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Abstract: This paper describes an in-depth soil characterization study in the La Carolina financial
district of Quito (Ecuador). As there was very little information available on the geotechnical structure
of Quito’s volcanic soil, particularly in this area, where large-scale property development has taken
place, the aim was to provide information on soil parameters to engineers working on large geotech-
nical and civil engineering projects based on the results of a thorough and comprehensive study of
such properties. A series of field tests were performed at three different sites, where thin-walled tube
samples were collected for lab testing to estimate the index properties and mechanical parameters.
These index properties were then combined with conventional two-way drainage oedometer tests
and stress-path triaxial testing to evaluate compressibility, stiffness and strength. The subsoil was
found to be partly composed of slightly overconsolidated volcanic soils. X-ray Diffraction (XRD)
and Scanning Electron Microscopy (SEM) analyses were also conducted to determine mineralogical
and microstructural features and evaluate their influence on the mechanical behavior of the volcanic
soil. This type of research is frequently applied to the study of landslides in urban environments,
where it is essential to understand their failure mechanisms, especially in slopes generated by the
construction of important engineering works. Therefore, based on this geotechnical characterization
study, parameters were subsequently determined for the Mohr–Coulomb (MC), Hardening Soil (HS),
and Hardening Soil with Small-Strain Stiffness (HSsmall) soil constitutive models, and these were
applied to a numerical study of the Soil Nailing system behavior for the construction of a five-level
underground car parking structure of an important building located in the north-central sector of the
city of Quito. It was verified that the HSsmall and HS constitutive soil models better reproduce the
behavior of this type of structure. Finally, the multiple geotechnical parameters determined in this
study significantly contribute to the analysis of these structures in this soil type.

Keywords: in situ testing; laboratory tests; index properties; strength properties; underground car
parking; soil nailing

1. Introduction

Quito is in the Guayllabamba river basin at the foothills of the Pichincha volcano in
northern Ecuador. The aim of this experimental study was to evaluate the geotechnical
soil characteristics in the La Carolina district (Figure 1) based on the results of routine and
advanced lab and field tests. As few studies of this nature have been conducted in the
city, a thorough study of the soils in this district could prove to be of great assistance to
engineers and city planners.
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Figure 1. Map of Ecuador showing Quito, its capital, and the La Carolina sector. 

The north-central zone of the city of Quito is characterized by moderate-to-large 
streets and avenues, with tall modern buildings and multi-story underground car parks, 
and thus, it was considered essential to carry out an extensive geotechnical study given 
the sparse amount of available information. 

The subsoil in the zone object of this study comprises volcanic soils. As background 
information, Ecuador is a country with a great deal of volcanic activity and many volca-
noes; however, very few complete studies have been carried out to characterize these 
types of materials [1]. For example, O’Rourke and Crespo [2] studied the volcanic soils in 
the eastern zone of the city of Quito; Belloni and Morris [3] studied the behavior of vol-
canic debris soils as they relate to slope stability in the El Reventador Volcano zone, lo-
cated some 100 km northeast of the city of Quito, in the northern zone of eastern Ecuador, 
and Vezzoli et al. [4] performed a characterization study of the pyroclastic deposits from 
the Cotopaxi Volcano, which is located some 75 km southeast of the city of Quito. In the 
northern Andes, the Ecuadorian arc features a significant number of Quaternary volca-
noes distributed in a relatively confined area [5]. Therefore, research groups such as San-
tamaria et al. [6], Andrade et al. [7], and Nauret et al. [8] have investigated important 
volcanoes in the central and northern regions of the Ecuadorian territory. 

Volcanic soils constitute one of the most widely distributed groups in the world, es-
pecially in the Central and South American zones, Pacific Ocean islands, and the Carib-
bean, Africa, and Indonesia [9]. Thus, authors such as Bommer et al. [9], Crosta et al. [10], 
Gonzalez de Vallejo et al. [11], del Potro and Hürlimann [12], and Brandes and Nakayama 
[13] have presented various detailed surveys on volcanic soils at the international level, in 
which they present the different characteristics of these soils, focusing mainly on their 
basic properties, soil classification, compression and strength properties. However, stud-
ies carried out by researchers such as Hürlimann et al. [14], Moon et al. [15], Avşar et al. 
[16], and Okewale and Coop [17], in addition to the abovementioned properties, also in-
clude mineralogy and microstructure analyses. Some of the abovementioned studies are 
consistent in that volcanic soils mainly characterized by their high porosity and low bulk 
density were predominantly made up of silts and sands. Other studies are also in agree-
ment for lightly cemented volcanic soils, such as the surveys by Yamanouchi and Murata 
[18] in their study of Japan’s volcanic soils. 

This study was carried out at three boreholes strategically distributed throughout the 
area that coincide with the construction of important building projects, designated as 
AMA1 (Río Amazonas Avenue), JAP1 (Japón Street), and AUS1 (Austria Street), using the 
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The north-central zone of the city of Quito is characterized by moderate-to-large streets
and avenues, with tall modern buildings and multi-story underground car parks, and thus,
it was considered essential to carry out an extensive geotechnical study given the sparse
amount of available information.

The subsoil in the zone object of this study comprises volcanic soils. As background
information, Ecuador is a country with a great deal of volcanic activity and many volcanoes;
however, very few complete studies have been carried out to characterize these types of
materials [1]. For example, O’Rourke and Crespo [2] studied the volcanic soils in the eastern
zone of the city of Quito; Belloni and Morris [3] studied the behavior of volcanic debris soils
as they relate to slope stability in the El Reventador Volcano zone, located some 100 km
northeast of the city of Quito, in the northern zone of eastern Ecuador, and Vezzoli et al. [4]
performed a characterization study of the pyroclastic deposits from the Cotopaxi Volcano,
which is located some 75 km southeast of the city of Quito. In the northern Andes, the
Ecuadorian arc features a significant number of Quaternary volcanoes distributed in a
relatively confined area [5]. Therefore, research groups such as Santamaria et al. [6],
Andrade et al. [7], and Nauret et al. [8] have investigated important volcanoes in the central
and northern regions of the Ecuadorian territory.

Volcanic soils constitute one of the most widely distributed groups in the world, espe-
cially in the Central and South American zones, Pacific Ocean islands, and the Caribbean,
Africa, and Indonesia [9]. Thus, authors such as Bommer et al. [9], Crosta et al. [10],
Gonzalez de Vallejo et al. [11], del Potro and Hürlimann [12], and Brandes and Nakayama [13]
have presented various detailed surveys on volcanic soils at the international level, in which
they present the different characteristics of these soils, focusing mainly on their basic proper-
ties, soil classification, compression and strength properties. However, studies carried out by
researchers such as Hürlimann et al. [14], Moon et al. [15], Avşar et al. [16], and Okewale
and Coop [17], in addition to the abovementioned properties, also include mineralogy
and microstructure analyses. Some of the abovementioned studies are consistent in that
volcanic soils mainly characterized by their high porosity and low bulk density were pre-
dominantly made up of silts and sands. Other studies are also in agreement for lightly
cemented volcanic soils, such as the surveys by Yamanouchi and Murata [18] in their study
of Japan’s volcanic soils.

This study was carried out at three boreholes strategically distributed throughout
the area that coincide with the construction of important building projects, designated
as AMA1 (Río Amazonas Avenue), JAP1 (Japón Street), and AUS1 (Austria Street), using
the Standard Penetration Test (SPT) to measure each meter of depth to a depth of 25 m.
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The locations of the three boreholes are shown in Figure 2. The lab tests carried out at the
Geotechnical Engineering Laboratory of the Universitat Politècnica de València (Spain) on
disturbed and undisturbed samples from boreholes AMA1, JAP1, and AUS1 (which were
stored in the laboratory’s humidity chamber at a constant relative humidity of 100%) were
based on four main characteristics: the index, compression, and strength properties, as well
as deformation parameters under deviatoric loading.
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Figure 2. Locations of the three boreholes.

Furthermore, as part of this study, X-ray Diffraction (XRD) and Scanning Electron
Microscopy (SEM) analyses were conducted to obtain the mineralogical and microstructural
characteristics and obtain further parameters to compare with the volcanic soil studies
carried out by other researchers.

Comprehensive geotechnical characterization studies are applicable to the investi-
gation of landslides in urban environments in their different phases of analysis, design,
monitoring, or landslide prevention. These natural (geological) or anthropogenic disasters
demand specialized studies. Among the geological factors that can be mentioned are the
presence of incompetent lithology, fault zones, slopes with high critical angles, and seismic
activity. In terms of anthropogenic factors, there are modifications of slope gradients,
constructions on slopes, and vibrations produced by heavy traffic [19]. Furthermore, a
combination of factors, such as dense urban development, mountainous terrain, and intense
seasonal rainfall, has led to serious landslide issues [20]. However, slope failure mainly
occurs during heavy rainfall events when slow-moving regressive landslides turn into
earth flows and mudflows [21].

Human activities are often responsible for inducing landslides in populated areas [22–25].
Excavation-induced landslides are typically observed in mining areas, particularly in sectors
where hydrogeological conditions contribute to slope instability. However, such landslides
are particularly prevalent in urban environments where human activities involve construction
work, with or without excavation. Landslides often follow unplanned excavations, but
uncontrolled loading resulting from any type of construction work in the upper part of a slope
may also trigger a landslide. Additionally, new human settlements frequently necessitate
urban and industrial development in steeply sloping mountainous regions, rendering these
areas vulnerable and increasing the likelihood of landslides.
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The stability of a slope resulting from excavation has always been a contentious is-
sue. According to Burland et al. [26], Tsidzi [27], Bozzano et al. [28], Erginal et al. [23],
and Zhang et al. [25], slope failure is caused by the release of induced stresses due to
excavation. Many studies have demonstrated that geological and geotechnical investi-
gations are essential to comprehend the failure mechanism of an earth structure, which
will enable the creation of an appropriate geological model in numerical simulations [25].
Due to congested urban environments, current deep excavations are complex and require
more specialized analyses to meet the needs of all stakeholders [29]. On the other hand,
insufficient geotechnical and geological investigations and the inadequate interpretation of
ground conditions often lead to slope failure and the subsequent costs of repair work [30].
All of the above clearly justifies the need for a comprehensive geotechnical characterization
study for landslide analysis and evaluation.

Throughout history and across the globe, numerous landslides induced by prior
human activities have been identified. In Busan (South Korea) in the late 1990s, cut slopes
were created on a hillside to provide space for housing and industry. However, later
analyses revealed that the original investigations, designs, and subsequent studies were
inadequate, resulting in the slope failing six times despite nine reassessment surveys
and the implementation of various remediation alternatives over a 7-year period until a
catastrophic collapse occurred in 2002 [30].

In contrast, in Praia de Boa Viagem (Brazil) in 2003, a 31-meter excavation was car-
ried out to construct a building. To ensure stability, two levels of anchored walls were
planned. However, when the upper wall was nearly completed, a crack appeared at its top,
prompting a halt to construction for further investigation [31]. These studies revealed the
presence of clay minerals with high activity and low shear strength that were not identified
in the initial study. Consequently, the walls were reinforced with additional anchors, and a
Soil Nailing system was incorporated. During and after the construction, the excavation
was monitored using load tests on the anchors, inclinometers to control horizontal ground
deformations, and an electronic distance-measuring device to monitor horizontal and
vertical ground surface and wall movements. Strain Gauges were also installed on the steel
bars to monitor their tension.

In March 2011, a landslide took place on a slope around 18.3 m in height in Santa Clara,
California (USA), and according to specialized studies conducted afterward, it was found
that the landslide was induced by a significant cut made in the terrain along the bottom of
the slope between 2000 and 2004 [32]. Before the landslide, a residential structure had been
constructed near the slope’s base.

On the other hand, given the involvement of anthropogenic factors, the construction
of geotechnical engineering works commonly generates risks that require special attention.
Thus, in the construction of most underground building structures in the Ecuadorian capital,
the Soil Nailing technique is frequently applied during the excavation process as a method
for reinforcing the ground during the excavation process, with some variations according to
the equipment available in the region and the specifications of each project. However, this
technique, which has proved to be effective for the management of soil excavations in the
city of Quito, currently lacks local research, whether theoretical, numerical, or experimental,
based on the geotechnical properties of the volcanic soils that characterize the area [1].

The Soil Nailing technique has been successfully applied globally to slope stabilization
in several geotechnical engineering projects in countries such as the United States [33],
Chile [34], China [35], Ireland [36], and Brazil [31], among others. Similarly, several
numerical studies of the behavior of this type of structure have been carried out, such as
those presented by Fan and Luo [37], Singh and Sivakumar Babu [38], Wei and Cheng [39],
Rabie [40], Rawat and Gupta [41], Bayat et al. [42], and Capa et al. [43], among others.
These investigations have verified the technique’s high degree of efficiency in its practical
application and are supported by important numerical analyses.

In view of the above and as an application to the geotechnical characterization study,
a numerical analysis is presented using the finite element method with PLAXIS 2D [44,45]
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of a typical Soil Nailing structure for the construction of a building with 5 underground
parking levels (h = 15.5 m) and 15 stories in height. This building was constructed from
2017 to 2020 and is located precisely in the area of the JAP1 borehole (Figure 2), in the
north-central area of the city of Quito. For the analysis with PLAXIS 2D [44–46], the
Mohr–Coulomb (MC), Hardening Soil (HS), and Hardening Soil with Small-Strain Stiffness
(HSsmall) soil constitutive models were considered. This analysis focuses primarily on the
evolution of tensile forces in the anchor bars and the analysis of horizontal displacements
of the facing and settlements in the soil induced by basement-level construction. This
research additionally includes an analysis of the factors of safety (FoSs) established during
the different construction phases and carried out by means of limit equilibrium methods
and the finite element method.

The analysis of all the aforementioned variables is crucial in the stability study of
ground reinforcement structures applied in the field of urban excavations in civil construc-
tion works. Naturally, having comprehensive geotechnical characterization studies also
allows for the creation of numerical models that more accurately reflect reality.

2. Geological Setting

The Ecuadorian Andes mountain range covers an area of approximately 650 km
by 150 km [47], which crosses Ecuador from the south to the north, predominately in
the NNE–SSW direction [48]. This mountain chain began to develop at the end of the
Cretaceous period as a result of the subduction movements of the Nazca Plate and the
Carnegie Ridge (an underwater mountain ridge situated on the Nazca Plate) under the
South American plate, generating a compressive tectonic regime dominating from E-W
up until present times [47–49] (Figure 3). The Carnegie Ridge is emerging in the active
Galapagos hotspot [50].

In Ecuador, the volcanic arc related to the subduction of the Nazca Plate has a width of
120 km and is divided into three regions: the forearc, extending along the Western Range or
Cordillera Occidental; the main arc, situated in the Eastern Range or Cordillera Real; and
the back-arc, located in the upper Amazon regions. The volcanoes in the forearc (Pululahua,
Atacazo, Illiniza, Quilotoa, and the Pichincha Volcanic Complex) are mainly dacitic centers,
whereas those in the main and back-arc (Antisana, Cotopaxi, Tungurahua, Sangay, and
El Reventador) are mainly andesitic in composition [51]. The Inter-Andean Depression,
which has been evolving since the Miocene epoch [52,53], is located between the Western
Range and the Eastern Range. During the development of the Inter-Andean Depression,
tectonic rearrangements of the Late Miocene progressively led to the formation of various
basins that were filled with alluvial, fluvial, lacustrine, and volcanic deposits, including the
Quito Basin [54].

The urban area of Quito is situated within the Quito Basin, oriented in a north–south
direction. The study area is positioned to the east of the Pichincha Volcanic Complex. The
Quito Basin’s eastern boundary is defined by an actively moving reverse fault that dips
toward the west [55]. The curved geometry of this fault is likely a consequence of the
Pichincha Volcanic Complex’s propagation [51].

In terms of stratigraphy, the area of interest (north-central Quito) corresponds to
recent deposits that rest on the Cangahua Formation (tufa and volcanic ash from the
Quaternary period). The northern, southern, and eastern zones of the area of interest are
stratigraphically characterized by lacustrine fluvial sedimentary deposits [56] with clearly
defined stratified layers of sandy silts and dark brown, light brown, and yellowish-gray
sands, with some pumice lapilli. Decomposed organic matter is present in most of the
surface layers. The western zone consists of a colluvial deposit [56] with no clear deposition
sequence and generally consists of materials of varied granulometric size, including gravel
and boulders.
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On the other hand, the geological and geotechnical study for Line 1 of the Quito
Metro [59] indicated the presence of surface fill soils in several areas of La Carolina. How-
ever, in the three drillings carried out during this study and located relatively close to the
Quito Metro study, we did not detect any such materials.

3. Geotechnical Characterization Study
3.1. In Situ Testing and Soil Samples
3.1.1. Standard Penetration Test

The most widely used and cost-effective in situ test to obtain subsurface information
is the Standard Penetration Test (SPT), which measures soil resistance to penetration at any
given depth. It can also be used to estimate the properties of granular soils [60], correlate
the undrained shear strength of cohesive soils, and calculate the soil-bearing capacity and
settlement. In this study, the SPT was carried out in accordance with the ASTM D1586



Sustainability 2023, 15, 8272 7 of 31

standard [61]. Figure 4a shows the penetration depth plotted against the number of blows
(NSPT) obtained for the penetration resistance test in boreholes JAP1, AMA1, and AUS1.
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boreholes JAP1 and AMA1.

Furthermore, the preconsolidation stress was estimated by oedometer testing. Figure 4b
shows the corresponding overconsolidation ratios (OCRs). The values range from 1.62 at a
depth of 3.5 m to 1.30 at 14.5 m.

3.1.2. Soil Sampling

A geotechnical site investigation is the process of soil characterization, which requires
undisturbed high-quality samples. Tube sampling is the easiest and most cost-effective
manner of sampling, although it has been associated with sample disturbance. In this study,
600 mm × 78 mm diameter stainless-steel tubes and a wall thickness of t = 1.50 mm were
used to collect samples from boreholes JAP1 and AMA1. The ratio of the external diameter
to wall thickness, De/t, was 50.7, which is higher than the minimum De/t recommended
by Ladd and DeGroot [62].

3.2. Index Properties and Soil Composition

All sample testing was carried out in accordance with ASTM [63] and UNE [64]
standards. This section provides the index properties and soil composition data obtained
from the tests.

3.2.1. Natural Water Content and Atterberg Limits

Variation values of the natural water content (wnat), liquid limit (LL), and plastic limit
(PL) are shown in Figure 5a–c. The depth profile of natural water content in borehole JAP1
ranged from 13% to 50% and decreased normally with depth to 16 m. In AMA1, a uniform
range of values was found from 12% to 26%, while in AUS1, the natural water content
distribution was between 9% and 33%. The plastic limit (PL) ranged from 16 to 34 (average
~25), while the liquid limit (LL) values ranged from 18 to 64 (average ~35). Figure 5d shows
the depth profile of the liquidity index (LI), which ranges from −2.0 to 1.0.
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Figure 6 shows Casagrande plasticity charts for samples from boreholes JAP1, AMA1,
and AUS1. It is evident that all the samples lie close to the A-line. Most of those from JAP1
are classified as silts and clays with low-to-high plasticity, while most from AMA1 and
AUS1 are silts and clays with low-to-intermediate plasticity.
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3.2.2. Particle Size Distributions

Figure 7a shows the particle size distribution profiles for specimens from borehole
JAP1. Silt content ranged from 37 to 64% (average ~53%) between depths of 1.0 m and
14.5 m, although sand content was predominant below the 14.5 m level, with maximum
values up to 71%.
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Figure 7b shows that the particle size distribution for samples from borehole AMA1
is fairly constant at all depths, and sand content ranged from 28% to 75% (average ~52%).
Figure 7c shows the particle size distribution for specimens from borehole AUS1, in which
fine content was predominant throughout (42% to 84%). According to the Unified Soil
Classification System (USCS), these soils are classified as ML, MH, CL, CL-ML, and SM. By
way of comparison, the volcanic soils from the eastern zone of the city of Quito studied
by O’Rourke and Crespo [2] were found to consist of material containing approximately
60–65% fine sand and 10–15% clay by weight, with the remaining fraction being silt.

3.2.3. Specific Gravity and Bulk Density

The specific gravity values are reported in Figure 8a. In general, these values are
between 2.35 and 2.65 in borehole JAP1. In AMA1 samples, these range from 2.61 to 2.70
and from 2.50 to 2.55 in AUS1. The studied soils presented low specific gravity values, in
agreement with those found by O’Rourke and Crespo [2], Bommer et al. [9], Crosta et al. [10],
and Avşar et al. [16].

Bulk density values are shown in Figure 8b. The values measured for samples range
between 1.44 and 1.91 Mg/m3 in JAP1, between 1.80 and 2.03 Mg/m3 in AMA1, and
between 1.62 and 1.73 Mg/m3 in AUS1. Bulk density values were found to be low, as in
O’Rourke and Crespo [2], Hürlimann et al. [14], Bommer et al. [9], Crosta et al. [10], and
Avşar et al. [16].
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3.2.4. Void Ratio and Porosity

Void ratio values are shown in Figure 9a. These vary between 0.88 and 1.92 in JAP1
and between 0.49 and 0.99 in AMA1. These void ratio values are within the range of
those of the volcanic soils studied by O’Rourke and Crespo [2], Hürlimann et al. [14], and
Bommer et al. [9].
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Figure 9b shows the porosity values, which were found to range between 47% and
66% in JAP1 and between 33% and 50% in AMA1. Likewise, the studied soils have high
porosity values, in agreement with the volcanic soil studies by O’Rourke and Crespo [2],
Hürlimann et al. [14], Bommer et al. [9], and Avşar et al. [16].

3.2.5. Carbonate Content and Organic Content

The Bernard Calcimeter method was used to determine the calcium carbonate content
of the specimens obtained from boreholes JAP1 and AMA1. The carbonate content variation
with depth is shown in Figure 10a. The values range from 4.0% to 5.7% for the samples
from JAP1 and between 3.7% and 6.2% for the specimens from AMA1.
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The potassium permanganate method was used to determine the organic content (OC)
of samples from JAP1 and AMA1. Figure 10b shows the organic content variation with
depth, which ranges between 0.35% and 3.61% for specimens from JAP1 and between
0.76% and 2.05% for those from AMA1. In both cases, the values show a clear tendency to
decrease with depth.

3.2.6. Mineralogy

Quantitative X-ray Diffraction (XRD) analyses (Table S1) were performed on samples
from JAP1 and AMA1 to determine the breakdown of soil mineral crystal structure pa-
rameters. Prior to XRD analysis, the samples were dried to remove moisture content and
powdered until the grain could pass through an 80 µm sieve. The mineral composition of
the soils was determined by XRD analysis on both randomly oriented powder and oriented
aggregates [65]. The studied samples were composed of plagioclases (7.5–69.2%), pyrox-
enes (1.4–32.3%), amphiboles (7.0–27.9%), phyllosilicates (0.0–4.8%), inosilicates (0.6–4.6%),
silica (0.9–9.5%), sulfides (1.1–2.6%), and carbonates (0.5–2.3%). Detailed results obtained
from the quantitative analysis of the mineral data are provided in Figure 11.
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3.2.7. Microstructure

Scanning Electron Microscopy (SEM) was performed with a Model JSM 6300 Scanning
Microscope using intact oven-dried samples. Plagioclase, Augite, Tremolite, Diopside, and
Cristobalite–Quartz are dominant in each sample, consistent with the values recorded in
the mineralogical analysis (Mineralogy section). Figure 12 shows the microstructures of
specimens from JAP1 and AMA1. Gas bubbles and organic matter can be identified in
Figure 12b and could be the main reason for the low density values.
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3.3. Compression Properties

Conventional two-way drainage oedometer tests were carried out on undisturbed
specimens to evaluate the soil compression parameters, in accordance with the ASTM
D2435 standard [66]. The diameters of stainless-steel oedometric rings used were 45 mm,
50 mm, and 70 mm, with a height of 20 mm. Each load increment was maintained for 24 h.
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Overburden stress was increased from 5 kPa to 1000 kPa, but some samples were loaded
up to 2000 kPa.

It is common and frequent for these types of tests to be performed on samples of clayey
strata. However, in this study, oedometric tests were carried out on samples comprising
mostly sand, an uncommon situation that is nevertheless not incorrect. On the contrary,
oedometric curves that can be applicable to the analysis of vertical deformations in terrain
with volcanic soils consisting mostly of sand, under different load solicitations, were
determined. In this study, all samples from borehole AMA1 were composed of silty sands.

To make the research more comprehensive, repetitive instances of “load-unload-reload-
unload” states were performed on several samples, which required many days of analysis,
considering that each load and unload step represents a day of testing. However, this allowed
for verification that the unload curves are practically parallel in both unload instances.

Additionally, advanced soil constitutive models such as Hardening Soil (HS) and Hard-
ening Soil with Small-Strain Stiffness (HSsmall) require the oedometric tangent modulus,
which is precisely determined through these tests [46]. Therefore, a practical application
that normally yields consistent and more reliable results is the analysis of Soil Nailing
retaining structures with these soil constitutive models. These structures are common
in the control of landslides in urban environments and often have multilayer strata with
variations of fine soils and sandy soils, and thus, conducting such oedometric tests on
sandy soils is clearly justified.

Figure 13 shows typical one-dimensional compression oedometer test results for samples
from boreholes JAP1 and AMA1 in terms of the effective stress and the corresponding void ratio.
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For the JAP1 borehole, the compression index (Cc) sample values range between 0.15
and 0.36, and the swelling index (Cs) values are in the range of 0.02 to 0.05. AMA1 has Cc
values between 0.06 and 0.30 and Cs values between 0.01 and 0.02.

Figure 14a shows the relationship between the compression index (Cc) and the natural
moisture content (wnat) and liquid limit (LL) for soils from JAP1 and AMA1. Figure 14b
shows the correlation between the swelling index (Cs) and the natural moisture content
(wnat) and liquid limit (LL). Figure 14c shows the relationship between compression (Cc)
and swelling indexes (Cs) versus initial void ratios (e0). Cc generally presents a good
correlation with e0 or wnat for most clay types [67].
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Empirical formulas are obtained for the soil of the study area, according to Figure 14.

Cc = 0.0049 (wnat − 1.47) (1)

Cc = 0.0061 (LL − 16.50) (2)

Cc = 0.212 (e0 − 0.212) (3)

Cs = 0.0007 (wnat − 5.57) (4)

Cs = 0.0006 (LL − 14) (5)

Cs = 0.0284 (e0 − 0.342) (6)

The ratio of Cc/Cs is a constant value and, in these cases, varies between 6 and 10.

3.4. Strength Properties

The shear strength of soil is its ability to resist failure and displacement between
its particles when acted upon by an external force. This concept is fundamental when
estimating the lateral soil pressure on retaining structures and in slope stability analysis.

In this study, consolidated-undrained triaxial tests (CU) and consolidated-drained
triaxial tests (CD) were carried out in the hydraulic stress path cells of the Geotechnical
Engineering Laboratory of the Universitat Politècnica de València. These analyses are the
only ones to be performed to date in this specific region and should provide a valuable
resource that will prove useful for future research.
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3.4.1. Undrained Shear Strength Properties

The undrained soil shear strength plays a fundamental role in geotechnical engi-
neering, providing important information to calculate the pressures exerted by soils in
undrained conditions (short-term stability) and the bearing capacity, for example, in soils
supporting gravity wall foundations. It is also an indicator of soil behavior, in association
with other engineering properties.

In this study, consolidated-undrained (CU) triaxial compression tests with pore water
pressure measurements were carried out in accordance with the ASTM D4767 standard [68].
A very fine wire saw was used to trim the specimens to a diameter of 38 mm and a height
of 76 mm in a soil lathe. Each triaxial test comprised three different stages: (1) saturation,
(2) consolidation, and (3) shearing under undrained conditions [69]. A stress-controlled
saturation ramp was used until the point when the cell and back-water pressures reached
610 kPa and 600 kPa, respectively. These values were held for approximately 24 h, after
which Skempton’s parameter B was determined, finding the values to be higher than 0.96
in every instance. All the specimens followed isotropic consolidation, in which pore water
drainage was provided at the top of the sample. At the same time, the excess pore water
pressure was measured with a pore pressure transducer connected to the bottom drainage
line. Each specimen was then subjected to undrained shearing, with an axial displacement
rate equal to 0.03 mm/min.

The q-p′ plane is used to represent the test results; thus, p′ = (σ′1 + 2σ′3)/3 and
q = σ′1 – σ′3, where σ′1 is the stress applied to a test specimen in the vertical (axial) direction,
and σ′3 is the all-round pressure applied to a test specimen in the triaxial cell chamber.

Different failure criteria are used to determine the shear strength of a soil sample,
including the peak deviator stress, maximum principal stress ratio, limiting strain, critical
state, and residual stress. In this study, the maximum stress ratio σ′1/σ′3 criterion was
adopted as a failure criterion, from which the soil’s shear strength is determined. This
ratio provides a better correlation of shear stress versus normal stress in Mohr stress circles
at failure. The ratio is equal to 1 at the start of the test, because in this stage, σ’1 = σ’3.
The maximum value of σ′1/σ′3 does not necessarily occur at the same strain as the peak
deviator stress. Peak values of the stress ratio σ′1/σ′3 vary between 4.00 and 5.35, with
the axial strain, εs, ranging from 3.75% to 6.00%, whereas the post-peak values of this
stress ratio range from 3.55 to about 4.65. Figure 15a shows the variation in the stress
ratio, σ′1/σ′3, with the axial strain, εs, for samples from boreholes JAP1 and AMA1. The
variation in the stress ratio, q/p′, with the axial strain, εs, is shown in Figure 15b. In this
case, the post-peak values of the stress ratio vary between 1.35 and 1.65.
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Figure 16 shows the stress–strain curves, q-εs, with the evolution of pore pressure (u),
obtained for samples from boreholes JAP1 and AMA1.



Sustainability 2023, 15, 8272 16 of 31Sustainability 2023, 15, x FOR PEER REVIEW 17 of 32 
 

 

 
Figure 16. Stress–strain–pore-pressure curves for samples from boreholes JAP1 and AMA1. 

The stress ratio q/p′ behavior was classified into two main groups, as seen in Figure 
17, which shows that the undrained strength in compression was determined using the 
critical soil mechanics concept. The (M) slope of the critical state line in compression 
[70,71] is obtained by Equation (7). 

Figure 16. Stress–strain–pore-pressure curves for samples from boreholes JAP1 and AMA1.

The stress ratio q/p′ behavior was classified into two main groups, as seen in Figure 17,
which shows that the undrained strength in compression was determined using the critical
soil mechanics concept. The (M) slope of the critical state line in compression [70,71] is
obtained by Equation (7).
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Figure 17. Secant effective friction angle (∅′) for samples from boreholes JAP1 and AMA1.

The secant friction angle, Ø′sec, was estimated for axial strains greater than 12%. Aver-
age friction angles of 35◦ (specimens from depths of 3.50 m to 7.50 m) and 38◦ (specimens
from depths of 9.00 m to 14.50 m) constitute the post-peak response of samples from JAP1
and AMA1. This relationship between Ø′sec and sample depth, however, is not defini-
tive, given that some factors (such as particle shape, size distribution and configuration,
grain mineralogy, void ratio, water content, and previous stress history) can affect the soil
strength measured in a lab test [72].

Figure 18 shows the stress paths in the q-p′ plane for the samples from JAP1 and
AMA1 under triaxial conditions. The soil behavior under shearing is easily observed in the
effective stress paths shown in these figures. Peak friction angles between 34◦ and 38◦ were
estimated in triaxial compression for these two borehole samples.
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A summary of the strength parameters obtained from the consolidated-undrained
(CU) triaxial compression tests from JAP1 and AMA1 is provided in Table 1. The shallow
specimens show a peak friction angle of Ø′peak ≈ 35◦ and an effective cohesion (c’) between
5 kPa and 26 kPa, whereas the deep samples show a peak friction angle of Ø′peak ≈ 38◦

and an effective cohesion (c′) between 10 kPa and 20 kPa.

Table 1. Undrained strength parameters for samples from boreholes JAP1 and AMA1.

Test Cell Pressure Triaxial wnat γ/γd
1 c′ Ø′

Borehole Depth (m) (kPa) Test (%) (kN/m3) (kPa) (◦)

JAP1 3.50 100, 200, 300 CU 43 16.8/11.7 21 33.7
AMA1 4.50 100, 200, 300 CU 25 18.3/14.6 26 34.8
AMA1 6.00 100, 300 CU 16 19.0/16.4 5 34.4
JAP1 7.50 100, 200, 300 CU 50 16.4/10.9 14 34.6

JAP1 9.00 100, 300 CU 30 17.8/13.7 17 37.6
JAP1 11.00 100, 200 CU 32 14.4/10.9 10 37.1
JAP1 14.50 100, 300 CU 34 17.0/12.7 20 38.0

1 γd Dry density.

The studied soils have friction angle (Ø′) values that are slightly lower and cohesion
values (c’) that are much lower than those of the volcanic soils analyzed by O’Rourke and
Crespo [2]. This is justified to a certain degree, given that they are similar in structure,
although from a different formation. The soils examined by O’Rourke and Crespo [2] were
in an area between the sectors of Tumbaco and the Chillos Valley, to the east of Quito, while
those in the present study are from the north-central region of the city.

Figure 19a shows the variation profile of the peak friction angle (Ø′peak) with depth
for boreholes JAP1 and AMA1 according to the values given in Table 1. The tendency of
the friction angle value to increase with depth can be clearly seen. It can also be seen that
the Standard Penetration Test values (NSPT) were correlated with the friction angle (Ø’),
after which the linear regression analysis technique was adopted to obtain this relationship.
Finally, the relationship with the best fit achieved in this process is shown in Figure 19b
and Equation (8).

Ø′ = 0.185 NSPT + 32.50 (8)
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3.4.2. Drained Shear Strength Properties

The drained strength of the soil is represented by the parameters of effective cohesion
(c′) and the effective friction angle (Ø′) and is used for long-term analysis. As part of
this research, consolidated-drained (CD) triaxial tests with volume change measurements
were also performed on 38 mm diameter and 76 mm height specimens per ASTM D7181
specification [73] recommendations. In this type of triaxial test, during the compression
rupture phase of the specimen, the external pressure of the cell is kept constant, and the
free drainage of the sample is left at a constant strain rate.

Each triaxial test comprised three successive stages: (1) saturation, (2) consolidation,
and (3) rupture under drained conditions. The saturation stage of each specimen was
carried out for 24 h, and at the end of the stage, it was verified that Skempton’s B pa-
rameter was greater than 0.96. The consolidation stage was carried out under isotropic
conditions, with pore water drainage at the top of the specimen. Finally, the rupture stage
was performed under drained conditions and with a vertical displacement velocity of
0.01 mm/min.

Figure 20 shows the axial unitary stress–strain curves, q-εs, with the variation in the
volume change for each of the samples from boreholes JAP1 and AMA1.

Sustainability 2023, 15, x FOR PEER REVIEW 20 of 32 
 

 

Figure 19. (a) Peak friction angles estimated in triaxial testing for boreholes JAP1 and AMA1; (b) 
correlation between NSPT values and friction angle (Ø’). 

Ø′ = 0.185 NSPT + 32.50 (8)

3.4.2. Drained Shear Strength Properties 
The drained strength of the soil is represented by the parameters of effective cohesion 

(c′) and the effective friction angle (Ø′) and is used for long-term analysis. As part of this 
research, consolidated-drained (CD) triaxial tests with volume change measurements 
were also performed on 38 mm diameter and 76 mm height specimens per ASTM D7181 
specification [73] recommendations. In this type of triaxial test, during the compression 
rupture phase of the specimen, the external pressure of the cell is kept constant, and the 
free drainage of the sample is left at a constant strain rate. 

Each triaxial test comprised three successive stages: (1) saturation, (2) consolidation, 
and (3) rupture under drained conditions. The saturation stage of each specimen was car-
ried out for 24 h, and at the end of the stage, it was verified that Skempton’s B parameter 
was greater than 0.96. The consolidation stage was carried out under isotropic conditions, 
with pore water drainage at the top of the specimen. Finally, the rupture stage was per-
formed under drained conditions and with a vertical displacement velocity of 0.01 
mm/min. 

Figure 20 shows the axial unitary stress–strain curves, q-εs, with the variation in the 
volume change for each of the samples from boreholes JAP1 and AMA1. 

 
Figure 20. Stress–strain–volume-change curves for JAP1 and AMA1 samples. 

A summary of the strength parameters obtained from consolidated-drained triaxial 
compression (CD) tests of JAP1 and AMA1 specimens is presented in Table 2. The tests 
performed show a peak friction angle of Ø′peak ≈ 37° and an effective cohesion (c′) between 
20 kPa and 69 kPa. 

Table 2. Drained shear strength parameters for borehole samples JAP1 and AMA1. 

Test Cell Pressure Triaxial wnat g/gd 1 c′ Ø′ 
Borehole Depth (m) (kPa) Test (%) (kN/m3) (kPa) (°) 

AMA1 8.00 100, 200, 300 CD 16 20.3/17.5 69 36.1 
JAP1 13.50 50, 100, 200, 300 CD 31 19.1/14.6 20 36.9 

1 gd Dry density. 
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A summary of the strength parameters obtained from consolidated-drained triaxial
compression (CD) tests of JAP1 and AMA1 specimens is presented in Table 2. The tests
performed show a peak friction angle of Ø′peak ≈ 37◦ and an effective cohesion (c′) between
20 kPa and 69 kPa.

Table 2. Drained shear strength parameters for borehole samples JAP1 and AMA1.

Test Cell Pressure Triaxial wnat γ/γd
1 c′ Ø′

Borehole Depth (m) (kPa) Test (%) (kN/m3) (kPa) (◦)

AMA1 8.00 100, 200, 300 CD 16 20.3/17.5 69 36.1
JAP1 13.50 50, 100, 200, 300 CD 31 19.1/14.6 20 36.9

1 γd Dry density.

3.5. Deformation Parameters

The basic deformation parameters can be derived from the stress–strain curves, q-εs.
In this way, the drained, Ei, and undrained, Eui, moduli of elasticity and the secant modulus
at 50% of the failure stress, E50, can be obtained. Duncan and Chang [74] introduced a
failure stress ratio of Rf = (σ1 − σ3)f/(σ1 − σ3)ult, because (σ1 − σ3)f is generally less than
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(σ1 − σ3)ult, where (σ1 − σ3)f is the deviatoric stress at failure, and (σ1 − σ3)ult is the last
asymptotic value of the deviatoric stress in the triaxial test.

The relationship between these different parameters can be seen in Plaxis [46]. By
way of example, the parameter E50 is the confining stress-dependent stiffness modulus for
primary loading and is obtained by Equation (9).

E50 = Eref
50

(
c′cos∅′ − σ′3sin∅′

c′cos∅′ + prefsin∅′

)m

(9)

where Eref
50 is a reference secant stiffness modulus corresponding to the reference confining

pressure pref, and m is the stress dependence relationship in the stiffness behavior, while
Eref

i is the drained stiffness modulus at the reference pressure, and Eref
ui is the undrained

stiffness modulus at the reference pressure.
The deformation parameters obtained from the stress paths for a reference pressure

pref of 100 kPa for the consolidated-undrained triaxial compression tests (CU) are given
in Table 3, while Table 4 shows the deformation parameters for the consolidated-drained
triaxial compression tests (CD).

Table 3. Deformation parameters of controlled stress paths of triaxial CU-type tests of JAP1 and
AMA1 borehole samples.

Tangent Modulus Secant Modulus

Test pref Eref
ui m Eref

50(u)
1 m Eref

ui /Eref
50(u) Rf

Borehole Depth (m) (kPa) (kPa) (-) (kPa) (-) (-) (-)

JAP1 3.50 100 20,000 1.20 7353 1.54 2.72 0.98
AMA1 4.50 100 41,667 0.81 11,364 1.27 3.67 0.92
AMA1 6.00 100 55,556 1.05 45,455 1.11 1.22 0.99
JAP1 7.50 100 32,258 0.73 14,085 1.11 2.29 0.97

JAP1 9.00 100 51,020 0.90 12,500 0.80 4.08 0.75
JAP1 11.00 100 52,632 1.21 21,277 0.93 2.47 0.92
JAP1 14.50 100 41,379 0.73 18,462 0.96 2.24 0.91

1 Eref
50(u) Secant stiffness modulus at reference pressure in an undrained triaxial test.

Table 4. Deformation parameters of CD-type triaxial tests of JAP1 and AMA1 borehole samples.

Tangent Modulus Secant Modulus

Test pref Eref
i m Eref

50
1 m Eref

i /Eref
50 Rf

Borehole Depth (m) (kPa) (kPa) (-) (kPa) (-) (-) (-)

JAP1 13.50 100 25,000 0.60 16,815 0.59 1.49 0.99
AMA1 8.00 100 85,714 0.60 32,370 0.60 2.65 0.99

1 Eref
50 Secant stiffness modulus at reference pressure in a drained triaxial test.

3.6. Discussion of the Geotechnical Characterization Study

This study’s soil classification is consistent with the volcanic soil classifications of other
researchers, as is the case with Hürlimann et al. [14], who worked with soils in Tenerife,
Canary Islands (Spain), and mainly identified them as silty sands (SM); Crosta et al. [10],
who investigated the volcanic soils of the Santa Tecla (El Salvador) zone and recognized
the presence of low to high-plasticity silts (ML and MH), medium-plasticity clays (CL), and
silty sands (SM); and Brandes and Nakayama [13], who studied the volcanic soils in the
islands of Oahu and Hawaii (USA), which were identified as medium-to-high plasticity
silts (ML and MH) and high-plasticity clays (CH) and silty sands (SM).

The presence of mainly plagioclases and pyroclastic materials of andesitic composi-
tion was identified through mineralogy and microstructure analyses; silica, a principal
cementing agent, was also found to be present.

With regard to the parameters obtained from the oedometric tests, the Cc soil values
in this study (0.06–0.36) are similar to those determined by Hürlimann et al. [14] for the
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volcanic soils of Tenerife (Spain), where the value for this index was 0.287. Conversely, the
Cc value range of this survey is similar to the Cc value of 0.22 obtained for volcanic soils
identified as medium-plasticity red silt (ML) from Kapolei, Hawaii (USA), and much less
than the Cc value of 0.49 for the high-plasticity brown clay (CH) in this same zone obtained
by Brandes and Nakayama [13].

In this study, in general, the Ø′peak obtained shows a minimum value of 33.7◦ at a depth
of 3.5 m, gradually increasing with depth to 38.0◦ at 14.5 m. Two separate groups are clearly
identifiable. Between 3.5 m and 7.5 m, the measured Ø′peak values range from 33.7◦ to 34.8◦,
with an average value of 35◦. At depths between 9 m and 14.5 m, the measured Ø′peak
values range from 37.1◦ to 38.0◦, with an average value of 38◦. The friction angle values
are slightly less than those of the volcanic soil values found by O’Rourke and Crespo [2] in
the eastern zone of the city of Quito (Ecuador), which ranged between 39◦ and 40◦, while
the values obtained in this study are within the range for the Tenerife, Canary Islands
(Spain), volcanic soils analyzed by Hürlimann et al. [14], which were between 30◦ and 40◦.
In the same manner, the friction angle values for this study are very similar to those of the
volcanic soils studied in San Salvador (El Salvador) by Bommer et al. [9], which varied
between 35◦ and 40◦. Conversely, the Ø′peak friction angle values for this study are similar
to the value of 32.7◦ determined for the red medium-plasticity silts in Kapolei, Hawaii
(USA), and greater than the value of 23.4◦ obtained from the brown high-plasticity clay in
this same region studied by Brandes and Nakayama [13].

The cohesion values obtained in the present study (5 to 26 kPa) are very similar to
those of the volcanic soils in San Salvador (El Salvador) investigated by Bommer et al. [9],
which oscillated between 25 kPa and 30 kPa. Furthermore, the values obtained in this
study are seen to be within the range of the volcanic soils from Isparta (Turkey) studied
by Avşar et al. [16], which ranged between 0 and 52 kPa, as can be seen in Table 5. The
cohesion values of the volcanic soils in Java (Indonesia) derived from the weathering of
volcanic deposits and volcanic ash were determined by Wesley [75] to be between 13 kPa
to 14 kPa, which fits within the range of the values obtained in this study.

Table 5. Comparison of the geotechnical properties with those of volcanic soils studied by other
research groups. Modified Table from Avşar et al. [16].

Researcher(s) Soil Location/ Specific Bulk Void Porosity Triaxial Test Peak Shear Direct Shear
Description Country Gravity Density Ratio (CU/CD) Strength. Tx (UU) Test

Gs e n c′ Ø′ c Ø c Ø
(Mg/m3) (%) (kPa) (◦) (kPa) (◦) (kPa) (◦)

O’Rourke and
Crespo [2]

Volcaniclastic
deposit

Eastern
Quito/

Ecuador
2.58–2.59 1.31–1.69 0.76–1.30 43–56 111–201 39–40 - - - -

Hürlimann et al.
[14]

Volcanic
residual

soil

Canary
Islands/

Spain
2.70 1 1.53 1.20–1.60 54–60 - - - - 0 30–45

Bommer et al.
[9]

Volcanic soil,
pyroclastic

and
epiclastic
deposit

Tierra
Blanca/
El Sal-
vador

2.25–2.50 1.33–1.53 0.80–1.14 51 - - - - 25–30 35–40

Crosta et al.
[10]

Weakly to
moderately
cemented

volcanic soil
(pyroclastic)

Santa
Tecla/
El Sal-
vador

1.90–2.70 1.52 - - - - 8–950 3.2–39.6 7–13 20.5–29.2

Avşar et al. [16]

Weakly
bonded
volcanic
deposit

Isparta/
Turkey 2.35–2.65 1.43–1.70 0.49–0.85 2 33–46 - - - - 0–52 41–59

This study Volcanic soil
Northern

Quito/
Ecuador

2.35–2.70 1.44–2.03 0.49–1.92 33–66 5–26 34–38 - - - -

1 Value taken from Avşar et al.’s [16] study. 2 Values calculated according to porosity values.
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4. Analysis of a Soil Nailing Structure Built in the Area of Study
4.1. Structure Characteristics

The studied structure is named the Zaigen Building and is located in the north-central
area of the city of Quito, precisely in the JAP1 drilling area. It has five underground car
park levels and a total excavation of 15.50 m, achieved by means of five partial excavations
(h = 3.10 m) that represent the height of a basement level, as shown in Figure 21. In this
numerical model, using the finite element method with Plaxis 2D [44–46], a small surface
overload of 1 kN/m has been included in the roadway to consider the light and sporadic
vehicular traffic during the construction process. Figure 21a presents the initial numerical
model for the Soil Nailing structure, including dimensions, structural elements, and other
parameters that characterize this structure. Figure 21b shows the numerical model in the
fifth phase of excavation, which is when underground level 5 had already been built and
a total excavation of 15.50 m had been completed. Additionally, the construction of each
basement level includes four basic construction phases: (1) the initial excavation of the
entire basement level (h = 3.10 m), leaving a small soil buttress, (2) the construction of the
Soil Nail, (3) the vertical shaping of the slope, and (4) the construction of the concrete facing.
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To generate a finite element mesh with an appropriate density, 15-node elements were
used. A “very fine” element mesh was generated to obtain accurate numerical results.
The initial stresses for the model taking the loading history of the soils into account were
generated using the K0 procedure. Furthermore, standard interfaces in the Soil Nails have
been included in the model to consider and simulate the existing friction in the soil–anchor
interaction [45]. The value considered for the strength of the interfaces was Rinter = 0.67.

4.2. Geotechnical Parameters

The geotechnical characterization study determined that the project area’s subsoil
consists of volcanic soils containing mainly silts and clays with low-to-high plasticity and
silty sands. Two main soil strata were identified (0–7.5 m and 7.5–15.5 m), for which the
respective geotechnical parameters were determined. Soil strength parameters were deter-
mined through CU and CD triaxial testing, while the stiffness parameters were determined
exclusively through CD triaxial testing. Table 6 shows the parameters determined for
the application of the Mohr–Coulomb (MC) soil constitutive model. Table 7 shows the
parameters for the Hardening Soil (HS) constitutive model.
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Table 6. Geotechnical parameters for the Mohr–Coulomb (MC) constitutive model.

Parameter Depth

0–7.50 m 7.50–15.50 m

Effective cohesion, c′ (kN/m2) 18 17

Effective friction angle, Ø′ (◦) 34 36

Angle of dilatancy, ψ (◦) 4 6

Soil unit weight, γ (kN/m3) 17.0 17.5

Young’s modulus, E′ (kN/m2) 20,000 25,000

Poisson’s ratio, ν′ (-) 0.3 0.3

Overconsolidation ratio, OCR (-) 1.6 1.3

Coefficient of earth pressure at rest of the
overconsolidated soil, K0 (-) 0.555 0.461

Table 7. Geotechnical parameters for the Hardening Soil (HS) constitutive model.

Parameter Depth

0–7.50 m 7.50–15.50 m

Effective cohesion, c′ (kN/m2) 18 17

Effective friction angle, Ø′ (◦) 34 36

Angle of dilatancy, ψ (◦) 4 6

Soil unit weight, γ (kN/m3) 17.0 17.5

Secant stiffness in drained triaxial test, Eref
50 (kN/m2) 11,268 16,815

Tangent stiffness for primary oedometer loading,
Eref

oed (kN/m2)
9140 8683

Unloading/reloading stiffness, Eref
ur (kN/m2) 33,804 90,314

Reference stress for stiffness, pref (kN/m2) 100 100

Power for stress-level dependency of stiffness, m (-) 0.60 0.60

Poisson’s ratio for unloading/reloading, νur (-) 0.20 0.20

Coefficient of lateral stress in normal consolidation, KNC
0 (-) 0.441 0.412

Overconsolidation ratio, OCR (-) 1.6 1.3

Coefficient of earth pressure at rest of the overconsolidated
soil, K0 (-) 0.555 0.461

The application of the Hardening Soil with Small-Strain Stiffness (HSsmall) soil con-
stitutive model requires the same parameters as the Hardening Soil model and also the
additional parameters presented in Table 8 [46].

Table 8. Additional geotechnical parameters for HSsmall constitutive model.

Parameter Depth

0–7.50 m 7.50–15.50 m

Shear modulus at very small strains, Gref
0 (kN/m2) 45,596 77,132

Shear strain at which G = 0.7 G0, γ 0.7 (-) 5.28 × 10−4 4.85 × 10−4

4.3. Characteristics of the Facing and Soil Nails

Tables 9 and 10 show the parameters of axial stiffness EA, flexural rigidity EI, and unit
weight w for the facing and the Soil Nails. The parameters for the facing were calculated for
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a unit length of 1 m and for a concrete unit weight of 24 kN/m3. In order to obtain the Soil
Nail parameters, an equivalent modulus of elasticity was initially determined considering
the cross-section composed of steel and grout, and then the stiffness values were obtained
for each row as a function of the horizontal spacing of the Soil Nails, as shown in Table 10.

Table 9. Geometric characteristics and other parameters of the Soil Nailing structure.

Parameter Value

Soil Nails and Shotcrete model Elastic

Facing

Vertical wall height (m) 15.50

Wall or facing thickness (m) 0.25

Modulus of elasticity of Concrete (MPa) 22,800

Axial stiffness, EA (kN/m) 5,700,000

Flexural rigidity, EI (kN.m2/m) 29,685

Unit weight, w (kN/m/m) 6.00

Soil Nails

Modulus of elasticity of Soil Nail steel (MPa) 200,000

Modulus of elasticity of Soil Nail grout (MPa) 21,320

Borehole diameter (m) 0.15

Soil Nail rebar diameter (mm) 25

Soil Nail inclination in relation to horizontal plane (◦) 15

Table 10. Axial stiffness EA, flexural rigidity EI, and unit weight w of Soil Nails.

Basement
Level

Soil Nail
Row

Soil Nail
Length (m)

Horizontal
Separation

(m)

Axial
Stiffness

EA
(kN/m)

Flexural
Rigidity EI
(kN.m2/m)

Unit
Weight w
(kN/m/m)

1 1 15.0 2.00 232,203 327 0.208

2 2 15.0 1.70 273,180 384 0.245

3 3 12.0 1.60 290,254 408 0.260

4
4 12.0 1.60 290,254 408 0.260

5 12.0 1.60 290,254 408 0.260

5 6 9.0 1.60 290,254 408 0.260

4.4. Structure Analysis with Plaxis 2D: Discussion of Results

Figure 22 presents the analysis of the structure for the construction of basement 5.
The construction of basement level 5 produced a total height of 15.5 m on the facing. It

is therefore the construction phase associated with the greatest degree of displacements and
stresses. It is clear from the analysis with the three constitutive soil models that excavation
with the Mohr–Coulomb (MC) model presents very high soil uplift values at the bottom of
the excavation, which is a situation that is not realistic, in contrast to the analysis with the
HSsmall model, which determined low soil uplift values at the bottom of the excavation and
is closer to reality. On the other hand, the Hardening Soil (HS) model presents uplift values in
an intermediate range that falls between the analyses with MC and HSsmall, as can be seen in
Figure 22. Figures 23 and 24 show the distribution of axial tension forces in the Soil Nails and
the displacements induced by the construction of basement level 5, respectively.
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The tensile force magnitudes determined for the Soil Nails with the Mohr–Coulomb
constitutive model are generally lower than the stresses determined with the Hardening
Soil and HSsmall models. However, the forces obtained with Hardening Soil and HSsmall
have some similarities between them for most of the process, with the Hardening Soil
stresses being slightly higher in most of the construction phases, as can be seen in Figure 23.
Accurately estimating the maximum tensile strength that a Soil Nail can sustain throughout
its service life is a crucial aspect of the final design of a Soil Nailing structure. This step
considers the ultimate limit states of the pullout and tensile strength of the Soil Nails [76].
Achieving precision in estimating the pullout capacity of a Soil Nail is essential to ensure a
cost-effective, efficient, and safe design [77,78]. Therefore, it underscores the importance
of adopting an appropriate soil constitutive model for the geotechnical analysis of a Soil
Nailing structure.

For most of the construction stages, the horizontal facing displacements determined
with the Mohr–Coulomb model are the lowest, unlike the horizontal displacements ob-
tained with Hardening Soil, which are greater than the rest, while the values with HSsmall
remain in an intermediary position.

Vertical displacements or settlements of the soil behind the facing, as determined
with the Mohr–Coulomb model resulted mainly in states of soil rising or uplift rather than
settlements, because this constitutive soil model uses a single modulus of soil elasticity for
loading and unloading. On the other hand, the analyses of vertical displacements with the
Hardening Soil and HSsmall soil constitutive models both determined similar values of
settlements induced by the construction of the basement levels, with the Hardening Soil
settlements being slightly higher. The settlements obtained with these two constitutive
soil models are expected to be more realistic, since they additionally include an unload-
ing/reloading stiffness modulus, Eur, which allows for the representation of the behavior
of the soil under loading and unloading conditions.

Figure 25 and Table 11 present the Factor of safety (FoS) variation during the construc-
tion progress of each basement level. A comparison of the three different constitutive soil
model analyses was made through the finite element method with Plaxis 2D [44,45] and
different limit equilibrium methods with Slide2 [79].
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Table 11. Factor of safety (FoS) variations with basement-level construction progress.

Basement
Level Finite Element Method Limit Equilibrium Methods

Construction Plaxis 2D Slide2
Progress Mohr– Hardening HSsmall Bishop Janbu Morgenstern Spencer

(%) Coulomb Soil Simplified Simplified Price

1 (20%) 4.64 4.89 4.67 3.97 4.12 4.11 4.12
2 (40%) 3.70 3.61 3.69 2.72 2.82 2.84 2.83
3 (60%) 2.89 2.92 2.91 2.44 2.41 2.44 2.45
4 (80%) 2.47 2.46 2.46 2.26 2.20 2.26 2.26
5 (100%) 1.94 1.94 1.94 1.95 1.91 1.95 1.95

Both methodologies provided a satisfactory analysis of the nailed facing stability.
However, the FoS determined with finite elements and limit equilibrium presented dis-
parate values at the beginning of the basement-level construction; however, these values
converged as the construction progressed, eventually arriving at similar values at the end
of the construction of the fifth basement level, with similar potential failure surfaces.

5. Conclusions

Geotechnical characterization studies are fundamental in the evaluation and analysis
of landslides, particularly in urban environments, where significant stabilization works are
undertaken as ground reinforcement. Precise knowledge of the geotechnical properties of
the materials within an earth structure is useful to comprehend its failure mechanism and
determine the appropriate geological model, allowing for the selection of the most suitable
soil constitutive model to accurately represent the actual conditions.

In this study, we took an application-based approach to Soil Nailing structures, which
are frequently used in reinforcing excavations for the construction of underground base-
ments in buildings in the city of Quito. This method has been technically used worldwide,
but in many cases in the Ecuadorian capital, it is still applied in a traditional and artisanal
manner. Globally, the technique has been used in different soil types, but it is not easy to
find specific studies for this type of structure in volcanic soils.

The Soil Nailing structure presented herein was analyzed with advanced soil constitu-
tive models using the finite element method. The main advantage of an analysis using the
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finite element method is a detailed analysis of soil deformations, unlike limit equilibrium
methods, which do not permit this type of analysis.

The HSsmall and Hardening Soil constitutive soil models better reproduced the behav-
ior of Soil Nailing structures; however, their application requires specialized testing, such
as CU and CD triaxial tests, which are necessary to determine the shear strength parame-
ters, with the additional consideration that CD triaxial testing is mandatory to determine
stiffness parameters. Furthermore, oedometric testing is necessary for the application of
these soil models to obtain the tangent stiffness moduli. This study included, among others,
all of the previously mentioned tests.

Finally, the area of study is generally characterized by volcanic soils with high void
ratios and porosity resulting from the natural presence of gas bubbles in their microstruc-
tures. In such soils, initial shear strength parameters are identified that greatly favor the
stability of cut slopes generated by human activity. However, earth structures consisting
of such materials that are not equipped with an adequate protection or lining system
to safeguard against external agents, particularly rain, could experience a sudden and
accelerated reduction in their shear strength characteristics if microscopic gas bubbles are
filled with water, causing the main structure to collapse.

In summary, comprehensive geotechnical characterization studies will allow for de-
termining parameters to reproduce the geological conditions of a specific area through a
coherent theoretical model, aimed at analyzing its stability and successfully preventing
landslides. Moreover, an understanding of these soils in terms of their behavior and poten-
tial failure mechanism means that recommendations can be made concerning the best type
of reinforcement and stabilization systems for earth structures developed in a particular
area, with an emphasis on urban environments.
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