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Abstract
The eastern Agadir (Morocco) was selected for the urban expansion. However, it faces challenges owing to its location 
within an alluvial basin of weak and heterogeneous sediments, compounded by the scarcity of geotechnical data. This study 
aimed to create the first geotechnical zoning map of the area to support informed urban planning. Geophysical surveys were 
employed with available in situ investigations to address this data gap and delineate and characterize the main geotechnical 
zones. The electrical resistivity tomography (ERT) method was used to map the soil distribution horizontally and vertically, 
complemented by laboratory tests. The multichannel analysis of surface waves (MASW) and seismic refraction tomography 
(SRT) methods provided insights into important geotechnical and elastic-dynamic parameters. This analysis revealed three 
distinct geoseismic layers. The surface layer consisted of sand, silt, pebble, weathered limestone, and marlstone, whereas 
the underlying layer contained compacted silt, dense sand, conglomerate, sandstone, limestone, and marlstone. This layer 
exhibited higher seismic velocities and lower soil heterogeneity than the surface layer. The third layer, characterized by lime-
stone, marlstone, and compacted deposits, serves as geotechnical bedrock. The VS30 velocities were calculated and classified 
according to the EUROCODE 8 scheme, which categorizes sites based on their geological characteristics and associated 
seismic risks. The study area was divided into Class A (rock), Class B (dense soil and soft rock), and Class C (medium 
dense sand and gravel). This classification is essential for assessing seismic response and designing earthquake-resistant 
structures. The majority of the sites were categorized as Class B. The final zoning map reveals five distinct geotechnical 
zones: Tagragra's Dome, the alluvial fans and floodplain, the alluvial terrace, the limestone plateau, and the sand dune zone. 
The calculated parameters revealed soil heterogeneities in horizontal and vertical directions. These results provide valuable 
key parameters for informed urban planning, with special attention paid to areas with weak soil during foundation design.

Keywords  Eastern Agadir · Near-surface geophysical surveys · Geotechnical zoning map

1  Introduction

Rapid urbanization and population growth experienced by 
many cities worldwide, including Agadir in Morocco, have 
necessitated implementing new land-use and civil planning 
measures to accommodate the increasing demands for mod-
ern living, roads, and industrial infrastructure. However, this 
urban transformation brings a pressing need for comprehen-
sive knowledge about the geological and geotechnical prop-
erties of soil and rock to ensure the safety of buildings, the 
long-term viability of engineering structures, and rational 
planning and sustainability (Karastathis et al. 2010; Muztaza 
et al. 2022). Insufficient or inadequate soil characterization 
can lead to unsatisfactory engineering designs, which may 
result in severe construction problems or even catastrophic 
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structural failures. To prevent such hazards, geotechnical zon-
ing maps provide essential information for various purposes, 
including details on the geotechnical properties of materi-
als, vertical and horizontal soil distributions, bedrock depth, 
groundwater levels, and environmental assessments (Karasta-
this et al. 2010; Berhane and Walraevens 2012; El May et al. 
2015; Failache and Zuquette 2018; Timoulali et al. 2022). 
On the other hand, it is worth noting that creating these maps 
requires a substantial amount of in-situ and laboratory data, 
incurring high costs and time-consuming efforts, resulting in 
spatially limited data (Calamita et al. 2023). To address these 
challenges, various studies have used subsurface geophysical 
investigations to assess the suitability of near-surface materi-
als. These investigations provide valuable information related 
to the geological, geotechnical, and seismic conditions of sub-
surface layers (Pegah and Liu 2016; Mohammed et al. 2020; 
Hasan et al. 2021; Ishak et al. 2022; Zaid et al. 2022; Bello 
et al. 2022; Ayele et al. 2022; Khadrouf et al. 2024). In addi-
tion, several useful correlations exist between the measured 
physical parameters and the geotechnical items.

The selection of geophysical methods for geotechni-
cal evaluation is guided by the nature of the target prob-
lem and site criterion (target depth, resolution, terrain 
accessibility, and cost) (Al-Heety et al. 2021). Among 
these methods, electrical resistivity tomography (ERT), 
multichannel analysis of surface waves (MASW), and 
seismic refraction tomography (SRT) have been widely 
used for accuracy, non-invasiveness, efficiency, and cost-
effectiveness for determining the geometry, as well as 
the geotechnical properties of soil materials. However, 
geophysical surveys have several limitations, such as pen-
etration depth, and resolution, non-uniqueness of data, 
and sensitivity to anthropogenic sources (Lin et al. 2015). 
The preferred approach is to use multiple geophysical 
surveys alongside available geotechnical investigations to 
reduce limitations and minimize ambiguities. To achieve 
this, we integrate geophysical methods with geotechnical 
measurements.

Several cities in Morocco have expanded without a thor-
ough understanding of the geotechnical and geomorphologi-
cal soil conditions, contributing to constructive problems 
and potential natural hazards. Few geotechnical maps have 
been produced for Morocco, mainly emphasizing well-
known urban areas and metropolitan cities. These maps, 
originating from the 1960s and the 1970s, primarily focus on 
describing geological and geomorphological surface char-
acteristics, neglecting the geotechnical and elastic-dynamic 
properties of soils and rocks (e.g., Jeannette 1965; Humbert 
1966; Mazéas 1967).

Despite the strategic and economic importance of Agadir 
City, there is a lack of studies or maps focusing on geo-
technical soil characterization. Furthermore, this area is 
situated within a deep and heterogeneous alluvial basin of 

fluvial-lacustrine and aeolian sediments, making it vulner-
able to liquefaction, site effects, soil erosion, and groundwa-
ter contamination (Malki et al. 2016; Elmouden et al. 2016; 
Bouaakkaz et al. 2023; Khadrouf et al. 2024). Addition-
ally, this area is prone to flood and seismic hazards, such 
as the 1960 Agadir earthquakes, which destroyed 75% of 
the city, even with a moderate magnitude (Mw = 5.9), and 
highlighted the vulnerability of its buildings (Sébrier et al. 
2006; El Morjani et al. 2016).

Therefore, this study aimed to use subsurface geophysi-
cal surveys as a reliable alternative to traditional geotechni-
cal data to address the scarcity of in situ investigations and 
laboratory tests in the area. In this regard, the ERT method 
was employed, supplemented by field studies and available 
laboratory tests, to delineate the main geotechnical units of 
the study area. P-waves from the SRT and S-waves from 
the MASW were used to characterize these units and esti-
mate their geotechnical, petrophysical, seismic, and elastic 
engineering characteristics. The results were integrated and 
analyzed to produce a comprehensive geotechnical zoning 
map.

2 � Geological and seismic sitting

The study area is located in the eastern part of Agadir 
City (Morocco) and lies between latitudes 30.443° N and 
30.327° N and longitudes − 9.574° W and − 9.354° W. It 
was selected as a planned city extension. This area is part 
of the Souss Basin a faulted syncline delineated to the north 
by the active High Atlas Mountains and to the south by the 
Anti-Atlas Mountains (Ambroggi 1963). The basin consists 
of a Paleozoic schist basement overlain by thick Creta-
ceous–Eocene strata, and its subsurface is further, charac-
terized by Plio-Quaternary sediments of fluvio-lacustrine 
and eolian origin. Fluvio-lacustrine sediments include allu-
vial fans (limestone blocks, sand, silt, and poorly cemented 
conglomerates), cemented alluvial fans (silt, limestone, and 
sandstone), and river terrace deposits (silt, clay, and sand). 
Eolian sediments consist of sand fields and dune accumu-
lations (Aït Hssaine and Bridgland 2009) (Fig. 1). These 
sediments exhibited heterogeneity in vertical and lateral 
directions. The seismotectonic context of this region is 
related to the interaction between the African and Eurasian 
Plates. This tectonic activity likely started during the Late 
Cretaceous and continued at an approximate rate of 3- to 5 
mm/year in a northwest-to-southeast direction (Dewey et al. 
1989; Tahayt et al. 2008). The main structural feature in 
this area is the South Atlas Front, which has affected the 
northern edge of the Souss Basin with a WSW‒ENE fault 
network extending roughly 150 km. From west to east, this 
area is bounded by four segment fault tracts: the 30-km long 
Agadir–Tagragra Fault oriented WNW-ESE, the 35-km long 
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Fig. 1   Geological and seismotectonic context of the study area. A geological map and earthquakes occurring in the Souss basin, B a cross-
section of the Souss basin (Ambroggi 1963)
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Oued Issen Fault oriented WSW-ENE, the 45-km long North 
Taroudannt Fault-oriented E-W, and the 40-km long Oulad 
Berrhil Fault oriented E-W to WNW -ESE (Sébrier et al. 
2006) (Fig. 1). The 1731 Santa Cruz earthquake of IX inten-
sity was the first historically reported earthquake (El Mrabet 
2005). The 1755 Lisbon earthquake (VIII intensity) caused 
catastrophic damage in several Moroccan coastal cities 
(Silva et al. 2021). The 1960 Agadir earthquake (Mw = 5.9) 
claimed over 12,000 lives and destroyed over 75% of the 
city (Cherkaoui and Hassani 2012). Recently, the 2023 Al-
Haouez earthquake, considered the most powerful histori-
cal earthquake to strike Morocco with a magnitude of 6.8, 
caused catastrophic damage within a 50 km epicenter radius 
and claimed over 2946 lives (Khadrouf et al. 2024).

3 � Data and methodology

Most engineering projects require data on subsurface layers to 
a maximum depth of approximately 30 m below the ground 
surface. This depth was reached mainly using the most common 
geophysical methods. This study delineated the main geological 
engineering units using geological investigations and the ERT 

method. The ERT method was used as a quick and accurate 
method to depict the vertical distribution of subsurface layers, 
thereby delineating the primary engineering units. These units 
were subsequently characterized by quantifying their elastic-
dynamic, geotechnical, and petrophysical parameters. The geo-
technical properties include rock quality designation (RQD), 
ultimate bearing capacity (Qult), and seismic site classes based 
on Vs30. The petrophysical properties include density (ρ) and 
porosity (ϕ), VP/VS ratio, while the elastic-dynamic properties 
include Poisson's ratio (σ), bulk modulus (K), and shear modu-
lus (μ). For this purpose, P-wave and S-wave velocities were 
obtained from the SRT and MASW, respectively (Fig. 2). These 
seismic waves were used to estimate the above properties using 
the parameters listed in Table 1. Finally, the results were com-
bined and analyzed to create a final geotechnical zoning map 
of the study area (Fig. 3).

3.1 � Geological investigations, in‑situ 
and laboratory testing

Sixty field observations were conducted to meticulously 
identify, characterize, and categorize geological materials 
to delineate the main engineering geological units of the 

Fig. 2   Flowchart of the method-
ology used in this study

Table 1   Definition of 
parameters used in this work
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study area. The characterization methods and classification 
schemes advocated by Tálita De Sena Nola and Zuquette 
(2021) were methodically adopted, encompassing lithologi-
cal diversity, degree of weathering, the origin of materials 
(anthropogenic, natural, or transported), material strength, 
and mechanical discontinuities. In-situ investigations were 
performed using coring boreholes and trial pits. Repre-
sentative soil and rock samples were collected and stored in 
polyethylene bags. Few tests have been conducted on rock 
samples, including rock quality designation (RQD), poros-
ity, and rock density. Classification tests, such as grain-size 
analysis, Atterberg’s limits, moisture content, methylene 
blue test (VBS), and dry bulk density, were performed on 
the soil samples to determine their geotechnical properties. 
The rock and soil tests were conducted in accordance with 
Moroccan standards.

3.2 � 2D ERT technique

To estimate the apparent resistivity of the subsurface and 
illustrate the vertical and horizontal variations in the soil 
units, 25 ERT survey lines were carried out in the study 
area (Fig. 3). The electrical resistivity data were obtained 

using an ABEM Terrameter LS2 resistivity meter equipped 
with 64 steel electrodes. The electrode distances were set to 
2.5 m, giving a profile length of 157.5 m for all the meas-
urement sites. The Wenner-Schlumberger array (Loke and 
Barker 1996; Dahlin and Loke 1998) was employed for its 
capability to achieve detailed models of both lateral and ver-
tical resistivity variations allowing the mapping of horizon-
tal and vertical geological structures with high sensitivity 
(Akingboye 2023). Basic quality control procedures were 
implemented using x2ipi software. Erroneous measurement 
points were manually eliminated (Fig. 4A). The obtained 
data were then processed using the RES2DINV inversion 
software employing the least-squares algorithm (Loke 2004) 
(Fig. 4B). Moreover, different damping values were applied 
to enhance the inversion, depending on the noise level in the 
data. The resolution of the resulting 2-D resistivity model 
depends on the distribution and number of acquired data 
points. The penetration depth varied between 25 and 30 m.

3.3 � SRT technique

The distribution of P-wave velocities in the study area 
was calculated from 33 profiles using the SRT procedure 

Fig. 3   Satellite image of the study area showing the ERT, SRT, and MASW profile distributions



238	 Mediterranean Geoscience Reviews (2024) 6:233–248

(Fig. 3). Data were acquired using a 24-channel seismograph 
(ABEM TERRALOC Pro 2) with 4.5 Hz vertical geophones 
at a 5m offset. A 10 kg sledgehammer striking an iron plate 
vertically served as a seismic source for implementing an 
acquisition system for forward, inline, midpoint, and reverse 
shooting. Raw data were processed using SeisImager/2D 
software (Fig. 5A, B). The processing involves a modeling 
technique that addresses the subsoil as a continuous medium 
and divides it into discrete cells, each characterized by a con-
sistent P-wave velocity value. Using the forward modeling 
approach, iterative ray tracing was conducted between the 
source points and receivers within the presumed model. The 
algorithm continuously assesses the agreement between the 
computed and observed travel times to enhance the model's 
accuracy. This iterative process persists until the accepted 
root-mean-square (RMS) error between the observed and 
calculated travel times is obtained (Pegah and Liu 2016).

3.4 � MASW technique

One of the widely used methods for estimating the S-wave 
velocity of the subsoil is the utilization of the dispersion 
characteristics of Rayleigh-type surface waves. Therefore, 
the active source MASW method was employed. Fifteen 

1D-MASW lines were used at the same location as the SRT 
lines to calculate the soil elastic properties (Fig. 3). The 
study employed the MASW technique using a 24-channel 
seismograph model ABEM equipped with low-frequency 
geophones (4.5 Hz) and powered by a 12 V battery. The 
profiles were 69 m long with a geophone spacing of 3 m. 
A 10 kg sledgehammer was used as the source. Data were 
acquired at a sampling interval of 0.5 ms and a record length 
of 1 s for forward, center, and reverse shots. The forward and 
reverse shots had a 3 m offset, supplemented by an addi-
tional central shot at the profile's midpoint. The dispersion 
characteristics and inversion analysis of the raw data were 
performed using SeisImager software. The data were trans-
formed in the frequency domain, and by tracing the high-
energy concentration, the phase-velocity dispersion curve 
was obtained (Fig. 6A). The 1D shear-wave velocity models 
were calculated by applying a least-squares inversion algo-
rithm (Fig. 6B).

Fig. 4   Example of ERT analysis. A ERT data points in X2ipi software at TE-27, and B electrical resistivity model at profile TE-27

Fig. 5   Example of SRT analysis. A Time distance curves, and B velocity-depth model
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4 � Results and discussion

4.1 � Geological investigations, ERT imaging, 
and identification of geotechnical units

The main geological engineering units were delineated by 
combining surface geological observations, drilling cores, 
trial pits, and 2D ERT models (Fig. 7). The field surveys' 
results revealed the presence of five main subsurface engi-
neering units: the Tagragra’s Dome, recent alluvial fans, 
cemented alluvial fans, floodplain, alluvial terrace, lime-
stone plateau, and sand dune.

The dome consists of alternating limestone or sandy 
limestone and marl and/or a thick layer of marly limestone. 
Field rock strength and weathering analyses (GCO 1988; 
BSI 2003) reveal a weak rock partially weathered in the 
marl and marly limestone layers but hard and unweathered 
rock in the sandstone limestone layers. These geotechni-
cal properties are consistent with the RQD values ranging 
between 80 and 100%. The rock density (ρ), dry specific 
weight (γd), and water content (w) are between 1.55 and 
2.64 g/cm2, 16.1–19.8 kN/m2, and 3.5–12%, respectively. 
Two main geoelectrical layers were identified by compar-
ing the results of the 2D-ERT sections, boreholes, and trial 
pits conducted in this area. The first layer is an undevel-
oped soil, ranging from 20 cm to 1 m in thickness, formed 
from debris and weathering of marl and limestone. The 
apparent resistivity of this layer was relatively high and 
varied between 84 and 1970 Ohm m. The second layer 
exhibits low resistivity values ranging between 7 and 55 
Ohm m, with a thickness of approximately 24 m. These 
values reflect the presence of relatively dry limestone or 
dry marly limestone. This interpretation was substantiated 
by water content measurements at depths greater than 2 m, 
ranging from 6.3 to 12% (Fig. 7A).

The alluvial fans area mainly comprises two geomor-
phological units (recent and old cemented alluvial depos-
its). The recent alluvial fan unit is composed of heterogene-
ous sediment accumulations such as dolomitic limestone, 
reworked limestone, alluvial conglomerates, consolidated 
conglomerates, interceded coarse-grained limestone, and 
conglomerates. The floodplain area is generally formed 
by homogenous sediments, such as lacustrine and nodular 
limestone, overlain by silt or colluvial deposits. Grain-
size analysis revealed that the fine particle elements (< 80 
µm) were between 9 and 78%, sands (0.05–2 mm) were 
between 12 and 20%, and gravel (> 20 mm) was 3 and 
25%, respectively. These results indicate gravelly loam 
(soil composed mostly of sand, silt, and a smaller amount 
of clay), sandy loam, silt, and silty loam. The plasticity 
index values were between 9 and 12%, indicating medium 
plastic soil. The water content (w), dry specific weight 
(γd), specific weight (γh), and VBS are between 3.5 and 
10.5%, 15.5–17.1 kN/m2, 16.4–17.7 kN/m2, and 2.1–3.3, 
respectively. Most 2D-ERT models obtained within the 
alluvial fan zone showed several resistivity anomalies 
indicative of complex lithological characteristics. These 
anomalies also reveal heterogeneous geometries in both 
vertical and horizontal directions. Zones characterized 
by high resistivity values (> 300 Ohm m) are primarily 
linked to cemented and low porosity facies such as con-
glomerates, dolomitic limestone, and silt. Low to mod-
erate resistivity values (< 200 Ohm m) were interpreted 
as unconsolidated deposits such as reworked limestone, 
alluvial conglomerates, and/or coarse-grained limestone. 
Conversely, the floodplain area exhibits a layered geom-
etry, where the resistivity values decrease vertically from 
the surface to the depth. Most profiles in this area show 
two geoelectric zones, where the resistivity values in the 
first zone range between 23 and 179 Ohm m, and in the 
second zone between 5 and 60 Ohm m. The first zone (1–3 

Fig. 6   Example of MASW analysis. A Frequency versus phase velocity, and B 1D-VS model
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m) is attributed to silt or dry lacustrine limestone, while 
the second zone (21–24 m) is relatively humid lacustrine 
limestone (Fig. 7B).

Alluvial terraces consist of silts, sandy silts, clayey 
silts, interceded silts, and pebbles. Chanel sediments con-
sist of recent pebbles of a silty sand matrix. Fine elements 
(< 80 µm) were between 22 and 97%, sands (> 2 mm) were 
between 18 and 89%, and gravels (> 20 mm) were 2 and 
42%, respectively. Almost all samples showed no measur-
able plasticity, which can be explained by the high propor-
tions of silt and sand. The water content (w), dry specific 
weight (γd), specific weight (γh), and VBS are between 1.3 
and 17.7%, 13.7–24.3 kN/m2, 14.1–25 kN/m2, and 0.12–3, 
respectively. Interpretation of the 2D-ERT sections based 
on borehole data revealed two or three geoelectric layers 
depending on the locations of the ERT lines. Profiles with 
two geoelectric layers indicate sandy silt overlying the silt. 
Alternatively, they may reveal homogenous sandy silt (or 
pebbles in the channel bed) with increased moisture content 
from the surface to the depth. The first layers had thicknesses 
varying from 10 to 12 m and a resistivity value between 107 
and 956 Ohm m. The second layers had a resistivity value 
between 7 and 285 Ohm m. Profiles with three geoelectric 
layers indicate silt or sandy silt interbedded with pebbles 
(Fig. 7C).

The limestone plateau consists of limestone debris, lime-
stone, or sandy limestone, overlain by a thin layer of silt. 
Laboratory tests on silt samples revealed that the water 
content (w), VBS, plasticity index, dry specific weight (γd), 
and specific weight (γh) are between 10 and 18%, 2–4.2, 
12–24, 16.2–18 kN/m2, and 16–19 kN/m2, respectively. 
Samples from limestone revealed that rock porosity, density, 
and water content (w) were between 8.3%-23.5%, 2.1–2.4, 
and 11–14, respectively. Based on the 2D-ERT profiles and 
boreholes conducted in this unit, two geoelectric layers are 
differentiated: the first layers are silt or weathered limestone 
(with a thickness between 1 and 1.5 m) characterized by high 
to medium resistivity values ranging between 47 and 1019 
Ohm m. The second layer is limestone or sandy limestone 
characterized by low to moderate resistivity values (ranging 
from 6 to 148 Ohm m) and thicknesses ranging from 24 to 
23 m (Fig. 7D).

According to borehole BH01, the dune unit consists of 
aeolian sand and silty sand (5 m) overlying silt deposits 
(> 5 m). The physical properties of the sand layers, such 
as water content (w), dry specific weight (γd), and specific 
weight (γh), fall within the ranges of 5–11%, 19.5–19.7 kN/
m2, and 18–18.8 kN/m2, respectively. The results of the VBS 

(0.2), plasticity index (not measurable), and sand equivalents 
(92%) indicate that the sand is clean and non-plastic. Sam-
ples from silt layers indicate that fine elements (< 80 µm), 
sand (0.05–2 mm), and gravel (> 20 mm) range from 80 to 
98%, 2–3%, and 1–13%, respectively. The water content (w), 
dry unit weight (γd), and specific weight (γh) range from 
3.5 to 22%, 15.2–22.2 kN/m2, and 18.5–23 kN/m2, respec-
tively. The plasticity index (11–20%) and VBS (5,2) revealed 
medium to high plastic clayey silt. ERT surveys were not 
conducted in this unit (Fig. 7E).

4.2 � S and P wave velocities

S-wave velocities (Vs) were determined from 15 1D-MASW 
profiles conducted across engineering geological units. 
These profiles were executed at the same sites investi-
gated by the 2D-SRT survey. The reaching depths of the 
1D-MASW and 2D-SRT were 30 and 20 m, respectively. 
Thirty-three 2D-SRT profiles were obtained, particularly in 
areas with scarce geotechnical data. After the data analysis, 
S- and P-wave velocity maps were prepared using the inverse 
distance to a power gridding method. As shown in Fig. 8A, 
B, the Vs values ranged between 160 and 1200 m/s, and the 
Vp values ranged between 382 and 3700 m/s respectively. 
The surveyed 1D-MASW profiles showed a slight progres-
sive increase in Vs with depth, whereas the 2D-SRT profiles 
exhibited a significant increase in Vp with depth. This dif-
ference in velocity between the P- and S-waves was primar-
ily attributed to variations in soil porosity. Generally, three 
geoseismic layers were identified, depending on Vs and Vp 
variations.

The first geoseismic layer is a surface layer corresponding 
to silt, sand, weathered limestone, weathered marl, conglom-
erate, colluvial, and alluvial deposits. Its thickness varies 
between 1 and 6 m, and its Vs and Vp values range from 
160 to 680 m/s and 382–3757 m/s, respectively. Low veloci-
ties mainly correspond to unconsolidated deposits, whereas 
high velocities are attributed to compact deposits. Data from 
geological surveys, boreholes, and trial pits support these 
results. Both seismic and geoinvestigations have highlighted 
surface lithological heterogeneity.

The second geoseismic layer has relatively higher seis-
mic velocities than the first; its Vs and Vp velocities vary 
between 215 m/s and 805 m/s and 432 m/s and 3494 m/s, 
respectively. These values indicate the presence of dense to 
medium-dense soil and rock deposits, including limestone 
and marly limestone in the Tagragra’s Dome, limestone 
sandstone on the limestone plateau, and compacted alluvial 
sediment in the Oued Souss channel bed. In contrast, areas 
with low seismic velocities revealed unconsolidated and 
fine-grained deposits, such as silts found in borehole BH1 
drilled within the sand dune area.

Fig. 7   Representative 2D-ERT models correlated with the nearest 
geological and geotechnical investigations. A Tagragra’s Dome, B 
Recent and old alluvial fans unit, C alluvial terraces unit, D limestone 
plateau unit, and E sand dune unit

◂
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The third geoseismic layer has Vs values between 300 
and 1120 m/s and Vp values between 456 m/s and 3764 m/s. 
According to the Moroccan seismic building code (RPS 
2011), the layer can be classified as bedrock when the Vs 
velocities in a geoseismic layer reach values greater than 
760 m/s. Layers with Vs velocities between 400 and 760 
m/s are classified as very dense soils or fractured weathered 
rock, whereas deposits with lower velocities (< 150 m/s) 
are soft soils. Generally, the Vp velocities obtained in the 
third layer show relatively high values (1200–3400 m/s). 
By combining the above-mentioned P- and S-wave veloc-
ity distributions and borehole data, zones with high veloci-
ties (Vs > 700 m/s and Vp > 1800 m/s) were interpreted as 
limestone rocks, marly limestone rocks, sandstone limestone 
rocks, and compacted conglomerates. Zones with moderate 
velocities (Vs between 700 and 400 m/s and Vp between 1800 
and 1400 m/s) revealed limestone rocks, weathered lime-
stone sandstone, and medium-compacted conglomerates, 
while zones with low velocities (Vs < 400 m/s and Vp < 1400 
m/s) revealed silt or sand.

4.3 � Geotechnical, elastic, and petrophysical 
properties

The calculated P- and S-wave velocities obtained from SRT 
and MASW surveys were used to estimate the geotechnical, 
elastic, and petrophysical properties of the subsoils. Several 
maps were generated using data calculated from the geotech-
nical engineering parameters listed in Table 1. The seismic 
and engineering results are listed in Supplementary data.

4.3.1 � Qult, RQD, and VS30

Qult represents the bearing stress that causes the shear failure 
and settlement of the foundation. The Qult map of the study 
area showed three layers (0 to  −  5 m, − 10 m, and − 10 to 
− 20 m) (Fig. 9A). The first layer showed values between 
16.3 and 1131 kN/m2. The second and third layers show 
relatively medium values ranging between 38.7 and 1856.5 
kN/m2 and 60.2–4849 kN/m2, respectively. The extended 
gap between these values highlights soil heterogeneity and 
weak competence of the first layer.

The RQD test measures the extent of fractures and joints 
in a 1-m core rock sample. Typically, high RQD values indi-
cate solid and unaltered rocks, whereas low values indicate 
fractured and weathered rocks. The RQD map shows three 
layers (Fig. 9B). The first layer (0–5 m) exhibits mainly 
low RQD values between 20 and 45%, indicating very poor 
to poor rock quality. Medium-to-high values were also 
observed in the eastern part of the study area. The second 
and third layers show high RQD values ranging between 40 
and 100%, indicating fair to excellent-quality rocks.

VS30 plays a crucial role in site characterization and earth-
quake engineering. This parameter is a fundamental indica-
tor of soil stiffness, which influences ground motion ampli-
fication and the response of structures during earthquakes. 
The results for VS30 ranged between 179 and 830 m/s. 
According to (Eurocode 8 2005) classification, the study 
area is classified into three classes: site Class B, located 
in most parts of the study area, and the rest of the sites are 
classified as site Classes C and A (Fig. 9C).

Fig. 8.   3D perspective view of the maps depicting the velocities of A Vs-waves and B Vp-waves
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4.3.2 � Density (ρ), Porosity (ϕ), and VP/VS ratio

The petrophysical properties of the three layers are outlined 
as follows.

1.	 Density: The estimated density values for the first layer 
range between 1.37 g/cm3 and 2.42 g/cm3. Low values 
were located in the western part of the study area and 
some parts of the cemented alluvial fans area. The sec-
ond and third layers show relatively high and homoge-
neous densities ranging between 1.50 and 2.20 g/cm3 
(Fig. 10A).

2.	 The first layer's porosity ranges between 28 and 60%. 
This layer shows relatively high porosity values, attrib-
uted to unconsolidated rocks and soils such as sand, silt, 
weathered limestone, and marlstone. The porosities of 
the second and third layers show relatively medium 
and homogeneous values, ranging between 32 and 44% 
(Fig. 10B).

3.	 The saturation of pores in soil layers can be assessed by 
calculating the VP/VS ratio. This is possible because P 
wave velocities are sensitive to the type of pore satura-
tion (water or gas), whereas S waves, traveling solely 
through solids, remain unaffected (Uyanık 2019). Soil 
layers with a Vp/Vs ratio of around 1.5 indicate a porous 
or air-filled medium. At the same time, values greater 
than 4 suggest a water-saturated medium (Uyanık 
2011)—values of this ratio in the first layer range 
between 0.6 and 10. The western part shows relatively 
consistent values around 1.5, which suggests that the 
soil in this area is porous and air-fille. The second and 
third layers show values between 1 and 10. However, the 
distribution of these values is generally around 4, sug-
gesting a less porous or more water-saturated medium 
(Fig. 10C).

Fig. 9.   3D perspective view of the maps depicting A ultimate bearing capacity (Qult), B rock quality designation (RQD), and C seismic site 
classes based on Vs30

Fig. 10.   3D perspective view of maps illustrating A density (ρ), B porosity (ϕ), and C Vp/Vs ratio
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4.3.3 � Poisson's ratio, shear modulus, and bulk modulus

The resulting maps of the elastic moduli for the three lay-
ers are summarized as follows:

1.	 Poisson's ratio is a key parameter that describes how 
materials respond to deformation. This ratio spans from 
0.0 in hard rocks to 0.20–0.45 in clays and silts and can 
reach 0.5 in loose soil. Generally, materials with lower 
strength exhibit higher Poisson's ratios, whereas the 
opposite holds true for stronger materials. In this study, 
the Poisson's ratio (σ) values of the first layer range 
between 0 and 1.97, while the second and third layers 
show relatively homogeneous values, ranging from 0 to 
0.3. The northeastern part of the study area showed high 
values, ranging between 1 and 1.97 (Fig. 11A).

2.	 The shear modulus, also known as the rigidity modulus 
(μ), is a fundamental material property used to describe 
the stiffness of a material subjected to shearing forces. 
The values for the first layer range between 1.26E+06 
and 9.80E+05, while the second layer's range is between 
8.92E+05 and 1.20E+07. The third layer exhibits rela-
tively high rigidity values, ranging from 1.12E+06 to 
2.74E+07, indicating the presence of condensed soils 
(Fig. 11B).

3.	 The bulk modulus of the first layer varied between 
(1.96E+03) and (3.36E+05) dyne/cm2. These results 
indicate that the soil in the top layer is weak and very 
weathered. The second and third layers vary from 
(2.85E+05) to (3.03E+03) dyne/cm2 and (2.29E+05) 
to (3.40E+03) dyne/cm2, respectively (Fig. 11C). Com-
pared to the first layer, these results indicate that the soil 
in the second and third layers is moderately weathered 
with competent geotechnical properties.

4.3.4 � Geotechnical zoning map

Geotechnical engineering is based on studying the intrinsic 
properties of subsoil to minimize complexity and hetero-
geneities. Therefore, quantifying and categorizing uncer-
tainties is crucial for successful engineering design (Shang 
et al. 2021). Technical tools such as geophysical methods 
and geotechnical maps are essential. The geotechnical zon-
ing map was created by combining data from field surveys, 
including laboratory measurements, geological observations, 
ERT survey results, and parameters derived from the S-wave 
and P-wave velocities. The minimum and maximum val-
ues of the engineering and geotechnical parameters were 
determined (from the three subsurface geoseismic layers) 
for each unit (Fig. 12). Examination of the results revealed 
soil diversity in the horizontal and vertical directions. Soil 
competency increased with depth in all seismic profiles 
due to the compaction and cementation processes. Further-
more, seismic wave propagation at very low strain levels in 
soil layers validates using the elasticity theory for measur-
ing dynamic soil properties. In this case, the soil response 
should be linear; however, at moderate to large strain levels, 
this response starts to be nonlinear. Therefore, it is recom-
mended that findings from seismic waves be integrated with 
laboratory measurements (Al-Heety et al. 2021). Analysis 
of the results reveals that the geomorphological forms of the 
study area strongly influence the delineated zone units. For 
example, alluvial fans are characterized by various param-
eters influencing soil quality, such as sediment composition, 
grain size distribution, degree of saturation, and cementa-
tion. Terrace and dune sediments consist of finer, less con-
solidated, and less cohesive material. Plateau and dome 
sediments are primarily homogeneous and exhibit low het-
erogeneity. Therefore, a multidisciplinary approach integrat-
ing geological, geomorphological, and geophysical investi-
gations is crucial for comprehensive soil characterization 
and mapping. The evaluation of the study site's suitability 

Fig. 11.   3D perspective view of the maps depicting 3D illustration maps: A Poisson's ratio (σ), B shear modulus (μ), and C bulk modulus (K)
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for construction is conducted by combining data from geo-
logical and geomorphological conditions as well as the cal-
culated parameters. The Tagragra's Dome and the limestone 
plateau present fewer uncertainties and more suitable condi-
tions. The suitability of the alluvial fan units depends on the 
degree of compaction and cementation. Old and cemented 
alluvial deposits are generally suitable, while recent alluvial 
deposits require additional geotechnical investigations. Allu-
vial terraces are moderately suitable and require advanced 

investigations. Furthermore, it is worth noting that these 
areas are susceptible to flood hazards. The sand dune unit is 
not suitable and is generally prone to liquefaction.

Given the urgent need to optimize the cost and efforts 
associated with geotechnical investigations, this study pre-
sents an integrated approach that combines geophysical, 
geological, and geotechnical data. This approach results 
in a comprehensive geotechnical zoning map, revealing 
the variability in soil properties and their implications for 

Fig. 12   Final Geotechnical Zoning map
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construction suitability. This is essential for accurate soil 
characterization and facilitates more informed engineer-
ing decisions. Future research should focus on the entire 
Souss Basin, given the intense soil heterogeneities and the 
rapid urban development known in this region on the one 
hand, as well as the cost-effectiveness and reliability of these 
approaches on the other hand.

5 � Conclusion

The eastern Agadir (Morocco) was chosen as a designated 
zone for urban expansion to accommodate the urban sprawl 
of the city, necessitating soil geotechnical characterization. 
Subsurface geophysical investigations are powerful, cost-
effective, and rapid tools for addressing various geotech-
nical issues and estimating different elastic, dynamic, and 
geotechnical parameters of soil layers. Electrical resistivity 
tomography (ERT), seismic refraction tomography (SRT), 
and multichannel analysis of surface waves (MASW) tech-
niques were employed, along with field and laboratory tests, 
to create a geotechnical zoning map of the study area.

The ERT method was used to delineate the vertical and 
horizontal extents of the primary engineering geological 
units. The results were further supported and validated using 
in situ identification tests. P- and S-waves were employed 
to estimate the essential geotechnical and elastic-dynamic 
moduli and petrophysical characteristics.

The seismic waves (VP and VS) finding indicate that the 
study area primarily comprised three geoseismic layers. The 
first geoseismic layer constitutes the surface layer, with VS 
and VP values ranging from 160 m/s to 680 m/s and 382 
m/s to 3757 m/s, respectively. The second geoseismic layer 
underlies the first, with VS and VP velocities ranging from 
215 to 805 m/s and 432–3494 m/s, respectively. This layer 
exhibited relatively higher seismic velocities than the surface 
layer. The third geoseismic layer is characterized by even 
higher competence than the layers above, with VS values 
ranging from 300 m/s to 1120 m/s and VP values ranging 
from 456 m/s to 3764 m/s.

The final geotechnical zoning map revealed five distinct 
zones: Tagragra's Dome, the alluvial fans (recent and old), 
the alluvial terrace, the limestone plateau, and the sand dune. 
The calculated parameters demonstrated soil heterogeneities 
in both horizontal and vertical directions. However, based on 
the calculated geotechnical and elastic-dynamic parameters, 
the competence of the second and third layers was higher 
than that of the first. Consequently, these layers can be con-
sidered as geotechnical bedrock.

The Vs30 map shows Vs values ranging from 179 to 830 
m/s, classifying the study area into soil classes A (rock or 
other geological formations including 5 m of weak materi-
als), B (deposits of dense sand, gravel, or stiff clay), and C 

(deep deposits of dense or medium-dense sand, gravel, or 
stiff clay), according to Eurocode 8.

The final geotechnical zoning map, created by geophysi-
cal surveys, plays a crucial role in urban planning by provid-
ing relevant information about the subsoil and locating areas 
prone to geotechnical problems at the study site. However, 
this map presents only an overview of the soil's geotech-
nical properties, and local soil heterogeneities are always 
anticipated, necessitating detailed investigations and testing 
tailored to the requirements of specific civil projects.
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