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Abstract: The Middle-Chelif basin, in northwestern Algeria, is located in a seismically active region.
In its western part lies the El-Asnam fault, a thrust fault responsible for several strong earthquakes.
The most important being the El-Asnam earthquake (Ms = 7.3) of 1980. In the present study, ambient
vibration data with single-station and array techniques were used to investigate the dynamic proper-
ties of the ground and to estimate the Vs30 structure in the main cities of the basin. Soil resonance
frequencies vary from 1.2 to 8.3 Hz with a maximum amplitude of 8.7 in. Collapsing behavior has
also been demonstrated west of the city of El-Attaf, reflecting a strong potential for liquefaction. A
Vs30 variation map and a soil classification for each city were obtained mainly by inversion of the
HVSR and Rayleigh wave dispersion curves. Finally, an empirical prediction law of Vs30 for the
Middle-Chelif basin was proposed.

Keywords: Middle-Chelif Basin; ambient vibrations; HVSR; array techniques; Vs30; site
classification; liquefaction

1. Introduction

Northern Algeria is located in the collision zone between the African and Eurasian
plates. It is characterized by moderate to high seismic activity (e.g., [1–3]), mainly con-
centrated in the marginal areas of the Neogene basins [4]. The Chelif Basin is located
in the northwestern part of Algeria (Figure 1). It is the largest of the northern Neogene
sedimentary basins and hosts an important seismic activity. The basin is mainly affected by
NE-SW oriented reverse faults [4,5]. The most important is the El-Asnam fault, a reverse
fault about 40 km long [6], that generated several destructive earthquakes during the last
century, such as the 1934 Carnot earthquake, now El-Abadia, (MS = 5.1, [7]); the 1954
Orléansville earthquake, now Chlef (MS = 6.7, [7]); and the 1980 El-Asnam earthquake, now
Chlef (MS = 7.3, [6]). The latter is the largest and most destructive earthquake recorded in
Algeria in the instrumental era.

The Chelif Basin is divided into three parts: the Lower-Chelif Basin, the Middle-Chelif
Basin, and the Upper-Chelif Basin. The Middle-Chelif extends from Oued-Fodda in the
west to Ain-Defla in the east (Figure 1). The cities of the Middle-Chelif suffered important
damage during the 1980 El-Asnam earthquake. The cities of Oued-Fodda, El-Abadia,
and El-Attaf were almost totally destroyed. In addition, several secondary effects of the
earthquake were observed along the rupture zone [8], such as cracks, settlement, and soil
liquefaction. Moreover, the coseismic uplift of the western part of the fault has obstructed
the flow of the Chelif River, causing a flood which formed a natural dam, where the
phenomenon of liquefaction occurred over a wide area west of El-Abadia and El-Attaf [8,9].
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Figure 1. Location of the study area. The numbered yellow stars correspond to the epicenters of the
major earthquakes in the area: (1) the 1934 Carnot (I0 = IX) earthquake, (2) the 1954 Orléansville
(Ms 6.7) earthquake, and (3) the 1980 El-Asnam earthquake (Mw 7.2). EAF = El-Asnam fault trace;
UCB = Upper-Chelif Basin; MCB = Middle-Chelif Basin; LCB = Lower-Chelif Basin.

Prior to the 1980 El-Asnam earthquake, several geological and geophysical studies
were conducted on the Chelif Basin (e.g., [10,11]). However, these studies were mainly
concentrated in the Lower-Chelif Basin due to the presence of oil indices. Only a few
studies have been carried out on the Middle-Chelif Basin [12,13]. Right after the 1980
earthquake and given the extent of its damage, the region has finally been the subject
of several geological, seismological, and geophysical studies (e.g., [6,8,14,15]). The firm
Woodward and Clyde Consultants [15] conducted an important seismic microzonation
study in eight cities of the Lower and Middle-Chelif Basins, including El-Abadia and
El-Attaf. During the investigations, several holes were drilled using Standard Penetration
Tests (SPT). The study provided geotechnical, hydrogeological, landslide, and liquefaction
potential maps for each of the eight cities. The Neogene formations of the Middle-Chelif
were described in detail in [12], and later in [16]. Furthermore, the structural aspect of the
shallow and deep lithological units was recently imaged using land gravity data [17].

In the present study, we used ambient vibrations data to characterize some geotech-
nical features and to estimate some dynamic properties of the soil column in the cities of
El-Attaf, El-Abadia, and Ain-Defla. Ambient vibration-based techniques have been used
previously in the Chelif Basin [18–21]. The aim was to determine the resonance frequencies
of the ground, the shear-wave velocity structure of the sedimentary layers, and the bedrock
depth, where the impedance contrasts with the sedimentary cover and may be the cause
for ground shaking amplification during strong earthquakes. This work is a continuation
of the ones carried out in the Middle-Chelif basin [20,21].

In the first part of this study, we used ambient vibration data recorded from single
stations to estimate the ground resonance frequencies and assess the liquefaction potential
in the three cities under study. In the second part, we used ambient vibration data recorded
from single station and array techniques to estimate the average shear-wave velocity
in the upper 30 m of the soil column (Vs30). Finally, a Vs30 predictive equation for the
Middle-Chelif Basin was proposed.
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This study contributes to the seismic hazard assessment in northern Algeria. The
results obtained in this work can be used for ground motion simulation, for the calculation
of amplification factors, and for many other studies related to the reduction of seismic risk.

2. Geological Framework

The Middle-Chelif is an intra-mountainous basin structured during the Neogene [5,10,12],
and located within the Tellian Atlas mountain belts (Figure 1). The depression is filled with a
thick cover of Mio-Plio-Quaternary sediments. The basement is composed of hard clays and
marls of Cretaceous age [12,16]. In its southern part, autochthonous formations of Jurassic to
Silurian age outcrop [22], and form the Temoulga, Rouina, and Doui massifs (Figure 2). The
Middle-Chelif plain is crossed from west to east by the Cheliff River, the longest in Algeria,
which contributes to form the actual alluviums.

The stratigraphical column is composed of a succession of marine, continental, and
lacustrine deposits. Lateral variations in facies were also reported [10,16], and further
confirmed in [21], where important lateral variations in the shear-wave velocity were
observed within the same formations. All these perturbations in the sedimentary cover
reflect several instability periods with intense tectonic activities and different episodes
of marine regression and transgression that conditioned the sedimentation process [10].
However, the geologists are not in agreement concerning the age of the first sedimentary
deposits. Some authors attributed those sediments to the Lower Miocene [10,12], while
others assigned them to the Middle Miocene (Serravallo-Tortonian) [16,23]. The sediments
are affected by a series of normal and thrust faults, located in the margins of the Middle-
Chelif Plain.

Appl. Sci. 2022, 12, x FOR PEER REVIEW  3  of  18 
 

in the three cities under study. In the second part, we used ambient vibration data rec‐

orded from single station and array techniques to estimate the average shear‐wave veloc‐

ity in the upper 30 m of the soil column  V ). Finally, a  V   predictive equation for the 

Middle‐Chelif Basin was proposed. 

This study contributes to the seismic hazard assessment in northern Algeria. The results 

obtained in this work can be used for ground motion simulation, for the calculation of ampli‐

fication factors, and for many other studies related to the reduction of seismic risk. 

2. Geological Framework 

The Middle‐Chelif  is  an  intra‐mountainous  basin  structured during  the Neogene 

[5,10,12], and located within the Tellian Atlas mountain belts (Figure 1). The depression is 

filled with a thick cover of Mio‐Plio‐Quaternary sediments. The basement is composed of 

hard clays and marls of Cretaceous age [12,16]. In its southern part, autochthonous for‐

mations of Jurassic to Silurian age outcrop [22], and form the Temoulga, Rouina, and Doui 

massifs  (Figure 2). The Middle‐Chelif plain  is crossed  from west  to east by  the Cheliff 

River, the longest in Algeria, which contributes to form the actual alluviums. 

The stratigraphical column is composed of a succession of marine, continental, and 

lacustrine deposits. Lateral variations in facies were also reported [10,16], and further con‐

firmed  in  [21], where  important  lateral variations  in  the  shear‐wave velocity were ob‐

served within the same formations. All these perturbations in the sedimentary cover re‐

flect several instability periods with intense tectonic activities and different episodes of 

marine  regression  and  transgression  that  conditioned  the  sedimentation  process  [10]. 

However, the geologists are not in agreement concerning the age of the first sedimentary 

deposits. Some authors attributed those sediments to the Lower Miocene [10,12], while 

others assigned them to the Middle Miocene (Serravallo‐Tortonian) [16,23]. The sediments 

are affected by a series of normal and thrust faults, located in the margins of the Middle‐

Chelif Plain. 

 

Figure 2. Geological map of the study area. Compiled and modified from [22,24]. 

In terms of lithology, the Miocene series occupies the major part of the sedimentary 

column. These formations were described and detailed in [12]. The first deposits are de‐

tritic continental series of conglomerates and marls. These sediments are overlayed by 

Figure 2. Geological map of the study area. Compiled and modified from [22,24].

In terms of lithology, the Miocene series occupies the major part of the sedimentary
column. These formations were described and detailed in [12]. The first deposits are detritic
continental series of conglomerates and marls. These sediments are overlayed by different
intercalations of marls, clays, limestones, and sandstones [12,16]. A thin layer of blue marls
marks the transition between the Miocene and the Pliocene sediments [10,12]. The Miocene
series outcrop in succession on the hills that overlook the city of El-Abadia (Figure 2). The
shear-wave velocity varies from 640 to 1450 m/s for the Miocene formations [21]. The Pliocene
is divided in two stages, marine and continental, with alternations between sands, sandstones,
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and conglomerates [10,16]. The Quaternary deposits are continental and predominant in the
Middle-Chelif Plain. They are represented by Holocene and Pleistocene alluviums.

The three cities under study are built on Quaternary alluviums of different thicknesses.
The city of Ain-Defla is built at the bottom of the northern flank of the Doui massif
(Figure 2), where the topmost layer of the soil is composed of old Quaternary clays and
gravels (Pleistocene), reaching a maximum thickness of 60 m [21]. The old alluviums lay
directly over hard Jurassic limestone and Silurian schists and quartzite [22].

The cities of El-Attaf and El-Abadia are built on stiff Quaternary soil, the topmost layer
is thin (<20 m) [21], and composed of recent alluviums (Holocene), which lie over older
alluviums (Pleistocene). The engineering bedrock in El-Abadia is composed of Pliocene
sandstones, while in El-Attaf, it is composed of Miocene marls and sandstones [14,21]. In
these cases, the engineering bedrock has been characterized as the first layer of the soil
column that contains a shear-wave velocity value above 750 m/s.

The presence of important sandbanks at shallow depths (<10 m) in El-Attaf and
El-Abadia may lead to liquefaction phenomena during ground shaking. The risk is weak
in El-Abadia since the sandy layers are dense and the ground water level is between 15
and 30 m deep [15]. However, in El-Attaf the risk is significant since the sandy banks are
loose and the ground water level is shallow (between 7 and 10 m) [15].

3. Data and Methodology
3.1. Horizontal-to-Vertical Spectral Ratio Technique (HVSR)

The HVSR (or H/V) technique [25] allows retrieval of the resonance frequency of the
soil at a given site, using single station ambient vibrations measurements. The theoretical
aspect of this technique consists of calculating the ratio between the amplitude spectra of
the vertical and horizontal components of ambient vibrations. As a result, an HVSR curve
is obtained. The HVSR frequency peak is well correlated with the soil resonance frequency.

Although this technique is very effective in estimating the soil resonance frequency [26],
the scientific community is reluctant about its ability to estimate the amplification fac-
tors [27–29]. This issue is due to the contribution of different seismic waves to the wave-
field. As for now, it is very difficult to quantify the ratio between body and surface waves.
Bonnefoy-Claudet et al. [30] showed that in the case of high impedance contrasts between
the bedrock and the sediments, the HVSR curve is mainly controlled by surface waves.
The relatively low amplitude of the body waves is not sufficient to correctly estimate the
amplification factor. Moreover, La Rocca et al. [31] and Benkaci et al. [32] have proven that
the HVSR peak amplitude varies considerably with time. The amplitude of the frequency
peak obtained from the HVSR technique in this study is interpreted as a relative indicator
and not as a true amplification factor value.

Ambient vibration single-station measurements were carried out in October 2021 at 71
sites in the cities of El-Attaf (24 sites), Ain-Defla (33 sites), and El-Abadia (14 sites) (Figure 3).
Some measurement points [15] were taken from a previous study [21]. Recordings were
performed at night and in calm weather, as recommended by the SESAME project [33]. The
acquisition time was 20 min. At some sites, the recording time was extended to 30 min due
to anthropogenic noise from human activity. The equipment used for the recording was a
pair of Tromino seismographs, with a sampling rate of 512 samples per second.

The HVSR technique was processed following the recommendations of the SESAME
project [33]. The whole data were processed in the same way using the Geopsy software [34].
First, the signals were divided into several windows of 30 s each, tapered by a 5% cosine
function. The window selection was made automatically using an anti-triggering algorithm,
which allows selecting windows where the ambient noise is stationary. After that, the Fast
Fourier Transform (FFT) is computed for each component (vertical and both horizontals)
and the amplitude spectrum of both horizontal components is combined by an RMS (root
mean square) average computation. After that, the ratio between the amplitude spectrum
of both vertical and horizontal components is calculated. The HVSR curve is calculated for
each window. The resulting curve is smoothed using the Konno–Ohmachi algorithm [35],
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with a smoothing coefficient of 40. Finally, the curves are averaged and the final HVSR
curve is retrieved in the frequency range between 0.2 and 20 Hz. The resulting HVSR
curve may contain one or several frequency peaks, which are directly linked to impedance
contrasts at the soil column.
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3.2. Seismic Vulnerability Index (Kg) and Shear Strain (Υ)

The stability of structures during an earthquake depends on the behavior of the
ground, which in turn depends on the dynamic properties of the soil column. Ishihara [36]
established a relation between the shear strain deformation and the dynamic properties
of the soil, by compiling several earthquake data, reports, and laboratory tests (Table 1).
Nakamura [37] introduced a method based on the vulnerability index calculation using
ambient vibration data to estimate the shear strain, for the purpose of potential earthquake
damage assessment (soil liquefaction, landslides).

Table 1. Strain dependence of dynamic properties of the soil [36].

Size of Strain Υ 10−6 10−4 10−3 10−2 10−1

Phenomena Wave Vibration Crack Settlement Landslide, soil compaction, liquefaction

Dynamic properties Elasticity Elasto-plasticity Collapse

The vulnerability index is calculated using the following equation [37]:

Kg = e ×

(
A2

g
Fg

)
(π2 × Vb)

(1)
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where Fg is the resonance frequency of the soil, and Ag is the corresponding amplitude
obtained with HVSR method. Vb is the velocity at the bedrock and e is the applied dynamic
force. According to Nakamura [37], where several values of dynamic force were applied
and tested with several velocity values for bedrock, the optimal results are obtained with
an applied dynamic force of 60%. Thus, assuming this value and a velocity at the bedrock
around 6 × 104 cm/s [37], Equation (1) can then be simplified as follows:

Kg =

(
A2

g

Fg

)
× 10−6 (2)

The shear strain can then be calculated by multiplying the vulnerability index (Kg)
with the maximum observed acceleration, or the peak ground acceleration (αg) [37].

Υ = Kg × αg (3)

where the αg value is in cm/s2 (Gal). The peak ground acceleration values for El-Attaf and
El-Abadia cities are 410 and 520 cm/s2, respectively, for a return period of 500 years [15].
For Ain-Defla city, a value of 250 cm/s2 is proposed [38].

This technique is used in the present work mainly to assess the liquefaction potential in
the study area. For a shear strain value Υ > 10−2, phenomena of liquefaction and landslides
are likely to occur during earthquakes.

3.3. Array Techniques

Array-based techniques allow to obtain surface wave dispersion curves from ambient
vibration records. In this study, three array techniques were used to extract the Rayleigh
wave dispersion curves: the frequency-wavenumber (F-K) analysis [39–42], the spatial auto-
correlation (SPAC) technique [43–45], and the extended spatial auto-correlation (ESAC)
technique [44,46]. Some assumptions about the soil conditions are required before using
these techniques. For example, it is assumed that the ambient vibration wavefield is
essentially dominated by surface waves (especially the fundamental mode), and that the
subsurface layers are homogenous and horizontally stratified, which means that in each
layer the seismic waves propagate at a constant velocity [44].

The array measurement campaign was carried out in January 2021. The difficulty
of finding open fields far enough from human activities inside urban areas, limited the
measurement sites to 11 (four in El-Attaf and El-Abadia, and three in Ain-Defla). The mea-
surements were made during daytime with a recording time of 40 min. The configuration
of the array is triangular. Concretely, the sensor deployment consists of an equilateral
triangle of 30 m on each side, with a sensor placed at each vertex, a sensor placed midway
on each side, and an additional sensor placed at the center (Figure 3). This configuration
provides a better coverage. According to [44], the equilateral triangle is the most efficient
configuration for array techniques. The equipment used was formed by 7 SARA SS10
triaxial velocity sensors (f0 = 1 Hz) connected to SL06 digitizers.

3.3.1. The Frequency-Wavenumber (F-K) Analysis

F-K analysis is one of the most commonly used techniques for estimating Rayleigh
wave dispersion curves. It has some advantages over other techniques, such as the ability
to identify the direction of ambient vibration source and the recognition of the different
modes presented in the wavefield [47]. The latter is composed of a superposition of several
propagated waves. The F-K technique allows estimating the velocity and the direction of
approach (back-azimuth) of these waves [48].

The F-K technique is based on two fundamental assumptions: the first is that the process
is stationary in time. The second is that the process is stationary in the horizontal plane and
that the propagation of the wavefront is only in the vertical direction. The stationary aspect
of propagated seismic waves allows the power spectral density function of the frequency
wavenumber to be calculated, which contains information about the power as a function of
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frequency and velocity vectors of the propagated wave. There are two methods for calculating
the power spectral density: the maximum likelihood method (MLM) or the high-resolution
method [40,41] and the beamforming method (BFM) [42]. The BFM technique is used in this
study, as it is less sensitive to errors than the MLM technique [41].

For all the array techniques, only the vertical component of the records was analyzed,
as it is the one required for the estimation of the Rayleigh wave dispersion curves. The
Sesarray software package [34] was used to perform the F-K analysis. First, the coordinates
of each of the seven sensors were introduced in the WARANGPS software in order to
calculate the array transfer function and the theoretical wavenumber limits (Kmin and
Kmax). Then, the signals were loaded into the Geopsy software and the BFM method was
applied. The signals were divided into several windows of frequency-dependent lengths
(50 periods). After that, an anti-triggering algorithm was used for the window selection.
The processing requires the input of the grid step and grid size parameters. The grid
size corresponds to the Kmax value, which is related to the aliasing limit. The grid step
determines the maximum resolution and was chosen as Kmin/2. Once all these parameters
were introduced, the final processing was launched and the dispersion curve was obtained.
The processing was the same for the data of the 11 arrays.

3.3.2. The SPAC and ESAC Techniques

The spatial auto-correlation and the extended spatial auto-correlation techniques are
based on the assumption of a stochastic wavefield being stationary both in space and time [43].

In theory, the SPAC technique consists of calculating a single-phase velocity value at
each frequency in a predefined frequency band by fitting the SPAC coefficient to a Bessel
function. For a circular array, the Bessel function represents the average cross-correlation
between pairs of stations as a function of their distance. Aki [43] showed that the SPAC
coefficient at a given frequency has the same form as the 0th order Bessel function.

The SPAC method requires a circular array configuration with a centrally located
sensor [44]. A modification of this technique has been suggested by Bettig et al. [45], which
allows the SPAC technique to be applied to arrays of arbitrary configuration. The modifica-
tion consists of replacing the use of fixed radius values with rings of finite thickness.

The ESAC method differs from SPAC by fixing the frequency values instead of the
radius. At each frequency, the normalized transverse spectrum is fitted to the Bessel
function. The inverted Bessel function that has the best fit with the normalized cross-
spectra allows to obtain the phase velocity [46].

As with the F-K analysis, the SPAC technique was performed using the SESARRAY
software package [34]. The first step is to define the ring parameters using the SPAC toolbox
of the Geopsy software. Once the coordinates of the sensors are entered, the software will
define a set of spatially distributed sensor pairs (e.g., 21 pairs for 7 sensors). Then, the
sensor pairs must be included in one or more rings. For this purpose, inner and outer
radii of rings that best correspond to the sensor pairs were introduced. Note that a ring
can contain a minimum of two pairs. A maximum number of rings is recommended
for better resolution [45,49]. Similar to the F-K analysis, the signals are divided into
frequency-dependent length windows containing 50 periods. Windows are selected using
the anti-triggering algorithm. Then, the analysis is launched and the spatial auto-correlation
curves are obtained for each ring. The Spac2Disp software is used to display the phase
velocity histograms derived from the set of the calculated spatial auto-correlation values.
Then, the Rayleigh phase velocity values that best contribute to the dispersion curve are
chosen within the Kmin and Kmax values. In this way, a final dispersion curve is obtained.

The ESAC analysis was carried out using a specific Matlab© (Natick, MA, USA)
application developed by the University of Alicante [50]. For each sensor, the recorded
signal is divided into non-overlapping 30 s windows. Then, the cross-spectrum is calculated
and smoothed using a triangular window, in the frequency range from 0.1 to 15 Hz.
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3.4. Inversion of Dispersion Curves and HVSR Curves

The inversion was carried out with the Dinver software (Sesarray package [34]) using
the neighborhood algorithm [51]. In order to have a better spatial distribution for the Vs30
values, some HVSR curves were inverted in El-Abadia (5 sites) and Ain-Defla (5 sites).
Only the part around the fundamental frequency peak was considered in the inversion
process [52]. For the array data inversion process, the 3 dispersion curves obtained for each
array using the 3 different techniques (F-K, SPAC, and ESAC) (Figure 4) were averaged
to obtain a better constrained dispersion curve with an optimized frequency range. The
input parameters required for the inversion (Vp, Vs, densities, and number of layers)
were taken from previous studies [14,21]. The maximum number of iterations was set to
300 iterations, and 100 models were generated at each iteration. The experimental average
dispersion curve was compared to the theoretical one via a misfit value. Then, the Vs model
corresponding to the minimum misfit was selected (Figure 5).
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3.5. Estimation of the Vs30
3.5.1. Vs30 from NSPT Measurements

There are a considerable number of studies that propose equations relating shear-wave
velocity to the Normalized Standard Penetration Test (NSPT). However, the equations are
specific to the region under study. Sil et al. [53] compiled data from different continents
and proposed empirical equations correlating NSPT values with shear-wave velocity for
sands (Equation (4)), clays (Equation (5)), and for all soil types (Equation (6)):

VS = 79.217 × N0.3699 (4)

VS = 99.708 × N0.3358 (5)

VS = 75.478 × N0.3799 (6)

where VS is the shear-wave velocity and N-value is the number of blows in the SPT
measurements. However, in the case the SPT borehole does not reach 30 m, which is the
case in this study, Vs30 can be correlated from the average velocity at depth z using the
following equation from [54]:

Log Vs30 = a + (b × Log Vsz) (7)
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Vsz is the velocity at depth z, and a and b are coefficients that vary with depth (see
Table 2 in [54]).
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3.5.2. Vs30 from Vs Models

The inversion of the dispersion curves allows retrieval of the Vs models. The averaged
Vs30 can be calculated from the Vs models using the following equation [55]:

Vs30 =
30

∑N
i=1

Hi
Vi

(8)

Hi is the thickness and Vi is the shear-wave velocity of the layer i.
The obtained Vs30 values were then spatially meshed using the Kriging method [56],

with a linear transformation. A map of Vs30 variation was obtained for each city. As for the
classification of the sites, it was completed according to the NEHRP site classification [57]
(Table 2).

Table 2. NEHRP soil classification as a function of the average shear-wave velocity to 30 m depth [57].

Title 1 Title 2 Title 3

Vs > 1500. Hard rock A
760 < Vs ≤ 1500 Rock B
360 < Vs ≤ 760 Very dense soil and soft rock C
180 < Vs ≤ 360 Stiff soil D

Vs ≤ 180 Soft soil E



Appl. Sci. 2022, 12, 8069 10 of 17

4. Results and Discussion
4.1. Soil Resonance Frequencies and Amplitudes

The soil resonance frequencies and the corresponding amplitudes for the cities of
El-Attaf, El-Abadia, and Ain-Defla, are mapped in Figure 6. In El-Attaf city, the resonance
frequencies are between 1.2 and 8.3 Hz. In the major part of the city, the predominant
frequencies are between 1.2 and 5 Hz. The obtained values are related to impedance
contrasts in the subsoil between the Quaternary alluviums and the Miocene marls and
sandstones. Near Ouled Moussa, south of the city, higher frequencies are observed (between
5 and 8.3 Hz). This increase is most likely related to the Cretaceous marls outcropping in
the south [21]. Since the buildings in this area have between 1 and 5 floors, the resonance
frequencies of the ground are close to the buildings’ frequencies, which can be damaging
for the structures during strong shaking. The predominant amplitudes of the frequency
peaks vary between 2.2 and 8.7. The amplitudes are lower to the northern areas of the city.
The highest amplitudes (between 5 and 8.7) are observed in “Cité Bouzar” neighborhood,
in the western areas of the city.
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In the El-Abadia city, the resonance frequencies vary between 1.4 and 4.2 Hz, while
the corresponding amplitudes vary between 2 and 4. The obtained resonance frequencies
are related to impedance contrasts between the Quaternary alluviums and the Pliocene
sandstones. The amplitudes slightly increase to the southwest towards the Middle-Chelif
plain, where the Quaternary stiff and soft soils are thicker. Finally, in the Ain-Defla city,
the resonance frequencies vary between 1.4 and 4.5. These frequencies are related to
the impedance contrasts between the Quaternary deposits and the Cretaceous-Jurassic
bedrock. The increase in the resonance frequency peak from north to south is related to
the presence of the Doui Massif and its hard Jurassic limestones [22] to the south of the
city. The predominant amplitude of the frequency peaks varies between 2 and 7.1. The
amplitudes are relatively low in the central part of the city. However, in “Mohamad Khiat”
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neighborhood, in the SW, the amplitudes are relatively higher (5–7.1). In the northern areas,
it reaches a value of 6.8.

4.2. Shear Strain and Liquefaction Potential

The shear strain variation map for the three cities (right column in Figure 6) gives
valuable information about the dynamic properties of the soils and the possible behavior
during earthquakes. In El-Abadia and Ain-Defla cities, the shear strain values reflect an
elasto-plastic soil behavior, where cracks and settlements may occur during strong ground
shaking. However, in the central part of Ain-Defla city, the lower strain values indicate
that the soil column tends towards a more elastic appearance, which is probably due to
the thickening of the ancient Quaternary deposits in this zone, with the presence of very
dense clays and gravels [13]. In both cities, the results show that the soils do not show any
predisposition to liquefaction and landslide phenomena during earthquakes.

On the other hand, in the El-Attaf city, strain rate shows different dynamic properties
of the soil, an elasto-plastic behavior in the east, and a collapse behavior in the west, more
precisely in the “Cité Bouzar” neighborhood, with a soil subject to liquefaction. Piezometric
measurements in “Cité Bouzar” have shown that the water table is around 7 m deep [15].
The presence of sandbanks and water table at very shallow depths increase the risk of
liquefaction in the area, which was the case during the 1980 El-Asnam earthquake. Indeed,
liquefaction phenomena were reported west of El-Attaf, where large sand boil formations
(>6 m) were observed [9].

4.3. Dispersion Curve Inversion and Vs Models

The dispersion curves obtained using the three techniques, F-K, SPAC, and ESAC, and
presented in Figure 4, are plotted within the theoretical limits of the wavenumber (Kmin,
Kmax). The dispersion curves are valid between 7 and 12 Hz in El-Attaf and between 5
and 12 Hz in Ain-Defla. In the El-Abadia city, the curves are valid between 5.5 and 11 Hz.
This difference is due to local site conditions. The dispersion curves are well correlated
at most sites (Figure 4). At sites ATF1 and AIN1, the dispersion curves obtained with the
ESAC technique tend to diverge from the other curves at high frequencies. We note that at
these sites, the array was deployed on slightly sloping terrain, which might indicate that
the ESAC technique could be more sensitive to slopes than the other techniques.

An average curve was calculated at each site. In this way, a better constrained disper-
sion curve is used for the inversion process to obtain a better consistency of the resulting
Vs profiles. The results of the inversion are shown in Figure 5. In the El-Attaf city, the
engineering bedrock corresponds to the Miocene marls and sandstones, with a Vs value
varying between 970 and 1280 m/s. Soft and stiff Quaternary alluvium occupies the first
30 m of the soil column. In the Ain-Defla city, the bedrock Vs value varies between 1390
and 1450 m/s. The thickness of the Quaternary deposits varies between 16 and 43 m. At
El-Abadia city, the bedrock Vs value is divided into two different ranges, between 870 and
900 m/s to the east (ABD1, ABD3), and between 1150 and 1200 m/s to the west (ABD2,
ABD4). This difference is related to the change in bedrock composition from Late Pliocene
sandstones in the east to Miocene marls and sandstones in the west. The thickness of the
Quaternary layers varies between 11 and 29 m.

4.4. Vs30 Structure and Site Classification

Vs30 was calculated from the shear-wave velocity models and the additional SPT
surveys. A map of Vs30 variation, along with site classification, is provided for each of the
three cities (Figures 7–9).
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In El-Attaf city, the Vs30 values vary between 290 and 460 m/s (Figure 7). In most of
the city, the soil is classified as very dense (C), except for a small area in the center where
the soil is classified as stiff (D). The increase in velocity towards the west is caused by the
presence of shallow Jurassic limestones, which outcrop about 1 km west of the city in the
Temoulga Massif (Figure 2). In the southern part of the city, the slight increase in Vs30 is
related to the thinning of the Quaternary alluvium and the predominance of the Miocene
stiff formations [21].

In the Ain-Defla city, the Vs30 values vary between 250 and 550 m/s (Figure 8). The
soil is classified as very dense and soft rock (C) in most of the city. The velocity gradually
decreases towards the northwest and the soils become stiff (D). The variation in Vs30 at
Ain-Defla is mainly controlled by the ratio of Quaternary alluvium to Jurassic limestone
in the first 30 m. In the south, where the city backs onto the Doui Massif, the ancient
Quaternary alluvium forms a thin layer and the upper 30 m of the soil is dominated by
Jurassic limestone. Moving northwest, the Quaternary deposits begin to be thicker and
dominate the top 30 m of the soil column, and thus, Vs30 values decrease and the soils
are classified as stiff. In the El-Abadia city, the Vs30 values range from 340 and 530 m/s
(Figure 9). In most of the city, soils are classified as very dense and soft rock (C). The high
Vs30 values are related to the presence of Pliocene conglomerates and sandstones at shallow
depths. The shear-wave velocity values decrease towards the south where the Quaternary
alluvium is thicker [16]. The lowest Vs values are observed around the southern part of the
Boukalli River in the city, where the upper layer is composed of present alluvium.

4.5. Vs30 Predictive Equation for the Middle-Chelif Basin

The wavelength corresponding to the Vs30 value was estimated for each average
dispersion curve. The average wavelength found is λ = 41 m ± 3. After that, the Vs30 values
were correlated with VR41 values (Rayleigh wave velocity at λ = 41 m), and the best linear
fitting was obtained (Equation (9)):

Vs30 = 10171 ∗ VR41 − 6719 (9)

The regression plot, along with the residuals, is shown in Figure 10. The correlation
degree is R2 = 0.9472. Equation (9) was applied to dispersion curves obtained in two other
cities of the Middle-Chelif Basin from a previous study [21] (Table 3). The aim was to
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evaluate the reliability of the Vs30 predictive equation. The Vs30 values were predicted
within a maximum error of 5.6%, and the site classifications were correct. For the dispersion
curves obtained in the present study, the Vs30 values were predicted within a maximum
error of 7.6%, and the site classifications were correct, except for ATF1 site.
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Table 3. Evaluation of Vs30 predictive equation based on Vs30 values obtained in this study, and in [21].

Site Location. Vs30 (m/s) Predicted Vs30 (m/s) Error (%) Actual Site
Classification

Predicted Site
Classification

This study
ATF1 EL-Attaf 349.85 371.64 5.9 D C
ATF2 EL-Attaf 373.97 399.10 6.3 C C
ATF3 EL-Attaf 379.08 379.27 0.0 C C
ATF4 EL-Attaf 367.03 366.05 0.3 C C
AIN1 Ain-Defla 505.73 477.42 6.0 C C
AIN2 Ain-Defla 535.85 541.50 1.0 C C
AIN3 Ain-Defla 270.42 251.42 7.6 D D
ABD1 El-Abadia 445.84 423.00 5.4 C C
ABD2 El-Abadia 352.64 351.30 0.4 D D
ABD3 El-Abadia 377.57 392.49 3.8 C C
ABD4 El-Abadia 345.05 349.98 1.4 D D

Ref. [21]
AR1 Oued-Fodda 225.87 230.85 2.2 D D
AR2 Oued-Fodda 223.65 211.80 5.6 D D
AR3 Oued-Fodda 449.07 457.90 1.9 C C
AR4 Oued-Fodda 402.88 412.22 2.3 C C
AR5 Oued-Fodda 467.75 457.90 2.2 C C
AR7 El-Amra 454.45 469.59 3.2 C C

In the case of the ATF1 site, the estimated and predicted Vs30 values are close to the
limit between class C and D (according to the NEHRP classification [57]).

5. Conclusions

In the present study, ambient vibration records were used to characterize the dynamic
properties of the soil, and the velocity structure of its upper 30 m (Vs30) in the cities of
El-Attaf, Ain-Defla, and El-Abadia, in the Middle-Chelif Basin. Both single-station and
array-based techniques were applied. The studied cities are a good example of growing
cities located in a highly seismic zone. This study improves the one carried out by the WCC
(1984) by investigating the behavior of the soils and quantifying the liquefaction potential.
Additionally, the Vs30 values allowed classifying the soils of the three cities for the first time.
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The HVSR technique was applied on single-station measurements to estimate the
ground resonance frequencies. In the El-Attaf city, the frequencies vary between 1.2
and 8.3 Hz, and between 1.4 and 4.2 Hz in the El-Abadia city. In theAin-Defla city, the
resonance frequencies vary between 1.4 and 4.5 Hz. The frequency peaks are directly
related to impedance contrasts at different depths between sediments and bedrock. The
corresponding amplitudes are ranging between 2 and 8.7.

The obtained resonance frequencies and the corresponding amplitudes were used
to calculate the shear strain, which may give an idea about possible behavior of the soils
during major earthquakes. In the El-Abadia and Ain-Defla cities, the shear strain values
reflect the elasto-plastic behavior of the soil column. Cracks and settlements may occur
during earthquakes, especially in El-Abadia city. In El-Attaf, the shear strain analysis also
shows an elasto-plastic behavior of the soil in most of the city. Except in its western part,
where a collapse behavior is observed. Consequently, the soil is subject to liquefaction.

Rayleigh wave dispersion curves were obtained from array recordings at 11 sites,
using F-K, SPAC, and ESAC techniques. Shear-wave velocity models were obtained from
the inversion of the mean dispersion curves. From the Vs30 variation maps, the local soils
were classified using the NEHRP chart for site classification. In the El-Attaf city, the Vs30
values vary between 300 and 470 m/s. The soil is classified as very dense and soft rock (C)
in most of the city. In the Ain-Defla city, Vs30 values vary between 250 and 530 m/s. The soils
are classified as very dense (C) in the central and eastern sides. In the west, the soils are stiff
(D) due to the thickening of the Quaternary alluviums. Finally, in the El-Abadia city, the Vs30
values vary between 340 and 530 m/s. In the major part of the city, the soil is classified as very
dense and soft rock (C). In addition, a predictive equation for Vs30 in the Middle-Chelif Basin
was proposed based on the obtained dispersion curves and Vs30 values.

The three studied cities extend to the alluvial plains of the Middle-Chelif, an area
of unstable soils, which has undergone several phenomena induced by past earthquakes
(e.g., soil liquefaction, landslides, cracks, settlements). A well constrained characterization
of the dynamic properties of the soil, as well as the shear-wave velocity structure, allows a
better understanding of the soil behavior during strong earthquakes. Therefore, this allows
minimizing potential damage during potential earthquakes. The present study aims to
contribute to the seismic hazard assessment in northern Algeria.
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