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KEYWORDS Abstract The shallow seismic refraction profiling was carried out at 18 sites in Tal El-Amarna,
Seismic refraction; which is a flat area on the eastern bank of the Nile River, 50 km south of El Minia Governorate,
Noise array; middle Egypt. The collected data are used to estimate the P-wave velocity and to delineate the near-
Frequency—wavenumber; surface ground model beneath the study area. This study is supported by the National Research
Dispersion curves; Institute of Astronomy and Geophysics due to the historical interest of the Tal El-Amarna area
Geotechnical; as a famous tourist place where there exist many Pharaoh temples and tombs. This area is low seis-

Site classification mically active, but it is probably of high vulnerability due to the influence of the local geological

conditions on earthquake ground motion, as well as the presence of poor constructions in the
absence of various issues such as building designs, quality of building materials, etc.

Another dataset at the study area is obtained by multi-channel passive source (microtremor) mea-
surements, which have been recorded at four arrays. The frequency—wavenumber (f~k) method was
used to derive the dispersion curves from the raw signals at each array. The resulted dispersion curves
were inverted using the neighborhood algorithm to obtain the shear and P-wave velocity models.

The concluded Vs and Vp values provide a preliminary estimation of the geotechnical parameters
and site classification for the shallow soil as they are of great interest in civil engineering applications.
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1. Introduction

Tal El-Amarna area is located at the central part of Egypt,
southeast of El-Minia Governorate (Fig. 1). It is built on the
eastern bank of the Nile River. It was historically known as
Akhetaten, which means the horizon of the solar disk. It is
very similar to the meaning of Amun Dwelt at Thebes, Ptah
at Memphis and other gods at their favored places. Recently,
local living people (Bedouins) called this area Tal El-Amarna
village. The area is a plain field, separated from the Nile Valley
by a strip of palm trees. It is covered mostly by sand and out-
lined by ruins of temples, palaces and houses that archeologists
discovered or are trying to find. Some tourists consider it as the
most romantic place they have ever seen, because of the silence
and the peaceful beauty that the area has gained through the
centuries. Assessment of seismic hazard at this area is therefore
interesting for mitigation of the earthquake risk and is here ob-
tained based on estimation of the shallow seismic velocity
structures, as well as the site characterization.

In general, ElI-Minia district is essentially covered with sed-
imentary rocks, which range in age from Early Eocene to Re-
cent. Recent and Pleistocene sediments appear around the
cultivated plain of the Nile valley. The Nile sediments are lim-
ited to the Nile valley at the western side of the Tal Al-Amarna
village. Tal El-Amarna is located within the Nile basin, which

is generally a part of a rocky platform covered mostly by
Quaternary deposits. These formations are mainly represented
by sand, gravels and recent Nile deposits. However, different
types of rock materials having different ages cover most of
the area. The Eocene limestone and Quaternary alluvial depos-
its are also present (Fig. 1). The study area lies between the
limestone scarps on the eastern bank and the Nile flood plains
on the western side. Different Eocene limestone represents the
structural plateau which has irregular outcrops. It is repre-
sented by sectors of mountain blocks, which run in NW-SE
and NE-SW directions, approximately parallel to the Gulf
of Suez and Gulf of Agaba trends (Yallouze and Knetsch,
1954). Said (1962) described the tectonics of Egypt as a persis-
tent Arabo-Nubia nucleus, of massive rocks, surrounded by
stable and unstable shelves. On the basis of his classification,
the study area is located in the stable shelf that is composed
of rigid foundation of the Pre-Cretaceous rocks; Faulting is
common, as a number of horsts and grabens cross this shelf.
Also, he stated that most of the stable shelf folds are structures
that do not show any lateral loss of the area. These structures
are better termed as domes even though some of them may be
many times longer than width. The dome’s structures are prob-
ably due to the uparching of the rigid basement. Therefore, the
previously mentioned folds and fault systems are represented
in the studied area. Tal El-Amarna area has no fault traces

Figure 1
(EGSMA, 1981).
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Left: Location of the Tal El-Amarna area. Right: Geologic map of the Tal El-Amarna from the geologic map of Egypt
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Figure2 Mean peak ground acceleration (cm/s?) with 10% probability of exceedance in 50 years (475 years return period) in Egypt (El-

Hadidy, 2012).
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Figure 3  Location of the measured sites in the Tal El-Amarna area.

on the surface. However, some major normal subsurface faults
have NW-SE and NE-SW directions (Fig. 1). These faults are
encountered in the subsurface below the Quaternary deposits
(Said, 1981).

The study area is characterized by low seismic activity but
moderate and large size of earthquakes occurring in the

Mediterranean and Red Seas, as well as the Gulfs of Suez
and Aqaba affect it with intermediate earthquake intensity
(e.g., seismic hazard <100 cm/s®) (Riad et al., 2000). In a more
recent study, the seismic hazard map developed by El-Hadidy
(2012) demonstrates that the seismic hazard around the Tal El-
Amarna area is 50-75 cm/s” (Fig. 2). Although the area of the
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Figure 4 Geometry of seismic refraction profile applied in this study.

Tal El-Amarna is not a place of high seismic hazard, it may be
a place of high seismic risk or high probability of seismic
losses. This is may be attributed to the influence of near-sur-
face geological conditions on earthquake ground motion
and/or the poorly constructed buildings that do not follow
anti-earthquake design codes.

2. Field survey

In this study, two types of datasets have been gathered: the
shallow seismic refraction profiling and noise array data. The
distribution of the investigated sites is shown in (Fig. 3).

The shallow seismic refraction profiling consists of 18
observation sites in which the P-wave velocity is estimated
for delineating the near-surface velocity model beneath the
study area. The reversed-refraction profile consisting of 48
geophones spaced at 2 m has been here employed. The geo-
phones were firmly coupled to the ground. The refraction sur-
vey was carried out using 48-channels signal enhancement
seismograph model GEOMETRICS Strata View. A heavy
sledgehammer was used as a source of seismic energy. The
technique for generating the P-waves is suddenly vertically hit-
ting the ground along the profile of five shots at a distance of
4 m from both ends (normal and reverse shooting), and at the
mid-point (between geophones 24 and 25), between geophones
12 and 13, and between geophones 36 and 37 as illustrated in
(Fig. 4).

This survey included the application of the multi-channel
passive source (noise array) technique which depends on
recording ambient noise through an array of sensors for deter-
mining the velocity models of shear and P-waves. The reasons
of applying this technique in the Tal El-Amarna area are the
absence of local seismic activity and to avoid the disturbance
for neighboring buildings and Pharaoh temples and tombs.
The applications of this method are not limited to earthquake
engineering but may also extend to general soil characteriza-
tion (Wathelet et al., 2008).

Ambient noise is recorded by four arrays (Ar_l, Ar_2,
Ar_3, Ar_4) distributed in the study area (Fig. 3). Each array
has a maximum aperture of 100 m (except Ar_2 has a maxi-
mum aperture of 200 m) and consists of seven seismic stations
that record seismic noise simultaneously. The array geometry
exhibits triangles or semi-circular shape (one station at the cen-
ter and six stations at the vertexes of two overlapped triangles)
(Fig. 5). For each array, noise signals were recorded at all sta-
tions simultaneously with a sampling rate of 100 Hz and
120 min record duration. The measurements were made using
a seismic station equipped with data logger model Taurus and
three component broadband velocity sensors model Trillium
compact (Nanometrics Co.). Taurus incorporates a three chan-
nel 24-bit digitizer, GPS receiver and system clock. The guide-
lines proposed in the European project SESAME (2004) (Site
Effects Assessment using Ambient Excitation, http://sesame-
fp5.obs.ujf-renoble.fr//SESTechnical Doc.htm) were followed,
in order to ensure reliable experimental conditions.

3. Data processing

3.1. Shallow seismic refraction data

In the current study, the recorded seismic signals were pro-
cessed using SeisImager software package (OYO Corporation,
2004), which is a complete seismic data processing and model-
ing software. It is based on the time delay and ray tracing
methods. The obtained waveforms were analyzed by picking
the first arrivals. Arrivals from the second layer were always
recognizable on all shot records as first layer arrivals. The ar-
rival times together with the distances between geophones were
used in the construction of the travel time—distance (T-D)
curves. The resulted T-D curves were analyzed. Then, the 2-
D ground models were constructed based on the refracted
waves from subsurface interfaces and the P-wave velocities
for the subsurface layers were calculated. Examples of the
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Geometry of Ar_1, Ar_3, Ar_4 (a), and Ar_2 (b).
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Figure 6 The T-D curve (upper part) and its corresponding
depth model (lower part) of site 4 in Fig. 3.
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Figure 7 The T-D curve (upper part) and its corresponding
depth model (lower part) of site 9 in Fig. 3.

resulted T-D curves and the corresponding depth models are
illustrated in Figs. 6 and 7.

3.2. Noise array data

Determination of the shear-wave velocity model based on the
noise array data assumes that, the ambient noise is mostly

composed of surface waves and the ground structure is
approximately horizontally stratified (Tokimatsu, 1997). So,
in the one-dimensional heterogeneous media, the surface
waves are dispersive and show variation of the apparent veloc-
ity as a function of frequency, which in turn controls their pen-
etration depth (Aki and Richards, 2002). This dispersion
property can be used to derive Vs versus depth through an
inversion process (Herrmann, 1994; Wathelet et al., 2004).

Love and Rayleigh modes co-exist on horizontal compo-
nents, whereas vertical component is affected by Rayleigh-sur-
face waves. The majority of ambient vibration studies focus on
the vertical component and on the Rayleigh modes (i.e. Satoh
et al., 2001; Wathelet et al., 2004; Picozzi et al., 2005; Kind
et al., 2005), although some attempts were made to use Love
waves as well (e.g., Chouet et al., 1998; Okada, 2003; Kd&hler
et al., 2007).

Data processing for obtaining the Vs profile from noise
array measurements is carried out in two main steps: First,
deriving the spectral curve (namely, a dispersion curve or
auto-correlation curves). Second, the spectral curve is inverted
to obtain the Vs and eventually the Vp vertical profiles. Then,
the resolution at depth is intrinsically linked to the wave field
spectral amplitudes, as well as to the capabilities of the array of
sensors (Wathelet et al., 2008).

In the present work, the processing of noise data is focused
only on vertical components and on Rayleigh modes. The
analysis was performed using GEOPSY software (http://
www.geopsy.org). During the first phase in data analysis, spe-
cial attention was paid to determine the reliable frequency
range of the spectral curve, which depends on the array geom-
etry. For every theoretical array response that takes into ac-
count, the real array geometry was computed for that array.
The wavenumber limits deduced from the theoretical array re-
sponse are good estimates of the valid dispersion curve range,
as has been also suggested by Wathelet et al. (2008). The next

0.012+ \

Slowness (s/m)

Frequency (Hz)

Figure 8 Dispersion curve derived from f~k method at Ar_3.
The sample mean and sample standard deviation for each
frequency histogram are represented by the black line with error
bars. The four exponential curves represent constant wavenumber
values: kyin/2 (continuous line), ky;, (dotted line), kyay/2 (dashed
line) and k.« (upper dashed line).
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Figure 9 Dispersion curve derived from f~k method at Ar_1.
The sample mean and sample standard deviation for each
frequency histogram are represented by the black line with error
bars. The four exponential curves represent constant wavenumber
values: k,i,/2 (continuous line), ky;, (dotted line), kyay/2 (dashed
line) and k,, (upper dashed line).

step is to derive the dispersion curve from noise array signals.
The frequency—wavenumber (f~k) method was used to derive
the dispersion curves from the raw signals. The (f~k) analysis
assumes plane waves to travel across array of sensors laid
out at the surface. Considering a wave with frequency f, a
direction of propagation and a velocity (or equivalently k.
and k,, wavenumbers along X and Y horizontal axis, respec-
tively), the relative arrival times are calculated at all sensor
locations and the phases are shifted according to the time de-
lays. The array output is calculated by the summation of
shifted signals in the frequency domain. If the waves travel
with a given direction and velocity, all contributions will stack
constructively, resulting in a high array output (usually called

the beam power, Capon, 1969). The location of the maximum
beam power in the plane (k,, k,) provides an estimate of the
velocity and of the azimuth of the traveling waves across the
array. During this stage in data analysis the following steps
were applied on the raw signals:

e The recorded waveforms are divided into short time win-
dows. The length of which depends on the considered fre-
quency band. Pre-processing methods may be used to
reject transients or saturated signals (Bard, 1998; Wathelet,
2005).

e A Fourier transform is calculated for the signal of each sen-
sor after a proper cutting of time windows.

e Application of cosine taper.

e The frequency—wavenumber transformation itself is calcu-
lated in the frequency domain on the cut signals.

Examples of the dispersion curves and theoretical array re-
sponse obtained in this study are shown in Figs. 8 and 9.

At the final stage, the resulted dispersion curves are in-
verted using the neighborhood algorithm (Sambridge, 1999;
Wathelet, 2008) to obtain the one-dimensional Vs and eventu-
ally Vp velocity models at the measured sites.

4. Results and interpretations

Table 1 summarizes the results of shallow seismic refraction
survey at the Tal El-Amarna area. The obtained depth models
of all profiles revealed surface layer overlays of the limestone
bedrock. The thickness of this layer varies from 1-6 m. By spa-
tial interpolation of the resulted P-wave velocities at all mea-
sured sites, the maps that show the distributions of Vp in the
surface layer and bedrock are produced and shown in Figs. 10
and 11, respectively. The P-wave velocity in the surface layer
generally decreases from northeast to southwest as illustrated
in (Fig. 10). This is can be interpreted as follows: Below the
limestone outcrops in northeastern part of the study area,
the surficial layer consists of cohesive deposits that graded to
agricultural soil toward the Nile River in the southwest. On

Table 1 Results of shallow seismic refraction survey at the Tal El-Amarna area.
Profile no. Coordinates Surficial layer 2nd Layer
Lat. Long. Vp (m/s) Thickness (m) Vp (m/s)
1 27.6575 30.9099 466 3 1721
2 27.6585 30.9058 487 2-3 1966
3 27.6584 30.9032 366 4 2156
4 27.6595 30.8981 329 5 1914
5 27.6677 30.8996 303 5 2155
6 27.6645 30.8983 351 5 2175
7 27.6649 30.9206 601 2-3 1629
8 27.6676 30.9204 673 1-2 1367
9 27.6722 30.9218 529 3 2101
10 27.6683 30.9189 549 34 1332
11 27.6686 30.9146 530 2-3 1019
12 27.6688 30.9098 573 2-4 1209
13 27.6691 30.9041 561 34 1864
14 27.6654 309111 466 2 1389
15 27.6628 30.9130 398 2 1352
16 27.6623 30.9046 593 3-5 1707
17 27.6588 30.9159 525 3-6 1349
18 27.666 30.9045 373 3 1892
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Figure 10  Distribution of P-wave velocity in the surface layer.
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the other hand, the velocity distribution of the bedrock
(Fig. 11) demonstrates that the Vp generally increases from
south to north in the study area. This is consistent with the
geological setting of the studied area whereas the valley be-
comes narrow and the limestone outcrops appear more close
to the Nile River in the north direction. Also, the southwestern
part at the study area shows a zone of low P-wave velocity
(Fig. 11). This zone is characterized by low topography and
is occupied by fills during the construction of the roads that
link the village to the temples and tombs in the southwest.
The depth-velocity models obtained by inversion of the
dispersion curves of arrays (Ar_1, Ar_2, Ar_3, and Ar 4)

Distribution of P-wave velocity in the bedrock.

are shown in Fig. 12. The velocity model considered in this
work is the model of lowest misfit value that has been indi-
cated by a black line (see Fig. 12). As illustrated in Fig. 12,
the results show a good correlation between the measured
and inverted dispersion curves. The results exhibit no large
variation in seismic velocities within the study area. Only
Vp model at site Ar_4 shows low velocities relative to that
of other sites (see Fig. 12).This is compatible with the results
deduced from the seismic refraction profiling at this zone
(Fig. 11).

The resulted velocity models show that the studied area is
characterized by relatively high Vp/Vs ratio (~2). This is
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inverted (colors) and measured (black).

may be related to the effect of groundwater in the saturated
zone of the Nile River which leads to reduce the shear-wave
velocity.

In this article, we also estimated the geotechnical parame-
ters and dynamic characteristics for the near surface soil (up
to 30 m depth) at the investigated area. The definitions of these

0.040

0.045
Misfit value

3, and Ar_4, left: Vp; middle: Vs; right: dispersion curves of Rayeigh waves,

parameters are explained in Table 2. These estimations were
performed for some sites that represent a good coverage to
the studied area (i.e., sites of profiles 6, 10, 13, 15, 16, 17 in
Fig. 3). The calculation of these parameters depends on the
propagation of seismic waves (Vp & Vs) through the soil mate-
rials. The Vp values used in this calculation were extracted
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Table 2 Definitions of geotechnical parameters and dynamic characteristics applied in this study.

Parameter Relationship

References

Density (p)

p = aVp'/* ais a constant equals 0.31 when the

Nafe and Darke (1963) and Gardner et al. (1974)

density is given in g/em® and Vp is in m/s

Poisson’s ratio (o)
Rigidity modulus (u) p=pV3
Young’s modulus (E) E =2(1 + 20)u
Bulk modulus (1) A= ﬁ
Material index (M) M; = (1 — 40)
Concentration index (C;)
ratio o = (VsZ/sz)
Stress ratio (S;)

o = ((VelVs)® = 2/QVp/Vs) = 2)

C; = (3 —4a)/(1 — 2a) o is the velocity squared

S; = SH/SV =1 —2(V%/V3) SV is the vertical stress

Gretener (2003)

Sharma (1978)

Lowrie (1997)

Abd El-Rahman (1989) and Mott et al. (2008)
Abd El-Rahman (1989)

Abd El-Rahman (1989)

Thomson (1986)

and SH is the horizontal stress at a certain depth

Ultimate bearing capacity (Q,;) LogQ.;, = 2.932 (logVs — 1.45)

Bowles (1984) and Abd El-Rahman et al. (1992)

Table 3 Site classification scheme of NEHRP provisions (2003).

Site class Site description Parameters

Vs, 30 (m/s) Nspr
A Hard rock > 1500 -
B Rock 760—-1500 -
C Very dense soil and soft rock 360—760 > 50
D Stiff soils 180-360 15-50
E Soft soils, profile with more than 10 ft (3 m) of soft clay 180 <15
F Soils requiring site specific evaluations - -
Table 4 Geotechnical parameters and site classes (up to 30 m depth) for selected sites in the Tal El-Amarna area.
Parameter/profile Profile 6 Profile 10 Profile 13 Profile 15 Profile 16 Profile 17
Vp (m/s) 1450 1250 1500 1100 1450 1200
Vs (m/s) calculated 828 625 857 550 828 600
Site class B C B C B C
Density (p) gm/cm® 1.9 1.8 1.9 1.78 1.9 1.8
Poisson’s ratio (o) 0.26 0.33 0.25 0.33 0.26 0.33
Rigidity modulus () Dyn/cm? 1.31E + 10 7.2E + 09 1.41E + 10 5.4E + 09 1.31E + 10 6.5E + 09
Young’s modulus (E) Dyn/cm? 3.30E + 10 1.92E + 10 3.56E + 10 1.44E + 10 3.30E + 10 1.7E + 10
Bulk modulus (2) Dyn/cm? 2.27E + 10 1.92E + 10 2.45E + 10 1.44E + 10 2.27E + 10 1.7E + 10
Material index (M) —0.032 —0.33 —0.03 —0.33 —0.03 —0.033
Concentration index (C;) 4.87 4.0 4.88 4.0 4.87 4.0
Stress ratio (S;) 0.34 0.5 0.34 0.5 0.34 0.5
Ultimate bearing capacity (Q,;,) kg/cm? 20.1 8.8 223 6.0 20.1 7.8

from the results of seismic refraction profiling, since this tech-
nique provides reliable information about seismic velocities
and characteristics of interfaces in the shallow subsurface lay-
ers. The shear-wave velocities were calculated from the Vp va-
lue at the same seismic refraction profile using the Vp/Vs ratio
of the nearest noise array site.

The site classification scheme of NEHRP provisions (Na-
tional Earthquake Hazards Reduction Program, 2003), which
is based on the average shear-wave velocity in the upper 30 m
of the soil column (¥Vs3p), is employed in preliminary site classi-
fication for the investigated area (Table 3). This application in
the study area suggests two site classes B and C of the NEHRP
provisions scheme. Class B corresponds to zone of limestone
rock sites in the eastern part of the study area. While Class C

is mainly prevailing in areas close to the Nile bank on the west.
The calculated geotechnical parameters and site classes for the
selected sites in the Tal El-Amarna area are listed in
Tables 4.

5. Conclusions

This work is carried out and supported by the National Re-
search Institute of Astronomy and Geophysics in the Tal El-
Amarna area due to its historical interest as a tourist place
aiming to investigate the velocity models (Vp & Vs) and to esti-
mate dynamic characteristics for the shallow subsurface layers.
The shallow seismic refraction profiling is carried out at 18
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profiles in order to estimate the P-wave velocity and to
delineate the near-surface ground model beneath the Tal El-
Amarna area. The resulted depth models of all refraction pro-
files revealed surface layer overlays directly at the limestone
bedrock. The ambient noise is recorded by four arrays at the
study area to infer the velocity models (Vs and Vp). The fre-
quency-wavenumber (f~k) method was used to derive the dis-
persion curves that were inverted using the neighborhood
algorithm. The one-dimensional Vs and eventually Vp velocity
models were obtained at the measured sites. The estimated val-
ues of Vs and Vp were used in a preliminary estimation of the
dynamic characteristics for the near-surface soil (up to 30 m
depth), which are very important in construction purposes.
Also, the site classification is also performed to the Tal El-
Amarna area by applying the classification scheme of NEHRP
provisions. The average shear-wave velocity in the upper 30 m
of the soil column (Vs3) was used in this preliminary
classification.

In summary,
obtained:

the following conclusions have been

(1) Shallow seismic refraction profiling gives reliable infor-
mation on seismic velocities (Vp) and characteristics of
the interfaces at the near-surface layers at the Tal El-
Amarna area.

(2) Recording ambient noise through an array of sensors is
an effective tool for in situ measurements of seismic
velocity structure. The procedure is suitable in the inves-
tigation of velocity structures with low cost applications
in comparing with other techniques.

(3) According to the NEHRP provisions scheme, the area of
the Tal El-Amarna is preliminarily classified into two
site classes, (B and C).

(4) The area of investigation requires more seismological,
geotechnical, and tectonic studies in order to explain
adequately the features of ground motion excitation
and propagation.
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