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Abstract

On March 2023, a Mw6.6 intraplate earthquake with epicenter in the Gulf of Guayaquil
impacted the coastal region of Ecuador, causing at least 13 deaths, 89 destroyed buildings
and 192 affected structures. In several locations around the epicenter of the event,
expressions of liquefaction were documented. In order to assess the applicability of
liquefaction potential evaluation models, one seismic dilatometer test (SDMT) and one
cone penetration test (CPTu) were performed in Puerto Baquerizo (South coastal region
of Ecuador, 35 km far from the epicenter), where evidence of earthquake-induced soil
liquefaction was clearly observed. In addition, morphological and componentry
characterization were carried out in samples of the ejected material retrieved during the
exploration program. The liquefaction assessment results in terms of safety factors and
liquefaction potential indices reveal that the probability of liquefaction triggering is
adequately predicted at the study site by the methodologies based on the SDMT and CPTu
data.

Keywords: soil liquefaction, seismic dilatometer test, cone penetration test, 2023 Balao

earthquake
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1. Introduction

In recent decades great efforts have been dedicated to the development of
methodologies that allow reliable prediction of the liquefaction potential, as well as
strategies to mitigate its effects in engineering projects. The most widespread procedures
in practice are those that are based on field test results. These methods focus on
approximating the cyclic resistance of the material using empirical correlations with field
test results, and on comparing them with the shear stress levels that are expected to be
induced by a specific seismic event [1-3].

The applicability of these procedures is constantly evaluated, by determining whether
the occurrence and/or severity of liquefaction predicted by the different models coincides
with the liquefaction expressions observed in new case studies. However, although
Ecuador is a highly seismic country, there are few cases where earthquake-induced soil
liquefaction has been well-documented with observations and field tests. The 2016
Mw?7.8 Pedernales earthquake, an interplate subduction earthquake occurred off the coast
of Manabi, Ecuador, being the primary source of case histories [4-9] .

This paper aims to compare the predicted levels of liquefaction severity in Puerto
Baquerizo City, near Balao, using piezocone test (CPTu) and seismic dilatometer test
(SDMT) results with the actual ground damage observed after the 2023 Mw 6.6
earthquake. The earthquake occurred at a depth of 66.4 kilometers, approximately 10
kilometers from Balao in the province of Guayas. Additionally, the grain size and
morphological analysis of two samples of ejected recovered sand are also presented for

the case study.

2. Geological Setting of Puerto Baquerizo

In the inner estuary of the Gulf of Guayaquil, lithological units of Cretaceous, Tertiary
ages emerge, and are mostly covered by Quaternary sediments, of alluvial, alluvial-
estuarine, and alluvial-colluvial types [10].

The bedrock belongs to the Pallatanga geological formation, predominantly consisting
of Cretaceous basalt, which generates hornfels upon contact with the Chaucha batholith
[11]. Upper Cretaceous (Senonian-Maastrichtian) volcano-sedimentary rocks have minor
outcrops on some islets in the inner estuary of Guayaquil. On Puna Island, other
lithological sedimentary units from geological formations (Miocene-Pliocene age) such
as Cerro Mala, Placer, Lechuza, and Puna are delineated [12].

3
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The marine sedimentary sequences, belonging to the Angamarca Group of the
Paleogene, are in unconformity over the oceanic basement. These sequences include
turbiditic sediments with ash intercalations [11]. Recent alluvial deposits, alluvial-
estuarine and alluvial-colluvial, are composed of clays, sands, and gravels, containing a
large amount of eroded materials transported from the northern Andes. These deposits
form alluvial fans. The estuarine alluvial deposits correspond to salt flats composed of
mud and intervals of fine sand and silts, forming slightly elevated alluvial terraces. The
thickness of the alluvial deposits could reach several hundred meters [10].

In the Balao area, the sands are poorly sorted, very asymmetrical towards coarse sizes,
mesokurtic to very leptokurtic, unconsolidated, with common fragments of coal and
phlogopite, rare fragments of resin, deposited under low energy conditions due to the tidal
influence of the intertidal zone. The silts and sandy silts are poorly sorted, very
asymmetrical towards fine sizes, platykurtic. The sedimentary environments of these
sediments are associated with coastal channel types, transitional mangrove and subtidal
estuary [13-14].

The Pallatanga fault has a NE-SW orientation and traverses the Gulf of Guayaquil and
along Puna Island to the ocean trench [15]. East of Puna Island, there is the Jambeli
system whose structures are dominated by the Puerto Balao fault with a NE-SW direction,
marking the southern boundary of the Jambeli basin [16]. South of Balao, the Rio Chico
fault is present with a predominantly E-W trend and normal kinematics. The Figure 1
shows the geological setting in the areas near the epicenter of the Mw6.6 Balao

earthquake and the Gulf of Guayaquil.
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Figure 1 Overview map of the inner estuary of the Gulf of Guayaquil (modified
from Aleman, [12])

3. Seismotectonic background and 2023 Mw6.6 Balao earthquake

The Gulf of Guayaquil, located on the southern coast of Ecuador bordering Peru, is
subject to the dynamic deformation caused by the subduction of the Nazca plates, the
continental segment of the Norandine Block and the South American plate [17]. In this
seismic scenario, there are documented interplate subduction earthquakes with focal
mechanisms associated to compression stresses (1901 Mw7.1 and 1942 Mw7.6
earthquakes), and intraplate associated with focal mechanisms associated to traction
stresses (1913 Mw?7.4 Zaruma earthquake) [18-19].

Another seismic scenario is associated with the deformation zone between the
Norandino Block and the South American plate, where the mechanisms are associated to
strike-slip vertical displacements [20] . The deepest focal distances can be between 60 to
70 km. A third seismic scenario is associated to geological faults with the potential to
generate moderate earthquakes (between 6 < Mw < 7.1) and peak ground accelerations
(PGAs) ranging between 0.33 g and 0.36 g [21]. Many of these geological structures are
associated with normal and strike-slip faults, where focal distances can be less than 16
km. The closest distance to the ruptures (Rrup) considered for seismic hazard analysis
applied to the main Ecuadorian cities, should be considered between 32 to 15 km

distances.
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Chunga et al. [21] provides the cartography of the active geological faults with the
potential to generate moderate to high earthquakes in the influence zone of the Gulf of
Guayaquil. To estimate the moment magnitude (Mw) of the earthquake that could be
generated by the faults identified by Chunga et al. [22], considering 100% and 60% of its
seismic activation (according to the NEC-11 regulations; 2015), the Wesnousky model
[23] has been used for each type of geological fault (Eq. 1 for strike slip fault and Eq. 2
for normal fault):

Mw = 5.56 + 0.87 - Log(Lf) 1)
Mw = 6.12 + 0.47 - Log(Lf) (2)
where Lf represents the length of the fault of interest.

Another intensity parameter evaluated by Chunga et al. [24] is the PGA in rock,
applying the equation proposed by Fukushima & Tanaka [25]. These values of maximum
accelerations in rocks are comparable with the seismic zoning map of Ecuador
(Ecuadorian Construction Code NEC, 2011). The equation is detailed as follows:

PGAyger, = (10041Me~l0g10(H+0.032:10%1) _ 0 00341, 4 1.3)/980 €)

The historical earthquakes with higher magnitude close to the internal coast of the Gulf
of Guayaquil, are: [a] Mw 5.7 July 9, 1653 with estimated depth less than 10 km; [b] Mw
6.5 June 11, 1787 with estimated depth 15 km, [c] Mw 6.2 March 12, 1962, [d] Mw 5.5
August 18, 1980 with estimated depth 15 km, [e] Mw 5.3 April 26, 1995; depth 19 km).
[f] Mw 5.3 April 26, 1995; depth 19 km. The Mw 6.2 1961 earthquake with estimated
hypocenter depth of about 33 km is considered an intraplate event. The earthquakes of
March 12, 1962 (Mw 6.2) and March 18, 2023 (Mw6.6, depth of 68 km) are considered
a horizontal shear mechanism, associated with the displacement between the Norandino
block and the South American plate.

The recent 2023 Mw6.6 earthquake severely affected in the provinces of EI Oro (129
affected and 78 destroyed buildings), Guayas (49 affected and 7 destroyed buildings),
Azuay (14 affected and 4 destroyed buildings), and extent to Loja, Los Rios, Bolivar,
Cafiar and Chimborazo. In total 192 affected and 89 destroyed buildings have been
documented, and at least 13 deaths and 484 injuries were recorded. The epicenter was
located at the decimal degree coordinates of -2.752° N, -79.881° E, with a focal depth of
63 km, strike 135°, dip 88° and rake 148°.

In urban areas such as Puerto Baquerizo (a. in Figure 2), Machala (b. in Figure 2) and

Mondragon Islet (c. in Figure 2) clear evidence of earthquake-induced soil liquefaction
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was observed after the Mw6.6 Balao earthquake. The identified expressions of
liquefaction include the presence of sand volcanoes, ground cracking and evidence of
damage in structural and non-structural elements of buildings near the sites where the

manifestation of ground liquefaction was observed.

580[000 680‘{00 600000 520:100 640000 860?00

9760000

8760000
R l‘r‘?\ v

: ; E
g- ) //D | g
= N0 17g « °
S anlamnl s
L o
1962 %
g T Gulfof N 8
S' Guayaqull & §
,-. & . =
g_ 1961 2 ‘ g
§le\wmey g
=2
g[ o - g
3 1953 ﬁ B g
M78 4
s O .D /(‘ # 2
H ~ M 1 £
glao 10 o 19131 @
T .
T T

i 5T
T T
S60000 580000 600000 620000 640000 660000

Seismotectonic Legend Y Epicenter of the 2023 Mw 6.8 (USGS)
—— Generalized Faults
4 Inverse Fault [] urban Areas
7 Normal Fault Hietorical Earthq

S (CERESIS, NEIC, IGEPN) 1786
== Stike-Slip Fault Year
—

o
® PGAH (g) recorded by stations (IGEPN) 455M=59 6.0sMsB.9  7.0sM<7.8

Figure 2 Seismotectonic map of the Gulf of Guayaquil; historical earthquakes nearby
the site according to Regional Seismology Center for South America (CERESIS),
National Earthquake Information Center (NEIC) and Geophysic Institute of the
National Polytechnical School (IGEPN); 2023 Mw6.6 Balao earthquake epicenter
reported by the United States Geological Surveys (USGS); maximum horizontal peak
ground acceleration (PGA-H) recorded by the Ecuadorian Accelerograph Network
Stations (IGEPN) in Balao earthquake

3.1.Grain size analysis

In order to study the composition and classification of the sandy material ejected to
the surface in Puerto Baquerizo, grain-size analysis was carried out according to the
ASTM C-136-01 [26]. The tests were performed on two samples recovered in different
sand volcanoes. The samples of ejected material correspond to a non-plastic poorly
graded silty sand (SP-SM according to the Unified Soil Classification System, USCS,
[27] and a non-plastic poorly graded sand (SP), with fines content (FC) of 6.6% and 4.5%,
respectively. As shown in Figure 3, between 85% and 90% of the sieved material

7
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corresponds to fine sand (0.075-0.425 mm of grain size), while a limited fraction of the
samples corresponds to a medium sand (0.425-2 mm of grain size). The Table 1
summarizes the characteristic diameters of the 10%, 30% and 60% of the particles,
namely Dio, D30 and Deo respectively, and the coefficient of uniformity (Cy) and of

curvature (Cg).

Table 1 Grain-size properties of the ejected sand material in Puerto Baquerizo

D1o Dso Dso Cu Ce FC
(mm)  (mm)  (mm) Q) Q) (%)
Samplel SP-SM 0.082 0.122  0.187 2.28 0.97 6.63
Sample 2 SP 0.096 0.162 0.244 2.55 1.13 4.54

Sample  USCS

The material recovered from Puerto Baquerizo presents grain sizes between 2 and 5
times larger than the sand boils samples obtained in Boca de Bricefio (central-coastal of
Ecuador with ejecta classified as silty sand) after the liquefaction induced by the Mw7.8
Pedernales earthquake [7]. In the same way, the fines content measured in the soils
recovered from Puerto Baquerizo is notably lower than that of the ejected sand in Boca
de Bricefio (FC > 35%).

The uniformity of the ejected sands in Puerto Baquerizo could be explained due to the
pulse flows generated in the dikes and subsequent extrusion of the material to the surface
during the liquefaction process [28]. Therefore, the granulometric distribution and the
fines content observed in the material recovered on the surface may not be representative
of the source layer.
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Figure 3 Grain size distribution of samples of ejected sand in Puerto Baquerizo and the

boundaries of potentially liquefiable material from Tsuchida and Hayashi [29]

3.2.Morphological analysis

For morphological evaluation additional grain-size analyses were carried out in the
present study. Samples were dry-sieved using sieves #30 (0.6 mm), #50 (0.3 mm), #80
(0.180 mm), and #100 (0.150 mm). Morphological and componentry analyses were
conducted on the four grainsize ranges depicted in the high-resolution photo (...).

For morphological analyses, an average of 500 clasts were measured using Image-J
software via image analysis to determine area, perimeter, major and minor axes, and
circularity. Between the 70% and 80% of the soil particles analyzed corresponded to
rounded grains with circularity coefficient between 0.70 and 0.90. The particles retained
on sieves #80 and #100 had approximately 10% more rounded particles than the rest of
the analyzed samples. Sands with uniform rounded particles are highly susceptible to
liquefaction, since they tend to have higher void ratios and to develop greater volumetric
deformations [30-31].

Component analyses were performed through point counting on high-resolution
images taken under transmitted-light microscopy within the selected grain-size fraction.
All samples contained a minimum of 500 clusters. Six main compositional categories
were identified: Quartz (mainly as free crystals), Feldspar (principally as K-Feldspar),
Metamorphic rock fragments, Volcanic rock fragments, Mica (muscovite), and Calcite
fragments. The counting process was conducted using automatic particle selection

through the Image-J program, with adjustments made to the image threshold to facilitate

9



223 color-based segmentation of particles for each category. Results are presented in Figure
224 4 using the Q (quartz) + F (feldspars), L (siliciclastic lithics) and C (carbonate) diagram
225 and in the Q (quartz), F (feldspars), and L (siliciclastic lithics) + C (carbonate) diagram.

Q Q+F

F 80 L+C L 80
Iam_lg #30 1amiz #5U

226 © quartz ® mica @ calcite ® metamophic © feldspar @® volcanic

227 Figure 4 Ternary diagrams (Q, F, L+C and Q+F, L, C) showing the morphological

228 composition of the ejected sand in Puerto Baquerizo
229 4. Site campaign
230 The site investigation program consisted of performing one SDMT test and one CPTu

231 where the effects of liquefaction were most evident, close to the sand volcanoes shown
232 inthe jError! No se encuentra el origen de la referencia.. For the SDMT the corrected
233 lift off (po) and 1.1 mm deformation pressures (p1) were measured every 0.2 m up to 20
234 mdepth, while the equilibrium pressure after deflation (p2) was carried out at levels where
235  the presence of materials with drained behavior was encountered, detecting the ground
236  water table (GWT) at 1.8 m from the surface. The shear wave velocity (Vs)

10
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measurements were carried out each 0.5 m up to 8 m depth, and each 1.0 m between 8 m
and 17 m depth.

For the CPTu the cone resistance (qc), sleeve friction resistance (fs) and the pore
pressure (uz2) were measured each 0.01 m until 20 m depth, identifying the GWT at 1.5
m. As well as in the SDMT, dissipation tests were carried out when the presence of
drained materials was observed. The equilibrium hydrostatic pressures measured at the
end of the dissipations confirmed the observed depth of the GWT at 1.5 m. The different
GWT recorded by SDMT and CPTU can be due to the GWT seasonal fluctuation
considering that the SDMT was performed in August 2023 while the CPTu in December
2023, in the beginning of the rainy season on the Ecuadorian coast.

The Figure 5 and Figure 6 shows the parameters measured and interpreted from both
tests carried out. In particular Figure 5 plots the profile of SDMT parameters in terms of:
the material index (Ip); the fines content (FC) according to Di Buccio et al. [33] ; the
horizontal stress index (Kp); the corrected lift off pressure (po) and the 1.1 mm deflection
pressure (p1); the corrected equilibrium pressure after deflating (p2) and the hydrostatic
pore water pressure (Uo); and the shear wave velocity (Vs) measured in the SDMT and
estimated from the DMT [34-35] and CPTu data [36]. For CPTu Figure 6 reports the
following parameters: soil behavior type index (lc); fines content (FC) according to
Boulanger and Idriss [3] and Suzuki. [37]; corrected cone resistance (q:); normalized
friction ratio (Fr); and pore water pressure excess (uz) and hydrostatic pore pressure.

By comparing the soil profiles, it can be noticed that there is a good agreement in the
classification of the material determined by Ip from DMT and I from CPTu, identifying
cohesive or cohesionless behaviors at similar depths. Both tests identify the presence of
sandy layer with 3.9 m of thickness, underlying a cohesive crust. The beginning of the
sandy layer is located at 2.6 m by the SDMT and at 2.9 m by the CPTu, while the end of
the incoherent layer is located at approximately 6.5 m by both tests. Both tests identify
that under the sandy layer there are fine intercalations of granular materials with cohesive
layers up to 14 m depth. However, none of these intercalations has sufficient thickness to
be considered a well-defined sandy geotechnical unit.

In the sandy interval Ip slightly ranges between 1.70 and 2.10, while Kp and Vs show
a significant increase between 4.5 m and 6 m depth, reaching magnitudes between 6 and
7.5 for Kp and between 120 and 150 m/s for Vs. At the upper and lower boundaries of
the sandy layer the Kp values tend to be between 3 and 4, while Vs is between 110 and
160 m/s.

11
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On the other hand, for CPTu in the sandy layer I varies between 1.6 and 1.8 while q:
Is between 2.3 and 5.5 MPa, and Fr is approximately 0.20%. The lowest values of the
corrected cone penetration resistance (g:) were measured in the same depth interval
(between 2.5 m and 3.0 m depth) where the SDMT detected the lowest values of the
horizontal stress index (Kp). However, from 4.2 m depth the resistance to penetration of
the CPTu cone shows little variability, being 4 MPa the average magnitude. No marked
peaks from CPTu are observed around 5 m depth, where maximums of Kp were
estimated.

In order to approximate the fines content (FC) of the sandy materials prior to proceed
to the liquefaction assessment, the estimations provided by the Ip-FC and the I.-FC
correlations were compared, observing a great variability. The Figure 5 shows that in the
region where sandy material is detected, the Io-FC model from Di Buccio et al. (2023)
provides fines content between 25% and 40%. Instead Suzuki [37] at the same depth
interval determines FC that vary slightly around 8% and 25%, while Boulanger and Idriss
[3] indicate the presence of a clean sand, with fines content ranging between 0 to 25%, as

is shown in the Figure 6.
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Figure 5 SDMT test results at Puerto Baquerizo liquefied site.
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Figure 6 CPTu test results at Puerto Baquerizo liquefied site

5. Liquefaction potential assessment

5.1.Cyclic resistance ratio estimation

To calculate the cyclic resistance ratio (CRR7.5) were selected a set of methodologies
that use the information provided by the SDMT and CPTu tests as input. In general, the
methods selected for the development of this case study are classified as follows: (i)
methods based on the horizontal stress index (Kp) using only DMT information (Monaco
et al. [38], Eq. 3; Tsai et al. [39], Eq. 4; Robertson et al. [40], Eq. 5; Marchetti [41], Eq.
6; Chiaradonna and Monaco [42], Eq. 6); (ii) methods based on the overburden corrected
penetration resistances for clean sand (gcines) using only CPTu information (ldriss and
Boulanger [2], Eq. 8; Boulanger and Idriss [3], Eq. 9); (iii) methods that combine the use
of the DMT and CPTu information (Marchetti [41], Eq. 10) and (iv) methods that use the
overburden corrected shear wave velocity (Vsi1, Andrus and Stokoe [43], Eq. 11; Kayen
et al. [44], Eq. 12).

CRR; s = 0.0107 - K3 — 0.0741 - K3 + 0.2169 - Kp — 0.1306 (3)
Kp\3 Kp2 K

CRR, 5 = exp [(i) - (ﬁ) +(52) - 3.1] (4)

CRR, < = 93-(0.025-Kp)3 + 0.08 (5)

CRR, s = exp[0.2192 - K — 0.3125 - K3 + 0.3731 - K3 + 0.0462 - K — 3] (6)

CRR, s = exp (0.0011097 - K& — 0.0057 - K3 + 0.00062 - K3 + 0.22 - Kp — 2.8) (7)
CRR = ex (QCln cs) + (QCln cs)2 _ (qcln cs)3 + (QCln cs)4 -3 (8)
75 = €XP 1\ T540 67 80 114

Ry = exp (") + ()~ () + (=) —280] ©
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CRR;5 = [(CRR; 5 from gcqp ¢s) - (CRR; 5 from Kp)]*0.5 (10)

CRR, 5 = [0.022 : (h)2 +28- ( ! —i)] (11)

100 Vi -Vs1 Vi,

CRR; 5 = exp{[(0.0073 - V,;)?8%11 — 2.6168 - In(M,,) — 0.0099 - In(c%,) + 0.0028 -
FC — 0.4809 - ~*(Py,]/1.946} (12)

The DMT data were filtered to calculate the CRR7: only in the soils where Ip > 1.2,
where Ip = 1.2 represents the boundary between silts and sandy silt according to Marchetti
and Crapps [45], while the CPTu data were filtered for Ic < 2.6, since Ic = 2.6 is
approximately the threshold between clayey silt to silty clay and silty sand to sandy silt.
However, although models that correlate FC with Ip and Ic are widely used in
geotechnical engineering practice, there is large uncertainty regarding whether these
values adequately fit to the FC of Ecuadorian soils. No research has been developed to
calibrated these models with FC from laboratory tests. Therefore, there is a possibility
that certain potentially liquefiable materials are not being adequately considered within
the present analysis, especially those with Ip and Ic slightly less than 1.2 and higher than
2.6, respectively. Further research it is necessary in order to calibrate the models of Suzuki
[37], Boulanger and Idriss [3] and Di Buccio et al. [33].

The DMT methodologies were developed by the authors considering the close
relationship between the Kp and the parameters directly related to the liquefaction
potential such as the relative density (Dr), the in-situ earth pressure coefficient (Ko), and
the overconsolidation ratio (OCR, [38, 46-50]);. Most of these expressions were derived
using existing CRR75s models available from Standard Penetration Test (SPT) or Cone
Penetration Test (CPT), and replacing their variables (overburden corrected penetration
resistances for clean sand, i.e. Nisocs for SPT and qcines for CPT) with the equivalent
values from the Kp.

The models proposed by Boulanger and Idriss [3] were developed with robust in situ
background, including in the database recent historical cases of liquefaction assessment
in events such as 2010-2011 Canterbury earthquake sequence, 2011 Mw9 Tohoku
earthquake.

Considering the availability of CPTu and SDMT data, carried out at nearby sites, the
Marchetti [41] gcines-Kp based model was introduced into the analysis. This method
defines the cyclic resistance rate as the geometric mean between the resistances calculated

from methods based on cone resistance (Boulanger and Idriss [2], according to Marchetti,

14



343
344
345
346
347
348
349
350
351
352
353
354
355
356

357

358
359
360
361

362

363
364
365
366
367
368
369
370
371
372
373
374

[41]) and those determined by the Kp-based method, as is detailed in the Eq.9. Since the
frequency of data acquisition diverges between the DMT and CPTu tests (DMT data
every 0.20 m, and CPTU data every 0.01 m), the gcines Values were averaged around the
levels where the DMT data were obtained. In this way, the average cyclic resistance ratio
calculated with Idriss and Boulanger [2] takes into consideration the behavior of the
materials above and below each depth of analysis. For this method, only those materials
with Ip > 1.20 and an average Ic < 2.6 were considered as soils with sand-like behavior.

Finally, regarding the Vs-based simplified methods the Andrus and Stokoe [43]
includes a shear wave velocity value corrected for the fines content (Vs*), while the
Kayen et al. [44] model includes also a probabilistic term, which is the inverse cumulative
normal distribution ®~1(P,), defined to a liquefaction probability (P.) of 15%. The FC
estimates were derived from the Di Buccio et al. [33] model, as a differentiation criterion
between soils with sand-like or clay-like behavior, as well as for the calculation of the
CRRy75 from Andrus and Stokoe [43] and Kayen et al. [44] equations.

5.2.Cyclic stress ratio estimation

The cyclic stress ratio corrected for a Mw7.5 and an overburden stress of 1 atm (CSR7s,
1atm) Was determined by applying the simplified procedure proposed by Seed and Idriss
[51]. This model indicates that the CSR7s, 1atm could be determinate from the following

expression:

max VO 1
CSRy 5 1aum = 0.65 - (22) - rg - (522 (13)

o'yo/ MSF:-Kg

Where the term amax is the maximum horizontal acceleration at surface, g is the gravity,
rq is the shear stress reduction coefficient, MSF is the magnitude scale factor, K is the
overburden correction factor, while ovo and ¢’vo represents the total and effective stress.
The o’vo was computed assuming a safe GWT at 1.5 m. This assumption takes into
account that March (when the earthquake occurred) is part of the rainy season in the Coast
of Ecuador, and the test was performed in months where low levels of precipitations exist
in the area.

For the CPT-based and DMT+CPT-based methods, the rq and K, values were
estimated according to Idriss and Boulanger [2]. Since there are no models that correlate
Ko with the parameters measured or interpreted from the DMT, the values calculated of
Ko from the CPTu were considered for the estimation of the seismic demand for the DMT-

based methods. While the magnitude scale factor (MSF) was computed using the
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Boulanger and Idriss [3] relationships with the gcin s calculated from the results of the
CPTu test.

The Andrus and Stokoe [44] method was synthesized using the stress reduction
coefficient (rq) and magnitude scale factor (MSF) relationships recommended by the
NCEER Workshop [52]. To be consistent with the considerations made by the author, the
same relationships of the NCEER Workshop model [52] were used for the calculation of
the seismic demand in the evaluation of the liquefaction potential based on the Andrus
and Stokoe method [43]. The overburden correction factor (Ks) was assumed equal to 1
for the liquefaction assessment from Andrus and Stokoe [43]. For the Kayen et al. [44]
method, the specific relationships proposed by the author were used to calculate the stress
reduction coefficient and the magnitude scale factor.

The last important issue to estimate the cyclic stress ratio (CSR7s, 1 am) Was the
quantitative evaluation of the maximum horizontal acceleration during the Mw6.6
earthquake. The estimation in Puerto Baquerizo was carried out by applying the Ground
Motion Prediction Equations (GMPEs) proposed by different authors for in-slab
earthquakes. This decision was made since the closest station of the Ecuadorian
Accelerograph Network to the study site are between 60 and 70 km away, and with
slightly greater epicentral distances. Therefore, their measurements were not considered
representative of the accelerations induced in Puerto Baquerizo. However, by having both
the epicentral distance and the recorded horizontal accelerations well documented, the
information provided by the Ecuadorian Accelerograph Network represented an
important database for the validation of the predictions made by the GMPEs.

The Table 2 summarizes the peak horizontal ground acceleration (amax) recorded by
the closest accelerograph stations, the estimated epicentral distance (R) and the referential

geological setting for each site.

Table 2 Ground motions recorded by the Ecuadorian Accelerograph Network stations

during the Mw6.6 Balao Earthquake

. amax (9) _ .
ID Station R(km) Geological Setting
N-S E-W
ACH1 53.2 0.32 0.19 Cuaternary marine terraces
Piroclastics materials / Andesite /
ACH2 53.6 0.15 0.09

Rhyolite
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GYKA 62.5 0.2 0.16 Cuaternary marine terraces

Guayaquil Formation

ACO07 73.2 012 0.12

(siltstones/shales)
ARNL 81.7 0.18 0.03 Marine terraces / Alluvial Deposits
APLA 48.9 0.17 0.1  Tablazo Formation (sandstones)
ACUE 115 0.05 0.07  Alluvial Deposits / Sandstones
ALJ1 156.8 0.02 0.05 Quilloaco Group (siltstones)

The models selected for the evaluation were: Youngs et al. [53], Atkinson and Boore
[54] and Zhao et al. [55]. The GMPEs proposed by Atkinson and Boore [54] and Zhao et
al. [55] include site factors to evaluate the effect of the dynamic properties of the deposit
on the expected seismic intensities. In both cases, the chosen site parameters correspond
to the most unfavorable ground condition, which meant, NEHRP E or NEHRP F type

soils, with average shear-wave velocity for the upper 30 m depth (Vs3o) less than 200 m/s.

An important difference to note is that the models proposed by Youngs et al. [53] and
Atkinson and Boore [54] estimate the maximum horizontal acceleration in a random
component, while Zhao et al. [55] estimates the geometric mean (geomean) of the two
horizontal acceleration components. Then, in order to validate the intensities calculated
by the selected models, the maximum acceleration of the two components (blue squares
in Figure 7) and the geometric mean acceleration (grey rhombuses in Figure 7) were
plotted together with the predicted acceleration from the GMPEs, as shown in the Figure
7. A good correlation was observed between the predicted accelerations and those
measured by the Ecuadorian Accelerograph Network. Therefore, their use for the
estimation of the maximum horizontal acceleration (amax) In Puerto Baquerizo was
considered appropriate.

The epicentral distance (R) to Puerto Baquerizo site is approximately 35 km. For this
distance the models predict accelerations between 0.28g and 0.48 g, according to the
models of Youngs et al. [53] and Zhao et al. [55], respectively. Finally, the Atkinson and
Boore [54] equation determined a horizontal acceleration of 0.38g. For the liquefaction
potential analysis, the geometric mean of the three calculated accelerations was used,

which means, 0.35g.
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Figure 7 Maximum horizontal acceleration prediction in Puerto Baquerizo in Mw6.6

Balao earthquake

5.3.Results and discussions

The cyclic stress ratio (CSR7s, 1atm) Was estimated between 0.30 and 0.37 using the
methodology proposed by Boulanger and Idriss [3] for the sand-like layers (black and
white dots in Figure 9a, Figure 9b and Figure 9c). Through Youd et al. ([52], purple
dots in Figure 9d) the cyclic stress ratios (CSR7s, 1 atm) Were determined between 0.29
and 0.35. These values represent between 15% and 30% less than that calculated from
Boulanger and Idriss [3]. This fact is more noticeable for the results obtained from Kayen
et al. [44] which report cyclic stress ratios between 0.25 to 0.27 for the sand-like soils
(red dots in Figure 9d).

Regarding to soil liquefaction resistance evaluation, all the methods determine the
CRR75 between 0.10 and 0.25. Hence, the factors of safety against liquefaction were
calculated between 0.25 and 0.60 for the sand-like deposits, as shown in Figure 8.
According to these results, almost all the granular materials identified in the investigation
program between 2.6 m and 6.5 m are classified as liquefiable.

However, the Kp-based methods and the Andrus and Stokoe [43] Vs-based method,
report a substantial increase in the resistance calculated between 4.9 and 5.3 m depth,
turning these materials as non-liquefiable for a Mw6.6 event. This condition is
fundamentally related by the increase in the values of Kp and Vs up to magnitudes of 7.5
and 215 m/s at this depth, respectively. This behavior is not detected in the evaluation of
the CRR7s by the CPT, the DMT+CPT and the Vs-based methods, identifying a
continuous liquefiable layer between 2.7 and 6.3 m, and representing more conservative

scenarios.
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A first approximation of the severity of liquefaction was carried out by evaluating the
Liquefaction Potential Index (LPI) proposed by lIwasaki et al. [56]. Typically, the
estimated LPIs were ranging between 14 and 17 for the Kp-based methods, corresponding
to a very high susceptibility to liquefaction. These results are consistent with the LPI
calculated from the DMT+CPT Marchetti [41], the CPT and the Vs methods, where the
calculated indices were between 17 and 21.8. Only in the evaluation from Monaco et al.
[38] the site is classified in a lower category of severity.

An important observation about the results is that although the demand determined
from Kayen et al. [44] is 25% lower than that determined by Boulanger and Idriss [3], the
same difference is not observed with regard to safety factors and liquefaction potential
indices compared to the other selected methods.

From the observed distribution of the LPI with depth, it could be highlighted that all
evaluation methods agree that around the 70% of the contribution to the total LPI is
generated between 2.7 m to 6.3 m. On the other hand, the contribution to the LPI below
9.5 m is practically negligible. The fines content in the material ejected to the surface
after the Balao earthquake aligns with the average fines content estimated by Boulanger
and Idriss [3]. It also matches the lower bound of the estimated values using Suzuki [37],
considering this formula was calibrated in regions with higher liquefaction potential.

Therefore, considering: (i) the calculated safety factors, (ii) the distribution of the
liquefaction potential index and (iii) the similarity in the fines content estimated, it can be
deduced that the source layer of the liquefaction expressions observed at surface after the
Balao earthquake was precisely the non-cohesive material located between 2.7 m and 6.3

m.

19



475

476
477

478
479
480
481
482

o () Ko () CRRys/ CSR7s, 3 aum () FSiq() LPI (9
0.1 1.0 10.0 0 2 4 6 8 00 01 02 03 04 0.0 05 1.0 15 0 5 10 15 20
0 0 T T T 0 —— 0 - o
CLAY [ SILT! SAND Vi
L
% RN J
5 5 5 - = 5 B = 5 3
P .= .
...... o — e y
S P>~ =m—— = .
= _ _ i - J
S0 — E10 Epl T T Ep | E |
N p N N ! H ~N N
<=> H :: -
— ] Q
% P z 5
15 15 L 15 ) TR s —pe——g 1 E &
Do & > & T
e ] og a T Fot
) =} = % o Q w
! ',' 4 5] 1 T >
20 20 20 L 20 20
o ) Vg, (mis) CRR75/ CSR75, 1am () FSjq (-) LPI (-)
0.1 10 10.0 0 100 200 30C 00 01 02 03 04 00 05 1.0 15 0 5 10 15 20
0 0 : . 0 . —— 0 0 .
CLAY |SILT| SAND i
—— L
z SN <
5 5+ 5 b \:_D 51 (>> 5 /
— - —
£ = B z Vol e -
Ew —_— Ew ¢ €t } S0t Ewt
P '
—— r H z |
% | 5 5
15 15 b 15 | ; 15 = s 15 - iw T
! Q w [ 5
: i 3 = I
i ' g s S8 s iz
g g cgol 2 g
20 20 20 20 20
le () Jetn es 7) CRR75/ CSR75, 1 am () FSiq(-) LPI (-)
1 2 3 4 25 50 75 100 00 01 02 03 0« 0.0 05 1.0 15 0 5 10 15 20 25
0 0 0 : 0 : T
vl
S .
— P
° g ° 5 é o= 5 /
'¢-==§ X J
Eo 3 : Ew 1 w0 E1o fr
e 5
& [}
= g 15 15 | 5 & 15 | iw T
B £ 2i3 g 3 g 2
¢ £ 58 g S I I
G © o io
20 20 20 20
Monaco et al. (2005) Andrus & Stokoe (2000) = = = Marchetti DMT+CPT (2016)

_____ Tsai et al. (2009) Kayen et. al (2013) ====-|driss and Boulanger (2008) CPT
Robertsonet al (2012) . CSR7.5,1atm-Youd et al. (2001) Boulanger and ldriss (2014) GPT
Marchetti (2016) CSR7.5,1atm-Kayen et. al (2013) = ==« GSR7 5, 1atm-ldriss and Boulanger (2008)
Chiaradonna & Monaco (2022) ====GSR7 5, 1atm-Boulanger and Idriss (2014]

Figure 8 Liquefaction assessment results using: Kp-based methods (DMT), Vs-based
methods (SDMT), qc-based methods (CPTu) and Kp-qc-based methods (DMT+CPTu)

In order to validate the correlation of the results with the observed damages, additional
parameters were determined to characterize the severity of liquefaction, such as: Ishihara-
inspired Index (LPlish; Maurer et al. [57]), Post liquefaction volumetric deformation (Svor;
Zhang et al. [58]), Liquefaction Severity Number (LSN; Tonkin and Talylor, [59]) and
the Induced Damage Measurement (Iam; Chiaradonna and Flora, [60])
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Since the computation of LPlish and lam directly involves the thickness of the non-
liquefiable material above the source liquefaction layer, 2.7 m and 2.9 m were considered
as the thickness of non-liquefiable material in the calculation of LPlis» and lam for the
SDMT and CPTu methods, respectively. Additionally, in order to apply the Zhang et al.
[58] methodology for the SDMT derived methods to estimate post liquefaction
volumetric deformation, averages of the gclncs calculated from the CPTu data were taken

around each depth where SDMT data was available.
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Figure 9 Cyclic resistance Ratio (CRR7s) curves for: a) Kp-based, b) qc-based, c)
gc+ Kp-based and d) Vs-based methods, and their relation with the predicted Cyclic
stress ratio (CSR7s, 1atm, from Boulanger & Idriss, [3]) in cohesiveness (data filtered

for 1p>1.20, 1c<2.60 and FC>50%)
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Table 3 Liquefaction Potential Index for Puerto Baquerizo estimated from SDMT and

CPT test results

Method of assessment LPI (-) LPlish (-) | Svar(cm) | LSN () lam (-)
Monaco et al. (2005) 10.3 6.9 9.9 18.8 0.59
Tsai et al. (2009) 15 10.5 13.5 26.5 0.92
Robertson (2012) 14 9.9 12.3 24.1 0.77
Marchetti Kp-based
(2016) 17 11.8 13.7 29 0.88
Chiaradonna and Monaco
(2022) 16.6 11.9 13.4 27.5 0.84
Idriss and Boulanger
CPT-based (2008) 21.8 15.3 18.7 32.6 0.85
Boulanger and Idriss
CPT-based (2014) 21.4 15.1 18.1 31.9 0.85
Marchetti CPT+DMT
(2016) 18.2 12.4 13.4 27.3 0.8
Andrus and Stokoe
(2000) 17.5 13.7 12.1 27 0.85
Kayen et al. (2013) 17.9 13.9 13.4 30.1 0.92

The Table 3 summarizes all the severity indices determinate for each evaluation
methodology. The results of LPlish and 1am indicate that the severity of liquefaction would
be between “High” to “Very high”, that is, a lower expected impact of liquefaction
compared to the results of the Liquefaction Potential Index. This fact implies that the
presence of the cohesive layer above the liquefiable stratum mitigates importantly the
effects of the liquefaction at surface.

On the other hand, the volumetric deformations were determined in the order of 9.9
cm to 18.7 cm. The gc-based and Kp-gc-based are the methods which calculated the
highest levels of deformation, being Idriss and Boulanger [2] the model by which the
maximum volumetric deformation were determinated. There is no information about the
condition of site prior to the Balao earthquake, then it is not possible to verify whether
the calculated settlement levels are related to what was observed on site.

The calculated Liquefaction Severity Number (LSN) values range between 18.8 and
40, which corresponds to moderate to severe expressions of liquefaction as a consequence
of the Balao earthquake. According to Tonkin and Taylor [59], zones with moderate to
severe expressions of liquefaction are characterized by the presence of sand volcanoes
and the development of deformations that could generate some structural damage. This

description agrees with what was observed at the study site, where the presence of sandy
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material at surface and cracks in structural and non-structural elements in buildings close
to the sites where the liquefaction was evident could be observed.

6. Conclusions

The grain-size analysis carried out on samples recovered from sand boils in Puerto
Baquerizo indicates that the material corresponds to non-plastic poorly graded silty sand
(SP-SM) and a non-plastic poorly graded sand (SP), with fines content (FC) between 4%
and 6%. The morphological and componentry evaluation determined that around 80% of
the particles studied correspond to uniform rounded grains, composed mainly of Quartz,
K-Feldspar, Mica, Calcite and fragments of volcanic and metamorphic rocks.

The results of the liquefaction assessment through methods based on SDMT and CPTu
indicate that Puerto Baquerizo has a “High” to “Very High” liquefaction potential. This
designation is consistent with the observed damage levels and expressions of surface
liquefaction in Puerto Baquerizo after the 2023 Mw6.6 Balao earthquake.

From the calculated safety factors and the distribution of the different Liquefaction
Potential Indices, it is deduced that the source layer of the liquefaction manifestations is
a 3.9 m thickness sandy layer, identified by the SMDT an CPTu approximately 2.6 m
below the surface. The estimation of fines contents (FC) based on correlations with the
Material Index (Ip) and the Soil Behavior Type Index (lc) are higher than those measured
in the samples recovered at surface after the 2023 Mw6.6 Balao earthquake. However,
this difference could be explained through the sorting of particles diameters during the
material ejection process. More research is necessary to better understand the relationship
between the fines content of the liquefaction source layers and the composition of the
materials that are observed on the surface.

This work contributes to the understanding of the liquefaction phenomenon in
Quaternary soils of the Ecuadorian coast, and seems to corroborate the applicability of
different methodologies based on CPTu and SDMT to predict the potential and severity

of liquefaction in one of the most seismically active areas in the world.
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