Estimation of lateral spreading by SPT, CPTU and DMT
following the 2016 Mw7.8 Ecuador earthquake
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ABSTRACT: Earthquakes may induce liquefaction producing ground failures, including lateral spreading. Different
approaches are proposed to estimate lateral spreading displacements, that account for the complex liquefaction-induced
deformation patterns. Following the 2016 Mw7.8 Ecuador earthquake, several sites experienced liquefaction and lateral
spreading due to the extreme ground motions and the presence of loose saturated silty sand deposits. This paper presents
the in situ test data obtained at the Bricefio Bridge embankment, where the foundation materials were reinforced by
rammed aggregate piers preventing liquefaction-induced failures. Potential lateral displacements at the ground surface
were computed using standard penetration test (SPT), piezocone test (CPTu) and flat dilatometer test (DMT) in natural
and treated soils, and then compared with real observations. The results provide reasonable agreement between estima-
tion and measurement, supporting the calibration of DMT liquefaction-induced displacement predictions for which no
case histories are available.
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1. Introduction

Earthquakes and related phenomena, such as
liquefaction, can impact any human being due to
economic ot social reasons. In this respect, it would be
prudent to adopt proactive earthquake design measures
to manage the risk and prevent slope failures, bridge and
building foundation failures, and flotation of buried
structures, as stated also in several building codes.

During an earthquake, the occurrence of liquefaction
induced pore pressures and their post-seismic
dissipation can generate liquefaction-induced ground
failures that distress man-made structures (e.g. [1], [2]).
Generally, liquefaction-induced ground failures are
divided into vertical displacements (ground settlement,
ground slumps and structural settlement) and horizontal
displacements (flow failure, lateral spread and ground
oscillation). Lateral spread has been the most damaging
consequence of liquefaction during recent earthquakes
for gentle slopes or for nearly level (or gently inclined)
ground with a free face (e.g. river banks, road cuts), as
stated by Zhang et al. [3] and Youd [4].

The quantitative evaluation of liquefaction-induced
lateral ground displacements is of extreme importance
for engineering purposes. In this respect, different
procedures for the deformation assessment have been
developed using numerical modelling, laboratory tests,
and in situ tests.

This paper focuses on a case study of the Bricefio
Bridge embankment, whose foundation materials were
reinforced by Rammed Aggregate Pier® (RAP) ele-
ments preventing liquefaction-induced failures follow-
ing the 2016 Mw7.8 Ecuador earthquake ([5], [6]). Po-
tential lateral displacements at the ground surface were
computed using methods based on the standard penetra-
tion test (SPT), piezocone test (CPTu) and flat dilatome-
ter test (DMT) in natural and treated soils. The results
predicted by different in situ tests, and the comparisons
with real observations are presented, supporting also the
calibration of a DMT liquefaction-induced displacement
prediction method for which no case histories were pre-
viously available.

2. Estimation of lateral spreading using in-
Situ tests

Different methods using the standard penetration test
(SPT) and cone penetration test (CPT) data have been
developed for estimating lateral displacements resulting
from liquefaction-induced lateral spread for horizontal
or very gently sloping features (e.g. [7] [8] [9] [10], [4],
[3]). These methods were mainly developed on the basis
of case history data from previous earthquakes together
with in situ and/or laboratory tests.

Zhang et al. [3] combined the available SPT- or CPT-
based methods for predicting liquefaction factor of
safety with laboratory cyclic shear strain testing to
develop a procedure to estimate the potential maximum



cyclic shear strain for saturated sandy soils under
seismic loading. Almost 300 liquefaction-induced
lateral spreading observations associated with 12 past
earthquakes were used to develop the lateral
displacement index (LDI):

LDI= [y, dz (1

where yuee = maximum cyclic shear strain estimated
from relative density (D,) and safety factor against
liquefaction (FSL); Z,a. = maximum depth below all the
potential liquefiable layers with FSL < 2.0.

LDI was developed to quantify potential lateral
displacements for a given soil profile, soil properties,
and earthquake characteristics, without including
geometric parameters characterizing ground geometry.
Subsequently, Zhang et al. [3] correlated the lateral
displacement (LD) for level ground with a free face
with LDI using the equation:

1\
LD = 6~LDI-(E) 2)

where L = horizontal distance from the toe of the free
face; H = free face height which is the elevation
difference between the level ground surface and the toe
of a free face.

Bartlett and Youd [9] initially developed a multiple
linear regression (MLR) equation for lateral spread
displacement using SPT data. Later, Youd et al. [10]
updated the MLR procedure for predicting lateral
displacement (Dy) using a database of more than 400
observations generated by 10 earthquakes to produce
the equations: -
logDy = —16.713 +1.532M — 1.406 log R*

—0.012R +0.592 log W+ 0.540 log 715

+3.413 log (100 — Fi3) ®)
~0.795 log (D505 + 0.1 mm)
R'=R¢+R 4
RO - 10(0489 M-5.64) (5)

where M = moment magnitude of the earthquake; R =
horizontal distance from the site to the seismic energy
source; 71,5 = cumulative thickness of saturated
liquefiable granular layers with corrected blow counts
(NDso < 15; Fis = average fine content for granular
material within the T;s layer; D505 = average mean size
for granular material within the T;s layer; W = free face
ratio, defined as the ratio between the height of the free
face (H) and the horizontal distance (L) from the toe of
the free face to the point in question.

Youd [4] extended the MLR procedure to CPT data
by defining the boundary between contactive and
dilative granular soils, by means of the state parameter
(w). Granular soils with (N)s0 < 15 are generally
contractive and granular soils with (N))g > 15 are
generally dilative. Jefferies and Been [11] identified
contractive behavior for y > 0, and dilative behavior for
w < 0. According to Robertson and Cabal [12], the state
parameter for uncemented, Holocene age, granular soils
can be determined using only CPT data, by the
equation:

v =0.56-0.33log0,, .. (6)

where QOumes = clean sand equivalent normalized cone
resistance. For dune sands, Youd [4] suggested that ¢ <

— 0.08 should be sufficiently dilative to prevent lateral
spreading and recommended summing the thickness of
layers with y > — 0.08 to determine Tis.

However, the state parameter can also be estimated
using the flat dilatometer test (DMT). Yu [13] presented
a correlation equation for y based on the results of a
finite element analysis of the DMT installation in four
well-known reference sands modelled by the critical
state model CASM ([14]):

2
= 0.02-(ﬁ] + 0.015~(ﬁj+ 0.026 @)
K, K,
where Kp = horizontal stress index and Ky = at-rest
lateral stress coefficient.

The at-rest lateral stress coefficient is an important
input in the evaluation of many geotechnical
engineering problems and reliable direct measurement
of in-situ Ky in sands are often too expensive for most
project budgets. Therefore, semi-empirical relationships
based on common in-situ tests appear to be the most
promising approach for accurately estimating Ko in
granular soils ([15]).

For example, Baldi et al. [16] developed a predictive
relationship for Ky based on DMT and CPT data from
calibration chamber test results of two well-known
reference sands:

K, =0.376+0.095K , —0.00172-[ 1 ] )
O-V
where g. = cone penetration resistance; g, = effective

vertical stress.

In addition, by considering the influence of the
overconsolidation ratio (OCR) on Kj, Hossain and
Andrus [15] developed a new correlation equation based
on 26 sandy test sites:

Ko=  0.72+0.456 log OCR +0.035 Kp 9

-0.194 log (g./ 0.”) ©
where OCR in sands can be estimated from DMT and
CPT data according to Monaco et al. [17]:
OCR = 0.0344(M/q,)* — 0.4174 (Mlq,) 10

+2.2914 (10)

where M = constrained modulus and ¢, = corrected cone
penetration resistance.

3. Site characterization at Bricefio Bridge
Embankment

On April 16, 2016, a Mw7.8 earthquake occurred along
the central Pacific coastline of Ecuador (Fig. 1a). The
earthquake was located onshore, less than 10 km
southeast of the city of Pedernales, with an hypocentral
depth of 21 km, rupturing the central seismogenetic
segment of the subduction interface zone between the
Nazca and the continental plates ([18], Fig. 1a). Several
site effects were surveyed from the day after the
mainshock and for the following months by GEER-
ACT [5] and Chunga et al. [18]. Particuraly,
liquefaction and its related effects were observed at
numerous sites along the nortwest and west coast of
Ecuador and many of these sites were studied and
analyzed, some of them with various exploration
techniques (e.g. shear wave velocity measurements,
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Chinese dynamic cone penetration tests, standard
penetration tests, cone penetration tests and flat
dilatometer tests), as reported by Vera-Grunauer et al.
[19].

The Briceiio Bridge embankment, part of the state
road system, is located approximately 7 km from Canoa
city (Fig. 1b). Undifferentiated alluvial terraces and
deposits of the Recent Quaternary period characterize
the area of Boca de Briceio. Those terraces and deposits
involve the present hydrographic valley of the Rio
Bricefio, constituing the valley floor, and they consist of
gravels, sands, silts and clays of extremely variable
thickness.

The study area is about 112 km away from the 2016
epicenter (Fig. 1b). Due to earthquake directivity, the
estimated peak ground acceleration (aux) at the site was
0.4g ([20], [21]). During the GEER-Earthquake
Recoinnassance, evidence of liquefaction was observed
within meters of the embankment in the form of sand
boils and sand ejecta through cracks in the ground
adjacent to the bridge abutment. Neverthless, the
embankment exhibited minimal damage (a repairable
longitudinal crack of the pavement about 5-15 cm wide,
with 1-3 cm of vertical displacement) while maintaining
the serviceability of the road to the public ([5]). This
behavior may be attributed to the rammed aggregate
pier (RAP) ground improvement elements used to
reinforce foundation materials preventing liquefaction-
induced failures. Over 6000 RAPs were installed in
2012 beneath the 700 m-long Bricefio Bridge
embankment to mitigate liquefaction potential and to

increase the global stability of the sand and silty sand
deposits. The 0.51 m-diameter RAPs were installed to
depths of about 5 m with spacings ranging from 1.65 m
at the edges up to 3 m at the center of the embankment,
corresponding to area replacement ratios of 9% and 3%,
respectively ([6]).

RAP effectiveness has been well documented in
clean sands following the 2010-2011 Canterbury
Earthquake Sequence in New Zealand according to
Wissmann et al. [22], Wentz et al. [23], Vautherin et al.
[24], and Amoroso et al. [25], showing that
densification can be obtained and reliably quantified by
means of piezocone (CPTu) and flat dilatometer (DMT)
measurements in granular soil deposits having a soil
behaviour type index [ < 1.8 or a material index Ip >
1.8, even at depths exceeding the design treatment
depth. In contrast, only limited research is available to
demonstrate  RAP  effectiveness in  mitigating
liquefaction in sandy silts and silty sands, based on
recent blast-induced liquefaction testing following the
2012 Emilia-Romagna earthquake in Italy ({26]).

In this context, an extensive geotechnical site
characterization campaign was performed mostly along
two sections of the Briceno Bridge embankment,
Section 1 and Section 2, in correspondance with two
embankment cross-sections, Station km &+000 and
Station km 7+900, respectively (Fig. 1b), with the aim
of examining in depth the mechanism involved in the
liquefaction mitigation intervention and providing a
better overall evaluation of mitigation effectiveness in
the sandy and silty sand deposits. The site investigations
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Figure 3. Section 2 — 7+900: geotechnical subsoil model by CPTU and DMT parameters.

consisted of: 13 boreholes along with along with stand-
ard penetration test (SPT) and disturbed soil sampling
for grain size distribution analyses, determination of
Atterberg limits and petrographic analyses; 16
piezocone tests (CPTu); 4 seismic piezocone tests
(SCPTu); 5 flat dilatometet tests (DMT); 2 seismic
dilatometer tests (SDMT); 10 dynamic penetration
cross-hole tests (DPCH). Considering that the focus of
the present study is related to the estimation of lateral
spread by in situ tests, Fig. Ib shows the location of
boreholes, CPTus, DMTs and SDMTs. Due to the
presence to a bottom gravel layer, the depth of CPTu
and DMT/SDMT tests was limited to 5-8 m, while
boreholes were drilled up to 30 m.

At each section, at least one borehole, one CPTu and
one DMT/SDMT were carried out on the top and on the
slope of the embankment in the center of a pier group.
[n addition, similar tests were performed off the
embankment, in free-field conditions, where
liquefaction occurred after 2016 Ecuador earthquake.
The DMT membrane was oriented such that it was
inflated towards the piers, even though the orientation
of the blade should do not have influenced the results,
as shown by Marchetti et al. [27].

The subsoil characterization along the two sections
was performed using the in situ geotechnical
information. In particular, Section 1 (Fig. 2) and Section
2 (Fig. 3) were reconstructed using the material index
(Ip) and horizontal stress index (Kp) profiles from
DMT/SDMT tests, and the soil type behavior index (/)
and corrected cone resistance (q,) profiles from CPTu
tests. The complex distribution of Boca de Bricefio soil
deposits reflects the depositional dynamics of the Rio
Briceno channel and sea mouth. The sandy layers were
deposited into the active fluvial channel, and, in the

western portion, into the oceanic beach. Episodes of
fluvial avulsion and creation of new river channels
changed the active channel into low energy pond
environments. Finer grained sediments, such as silts,
silty clays and organic clays, accumulated into the
abandonment ponds, developed into the former river
channels. The changing depositional dynamics of the
Bricefio River therefore induced the rapid lateral
variation in lithology between sands to silty sands (units
3 and 5 for Section 1 in Fig. 2; unit 3 for Section 2 in
Fig. 3) and silts to clayey silts (units 2 and 4 for Section
| in Fig. 2; unit 2 for Section 2 in Fig. 3), suggesting
that the Bricefio paleochannel has a curved path, not
parallel to the bridge embankment.

Borehole logs together with SPT results and
laboratory tests confirmed the high heterogeneity of the
subsoil within the area of study. Fig. 4 summarizes this
information in terms of corrected blow counts ((N/)e0)
and fines content (FC) for Section | and Section 2.
Different colors were used to detect easily SPT and FC
data on the top (blue) and on the slope (red) of the
embankment, and in the free field (black).

According to a preliminary liquefaction assessment
relative to the 2016 Pedernales earthquake ([6], [19]),
the liquefied layer in the free field has a variable
thickness between 1 and 3 m. This layer is composed of
sands and silty sands (units 3 and 5 for Section 1 in Fig.
2; unit 3 for Section 2 in Fig. 3) and has a relevant fines
content (FC) of approximately 15-20%. In contrast, the
sand and silty sand deposits below the embankment
were improved by RAP installation and were not
susceptible to liquefaction, as indicated by their
performance during the 2016 earthquake. The
mechanism involved in the liquefaction mitigation is
still  under investigation, although Smith and
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Figure 4. SPT results and FC profiles for Section 1 (a) and Section 2 (b). Different colors indicate different investigation locations: blue on the top
and red on the slope of the embankment, and black in the free field.

Wissmann [6] preliminarly verified that pier installation
densified the soil and increased the composite shear
strength. In contrast, untreated silty sand deposits at
sites such as the Meja Bridge embankment (167 km
from the epicenter with a recorded an.« equal to 0.35g)
experienced devasting effects from the earthquake due
to the lateral displacement of the toe of the slope ([19]).
Altogether, these observations motivated an
investigation of the potential lateral displacements pre-
dicted using different in situ tests at the Bricefio Bridge
embankment in comparisons with real observations.

4. Lateral spreading prediction following the
Mw?7.8 Ecuador earthquake

The availability of CPTu, DMT and SPT tests, in
natural and treated soil deposits, makes it possible to
evaluate  different  approaches for  estimating
liquefaction-induced lateral displacements ([3], [10] [4])
for the case study of the Bricefio Bridge embankment.

By considering the geometry of the two embankment
segments, as reported in Figs. 2 and 3, the case study
was analyzed as level ground with a free face. The well-
established CPTu-based procedure proposed by Idriss
and Boulanger [28] was used for the assessment of
liquefaction susceptibility and therefore for the FS
estimation, assuming the ground water table at 0.2 m
asl, M = 78 and g = 0.4g, while the D, was
evaluated from the correlation by Tatsuoka et al. [29].
Based on the liquefaction safety factor, the Zhang et al.
[3] procedure was applied to the CPTu data under the
top (CPTulV, CPTu2V) and under the slope
(SCPTulB, SCPTu2B) of the embankment to evaluate
the lateral displacement (LD), as summarized in Table
1.

LD values indicate slope movements of
approximately of 0.5-0.8 m based on the CPTus at the
top of the embankament, and of 1.2-1.6 m based on the
CPTus on the slope of the embankment. These

predictions do not fit well with the earthquake
observations that refer to a maximum crack width of 5-
15 c¢m. This aspect may be possibly explained by the
higher variability of the Zhang et al. [3] method for LD
<1 m due to the small available dataset used to develop
this approach at small lateral displacements. The
overprediction may also be attributed to the
extrapolation of lateral spread predictions to a thin layer
composed of materials finer or more plastic than non-
plastic silty sands ([4]).

Table 1. CPTu prediction by Zhang et al. (2004),

LDI L H LD

Location CPTu
(m) (m) (m) (m)
Section 1 TOP CPTulV 0.55 | 22.50 | 4.00 0.83
Section 1 SLOPE SCPTulB 0.55 6.40 2.33 1.58
Section 2 TOP CPTu2V 034 | 2250 | 3.70 0.48
Section 2 SLOPE SCPTu2B 044 5.60 2.10 1.20

Therefore, the Youd et al. [10] approach was also
considered using the SPT data below the embankment.
After correction, the blow counts were always greater
than 15 within the sand and silty sand deposits
identified by the borehole logs, as shown by the (N;)so
profiles on the top and on the slope of the embankment
in Fig. 4. This implies that the predicted lateral
displacement is equal to zero despite liquefaction within
the saturated liquefiable granular layers because of the
tendency for dilation during shear. This result fits well
with the observed embankment performance during the
2016 earthquake. To estimate what lateral displacement
would have occurred below the embankment without
the piers, the Youd et al. [10] procedure was again
applied below the embankment assuming that the
untreated natural soil was the same as that analyzed in
the free field along Section 1 and Section 2. In this
respect, Table 2 summarizes the input data necessary to
predict the lateral displacements (D). Potential
liquefiable layers of at least approximately 1 m were




Table 2. SPT prediction by Youd el al, (2002),

. Flevation (N1)so Tis Fis D50,s H L w Dy
Location Borehole

(m asl) -) (m) (%) (mm) (m) (m) (%) (m)

Section 1 TOP P-11 from -2.25 to -3.90 5.50 1.65 15.00 0.26 4.00 22.50 17.78 0.89

Section | SLOPE P-11 from -2.25 to -3.90 5.50 1.65 15.00 0.26 2.55 6.40 39.84 1.09

Section 2 TOP P-07 from -1.95 to -2.85 13.00 0.90 18.00 0.36 3.70 22.50 16.44 0.58

Section 2 TOP P-08 from -1.95 to -2.85 5.50 0.90 17.50 0.22 3.70 22.50 16.44 0.67

Section 2 TOP P-09 from -1.17 to -345 6.25 2.28 12.67 0.24 3.70 22.50 16.44 1.07

Section 2 TOP P-10 from -2.00 to -3.35 4.33 1.35 19.50 0.17 3.70 22.50 16.44 0.82

Section 2 SLOPE P-07 from -1.95 to -2.85 13.00 0.90 18.00 0.36 2.10 5.60 37.50 0.72

Section 2 SLOPE P-08 from -1.95 to -2.83 5.50 0.90 17.50 0.22 2.10 5.60 37.50 0.83

Section 2 SLOPE P-09 from -1.17 to -3.435 6.25 2.28 12.67 0.24 2.10 5.60 37.50 1.32

Section 2 SLOPE P-10 from -2.00 to -3.35 4.33 1.35 19.50 0.17 2.10 5.60 37.50 1.01

Table 3. CPTu prediction by Youd (2018).

— — Elevation 4 Ts Fis D305 H L w Dy

(m asl) ) (m) (%) (mm) | (m) (m) (%) (m)

Section 1 TOP CPTulVv from 0.2 t0 -1.78 -0.06 1.98 15.00 0.26 4.00 22.50 17.78 0.96

Section 1 SLOPE | SCPTulB | from-0.70to-1.78 -0.06 1.78 15.00 0.26 2.55 6.40 39.84 1.13

Section 2 TOP CPTu2v from -0.80 to -1.48 -0.01 0.90 18.00 0.36 3.70 22.50 16.44 0.58

Section 2 SLOPE | SCPTu2B | from-1.07to-1.93 -0.11 0.86 18.00 0.36 2.10 5.60 37.30 0.0

Table 4. DMT prediction by Youd (2018).
Ko ] Ko v
Location CPTu Elevation (-) (-) (-) . () Tis IZ.S D505 H L 0W Dy
(m asl) Baldi et al. (1986) Hossain & Andrus | (m) (%) (mm) (m) (m) (%) (m)
(2016)

Section 1 TOP DMTIT from -0.30 to -2.20 0.78 0.02 0.82 0.02 1.90 15.00 0.26 4.00 22.50 17.78 0.94
Section 1 SLOPE DMTI1S from -1.40 to -2.50 0.78 0.01 0.82 0.02 1.10 15.00 0.26 2.55 6.40 39.84 0.91
Section 2 TOP DMT2T from -0.90 to -1.60 0.80 0.00 1.00 0.02 0.70 18.00 0.36 3.70 22.50 16.44 0.52
Section 2 SLOPE DMT2S from -0.40 to -1.10 0.80 0.01 1.00 0.02 0.70 18.00 0.36 2.10 5.60 37.50 0.65

considered with the aim of avoiding possible Dy
overprediction ([4]). Based on SPT blow counts, the
computed Dy =~ 0.6-1.1 m and Dy =~ 0.7-1.3 m on the top
and of slope of the embankment, respectively, along
both the sections. This implies that RAP installation
mitigated liquefaction-induced lateral spreading during
the 2016 Pedernales earthquake.

The MLR procedure was then extended to CPTu
profiles on the top (CPTulV, CPTu2V) and on the slope
(SCPTulB, SCPTu2B) of the embankement estimating
the state parameter, as recently proposed by Youd [4].
With reference to the sandy and silty sandy units
identified by /., Table 3 summarizes the information
related to the CPTu predictions of the lateral
displacements. CPTu results would suggest that failures
under the embankment would have been equal to zero
assuming a minimum threshold of w < — 0.01, which is
closer to 0 than the y < -0.08 threshold suggested by
Youd [4].

However, in granular soil deposits ¥ can also be
evaluated using the DMT test ([14]) as noted
previously. The availability of the earthquake
observations and of the flat blade dilatometer
measurements at Bricefio Bridge embankment provide
an interesting research opportunity for calibration of a
DMT liquefaction-induced displacement prediction for
which no case histories are available. With reference to
the sandy and silty sand units identified by Ip, Table 4
shows the Dy predictions obtained from DMT profiles

on the top (DMTIT, DMT2T) and on the slope
(DMT1S, DMT2s) of the embankement along both the
sections. In particular,  was derived by means of Eq.
(7) that is a function of Kp and Kj. In this respect, Table
4 includes K (and y therefore) values estimated by two
different correlations that use coupled DMT-CPT
parameters: Baldi et al. [16], as reported in Eq. (8), and
Hossain and Andrus [15], as provided by Eq. (9). Both
the Ky methodologies agree and identify a clear
threshold between contractive and dilative behavior at
= 0.02 for the sands and silty sands of the Bricefio
paleochannel. This limiting value includes also CPTu
threshold and agrees with the considerations by Jefferies
and Been [11], while it results farther from Youd [4]
criteria for dune sands. However, the different value of
the threshold may be related to the different geology
(grain shape, mineralogy, grain size distribution and
surface roughness of grains), in the different analyzed
case histories, as also stated by Jeffreries and Been
(2000).

Altogether the results provided by the different
methods show that Youd et al. [10] approach, then
updated by Youd [4], works better than Zhang et al. [3]
at the Bricefio Bridge embankment, since the MLR
procedure predicted lateral displacements similar to the
2016 observations. In contrast Zhang et al. [3] method
provides slope movements between 0.5 and 1.6 m that
are not comparable with the earthquake evidences
(maximum crack width of 5-15 ¢cm).




5. Conclusions

Following the 2016 Mw?7.8 Ecuador earthquake an
extensive  site  campaign  (boreholes,  SPTs,
CPTus/SCPTus, DMT/SDMTs, DPCHs, laboratory
tests) was performed at the Bricefio Bridge embank-
ment, where the foundation materials were reinforced
by rammed aggregate piers preventing liquefaction-
induced failures. Flat dilatometer and piezocone tests al-
lowed a detailed reconstruction of the subsoil model
along two embankment sections. The complex
distribution of Boca de Bricefio soil deposits reflects the
depositional dynamics of the Rio Briceno channel and
coastline, suggesting that the Bricefio paleochannel has
a curved path, not parallel to the bridge embankment.
This hetereogenity is clearly detected by Ip and Kp from
DMT, by I and ¢, from CPTu, and by SPT and labora-
tory information.

Potential lateral spread displacements at the ground
surface computed at the test site using SPT and CPTu
data in natural and treated soils, showed that the Zhang
et al. [3] approach overestimates the embankment slope
movements, while the Youd et al. [10] procedure pro-
vides lateral displacements in good agreement with the
2016 earthquake observations by considering potential
liquefiable layers of at least approximately 1 m. This
aspect may be possibly explained by the higher
variability of Zhang et al. [3] method for LD < 1 m due
to the small available dataset used to develop this
approach at small lateral displacements. The
overprediction may also be attributed to the
extrapolation of lateral spread predictions to thin layers
composed of materials finer or more plastic than non-
plastic silty sands ([4]).

Finally the extension of the MLR procedure to the
use of the state parameter ([4]) allowed, not only to pre-
dict lateral displacements by CPTu, but also by DMT.
The availability of the earthquake observations and of
the the flat blade dilatometer measurements at Bricefio
Bridge embankment provided an interesting research
opportunity to evaluate the potential for a DMT-based
lateral spread displacement prediction for which no case
histories are available. The computed failures identify a
clear threshold between contractive and dilative
behavior at = 0.02 for the sands and silty sands of the
Bricefio paleochannel, consistent with considerations by
Jefferies and Been [11]. However, the different value of
the threshold (if compared with Youd [4]) may be
related to the different geology (grain shape,
mineralogy, grain size distribution and surface
roughness of grains), in the analyzed case histories, as
also stated by Jeffreries and Been (2000).
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