sismorresistente Española (NCSE-02) (2002).
Real Decreto 997/2002, de 27 de septiembre, por el que se aprueba
la norma de construcción sismorresistente: parte general y edificación
(NCSR-02), Boletı́n Oficial del Estado 244, 35,898–35,967.

Rey, J., E. Faccioli, and J. J. Bommer (2002). Derivation of design soil
coefficients (S) and response spectral shapes for Eurocode 8 using the
European Strong-Motion Database, J. Seism. 6, 547–555.

containing the maximum expected ground motions should
be accomplished.

This work shows the potential of using small-amplitude
records for ground-motion characterization and for constrain-
ing design-response spectra contained in official normative.
This is an especially interesting approach for low-to-moderate
seismicity regions, such as Spain, where strong ground-
motion records are scarce or lacking.
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Jiménez Peña, and M. J. Garcı́a Rodrı́guez (2006a). Evaluación de
la peligrosidad sı́smica. Riesgo sı́smico en la Región de Murcia.
Proyecto RISMUR, Vol. 1. Caracterización geotécnica y análisis del
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