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ABSTRACT

The paper describes a detailed field survey conducted at Lo Rojas fishermen port in Coronel,
where extensive liquefaction induced lateral-spreading was reported for the 2010, Mw 8.8 Maule
earthquake. The survey includes SPT and CPT soundings, as well as the use of some surface-
based geophysical techniques. The data was used to develop a detailed hydro-mechanical finite
element model, which results reasonably agree with the post-event field observations.

Introduction

The February 27, 2010 Mw 8.8 Maule earthquake caused important damage to ports and bridges,
considerably affecting the country’s economic activities. In many cases, this damage was
associated with liquefaction-induced lateral spreading phenomena, in which large masses of soil
slide over a liquefied layer, imposing large displacement demands on existing structures. Caleta
Lo Rojas, located 25 km south of Concepcion, is a fishermen’s wharf that showed clear evidence
of liquefaction-induced lateral spreading. The most damaged structure was a pier, which had to
be replaced after the earthquake (Figure 1). The large horizontal displacements that affected the
area produced the complete failure of the old pier (Figure 1b). During a post-earthquake
reconnaissance (Bray et al.,, 2012), cumulative horizontal displacements were measured by
summing the crack widths along the line indicated in Figure la. A lateral maximum movement
of about 2.6 m was observed across a distance of approximately 85 m (Figure 1c).

Exploration Boreholes

Boreholes SM-1 and SM-2 were drilled for the new wharf’s construction project in 2010, next to
the old pier that was severely damaged during the earthquake (Figure 1b). Each borehole had a
depth of about 25 meters from the mean sea-level. An additional borehole, ST-1, was drilled in
2014 to a depth of 20 meters from a relative elevation of 2.87 meters above sea-level.
Additionally, two Cone Penetration Tests (CPT5 and CPT6) were performed. Boreholes and
CPT locations are shown in Figure 1a.

Figure 2a displays the normalized blow count N o values. Results from SM-1 and SM-2 were
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corrected assuming an energy efficiency of 60%, while for ST-1 the energy was recorded during
the SPT tests. Using the available bathymetry, absolute vertical elevations to mean sea-level
were computed for each borehole. The results show a sharp contrast between the first 20 meters
and deeper soils. ST-1 shows that the transition from soft to denser material occurs at about 14 m
below sea-level, while the marine soundings indicate that this transition takes place at 20 m
below sea-level.
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Figure 1. (a) Lateral spread measurement line and location of geotechnical soundings; (b)
Damaged pier; (c) Cumulative horizontal ground displacements.
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Figure 2c displays SBT (Soil Behavior Type) from CPT borings. The data indicates two
dominant materials in the first 20 meters: sand and silt. There is a transition between these two
soils as the SBT values show. The upper 8 meters are mainly clean sands that progressively
change to silty sand for the following 4 meters, and then turn into clayey silt to silty clay at 20 m
below the surface. N g9 values for the first 20 meters are fairly uniform with blow-counts of less
than 10 blows/ft. Also, the USCS classification from ST-1 samples (Figure 2a) agrees with the
SBT index, showing very similar transitions and designations. With such low values of N ¢,
conventional liquefaction assessment methods predict liquefaction down to 20 m below sea-
level. The Factor of Safety against liquefaction (FSL) was calculated from the SPT and CPT
measurements (Figure 2b), considering a peak horizontal acceleration a,,,, = 0.3 (Concepcion), a
magnitude Mw = 8.8 and fines content corrections (Youd et al, 2001).

Bray and Sancio (2006) proposed limits to define if fines are likely to liquefy or not. According
to these authors, if the Plasticity Index (PI) is larger than 20 or the moisture content is lower than
0.8 times the Liquid Limit value, the material is not susceptible to liquefaction. Clay layers CH



and CL (from z = -11 to -19 m) meet at least one of these conditions, probably defining the depth
limit for the liquefiable behavior, and the surface above which lateral-spreading takes place.
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Figure 2. (a) Stratigraphy and comparison from 3 boreholes (SM-1, SM-2 and ST-1); (b) Factor
of Safety against liquefaction from CPT soundings; (¢) SBT Index from CPT soundings.

Geophysical Survey

The geophysical survey in Caleta Lo Rojas included two areas, labeled SW-1 and SW-2 (Fig. 3).
Two different geophone arrays were used on each area. Additionally, the Horizontal to Vertical
Spectral Ratio (Nakamura, 1989) was calculated at six points, which are also displayed with
circular markers in Figure 3. The marker’s colors show the calculated fundamental frequency
according to the color scale on the left (in Hertz), while their size shows the peak amplitude, with
the corresponding scale on the right side.
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Figure 3. Geophysical survey: Nakamura results and explored area.

Seismic surface-wave based geophysics methods characterize dispersive properties of a site
using both, passive sources (ambient vibrations) and active sources (sledgehammer). The
analysis performed assumed only Rayleigh waves. For source controlled experiments (active
tests), we used the Multichannel Analysis of Surface Waves, MASW, method (Park et al. 1999).



For ambient noise measurements (passive sources), we used SPAC (Aki, 1957) and f-k methods
(Lacoss et al., 1969) in the case of bi-dimensional arrays. Additionally, for the analysis of
passive linear measurements, we used the Extended SPAC (ESPAC) under the assumption of
isotropic incident fields (Hayashi, 2008).
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Figure 4. (a) SW-2 geophysical survey geometry; (b) Example of H/V curve; (c) shear wave
profiles (two sites and comparison with CPT).

Figure 4a displays the dispersive properties of the SW-2 area, combining the results of SPAC, f-
k, ESPAC and MASW methods along a linear and a circular array. Different techniques are
consistent and they allow characterization of the dispersion curve between 2.5 and 30 Hz
approximately. In this work, we used the extension of the Neighborhood Algorithm proposed by
Wathelet (2008) to solve the inverse problem. The results of the application of this method to
areas SW-1 and SW-2 are shown in Figure 4c. The results are compared against “direct”
measurements performed with the seismic cone on CPT-5 and CPT-6. The shear wave velocity
profiles obtained from the geophysical survey agree well with the profiles obtained from the CPT
measurements.

Figure 4b shows a typical result of H/V Spectral Ratio. The large amplitude peak implies the
existence of a clear stiffness contrast at a given depth. The mean fundamental frequency for this
site 1s f0 = 1.66 Hz, with a representative shear wave velocity of Vs = 160 m/s. If the well-
known formula Vs = 4 H f0 is used, these measurements show that the impedance contrast
should be located at a depth of 24 m from the soil surface, which is in good agreement with the
depth reported in Figure 4c. Even if this stiffer material detected by Nakamura’s method is not
the bedrock, this stiffness contrast defines the predominant vibration period for this site.



Geotechnical Model

To estimate lateral spreading using both empirical and detailed numerical methods, a
geotechnical model of the area was built. This model was constructed based on the available
bathymetry provided by the Ports Department of the Ministry of Public Works along the cross
section displayed in Figure Sa.
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Figure 5. Geotechnical model: (a) Selected section for modeling; (b) Geotechnical model

Although the available borings are not exactly located along the selected section, that section
was chosen to take full advantage of the available bathymetry data. The adopted geotechnical
model based on boreholes, geophysics, and available bathymetry is shown in Figure 5b. In this
figure, each square is 10x10 m. The bathymetry shows a pronounced slope of about 11% close to
the coast, a necessary condition to develop lateral spreading. The profile is characterized mainly
by three materials: H1 (clean sand to silty sand), H2 (silty sand to sandy silt) and H3 (clayey silt
to silty clay). Additionally, a lens of cemented sand and gravel was assumed based on the SM-1
borehole information. Material H1 is liquefiable, while it is not clear if the upper portion of
material H2 (somewhere between z = -11m to -15m) may or may not liquefy due to the increase
of fines content with depth. H3 is considered to be non-liquefiable. For the sand and silty sand
layer (H1), marine borings SM-1 and SM-2 show erratic values of FSL value below z = -20 m
(Figure 2b). The material at this depth is probably too dense to liquefy, therefore, for the lateral
spreading assessment presented in the next two sections, it was assumed that H1 material located
below z = -20 m could not liquefy.

Numerical Modeling

Based on the geotechnical information summarized in Figure 5, we developed a fully coupled
hydro-mechanic inelastic finite element model to reproduce the field observations shown in
Figure lc. In this model, the soil-fluid mixture was treated according the u-p formulation
(Zienkiewicz and Shiomi, 1984). The construction of a finite element mesh requires limiting the
extent of the problem, both horizontally and vertically. Vertically, the model displayed in Figure
6 was extended 5 m below the bedrock, and paraxial elements were used below this level
(Modaressi and Benzenati, 1994). The function of these elements is twofold: on one hand they



are used to introduce the earthquake loading to the model after de-convolution from the
outcropping bedrock, and on the other, they absorb the waves originating inside the model due to
its reflection on the surface and those at the interfaces between layers of soil. The horizontal
extension of the model was limited to 260 m. This distance is large enough to capture local
effects in the steepest part of the slope. Since the model is completely inelastic, traditional
absorbent elements cannot be used on the vertical edges. One way to solve this problem is to use
appropriate lateral boundaries to ensure “free-field” conditions far away from the slope.
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Figure 6. Finite Element Model

As the problem is not horizontally periodic, a standard tied approach (Zienkiewicz et al., 1988) is
not appropriate for this case. To impose the free-field condition at the vertical edges, three
approaches were investigated: (FEM-DOF) to impose displacements and pressures from a 1D
dimensional propagation simulation; (FEM-Force) to impose equivalent lateral forces from free-
field 1D column computations; (FEM-Column) which adds free-field columns at the lateral
edges of the full 2D model. Approaches FEM-DOF and FEM-Force require two computations:
first, the free-field 1D column must be solved and second, the equivalent displacements or forces
must be imposed to the 2D model along the vertical edges. The FEM-Column approach has the
advantage of requiring a single computation.

The finite element mesh that was used is shown in Figure 6, where each color corresponds to
different material properties. For the FEM-Column approach, the mesh includes free-field
columns at both vertical ends, as Fig.6 shows. In the case of the FEM-DOF/Force approaches,
the free-field columns are solved separately, and the 2D model includes only the displacements
or forces applied on the vertical boundaries. This finite element mesh satisfies the condition of
having at least eight nodes per wave-length up to 10 Hz. All calculations were carried out with
the program GEFDyn. Once the initial stress state is computed, the seismic analysis is performed
“around” the initial static situation, which corresponds to a dynamic disturbance analysis.

The Ecole Centrale Paris’s (ECP) elasto-plastic multi-mechanism model (Hujeux, 1985) was
used to represent the sand behavior. The ability of this model to reproduce liquefaction has been
highlighted in several studies (e.g. Lopez-Caballero and Modaressi, 2008, 2010; Saez and
Ledezma, 2014). Sands and silt models, consistent with the SPT/CPT data from the site, were
selected from the authors’ materials library.



To highlight the influence of the treatment of the vertical edges on the liquefaction-induced
lateral-spreading, we selected the NS component from the Maule 2010 Earthquake record at
Rapel station on rock. This station is located approximately 350 km north of Coronel, and the
record has a duration of about 90s and a PGA of 0.2g. The effective motion at the bedrock level
in this area was likely significantly stronger than the record in Rapel, but that’s the closest
reliable record on bedrock. Figure 7a displays the excess pore pressure ratio Ru contour plots at
80s for the three explored approaches. Only in the case of the FEM-Force approach liquefaction
shows some discontinuity close to the toe of the slope. Despite these minor differences, results
are qualitatively very similar.
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Figure 7. Boundary conditions benchmarking: (a) Pore pressure ratio Ru contour maps; (b)
cumulated horizontal displacement

For a more quantitative comparison, Figure 7b shows the cumulative horizontal displacements
measured across the projection of the line measured by Bray et al. (2012) over the section
considered for modeling. In terms of maximum values, the FEM-Column approach provided the
closest value when compared against field measurements (about 57% less than the total
cumulative horizontal displacement). Large displacement increment that takes place in the first
20m is not properly captured by the numerical model. It is likely that the wide cracks observed in
the field cannot be reproduced by a continuous modeling strategy such as FEM.

Conclusions

In the present study, an extensive survey including geophysical methods, SPT, and CPT
soundings was conducted to characterize the site of Caleta Lo Rojas in Coronel city, where large
seismically-induced lateral spreading was reported for the Maule 2010 earthquake. The
information indicates that the site is characterized by a steep slope of about 11% along
approximately 90m. The shallowest soil layer is characterized by 7m of low-density clean sand,
followed by about 5Sm of clayed sand. Below this level, the high fines content (larger than 50%)
defines a boundary driving lateral-spreading. Based on this information advanced modeling



approaches were applied to reproduce the observed post-seismic displacements.

The results obtained using the FEM-Column approach are probably accurate enough for design
purposes. A laboratory testing program is currently being conducted using samples from ST-1.
Based on these laboratory results, constitutive models will be recalibrated to improve the FEM
results. Also, the simultaneous inclusion of the vertical component of the record will be
considered in future stages of this investigation.
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