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Abstract

This paper presents a new geotechnical database for the soils of Quito, Ecuador. The geotechnical database is then used to investigate
the best fit probability distributions for the key geotechnical parameters contained in the database. Using the Akaike information
criteria for best fit selection, SPT (NV), plasticity index, Vsj3,, peak friction angle (direct shear), and apparent cohesion (triaxial) are
best represented by a Weibull distribution. The peak friction angle (triaxial) is best fitted with a truncated normal distribution. The
database is also used to develop transformation models to allow for the estimation of more complex geotechnical parameters from
intrinsic ones. This analysis shows that the transformation model between Vs, and SPT (V) has high coefficients of determination
and is statistically significant. Finally, the systematic collection of information in the database is used to investigate the assumption,
based on engineering judgement by local practitioners, that soil derived from volcanic deposits and volcano-lacustrine sediments
in the northern part of Quito has different geotechnical properties with respect to the southern zone of the city beyond the value of
shear wave velocity whose difference is embedded in the soil classification map of the seismic code.
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brx soil friction angle from triaxial test data
effective peak friction angle from drained tri-
axial, or direct shear tests

¢ ,TX/DS

Introduction

Soil variability has been widely studied in the geotechnics
(Deng et al. 2022) because it has a significant impact on
analysis of geotechnical processes and hazards such as
slope instability and liquefaction, and on the design of
geotechnical structures such as piles and foundations
(Chen et al. 2020, 2022; Zhang et al. 2021). Probability
density functions and statistical analyses can be used to
quantify uncertainties associated with variations in soil
geotechnical properties and inform risk-based analyses and
design (Vanmarcke 2010; Wang and Li 2021). Lumb (1966,
1970) presented seminal papers on the statistical variation
of soils from Hong Kong. Kulhawy and Mayne (1990)
detailed many transformation models for prediction of key
geotechnical parameters for foundation design. Phoon and
Kulhawy (1999a, 1999b) suggested using the coefficient
of variation (COV) to assess geotechnical variability. To
reduce and quantify the uncertainty associated with data
scarcity for different engineering tasks, geotechnical
databases can be used alongside site specific data (cf. Phoon
2020; Phoon et al. 2022a, 2022b).

However, to develop statistical models, sufficient
datapoints are required (e.g., Montgomery et al. 2007).
The construction of regional databases that systematically
collate geotechnical information is a vital step in providing
the basis for developing new transformation models
or testing existing ones. For example, Voyagaki et al.
(2022) present a new pile-load test database for UK soil
deposits to support more efficient pile design. However, the
scarcity of the data in many countries and cities presents
a significant challenge to the development soil parameter
variability models. The establishment of well-curated,
well-documented, and open databases in such locations
is an important step for enabling the quantification of
geotechnical uncertainty and hence in improving the safety
and serviceability of new constructions. Recent work by
Gilder et al. (2020) presented a new geo-database, SAFER/
GEO-591, for the Kathmandu Valley, Nepal, which is in a
multi-hazard environment. This work has led to improved
understanding of soil variability in the region, focussing
particularly on the Vs;, parameter, which describes the
average shear wave velocity over the first 30 m of soil
(De Risi et al. 2021; Gilder et al. 2022). Such resources
assist geotechnical practitioners to improve design practice
and safely reduce design conservatism due to parameter
variability, although the issue of geo-system uncertainty
remains (Bolton 1981; Vardanega and Bolton 2016).

@ Springer

Like Kathmandu, the city of Quito in Ecuador is a multi-
hazard environment which may be considered data-poor
from a geotechnical perspective. Much of the soil testing
information has not previously been made available in
open-source repositories or geotechnical databases. In this
paper, the recent development of an open geodatabase for
the Metropolitan District of Quito (DMQ) is summarized.
This extended database, QUITO/GEO-299 (Othman et al.
2023), comprises data for multiple geotechnical parameters
including those relating to slope stability and the seismic
response of soils. A new and detailed statistical analysis of
the data is then carried out. The main aims are the following:

(i) Assess the fit of different probability distributions
for key geotechnical variables using the Akaike
information criteria (AIC) which accounts for the
complexity of the distribution model and overfitting
(AIC is typically used in information theory and less
frequently employed in geotechnical engineering
contexts).

(i) Develop and test transformation models for
design parameters like Vs;, which are relevant in
earthquake-prone contexts.

(iii)) Investigate assumptions by local engineers about
differences between soils in north and south Quito
using parametric and non-parametric hypothesis
testing to assess the statistical significance of potential
differences.

The results of this analysis may be relevant for regional
geotechnical design and hazard assessment.

The Quito case-study

Quito, the capital city of Ecuador, is located in the Andes
at an altitude of 2850 m above sea level and is flanked by
volcanos including Pichincha and Cotopaxi (Zaaijer 1991).
The city is in a mountainous multi-hazard environment and
is at risk due to earthquakes (Nikolaou et al. 2016; Franco
et al. 2018), volcanic eruptions, landslides, debris flows, and
flash floods. The soils in the Andean zone of Ecuador are
predominantly derived from deposits of volcanic ash mixed
with volcanic sediments and are often referred to as “Canga-
hua” The loess-type volcanoclastic succession is estimated
to have been deposited under cold and dry periglacial condi-
tions in interglacial periods between 140 and 24 ka (Clap-
perton and Vera 1986; Sanchez et al. 2013). Over time these
ancient pyroclastic deposits become hardened due to drought
rather than through cementation (Vera and Lopez 1992). In
general, any old and hardened soils that have an ancient
pyroclastic formation is called “Cangahua” by local practi-
tioners (Custode et al. 1992; Zebrowski 1997). In Quito, the
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most recent Upper Pleistocene rocks are composed of the
Cangahua formation which is widespread in the intermon-
tane Quito-Guayllabamba basin in which the city is located.
On top of the Cangahua are Holocene deposits composed of
pyroclastic flows from the Pululahua volcano in the northern
part of the city, with thicknesses of up to 8 m, as well as
palustrine-lacustrine deposits toward the south center with
thicknesses between 14 and 20 m, which are intercalated by
volcanic ashes (Alvarado et al. 2013).

The soils and Cangahua deposits in Quito might be expected
to have some similarities to those found across the Andean
region, for example, in cities such as Bogota, Colombia, and
the northern Chilean territory. However, Bogota soils are
mainly composed of lacustrine deposits (Mendoza et al. 2019;
Caicedo et al. 2018). Such soils are observed to have extreme
Atterberg limits and water content values. As for the northern
Chilean territory, the dominant deposits are found to be saline
soils which have high rigidity and shear strength (Foncea et al.
2005). This variety in soil composition in regions surrounding
the Andes requires in-depth analysis of the soil and to present
a geotechnical database of soil parameters.

To study the variability of key geotechnical parameters
for assessing landslide hazard in Quito, Hen-Jones et al.
(2022) compiled a preliminary version of the Quito geoda-
tabase from soil testing data in published articles, disserta-
tions, and reports (204 datapoints). The findings of Hen-
Jones et al. (2022) showed that while a considerable amount
of triaxial UU testing is available for the Quito soils, direct
shear and drained triaxial testing is less common, which
means that there is potentially a lack of high-quality soil
data for assessing slope stability in the region. Stochastic
slope stability modeling may therefore be needed to study
the deeper uncertainties affecting landslide hazard assess-
ments in the area (see, for example, the methodology pre-
sented in Almeida et al. (2017) and Bozzolan et al. (2020)).

Othman et al. (2023) expanded the Quito geodatabase to
include new soil test data and geotechnical parameters. The
original database developed by Hen-Jones et al. (2022) focused on
geotechnical parameters relevant for slope stability assessments
(i.e., soil friction angle and apparent cohesion). The expanded
database included a much wider set of geotechnical testing data
including shear wave velocity data which is important for site
response analyses for this earthquake prone region (Schuster
et al. 1996). The importance of Vs;, for the classification of the
soils in Quito has long been recognized by the local commiittees
developing seismic risk management guidance documents
such as Municipio Q. (1994), Valverde et al. (2002), and ERN
(2012). The focus of soil classifications presented in Valverde
et al. (2002) and ERN (2012) has previously been based on shear
wave velocity (Vs). Understanding soil stiffness via shear wave
velocity (Atkinson 2000) is essential for site response studies
in geotechnical earthquake engineering (Kramer 1996) and for
probabilistic seismic hazard assessments (PSHA) (McGuire

2004). Previous analysis undertaken by the Metropolitan District
of Quito (DMQ) is divided the city into micro zones based on Vs
(see Valverde et al. 2002), where the values used for the zonation
were obtained from boreholes of various depths. For the purposes
of the work by Othman et al. (2023), Vis;, were derived using the
extrapolation method of Boore (2004), where borehole depths
did not reach 30 m. This expanded database is named QUITO/
GEO-299 and is available for download from the University of
Bristol Research Data Facility (Othman et al. 2023).

Soil seismic and geotechnical classification
maps in Quito

This section provides a brief review of the sequence of soil
classification frameworks developed for seismic risk man-
agement in Quito in 1994, 2002, and 2012. As noted in
above, these three soil classifications show a dependency
on the shear wave velocity testing for classifying the seismic
behavior of soil in the area.

The first soil classification in Quito was introduced in 1994
as part of the “Seismic Risk Management for Quito-Ecuador”
Municipio Q. (1994), project in which a seismic, geological,
and soil mechanics study was carried out (Municipio Q.
(1994)). Soils were classified into three categories: the eastern
flanks of the Pichincha volcano (f) comprising Holocene
alluvial fans and laharite deposits on the rocks of the
Cangahua formation; fluvial, marsh, and lacustrine deposits
(1) and strata of the Cangahua formation with volcanic
ash intercalation (q) (Municipio Q. (1994)). Using these
categories, combined with cross-hole shear wave velocity test
and the resulting vibration periods in the soil, the DMQ was
divided into 20 zones. Each zone represented a unique soil
composition and/or vibration period of the soil (Valverde et al.
2002). A map showing the spatial distribution of these seismic
soil classes is shown in Fig. 1. This classification was used for
seismic engineering design in Quito until 2002.

Using the collected data found in Municipio Q. (1994)
report, Valverde et al. (2002) updated the seismic zoning
of Quito in two stages: the first stage was to zone the city
based on topographic and geological information, followed
by soil characteristic obtained from an additional 11 cross-
hole shear wave velocity tests for depths of around 20 m.
Following the launch of the Ecuadorian Code of Practice
(CPE 2001), part of the Ecuadorian Construction Code,
the soil classification framework was updated and incorpo-
rated Vs measured at various depths (Fig. 2a), along with
the vibration period obtained from the shear wave test-
ing. According to this updated classification, three types
of zones were defined for the city of Quito: zone S1 corre-
sponds to good quality or slightly altered, highly cemented
rock of the Cangahua formation with Vs greater than 750
m/s; zone S2 corresponds to less consolidated strata of the

@ Springer
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Fig.1 Soil distribution of Quito based on the Municipio Q. (1994) clas-
sification where (f) the eastern flanks of the Pichincha volcano, (1) lacus-
trine deposits in the central depression of the city, and (q) volcanic ash
with cangahua formation and on the eastern side of Quito (modified from
Falconi 2017)

Cangahua formation, lake, and laharite deposits; zone S3
corresponds to soft soils such as terraces at the edge of
streams and marshy deposits with Vs less than 200 m/s.

Since 2012 the soil classification in Quito has followed
the specifications described in the International Building
Code (IBC 2003), such that soils are classified into six
categories based on the shear wave velocity at 30 m depth
(A to F, where A represents a rock soil and F: represents
very weak soils) based on the soil shear wave velocity. To
improve on the previous classification data, the new IBC-
based classification benefitted from 25 down-hole shear
wave velocity tests performed at various locations in the
city. This classification was the result of the Natural Hazard
Assessment research (ERN 2012) and is shown in Fig. 2b.
It should be noted that DMQ contains soils classified as C,
D, and E according to the IBC soil classification. However,
according to this study, most of the soils in the city of
Quito are class D soils with Vs between 180 and 340 m/s,
which characterizes less consolidated intermediate soils
(Falconi 2017).

@ Springer

Based on the current soil classification (Fig. 2b), there is an
apparent difference between soils in the north and the south
zones. Using this information, the design parameters and
standards tend to differ between the zones, resulting in a more
conservative design standards for constructions in the south
zone. This difference between north and south is correct for
the current soil classification (ERN 2012); however, it requires
verification for other design parameters that are not included
in the current classification.

Data collection and building the database

The QUITO/GEO-299 database (Othman et al. 2023) is
an open-source repository; developed from the collation,
curation, and analysis of geotechnical and geological
information from the city of Quito. The database format
is informed by the terminology, methodology, and file
structure developed by the Association of Geotechnical
and Geoenvironmental Engineering Specialists (AGS) and
indicated in its manual (AGS 2017). Some modifications
were made to the original format of the AGS tables to adapt
them for the Quito context. For further details see Othman
et al. (2023).

The database consists of both in situ tests and geotechnical
laboratory tests data from 299 locations in DMQ collected
from open access sources including dissertations and
reports. The database geospatial information is given in the
projected coordinate system: WGS_1984_UTM_Zone_17S.
The database consists of one spreadsheet workbook with
each internal worksheet or “tab” supplied as a separate .csv
file (QUITO/GEO-299 is presented in a similar format to
SAFER/GEO-591, see Gilder et al. (2019)). Table 1 presents
a summary of the data from the QUITO/GEO-299 database
in which the data are first divided based on the site condition
from which they were collected from into boreholes (BH)
and superficial samples (SS). Data collected from boreholes
can be at various depths as indicated in the database, while
superficial samples describe the top 1 m.

The database expands on the data collated and analyzed
by Hen-Jones et al. (2022) by including more data sources
(299 points in QUITO/GEO-299 compared to around 200
from Hen-Jones et al. 2022) and presents a different analysis
of the triaxial and direct shear tests from the database. This
study considered the dataset in terms of the total stress
parameters to increase the sample size for the study of soil
variability. For more information on the types of tests in the
database and issues with their interpretation see Othman
et al. (2023). QUITO/GEO-299 has been presented in a
format similar to AGS to assist with data transfer between
users of the database. This was also done for the Kathmandu
soil database and the building of QUITO/GEO-299 followed
a similar methodology to that presented in Gilder et al.
(2019, 2020).
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Fig.2 a Soil distribution according to the CEC2000 Code where
S1 (very hard soil, with shear wave speed greater than 750 m/s), S2
(hard ground) and S3 (soft soil, with vibration periods greater than
0.6 s) (modified from Falconi 2017). b Soil classification distribution
based on ERN2012 results where C denotes soils with 760 m/s > Vs;,

Data identification and spatial distribution
in Quito

The locations of the 299 points from QUITO/GEO-299
were plotted on the available geological map of the DMQ
(Municipio de Quito 2015) using Geographical Information
System (GIS) software (Fig. 3), and the percentages of each
geotechnical parameter set represented in each geological
layer were calculated (Fig. 4 and Table 2).

Figure 3 shows that the highest density of geotechnical
data available in the DMQ is located in the west which
represents the most heavily populated part of the city along
with the presence of an underground metro line where extensive
ground investigation soil testing had been carried out prior to
construction. Knowing the approximate location of each site in
the database means that the variability in Quito’s soils can be
studied and trends in soils with the same geological properties
can be identified. This map will also be useful for future
assessments of earthquake and landslide hazards in Quito.

Using the same map, the spatial distribution of each
geotechnical parameter in DMQ can be visualized (Fig. 4). In
general, the distribution of all the parameters follows the same
trend of the map of Fig. 3 except for the friction angle from the

> 360 m/s, D denotes soils with 360 m/s > Vs;, > 180 m/s and E
denotes soils with Vs;, < 180 m/s (Aguiar et al. 2017). The north-
south boundary line (Northing of 9976470) is indicated as per Hen-
Jones et al. (2022)

direct shear test (¢,) for which all datapoints are concentrated
in the north of the city. Using Fig. 4, the geotechnical parameter
distributions in each geological layer in DMQ are obtained
and summarized in Table 2. Also, north-south analysis of the
data can be performed on all the geotechnical parameters in the
database (plasticity index, water content, SPT blow count, Vs;,,
apparent triaxial cohesion, and friction angle) with sufficient
distribution of the data between north and south. From Table 2,
most of the geotechnical data are concentrated in the Lacustrine
(Q,) and Streams of volcanic sands (Q,;) layers. In the other
hand, the steep slopes and cornices (Q,,.), undifferentiated
debris-lahars (Q,;), recent uncompacted sand (Q2), and fractured
dacites (Qyy,) layers have no geotechnical data collected.

Statistical analysis and parameter
distributions

To quantify the variability in the soils in the DMQ, an
initial statistical analysis of the database was performed
and is summarized in Table 3. The SPT (N) shows the
highest variability of all the geotechnical parameters (COV
= 83%), while soil density (p) has the lowest variability. In

@ Springer
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Table 1 Summary of data compiled in the QUITO/GEO-299 database from the sources shown in the second column (for details see Othman
et al. 2023)

Source reference Type of Plasticity Water content Soil den  Triaxial  Direct SPT(N) Vs,
site) index (Ip%) (W%) sity (p) (g/ test shear test (m/s)
cm’)
i® G i T A R R S AR R R R
Falconi (2017) BH 25 25
Plaza (2016) BH 31 31 8 8 23 23 9 4
Valverde et al. (2002) BH 18 125 18 125 16 16
Flor Arroyo (2016) BH 9 40 7 34 9 45
Betancourt Campuzano (2018) SS 1 1 1 1
Pachacama Caizaluisa (2015) SS 4 4 4 4 4 4
Camino Jacome (2019) BH 3 3 3 21
Carrera Aguilar and Carlosama Morejon (2017) BH 7 7 10 10
Cordovillo Flores (2018) SS 3 3 3 3 3
Crespo (1987) SS 5 5 5
Tenesaca Illescas and Caiza Flores (2019) SS 4 4 20 20 20 60
Le6n Giraldez (2018) BH 20 74 20 20
Gaibor Lombeida and Guano Zambrano (2012) SS 7 7 8 8 8 8 8 16
Diego Armando (2015) BH 2 3 2 3 8 9
Montatixe Chicaiza and Chango Alvarez (2018) SS 6 8 10 19 13 19 12 19
Monereo Pérez (2014) SS 44 132 43 129
Ortiz Quinteros (2015) BH 24 24 33 33 48 48 28 28
Sanchez Machado (2012) BH 1 2 1 5 22 107 21 21

(1) Type of site, borehole or superficial excavation (where BH, borehole; SS, superficial sample)
(2) i: Number of sites in each source

(3) j: Number of samples in each source

general, the geotechnical parameters of Quito’s soils show 1 (s
. . . oy e 0 2
a relatively high variability. f(xll’lN’ UN) =——=e ™ , x20 1)
Five continuous probability distributions were tested oNV2rm

to identify the best fit for the soil properties relevant

to landslide and earthquake hazard assessments and 1 X1 ~(log t—py )’
geotechnical design (c.f. Shepheard et al. 2019). These were f(luryony) = oLy 27:/ O;exp{ 20,57 }dt’ 2)
the truncated normal (Eq. 1), lognormal (Eq. 2), Weibull for x>0
(Eq. 3), exponential (Eq. 4), and truncated generalized
extreme value (GEV) (Eq. 5). For the Weibull distribution, Al \E o m
A represents the scale parameter and B represents the shape f(xlA,B)=< B (;) e OB if x> 0 3)
parameter (MathWorks 2022). The truncations for both the 0 if x<0
normal and GEV distributions were used to guarantee that
the distributions return positive values. | =
f(xlug) = " )
-1 _1_%
£tk tgpys o6ey) = < > exp [ - 1 g B Har) 1 Hary)
OGEV OGEv OGEV
for 1+ kM >0 3)
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Fig.3 Geological layers in DMQ from Municipio de Quito (2015) with the locations of the data from QUITO/GEO-299 used in this study
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@ o (g/cm’) \ A Vs3gs)

Fig.4 Sites for which specified soil parameters were acquired in from direct shear tests, g apparent cohesion obtained from triaxial
DMQ: a sites with soil density data, b water content, ¢ shear wave tests, and h angle of friction from triaxial tests
velocity at 30 m, d SPT tests, e plasticity index, f angle of friction
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To select the optimum distribution that describes the data
in this study, the Akaike information criterion (AIC) was used
along with the corrected form of the method (AICc) (Akaike
1974). The AIC method (Eq. 6) and AICc (Eq. 7) calculate the
goodness of fit for each geotechnical parameter based on the
number of parameters of the distribution used for the fit. AIC
method was selected because it accounts for deviations from
the model with minimizing model complexity. The corrected
AIC (AICc) was used for selecting the best fit distribution
where there were low numbers of samples. The AIC and
AICc values for each distribution proposed in this study are
summarized in Table A-1 and Fig. A-1 (Appendix I).

AIC =2k —2In (L) ©6)
2
AICe = AlC + 2K+ 2K %)
n—k—-1

where k is the number of estimated parameters of the
model, n is the sample size, and [ is the maximized value of
the likelihood function for the model.

Based on the AICc selections provided in Appendix I,
the best fit distributions are summarized in Table 4 and
Fig. 5. The Kolmogorov-Smirnov test (KS test) was also
used to verify the goodness of fit for the selected distribution
based on the AIC (Fig. 5). The critical distance between the
selected distribution and the fitted CDF for the data was
calculated using Eq. (8) (Ang and Tang 2007) and compared
to the D-statistic value of the fit. The selected significance
level for this study was 0.05 and is represented by the two
lines + 5% in Fig. 5. The results of the KS test confirm
that the selected distributions for the data in Table 4 are
acceptable for the variability of the soils in the DMQ.

_ 136

N ®)

cy

The above analyses show that the Weibull distribution is
the best representation for N, plasticity index, Vi;,, direct
shear, and triaxial cohesion, while soil density is best
described by the lognormal distribution. Triaxial friction
angle is best described using the truncated normal distribution
and the water content is best described using the truncated
GEV distribution. Using these probability density functions
(PDFs) to describe the variability in Quito’s soils can help
describe the high difference noted in the initial statistical
analysis. To further describe the variability of Quito’s soils,
the same statistical analysis and distribution fitting were
performed on the geotechnical parameters for each geological
layer shown in Table 2. In this analysis, the geotechnical
parameters were considered for each layer if there are more
than 20 different datapoints representing the layer, assuming

that any dataset with fewer datapoints cannot be modeled to a
sufficient level of statistical significance (Minitab 2017). The
distributions fitted for each layer are shown in Appendix II as
CDF plots which confirms that the fitted distributions for each
geological layer mainly agree with the fitted distributions for
the general geotechnical parameters represented in the CDF
plots of Fig. 5. This suggests that the variability of Quito’s
soils does not depend on the geological layer of the soil and
hence, can be generalized for the study region.

Variation between north and south of Quito

The current soil classification in Quito (ERN 2012) suggests
that the soil is different between the north and south of the
city, and that can be seen clearly in Fig. 2. To investigate
this observation, a line dividing the city into north and south
zones (Fig. 6) was set (Northing of 9976470). This line
approximately splits the database in two equal samples and
is based on the geographic center of the city as proposed by
Hen-Jones et al. (2022). To verify the feasibility of this line,
two lines were set at + 10% of the main line (Northing of
9978765 and 9974214) with the statistical analysis for the +
10% lines summarized in Appendix III.

Statistical analyses were performed on the geotechnical
parameters for each zone and the results of the statistical
analysis between north Quito and south Quito are shown in
Table 5, while the CDF plots for the distributions described
in the previous section are shown in Appendix I'V. Compar-
ing the results in Table 5 with that found in Appendix III,
it is apparent that changing the location of the line does
not affect statistical distribution of the soils. The additional
analysis in Appendix III represents an assessment of the
sensitivity of the conclusion to slight changes in the posi-
tion of the north-south boundary line. The statistical analysis
for ¢ obtained from direct shear tests was not included in
this study as all the available data on this parameter are in
north Quito (Fig. 4c). The statistical analysis of the data
for north and south Quito shows some variability between
these two zones, especially for N. However, the different
sample sizes of the two zones, for all parameters, require
that another test is used to verify the differences between
them independently of the sample size for each zone. The
Welch t-test (Welch 1938, 1947; Aspin 1948) was used to
compare the variability for the parameters represented by
truncated normal and lognormal distributions. Welch t-test
is a measure of the difference between the means of two sets
of data regardless of the sample size where the hypothesis
is that there is no significant difference between the two sets
of data means. The non-parametric Wilcoxon signed rank
test (Woolson 2008) was used for the situations in which
the population distribution was normal or lognormal. Wil-
coxon signed rank test measures the difference between the
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l:'y"zjot esctﬁglsct;i‘);‘;ﬁig:’lfn Statisic  1,(%)  w(%) p(glem’) N Vs (M/s)  cpy(KPa)  bry (deg)  gps (deg)
the Quito geodatabase, QUITO/  fip 1.00 1.8 1.19 200 127 0.00 2.04 18.80
GEO-299 Max 2000 5510 230 80.00 578 27460 56.66 46.07

X 740 2747 181 1994 3055 79.70 26.65 32.43

SD 3.97 1296 022 1660 922 4730 9.75 5.13

n 100 276 269 370 82 231 231 92

cov 54%  47% 12% 83%  30% 59% 37% 16%
Table 4 B?St fit distributions Soil parameter ~ Distribution AIC AlCc Par 1 Par 2 Par 3
for each soil parameter. Par
1, Par 2, and Par 3 describe N Weibull 2939.76 293979  A=2123  B=120
i‘;“:r‘l‘c’l“ﬂi‘;t“;ip?gﬁfrtgzl M%) Weibull 55147 55160 A =834 B =195
and lognormal distributions, w (%) Truncated GEV 217315 2173.29 k=-046 o055y =16.66 pugp, =20.90
respectively, A, B for Weibull, p (g/em®) Lognormal -44.87 4473 py=0.59 o y=0.12
and k, gy, and uggy for GEV Vs, (m/s) Weibull 977.76 97791  A=338.56 B=3.63
?;3232;‘]"“5 [no zero values bps (degrees)  Weibull 563.83 56397  A=34.57 B=1727

7y (kPa) Weibull 2349.52 234957  A=91.32 B=183

¢y (degrees) Truncated normal  1711.05 1711.16 Uy = 26.54 oy =9.87

two samples with the hypothesis that the median difference
between the two sets is equal to zero (there is no significant
difference between the two samples). Being non-parametric,
the outcome of the Wilcoxon test is independent of the best
fit distribution selected.

The variabilities of the geotechnical parameters of the
north and south Quito, as determined using the Welch t-test
and Wilcoxon signed rank test, are summarized in Tables 6
and 7. In these two tables, the acceptance and rejection
of the null hypothesis for all the geotechnical parameters
in Quito are similar for Welch t-test and Wilcoxon signed
rank test. This indicates that the parametric assumptions of
Welch t-test are viable. As for the results in Tables 6 and 7,
it is noted that there are significant differences between the
north and the south Quito sample populations in terms of
density, water content, triaxial angle of friction, and shear
wave velocity at 30 m. This indicates that the soils between
north and south are not only different in terms of Vs;, but
also different in terms of other geotechnical parameters.
Also, the obtained results for the Vs;, agree with that found
in the current soil classification in Quito (ERN 2012). In
Hen-Jones et al. (2022), direct shear and triaxial data were
considered together; however, in this study, the data for
direct shear and triaxial were separated by shear mode.

Using the + 10% north-south Quito dividing lines
described before, further analysis of the data was performed
using Welch t-test and Wilcoxon signed rank test. The results
for this analysis are summarized in Appendix III. Compar-
ing the results for the + 10% line to that in Table 5, it is
found that there is no difference in the results obtained for
the null hypothesis acceptance between the two lines except

for SPT (N), which shows a difference between the two lines
in the Wilcoxon signed rank test. Similarly, the results for
the — 10% line are similar to those presented in Tables 6 and
7, with a difference in Wilcoxon signed rank test for the SPT
(N) and p. The difference in the outcome for SPT (V) and p
in both lines (= 10%) requires further investigation in terms
of more data collected for the SPT (V) and p. However, the
variation in SPT (V) data can be related to inconsistency of
the testing procedures used in performing the tests. Finally,
it should be noted that despite the similar result obtained in
the Welch t-test, the variation noted in the Wilcoxon signed
rank test is more significant due to the higher reliability of
this non-parametric test.

Geotechnical transformation models

Transformation models are widely used to present the geo-
technical parameter relationships with each other for a given
soil type (Phoon and Kulhawy 1999a, 1999b). Such models
can be used to estimate hard-to-measure fundamental soil
properties by using soil properties that are more readily
measured in field or laboratory tests (Kulhawy and Mayne
1990). Currently, regression analysis of geodatabases is
widely adopted to develop transformation models that can
estimate the fundamental soil properties for various soil
types (Lofman and Korkiala-Tanttu 2022; Knuuti and Lin-
sivaara 2019; Van der Krogt et al. 2019; Phoon 2020).

In this study, regression analysis was performed between
the geotechnical parameters to develop viable models
that can estimate more complex parameters. However,

@ Springer



433 Page 12 of 20 Bulletin of Engineering Geology and the Environment (2023) 82:433

1 : - - : 1 5
O p(glem?), n =269 0ds°
L Exponential |
2 0.8 LogNormal s 2 0.8
§ Weibull 3
©
Soef T Truncated Normal | <06
s = = Truncated GEV 5
g 2
50.4, | ".-3-0_4 O w (%), n=276
F S Exponential
§ § LogNormal
© a2l . © 02 Weibull 1
-------- Truncated Normal
= = Truncated GEV
00 0.5 1 1l5 é 25 0 ‘ ‘
- . : 40 50 60
a) 3 b)
p (glem”)
1 T T T T 1
> 0.8 [ 1 > 08
© ©
206f 1 Losf
o o
3
> o Vs, (m/s),n=282 2
€04l 20 (M/S) | 2 o N, n=370
504 Exponential © 0.4
g ponentia S Exponential
= Log_NormaI § LogNormal
o o2l Weibull | o 0.2 Weibull 1
"""" Truncated Normal ’ «=- Truncated Normal
= = Truncated GEV y = = Truncated GEV
0 - : ! . / \ . L L . . .
0
0 0 100 200 300 400 500 600 d O 10 20 30 4 5 6 70 8 90
Vsao (m/s) N
1 1 T T T
0 $pg (deg), n=92
L Exponential j
0.8 0.8
g :2' LogNormal
5 5 Weibull
06 806 Truncated Normal 1
s s = = Truncated GEV
3 o 1(%),n=100 2
504 Exponential S04r 1
g LogNormal E
(&) 0.2 Weibull | (&) 02+ ]
------ Truncated Normal
= = Truncated GEV
0 . . . . 0 . . .
0 5 10 15 20 25 30 0 10 20 30 40 50
©) (%) N dps (deg)
1 1 T
2087 2087
5 H
© ©
g06F S06f
s s
E 04 O Cry (kPa), n =231 :2’- 04 O i (deg), n =231
o V.4 : © U. .
S Exponential 5 Exponential
E LogNormal E LogNormal
(8] 0.2 Weibull | o 0.2 Weibull il
/& e Truncated Normal S e e Truncated Normal
= = Truncated GEV — = Truncated GEV
0 L L L L 0 &8 ' L L
0 50 100 150 200 250 300 h 0 10 20 30 40 50 60
g ¢y (kPa) ) $ry (deg)
Fig.5 Best fitted distribution for each soil property analyzed in this shear tests, g apparent cohesion obtained from triaxial tests, and h

study presented as probability plots (CDFs) for a density, b water angle of friction from triaxial tests
content, ¢ Vsj,, d N, e plasticity index, f angle of friction from direct
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Fig.6 . North and south zones N Km
of Quito based on Hen-Jones 0 4
et al. (2022), with Northing of [
9976470 (middle line), the +
10% line of Northing 9978765
(top line), and the — 10% line
with northing 9974214 (bottom
line)
North
Zone
+10%(Northing of 9978765)
-10% (Northing of 9974214)
South
Zone
Table 5 Statistical analysis 3
I (% % / N Vs 3o (m/! kP. d
results between the north (Ng) 4 %) v p (glem’) S50 (V/5) crx (kPa) ¢rx (deg)
and south (Sy) of Quito Ng Sq No Sq No  Sq No Sq No Sq No  Sq No Sq
Min. 2 1 128 242 1.19 135 2 2 242 127 O 0 2.16 2.04
Max. 20 14 503 551 23 23 52 80 578 437 275 209 50 56.7
X 736 694 186 327 178 1.85 20 199 363 267 755 81.7 237 281
SD 392 404 101 115 022 022 13.6 185 752 827 512 453 9.83 941
n 47 45 103 165 140 129 146 218 33 49 75 156 75 156
COV 53% 58% 54% 35% 12% 12% 68% 93% 21% 31% 68% 55% 42% 34%

before starting the regression analysis, it was important
to identify which soil properties could be correlated
to other soil properties. To identify the possible linear
correlations between each soil property, the goodness of
fit was assessed using the correlation coefficient (r) and
the probability of the null hypothesis that the r value is 0
(p) (i.e., probability of no correlation) (e.g., Montgomery
et al. 2007). The results showed that there is a correlation
between the triaxial cohesion (c;y) with SPT (N) and

density (p) as well as between the triaxial friction angle
(¢rx) with SPT (), plasticity index (Ip), and density (p).
Another correlation was found between the shear wave
velocity at 30 m (Vis;,) against SPT (). In this study, SPT
(N) was used instead of SPT (N,,) based on the findings of
the study conducted by Wair et al. (2012) which suggests
that there is no notable difference between using SPT blow
count (N) and corrected SPT blow count (N,) in estimating
the shear wave velocity (Vs;,).
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Ezlta\:veegn x?&hafnfiiﬂiiuﬁsr the I, (%) Vs, (mls)  p(glem®) N e (KP2) gy (deg)  w (%)

geotechnical parameters 0.00 1.00 1.00 0.00 0.00 1.00 1.00
p 0.62 0.00 0.01 0.95 0.37 0.00 0.00
ci -123 60.56 -0.13 -3.20 -19.92 —-17.10 -1675
2.07 130.81 -0.02 3.43 7.52 -171 - 1147
r-stat 0.50 5.43 280 0.07 - 0.89 -323 - 10.54

df 89.50 73.05 263.01 359.12 131.41 140.52 236.88

st resuls becwenn rorth and. L0 Ve p@en) N kP gplen  w(h
south for the geotechnical h 0.00 1.00 1.00 0.00 0.00 1.00 1.00
parameters » 0.45 0.00 0.00 0.29 0.26 0.05 0.00
z-value 0.76 433 —-2386 1.06 - 113 - 198 -6.18
Signed-rank  560.00  523.00 2537.00  5367.00  1211.00 1050.00  798.50
In Hen-Jones et al. (2022), the variabilities of the peak Vss9 = 122.6 In(NV) 4+ 59.88 an

friction angle and apparent cohesion were studied along with
variability of slope geometry parameters relevant to slope
stability assessment. An offset between north and south
Quito was found for many of the geotechnical parameters
studied and the following transformation models were
presented (Eqgs. 9 and 10):

) _ —0.147
[n =44,r=042,p =0.03,z = 0]

’TX/DS = 52.396 — 18.417(e) (10)
[n=44,r=0.67,p < 0.001,z = 0]

where ¢'rx/ps 18 the effective peak friction angle from
drained triaxial, or direct shear tests, w is the soil water
content, and e is the soil void ratio.

The results for the new regression analysis in this
study are presented in Table 8 which summarizes all
the transformation models along with their, r, R?, SE,
p-values, and percentage falling within + 50% and + 25%
prediction bounds. The detailed regression analyses for all
transformation models are provided in Appendix V. The
resulting equation is a logarithmic model as follows:

[n=37,r=0.87,p < 0.001]

To further evaluate the goodness of fit for each model in
Table 8, the data were plotted against the predicted for each
model and are shown in Appendix V. For each of the figures,
the data are checked with + 50% and + 25% prediction bounds.
Using the + 25% predictive bounds, only the Vis;, against SPT
(N) model has a high value of data falling within these bounds
(78.4%) which is shown in Fig. 7.

Figure 8 was constructed to show the models for all
available Vis;, and SPT (N) data (Eq. 11); the regression
when using all the available data in the north zone (data
located above the north-south boundary line) with a
logarithmic model in Eq. 12; and the regression when
using the data available in the south with the logarithmic
model in Eq. 13.

V3o = 65.33 In(NV) + 238.50 (12)
[n=8,r=0.88,p = 0.004]
Vsy = 1143 In(N) + 61.17 (13)

[n=29,r=0.87,p < 0.001]

Table 8 Transformation models obtained for the geotechnical parameters in Quito and corresponding regression coefficients for each model

Parameters Transformation model n r

RZ

Model type SE p Percentage within +/—  Percentage within +/—

50% prediction bounds 25% prediction bounds
cryand N Logarithmic ¢y = 20.34 In(N) + 5.39 31 049 0.24 2849 0.015 613 38.7
crxandp  Power In(czy) =5.661In(p) + 1.51 38 0.62 039 0.64 <0.001 65.8 474
¢rxand N Logarithmic ¢y =5.73 In(N) + 7.27 31 055 030 690 0.001 774 484
¢ryand, Logarithmic ¢ry=—3.88In(/,)+29.86 42 -030 009 988 0052 73.8 47.6
¢rxand p  Linear Prx=—262p+ 7544 38 033 0.11 1055 0.040 86.8 63.2
Vsypand N Logarithmic  Vis;)=122.6 In(N) +59.88 37 0.87 0.76 50.14 <0.001 100 78.4
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Fig.7 Measured vs. predicted Vs;, plotted with + 25% prediction
bounds for all the available data

Based on the results shown in Fig. 8, accompanied
with the measured against predicted values (Fig. 9) with
+ 25% bounds for Vs;, predicted from SPT (V) for north
and south data, it can be noted that the regression model

obtained in Eq. (11) is more suitable for use in the south
zone. This is due to the low number of datapoints of Vis;,
against SPT (N) in the north (only 8) despite the larger
number of Vs;, data in the north zone. This suggests that
more testing is needed for Vis;, and SPT (N) in the north
zone of Quito.

Summary and conclusions

In this study, the variabilities of key soil geotechnical
properties in Quito have been quantified in terms of their
basic statistical characteristics and probability distributions.
New transformation models have also been developed for the
estimation of Vs3,(an important parameter for the assessment
of the seismic response of soils and for earthquake resilient
design of buildings). The data used for the analysis were
obtained from the newly extended open access geotechnical
database for the soils of Quito, QUITO/GEO-299 (Othman
et al. 2023) which allowed a systematic assessment of soil
variability that was not possible before.

The locations of all geotechnical datapoints in the database
(i.e., the sites of soil samples, boreholes, and trial pits) were
plotted on the geological map of Quito. The results of the
variability analysis of Quito’s soils indicated that that N, Ip,
Vs30- s, and ¢y are best fitted by Weibull distributions while

O North Data

+ South Data

All Data Regression

= = = South Data Regression
----- North Data Regression
- 90% CI

Vs, = 122.6 In(N) + 59.88
R?=0.76, n = 37 (All)

Vs, = 114.3 In(N) + 61.17
R?=0.75, n = 29 (South)

Vs, = 65.33 In(N) + 238.50
R?=0.77, n = 8 (North)

Fig.8 Regression analysis 500 -
results between Vi3, and SPT
(N) for all the data, the data
only in the north zone, and the
data only in the south zone of
Quito
400 -
300 - -
z
£
S +
p
200 - /
74
%
100 -
0 1
0 1
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truncated normal distribution is the best fit for ¢;y. Finally,
p and w are best characterized by lognormal and truncated
GEV distributions, respectively. The best fit model for each
parameter was selected using the Akaike information criteria
to account to model complexity and avoid overfitting using a
tool typically employed in information theory and seldomly
used in the context of geotechnical engineering.

@ Springer
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The study also provided a quantitative assessment of local
engineering practice in which soils in north and south Quito are
considered to have different characteristics. To investigate the
soil variability between these two zones, a statistical analysis
was performed by dividing the database in two sub-samples
according to the locations of the original soil samples and
field tests. The variability of geotechnical properties in the
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two zones was assessed using the Welch t-test and Wilcoxon
signed rank test to account for parametric and non-parametric
assumptions. Results indicated that there is a statistically
significant difference between north and south Quito soils in
terms of their density, water content, triaxial angle of friction,
and shear wave velocity at 30 m. The results agree with Quito’s
current seismic soil classification which is based on average
shear wave velocity and embedded in the seismic code. The soil
classification of the seismic code differentiates between soils
in the north and south. The new quantitative study presented
here extends the significance of the difference to other stiffness-
related parameters, thus providing a more complete picture of
the soils in the metropolitan region of Quito.

The final section of this study presented a novel
transformation model relating N and Vs, with an R* value
of 0.76 (for n = 37) with a high percentage of points falling
within + 25% prediction bounds. This transformation model
was found to be more suitable for predicting Vis;, values in
south Quito because this is where the majority of N and Vs;,
data are available. The model provides a new and usable
relationship specifically for the metropolitan region of
Quito. While the statistical assessment of the geotechnical
variability still presents some limitations due to data scarcity,
this work provides some conclusive results for practitioners
and a valuable indication of where to concentrate further
investigations which could add to the robustness of the
conclusions discussed in this work.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s10064-023-03438-3.

Acknowledgements The authors thank Dr C.E.L. Gilder for the
valuable advice regarding the construction of the QUITO/GEO-299
database and Dr R. De Risi for the valuable discussions on estimation
of distribution parameters for truncated distributions.

Funding The authors acknowledge funding and support from UKRI
Collective Fund under grant NE/S009000/1, Tomorrow’s Cities UKRI
GCRF: Urban Disaster Risk Hub. The first author acknowledges the
support of AL-Zaytoonah University of Jordan.

Data availability QUITO/GEO-299 is available for download from
the University of Bristol Research Data Facility (Othman et al. 2023).

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will

need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aguiar R, Rivas-Medina A, Caiza P, Quizanga D (2017) Control
spectra for Quito. Nat Hazards Earth Syst Sci 17(3):397-407.
https://doi.org/10.5194/nhess-17-397-2017

Akaike H (1974) A new look at the statistical model identification.
IEEE Trans Autom Control 19(6):716-723. https://doi.org/10.
1109/TAC.1974.1100705

Almeida S, Holcombe EA, Pianosi F, Wagener T (2017) Dealing with
deep uncertainties in landslide modelling for disaster risk reduc-
tion under climate change. Nat Hazards Earth Syst Sci 17(2):225—
241. https://doi.org/10.5194/nhess-17-225-2017

Alvarado A, Hibsch C, Pérez VH (2013) Nuevos aportes para la
geologia del area de Quito y andlisis de la paleosismicidad. Depar-
tamento de Geologia EPN. Instituto Francés de Estudios Andinos
Quito. Instituto Geofisico EPN

Ang AH, Tang WH (2007) Probability concepts in engineering: emphasis
on applications to civil and environmental engineering, 2nd edn.
Wiley, pp 1-3

Aspin AA (1948) An examination and further development of a for-
mula arising in the problem of comparing two mean values. Biom-
etrika 35(1/2):88-96. https://doi.org/10.2307/233263 1

Association of Geotechnical and Geoenvironmental Specialists (AGS)
(2017) Electronic transfer of geotechnical and geoenvironmental
data, Edition 4.0.4, Bromley, Kent, UK. https://www.ags.org.uk/
data-format/. Accessed 16 Oct 2023

Atkinson JH (2000) Non-linear soil stiffness in routine design. Géotechnique
50(5):487-508. https://doi.org/10.1680/geot.2000.50.5.487

Betancourt Campuzano PR (2018) Mechanical, mineralogical, morpho-
logical and computational characterization of Ecuadorian soil: a
nationwide first data baseline. Trabajo de Titulacién presentado
como requisito para la obtencién del titulo de Ingeniero Civil.
Universidad San Francisco de Quito, Quito, Ecuador. http://repos
itorio.usfq.edu.ec/handle/23000/7208. Accessed 16 Oct 2023

Bolton MD (1981) Limit state design in geotechnical engineering.
Ground Eng 14(6):39-46

Boore DM (2004) Estimating Vs (30) (or NEHRP site classes) from
shallow velocity models (depths< 30 m). Bull Seismol Soc Am
94(2):591-597. https://doi.org/10.1785/0120030105

Bozzolan E, Holcombe E, Pianosi F, Wagener T (2020) Including infor-
mal housing in slope stability analysis—an application to a data-
scarce location in the humid tropics. Nat Hazards Earth Syst Sci
20(11):3161-3177. https://doi.org/10.5194/nhess-20-3161-2020

Caicedo B, Mendoza C, Lépez F, Lizcano A (2018) Behavior of
diatomaceous soil in lacustrine deposits of Bogota, Colombia.
J Rock Mech Geotech Eng 10(2):367-379. https://doi.org/10.
1016/j.jrmge.2017.10.005

Camino Jicome DM (2019) Analisis del nivel de riesgo-exposicion
a amenazas por movimientos en masa en el Barrio Comité Pro-
Mejoras Santa Teresita de Conocoto, zona Valle de Los Chillos.
Distrito Metropolitano de Quito. Trabajo De Titulacién Previo A
La Obtencién Del Titulo De Ingeniera Gedloga, Escuela Politéc-
nica Nacional, Quito, Ecuador. http://bibdigital.epn.edu.ec/handle/
15000/19982. Accessed 16 Oct 2023

Carrera Aguilar SV, Carlosama Morejon FJ (2017) Analisis del
peligro por fenémenos de remocion en masa en los taludes de
un tramo de la quebrada Shanshayacu, zona Quitumbe. Distrito
Metropolitano de Quito. Proyecto Previo A La Obtencién Del
Titulo De Ingeniero Gedlogo, Escuela Politécnica Nacional,

@ Springer


https://doi.org/10.1007/s10064-023-03438-3
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5194/nhess-17-397-2017
https://doi.org/10.1109/TAC.1974.1100705
https://doi.org/10.1109/TAC.1974.1100705
https://doi.org/10.5194/nhess-17-225-2017
https://doi.org/10.2307/2332631
https://www.ags.org.uk/data-format/
https://www.ags.org.uk/data-format/
https://doi.org/10.1680/geot.2000.50.5.487
http://repositorio.usfq.edu.ec/handle/23000/7208
http://repositorio.usfq.edu.ec/handle/23000/7208
https://doi.org/10.1785/0120030105
https://doi.org/10.5194/nhess-20-3161-2020
https://doi.org/10.1016/j.jrmge.2017.10.005
https://doi.org/10.1016/j.jrmge.2017.10.005
http://bibdigital.epn.edu.ec/handle/15000/19982
http://bibdigital.epn.edu.ec/handle/15000/19982

433 Page 18 of 20

Bulletin of Engineering Geology and the Environment

(2023) 82:433

Quito, Ecuador. http://bibdigital.epn.edu.ec/handle/15000/
17237. Accessed 16 Oct 2023

Chen FY, Zhang RH, Wang Y, Liu HL, Bohlke T, Zhang WG (2020)
Probabilistic stability analyses of slope reinforced with piles in
spatially variable soils. Int J Approx Reason 122:66-79. https://
doi.org/10.1016/j.ijar.2020.04.006

Chen LL, Zhang WG, Chen FY, Gu DM, Wang L, Wang ZY (2022)
Probabilistic assessment of slope failure considering anisotropic
spatial variability of soil properties. Geosci Front 13(3):101371.
https://doi.org/10.1016/j.gs£.2022.101371

Clapperton CM, Vera R (1986) The Quaternary glacial sequence in
Ecuador: a reinterpretation of the work of Walter Sauer. J Quat Sci
1(1):45-56. https://doi.org/10.1002/jqs.3390010106

Cédigo De Practica Ecuatoriano (CPE) (2001) CPE INEN 5:2001 Parte
1. Capitulo 12. Cédigo Ecuatoriano De La Construccién. Requisitos
Generales De Disefio: Peligro Sismico, Espectros De Disefio Y Req-
uisitos Minimos De Célculos Para Disefio Sismo- Resistente. Primera
Edicion. Instituto Ecuatoriano De Normalizacion, Quito — Ecuador

Cordovillo Flores BX (2018) Analisis de estabilidad de taludes en el
barrio Virgen del Cisne, sector Atucucho. Trabajo De Titulacion,
Modalidad Proyecto De Investigacion Para La Obtencion Del
Titulo De Ingeniero En Geologia, Universidad Central Del Ecua-
dor, Quito, Ecuador. http://www.dspace.uce.edu.ec/handle/25000/
16221. Accessed 16 Oct 2023

Crespo E (1987) Slope stability of the Cangahua Formation, a
volcaniclastic deposit from the Interandean Depression of
Ecuador. M.Sc. thesis, Cornell University, Ithaca, NY

Custode E, De Noni G, Trujillo G, Viennot M (1992) La cangahua en
el Ecuador: caracterizacion morfo-edafolégica y comportamiento
frente a la erosién. Terra 10:332-346. https://www.documentat
ion.ird.fr/hor/fdi:38575. Accessed 16 Oct 2023

De Risi R, De Luca F, Gilder CEL, Pokhrel RM, Vardanega PJ
(2021) The SAFER geodatabase for the Kathmandu valley:
Bayesian kriging for data-scarce regions. Earthquake Spectra
37(2):1108-1126. https://doi.org/10.1177/8755293020970977

Deng ZP, Pan M, Niu JT, Jiang SH (2022) Full probability design of
soil slopes considering both stratigraphic uncertainty and spatial
variability of soil properties. Bull Eng Geol Environ 81(5):195.
https://doi.org/10.1007/s10064-022-02702-2

Diego Armando GM (2015) Determinacion de la Resistencia al Corte
in Situ de los Suelos en Zonas de Peligro Sismico. Tesis Previo A
La Obtencién Del Titulo De Ingeniero Civil. Universidad de las
Fuerzas Armadas, Sangolqui, Ecuador. http://repositorio.espe.edu.
ec/handle/21000/11435. Accessed 16 Oct 2023

Evaluacion de Riesgos Naturales (ERN) (2012) Microzonificacion
sismica del Distrito Metropolitano de Quito. Estudio de la
amenaza sismica a nivel local. Programa de reduccién de riesgos
urbanos del Distrito Metropolitano de Quito

Falconi R A (2017) Microzonificacién sismica de Quito. Centro de
Investigaciones Cientificas. https://www.researchgate.net/profile/
RobertoAguiar/publication/277305703_Microzonificacion_Sismi
ca_de_Quito/links/59a988690f7¢9bdd 1 14ac115/Microzonificaci
on-Sismica-de-Quito.pdf. Accessed 16 Oct 2023

Flor Arroyo AD (2016) Determinacion del angulo de friccion y cohe-
sion del Suelo mediante correlaciones obtenidas en los ensayos
de plasticidad, modulo de elasticidad y Nspt de suelos de tres
sectores de la Ciudad de Quito. Disertacion De Grado Previo A La
Obtencion Del Titulo De Ingeniero Civil, Pontificia Universidad
Cato6lica del Ecuador, Quito, Ecuador. http://repositorio.puce.edu.
ec/handle/22000/10618. Accessed 16 Oct 2023

Foncea C, Acevedo P, Olguin R (2005) Geotechnical characterization of
saline soils. In: Proceedings of the 16th International Conference
on Soil Mechanics and Geotechnical Engineering, pp 503-506.
https://doi.org/10.3233/978-1-61499-656-9-503

Franco G, Stone H, Ahmed B, Chian SC, Hughes FE, Jirouskova
N, Kaminski S, Lopez J, Van Drunen NG, Molina Hutt C,

@ Springer

Querembas M (2018) The Muisne, Ecuador Earthquake of 16
April 2016. A field report by EEFIT, Technical report. The Insti-
tution of Structural Engineers. https://www.istructe.org/IStructE/
media/Public/Resources/report-eefit-mission-muisne-ecuador-
20180910.pdf. Accessed 16 Oct 2023

Gaibor Lombeida AM, Guano Zambrano MP (2012) Resistencia de la
cangahua en funcién de su composicion mineralégica y contenido
de humedad en dos sectores de Quito: Sur y Norte. Proyecto
Previo A La Obtencién Del Titulo De Ingeniero Civil. Universidad
Politécnica Salesiana, Cuenca, Ecuador. http://dspace.ups.edu.ec/
handle/123456789/3981. Accessed 16 Oct 2023

Gilder CEL, Pokhrel RM, Vardanega PJ (2019) The SAFER Borehole
Database (SAFER/GEO-591_v1.1): User Manual, December
2019, v1.1. University of Bristol, Bristol, UK. https://doi.org/10.
5523/bris.3gjcvx51Inpuv269xsal yrbOrw

Gilder CEL, Pokhrel RM, Vardanega PJ, De Luca F, De Risi R, Werner
M1J, Asimaki D, Maskey PN, Sextos A (2020) The SAFER geo-
database for the Kathmandu Valley: Geotechnical and geological
variability. Earthquake Spectra 36(3):1549-1569. https://doi.org/
10.1177/8755293019899952

Gilder CEL, De Risi R, De Luca F, Pokhrel RM, Vardanega PJ (2022)
Geostatistical framework for estimation of VS 30 in data-scarce
regions. Bull Seismol Soc Am 112(6):2981-3000. https://doi.org/
10.1785/0120210266

Hen-Jones R, Vardanega PJ, Zapata C, Jiménez E, Holcombe EA
(2022) Developing a geotechnical database to improve slope sta-
bility assessments in Quito, Ecuador. In: Rahman MM, Jaksa M
(eds) In: Proceedings of Twentieth International Conference on
Soil Mechanics and Geotechnical Engineering (ICSMGE 2022),
A Geotechnical Discovery Down Under, Sydney, New South
Wales, Australia. Australian Geomechanics Society, Sydney,
Australia, pp 2569-2574

IBC (2003) International code council (ICC). International building
code (IBC), IL, USA

Knuuti M, Lénsivaara T (2019) Variation of CPTu-based transfor-
mation models for undrained shear strength of Finnish clays.
Georisk 13(4):262-270. https://doi.org/10.1080/17499518.2019.
1644525

Kramer SL (1996) Geotechnical earthquake engineering. Prentice-Hall,
NJ, USA

Kulhawy FH, Mayne PW (1990) Manual on estimating soil properties
for foundation design. Report No. EPRI-EL-6800. Electric Power
Research Inst., Palo Alto, CA

Ledn Giraldez AL (2018) Generacién De Mapas Vs30 y Microzonas
Sismicas en el Distrito Metropolitano de Quito, Ecuador. Proyecto
De Grado Presentado ante la Ilustre Universidad Simén Bolivar
como requisito parcial para optar al titulo de Ingeniero Geofisico,
Universidad Simé6n Bolivar, Sartenejas, Venezuela

Lo6fman MS, Korkiala-Tanttu LK (2022) Transformation models for the
compressibility properties of Finnish clays using a multivariate
database. Georisk 16(2):330-346. https://doi.org/10.1080/17499
518.2020.1864410

Lumb P (1966) The variability of natural soils. Can Geotech J
3(2):74-97. https://doi.org/10.1139/t66-009

Lumb P (1970) Safety factors and the probability distribution of soil
strength. Can Geotech J 7(3):225-242. https://doi.org/10.1139/
t70-032

Mathworks (2022) Model data using the distribution fitting tool. https://
uk.mathworks.com/help/stats/model-data-using-the-distribution-
fitting-tool.html. Accessed 16 Oct 2023

McGuire RK (2004) Seismic hazard and risk analysis. Earthquake
Engineering Research Institute, Oakland, CA

Mendoza C, Caicedo B, Lopez-Caballero F (2019) Geotechnical
behavior of Bogot4 lacustrine soil through its geological history.
In: Proceedings of the XVII ECSMGE-2019. https://doi.org/10.
32075/17ECSMGE-2019-0017


http://bibdigital.epn.edu.ec/handle/15000/17237
http://bibdigital.epn.edu.ec/handle/15000/17237
https://doi.org/10.1016/j.ijar.2020.04.006
https://doi.org/10.1016/j.ijar.2020.04.006
https://doi.org/10.1016/j.gsf.2022.101371
https://doi.org/10.1002/jqs.3390010106
http://www.dspace.uce.edu.ec/handle/25000/16221
http://www.dspace.uce.edu.ec/handle/25000/16221
https://www.documentation.ird.fr/hor/fdi:38575
https://www.documentation.ird.fr/hor/fdi:38575
https://doi.org/10.1177/8755293020970977
https://doi.org/10.1007/s10064-022-02702-2
http://repositorio.espe.edu.ec/handle/21000/11435
http://repositorio.espe.edu.ec/handle/21000/11435
https://www.researchgate.net/profile/RobertoAguiar/publication/277305703_Microzonificacion_Sismica_de_Quito/links/59a988690f7e9bdd114ac115/Microzonificacion-Sismica-de-Quito.pdf
https://www.researchgate.net/profile/RobertoAguiar/publication/277305703_Microzonificacion_Sismica_de_Quito/links/59a988690f7e9bdd114ac115/Microzonificacion-Sismica-de-Quito.pdf
https://www.researchgate.net/profile/RobertoAguiar/publication/277305703_Microzonificacion_Sismica_de_Quito/links/59a988690f7e9bdd114ac115/Microzonificacion-Sismica-de-Quito.pdf
https://www.researchgate.net/profile/RobertoAguiar/publication/277305703_Microzonificacion_Sismica_de_Quito/links/59a988690f7e9bdd114ac115/Microzonificacion-Sismica-de-Quito.pdf
http://repositorio.puce.edu.ec/handle/22000/10618
http://repositorio.puce.edu.ec/handle/22000/10618
https://doi.org/10.3233/978-1-61499-656-9-503
https://www.istructe.org/IStructE/media/Public/Resources/report-eefit-mission-muisne-ecuador-20180910.pdf
https://www.istructe.org/IStructE/media/Public/Resources/report-eefit-mission-muisne-ecuador-20180910.pdf
https://www.istructe.org/IStructE/media/Public/Resources/report-eefit-mission-muisne-ecuador-20180910.pdf
http://dspace.ups.edu.ec/handle/123456789/3981
http://dspace.ups.edu.ec/handle/123456789/3981
https://doi.org/10.5523/bris.3gjcvx51lnpuv269xsa1yrb0rw
https://doi.org/10.5523/bris.3gjcvx51lnpuv269xsa1yrb0rw
https://doi.org/10.1177/8755293019899952
https://doi.org/10.1177/8755293019899952
https://doi.org/10.1785/0120210266
https://doi.org/10.1785/0120210266
https://doi.org/10.1080/17499518.2019.1644525
https://doi.org/10.1080/17499518.2019.1644525
https://doi.org/10.1080/17499518.2020.1864410
https://doi.org/10.1080/17499518.2020.1864410
https://doi.org/10.1139/t66-009
https://doi.org/10.1139/t70-032
https://doi.org/10.1139/t70-032
https://uk.mathworks.com/help/stats/model-data-using-the-distribution-fitting-tool.html
https://uk.mathworks.com/help/stats/model-data-using-the-distribution-fitting-tool.html
https://uk.mathworks.com/help/stats/model-data-using-the-distribution-fitting-tool.html
https://doi.org/10.32075/17ECSMGE-2019-0017
https://doi.org/10.32075/17ECSMGE-2019-0017

Bulletin of Engineering Geology and the Environment (2023) 82:433

Page 190f20 433

Minitab (2017) 1-Sample t-test. Minitab Assistant White
Paper. https://support.minitab.com/en-us/minitab/20/media/pdfs/
translate/Assistant_One_Sample_t.pdf. Accessed 16 Oct 2023

Monereo Pérez J (2014) Determinacion del modulo de deformacion a
traves de ensayos de comprension triaxial en Cangahua. Trabajo
de titulacion previo a la obtencion del titulo de: Ingeniero Civil.
Universidad Politecnica Salesiana, Quito, Ecuador. http://dspace.
ups.edu.ec/handle/123456789/11363. Accessed 16 Oct 2023

Montatixe Chicaiza EC, Chango Alvarez DF (2018) Analisis de esta-
bilidad de taludes en un tramo de las avenidas Simén Bolivar
y Gonzalo Pérez Bustamante, Distrito Metropolitano de Quito.
Trabajo De Titulacién Previo A La Obtencién Del Titulo De
Ingenieras En Geologia. Escuela Politécnica Nacional, Quito,
Ecuador. http://bibdigital.epn.edu.ec/handle/15000/19971.
Accessed 16 Oct 2023

Montgomery DC, Runger GC, Hubele NF (2007) Engineering sta-
tistics, 4th edn. Wiley, USA

Municipio Q (1994) The Quito, Ecuador, earthquake risk management
project. The Quito, Ecuador, earthquake risk management project.
GeoHazards International

Municipio de Quito (2015) Actualizacién de la zonificacién por ame-
naza de deslizamientos en el Distrito Metropolitano de Quito.
Technical report.

Nikolaou S, Vera-Grunauer X, Gilsanz R (eds.) (2016). GEER-ATC
Earthquake Reconnaissance April 16th 2016, Muisne, Ecuador,
Version 1, October 14th 2016. https://learningfromearthquakes.
org/2016-04-16-muisne-ecuador/images/2016_04_16_Muisne_
Ecuador/pdfs/yECUADOR_Report_ GEER-049-v1b-reduced.pdf.
Accessed 16 Oct 2023

Ortiz Quinteros CA (2015) Anélisis Comparativo de las propiedades
geomecanicas de varios suelos del Ecuador aplicados a la estabili-
dad de taludes Proyecto de investigacion previo a la obtencion del
Grado de Ingeniero Civil. Universidad Internacional Del Ecuador,
Quito, Ecuador. http://repositorio.uide.edu.ec/handle/37000/2190.
Accessed 16 Oct 2023

Othman M, Hen-Jones R, Zapata C, Jiménez E, De Luca F, Holcombe
EA, Vardanega PJ (2023) Quito Geotechnical Database (Quito/
GEO-299 v.1.1). University of Bristol, Bristol, U.K. https://doi.
org/10.5523/bris.ys9nfsd66knb2 1h3twx2rfin6

Pachacama Caizaluisa NJ (2015) Caracterizacion de Cangahuas
mediante ensayos triaxiales no consolidados-no drenados (UU)
y consolidado no drenado (CU), aplicacidén a la estabilidad de
taludes. Previa A La Obtencién De Grado Académico O Titulo
De. Ingeniera Civil, Universidad De Las Fuerzas Armadas ESPE,
Sangolqui, Ecuador. http://repositorio.espe.edu.ec/handle/21000/
10939. Accessed 16 Oct 2023

Phoon K-K (2020) The story of statistics in geotechnical engineer-
ing. Georisk 14(1):3-25. https://doi.org/10.1080/17499518.2019.
1700423

Phoon K-K, Kulhawy FH (1999a) Characterization of geotechnical
variability. Can Geotech J 36(4):612-624. https://doi.org/10.1139/
199-038

Phoon K-K, Kulhawy FH (1999b) Evaluation of geotechnical property
variability. Can Geotech J 36(4):625-639. https://doi.org/10.1139/
t99-039

Phoon K-K, Ching J, Cao Z (2022a) Unpacking data-centric
geotechnics. Underground Space 7(6):967-989. https://doi.org/
10.1016/j.undsp.2022.04.001

Phoon K-K, Ching J, Shuku T (2022b) Challenges in data-driven site
characterization. Georisk 16(1):114—126. https://doi.org/10.1080/
17499518.2021.1896005

Plaza G (2016) Proyecto: “Estudios Complementarios Para El Detalle
De Ingenierfas De La Linea Roldds — Ofelia”: Producto 1 Capitulo
B: Informe Geolégico - Geotécnico Tomo 1. CODIGO: QC-OR-
TT-GEO1-MC-001, EPMMOP, EPN, Quito, Ecuador

Sénchez Machado CA (2012) Caracterizacion de la Zona Sur de la
Linea 1 del Metro de Quito-Ecuador utilizando el método Remi.
Informe De Pasantia Presentado ante la Ilustre Universidad
Simén Bolivar como requisto parcial para optar al titulo de
Ingeniero Geofisico. Universidad Simon Bolivar, Sartenejas,
Venezuela

Sanchez, M., Genise, J., Bellosi, E., Roman-Carrién, J., y Cantil,
L. (2013). Dung beetle brood balls from Pleistocene highland
palaeosols of Andean Ecuador: A reassessment of Sauer’s
Coprinisphaera and their palacoenvironments. Palaeogeogr
Palaeoclimatol Palaeoecol, 386: 257-274. https://doi.org/10.
1016/j.palaeo.2013.05.028

Schuster RL, Nieto AS, O’Rourke TD, Crespo E, Plaza-Nieto G (1996)
Mass wasting triggered by the 5 March 1987 Ecuador earthquakes.
Eng Geol 42(1):1-23. https://doi.org/10.1016/0013-7952(95)
00024-0

Shepheard CJ, Vardanega PJ, Holcombe EA, Hen-Jones R, De Luca F
(2019) Minding the geotechnical data gap: appraisal of friction angle
variability for slope stability modelling in the Eastern Caribbean.
Bull Eng Geol Environ 78(7):4851-4864. https://doi.org/10.1007/
$10064-018-01451-5

Tenesaca Illescas LF, Caiza Flores DF (2019) Correlacion entre El
Angulo De Friccién Y La Relacién De Vacios En Arenas Utili-
zando El Ensayo De Corte Directo. Trabajo de Titulacién previo a
la obtencion del titulo de Ingeniero Civil. Universidad Politécnica
Salesiana, Quito, Ecuador. http://dspace.ups.edu.ec/handle/12345
6789/17738. Accessed 16 Oct 2023

Valverde J, Fernandez J, Jiménez E, Vaca T, Alarcén F (2002) Micro-
zonificacion sismica de los suelos del Distrito Metropolitano de
la Ciudad de Quito. Escuela Politécnica Nacional del Ecuador,
Quito. https://biblio.flacsoandes.edu.ec/shared/biblio_view.php?
bibid=126795&tab=opac. Accessed 16 Oct 2023

Van der Krogt MG, Schweckendiek T, Kok M (2019) Uncertainty in
spatial average undrained shear strength with a site-specific trans-
formation model. Georisk 13(3):226-236. https://doi.org/10.1080/
17499518.2018.1554820

Vanmarcke E (2010) Random fields: analysis and synthesis. World
scientific

Vardanega PJ, Bolton MD (2016) Design of geostructural systems.
ASCE-ASME J Risk Uncertain Eng Syst , Part A: Civil Eng
2(1):04015017. https://doi.org/10.1061/AJRUA6.0000849

Vera R, Lépez R (1992) Tipologia de la cangahua. Terra
10(Especial):113-119

Voyagaki E, Crispin J, Gilder CEL, Ntassiou K, O’Riordan N, Nowak
P, Sadek T, Patel D, Mylonakis G, Vardanega PJ (2022) The
DINGO database of axial pile load tests for the UK: settlement
prediction in fine-grained soils. Georisk 16(4):640-661. https://
doi.org/10.1080/17499518.2021.1971249

Wair BR, DeJong JT, Shantz T (2012) Guidelines for estimation of
shear wave velocity profiles. Pacific Earthquake Engineering
Research Center. https://peer.berkeley.edu/sites/default/files/
webpeer-2012-08-bernard_r._wair_jason_t._dejong_and_thomas_
shantz.pdf. Accessed 16 Oct 2023

Wang F, Li H (2021) A nonparametric approach for characterizing
soil spatial variability based on cone penetration test data. Bull
Eng Geol Environ 80(2):1073-1089. https://doi.org/10.1007/
$10064-020-01976-8

Welch BL (1938) The significance of the difference between two
means when the population variances are unequal. Biometrika
29(3/4):350-362. https://doi.org/10.2307/2332010

Welch BL (1947) The generalization of ‘STUDENT'S’ problem when
several different population varlances are involved. Biometrika
34(1-2):28-35. https://doi.org/10.1093/biomet/34.1-2.28

Woolson RF (2008) Wilcoxon signed-rank test. In: D’Agostino RB,
Sullivan L, Massaro J (eds) Wiley encyclopedia of clinical trials.
https://doi.org/10.1002/9780471462422.e0ct979

@ Springer


https://support.minitab.com/en-us/minitab/20/media/pdfs/translate/Assistant_One_Sample_t.pdf
https://support.minitab.com/en-us/minitab/20/media/pdfs/translate/Assistant_One_Sample_t.pdf
http://dspace.ups.edu.ec/handle/123456789/11363
http://dspace.ups.edu.ec/handle/123456789/11363
http://bibdigital.epn.edu.ec/handle/15000/19971
https://learningfromearthquakes.org/2016-04-16-muisne-ecuador/images/2016_04_16_Muisne_Ecuador/pdfs/ECUADOR_Report_GEER-049-v1b-reduced.pdf
https://learningfromearthquakes.org/2016-04-16-muisne-ecuador/images/2016_04_16_Muisne_Ecuador/pdfs/ECUADOR_Report_GEER-049-v1b-reduced.pdf
https://learningfromearthquakes.org/2016-04-16-muisne-ecuador/images/2016_04_16_Muisne_Ecuador/pdfs/ECUADOR_Report_GEER-049-v1b-reduced.pdf
http://repositorio.uide.edu.ec/handle/37000/2190
https://doi.org/10.5523/bris.ys9nfsd66knb21h3twx2rfin6
https://doi.org/10.5523/bris.ys9nfsd66knb21h3twx2rfin6
http://repositorio.espe.edu.ec/handle/21000/10939
http://repositorio.espe.edu.ec/handle/21000/10939
https://doi.org/10.1080/17499518.2019.1700423
https://doi.org/10.1080/17499518.2019.1700423
https://doi.org/10.1139/t99-038
https://doi.org/10.1139/t99-038
https://doi.org/10.1139/t99-039
https://doi.org/10.1139/t99-039
https://doi.org/10.1016/j.undsp.2022.04.001
https://doi.org/10.1016/j.undsp.2022.04.001
https://doi.org/10.1080/17499518.2021.1896005
https://doi.org/10.1080/17499518.2021.1896005
https://doi.org/10.1016/j.palaeo.2013.05.028
https://doi.org/10.1016/j.palaeo.2013.05.028
https://doi.org/10.1016/0013-7952(95)00024-0
https://doi.org/10.1016/0013-7952(95)00024-0
https://doi.org/10.1007/s10064-018-01451-5
https://doi.org/10.1007/s10064-018-01451-5
http://dspace.ups.edu.ec/handle/123456789/17738
http://dspace.ups.edu.ec/handle/123456789/17738
https://biblio.flacsoandes.edu.ec/shared/biblio_view.php?bibid=126795&tab=opac
https://biblio.flacsoandes.edu.ec/shared/biblio_view.php?bibid=126795&tab=opac
https://doi.org/10.1080/17499518.2018.1554820
https://doi.org/10.1080/17499518.2018.1554820
https://doi.org/10.1061/AJRUA6.0000849
https://doi.org/10.1080/17499518.2021.1971249
https://doi.org/10.1080/17499518.2021.1971249
https://peer.berkeley.edu/sites/default/files/webpeer-2012-08-bernard_r._wair_jason_t._dejong_and_thomas_shantz.pdf
https://peer.berkeley.edu/sites/default/files/webpeer-2012-08-bernard_r._wair_jason_t._dejong_and_thomas_shantz.pdf
https://peer.berkeley.edu/sites/default/files/webpeer-2012-08-bernard_r._wair_jason_t._dejong_and_thomas_shantz.pdf
https://doi.org/10.1007/s10064-020-01976-8
https://doi.org/10.1007/s10064-020-01976-8
https://doi.org/10.2307/2332010
https://doi.org/10.1093/biomet/34.1-2.28
https://doi.org/10.1002/9780471462422.eoct979

433 Page 20 of 20 Bulletin of Engineering Geology and the Environment (2023) 82:433

Zaaijer M (1991) City profile: Quito. Cities 8(2):87-92. https://doi.org/ Zhang WG, Meng FS, Cheng FY, Liu HL (2021) Effects of spatial

10.1016/0264-2751(91)90002-9 variability of weak layer and seismic randomness on rock slope
Zebrowski C (1997) Los suelos con cangahua en el Ecuador. In: stability and reliability analysis. Soil Dyn Earthq Eng 146:106735.
Memorias del III Simposio Internacional sobre Suelos volcinicos https://doi.org/10.1016/j.s0ildyn.2021.106735

endurecidos (Quito, diciembre 1996), pp. 128-137. https://www.
documentation.ird.fr/hor/fdi:010012918. Accessed 16 Oct 2023

@ Springer


https://doi.org/10.1016/0264-2751(91)90002-9
https://doi.org/10.1016/0264-2751(91)90002-9
https://www.documentation.ird.fr/hor/fdi:010012918
https://www.documentation.ird.fr/hor/fdi:010012918
https://doi.org/10.1016/j.soildyn.2021.106735

	Geotechnical variability of the soils of Quito, Ecuador: a geodatabase study
	Abstract
	Introduction
	The Quito case-study
	Soil seismic and geotechnical classification maps in Quito
	Data collection and building the database
	Data identification and spatial distribution in Quito
	Statistical analysis and parameter distributions
	Variation between north and south of Quito
	Geotechnical transformation models
	Summary and conclusions
	Anchor 12
	Acknowledgements 
	References


