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Abstract: The city of Portoviejo in coastal Ecuador was severely affected during the 16 April 2016,
Pedernales earthquake (Mw 7.8). Various coseismic liquefaction phenomena occurred, inducing
lateral spreading, sand boils, ground subsidence, and sinkholes in soils with poor geotechnical quality
in the alluvial and alluvial-colluvial sedimentary environment. Therefore, the main aim of this study
was to collect data from standard penetration tests (SPT) and shear velocity and exploratory trenches
and to calculate the liquefaction potential index (LPI) by considering a corresponding seismic hazard
scenario with an a5y = 0.5 g. From these data, a liquefaction hazard map was constructed for the
city of Portoviejo, wherein an Fs of 1.169 was obtained. It was determined that strata at a depth of
between 8 and 12 m are potentially liquefiable. Our quantitative results demonstrate that the city of
Portoviejo’s urban area has a high probability of liquefaction, whereas the area to the southeast of the
city is less sensitive to liquefaction phenomena, due to the presence of older sediments. Our results
are in accordance with the environmental effects reported in the aftermath of the 2016 earthquake.

Keywords: standard penetration test; soil liquefaction; earthquake hazard; Pedernales earthquake; Ecuador

1. Introduction

Within areas with high levels of seismicity, where earthquakes occur at intervals of
20 to 70 years and soils are susceptible to coseismic ground deformations, it is absolutely
necessary to perform continuous studies in order to understand which urban areas may be
susceptible to liquefaction. The poor quality of the soils due to their young age produces
unfavorable conditions that correspond to the Holocene [1-12]. Historically, older build-
ings in alluvial valleys filled with Quaternary deposits are the most vulnerable, as was
documented in past earthquakes in the province of Manabi, in the central coastal area of
Ecuador (Figure 1) [11,13-29]. Some specialists have evaluated the surface coseismic effects
related to liquefaction, exposing their criteria in a variety of studies [30—48].

Cavallaro et al. [49] conducted an investigation in the Emilia Romagna region after
an earthquake in May 2012, with the purpose of determining the phenomenon of soil
liquefaction in this region, using Piezocone tests (CPTU), seismic dilatometer Marchetti
tests (SDMT), and comparisons between the in situ small shear strain, laboratory shear
strain, and shear strain obtained by empirical correlations. Idriss and Boulanger (2006)
re-examined the semi-empirical procedures for evaluating liquefaction potential by pre-
senting modified relationships that can be used in re-evaluations of SPT and CPT case
history databases.
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Figure 1. Illustrated seismotectonic location on the Ecuadorian coasts (left panel); subduction events
presented in the sea of the province of Manabi (right panel) and upper crustal geological faults and
aftershocks (16 April 2016 to 27 January 2019) [14].

During the recent thrust of the Pedernales earthquake, coseismic geological effects
were documented in an area of around 18,000 km?2, which included various soil liquefaction
features in recent sedimentary deposits, such as alluvial and alluvial-colluvial sequences,
where high frequencies are related to Quaternary climatic oscillations [11,14,21,22,25,50,51].
In the seismic event that occurred on 16 April 2016, the peak ground acceleration (PGA)
of the soil was 1.40 g for the city of Pedernales, while in the city of Portoviejo it was
approximately 0.38 g [52]. This earthquake was recorded 10 km from the city of Pedernales
off the coast of Ecuador at a depth of 21 km, with greater intensity of damage along the
100-120 km long rupture zone, from Muisne to Bahia de Caraquez [52]. In the epicen-
tral area, the earthquake environmental effects were represented in cartography by the
isosists of maximum macroseismic intensities using the Environmental Seismic Intensity,
the ESI 2007 scale [2]; the maximum intensity (IX ESI-07 intensity) was recorded in the
Jama—Pedernales epicentral area. The urban area of Portoviejo, which is located 150 km
away, was assigned a VII-VIII ESI-07 intensity [11,14], and registered the greatest damage
to buildings. The poor geotechnical quality of the soils was exacerbated by the total break-
down of 2678 collapsed dwellings [51]. Other historical effects of soil liquefaction were
documented in 1942 (Mw 7.9), in the same seismogenetic segment of the South American
subduction zone, on the central coast of Ecuador [13-15,18,21,25,27].

Within this context, several government initiatives developed building regulations,
such as the Ecuadorian Construction Standards (NEC) entitled NEC-2002, NEC-2011,
and NEC-2015 [53,54]; however, the seismic parameters assigned were insufficient for
seismic zones where little information is available on maximum magnitudes and expected
recurrences [55]. The recent Pedernales earthquake of 2016 (Mw 7.8) provided enough
instrumental data for the central coast of Ecuador. However, for the rest of the territory,
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the seismic coefficient values may be overestimated considering the new modifications
of the NEC, in which the value of the seismic threat takes into account the different
seismogenic subduction structures and the active geological fault systems in the coastal
continental segment and in the Andes [14,55-58].

These acceleration values can be used in studies of seismic hazards in order to obtain
attenuation models that are more approximate to the seismotectonic reality of the region.
Moreover, the site effects are developed by the thickness of the soft layer of sediments,
the level of saturation, and its high intensity from the acceleration reached on the ground.
For the urban area of Portoviejo, a local geology map was drawn up outlining the main sed-
imentary units using data from geotechnical boreholes and exploratory trenches (Figure 2).
For alluvial and alluvial-colluvial soils, a liquefaction probability analysis was performed
to determine the maximum coseismic deformations up to depth of 20 m. The liquefaction
evaluation was performed using geological, geophysical, and geotechnical data from the
corresponding boreholes, and standard penetration tests were used to analyze the safety
factor against liquefaction (Fs) and the liquefaction potential index (LPI). These geotechni-
cal evaluations allow liquefaction probability profiles to be obtained. GIS technology was
also used in order to propose a liquefaction hazard map of potential liquefaction. Finally,
a linear equivalent analysis was used to assess the response of the site, in which seismic
records within the spectrum were selected. All these study techniques are useful for the
foundation designs of civil projects.
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Figure 2. Local geological map of the city of Portoviejo (A), and location of the boreholes (B), adapted
and modified from Cando-Jacome et al. [51].

2. Materials and Methods

Geotechnical, geological, geomorphological, and geophysical data were used to assess
the quality of susceptible soil profiles to coseismic deformations, such as phenomenal-
induced liquefaction including lateral spreading, sinkholes, sand boils, and ground subsi-
dence [2,8,59-62]. The thicknesses of the lithological units of the soil and the seismic shear
wave profiles (assessed using the Nakamura method [63]) were analyzed using 23 available
boreholes of up to 30 m deep; the number of SPT blows, granulometry, and water content
were assessed in the soil, and variation in soil saturation degree, liquid limit (LL), and plas-
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ticity limit of soil strata samples were analyzed. The current study, which evaluated the
probability of soil liquefaction in the city of Portoviejo (Figure 3), was based on four stages:
(i) The creation of a database of historical and instrumental earthquakes and geological
faults capable of generating earthquakes with magnitudes greater than 6 and PGA from
0.32 g to 0.38 g; (ii) the compilation and analysis of geotechnical, geological, and geophysi-
cal results from the urban area; moreover, field reconnaissance and the preparation of a
map of geological units using GIS; (iii) the calculation of the liquefaction potential index
(LPI) by means of deterministic techniques from SPT tests and wave speed measurements,
considering a seismic hazard of a,,,x = 0.5 g; (iv) the preparation of liquefaction hazard
maps for the city of Portoviejo, with documented coseismic evidence from the 16 April
2016 earthquake.

The present investigation involved the city of Portoviejo, which is one of the most
earthquake-susceptible urban areas on the Ecuadorian coast, as illustrated in Figure 1. It is
located in a river valley with an extension of 57 km?. The population in the Portoviejo
canton from 1950 to 2010 increased from 63,090 to 238,430 inhabitants according to the
national census [64]. The urban area of Portoviejo has 171,847 inhabitants and is the eighth
most populous city in Ecuador.

The urban area has soft soils for the most part, which are classified as silt, clay, and in-
tercalated strata of sand. However, the geomorphological features in the hydrographic
basin from north to south in the direction of the seismic subduction zone (NS) can be
characterized as having unfavorable conditions as regards soil behavior (Figure 2).

Figure 3. Representative examples of the liquefaction observed in the city of Portoviejo on 16 April
2016: (A); building damage from settlement and structural failure due to poor construction quality;
(B) the presence of differential settlement in the soil of June 5 avenue; (C) settlement in the vaults in
the general cemetery.

3. Seismotectonic Setting and Quaternary Fault Seismic Hazard

The subduction tectonic zone of Ecuador registered one of the strongest earthquakes
in the last 120 years: the Mw 8.8 Esmeraldas earthquake on the northwestern coast of
Ecuador. Convergence movement occurs on the coasts of Ecuador due to the Nazca plate
being subducted below the South American continent. This displacement occurs at a
speed of approximately 47 mm per year [65-68]. The spatial distribution of instrumental



Land 2022, 11, 463

50f 20

earthquakes and deep geophysical surveys delineate potential fractures in the oceanic
crust. The different dips in the subducting plate, together with the rupture distance are
parameters that are considered in the determination of the intensities [69,70]. Table 1
illustrates the largest magnitude subduction seismic events on the Ecuadorian Pacific coast
in the province of Manabi.

Table 1. Seismic subduction events in the Manabi Province [8].

Sector (Epicenter) Date Magnitude (Mw)

Bahia de Caraquez 3 May 1896 7.1

Pedernales-Muisne 1 June 1907 74
Pedernales 14 May 1942 7.9

Bahia de Caraquez 16 January 1956 74

Bahia de Caraquez 4 August 1998 7.1
Pedernales 16 April 2016 7.8

Furthermore, seismic hazard analyses applied to upper plate geological faults capable
of generating moderate earthquakes of 6.0 < Mw < 6.7 have been poorly documented for
the province of Manabi [56,57,67,71]. Indeed, the records of seismic history of the entire
coast of Ecuador go back no further than 240 years, and for the province of Manabi, there is
a historical documentation of less than 130 years. Therefore, the seismic risk from geological
faults that may be close to their seismic cycle recurrence cannot be ruled out [71,72].

In order to provide the Mw and PGA rock values to be used in the current study,
we performed a capable fault hazard analysis using a deterministic approach, with a
magnitude between Mw 6.0 and Mw 7.1 and with PGA values ranging from 0.32 g to
0.38 g. Herein, we analyzed the capable faults near the city of Portoviejo in a 50 km radius.
Capable faults were mapped from the morphometric analysis in the terrain using digital
terrain models and aerial and orthofotos, while tectonic activity was associated with recent
earthquakes with hypocentral distances of less than 15 km. The most appropriate approach
with which to estimate the maximum magnitude of an earthquake is the relationship
with the type and fault rupture length [73-75]. The maximum magnitudes for each of
the identified crustal faults, and the maximum vertical displacement, were estimated
with the empirical regression relationships given by the magnitude earthquake versus the
displacement of geological fault (Table 2), based on the work of Wesnousky [74]. They were
proposed for each type of capable fault:

Strike slip faults: Mw = 5.56 + 0.87Log(Ly) D
Normal faults: Mw = 6.12 + 0.47Log(Ly) 2)
Reverse faults: Mw = 4.11 + 1.88Log(L¢) 3)

where L is the capable fault length.

These regression equations indicate that different kinds of faults with similar dimen-
sions may generate earthquakes of different magnitudes [74,75]. This was applied on the
capable faults outlined in the Manabi area and with potential coseismic ground environ-
mental effects for the city of Portoviejo. Furthermore, we estimated the PGA values using
the equation proposed by Fukushima and Tanaka [76].

(10041 Me—Togio(Hy-+0052:10° %) _ ¢ 0341, 4 1.3)

PGAock = 980

4)

where Hy is the depth of fault and Me is the estimated magnitude.

The seismicity related to a geological fault and a catalog of 14 faults capable of deform-
ing the ground surface and able to generate modest-to-strong earthquakes were compiled
and are listed in Table 2.
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Table 2. List of faults that are able to generate seismic movement with a magnitude greater than Mw 6 in the canton of Portoviejo. Estimated Magnitude from type
fault was taken from Wesnousky (2008), the estimated Magnitude was taken from [73], and the level of reliability was from [71].

Fault Fault Distance . . Fault Max . Estim‘ated Estim'ated .
Capable Type Length Depth Respec.t fo Strike Dip Slip Rake Width  Offset Estlm.ated Magnitude = Magnitude PGA in Le.vel.o'f
Fault Portoviejo Fault Magnitude from Fault from Type Rock Reliability
(km) (km) (km) (km) (m) Depth Fault
P au

FPO1 Normal 13.6 8 32 85 45 —90 7 0.8 6.1 6.1 6.2 0.33 Low
FP02 Shear fault Sx 15.5 8 13 20 45 5 7.6 0.8 6.2 6.1 6.6 0.35 High
FP03 Shear fault Dx 15 8 13 45 45 180 8 0.8 6.2 6.1 6.6 0.35 High
FP04 Reverse 38.3 12 39 10 45 90 10 1.3 6.7 6.7 7.1 0.35 High
FP05 Normal 25.9 12 50 25 45 -90 9 1.1 6.5 6.5 6.8 0.32 Moderate
FP06 Shear fault Dx 25 8 3 50 85 180 9 1.1 6.5 6.5 6.8 0.34 Low-Mod
FP07 Shear fault Dx 25 8 13 45 45 180 9 1.1 6.5 6.5 6.8 0.37 Low-Mod
FP08 Reverse 18 8 15 130 45 90 8 0.9 6.2 6.2 6.5 0.35 Low-Mod
FP09 Reverse 26 12 18 5 45 90 9 1.1 6.5 6.5 6.8 0.32 Low
FP10 Shear fault Sx 17 8 28 350 85 5 8 0.9 6.3 6.2 6.6 0.36 Low-Mod
FP11 Reverse 18 8 40 320 45 90 8 0.9 6.2 6.2 6.5 0.35 Low
FP12 Reverse 14 8 46 15 45 90 7 0.8 6.1 6.1 6.3 0.33 Low
FP11 Normal 13 8 2 330 45 -90 7 0.8 6 6 6.2 0.32 Low
FP12 Reverse 15 8 9 32 45 90 8 0.8 6.1 6.1 6.3 0.34 Low
FP13 Shear fault Sx 26 8 17 22 85 5 9 1.1 6.5 6.5 6.8 0.38 Low
FP14 Shear fault Dx 17 8 15 345 85 180 8 0.9 6.2 6.2 6.4 0.35 Low
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4. Results and Discussion
4.1. GIS-Type Geological, Geotechnical Database and Corresponding Conditions

In this study, a mapping of the local geology was produced based on field recognition,
aerial photos at a scale of 1:60,000, orthophotos at a scale of 1:6000, satellite images, and a
flow direction analysis using the Topographic Position Index (TPI) technique. The available
regional geological maps have a scale of 1:100,000 and do not well define the different
lithological units of the Quaternary. The special projection of this information was inserted
into an ArcGis platform and all the maps with the database were georeferenced using the
WGS 84 UTM zone 17 South reference spatial System.

Borehole data were provided by the municipality of Portoviejo [77] and private soil
testing labs. The data from boreholes were used to prepare simplified geological sections
illustrating the lithological structure and its relationships with the geomorphologic features
of the studied area. A geological profile (AB) with a NE-SW direction of 2.8 km in length
was compiled for the “ground zero” of the city of Portoviejo (Figures 3 and 4), as it recorded
the highest amount of damage to homes and buildings in the city during the seismic event
in 2016 (Mw 7.8). This geological section is located on sedimentary deposits, composed of
valleys in the presence of alluvial channels that provide important flows that are limited by
slopes. These areas are characterized by the presence of artificial soils that are filled with
products and waste materials with a thickness that varies between 0.5 and 4 m in relation
to the natural terrain.

A n2o B
14g(m) 140
120 1120
100} 100

80 | 80
6(1 colluvium Ancient Recent _60
Alluvium plai ; )
- P 2:;’3;,, N34 Levee channel N33 Alluvium NO2 Piedmont |
4Q' Ancient _40
Ancient Alluvium plain
- colluyium A\Iukum plain - sl |
20 Ancient alluvium | 20
evee channel collivium Alluvium Andiont Siltstone and claystone rock
0_ collivium Alluvium  Levee channel Tosagua Formation —0
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Figure 4. Geological and soil profile in the urban area of the city of Portoviejo.

The soils of the city of Portoviejo are classified by the Unified Soil Classification
System (SUCS) in Table 3; in addition, the shear rate, age, and geological units by strata
with their respective thicknesses are given. Soils that correspond to the Holocene are
present with strata ranging from 4 to 18 m and a shear rate that varies between 110 and
150 m/s. With respect to the oldest deposits of the alluvial plains, there are strata with a
compactness varying with depth from soft to firm. The geomorphological position of the
channels varies with discontinuous stratified heights in ages ranging from the Holocene to
the Upper Pleistocene, with wave speeds from 150 to 230 m/s.

The rocky basement (Msc) of the Miocene age is composed of siltstones and claystones
from the Tosagua geological formation, in which the shear rate must be greater than
650 m/s [78-80].
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Table 3. Classification of the geological materials of the seven present Quaternary units and the one
Miocene (Tosagua) unit of Portoviejo city.

. . Thickness of . . Average Shear Rate
Geologic Units Sediments USCS Soil Type Geological Age in Meters
Fill 1<m<4 MH and waste Modern 110 < vs. < 150
materials
Alluvium plain deposits (Qa) 4<m<18 CL,CH Holocene 130 < wvs. <175
Ancient alluvium plain deposits (Qaa) 8 <m < 20 CL, CH, ML Holocene to Late 160 < vs. < 260
Pleistocene
Levee channel deposit (Qaa) 2<m<6 SM, MH Holocgne to Late 150 < vs. <230
Pleistocene
Colluvium deposits (Qc) 6 <m <15 MH, ML Late Pleistocene 180 < vs. <260
Piedmont alluvial deposit (Qpa) 6<m<16 ML, MH Late Pleistocene 180 < vs. <280
Ancient “’”uv“;g:;l)lu“um deposits 4 <30 MH, ML Late Pleistocene 130 < vs. < 260
Alluvial valley fill deposit (Qaf) 15<m <40 ML, MH, SM Middle Pleistocene 300 < vs. <500
Soft rock (Msc) >20 m siltstone, claystone Miocene vs. >650m/s

4.2. Liquefaction Susceptibility Analysis

In seismic areas with moderate to high magnitude levels, the soil liquefaction is among
the main causes of structural damage in saturated loose silt and/or sand sediments of
Holocene age during earthquakes [11,81,82]. In many cases, urban areas susceptible to
soil liquefaction have seen rapid unplanned population growth; however, there are few
regulations from the competent agencies related to territorial planning that involve types
of soils prone to seismic environmental effects [2,83-85], i.e., they are not considered in
municipal cadastral systems.

Many of the collapsed buildings were sitting on these potentially liquefiable soils [51];
the inadequate structural designs caused the collapse and destruction of about 2100 houses
located on lateral spreading, sand boils, subsidence, and sinkholes. All of these features
occurred in the urban center of Portoviejo city, where there was the highest concentration
of damage to homes. In the current study, we also considered other seismogenic structures,
e.g., local earthquakes attributed to crustal geological faults, which may have caused similar
or greater coseismic liquefaction effects in these Holocene geological units. The liquefaction
susceptibility was analyzed for both seismic sources.

In order to determine the probability of liquefaction in the city of Portoviejo, we uti-
lized the methodology proposed by Chen and Juang [38] to calculate the safety factor per
stratum, considering it to be the ratio between the cyclic resistance ratio (CRR) and the
cyclic stress ratio (CSR). Portoviejo urban area is built on geological units including early
Holocene to late Pleistocene floodplain deposits, channel deposits and floodplain deposits,
and groundwater outcrops at least 6 m deep [54,86-88]. In addition, there is evidence of
historical liquefaction during the mega-earthquakes of 13 May 1942 (Mw 7.9) and 16 April
2016 (Mw 7.8) [14,17,22,89].

Many of the geological faults studied herein have recent records of active seismicity
but of low magnitude [52]. Local earthquakes are not documented in the seismic catalogs
due to incomplete historical records (covering less than 130 years) and the long recurrence
of geological fault activation; however, the related seismic hazards should not be ruled out.

For the evaluation of the liquefaction potential indeXx, soil characterization tests were
conducted, including granulometry, liquid limits, plastic limit, and considered geotechnical
parameters, as proposed by Wang [90], Seed and Idriss [31], and Chen and Juang [38].
An evaluation of these geotechnical parameters in a total of 21 geotechnical boreholes was
conducted in this study; borehole data were provided by the municipality of Portoviejo
and various other private soil laboratories. The initial approach involved classifying
these geologic units as liquefiable soils if saturated according to Seed et al. [40], which
indicates that the plasticity behavior of fine size particles of soils is more important than
the percent clay size, while there are numerous cases of liquefaction with more than 10%
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clay-sized fines. Allowing for these criteria, soils with a fine content of more than 35% were
characterized as potentially liquefiable when the liquid limit was less than 37, the plasticity
index was less than 12 (LL < 37 and PI < 12), and the water content was high relative to
their Liquid Limit (wc > 0.8 LL).

The soils analyzed from the city of Portoviejo indicate certain deep strata from the
Holocene to Pleistocene ages, which are also potentially liquefiable when close to 100%
saturation. They are considered “probably liquefiable” when the liquid limit is less than
37% related to a plasticity of less than 12% [40]. The geotechnical results for the “ground
zero” of the city of Portoviejo are listed in Table 4. The granulometry results are as follows:
(i) 95% saturation in alluvial plain deposits, and 84% saturation of the dike channel and old
alluvial deposits; (ii) saturation between 5% and 99% of the fine particle fraction for flat
alluvial deposits and between 75% and 97% for old alluvial deposits; (iii) the diameter of
the D50 particle between 0.03-0.23 mm for the floodplain, dike channel, and old alluvium;
(iv) the coefficient of uniformity (CU) ranges from 2 to 3.75 and the coefficient of curvature
between 0.9 to 3.75 for fine to coarse silt and fine sand, according to the SUCS classification.

Table 4. Statistical soil parameter analysis results of “ground zero” of the urban area of the city

of Portoviejo.
Soil Parameters Fc Sr pd LP LL N1sprte0
(%) (%) (g/cm®) (%) (%)
Lithology Min-Max Min-Max Min-Max Min-Max Min-Max Min-Max
Alluvium plain deposits 5-99 86.6-99.9 1.218-1.349 8-15 NP-41 4-36

Levee channel and Ancient alluvium

deposits

7597 75.56-93.56  1.099-1.178 5-38 39-68 4-19

Fc—Fraction of fine particles; Sr—Degree of saturation; pd—Dry density; LL—Liquidity limit; LP—Plasticity
limit; Ngpr—Standard penetration.

Figure 5 illustrates the susceptibility of the soil to liquefaction based on the previously
proposed criteria [40]. The analysis indicates that liquefiable soils with low plasticity are
found in the alluvium plain, the levee channel, and ancient alluvium deposits. The non-
liquefiable yield (LL) values of the soils were between 60% and 80%, and the (PL) values
were up to 52%. They correspond to the ancient alluvium plain (U3) and colluvium (U4)
deposits, respectively (Figure 4). The analyzed samples were taken at a depth of 10 m.

BHO1 e BHO2
BHO3 W BHO4

Liquefiable No Liquefiable ABHOS mBHO6

BHO7 BHO8

60 KBHO9  @®BH10
+BH11  =BH12

50 @o— BH13 —BH14
-] BH15 BH16

40 + BH17 BH18

<+
= @P"’dj ABHI9 MBH20
A

30 m BH21 K BH22

Plasticity Index

ne
T L] BH23 BH24
| ]

20 - O gl BH25 BH26
e A X - OBH27  EBH28
| e -BH29  mBH30

10 - \* & +
= #BH31 MBH32

BH33

Liquidity limit

Figure 5. Analysis of the liquefaction susceptibility based on the criteria proposed by Seed et al. [40].
The green rectangle is distributed spatially to determinate the areas susceptible to soil liquefaction,
while the white area indicates the non-liquefiable soils. The circles represent the boreholes.
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A previous but basic study of soil liquefaction in the city of Portoviejo is available.
However, the present study applies a more detailed technique in order to determine the
liquefaction probability (PL) up to 20 m in depth, with a mean value of 0.993 for class 5,
i.e., high probability (Tables 5 and 6), from equations proposed by Chen and Juang (2000).
For the “ground zero”, the greatest deformation of the terrain is between 8 and 14 m deep.
A map of soil liquefaction is presented in this study, which also indicates the levels of
deformation with probability values for the soil. A particular focus was directed towards
the southern part of the city of Portoviejo as a result of the liquefaction analysis performed
in [77] and the present study.

4.3. Safety Factor Calculation

In order to evaluate the liquefaction potential of lithological units, such as Upper
Pleistocene and Holocene units, in the city of Portoviejo, we applied the standard pene-
tration test (SPT), and used simplified methods for the calculation of the factor of safety
(Fs), the cyclical resistance ratio (CRR), and cyclical stress ratio (CSR). These methods were
originally developed by Seed and Idriss [30], and later updated by Seed et al. [35,39,91],
Youd and Idriss [91], and Youd et al. [39].

Fs = CRR/CSR

The CRR, according to Youd and Idriss [39], is approximated with the following equation:

CRR = + - —
34 — (N7)go 135 (10(Ny), +45)> 200

©)

The resistance to penetration is given by the number of blows N, which is corrected by
(N1)go by means of the overload pressure factor Cy,, the energy correction of the hammer
(ER) C,, in addition to the diameter of the borehole C,,, the correction factor of the rod
length C;, and the correction for samplers with or without liners Cs. (Cp) was calculated
according to the equation proposed by Liao and Whitman (1986), i.e., C, = (Pa/0")0.5 in
function with (Pa) (atmospheric pressure) and the o', (effective vertical stress). Thereafter,
a “fine content” correction was applied to the calculated Ny value in order to obtain an
equivalent clean sand value (N1)g0cs given by the equations proposed by Youd et al. (2001).

The cyclic stress ratio is defined with the following expression:

CSR = 0.65 < ”E’;) (i}) (rd)/ (MSF) ©)

where 07, is the total vertical stress at depth z, 0, is the effective vertical stress at the same
depth of the studied stratum, a,,4y is the maximum horizontal acceleration of the soil, (g) is
the acceleration due to gravity, and rd is a voltage reduction factor. In this study, the rd
factor was considered using the equation of Liao and Whitman [92]:

Rd =1.0 — 0.00765 Z for Z < 9.15m

Rd =1.174 — 0.0267 Z for9.15m <Z <23 m 7)

Then, the CSR values were divided by the magnitude scaling factor (MSF), which is
calculated by the following equation [39]:

MSF = (Mw/7.5)>5° 8

Furthermore, Juang et al. [93] developed a simplified equation for CRR based on their
neural network analysis of field observations:

CRRy5 = 0.241 {exp [(0.032 + 0.004FCI) (N)go]} — 0.182 )
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where FCI is an index of fines content (FC) defined as follows: FCI = 1 for FC < 5%, FCI = 2
for 5% < FC < 12%, FCI = 3 for 12% < FC < 35%, and FCI = 4 for FC > 35%. The use of an
ordinal scale to characterize the effect of fines content is consistent with current geotechnical
knowledge [38]. The values obtained as the safety factor (Fs) for the different soil strata in
the city of Portoviejo are illustrated in Figure 6b.
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Figure 6. (a) Results of N SPT values (b) and safety factor (Fs), according to the depth of different
geological units in the city of Portoviejo. (c) Liquefaction potential index (LPI), according to the depth
of different geological units in the city of Portoviejo.

4.4. Liquefaction Potential Index

The equation defined by Iwasaki et al. [32] was used to calculate the liquefaction
potential index (LPI) up to depths of 20 m in the urban area of Portoviejo:
V4
LPI = /0 F(z)W(z)dz (10)
where z is the depth below the ground surface in meters and is calculated as w(z) = 10 — 0.5z;
F(z) is a function of the factor of safety against liquefaction, Fs, where F(z) =1 — Fs when
Fs <1and if Fs > 1, then F(z) = 0.

Iwasaki et al. [32] calibrated the severity of liquefaction-induced damages with the
(LPI) values as listed in Table 5.

Using this method, Sonmez [44] classified the sites according to their LPI value as
low, moderate, high, and severe liquefaction susceptibility, as listed in Table 5. In addition,
Figure 6¢c shows the LPI for each borehole per meter, as it is easier to determine which
strata are subject to the greatest liquefaction influence.

When evaluating the LPI through the boreholes analyzed in the city of Portoviejo and
under the criteria established by Chen and Juang [38] and Juang et al. [93], it was established
that those strata that have a safety factor lower than 1.169, as obtained from the conditional
mean, would behave as a liquefiable layer. Values higher than this would correspond to
non-liquefiable soils. When applying the method proposed by Chen and Juang [38] in
the commercial center of the city of Portoviejo, the probability of liquefaction occurring is
“almost certain” in approximately 60%. There are also areas with a low likelihood and a
high likelihood of soil liquefaction.
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Table 5. Liquefaction severity in the LPI scale.
Liquefaction Potential Category Iwasaki et al. [32] Sonmez [44]

Very low LPI=0 No liquefiable (based on Fs > 1.2)
Low 0<LPI<5 0<LPI<2

Moderate - 2<LPI<5
High 5<LPI< 15 5<LPI<15

Very high LPI> 15 LPI> 15

Sk
& ngs collapse in M7.8 |§
* Pedernales earthquake >

Once the analysis and interpretation of the data presented above had been conducted,
the information was converted into a liquefaction susceptibility map for the urban area of
the city of Portoviejo, establishing the areas by classes according to the safety factor and
the calculated liquefaction probability, as proposed by Chen and Juang [38].

Probability (liquefaction) = . (11)

1+(O%>45

This evaluation of the liquefaction potential together with interferometry images
specify the most critical areas in the urban area of the city of Portoviejo, which satisfactorily
correlate with the evidence of coseismic liquefaction during the earthquake of April 16
(Mw 7.8), as demonstrated in Figures 7 and 8.

tionship between
TPl and closed depressions [1&

. High : 5.75873
Low : 1.907x10-006
. Buildings collapse in M7.8

~' Pedernales earthquake

Figure 7. Special projection of buildings that collapsed after the Pedernales earthquake (Mw 7.8) on
16 April 2016. (A) Portoviejo urban area is located in a narrow river valley area. (B) Analysis of the
topographic wetness index and topographic position index. (C) Delineation of potential saturated
soils from geomorphological analysis.

By applying [38] with the liquefaction probability and safety factor intervals, values
obtained for the soils of the city of Portoviejo presented a liquefaction probability mean
value for class 5 of 0.993 and mean security factor of 0.310. Class 4 exhibited a PL mean
value of 0.870 and an Fs of 0.629. Class 3 exhibited mean values of 0.392 for PL and
1.058 for Fs, and finally, class 2 mean value of 0.292 for PL and of 1.169 for Fs. It should
be emphasized that, according to the analyses conducted in the urban area, there were no
class 1 soils.
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Table 6. Soil liquefaction probability proposed by Chen and Juang [38] for the city of Portoviejo.

Probability of Description (Likelihood of .
Liquefaction PL Liquefaction) Security Factor Fs Class
0.993 Almost certain that it will liquefy 0.310 5
0.870 Very likely 0.629 4
0.392 Liquefaction/ non—.hquefactlon is 1.058 3
equally likely

0.292 Unlikely 1.169 2

- Almost certain that it will not liquefy - 1

4.5. Site Response Analysis

On the basis of the geotechnical parameter vs. the data obtained from correlations
based on the number of blows (Ng), the soil of Portoviejo was classified as type D at a
depth greater than 30 m for a seismic design process. The spectrum was found to be a
function of the amplification factor of the soil in the short period zone (Fa), the amplification
of the ordinate of the elastic displacement response spectrum for rock design (Fd), and the
non-linear behavior of the soils (Fs) according to the NEC-11 [54]. This was compared with
events of greater similarity than the one that occurred on 16 April 16 2016 (Tables 7 and 8).
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1 _ 1 1

561000 562000
1

LTI A S ;

(+) - \

A
N12

988?000
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Relationship between Probability of liquefaction
TPI and closed depressions 0.993 0.870 0.392 0.292
P Potential satured soils __ -- = |
© Boreholes (N22) CLASS 5 CLASS4 CLASS3 CLASS2

Figure 8. Liquefaction probability hazard map of the urban center of Portoviejo city. A seismic
hazard scenario corresponding to a4 = 0.50 g was used in the predicted probability of liquefaction
occurrence, as adapted and modified from Cando-Jacome et al. [51].

The basic seismological characteristics of an earthquake are intensity or amplitude,
maximum ground acceleration, maximum ground velocity, frequency content, and duration.
Ten earthquakes were selected (Table 8) with characteristics similar to the event that



Land 2022, 11, 463

14 of 20

occurred in 2016 in Pedernales, which affected the Portoviejo canton, in the central region
of the province of Manabi. The PEER ground motion database was used to this end and the
period coordinates and spectral accelerations of the NEC-11 spectrum [54] were entered as
spectra (Figure 9).

Table 7. Liquefaction probability calculation according to the class proposed by Chen and Juang [38]

in the city of Portoviejo.

Description (Likelihood of Liquefaction) Class Borehole PL
Very likely 4 NO02 0.789
Liquefaction/non-liquefaction is equally likely 3 NO04 0.571
Liquefaction/non-liquefaction is equally likely 3 NO05 0.494
Almost certain that it will liquefy 5 NO06 0.997
Almost certain that it will liquefy 5 NO09 0.898
Almost certain that it will liquefy 5 N10 0.986
Almost certain that it will liquefy 5 N11 0.970
Very likely 4 N12 0.845
Almost certain that it will liquefy 5 N14 0.998
Very likely 4 N17 0.841
Almost certain that it will liquefy 5 N18 0.994
Almost certain that it will liquefy 5 N19 0.997
Almost certain that it will liquefy 5 N20 0.992
Almost certain that it will liquefy 5 N22 0.994
Liquefaction/non-liquefaction is equally likely 3 N27 0.391
Unlikely 2 N28 0.221
Liquefaction/non-liquefaction is equally likely 3 N29 0.460
Almost certain that it will liquefy 5 N30 0.998
Almost certain that it will liquefy 5 N31 0.991
Almost certain that it will liquefy 5 N32 0.991
Almost certain that it will liquefy 5 N33 0.999
Almost certain that it will liquefy 5 N34 0.994

Table 8. Seismological characteristics of the scaled seismic movements for a profile D soil. The 7.2 Mw
seismic event in Chichi, Taiwan in 1999 was a reverse oblique mechanism.

Mov Scale Factor Rrup (Km) Vss3 (m/s) File Name
1 1.1482 9.62 427.73 CHICHI_CHY024
2 1.1646 16.04 233.14 CHICHI_CHY036
3 2.1396 24.1 44215 CHICHI_CHY046
4 1.8878 24.13 169.52 CHICHI_CHY047
5 2.0297 37.48 318.52 CHICHI_CHY088
6 1.5388 40.88 4234 CHICHI_CHY033
7 1.5063 35.68 393.77 CHICHI_TCU034
8 1.3811 7.64 350.06 CHICHI_TCUO051
9 1.2063 6.34 359.13 CHICHI_TCU055
10 1.2581 2.11 389.41 CHICHI_TCU101

Mov—Movement; Rrup—Distance to fault; Vszp—Propagation speed of shear waves in the surface thirty meters.

Seismogenic structures allow for an estimation of the magnitudes and maximum
accelerations expected in rocks [94-97]. Therefore, the prediction of ground motion under
the action of a seismic event is typically obtained by a one-dimensional site response
analysis [11]. This analysis is usually performed using linear equivalent models since
it requires the direct properties of the soils and a simple computational calculation [11].
One of the best-known linear equivalent models is the Deepsoil software [94], which
calculates the response of a system of homogeneous viscoelastic layers with an infinite
horizontal limit, subjected to a shear wave movement that travels vertically [11].
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Figure 9. Seismic elastic spectra of accelerations according to NEC-11 [54] for soils and rocks.

Figure 10 demonstrates the mean of a selection of 10 earthquakes with characteristics
similar to the Portoviejo earthquake and NEC-11 [54]. Data from Peer Ground Motion
were used and the coordinates corresponding to the spectral period and acceleration were
entered as spectra. We took into account that when soft rock is evaluated according to
the NEC-11 standard [54], it qualifies it as type C. Subsequently, a calibration of the scale
factors was performed for the selected earthquakes, while maintaining a scale factor of
1 to 3 at all times, for a return period (Tr) of 475 years, which indicates the seismological
characteristics of the scaled movements [11].

Safg)

0.8
0.6
0.4
0.2
0
0 1 2 3 4 5 6 7 8 9 10
T (seg)
NEC Average of seismic spectra = = Spectral acceleration of the borehole

Figure 10. Elastic seismic spectra with acceleration response spectrum for motion at different scales
(grey lines).

4.6. Terrain Response Modeling

The prediction of the movement in the ground under the action of a seismic event is
usually made by means of a one-dimensional site response analysis (SRA). Equivalent linear
models (EQL) are often used, since they require the immediate properties of the ground
and simple computational. One of the best known and most calibrated linear equivalent
models is the one implemented in the Deepsoil program [94], which is an effective stress
analysis. Using the shear modulus, damping, and unit weight of each of the soil layers,
the wave equation was developed with the complex stiffness response method. This was
calculated in a transfer function based on the model to relate the internal movement of the
rock mass to the movement at ground level.

4.7. Results of Site Response Analysis

The city of Portoviejo is located in zone VI, which indicates a high seismic level
with a factor of Z 0.5 g in a return period of 475 years (NEC-11) [54]. The seismic data
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were obtained from geophysical tests, which gives more importance to soil profile data,
as illustrated in Figure 4 and Table 3. Figure 10 illustrates the elastic response with an esca
factor and a Tr of 475 years considering a structural damping equal to 5%.

From the probing results, spectral accelerations of 1.47 g were obtained for a period of
between 0.7 s and 1 s (Figure 10). It can be concluded that, in the analysis shown, the spec-
tra obtained on the surface are greater than the acceleration plateau of the Ecuadorian
Construction Regulations (NEC-11) [54].

5. Conclusions

In the current study, we demonstrated a contemporary applied liquefaction probability
technique in areas with active tectonics, including the central coast of Ecuador (Manabi
province). The Analyses of the coseismic surface effects related to ground movement are
scarce in many places, and the urban development of coastal cities does not take into
account information on potentially liquefiable low-quality geotechnical zones. Liquefaction
probabilities reach maximum values at depths from 8 to 12 m. In these strata, the value
of N is between low and high. The most notable liquefaction characteristics in the Por-
toviejo ground zero soils are subsidence in soft soils with poor geotechnical quality, lateral
expansion, and lateral spreading in fluvial margins where the groundwater level is low.
Sand boils were not documented, probably due to the fine content. All of the anomalies
that were mentioned were found in various similar locations with nearly identical behavior.
There is an increasing level of risk in coastal cities, as they are constantly threatened by
subduction earthquakes or moderate earthquakes due to other geological faults.

The city of Portoviejo is located on the Ecuadorian coast in a subduction zone, and dur-
ing the earthquake in Pedernales on 16 April 2016 (Mw 7.8), the city reached a PGA of
0.38 g, with a maximum acceleration of 1.47 g in the ground.

Coseismic liquefaction phenomena were observed in the “ground zero” of the city and
in places where the geological conditions were more favorable to the generation of seismic
environmental effects. In the current study, we used geotechnical, standard penetration test
(SPT) borehole data to calculate the liquefaction potential for soil strata (LPI) by considering
a maximum acceleration of 0.5 g. According to the results obtained from the boreholes,
the probability of the liquefaction of each sounding for each depth was calculated based on
the safety factor. This was later classified according to the proposal by Chen and Juang [38].
From the quantitative results that were obtained, the safety factor for the city of Portoviejo
was calculated. It was determined that strata with an Fs of less than 1.169 should be
considered to be liquefiable soils.

According to the evidence obtained from the earthquake and the preparation of the
liquefaction hazard map, the greatest coseismic deformations occur at depths between
8 and 12 m, and it is here that the highest severity of damage occurs. The urban area
of the city is based on deposits of alluvial plains, dike channels, and old alluvial plains,
which present a high probability of liquefaction. In addition, there is a low-to-moderate
probability of liquefaction to the south east of the city due to the presence of old sediments.
This liquefaction hazard map can be used as an essential tool for the management of and
construction planning in the city of Portoviejo.
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