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Abstract

This paper presents the liquefaction analysis conducted at the foundation of Rio Blanco Dam in Naguabo, Puerto
Rico. The analyses follow a cyclic stress approach, and are based on CPT data. In addition, considering the
location and the importance of Rio Blanco Dam, the assessment of the dynamic response of the soil deposits under
strong motion excitation was an essential part of the design. The procedure for this investigation included.:

(1) Definition of design earthquake,; (2) Geotechnical characterization of the site, to define material properties of
liquefiable layers; (3) Assessment of the residual or steady state strength of the liquefied soil. A critical state
approach was included to assess the contractive behavior of the sand layers including mineralogical analyses to
complement the measurement of critical state parameters.

Resumen

Este trabajo presenta los resultados de un estudio de licuacion realizado para los suelos de fundacion de la
represa de Rio Blanco, situada en Naguabo, Puerto Rico. Este analisis sigue un enfoque de esfuerzos ciclicos y esta
basado en datos obtenidos de ensayos CPT. Asi mismo, dada a la importancia de la represa de Rio Blanco, el
estudio de respuesta dinamica de los depdsitos de suelos bajo cargas sismicas pasa a tomar una parte relevante del
diserio. El procedimiento utilizado en esta investigacion abarca: (1) Definicion del sismo de diserio; (2)
Caracterizacion geotécnica del area de la presa, a fin de definir las propiedades de los suelos licuables; (3)
Estudio de la resistencia residual en estado critico de los suelos licuables, la cual se incluyo para estudiar el
comportamiento contractivo de los estratos arenosos, incluyendo un andlisis mineralogico que complementa la
definicion de los parametros de estado critico.

1 SEISMICITY OF THE AREA

Puerto Rico is located within a seismically
active zone at the northeastern boundary of the
Caribbean Plate. The attenuation of earthquake
waves is such that accelerations on the island from
any of the active tectonic features should not
exceed a value of 0.20g and is typically much
lower. AASHTO has placed Puerto Rico in Zone
3, which imposes a maximum acceleration of 0.2g
on bridge structures.

1.1 Definition of the Design Earthquake

The dynamic response analyses were conducted
assuming a rockbase acceleration of 0.19g. After
taking into account the uncertainty associated with
the attenuation relation for rock accelerations in
Puerto Rico, this value of pga = 0.19g in rock
roughly relates to an earthquake with 10%
probability of being exceeded in 50 years, which
corresponds to a return period of 475 years. This
is often referred as the 500-year earthquake or
MPE (Maximum Probable Earthquake).
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Figure 1 Geotechnical characterization for Rio Blanco
Dam. Nine transverse profiles are defined

Table 1 Material properties (average values)

Water  Plasticity Cohesion  Friction
Material content |ndex  intercept  angle
(%) (%) (psf) (deg)

Alluvial clay 3040 3035 340500  26-29
Colluvium (clay) ~ 2040  18-24  170-300  28-30
Alluvial sand N/A N/A 090  30-34

1.2 Dynamic Analysis

A site-specific design ground motion was
performed on 9 soil profiles located along the
proposed alignment of Rio Blanco Dam. Typical
separation between soil profiles was about 120m.
The geotechnical parameters were obtained from
subsurface borings performed by GeoConsult. A
summary of material properties is presented in
Table 1 and a representation of the longitudinal
profile is shown on Figure 1.

Peak ground acceleration and soil amplification
at the surface level were computed using an
equivalent linear procedure (program SHAKEO91).
The analyses included the mass of dam on top of
the soil profile. Horizontal acceleration was
computed at the base of the alluvial sand layers
for the liquefaction analysis. The resulting
response spectra were computed assuming a
damping factor of 5%.

For a rockbase excitation of 0.19g, the resulting
peak acceleration values at the base of the dam
can be bounded within an upper limit of 0.40g.

Changes in the design level for the dam, led to a
retrofit of the analyses in order to guarantee the
serviceability of the dam after the occurrence of
an ecarthquake with a higher return period.
Following the owner’s request, an earthquake with
2500-years of return period, was used as the MCE
(Maximum Credible Earthquake). This earthquake

is associated with a 2% probability of being
exceeded in 50 years.

Four soil profiles were re-analyzed for this
rockbase excitation of 0.40g. As a result, it was
found that peak ground acceleration was similar to
the values obtained in the previous analyses
(Figure 2). After reviewing acceleration values at
each layer it was observed that high acceleration
values produce high shear, dissipating energy of
the wave propagating upwards. For this reason,
higher rock base accelerations did not produce
peak ground accelerations greater than about
0.40g on soft soil sites. This last statement is in
agreement with the results presented by Idriss,
1990, for soft soil sites; it also agrees with the
1997 NEHRP and 1997 UBC code site
coefficients adopted for seismic design of
buildings on soft soils. Therefore, the liquefaction
analysis computed with a pga of 0.40g at the soil
ground surface is roughly consistent with a
decision of using either the MPE or the MCE as a
measure of the level of rock acceleration.
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Figure 2 Dynamic response analysis of transverse
soil profiles

2 LIQUEFACTION ANALYSIS

It is generally accepted that liquefaction
potential of sandy layers can be evaluated using
correlations between penetration resistance data,
such as SPT and CPT, and the cyclic strength of
the material mobilized during an strong motion
shaking. In this study, CPT data was used because
it provides the most reliable data on the relative
density of sand deposits and provides a nearly
continuous record of penetration resistance and



sleeve friction. In this approach, the cyclic
strength is characterized by the cyclic stress ratio
(CSR). Basically, the CSR is the average shear
stress (Tavg) acting on a layer, normalized by the
effective overburden stress (67yo).

Prior SPT tests conducted on this site showed a
large area with loose-to-medium sands under the
footprint of the dam, near the left abutment (see
Figure 3). It is in this area where additional CPT
and downhole seismic tests were conducted to
better define these potentially liquefiable layers.
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Figure 3 Identification of the liquefiable area

2.1 Cyclic Stress Approach

The liquefaction study performed for the Rio
Blanco site follows a procedure presented by
Schneider and Mayne (1999), which is based on
the cyclic stress correlations initially developed by
Seed and Idriss (1971 & 1987), and lately
modified by Robertson and Wride (1997).
According to these authors, CSR is a function of
the earthquake duration (represented by the
moment magnitude, My), the maximum horizontal
acceleration (represented by the peak ground
acceleration normalized by the acceleration of
gravity, am.x/g), the depth of the granular deposit
(represented by the stress reduction coefficient, rq)
and the normalized total vertical stress (ratio
between total and effective stress acting on the
layer, 6y, /G’y ). Thus, CSR can be computed as:

CSR =M€ o 0.65-(*‘“&)(0,&} 1y (1)
GVO g GVO

rq can be obtained using the following
expression from Idriss (1999):

r, = elo@B@ M, ] (2)

Being z the depth in meters up to 25 m, and o
and B are fitting functions defined as:

. Z
oc(z)——1.01—1.06-51nK11.73J+5.133} (3)

B(z)=0.106+0.118~SinK11.28]+5.142} (4)

The computed CSR values are compared with
the cyclic resistance ratio, CRR, which defines a
boundary where liquefaction is triggered.

CRR depends on the type penetration test used.
For this study, the CRR is computed from CPT
tests, based on the following Robertson and Wride
(1998) correlations with the normalized tip
resistance, qcn and assuming an earthquake of
magnitude 7.5:

(qc Paj qe (5)

quN:W:(G, Pa)’s
Pa

voO
Pa: atmospheric pressure
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Considering the large amount of CPT data
gathered from the field exploration, the results of
the liquefaction analysis were presented in two
ways: (1) computing the factor of safety against
liquefaction, and (2) computing the thickness of
liquefiable layer (FS;<1) at each soil.

The factor of safety against liquefaction, FSy,
was computed for every liquefiable layer in order
to quantify its liquefaction potential. This factor of
safety is defined as:

CRR
FS, = ——25 8
L =TGSR (8)

As a result, FS; lower than one (1) identifies
liquefiable layers. It is important to comment that
CSR depends directly on the magnitude of ap,x.
Therefore, to reduce uncertainties, this quantity
must be determined based on “properly assessed”
peak ground accelerations. For this study, the
value of am.=0.40g used for the analyses was
obtained from 1-D dynamic analysis of a
representative soil profiles.

Once FSp was computed at every depth
(considering only granular layers), the “liquefiable
thickness”, H;, was defined as the sum of all
micro-layers within each soil profile with FS;<1.



Then, computed Hy values were plotted at their
corresponding CPT sounding location, and iso-
curves were produced to interpolate the results
between the soundings (see Figure 4). From these
results, it is evident that liquefaction will occur
over a major portion of the dam footprint for this
ground acceleration value.
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Figure 4 Thickness of liquefiable material for
CPT-based liquefaction analysis

2.2 Vs-Based Liquefaction Assessment

The general accepted procedures to assess the
liquefaction potential (correlations with SPT and
CPT data) are based on cyclic induced-stresses.
The basic assumption of this approach is that
liquefaction resistance and in-situ penetration test
resistance are functions of the relative density;
therefore, they can be correlated.

On the other hand, Dobry et al. (1982)
concluded that cyclic-induced strains are more
significant than cyclic-induced stress to predict
pore water pressure buildup and liquefaction.
Thus, a low strain approach was followed for this
part of the study. Shear wave velocity was
measured in situ by seismic CPT downhole tests.
These field mesurements are a very reliable source
of data because they reflect the acting state of
stress and are quickly performed. In addition, as
Gmax depends directly on Vs, there is a theoretical
basis to correlate liquefaction resistance and Vs.

For this study, CRR was computed from a
correlation with the overburden stress normalized
shear wave velocity, Vsl, proposed by Andrus
and Stokoe (1997):

2
CRR7.5:0.022(1\;S(1)] +2.8-( *1 ! J 9)

Vi —-Vg Vg

. V
with V, = S

(G( )0.25

Vsl* =215 m/s for fine content, FC < 5%
Vo =[215-0.5(FC-5)] m/s for 5%<FC<35%

Although this approach seems to be more
robust than the CPT-based approach, for this
study it is being used only as a support tool. The
reasons for this are that there are not enough data
available to confidently cover the area in study,
and there are not enough documented cases to
verify the CRR curve. However, the location of
the liquefiable areas (Figure 5) is in agreement
with the CPT-based results. It is noted that the
thickness of the liquefiable layers is significantly
reduced using this approach, which might lead to
potential savings in the remedial measures to
control liquefaction.
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Figure 5 Thickness of liquefiable material for
Vs-based liquefaction analysis

2.3 Critical State Approach

Initial triaxial test results from sand specimens
taken near the left abutment showed high
compressible behavior. Such outcome caused
some concern about the dynamic behavior of this
sand, specifically, whether or not this high
compressibility of the sand would affect the
liquefaction potential of the material.

Considering that the mineralogical structure
plays a significant role in the contractive nature of
sands, a set of X-RAY diffractometer tests was
conducted in order to identify the mineralogical
composition of those sand deposits at several
locations in the area. Results showed a significant



amount of K-feldspars (microclines, a prominent
constituent of igneous rocks) on the compressible
specimens. The presence of these minerals
produces rounded particles that can be crushed
under moderated stresses, increasing the
compressibility of the material.

To support the results from the mineralogical
characterization, GeoConsult-Georgia Tech and
Golder & Associates tested several specimens
from bulk samples (TPRB-26, TPRB-28, TPRB-
32 and TPRB-33), which correspond to the
specimens that showed some content of
microclines. It was noted that most of the tested
sands do not contain microclines, and therefore,
did not show compressible behavior

A simplified procedure was used to determine
the critical state line, CSL, for these specimens
(Santamarina and Cho, 2001). The results are
presented on Table 2. To validate these results,
Golder ran a series of triaxial tests (drained and
undrained), with very large deformations for one
of the specimens (TPRB-26), which is in
agreement with the results presented in this study.

According to critical state theory, the slope A of
the CSL has a direct correlation with the soil
compressibility. In general, values of A<0.07-009
are typical for silica and quartz sands. Higher
values indicate more compressibility of the
material, which may be due to particle
shape/rearrangement or to grain crushing. In the
case of Rio Blanco specimens, the critical state
parameters presented in Table 2 show two well-
defined compression behaviors for the sands.
Specimens from TPRB-26, TPRB-28 and TPRB-
32 show values of A between 0.07 and 0.09, still
suggesting a typical sand behavior. Conversely,
specimens from TPRB-33 show large values of A,
between 0.15 and 0.16. In this case, high
compressibility is expected from this material.

To further investigate the liquefaction risk of
these sand specimens, Figure 6 shows a
comparison between in situ condition and the
corresponding critical state line for each
specimen. Values of void ratio were derived from
CPT data wusing Kulhawy and Mayne
(1990)/Mayne and Kulhawy (1990) correlations
from calibration chamber data:

e, =1.159-0.230-log(q,,y) (10)

Results plotted in Figure 6 show a dilative
behavior for specimens TPRB-28 and TPRB-32
implying the difficulty for the soil to flow in
liquefaction. Conversely, the contractive behavior
shown by specimen TPRB-33 suggests the
susceptibility of this material to flow in
liquefaction under the state of stress imposed by

the dam. Finally, specimen TPRB-26 showed a
partially contractive behavior, which insinuates
certain liquefaction risk that has to be considered.

These results are in agreement with the peer
review comments of this liquefaction study made
by Dr. R. Dobry. He concluded that highly
compressive sands might raise the pore water
pressure under the dam, producing localized
liquefaction.

Comparing the critical state assessment with the
mineralogical analysis, it is observed that sand
specimens containing K-feldspars show higher
slope values of the CSL, indicating high
compressibility of the material. The results are in
good agreement with the triaxial test results.
Conversely, quartz-silica sands showed low
compressibility. It is noted that K-feldspars
specimens were scarcely only found on the site.
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Figure 6 Critical state lines vs. in situ conditions
at tests sites.

Table 2 Measured critical state parameters

Specimen Depth Intercept Slope
ft r A
TPRB-28 10.0 1.38 0.09
TPRB-22 11.0 1.22 0.07
TPRB-32 12.0 1.33 0.09
TPRB-26 6.0 0.91 0.09
TPRB-33 7.5 1.32 0.15

TPRB-33 8.0 1.43 0.16




3 REMEDIAL MEASURES

Based on the results of the liquefaction analysis,
it appears that the depth of liquefiable soils will
generally be less than 20 feet. At present time,
there are 3 options for which the economic
feasibility is being evaluated: (1) dewatering,
excavation, and replacement of liquefiable soils;
(2) soil replacement using stone columns under
the footprint of the dam; and (3) soil improvement
by high energy compaction.

4 CONCLUSIONS

Considering the uncertainties on the spatial
variability of the soil parameters and the soft
nature of the upper layers along the dam, the
assumed seismic scenario for the liquefaction
analysis of the dam wusing a peak ground
acceleration am,—=0.40 g appears to be unchanged
for the MPE or the MCE. This pga value can be
associated to the performance criterion where the
structure needs to be serviceable within hours
after the MPE.

According to the CPT-based evaluation the
thickness of the liquefiable layer ranges from 4 to
7 feet.

The Vs-based and the CPT-based criteria for
evaluating the liquefaction potential are generally
consistent, and both show that locations near the
left abutment have a higher liquefaction potential.

Critical state tests confirm the results of the
mineralogical analysis, indicating that some sand
specimens contain K-feldspar microclines, which
produce a highly compressible behavior. The
critical state evaluation of the liquefaction
potential showed that some of the sand specimens
present a dilative behavior, which affect their
susceptibility to flow in liquefaction. To further
evaluate the liquefaction effects of the specimens
that showed contractive behavior, the evolution in
time and space distribution should also be
considered (e.g., the collapse of sand structures
prevents liquefaction but can induce high pore
water pressure over contiguous dilative materials).

From the CPT and Vs tests, it appears that the
depth of liquefiable soils will generally be less
than 20 feet. This result indicates that it may be
feasible to dewater the dam footprint (or parts of
the dam footprint) and then excavate the
liquefiable soils, to replace with competent
compacted material. The reconstructed trench
could also form part of the impervious core,
further reducing flows under the dam.
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