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Special Economic Zones (SEZs) facilitate heightened free trade logistics, enabling 

companies to expand their operations and product development within a nation. This 

study seeks to geomechanically characterise a pilot area within the Special Economic 

Zone Development Zone (ZEDE) at ESPOL Polytechnic University, Ecuador. The area 

has been marked by limited information concerning the geotechnical properties of the 

soil and rock formations. The goal of the study is to inform referential zoning for 

constructions, thereby fostering sustainable development of businesses and industries in 

the area. The methodology utilised in this study was threefold: (i) an inquiry into existing 

data and an on-site inspection, (ii) a geophysical campaign encompassing Vertical 

Electrical Soundings, seismic refraction, and geotechnical characterisation for result 

correlation, and (iii) an assessment of slope stability, on-site response spectrums, soil 

profile classifications, safety factors, and construction risk zoning. The study area, 

approximately 28 ha, was characterised by soils and rock formations, such as lapilli tuffs 

and tuffaceous shales, with resistive loads reaching up to 26.10 MPa. These geotechnical 

attributes permit the construction of structures exceeding four stories. The integration of 

geological and geotechnical data revealed that 75% of the study area presents low to 

medium construction risk related to instability, thereby indicating suitable areas for 

territorial planning. The methodology proposed in this study provides a replicable tool 

for application across the ZEDE, facilitating the creation of strategies for a land-use plan 

within an innovative university campus. Future large-scale studies could incorporate 

hydrogeological analysis, evaluation of environmental impact, and the development of 

mitigation plans for anthropogenic activities. 
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1. INTRODUCTION

Geotechnics, a critical field in engineering, serves as the 

primary safeguard against infrastructural damage and ensures 

human safety [1, 2]. Influential conditioning factors, such as 

lithology and the physical-mechanical properties of rocks and 

soils, coupled with triggering events like earthquakes and 

rainfall, directly impact the lifespan of structures [3]. Hence, 

the execution of meticulous geomechanical characterisation 

studies is necessitated to discern the geotechnical properties of 

materials and to demarcate areas conducive for construction 

[4], in accordance with prevailing international construction 

regulations [5]. Yet, despite technological advancements, field 

data collection and the implementation of geotechnical tests 

pose significant challenges concerning cost and time, 

underscoring the essentiality of employing indirect methods 

for soil exploration via geophysics [6]. 

Geophysical techniques, being non-invasive, facilitate 

access to hard-to-reach areas, thereby extending the study area 

and enabling the detection of groundwater and geological 

structures [7]. These techniques yield prompt results and offer 

a comprehensive view of subsurface geometry based on 

physical properties ascertained from surface measurements [8]. 

An integrated analysis correlating geophysical and 

geotechnical research enhances soil property characterisation 

[9, 10]. This comprehensive analysis fortifies the outcomes 

derived from soil property studies, aiding in the identification 

of optimal areas for infrastructure foundations [11-13]. 

Several studies have underscored the importance of correlating 

geotechnical and geophysical data in construction projects 

(e.g., [14-17]). An in-depth characterisation, in turn, equips 

professionals with the critical information required for 

designing functional and economical foundations and 

infrastructures [18]. 

The surge in economic growth and urban development has 

amplified the need for industry and design studies in land-use 

planning, necessitating substantial investments and logistics. 

Special Economic Zones (SEZs) are designated geographical 

areas within a country, subject to customs controls, where 

companies catering to external markets are permitted to set up 

operations [19]. These zones, often incorporating ports or land 

areas, are independently supervised and equipped with the 

highest level of free trade logistics and preferential policies 

[20]. The selection and design of a free trade zone (FTZ) to 
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stimulate regional economic growth entails careful planning 

and territorial ordering [21] through soil characterisation and 

geotechnical studies to facilitate various infrastructure 

constructions. As of 2018, approximately 2300 free zones 

were registered worldwide, attracting investments, fuelling 

industry growth, fostering knowledge transfer, and creating 

jobs [22]. 

In Ecuador, ESPOL University's Special Economic Zone 

(Guayaquil), inaugurated on 18 April 2017 [23], has been 

categorised as a Special Economic Development Zone 

(ZEDE), exempt from taxes. ESPOL spans 691 hectares (ha), 

with 243 ha dedicated to the Prosperina protected forest [24] 

and 133 ha earmarked for ZEDE implementation. As of 2019, 

the area is home to Bioconversión S.A., a company 

specialising in preserving fruits, vegetables, and specialised 

foods [25]. A methodological approach is necessitated to 

determine soil conditions and ensure land stability, ensuring 

the safety of future infrastructure and the success of territorial 

development plans. The study area serves as a pilot test, 

providing valuable insights for the foundations and structures. 

Future studies may encompass the entire ZEDE area and serve 

as a replicable model at national and international levels. 

The following research question has been raised through the 

correlation of existing geophysical and geotechnical data 

obtained from field tests: How can we efficiently analyse 

terrain with geophysical and geotechnical information to 

characterise a free zone that allows territorial planning? To 

answer this question, the following objective is proposed: 

Geotechnically characterise a ZEDE pilot area in ESPOL-

Ecuador, through the correlation of geophysical and 

geotechnical information for comprehensive geomechanical 

analysis that allows zoning under safety criteria for buildings 

construction. 

 

 
2. STUDY AREA AND GEOLOGICAL CONTEXT 

 
ZEDE is in the northwest of the city of Guayaquil, 

Ecuadorian Coast region (Figure 1(a) and (b)), with an 

approximate area of 133 ha, the selected study area, within the 

ZEDE, is 16.20 ha (Figure 1(b) and (c)). This area was selected 

because it brings together several components that make the 

sustainable development of companies and industries possible 

(e.g., the existence of an artificial rainwater lake, road 

accessibility, and adaptation of electrical and sanitary 

infrastructure). Moreover, previous geomorphological studies 

corroborate elevation changes of approximately 30 m, with 

slopes of roughly 14-25 degrees [26-29]. 

The study area belongs to the Upper Cretaceous Cayo 

Formation, outcropping in the Chongon-Colonche Mountain 

range. This formation is made up mainly of marine sediments; 

at the base volcaniclastic rocks outcrop and towards the top, 

the lithology varies with the presence of sequence with 

intercalations of tuffaceous shales, agglomerates and fine to 

medium-grained sandstones [30-33]. The local geology shows 

the existence of alluvial deposits, sequence of tuffs, tuffaceous 

shale, and lapilli tuff (Figure 1(c)). 

 

 
 

Figure 1. (a) Ecuador’s geopolitical map, (b) Study’s area location, (c) Geological map of the study area [28, 30, 31] 
 

 

3. MATERIALS AND METHODS 
 

The methodological approach focuses on analysing the 

foundation and construction conditions based on geological 

and geophysical data, combined with stability analysis of the 

land's natural slope for zoning that allows correct decision-

making in planning the territory of the study zone. The 

methodology consisted of the development of three phases 

(Figure 2): (i) investigation of baseline information in the area 

of interest and on-site inspection, (ii) geophysical and 

geotechnical characterisation of the soil and correlation of 

results, and (iii) design parameters for the development of 

buildings and interpretation of results. 
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Figure 2. Flow chart of applied methodology 
 

 
 

Figure 3. (a) Ecuador’s geopolitical map, (b) Study’s area location, Guayaquil, Ecuador, and (c) Geotechnical and Geophysical 

survey’s location and delimitation 

 
3.1 Phase I: Investigation of baseline data in the area of 

interest and on-site inspection 

 

This phase considered the base information of studies and 

reports belonging to the physical infrastructure management 

department of ESPOL and relevant information from previous 

projects on eight test pits and four VESs [34]. To analyse the 

environment and morphology of the study area, topographic 

data close to the analysis site was processed to visualise the 

general geomorphology of the area [30, 31, 35].  

The geology of the region was determined using maps and 

geological profiles. Technical inspections of the site were 

carried out to verify the geological information in certain 

places of the study area. These inspections were carried out 

with equipment including a geologist's hammer, compass, and 

GPS. The sites for carrying out the field tests (geophysics, 

drilling and test pits) were selected through analysis of this 

collected and verified information. 

 
3.1.1 Topographical survey 

The topographic survey of the study area started with a pre-

existing georeferenced landmark within the ESPOL campus 

[36]. An orthophoto of the site was used for access and 

planning of data collection. The Global Positioning System-

Real Time Kinematic (GPS-RTK) system and a SOKKIA FX 

150 total station were used for data collection. During data 

collection, points were collected every 5 m, with the total 

station in the flat areas and RTK in the crown, base, and centre 
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of the slopes.  

 

3.2 Phase II: Geotechnical characterization of the soil and 

correlation of results 

 

The materials of interest were determined from the 

geological map of the study area: alluvial deposits, tuff 

sequences, tuffaceous shales, and lapilli tuffs (Figure 1). To 

corroborate this geological information, two VESs, three 

seismic lines, two test pits, and four drillings were performed 

(Figure 3). The number and location of the tests depended on 

the topographic conditions of the land, prioritizing sites with 

less available information that were suitable for the 

construction of buildings. The data and information obtained 

from the tests allowed the geological correlation and the 

geomechanical characterization of the study area. 

 

3.2.1 Geophysical tests 

The VESs allowed the detection of the variation in 

resistivity as a function of depth and analysis of the structure 

of the subsoil [37, 38]. The Terrameter SAS 1000 resistivity 

instrument was used in the field to carry out the VESs. For 

resistivity data collection, the Schlumberger configuration (for 

separating the electrodes) was used. The results were 

processed in IPI2win 3.0.1 software, obtaining multilayer 

electrical resistivity models. The type of material in each layer 

was determined by interpretation of the resistivities [39, 40]. 

While the seismic refraction was carried out using the 

Terraloc Pro-2 seismograph, which took data of P-velocity 

waves (Vp) from the 24 10 Hz geophones used (with a 

separation of four meters between them). An eight-kilogram 

hammer was used as a power source to generate the waves 

within the seismic refraction test. Data processing was 

performed using IXREFRAX software. The soil strata were 

defined based on the anomalies detected in the velocity of P-

wave arrival (Vp) [41, 42]. The lithology was determined 

using typical wave-speed values corresponding to different 

types of materials according to the international standards of 

the American Society for Testing and Materials (ASTM) 

D5777-18 [43]. 

 

3.2.2 Geotechnical tests: test pits and perforations 

Rotary drilling of rocks and pits was developed at points 

close to the VESs to verify the information obtained from 

geophysical methods. Rock and soil samples were obtained 

from these tests to determine and analyze their physical-

mechanical properties. Table 1 shows the laboratory tests 

carried out: 

 

Table 1. Physical-mechanical parameters analyzed in rock 

and soil samples obtained from drilling and pits 

 
Physical-Mechanical Parameter Standard 

Specific Weight ASTM D854-14 [44] 

Unconfined Compressive Strength 

(UCS) 

ASTM D7012-14e1 

[45] 

Triaxial (cohesion and friction angle) ASTM D4767 [46] 

Atterberg limits 
ASTM D4318-17e1 

[47] 

California Bearing Ratio (CBR) ASTM D1883-21 [48] 

Moisture content ASTM D2216 [49] 

 

3.2.3 Geophysical-geotechnical correlations 

Boreholes and test pits were projected as stratigraphic 

columns in the resistivity and Vp models. The location of the 

direct and indirect tests and the depth were considered to 

correlate the information, making profiles through the 

different soil materials, and considering the dip of the layers. 

The correlations between these models allowed validation of 

the lithological sequences' electrical resistivity and Vp values 

[50, 51]. 

 

3.3 Phase III: Design Parameters for building development 

 

3.3.1 On-site response spectrum and soil profile classification 

for the seismic design according to the Ecuadorian standard 

The Ecuadorian Construction Standard 2015 (NEC-15) [52] 

defines six types of soil profiles according to the shear wave 

speed Vs, the number of blows (N), resistance to undrained 

shear (𝑆𝑢), soil moisture content (W), and other parameters 

(detailed in Table 2 of the NEC-SE-DS code: Seismic Hazard, 

earthquake-resistant design part 1). 

 

Table 2. Classification of slope stability analysis results, 

according to risk 

 
SF Range Classification According to Landslide Risk 

2.0-3.1  Medium 

3.2-4.9 Low 

5.0-7.7 Very low 

 

This allowed the generation of the seismic response 

spectrum of the site. This spectrum analyzes the seismic 

hazard in rock for a 10% exceedance probability in 50 years 

(return period 475 years). For this, it considers: a) the factor of 

a seismic zone, b) the type of soil of the location of the 

structure, and c) soil amplification coefficients. 

Figure 4 shows the model for obtaining the site's response 

spectrum where the soil profile coefficients were considered. 

Considering that only seismic refraction tests were carried out 

(Vp), the research conducted by the studies [53, 54] was used 

to approximate Vs, with the relationship 𝑉𝑝/𝑉𝑠 ~ √3. 

 

 
 

Figure 4. Elastic seismic spectrum of accelerations 

representing the NEC-15 adapted design earthquake 

 
where, 

η: Ratio between the spectral acceleration (T=0.1 s) and the 

PGA for the selected return period. 

Fa: Soil amplification coefficient in the short period zone. 

Fd: Ground amplification coefficient. 

Fs: Ground amplification coefficient. 

Sa: Elastic response spectrum of accelerations. 

T: Fundamental period of vibration of the structure. 

T0: Vibration limit period in the elastic seismic spectrum of 

accelerations. 
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Tc: Vibration limit period in the elastic seismic spectrum of 

accelerations. 

Z: Maximum acceleration in rock expected for the design 

earthquake. 

 
3.3.2 Ultimate bearing capacity of shallow rock foundations 

The ultimate bearing capacity was evaluated using 

Terzhaghi's bearing capacity theory [55] for square 

foundations according to Eq. (1): 

 
𝑞𝑢 = 1.3𝐶′𝑁𝑐 + 𝑞𝑁𝑞 + 0.4𝛾𝐵𝑁𝛾 (1) 

 
where, 

Nc: Load capacity factor for overload. 

Nq: Bearing capacity factor for non-cohesive soil 

component. 

Nγ: Self-weight load capacity factor. 

 
Eq. (1) relates the soil's cohesion, the foundation's depth and 

dimensions, the soil's overburden pressure, and some capacity 

factors (which depend on the friction angle of the soil). The 

load capacity factors used are presented in Eqs. (2)-(4) [56]: 

 

𝑁𝑐 = 5 𝑡𝑎𝑛4 (45 +
𝛷′

2
) (2) 

 

𝑁𝑞 = tan6 (45 +
𝛷′

2
) (3) 

 
𝑁𝛾 = 𝑁𝑞 + 1 (4) 

 
where, 

𝛷′= Angle of friction of the rock. 

 
3.3.3 Slope stability and referential zoning for decision-

making in construction 

In the geotechnical characterisation, it is important to 

consider that the geomorphology of the location presents steep 

slopes in different zones of the study area (Figure 3). The 

natural stability of the eight profiles in the area was analysed. 

The safety factor of each slope was determined using 

Geostudio software and the simplified Bishop method [57]. 

Stability analysis was performed under static and pseudostatic 

conditions [58]. Under pseudostatic conditions, the seismic 

load was estimated as the maximum accelerating horizontal 

force in place (Section 3.3) [59]. The resistance of the 

materials was determined based on the failure criterion of 

Hoek-Brown [60] using the parameters presented in Section 

3.2.2. The Safety Factors (SF) obtained from the critical 

profiles were interpolated using the Inverse Distance 

Weighted (IDW) tool of ArcGIS Pro software, generating a 

natural stability map [61]. The values obtained were classified 

into three ranges (see Table 2) and compared with those 

required by NEC-15.  

Subsequently, with the geological-geophysical correlation 

data and the SF data (Table 2), allowed obtaining a referential 

zoning map of territorial ordering that allows the sustainable 

development of companies and industries in the area. This map 

was generated using the ArcGIS Pro Calculator Raster tool, 

and will serve for decision-making for mitigating the risk in 

the construction of buildings. 

4. RESULTS 
 

4.1 Geophysical study 
 

According to the SEVs carried out, in the resistivity curves 

(Figures 5 and 6), the blue line represents the 1D model of the 

SEV carried out in the field, and the red dots represent the 

values of the calculated model. In all cases, the percentage of 

fit error achieved with the IPI2win software was less than 4% 

[62]; therefore, the coincidence between the field curve and 

the theoretical resistivity curve was high. The SEV models 

showed three to five resistivity geoelectric layers with their 

respective thicknesses (Figures 5 and 6). As a volcano-

sedimentary environment, the predominant profiles comprise 

lapilli tuffs and sequences of thick tuffs, fine tuffs, and 

tuffaceous shales. The superficial soil in both tests showed a 

high resistivity index in the range of 7000 Ω·m, unlike the 

rocky strata that presented resistivities lower than 1000 Ω·m. 
 

 
 

Figure 5. VES01 1D model 
 

 
 

Figure 6. VES021D model 
 

 
 

Figure 7. Seismic model 1 
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The results obtained from the refraction seismic test in the 

three defined profiles reflect two predominant layers (Figures 

7-9). The first layer was associated with a fractured lapilli tuff, 

with an average Vp of 695 m/s. In comparison, the second 

stratum had an average Vp of 2019 m/s, correlating with 

sequences of thick tuff, fine tuff, and tuffaceous shales. These 

lithological sequences predominate in seismic refraction lines 

2 and 3, with Vp variations in the first layer between 557-702 

m/s and in the second layer between 2019-2725 m/s. 
 

 
 

Figure 8. Seismic model 2 

 

 
Figure 9. Seismic model 3 

 
4.2 Geotechnical characterization 

 
Tables 3 and 4 summarises the geotechnical results, which 

indicate that the soil of the study area is composed of gravel-

sand, lapilli tuff, and sequences of coarse tuffs, fine tuffs, and 

tuffaceous shales. 

 

Table 3. Physical and engineering properties - Rotary rock drilling 

 
Parameters / Drill Gravel and Sand Lapilli Tuff Sequences of Coarse Tuffs, Fine Tuffs, and Tuffaceous Shales 

Maximum Thickness (m) 0.5 22.01 34.24 

N SPT 22.01 - - 

UCS (MPa) 19-27-28 27.25 97.58 

Rigidity Module (MPa) - 180.99 73.79 

Bulk Density (g/cm3) - 2.314 2.185 

Dry Density (g/cm3) - 2.195 2.096 

Digability for Excavator D10 Caterpillar Excavable Excavable Marginal 

 

Table 4. Physical and engineering properties - Test pits 

 
Parameters / Pit  1 2  3 4 5 12 20 

Depth (m) 0-0.3 0-0.6 0-0.5 0-2 0-0.6 1,5 1.5 

SUCS Classification GP-GC GP-GC SC CH GP-GC CH CH 

Liquid Limit (%) 45 39 32.1 55 34 94.4 53.9 

Plastic Limit (%) 22 20 22.4 26.4 19 36.86 27.49 

Plasticity Index (%) 23 19 9.7 28.6 15 57.54 26.41 

Optimum Moisture Content (%) 20.40 15.20 16.50 20.50 13.10 13.00 23.90 

Maximum Dry Density (kg/m3) 1665 1778 1665 1688 1806 1612 1382 

C.B.R. (95%) 15 18 15 5 19 - - 

 

4.3 Geological-geotechnical-geophysical correlation 

 

 
 

Figure 10. Geological section, cross section A-A’ (Figure 3) 

 

VES and seismic refraction models were correlated using 

rotating drilling. Two geological sections (Figures 10-11) 

were prepared using the information obtained from the 

drillings, test pits, geophysics, and field trips. These profiles 

were used to correlate the geophysical and geotechnical tests. 

In sections A-A' and B-B' of NNE-SSW orientation, lapilli tuff 

geological units were established with a maximum thickness 

of 10.22 m and sequences of thick tuffs, fine tuffs and 

tuffaceous shales up to 19.41 m thick. 
 

 
 

Figure 11. Geological section, cross section B-B’ (Figure 3) 
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4.4 Design parameters for building development 

 

According to NEC-15, the soil profile is classified as type 

B, corresponding to a rock profile with medium rigidity. The 

response spectrum was plotted on site using the methodology 

described in Section 3.3 and Figure 4 of the NEC-15 (Figure 

12). Due to municipal restrictions on university campuses, the 

spectrum calculation considered the construction of buildings 

of up to four stories. This reduces the risk of earthquakes when 

combined with a type B soil profile. 

Additionally, an example of applying the geotechnical 

parameters obtained in this investigation to calculate the 

bearing capacity of the soil is presented. The analysis 

considered square footings of 1.3 m wide and 1 m deep 

foundations in the ZEDE. The physical and engineering 

properties used in the calculation are listed in Table 5, and the 

ultimate bearing capacity results are presented in Table 6. 

 
 

Figure 12. Design spectrum for soil profile type B and 

Z=0.4g 

 
Table 5. Summary of properties of rock material 

 
Property Symbology Value Unit 

Unit weight ɣ  0.020 MN/m3 

Cohesion c 0.0338 MPa 

Friction angle Φ  60.09 o 

Rock Quality Designation RQD 39% % 

 
Table 6. Bearing capacity of foundation on rock 

 
Description Symbology Value Units 

Bearing capacity factor for non-cohesive component of soil Nc 981.57 - 

Bearing capacity factor for surcharge Nq 2750.60 - 

Self-weight bearing capacity factor Ny 2751.60 - 

Equivalent surcharge load at the footing base Q 0.02 MN/m2 

Footing Base B 1.30 m 

Depth of the foundation Df 1.00 m 

Bearing capacity qu 516.41 MPa 

Ultimate bearing capacity as function of RQD qu (modified) 78.55 MPa 

Safety factor SF 3.00 - 

Allowable bearing capacity qall 26.18 MPa 

Maximum Structural Load qmax 0.04 MPa 

 

 
 
Figure 13. Minimum safety factor obtained in the study area 

 
This study evaluated the static and seismic stabilities of the 

most critical slope profiles (Figure 13). The values of SF under 

static conditions range from 3.1-15.7 and pseudostatic 

between 2.0-7.7. Figure 14(a) shows a map according to the 

results of the SF in pseudostatic conditions, observing a 

classification according to the risk of landslides. 

For the correlation analysis, the weighted parameters 

determined the level of risk according to geology and FS 

(Table 3). The geology presented a range of weighted values 

from 1-3, with alluvial soil being the one with the highest risk 

in the face of seismic threat, owing to its low undrained shear 

strength. Conversely, tuffaceous shale was found at the 

greatest depth in the material with the highest UCS value. The 

zoning of the correlation between natural stability, geology, 

geophysics, and drilling data made it possible to define three 

risk ranges for instability in the sector, constituting the 

construction's referential zoning map. The results indicate that 

approximately 25% of the study area presents a construction 

risk classified as high. This contribution is significant for 

companies that start their businesses entrenched in civil 

construction and soil characterization (Figure 14(a) and Figure 

14(b)). 
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Figure 14. (a) Stability map according to analysis of critical profiles, (b) Zoning of the relationship of natural stability and 

geology-geophysics data 

 

 

5. DISCUSSION 

 

The combination of geophysical methods and geotechnical 

investigation allowed the characterisation of the soil of the 

study area with greater detail and low investment. In the 

geophysical analysis, Vp and electrical resistivity values were 

corroborated by direct correlation with the stratigraphic 

columns obtained from the drillings and test pits. These 

correlation results determined that the distribution of materials 

as a function of depth consists of gravel sand, lapilli tuff, and 

sequences of coarse tuffs, fine tuffs, and tuffaceous shales.  

Drill holes 2, 3 and 4 corroborated the presence of lapilli 

tuff from 0.5 to 5 m deep, with Vp ranges of 557-702 m/s and 

electrical resistivity of 226-786 Ω·m. The values obtained are 

consistent with the values of Vp (500-1650 m/s) and electrical 

resistivities (576-25,000 Ω·m) of different types of lapilli tuffs 

determined by Paembonan et al. [63] and Fernández et al. [64] 

with tuff resistivities ranging from 212 to 655 Ω·m and 200-

1000 m/s in surveys developed in El Hierro, Spain. In this 

investigation, they carried out similar tests to obtain a 

geological correlation and a geotechnical characterization for 

a hydroelectric plant but using electrical tomography (not 

VESs). Maryadi et al. [65] in Balten-Indonesia, reported Vp 

velocities between 565.00-738.00 m/s for lapilli tuffs. In this 

investigation, they carry out a literature review to determine 

the geology of the study area, with corroboration from seismic 

refraction tests. But to guarantee the distribution of the subsoil, 

it would be necessary to apply a direct exploration method 

(e.g., drilling or pits). 

The average Vs in the first 30 m of the study area was 885 

m/s, and the soil profile was type B according to the NEC-15. 

This profile corresponds to a rock with medium stiffness, 

which is consistent with the results of the UCS tests. The 

municipal regulations of the site allow for the construction of 

buildings with up to four floors. The structural load of a four-

story building was approximately 0.04 MPa. The bearing 

capacity of the soil in the study area was up to 26.10 MPa; 

therefore, it supported higher structural loads. However, the 

construction of other types of structures requires further 

analysis. The slopes of the dam are stable and meet the 

requirements. 

The characterisation and corroboration of the materials in 

the subsoil of the study area are essential for determining the 

degree of stability of the ground and its ability to support 

different structural loads [66]. These considerations must 

always be adequately considered in territorial planning 

processes; otherwise, structures could be affected by seismic 

activity, settlements, or landslides [67, 68]. Some notable 

cases of this problem were the leaning of the Tower of Pisa, 

the rockslide of the Vajont dam, and the collapse of a group of 

silos in Canada in 2016 [69, 70]. 

Knowledge of the properties and classification of the 

subsoil of the economic development zone of the university 

campus will influence the criteria, construction proposals, and 

decision-making in land use planning. This type of 

consideration of the subsoil will contribute to a great extent to 

the sustainable development of the sector and national 

companies that strengthen the economy of a country 

generating sources of employment. 

It should be noted that the study area covers approximately 

12% of the total area of ZEDE. Therefore, the methodology 

represents a referential pilot study with integral characteristics 

incorporating geophysics, geology, drillings, and test pits. In 

addition, the natural stability of the terrain, owing to its texture 

and geomorphology, was analysed. Integrating these criteria 

allows referential zoning for construction and decision-

making in territorial planning. The determination and 

identification of the variation of materials in the subsoil allow 

calculations of the safety factor, the response spectrum of the 

local site considering triggering factors such as seismic 

activity for the design of the foundation and buildings, bearing 

capacity to establish the type of infrastructure that can be built 

in the ZEDE and the design of the foundations to be 

implemented depending on the area. However, depending on 

the type of civil work, the investigation must be deepened by 

carrying out additional studies in which soil exploration and 
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geophysical-geotechnical campaigns are increased. A 

hydrological study is also necessary to verify the flooding 

level of a dam to determine the excavation level. Another 

aspect to address in future research is territorial and urban 

planning for ordering space according to the type of industry 

and needs of the study area. In this way, all essential aspects 

of the development of ZEDE are covered. 

The zoning of the natural stability of the land will allow an 

analysis of the impact of anthropic activities, determining the 

areas of greatest risk generated by the constructions that imply 

land cuts, filling platforms, and increased loads and unloading 

acting. Based on the correlation of the geophysical and 

geological campaigns, it is possible to make a three-

dimensional model using software such as Geomodeller, to 

know the variation of the materials in the subsoil, allowing 

future companies to identify the areas of greatest interest and 

stability of study and analysis. 

 

 

6. CONCLUSIONS 

 

ZEDE has a large area within a university campus, but it 

needs more information and studies to develop and install 

companies. The stability conditions for the constructions 

within the area were determined through the characterisation 

and geological-geophysical and geotechnical correlation. In 

addition, with the analysis of the geomechanical properties of 

the terrain based on correlations, it was possible to establish 

reliable zoning of the bearing capacity of the area where the 

construction will be carried out. Consequently, it was found 

that the subsoil of the study area consists of gravel sand, lapilli 

tuff, and sequences of thick tuffs, fine tuffs, and tuffaceous 

shales. The solid information was validated by analysing the 

test pits' rock cores and soil samples. 

The most suitable areas for construction were defined based 

on the types of materials that comprise the subsoil and the 

natural stability of the slopes. Additionally, the necessary 

parameters for the development of buildings in ZEDE were 

calculated, such as the response spectrum on site, load capacity 

of the soil, and zoning map of the natural stability of the terrain.  

In the pilot zone, the safety factor varies from 1.50 to 1.05 

in static and dynamic conditions, with a bearing load of up to 

26.10 MPa, allowing the construction of more than four-story 

structures. In the referential zoning for buildings, a high-risk 

area is presented in the event of a seismic threat in the alluvial 

material because of the low resistance to the undrained shear 

of the materials. 

This research presented a comprehensive methodology that 

includes geophysical, geotechnical, and geological studies 

essential for the feasibility analysis of construction projects. 

More detailed information is obtained using the proposed 

methods compared to conventional geotechnical 

investigations. In addition, it represents an economical, 

practical, and reliable alternative when information from 

drillings is limited. Therefore, this methodology, which allows 

referential zoning for construction and the results of this 

research applied to the pilot zone (representing 12% (16 ha)), 

can be replicated in any construction project, in which case, a 

pilot test should be extended to the entire ZEDE (88% of the 

remaining area). These types of studies are required to comply 

with the local standard for civil construction, and they ensure 

that ZEDE's territorial planning foresees any contingency in 

infrastructure design. With zoning, it is possible to identify the 

characteristics of the soil and sectors for any construction, 

establishing the safety conditions concerning geology, 

saturation zones, geomechanical properties and the natural 

stability of the terrain. These results will allow companies to 

develop their activities with studies and research that facilitate 

their installation and execution processes required by national 

and international construction regulations. 

The integration of several techniques allows a detailed 

characterization due to the implementation of indirect methods 

to identify materials and areas of interest at depth before 

drilling. The data obtained from the correlation between 

geophysics and geotechnics allows covering areas with little 

information based on the materials' geomechanical properties, 

resistivity, and P wave velocity. The combination of these 

methods allows greater accuracy of the data, a more extensive 

mapping and greater profitability in the execution of 

preliminary studies of civil works. 

In the area where the infrastructure risk construction is 

higher, the combination of geophysical tests, such as the 

implementation of electromagnetic soundings or geoelectrical 

tomography, and more drillings, will allow a more detailed and 

in-depth description and characterization of the cross sections 

on the geology from the area. Also, complementary studies, 

such as hydrological studies, could be implemented to 

determine the flood level of the dam and prevent flooding in 

areas of alluvial materials. 
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