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Abstract

The new Luxor city was proposed by the Egyptian government as a new constructional and building site in order to face
the increasing population density around the two banks of the river Nile. It is important prior construction of buildings to
characterize the foundation soil. So, vertical electrical resistivity survey and mineralogical investigation were conducted
for this purpose. The results obtained from the interpretation of the sounding data indicate that the lithological succession
of the study area consists of four geoelectric layers. The top layer corresponds to the surface loose sediments of conglom-
erate, gravel, and sand. The second geoelectric layer is composed of sand and gravel. The third layer is composed of silty
clay, sandy clay, and clayey sand. The fourth geoelectric layer is composed of dry sandstone. The X-ray diffraction (XRD)
results of samples collected from the clay-rich layer revealed the presence of smectite mineral as predominate clay minerals
which is characterized by its swell potentiality on wetting. Accordingly, the clay zone recorded within the third layer must
be taken into consideration during designing the foundations at new Luxor city especially this layer was located at shallow
depth range between 1.6 and 7.5 m and attains a relatively big thickness that reach up to 33.5 m in some parts. This study
emphasizes the importance of the integration of geophysical investigation and mineralogical analysis of the foundation soil

for optimal characterization of a site.
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Introduction

The construction of new cities and urban areas in desert
lands is one of the sustainable development goals in Egypt
in order to face the ever-increased population. Accordingly,
the new Luxor city was chosen by the Egyptian government
as a new constructional and building site to be one of the
urban communities in Luxor district, Upper Egypt.

For a successful construction process for any engineer-
ing facility, sufficient information about the subsurface
soil condition must not be neglected (Cosenza et al. 2006).
These information can be obtained by utilizing geophysical
methods which are faster and cheaper than conventionally
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drilling and trenching operations (Legget and Karrow 1983;
Okwueze et al. 1989; Gupta et al. 2019).

The application of geophysical methods has been
increased and become a promising approach because they
are quick, inexpensive, and non-destructive (Samouélian
et al. 2005; Cosenza et al. 2006; Pozdnyakov et al. 2006;
Olorunfemi et al. 2010; Siddiqui and Osman 2013; Gupta
et al. 2019).

Among the different geophysical methods, geoelec-
tric methods are one of the cheap and simple geophysical
methods available to be employed in solving broad range
of engineering problems (Olorunfemi and Meshida 1987;
Barker 1997; Adepelumi and Olorunfemi 2000; Olorunfemi
et al. 2004; Soupios et al. 2007; Omoloyole et al. 2008; Ade-
pelumi et al. 2009; Adeoti et al. 2009; Fatoba et al. 2010;
Ayolabi et al. 2010; Fatoba et al. 2013; Bharti et al. 2016a,
b, 2019; Das et al. 2017; Singh et al. 2019; Sivastava et al.
2020; Hamad et al. 2021) especially the applications of
geotechnical field investigations (Akintorinwa and Adesoji,
2009; Adeyemo and Omosuyi 2012; Salami et al. 2012;
Gupta et al. 2019; Ihtisham et al. 2020).
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At this point, the present study motivates more on map-
ping the lateral and vertical extent of the different lithological
units particularly the expected clayey layer and determines
bedrock depth using vertical electrical sounding survey at the
new Luxor city. Along with electrical survey, the potential
swelling of the foundation beds can be expected by a miner-
alogical investigation of the clay-rich beds. This work gives
the decision-maker and the civil engineers a quick picture
about subsurface soil conditions before starting construction
of new buildings to manifest the extent to which the subsur-
face foundation soil of the new Luxor city will be suitable for
the constructional purposes in future.

24°E 27°E

Geology and location of the study area

The new Luxor city is located at the eastern bank of the Nile Val-
ley, 7.5 km southeast of the old Luxor city and 14 km south of the
New Tiba city. It covers a surface area of about 18 km? (Fig. 1a).
Geologically, the exposed rock units in Luxor area
(Fig. 1b) are mainly of sedimentary origin belonging to
Upper Cretaceous, Tertiary, and Quaternary deposits.
Stratigraphically, the Upper Cretaceous—Early Eocene rock
units are unconformably overlain by the Pliocene—Holocene
units (Said 1962, 1981 and 1990; Wendorf and Schild 2002;
Kamel 2004; El Hossary 1994; Abd El-Rahman 1980).
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Fig.1 (a) Location map of Luxorstudy area shows the spatial dis-
tribution of VES station and the collected sample (b) Geologic map
of Luxor area showing the variousgeologic units included within
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the study area (modified after Ministry of industry and Mineral
Resources previously EGSMA 2006)
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Fig. 2 Field view of the studied
sections (a-d) showing the
varied lithology of Madamud
Formation and the overly-

ing Quaternary deposits (look at
the dashed lines)

In the Luxor study area, the near-surface Pliocene—Holo-
cene sediments are described as follows: Madamoud Forma-
tion (Pliocene unit), Armant and Masmas Ballana Forma-
tions (Pleistocene unit), and alluvial wadi deposits (Holocene
unit) (Said 1981; Kamel 2004).

The Madamoud Formation is the main geologic forma-
tion that outcropped in the study area; it is characterized by
red brown clay, marl, and fine-grained sand and silt lamina
(Fig. 2).

In addition to the low-grade building materials, the insuf-
ficient information about the potentially dangerous subsur-
face soil conditions such as cavities, faults, cracks, and the
presence of clay can lead to collapse of the newly formed
constructions. These hazardous sources must be detected
before the erection of buildings.

The most predominant sediment types in the investigated
area include gravel, conglomerate, clay, silt, marl, and sand
(El Hossary 1994; Kamel 2004). Accordingly, the subsurface
stratigraphic successions at the studied area are expected to
contain clay-rich layers, which can cause detrimental dam-
ages to the engineered foundations and buildings due to the
swelling-shrinkage behaviour of clay minerals. So, the sub-
surface lithological characterization of any proposed build-
ing site can be performed using an integration between the
geoelectrical survey and the mineralogical analysis of the
underlying rock units, if the latter are dominated by clay
minerals.

Methodology

The objective of vertical electrical sounding technique is to
give a detailed information for vertical sequence to differ-
ent conduction zones in terms of resistivity and thickness
below a given point on the ground surface. Considering the
purpose of our study for the geological conditions, cost, and
operational suitability, vertical sounding was deemed to be
appropriate survey method to obtain quick and generalized
information about the subsurface layers over a relatively
large scale area such as the studied area.

At the present study, twenty-four (VES) data were
acquired in the investigated area using ABEM Terram-
eter SAS 300C resistivity system in a semi-regular grid
(Fig. 1a). The spacing interval between stations ranges
from 0.5 to 1.4 km depending on the local conditions in
the field. Schlumberger configuration was used for vertical
electrical sounding data collection where maximum (AB/2)
varies from 180 to 250 m according to the accessibility of
the measurement site in the field. On the other hand, the
potential electrode separation starts at 0.5 m and extends to
40 m. Each VES station is comprised of 31 points of appar-
ent resistivity measurement.

For each VES, the measured apparent resistivity val-
ues are plotted against the AB/2 distance on a bilogarith-
mic paper to correct the deviated measurements and then
inverted and interpreted to detect different geoelectric zones
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Fig.3 A typical flow chart of
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Table1 Coordinates of the collected samples and its physical
description

Sample code Lat Long Physical properties

S1 25.60741 32.63937 Grey and friable

S2 25.59521 32.64250 Dark brown and moderate in
hardness

S3 25.59569 32.64204 Red brown and hard

S4 25.58438 32.66308 Brown in colour and friable

in the study area. In order to estimate the true resistivity
and thickness values of each unit, two automated inversion
software were used: Zohdy’s algorithm (Zohdy and Bisdorf
1989) and the IPI2WIN program (Bobatchev et al. 2001).
The results obtained from Zohdy and Bisdorf (1989) pro-
gram and the available geological information were used as
a starting model to be further interpreted by the automated
inversion IPI2Win software developed by Bobatchev et al.
(2001). More numbers of iterations were performed to reach
the best fit between the observed and the calculated curves.
Figure 3 illustrates a typical flow chart of inversion schemes
used in the present study. The interpreted results including
layer thicknesses and resistivities were then used to construct
a number of geoelectric resistivity cross-sections and sub-
surface resistivity and thickness maps. These sections and
maps were analysed to characterize the subsurface geologic
units in the shallow depth less than 50 m in the study area in
terms of engineering site characterization.

The bulk mineral composition was studied for 4 samples
collected from the clay-rich layers (Madamoud F) of the
subsurface lithological successions at four different loca-
tions (Fig. 1a). The coordinates and the physical descrip-
tion of these samples are illustrated in Table 1. About 50 g
representative powder sample was analysed by X-ray dif-
fractometer, using cu-ka radiation. The XRD machine was
set at 4-60 20" angle scanning, 0.06 step size, and a scan
rate of 0.06 20 /min.

@ Springer

The clay fractions (<2 um fraction) were extracted from
the four representative clay-rich samples (S1, S2, S3, and
S4), which ultrasonically disintegrated using ultrasonic
water bath. The samples were treated using 15% H,0,
(hydrogen peroxide) for several days to remove all organic
materials. The treated samples were then washed on 45-pum
sieve using distilled water. The passed fraction was mixed
with magnesium chloride solution (0.5 M) to bind the clay
particles to each other, and then the clay suspension was
pipetted on glass slides of dimension of 2x2.5 cm to form
an oriented clay fraction. The later was subjected to three
different treatment procedures: untreated (air-dried), treated
with ethylene glycol (glycolation at 60 °C for 24 h), and
heated at 550 °C for 1 h. These procedures were followed
according to El-Habaak et al. (2018). Each type of these
treatments was scanned using X-ray diffractometer adjusted
at 4-40 26’ and step size 0.06. The obtained data were inter-
preted using X’Pert High Score software.

Results and discussion
Vertical electrical sounding technique

The data obtained from the vertical electrical sounding sur-
vey were interpreted qualitatively and quantitatively. The
qualitative interpretation of resistivity data was applied to
illustrate the general lateral and vertical variations of the
apparent resistivity along the selected profiles and to have
approximation of the number of geoelectric layers and their
aerial distribution in the area under investigation.

All the obtained VES curves are of the QH-type (Fig. 4).
This curve type indicates the presence of four geoelectric
layers which represent the shallow succession in the study
area. The respective resistivity (p) of geoelectric layers con-
tinuously decrease with depth from the first layer to the third
layer and then followed by an increase in the resistivity of
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Fig.4 Example of the VES pa pa
curves in new Luxor city area 100000 100000
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Fig.5 Pseudo-geoelectriccross-sections along the selected profiles at the study area

the fourth layer. Thus, the resistivities of QH curve can be
described as p; > p, > p; < p, where p, is the resistivity of
the upper unit and p, is the resistivity of the last one. On
the other hand, six apparent resistivity pseudo-sections were
plotted as colour maps (Fig. 5) to provide approximate pic-
ture about resistivity distribution along the selected profiles.
Inspection of these sections reflects that the distribution of
apparent resistivity in the study area can generally be rep-
resented by four different apparent resistivity zones: zone

A (high resistivity), zone B (moderate resistivity), zone C
(low resistivity), and zone D (high resistivity). Generally, the
apparent resistivity behaviour is the same along all sections,
and its distribution might reveal that the subsurface layers
are relatively homogeneous in their electric properties at
most parts along the selected sections.

Results obtained from the interpretation programs are
a number of interpreted geoelectric layers with their cor-
responding resistivities and thickness. The final results for
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Table 2 Results of the interpretation of the measured VES curves

VES No Lat Long p; (Q.m) h, (m) p, (Q.m) h, (m) p3 (2.m) h; (m) py (Q.m) Depth (m)
1 25.57481 32.64964 25,011 1.58 1058 4.23 255 28.8 7436 34.6
2 25.58342 32.64264 18,868 1.19 851 2.72 305 21.9 3837 25.8
3 25.59567 32.63739 6544 0.85 592 2.06 97.5 25.5 6040 28.4
4 25.60306 32.63175 22,616 1.44 1030 6.78 89.4 14.3 5136 22.5
5 25.57878 32.65458 24,039 0.56 2069 1.82 476 20.7 7193 23.1
6 25.58342 32.65117 4453 0.5 706 1.15 163 14.1 6125 15.8
7 25.58981 32.64769 50,231 2.3 1074 1.39 99.8 25.4 7292 29.1
8 25.59553 32.64247 27,595 2.5 7355 0.748 113 335 6444 36.7
9 25.60262 32.63654 19,540 2.5 782 3.61 129 25 2224 31
10 25.61386 32.62842 15,466 2.26 1589 3.6 123 23.8 2871 29.5
11 25.58289 32.65775 24,339 1.62 2018 4.3 165 29.3 3306 352
12 25.58667 32.67022 33,848 0.5 2072 7.05 130 29.9 2748 37.5
13 25.59228 32.66533 31,709 0.85 1512 2.05 138 20.8 3189 23.7
14 25.59703 32.66272 22,724 0.643 736 4.18 127 31.9 6369 36.8
15 25.58971 32.67385 23,007 0.5 1095 1.43 227 21.2 6469 23.1
16 25.59328 32.67128 8345 0.5 867 1.26 123 18.4 3905 20.2
17 25.59833 32.66814 6576 0.5 527 1.71 53.5 18.3 2410 20.5
18 25.60372 32.66328 20,955 0.76 1010 1.84 125 18.3 8531 20.9
19 25.59325 32.68169 28,559 0.5 1378 2.61 179 20.9 5439 24
20 25.59947 32.67494 28,456 1.53 1759 3.04 171 22 10,042 26.5
21 25.60428 32.67017 15,670 0.93 1743 2.86 71.3 214 4575 25.2
22 25.60011 32.68608 10,129 1.27 442 3.76 181 15.3 5245 20.3
23 25.60183 32.68369 12,081 0.83 2169 2.82 115 30.1 5065 33.8
24 25.60503 32.68289 10,323 0.96 811 35 200 20.8 2152 333

all inverted sounding curves were summarized in Table 2.
Based on the results obtained from the interpretation of
sounding curves, six geoelectric cross-sections were con-
structed with various lengths ranging between 1200 and
4700 m along the chosen profiles that are nearly oriented in
NW-SE direction (Fig. 1a). The aim of the executed sections
is the investigation and characterization of shallow subsur-
face strata. These sections are depicted in Fig. 6. Careful
inspection of these geoelectric cross-sections reveals that
the subsurface succession of the area under investigation
comprises four geoelectric layers. The first geoelectric layer
is characterized by a high resistivity values ranging between
4453 and 50,231 Qm due to the high dryness of this layer.
It has a thin thickness ranging from 0.5 to 2.5 m. This layer
is attributed to the surface layer of dry eroded sand, gravels,
and rock fragment intercalated with silt and clay; in addition,
and based on field observation, this layer sometimes is com-
posed of compacted conglomerate. The second geoelectric
layer is characterized by relatively intermediate resistivity
values ranging between 442 and 7355 Qm. The thickness
of this layer varies from 1.15 to 7 m. This layer is supposed
to be composed of dry sand and gravels. The third layer
is characterized by a relatively low resistivity value with a
significant lateral change observed along most of the con-
structed geoelectric cross-sections. The resistivity values
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of this layer range from 53.5 to 476 Qm with a thickness
which varies between 14 and 33.5 m. It is adequate to give a
description of this layer in terms of three geoelectric units.
The first one has resistivity value which ranges between
163 and 471 Qm, and it expected to be composed of sandy
clay and can be observed at VESes 1 and 2 of profile A-Al
(Fig. 6a), VESes 5 and 6 of profile B-B1 (Fig. 6b), and VES
15 of profile D-D1 (Fig. 6d), existing at the southeastern
part of each profile. The second unit has a resistivity values
range between 171 and 179 Qm; this unit is supposed to be a
clayey sand which is reported at VESes 19 and 20 (Fig. 6e).
It is observed that the resistivity values decrease toward the
northwestern direction along each profile forming the third
unit with a resistivity value ranges between 53.5 and 138
Qm which is supposed to be composed of silty clay and
marly clay. The last geoelectric layer that is observed along
all profiles is characterized by a high resistivity values range
between 2152 and 10,042 Qm. This layer is interpreted as
a compacted dry sandstone. The upper surface of this layer
lies at depth which varies between 16 and 36.5 m.

The thickness and resistivity of the four geoelectric lay-
ers imaged in the constructed cross-sections were mapped;
however, only the resistivity, thickness, and depth of the
third layer are discussed herein. The contour map (Fig. 7a)
shows the resistivity variation of this layer in the study area.
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Fig.6 Geoelectric cross-sectionsalong the selected profiles at the study area

This layer is characterized by a lateral variation of resistiv-
ity value since a remarkable decrease of resistivity value is
observed toward the northwestern direction, and this may
be attributed to the increase of clay content at that direc-
tion. Based on the field observations of the exposures and
outcrops in the study area (Fig. 2) as well as resistivity val-
ues, this layer may be corresponding to the claystone layer
that represents the Madamud Formation of the Pliocene
age composed mainly of silty clay, marly clay, clayey sand,

and sandy clay. This layer is characterized by lateral facies
change, which stands as the main reason behind lateral varia-
tion of resistivity values of this layer. The variable thickness
distribution of this layer at the study area was manifested in
the contour map (Fig. 7b). The upper surface of the third
layer lies at a shallow depth ranging between 1.6 and 7.5 m
below the surface (Fig. 7c). On the other hand, the maximum
depth is observed at the northwestern and the southeastern
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Fig.7 a An isoresistivity, b isopach, and ¢ depth maps of the claystone layer in the study area

parts of the area, while the rest is characterized by uniform
depth.

Bulk mineralogy

XRD patterns of the investigated samples (Fig. 8) reveal
the occurrence of non-clay minerals represented by quartz,
anhydrite, and calcite. Quartz and calcite are the dominate
phases in sample S3, imparting more consolidation com-
pared to the other samples. The clay minerals are detected
here as smectite and sepiolite. The occurrence of other
clay mineral types is probable, but it cannot be accurately
detected by the bulk reflection peaks, as illustrated by S3.
So, oriented clay fraction samples were prepared as afore-
mentioned to show whether other clay minerals occur or not.

Clay mineralogy

The interpretation of XRD patterns (Fig. 9) reveals that
the <2 um clay fraction of the studied clay-rich samples is
composed of smectite, kaolinite, chlorite, and illite. Smec-
tite is detected in the air-dried fractions of S1, S2, and S4
at basal reflection of 15.1 A, which migrated on glycolation

@ Springer

between 18.3 and 19.13 A and collapsed to 9.8 A on heat-
ing. There is no any noticeable reflection in the glycolated
fractions between 5.3 and8.72 ©°, indicating the absence of
illite—smectite mixed layer (Srodori 1980). The basal reflec-
tion of kaolinite appears in S1-S3 at d value 7.14 A without
considerable changes on glycolation and heating. Chlorite is
only reported in S4 and differentiated from kaolinite by the
persistent occurrence of its basal peak on heating at 7.1 A.
[llite is the dominant clay mineral in S3 with similar d values
of its basal reflection at 10.4 10\, 10.5 A, and 10.2 A on air-
drying, glycolation, and heating, respectively. It is worth to
mention that sepiolite is only observed in the bulk mineral-
ogy and not observed in the XRD patterns of clay fractions
due to its fibrous nature (El-Habaak et al. 2020).

Based on the above mention, it is clearly that smectite is
the predominate clay mineral of the studied samples. The
swelling potentiality of smectite is larger than kaolinite and
illite Bergaya et al. (2006). The determination of clay min-
erals in soils reflects their geotechnical behaviour such as
expansive potential Lin and Cerato (2012).

The XRD analysis reflects the abundance of clay min-
erals in the third units; thus, the main reason behind low-
ers of the bulk resistivity of soils as it is perspicuous
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Fig.8 XRD patterns of samples for bulk mineralogy

from the geoelectric results. Moreover, clay particles may
form clay coatings over grains of fine sediments such as
silt as a result of repeated wetting and drying. This clay
coating can enhance the surface conduction and, conse-
quently, increase the interface conductivity, which results
in a decrease of the bulk resistivity of the layer (Mitchell
1993). The XRD analysis reinforces the results obtained
from geoelectric resistivity interpretation.

The results obtained from the geoelectric survey along-
side mineralogical investigation revealed that clayey
layer is distributed laterally along the most part of the
study area and extended vertically to a depth reaching to
36.5 m, and this layer is characterized by the presence
of expansive minerals. This study highlights the outline
of the clayey zone by geoelectric method with its miner-
alogical composition studies that give a comprehensive
knowledge about their geotechnical behaviour and help
the engineering structures for choice adequate design for
foundation prior construction.

50

Counts
S#2
150 4 @
3
@ S
= 2
Q =
1 -:_,:8 ol &
! 55 2@
o\ HEE
\ w3 £|8 &
\ [7] O N
\ =
]
3
\j =
i, fal
. | et}

{

B é Quartz,calcite
g’

o

10 20 30 40 50
20°
Counts
150 {527
)
=
b=
(%
g £
N 985
2t g8 >
Ecd 23 £
100 85 5° s
£ >/ 3
& 2
5 @
5 o
©
kI o
50 L. My
/ /v'\)
M«'M‘LL'\AA‘“ 1
= VNNV
0 1 1 U T 1
10 20 30 40 50
20°

Conclusions

In the present study, geoelectric survey and mineralogical
analyses have been used for foundation soil characteriza-
tion at the proposed site of new Luxor city, Upper Egypt,
with the aim of outlining the probable clayey zone pres-
ence and to examine the swelling potentiality of this layer.

The subsurface lithological succession at the proposed
new Luxor city site is supposed to be characterized by
four main geoelectric units, which were interpreted as
conglomerate, gravel, and sand intercalated with silt at
the top, underlying by sand and gravel unit, beneath it a
clay-rich unit mainly silty clay, marly clay, clayey sand,
and sandy clay, with dry sand beneath the clayey-rich unit.

The proposed site of new Luxor city is characterized by
the presence of the clayey-rich layer which lies at shallow
depth that varies between 1.6 and 7 m and its thickness
between 14.3 and 33.5 m below the surface. This layer con-
tains expansive clay minerals, mainly smectite as interpreted
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Fig.9 XRD patterns of < 2umfraction of a) S1, b) S2, ¢) S3 and d) S4 samples

from the X-ray diffraction analysis. Soils containing smectite
clay minerals change in volume (swelling/shrinking) due to
moisture content variations. Such variation in clay mineral
volume can have a hazardous impact on engineering struc-
tures (Fouzan and Muawia 2013).

Recent and present damage, such as subsidence of ter-
rain and cracks in buildings, call for attention to take into
consideration the hazardous effect of the delineated clayey
layer that can be generated in case of water leakage, which
may come from surface irrigation and/or defect in sanitary
systems. We recommended improvement of the expansive
soil by stabilization or using deeper pile-type foundation
to face swelling potential of soil. For safety construction,
boreholes are recommended to be drilled at the areas where
the clay layer is located at shallow depths to determine the
nature of clay minerals present. A more detailed study of the
area needs further geotechnical investigation and geophysi-
cal studies like seismic refraction method to determine the
geotechnical characteristics of the clayey layer.

The present work shows that integration between geo-
electric investigation and mineralogical analyses can be used
for optimal soil characterization at any construction site
of similar condition. The decision-maker should take into
account this clay layer for choice of appropriate foundation
type during the design and construction stage of building at
the proposed site of new Luxor city.

@ Springer
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