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Soil liquefaction, Energy-  This paper presents an overview to the applicability of the “energy-based liquefaction approach”
based liquefaction with regards to the new developments in the subject. The method involves comparing the strain
method, Field case energy for the soil liquefaction (capacity) with the strain energy imparted to the soil layer during an
histories, Earthquake. earthquake (demand). The performance of the method was evaluated by using a large database of

SPT-based liquefaction case history. The energy-based method and the more commonly used stress-
based method were compared in their capability to assess liquefaction potential under the same
damaging historic earthquakes and geotechnical site conditions. In the procedure, the predictive
strain energy equations were used to estimate the capacity energy values. These empirical equations
have been developed based on the initial effective soil parameters. As for the energy of any given
strong ground motion, it was computed from a velocity-time history of the ground motion and the
unit mass of soil through utilization of kinetic energy concepts. The proposed energy-based method
Received Date: 27.09.2019 has effective way in evaluating the liquefaction potential based on the seismological parameters,
Accepted Date: 09.01.2020  contrary to the stress-based approach, where only peak ground acceleration (PGA) is considered.

1. Introduction having numerous factors controlling the mechanism
of the liquefaction (e.g. the magnitude, intensity, path
effects, attenuation characteristics, types of soils,
confining pressure, the distance from the source and
other site-specific conditions) (Law et al., 1990).
Numerous laboratory techniques and model tests, in-
situ techniques and numerical approachs have been
performed for assessment of the liquefaction potential
(e.g. Finn et al., 1971; Seed and Idriss, 1971; Martin,
1975; DeAlba et al., 1976; Ladd et al., 1989; Elgamal
et al., 1989; Tokimatsu et al., 1991; Oka et al., 1994;
Youd et al., 2001; Zhang, 2001; Moss et al., 2006;
Boulanger and Idriss, 2012). At the same time, several

The evaluation of the soil liquefaction is a field procedures have been highlighted for more
complex problem in earthquake engineering, due to accurate assessment of liquefaction potential. The

The soil liquefaction during a strong ground
motion is a significant and ever-present phenomenon
that threatens to damage or collapse buildings, bridges,
highways, embankments, and other civil engineering
structures. Catastrophic events such as Niigata (Japan)
in 1964, Loma Prieta (California) in 1989, Kobe
(Japan) in 1995, Kocaeli (Turkey) in 1999 indicated
that the most striking failures on the ground are due
to the soil liquefaction (e.g. sand boils/settlement-type
ground deformations, lateral spreading and natural
slope failures or flows).
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available evaluation procedures for assessment of soil
liquefaction include: 1) the Stress-based approach, 2)
the strain-based approach, and 3) the energy-based
approach (Green, 2001; Zhang et al., 2015).

The stress-based procedure for evaluation
of liquefaction potential started with a basic
approach defined by Seed and Idriss (1967), which
has since been upgraded with many studies that have
contributed the method. The contents of these studies,
mostly quoted from Shahien (2007) can be summed up
in to the following; a) update of the field case history
data, b) deterministic or probabilistic treatments,
and c¢) modification of some components of the
liquefaction procedure (e.g. Seed et al., 1975; Seed,
1979, Tokimatsu and Yoshimi, 1983; Seed et al., 1984;
Jamiolkowski et al., 1985; NRC, 1985; Ambraseys
1988; Lio et al., 1988; Hendron, 1990; Castro, 1995;
Fear and McRoberts, 1995; NCEER,1997; Youd et al.,
2001; Seed et al., 2001; Cetin et al., 2000 and 2004,
Idris and Boulanger, 2006).

In the generalized framework, the cyclic stress
ratio, CSR is compared with the cyclic resistance ratio,
CRR of the soil. This procedure, however, involves
some uncertainties. In the laboratory applications,
the time-dependent irregular variation of shear stress
should be converted to equivalent sequences of
uniform shear cycles. As for the comparison of the
earthquake-induced stress with the harmonic loading
conditions, Seed et al. (1975) assumed the equivalent
stress as “65% of the maximum shear stress. Ishihara
and Yasuda (1975) concluded it’s to be 57% (Zhang et
al., 2015). Site response analysis is another approach
for determination of cyclic resistance ratio. However,
both a site response analysis and the procedure of
Seed and Idriss (1967) require the determination of
the a_ on the ground level of a project site as well.
Determination of the a___in a project site also brings
with it some uncertainties such as the magnitude scale,
site-to-source distance and the attenuation model
itself in computing the a__ . Although the stress-based
procedure has been re-evaluated with adequate studies
and also updated with case histories, the limitation
relating random loading still continue. (Baziar and
Jafarian, 2007; Zhang et al., 2015).

Just like the stress-based liquefaction procedure,
strain based approach has some similar limitations.
The amplitude of the earthquake-induced cyclic shear
strain (y) is estimated from the cyclic stress (t) and the
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shear modulus (G). The other variables are the similar
components of cyclic stress as described by Seed and
Idriss (1971). In the procedure introduced by Dobry
et al. (1982), the cyclic threshold shear strain plays
a significant role for pore-water pressure produced
by cyclic loading. Upon a series of strain-controlled
undrained cyclic tests on saturated sand specimens,
Dobry et al. (1982) showed that the threshold shear
strain for liquefaction to initiate is approximately
0.11%. Silver and Seed (1971) reported that this value
has the range of approximately 0.020% - 0.030%
for clean sands. Ladd et al. (1989) found this value
to be roughly 0.011%. Vucetic (1994) and Hsu and
Vucetic (2004) revealed that the cyclic threshold
shear strain value of clayey soils is greater than those
of sands. These researchers confirmed that this value
was increased or decreased by soil characteristics
(Kusumawardani et al., 2015).

As for the energy-based approach, the concept
of strain energy and its applications for evaluation
liquefaction potential has been described by the
researchers (e.g. Davis and Berrill, 1982; Law et al.,
1990; Figueroa et al., 1994; Liang 1995; Ostadan et
al., 1996; Davis and Berrill 2001; Green, 2001; Baziar
and Jafarian, 2007). Davis and Berrill (1982) found out
that excess pore water pressure is quite relevant with
the amount of strain energy. Thus, the strain energy
has been compared with the strain energy imparted
to liquefiable soil layer by an earthquake in order
to predict the liquefaction. These affords has led to
develop the concept of the energy-based liquefaction
(Alavi and Gandomi, 2012).There has been a great
deal of studies focusing on the strain energy and initial
soil parameters in the form of empirical relationships.
Figueroa et al. (1994) proposed a relationship relating
initial soil properties to dissipated energy. Similarly,
Baziar and Jafarian (2007) utilized from the artificial
neural network model to suggest a statistical model
relating soil parameters to strain energy. They also
used a data recorded during earthquakes in addition to
the centrifuge tests available to validate their model.
They found a reasonable consistency between energy
capacity and field observations. The energy-based
method offers the following advantages;

1) Energy is related to both shear stress and shear
strain;

2) Energy is a scalar quantity that is attributable to
the characteristic main earthquake parameters
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(e.g. the source-site distance, the earthquake
magnitude), all the while considering the entire
spectrum of ground motions, contrary to the
stress-based approach, where only peak ground
acceleration is considered;

3) It has accounting capabilities for the effects of
a complex stress—strain history on pore water
pressure (Zhang et al., 2015).

Although the energy-based liquefaction procedure
offers great advantage, as mentioned here, its
application is limited until now due to the fact
that the basic principles and extensions of energy-
based approach have not been discussed in detail
with corresponding applications of stress-based
liquefaction procedure. In several researches, the
results obtained from the energy-based approach were
compared to those of the stress-based approach under
the same seismic motions, and some applications
are available for actual liquefaction case histories
(Kokusho, 2013; 2017; Kokusho and Mimori, 2015;
Kokusho et al.,, 2015). Kokusho et al., (2015)
investigated a liquefaction case by a far-field (M:
8.0) earthquake in order to compare the evaluations
by stress-based method and energy-based method.
It demonstrated a better applicability of energy-
based method than stress-based method. Because the
maximum acceleration in that case was only about
0.05 g, while its seismic wave energy enough to
liquefy. Kokusho and Mimori (2015) pointed out that
the energy-based method gives similar results as the
stress-based method. Kokusho (2017) report that it is
still necessary to apply energy-based method to more
case histories to demonstrate its reliability in much
more practical conditions. The aim of this study is to
demonstrate a simplified procedure of the energy-based
approach in accordance with further improvements.
To demonstrate the consistency and reliability of the
procedure, a large liquefaction database of past events
compiled by several researchers (Seed et al., 1984;
Idriss and Boulanger, 2004, 2008 and 2010; Cetin et
al., 2000, 2004 and 2016) were used as a verification
data in the proposed procedure.

2. Energy-Based Liquefaction Approach and
Predictive Strain Energy Equations

There has been a great deal of studies relating the
energy-based procedures. These procedures involve
the different energy measurements in the terms of

basic parameters to the demand and the capacity
(Green, 2001). In the procedure, the amount of total
strain energy for initial liquefaction is obtained from
the laboratory testing (cyclic shear or cyclic triaxial
testing) or field recorded data. The stress- strain time
histories are recorded, and strain energy is given by
the area inside the hysteresis loop generated from the
stress and strain time histories (Figure 1). This area
shows the dissipated energy per unit volume (Ostadan
et al., 1996; Green, 2001; Alavi and Gandomi, 2012).

To

Dissipated energy ,
(Strain energy),’ |

Figure 1- A typical shear stress—strain hysteresis loop.

The total energy (W) gained by the soil specimen
until the onset of liquefaction is computed as follows
(Figueroa et al., 1994; Liang et al., 1995):

n—1
ow = Z O-S(Ti + Ti+1)( Yier1 — Vi) (M
i=1

Where, T is shear stress, y and n are shear strain
and cycle numbers, respectively. The total amount
of energy is considered as a measurement of the soil
capacity against the initial liquefaction. The energy-
based liquefaction approach is validated through
laboratory testing or recorded field data. Numerous
tests were performed to develop the energy-based
models relating the energy capacity, confining
pressure, strain amplitudes and soil initial parameters.
Figueroa et al. (1994) conducted a series of tests
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on sands using a hollow-cylinder torsional shear
device. They utilized from initial soil properties in
order to establish a relationship relating the strain
energy. Some energy-based formulations developed
for liquefaction assessment were given in table 1.
These statistical models were mostly generated by the
multiple linear regression analysis. In recent years,
different statistical methods such as ANNSs, artificial
neural networks and SVM, support vector machines
have been considered in order to provide more reliable
results. In this context, Chen et al. (2005) proposed
an energy-based method by using back-propagation
neural networks to assess the soil liquefaction.
These statistical methods perform sufficiently well
in the evaluation liquefaction probability due to their
prediction performance. However, they have some
limitations. A major restriction of artificial neural
network is that it is not satisfactory for generating
practical predictive equations. Besides, the network
model is not variable and identified in advance (Alavi
et al., 2011).

3. The Approach in the Proposed Method

Calculation steps of soil capacity and demand
were summarized fallowing subsections. Both two
parameters is required for assessment of liquefaction
potential.

3.1. Evaluation of the Seismic Demand

The total energy (E, Joule) resulted from a quake
is given by the equation of Gutenberg and Richter
(1956):

E = 10%8+15M ()

Only a part of energy propagates along the site-
source distance. It’s some part will be scattered by
inelastic attenuation and energy attenuation is possible
due to geometric spreading. (Law et al., 1990). The
energy (W) imparted by an earthquake on a unit of
mass of matter (e.g., soil) is computed as follows;

W = -mv? 3)

Where, m is mass of liquefiable soil layer and v is
velocity. As mentioned above, the dissipated energy
is expressed in the unit volume of the soil mass. The
unit soil mass is numerical value of the saturated
density since the volume is 1 unit. To determine the
total amount of the energy imparted to liquefiable soil
layer by an earthquake, strong motion acceleration-
time history of any event needs to be obtained from
accelerograms. Thus, Eq.3 is performed to obtain the
cumulative energy versus the time.

The general procedure for the evaluation of
the soil liquefaction is to compare two parameters;
1) the seismic demand and 2) the soil capacity to
induce liquefaction. In the proposed method, the strain
energy equations were performed to compute the
capacity of the soil, as expressed by following section.

3.2. Evaluation of the Soil Capacity

The predictive energy equations in table 1 require
the calculation of the initial soil parameters. An exact
determination of 0’ in-situ is very difficult and the
initial effective overburden stress (0’ ) is commonly
preferred rather than the initial mean effective stress,

)

o or P’ which could be interchangeably related

mean

as shown below (Seed et al., 1986). Thus, o’ is

ean

Table 1- Empirical strain energy equations between the dissipated energy and soil parameters.

Equation Researcher Expression r
O Figueroa et al. (1994) log(W) =2.002 + 0.00477 o',,,,,,,, + 0.0116D,. 0.97
an Liang (1995) log(W) =2.062 +0.0039 ¢',,,,, + 0.0124D, 0.96
(110) Dief and Figueroa (2001) log(W) =1.164 + 0.0124 5 ,,,,, + 0.0209D,. 0.97

log(W) =2.1028 + 0.00456 ¢7,,,,, + 0.005685D,.
(Iv) Baziar and Jafarian (2007) +0.001821FC—-0.02868C,, 0.80
+2.0214D5,
V) Jafarian et al. (2012) W=0.1363P , (D,»¥) + 5.375 (10°P ) 0.80

W: measured strain energy density required for triggering liquefaction (J/m’), P > and o’ __ : initial effective mean confining pressure and initial
mean stress (in kPa), D : initial relative density (%), FC : percentage of fines content, C_ : coefficient of uniformity and D, = mean grain size (mm)
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expressed by effective overburden stress (o’ ) and
coefficient of lateral earth pressure (K );

;o (1 + ZKO) o 4)

ort 3 v

Where, K and ¢’ are obtained using the following
expressions (Egs 5 and 6), ¢’ is the effective angle of
internal friction, which is expressed in term of (N ),
(Hatanaka and Uchida, 1996).

Ky=1—sin (4 ©)

¢’= (20N, )*5+20 (6)

1,60

On the other hand, the relative density, (D) is
defined for natural soils as follows (Skempton, 1986):

o= (" g

Eq.7 is employed to compute the relative density
for clean sands. Herein (N)),, is derived for clean
sands and it should be modified to take into account
fines content (FC) to obtain an equivalent clean sand
value, (N, as follows (Youd et al., 2001):

9,7 ( 15,7 )2] ®)

(N1)6ocs = (N1)oo + €xp |1,63 + FC+01 \FC+01

Eq.8 is employed to find the “equivalent” relative
density for fine-grained soils. Once ¢’ and Dr are
computed with the expressions defined above, the
strain energy (i.e. capacity) is calculated by using any
of the Equations I-V in table 1.To evaluate the soil
liquefaction, the proposed method considers only a

comparison between demand and capacity.

4. Examination of the Procedure for the
Assessment of Soil Liquefaction

4.1. Database for Past Earthquakes

The SPT-based database was compiled and
updated by several researchers (Seed et al., 1984;
Idriss and Boulanger, 2004, 2008 and 2010; Cetin et
al., 2000, 2004 and 2016) for liquefaction correlation
of cohesionless soils. The first database was presented
by Seed et al. (1984) which contained only 125 cases.
Then, the first large database was presented by Idriss

and Boulanger (2004). It includes both the compiled
and updated data of Seed et al. (1984) and -Cetin et
al. (2000, 2004). The total number of evidence is 230
and surface evidences of liquefaction were observed
in only 115 case histories. Additionally, some of these
cases were not approved by Cetin et al. (2016). In
the end, the data set updated by Cetin et al. (2016)
contains 210 cases with consistent screening standards
enforced throughout. The values of earthquake and
soil parameters such as magnitude (M), maximum
ground acceleration (a__ ), depths to the relevant layer
and ground water table, the total (0,) and effective
vertical stress (0 ), SPT-blow counts (N), correction
factors (e.g. C,, C,, C, and C)), (N,),,, fines content
(FC) and (N)),, were presented in the updated data
set of Cetin et al. (2016) for 20 major earthquakes.

This updated dataset was used to verify the
proposed energy-based method in this investigation.
For the calculation of the seismic demand on a soil
layer, it is necessary to obtain the acceleration and
velocity time histories of significant earthquakes.
However, strong-motion data for many earthquakes
prior to 1979 were not available. Therefore, only
115 cases with 9 major earthquakes in the data set
of Cetin et al. (2016) were evaluated by using the
existing acceleration records. The acceleration records
are obtained from the seismic stations nearest to the
sites of liquefaction/no liquefaction cases. Some
information about seismic stations is given in table
2. The distances between the seismic stations and the
sites of liquefaction/non-liquefaction cases are also
given in table 3. Vertical (Up) acceleration component
records of the ground motions are used to compute
the cumulative energy of the earthquakes, because
they can reach very high values at the surface close
to the fault and compressive structural damage can
occasionally be observed in the near field (Kunnath
et al., 2008; Papazoglou and Elnashai, 1996; Riches,
2015; Tsaparli et al., 2016). High values was recorded
during past earthquakes (e.g Northridge in 1994 and
Kobe in 1995) where soil liquefaction events occurred
(Shibata et al., 1996; Trifunac and Todorovska, 1996;
Yasuda, 1996; Tsaparli et al., 2016). More recently,
Canterbury earthquakes (New Zealand in 2010-11)
are an important example for high records of vertical
acceleration values and also soil liquefaction events
(Bradley, 2012; Tsaparli et al., 2016).
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Table 2- Strong motion stations and peak ground acceleration data for past major earthquakes.

Station
Earthquake i
Code/ID Lat/Long Closest dist to PGA (cm/s?)
epicenter (km)

» Japan Meteorological

1995 Hyogoken-Nambu (Kobe) | ="M (JMA, Japan Meteorological 34.6833/135.1800 1.5 336.13
Agency)

. Arleta Nordhoff Ave Fire Sta CGS -

1994 Northridge CSMIP Station 24087 34.2358/118.4398 9.5 539.39
. . Kushiro Local Meteorological

1993 Kushiro-Oki Observatory, IMA (KSR), Hokkaido 42.9786/144.3880 7.0 356.00
CGS-47459 36.9091/121.7575 17.0 647.00
1989 Loma Pricta CGS-58483 37.7988/122.2582 89.0 42.00
CGS-58505 37.9355/122.3434 105.0 29.00
CGS-58117 37.8253/122.3739 97.0 20.00
1987 Superstition and Elmore CGS-01336 32.7735/115.4481 48.0 225.00
Ranch CGS-11369 33.0370/115.6235 22.0 187.00
1981 Westmorland CGS-11369 33.0370/115.6235 7.0 627.57
1979 Imperial Valley CGS-01335 32.7933/115.5625 28.0 231.00
1971 San Fernando C&GS241 34.2211/118.4711 22.0 167.00

4.2 Comparison of the Demand to the Capacity

The results of the strain energy imparted by strong
ground motion (demand, unake) and the capacity of
the soil to induce liquefaction (Wliq) are presented
in table 3. The partial data in table 3, namely a__,
depths to layer of interest and water table, the total
and effective vertical stresses on the layer, (N)),
fines content (FC) and (N ). were taken from the
updated database of Cetin et al. (2016). M_ and M,
were deduced from the borehole logs and imported
data in the database of Cetin et al. (2016). o, K,
¢’ and D, were computed using Equations of 4-7.
The capacities (Wﬁq) were calculated for 4 different
empirical relationships (Equations I, II, III and V in
Table 1) by employing the appropriate mean effective
stresses and the relative densities. The ground motion
records nearest to the site of interest were selected for
the computation of demands.

To demonstrate how the proposed method works
figure 2 was constructed, which covers field cases of
1995, Kobe/Hanshin (Hyogoken-Nanbu) Earthquake.
It shows the acceleration-time history, velocity and
the cumulative work for the first 2 cases (location #1
and 2 in table 3). The sites of no liquefaction cases
were 15 km away from the epicenter of earthquake.
The closest seismic station (KJM) to the site of cases
was approximately 2.5 km. For these fields, the unit
mass for the soil was taken as 1874 kg, which resulted
in a demand of 2061 J/m? (Figure 2) when the Eq.3
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was used along with the velocity time history. Since
the demand for the station record is less than the soil
capacities calculated using the 4 predictive equations,
the liquefaction at these sites is verified from the
perspective of the proposed method. Similarly, the
location #5, as given in table 3, is a site of liquefaction
in the same section. The unit mass of soil at this site is
1762 kg and thus the cumulative work or the demand
is 1938 J/m?, which is greater than all the capacities
calculated using the 4 predictive equations. The
comparison of the demand to capacity indicates that
soil liquefaction should take place at location #5 as
well.

The reliability and accuracy of the proposed
method were examined for 115 cases in the data set
of Cetin et al. (2016). The energy-based liquefaction
method yields similar results with the stress-based
liquefaction method for past events. Attempts have
been made to provide more reliable seismic demand
values by using near station records. However, the
near station records for some case histories of past
earthquakes are not available, and the use of the
relatively far field ground motion records (>15km)
resulted in a high seismic demand for a few non-
liquefiable sites due to their site-to-source distances.
The comparison between the demand values calculated
from the nearest station and capacity values calculated
for each site are given in figure 3. It shown that the
results of the strain energy imparted by strong ground


http://www.jma.go.jp/jma/indexe.html
http://www.jma.go.jp/jma/indexe.html

Bull. Min. Res. Exp. (2020) 163: 99-114

v 19L1 9191 | 6181 | €ILI | €T€l | 86'L8 | ¥vE | L0OT | 8T0 | Tov | ST | L'€c | 1091 | O | S9 | 60 <3 ON 90 | 69 9¢
Sy 8€61 97L 0L8 686 078 | vEv9 | ¥8I1 Lye | Leo | Tes | €9 | LLT [ T9LT | 09 | ¥8 | 1T Sy SO S0 | 69 S¢
Sy 6v81 SLOT | 0681 | 8vPI | CoTl | SSvL | LvT | Lvv | €€0 | TTh | €6 | S€T | 1891 | 18 |zTe€l | 81 L EON v0 | 69 ve

v 19L1 1ST€ | 6S¥PE | TEOT | T991 | v9°S8 | 9TE | TLY | 620 | SSv | 0S | 8LT | 1091 | 06 | 6¥I 4 8 ON S0 |69 €€
ST 19L1 8cvl | €6ST | 6SST | L1Tl | sov8 | ¥1¢€ | LTc | 620 | 1Sy | €9 | so¢ | 1091 | € | €9 | v S'¢ ON S0 |69 43
ST 19L1 1595 | 88¥9 | 0€9€ | €29 | I'v11 | 6LS | Tiz | 610 | #S | 10 | 45 | 1091 | 9 | v | T1 v ON 90 | 69 1€
<3 19L1 SYTS | 8LES | ¥99T | ¥E€IT | 9v'S6 | SOb 9% | STO | 8% | 01 6€ | 1091 | T6 | 191 | <1 S8 ON 90 | 69 0¢

v 8€61 ) vLL 856 LSL | 6919 | 98I 0c | L£0 | €65 | 10 | 81 | T9L1 | TS | 69 4 8¢ SO 0 | 69 6C

v 19L1 006 | 0€0T | €¥11 | 926 | SUIL | STc | T6T | ¥€0 | ¢TIy | 8 | s1c | 1091 | TS | v | 81 v SO vo | 69 8T

4 €61 €€0€ | 090t | S68T | LTIT | €801 | 1TS | L¥1 | 120 | €25 | O1 | #0S | 99L1 | 1€ | S¥ | I'I ST ON 90 | 69 LT
4 19L1 vovT | 89LT | €1TT | LL9T | 1TL6 w 661 | STO| 6y | 10 | TIF | 1091 | O | S9 | 60 S'¢ ON 90 | 69 9T

4 8€61 LyLT | TH8T | sS1T | 8S91 | €96 | 86¢ 1'sc | sTo | T8y | ST | 6€ | oLt | os | v9 | TT S¢ ON Lo |69 ST
ST 9702 LSTT | €LT1 | L6T1 | THOI | 9'SL ¥'sT 167 | 2€0 | STy | 10 | 8vT | cv81 | €5 | v9 | ¥T s¢ SO S0 | 69 vT
ST 19L1 LYST | vTL1 | Tobl | 8SI1 | STHL | StC ol €co | TTh | o1 | €€T | 1091 | 9L | 96 € S ON 90 | 69 €

4 vIIC oSty | scvv | 6LvT | 8961 | €96 | 86€ | LOY | STO | T8 | 9 | €8¢ | TT6l | 18 |91l | ¥T 9 ON 90 | 69 44

4 T9L1 1€1C | 00€T | €w61 | vevl | 9816 | SLE | ¥TT | 920 | ¥L¥ | T0 | 89¢ | 1091 | vv | ¢9 | L1 S¢ ON 90 | 69 1T

4 8€61 8STEL | 96¥b1 | LITS | S68€ | €TTI | $99 | SSE€ | LI'0O | S9S | 10 | $S9 | T9LT | 08 | 611 4 9 ON 90 | 69 0T
Sl vIIT 091T | L¥bE | LSOT | 99%1 | TsOL | 1TT | 9CTL | ¥€0 | It | 01 | 80T | cz6l | 6C1 | 2wl | 19 S'L ON 90 | 69 61

i 70TT €188 | 68TLI | 8S9¢ | €vTe | €L16 | ¥LE €€6 | 9T0 | €Ly | 10 | L9¢ | TooT | €81 | 11T | LL 1 ON Lo |69 31

4 8€61 L9L v06 | 1801 | €8 | v00L | 81T | s9z [ sco | 60r | S | TIT | 2oLl | Ly | ¥8 | 80 Sy SO S0 |69 L1

I 8€61 €EEl | 8PP | ShEl | T601 | €L ST I've | €60 | ¥Th | S | 9vT | ToLl | 79 | €8 | ST Sy ON 90 | 69 91
Sl 19L1 6011 | €€€1 | 6L11 | T66 | TWL9 | TOT | Sbv | 9€0 | IOV | Lv | 961 | 1091 | 8L | 66 | L€ 'S SO S0 |69 SI

I 9702 0SET | 0TST | vIET | 80T | IbTL | €€T | Lov | ¥€0 | 91¥ | S81 | 1z | Tv81 | €L | 68 I'e FR2 ON S0 |69 vl
Sl vIIC Sv9 188 788 L9L | TSSS | L€l 0S 0 | 99¢ | SI Tl | Teel | €8 |yl | €T $9 SO S0 |69 €1

I 8€61 ¥681 | 8661 | SLSI | 08TI | I1S6L | 18T | €8¢ | 1€0 | L'y | v1 | T9C | 2oLl | 1L | 26 | T¢ €S EEIS S0 | 69 4
ST 8661 0S¢ 9t 865 8T | S6'Ty T8 99y | 9¥0 | 8TE | S Lo ToLt | oeL |sTi| s 89 SO S0 | 69 11

I vIIC 168 | vTLE | 0681 | 2191 | 2s8L | +LT | 819 | 1€0 | ¥'sv | 88 | T9z | Teel | w11 |vb1 | S¥ S'L ON 90 | 69 01

4 6781 81¥ 339 LEL vT9 | L8ES | 6TI TSe | 10 | 19E | €T | vT1 | 1891 | 8S | €L | 8T €Y SO S0 |69 6

4 19L1 vSEl | T8I | 6€€1 | 601 | vhL 9vT | S9¢ [ €co | TTh | 10| ¥T | 1091 | 99 | L8 I3 S FON S0 |69 3

4 8€61 026 | 6v01 | T9II 8€6 | v6'IL [54 8T | vE0 | vIb | 10 | €TT | T9L1 | IS | 8¢ | T¢ 8T SO vo | 69 L

4 19L1 1S91 | 8€81 | ¥l | v6I1 SL ST v | €60 | ¥Th | LY | 61T | 1091 | 8L |TIT | €T 8¢ ON 0 | 69 9

4 8€61 {224 vIL 089 879 | 80'1Y S'L L9 | L0 | TTE | €1 L TLT | ¥OT | 091 € '8 FON 0 | 69 S
ST 8€61 0L€E | 18€€ | LTeT | LeLl | 8T96 | TI¥ | ¥8T | STO | LSy | €1 | ¥or | ToLT | LS | 6L | 1T R4 ON o | 69 v
ST 19L1 9L | Te9L | 619€ | LSLT | 6601 | LES Tve | To | 8TS | €€ | 8TS | 1091 | €L [€01 | ST S's ON vo | 69 €
ST vIIT TETL | veeg | sTie | 09T | I'L6 61y | L'8S | STO | 68F | 8¥I | 965 | TTel | 8I1 | €L1 | 6T S8 ON 0 | 69 4
ST 190T STI6 | L1€6 | S98€ | 8L6T | €011 'S cor | To | e6Ts | se | Tes | w81 | 98 || vT 9 ON 0 | 69 [

(VT | (undvf) 7, =mpy ‘ypnbylavsg (nquoN-uayo3oay) urysuvg/2qoy ‘G661 ‘Uvf 9
:“__W_W %ﬁum P > q PO g e | | QO g | B0 | o | | @ @ || opepuey
sommsia | /1) ™ a RN a U X | W IMD | wdaq L uoned0]

(9107) ‘Te 10 unay) Jo 108 ejep porepdn 001nos eIEP) APNIS SIY) Ul pasn sased dqeyanbij-uou/sqeyenbiy Jo IsIT -¢ A[qeL

105



Bull. Min. Res. Exp. (2020) 163: 99-114

01 Spel €Sy | s€9 | 169 | 029 St 6 €95 | S¥0 | tee | 8 T8 |cTTel| 68 |oTl| € €9 SOK €0 | 69 7% 1-9904S
! 180T LIS | 6L | TLL | 6L9 | TOS | TIL | 61S | €40 | SE 8 | €0l | 1091 | 8 | 66 | S+ 9 SOK 70 | 69 wiief SLue |
S'1 Srel S16 | SOTI | 0901 | 116 | S819 | LI v'0S | 8€0| ¥8€ | S | Y9I |TTel| 98 |SII| ¢ 9 sok €0 | 69 €-,L00d
ST Spel 869 | 876 | L88 | LLL | L¥S | €€1 | €€ | H0| €9¢ | € | 8Tl |cToT| 88 | 18T | ¢ 79 SOK €0 | 69 7-LO0d
9 10v1 L6v9 | ¥6S9 | v¥0E | 80¥T | 9001 | St Syy | €T0| 0S L | &€y |00z | 16 | STl | € $9 ON TO | 6'9 | oM wueg Aeg epawely
£8585-SDD (VS 69 =W “ypnbypvg mard vioT ‘6861 120 81
ST 618C ISTT | TLTT | SIET | 0SOT | €9°9L | 19T | €LT |T€0| 8Ty | S | #'ST |T9LL| 0S | 99 4 9'€¢ SOK S0 | 9L | IS owsIdg Hog onysny|
ST SLO€E 08LE | 6¥8 | LLIT | 6¥8T | ¥8'C8 | S0€ | L'€9 | €0 | L'y | T0 | 86T | TT6I | 0TI | OTT | 9T I ON YO | 9L | e %:m www omysny
ST 069C 869 | SS8 | ¥S6 | 008 | €0T9 | T'LI 8¢ 80| S8 | T | S9U | I891| S9 | L6 4 € BN PO | 9| e %:% e_m J orgsny
ASY (undvf) 9°L=p ‘@yvnbypnzg 1y0-04ysny ‘€661 uvf ST
I £v9T $T8 | T9TT | T00T | +L8 | 8¥'8S | TSI | L¥S | 6€0 | ¥LE |¥Th | v'11 [ T9L1| T6 |TIT | T¥ €9 SOK S0 | L9 1D 11U 9AY ouuApm
9 £v9C SPL | ¥EOT | 0S6 | 8T8 | T1€LS | 9% | 9CS | ¥'0 | T'LE | ¥b | 801 |T9LT | 88 |o0TI| €€ $'9 SOK v'0 | L9 1D UoAuE) 01e104
€ £79C ST9T | 6SSt | 9S8 | 8S9L | I¥'TL | €€T | T6L |vE€0 | 91F | 87 | 61 |T9LL | Tyl | 091 | T'L 6 SOK ¥8°0 | L9 DU "Alg eoqjeg
VLATIV (VS L 9= ‘2ypnbypvzy 25pLiyrioN ‘p661 “uvf 1
4 861 Seb | TLS | 6¥8 | 689 | SLT9 | SLT | LTT |LEO| L'8E | 0T | TSI |T9LT| 6€ | 98 0 8y SO €0 | 69 I BWIYSLIO],
$'S 8€61 TLIT | ¥O¥T | €T | LYIT | ISLS | L'¥1 | 818 | #/0 | T'LE | 0T | STL | TLL | LET [ O1T| ¥ 4! SOA €0 | 69 O IS pue[s] 00y
$'S 8€61 TEST | 160T | TLET | 9811 | 8089 | 90T | T6S |SE€0| €0F | ST | 9LL | T9LI | +OT | 8€1 | ¥ S'L SR ¥'0 | 6’9 | Suppng puelsy opjoy
'S 861 768 | 69%T | TTOT | 926 | S¥S | TEL | L'69 | 10| T9E | 0T | T'IT | TOLT | SIT [ #81 | ¢ 01 SOk €0 | 69 1 9UIS Pues] 110g
'S 861 L18S | S9LL | 09LT | T¥ET | S68 | 97s¢€ 69 | LTO| L9¥ | 0T | 8TE | TOLL | €1 | 8L1| S $'6 ON v'0 | 69 | (oqeuerepm)s dwyiiog
S 861 €81T | I¥LE | T89T | €0ST | 1L°69 | 91T | 89L | SE€0| 80F | 0T | T'61 | T9LI | 9€T [ S8T | & 0l ON v'0 | 69 | (wyseyeuey)ss dwy uiod
34 861 18T | $€9€ | €6LT | ¥SST | ST'SL | T'sT | 999 |€€0| v'cy | 0T | 9TT | 2oLt | 121 | sst| ¢ S8 ON v'0 | 69 | (eAeSons duwry 'sT10g
Se 8€61 LLy | 069 | TIL | Tv9 | STSH| 16 | 88S |SHO| S€c | 0T | T'L |TOLT| €6 |+l | ¥T 9L SOK €0 | 69 | 1S Aelry HY puels] 1og
S'1 8€61 0€8 | ¥6ET | 9001 | L06 | S¥S | TEL | 6L9 | 1#0| T9E | T | 9T |TOLL | TIL | ¥91 | S°€ 88 sok 70 | 69 | (Pues W) d-a-O WSV
S'1 861 869 | €LLT | T06 | 068 | 80v | 'L | €66 |L¥0| TTE | 8T | 9§ |TOLI| ¥SI | LvT | S°€ €1 sok 7’0 | 6'9 | (T PueswN) 4-q-O TSV
ST 8€61 YSPE | SL6E | SLOT | 8TLT | T6'€8 | €'I€ Ss |60 | S T | 90 | TOLT | vOT | 8¥T | S°¢€ 8 ou v'0 | 69 | (pues W)V ewediysy
S'1 8¢61 OLPT | €991 | €9€1 | T€11 | TOEL | L'€C | 8Ty | €€0 | 8I¥ | 81 | SIT | T9L1 | LL | #6 | S°€ TS sok 7’0 | 69 | (I pues)y ewelysy
$9 861 vIT | 65T | SOS | 1ev | 69T | 1S | 88T |9¥0 | LTE | S 9L | TLT| S¥ | 69 | 91 4 SOA 70 | 69 4
9 19L1 TI9 | 8FL | ST6 | 09L | €029 | T'LT | €€¢ |80 | S8 | 0T | 8%I | 1091 | LS | 28 | TT Ly SOK 70 | 69 3%
'S 8€61 vSE | €Sy | 9L9 | €S | TETS | LT | 8€E [ THO | €SE | O | LOT |TOLT| SS | 26 | TI S SOK v'0 | 69 w
S'S 19L1 99% | 88S | €18 | SL9 | 9885 | +'SI | €0€ |6€0 | SLE | 10 | 6% [ 1091 | IS | IL 4 'y SOA 70 | 69 |84
4 vIIT €00% | 886€ | ¥¥ST | 6S61 | S0°66 | 9€r | 96T |vTO| S6v | 10 | 8Tv [Te6l | 09 | L9 | 8T $€ ON 90 | 69 oy
S yIIT TEPOT | 6VTIT | T6SY | STve | 611 | 679 7€ | 8T0| SSS | 10| 619 |TTEI| IL | 68 | 9T Sy ON 90 | 69 6€
S 9202 SOET | €€8T | S9TI | T10IT | 1TS9 | 681 | ¥6S | 9€0 | v'6€ | S | €81 |TH8I| €01 | TSI | € 8 SOK S0 | 69 8¢
S vIIT 9vST | 9I8T | ¥8€EL | 1911 | 60CL | 1'€T | SLy [¥€0 | SI¥ | 10 | STT |CT6l | S8 | S6 4 S SOA 70 | 69 LE
Y (undof) 7L =mpy “2ypnbyvz (nquoN-uayoSodry) urysuvp/>qoy ‘S661 “uvf 91
mmm_“* P0JIS p ) q e %) | = @ | ™o | oy W | (%) | o (N mwvc o | % () (u) jonbry ® W apo)y/aueN
sumsig | *EOD M TR a @ | Dd W LMD | wdag v uoyesoy

‘(onunuod) -¢ 9[qe],

106



Bull. Min. Res. Exp. (2020) 163: 99-114

L1 9LS 96¢ 80¢ 0SL 79 T¢e9¢ 'yl 6T 0 89¢ | C9C | €11 1091 o 98 60 LY SOA 0 | $9 d JPI'M
6 9LS S09 S9L | 6101 SI8 SS'69 ST ST SE0 | L'OV | TEL | 661 1091 8¢ 9L €0 (74 ON 0 | $9 D Jied 1oAY
6 9LS Sy €Tl 68¢ 8I¢ €S0y €L 9%'9 LY0 1'2¢ 16 14 1091 (1] 81 €0 1'T ON 0 | $9 V 3ied AR
6 9LS 0C¢ 90% €9 6€¢S 788y 901 re &0 9'y¢ €8 'L 1091 S¢S 89 LT 14 ON 70 | $9 g Woo[quIoy|
6 9LS St 66S 988 vIL L8'Y9 L'81 8°0C LEO | €6 81 991 1091 9¢ 184 C ST ON 70 | $9 74 1omo) orpey
6 9LS 0LT 6£¢ 08¢ vov LY L6 Ve vP'0 | 6'CE | S 79 1091 0S L C (4 ON 0 | $9 [ g 1om0) o1pey
69€I1-SOD
L 78T S0¢ LLT 0SS 09% VLY 01 e hardl] 1'¥€ | 861 6'L LI LE (Y4 Sl LT ON 70 | $9 V youry wry] ON
9 9S¢C 089 8T8 | 6101 w8 L8°69 L'1T L'€T SE0 | 80Y | €ST | 98I 1091 w LS 8’1 v'e ON 10 | $9 €V peoy I_qaH
9 9¢¢C 6S1 991 L6E 1§23 81°G¢ Y Y4 67’0 | S0€ | 60T Sg'e 1091 6¢ (%Y 8’1 ¢ ON 70 | $9 TV peoy 12qaH
9 96T TTLE | OT1Y | OLLT | SLOT | L'VO1 L8y 1'1¢C o | TIS el SoY 1091 1474 09 8’1l v ON o0 S9 1V peoy 1°qaH
9€€10-SDD
14! 9LS 96¢ 80S 0SL ST9 €98 I'vl 6T 7’0 89¢ [ T9C | €11 1091 (4 98 60 LY ON I'0 | 29 g JPIIM
6 9LS 0LT 6£€ 08¢ 1494 Loy L6 v'1¢ 0 | 6'CE | S 9 1091 0¢S L T (4 ON 10 | 29 19 19MO], o1pey
69¢11-SOD (VSN) S 9=MW puv 7°9=mpy saypnbyv3 sjp uonysiadng puv youvy a1ouqg L 861 0N pT-€7
S 16T LYS S8L 6L €0L 20s [ S¢S €&'o0 53 < 6’8 9L1 68 801 14 9 ON 70 | 69 TrTey BINA
ol 661C 06ST | TOLT | TSP | O8II | TTLL $9C S9¢ g0 fad S 86T | CTol L9 86 C 'S ON €0 | 69
01 16CC S8 €66 6L01 888 SL'LY 0T 9°¢e Se€0 oy € 861 LT 6S 68 Sl 9 SAA €0 | 69 £d-14 A1oyeroqeT
0l 16CC S8y 609 (44 89 98°'8¢S 'Sl S'1e 6€0 | SLE € 6vl | T9L1 €S €9 ST S'e SOA €0 | 69 79-0N A101e10qRT N
0l 162C 8¢ 16t 0L L6S 6£°CS faqt 6'v¢ wo | 9°¢¢ € LTI 9L1 LS L v'C 14 SOA €0 | 69 19-DN A101e10QBT N
Cl 16CC 10€ 1594 oL S09 €v'6S LS 6'81 6€°0 L'LE S 1°¢1 L1 43 9¢ L1 T ON €0 | 69 [s1q [erouan
01 16CC LST 89T LLS oLy | vL'IS 6’11 LYl wo | v'Se $3 €8 L1 T 1€ 1 8’1 SIA €0 | 69 d-0O SULIRJ]A POOM
0l 16CT LST 89T LLS oLy | vL'IS 6’11 LYl wo | v'Se $3 €8 9L1 T 1€ 1 8’1 SOA €0 | 69 d-D) SULIEJ]A POOM
01 66vC 8C8 | CI0I | 8201 <98 9°€9 81 iy LEO 6¢ 1 VLT | TCOI 1L 16 LT LY SOA €0 | 69 74d-00 yoead ae1s
(0}8 16CC 6l S 74 208 (5474 LY €Y '8 [ 90 €€ L1 6'L L1 o ()4 8’1 LT SOA €0 | 69 1d-DN yoead 91e1S
8’1l 16CC 1LE 881 vSL 729 IL°LS SVl L'ST 7’0 TLE C €yl | T9LL (a4 8¢S L'l 43 SOA €0 | 69 01d-DN oy pueg
S 162¢C 0S8T | 09%C | 90ST | 96CI | 1€1L 9°CC 7'6S veo | €1 0¢C 1°0C | 29LT | 901 | 091 € '8 ON 70 | 69 0T4ND we B[N
S 180¢C 98¢ 168 [543 1€L 1€°1¢S L11 6'6S wo €6e | SCSI 01 1091 16 LOT 6t <9 BN 0 | 69 SAND WiIeJ WA
S 661C YL81 | 86SC | 61ST | 91¢€I | 89°0L T 29 ve0 'ty ¢l 90T | Ccol 11 | vEl LY L SN 0 | 69 SAIND WireJ I9[[IA
S 661C 1€8 | #v€l | SO001 106 eSS 9'¢l 7S9 170 | $9¢€ | €LC| LOI ceol | 801 | LIT LS 99 SOA 70 | 69 CAND wire ] I9[[IA
(1] 16T <9 88L 656 06L vEY9 7’81 ¢1¢ LEO | T6¢E 1 LI 9L1 149 9L 8’1 'y ON €0 | 69 Sdd ' ON TUVAIN
01 16CC €eL L68 SITI 688 TL'CL [ L1T veo | L'1v 1 6'CC | T9L1 6¢ 4% T ST ON €0 | 69 T-99 ‘¢ ON IUVAIN
6SYLY-SDD
0 061 66C vLE 109 141 96 9% 86 (49 0 143 0¢C L'L 1091 S¢S 16 Sl [ SOA 20 | 69 PUE[ST 9IMSEIIL,
LII8S-SDI
C 0C¢ ¥8¢C 0C¢ SIS 14974 clee 89 [44 8Y'0 | L'I¢E 0S (53 1091 S9 6L (53 (%4 SOA 20 | 69 v E® A0d
ST 0C¢ 0¢ 9¢ 09¢ 68Y [ aad 8 1874 90 | 9°C¢ 0¢ I's 1091 9 SL e 9'Y ON 10 | 69 QNUIAY [[BH
S0S8S-SOD (VS 6°9 =W ‘@yvnbypinsg viarig vwoT ‘6861 190 81
@D peons | P | 2 | a | e | o) | e | | @) [we @D |0 | @ | @ | ®) apooouieN
uM_MMM_* a =(sw/r) AN o) ™ ‘a N © b o X | (N "W © ° LAD | wdaq Jonbry g | W uonedI0|

‘(onunuod) -¢ 9[qe],

107



Bull. Min. Res. Exp. (2020) 163: 99-114

“UOTJE)S 0} SOUBISIP ISISO[D) 44

‘(A1078A195q Q) [BOIS0[0I0NIA [800T OIIYSNY YS ' WXH) 9po)) uonelS pue (;w/[nor) [(;ALW)+50=mM1 Apns SIY
T10T “Te 30 ueLreger (p pue [00g “eoronsLy pue Jor( (9 ‘5661 BuerT (q ‘p661 “Te 10 eoronsig (e i(;wy/r) S 1oy suonenby

S 896S €19 | 626 | €¥8 | ¥SL | L80S | SII 86S | 0 | TSE | €6S| 6L | ToLl | L6 | OII S 9 EON S0 |99 UBWLION UBA
S 896S €LE | TLY | 685 | 1€S | L66E I'L YvS | LFO | 61€ | €59 | L€ | ToLT | ¥8 | ¥6 | €+ 'S SO S0 |99 [[eH d[tuoAnf
I1$2-S9%D (VS1) 9°9 =MW @yvnbypvz opuvuia uvs ‘1,61 ‘994 60
0T S008 St | €Tl | 68¢ | 8IE | €50F €L 9’9 | LFO | T2E | 16 4 1091 | 01 | 8I €0 I'1 FON 70 | S9 V SHed 10ATY
¥ $008 8Fy | 66S | 988 | vIL | L8¥9 | L8I 80C | LEO | €6€ | 81 | 991 | 1091 | 9¢ | 1¥ 4 ST ON T0 | $9 79 10mO[, o1pey
¥ $008 0LT | 6€€ | 08S | v6v | TL9Y L6 YIE | 70 | 6€E [ Seb | T | 1091 | 0S | TL 4 (% SO T0 | S9 19 10mO[, o1pey
L1 0188 S0T | LLT | 0SS | 09% | €¥'L¥ 01 vee | w0 | 1ve | 861 | 6L | ToLt | Le | eF | ST LT SOX S0 | s9 V youey wryf O
ST S008 0Z€ | 90F | T€9 | 6€S | ¥8'8F | 901 THE | €0 | 9vE | €8 'L | 1091 | SS | 89 | LT v ON 10 | $9 g Woo[quIoy|
SI $008 089 | 828 |6¥01 | T8 | L8°69 | LT L'€T | S€0 | 80F | €T | 981 | 1091 | T | LS | 81 a3 ON 80 | S9 £V peoy 12qeH
SI S008 651 | 991 | L6 | 1¥€ | 8I'SE Y 86T | 6v°0 | S0 | 60T | S€ | 1091 | 6€ | €5 | 81 43 SOX 80 | $9 TV peoy 10qoH
SI S008 TTLE | O11F | OLLT | SLOT | L'VOT | L8t 1’12 | 2Co | TIs | €1 | S9v | 1091 | ¥ | 09 | 81 a3 ON 80 | S9 [V peoy 1099H
SEE10-SDD (VS1) §9=mpy ‘soyvnbypmzy &opmg roduf ‘6,61 190 ST
L1 95T 96¢ | 80S | 0SL | ST9 | TE9S | TI'¥I 6T | v'0 | 89¢ | T9T| €11 | 1091 | 6F | 98 | 60 Lt SOA €0 | 6 € JIPIIM
6 96T S09 | S9L [ 6101 | SIS | SS69 | S'IT ST | S€0 | Loy |TET| 661 | 1091 | 8¢ | 9L €0 4 ON 70 | 6 D Mied 10ARY
6 96T St | €Tl | 68¢ | 81¢ | €S0F €L 99 | L0 | 1TE | 16 2 1091 | 01 | 8I €0 'l ON 70 | 6 V Oled 19ATY
6 95T 8y | 665 | 988 | vIL | L8F9 | L8l 80C | LEO | €6€ | 81 | 991 | 1091 | 9¢ | I¥ 4 ST ON T0 | 6§ 79 1omo, o1pey
6 96T 0LT | 6€€ | 08S | v6v | TL'9Y L6 vIe | v70 | 6°€€ | Ser| T9 | 1091 | 05 | <L 4 %4 SO T0 | 6§ 1€ Jomo], o1pey
6 96T €E | Ol | 9€9 | T¥S | LO6F | LOI TYE | €0 | 9vE | €8 I'L | 1091 | SS | 89 | LT 4 SOA €0 | 6 g Woo[quIo3|
69€11-SDD (VS(1) 6°S=W ‘soyvnbypmz puvjiounsay ‘1961 “dy 97
(uny) .
— P0DIS, p ’ q e (%) sy | o | oy W | (%) ®(i\) @c o | o (ur) ﬁc jonbry @) W apo)/AureN
souE <W/r) A - a e | W IMD | wdaq 4 uoned0]
sia Gw/r) "M

‘(onunuod) -¢ 9[qe],

108



Bull. Min. Res. Exp. (2020) 163: 99-114

1995 Kobe/Hanshin (Nyogeken-Nanbu)Earthquake, Japan
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Figure 2- Time histories of acceleration, velocity and work for the
1995, Kobe/Hanshin (Hyogoken-Nanbu) Earthquake
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Figure 3- The comparison between the demand and capacity values
for liquefiable/non liquefiable cases.

motion (demand, W oake) and the soil capacity (Wuq)
for liquefaction/no liquefaction case histories are quite
consistent within the proposed method. The demand
energy is larger than the capacity energy of the soil
for liquefaction sites, or vice versa for non-liquefiable
sites. Herein, the capacity values were calculated by
using the equation of Liang (1995). Other models also
provide partially same results. On the other hand, the
method provides much more consistent results within
the field observations of case histories. For example,
the data base of Cetin et al. (2016) indicated that there
is no surface evidence of liquefaction in the site of
Treasure Island (Case#139) for 1989 Loma Prieta
Earthquake. This observation is consistent with the
result of the proposed method, that is, the demand
for the station record is less than the soil capacities.
For the stress-based approach, the liquefaction in this
site was expressed by the change in the frequency
of the ground motion (Cetin et al., 2016). Treasure
Island is about 97 km away from the epicenter of the
Loma Prieta Earthquake. Idris and Boulenger (2010)
estimated the peak ground acceleration value to be
0.16g, whereas Cetin et al. (2016) suggested this
value be 0.180 = 0.027. These differences are even
wider for some other historical cases. Considering
that the ground acceleration values in the database
compiled by different researchers are not consistent
with each other and peak ground acceleration values
are estimated using ground motion prediction
models despite uncertainties still involved in these
approaches, the proposed energy-based method seems
to be much more capable for far-field ground motions
in evaluating liquefaction potential with regards to the
main earthquake parameters, such as magnitude and
seismic source distances; contrary to the stress-based
approach, where only peak ground acceleration value
is considered.

5. Discussion

The reliability of proposed method was examined
by utilizing a large database compiled and updated
by several researchers. The results between the
capacities and demands indicated that the proposed
method appears to work in a reasonably good success.
However, the seismic demands for some sites within
the database were not checked by the near station
records due to lack of available data. For these sites,
the seismic demand values were calculated from far
field station records (>15 km). The use of these records
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provided partially high seismic demand values, due to
their relatively close distance to source.

In this study, vertical acceleration records were
used to determine the seismic demand values, because
high vertical ground accelerations have been mostly
recorded in past earthquake events and liquefaction
events were observed at these sites, as given table
2 and 3. Bradley (2012) stated that there may be a
relationship between the high vertical components
of acceleration and soil liquefaction for the 2010-
2011 Canterbury earthquake sequence in New
Zealand. Extensive liquefaction and re-liquefaction
of sandy deposits were observed at Christchurch and
Compressive structural damage was evident due to
the high vertical accelerations registered with peak
surface amplitudes well exceeding a value of 1g
(Riches, 2015; Lee et al., 2013; Tsaparli et al., 2016).

Some limitations of the energy-based method
are associated with the computation of the capacity
values. The predictive equations are based upon a
series of laboratory tests and are within their specific
data ranges; these generally allow the calculation
of the liquefaction energy by employing basic soil
parameters. However, these also ignore many soil
criteria controlling the liquefaction probability (e.g.
percentage of fines content (FC) and grains shape, D_,
C,, etc.).

The  liquefaction/non-liquefaction  database
indicated that the Dief and Figueroa (2001) and
Jafarian et al. (2012) predictive equations result in
greater capacities than those of Figueroa et al. (1994)
and Liang (1995). Although some relationships
relating some of soil initial parameters to energy
capacity were developed by researchers, they were
not utilized due to the limited parameters in the data
set for the past earthquakes. Thus, the failure of the
proposed method for past significant earthquakes is
attributed to these uncertainties.

Yet still, considering that the stress and strain based
approaches all have the requirement of determination
ofthea  fora given site, the energy-based procedure
has a clear advantage over those. Even though it is
possible to utilize some attenuation relationships,
those require correct employment of magnitude and
distance values; which bring along some uncertainties
like the type of the distance to be utilized (causative
fault, hypocentral, epicentral distances) and the
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attenuation relationship itself. Furthermore, a___at the
depth of bedrock needs to be converted to thea of the
surface level for the response analysis of a given site,
even for an educated assumption. However the energy-
based approach does not need this transformation as
the total amount of energy passing through in a soil
will remain the same. Finally, the stress and strain
based approaches utilize one more parameter that is
open to debate between researchers; the average shear
stress value is assumed to be 65% for these methods,
but some researchers claim that this value may not be
correct. In the energy-based approach, on the other
hand, no such coefficient is utilized, not even the depth
correction and r, corrections utilized by the stress and
strain methods.

The ground acceleration values in the database
compiled by different researchers were found to be
inconsistent with each other. Besides, as mentioned
before, peak ground acceleration values are mostly
estimated from ground motion prediction models,
despite uncertainties still involved in these models. The
authors believe that these limitations in the assessment
of liquefaction cannot be properly addressed without
adequate consideration of seismological data and
in-situ characterization of liquefiable fields. The
proposed method seems to be much more capable for
far-field ground motions in assessment of liquefaction,
contrary to the stress-based approach, where only
peak ground acceleration value is considered. This
simplified method can be used for assessing the
liquefaction potential at any sites by providing the
near station records and in-situ characterization of
soils.

6. Conclusion

A simplified energy-based approach for
determination of soil liquefaction was presented.
The proposed method was evaluated using a large
database delineated by the previous researches. As a
result, the proposed method was found to have great
utility in making quick assessments of the liquefaction
potential, using only the in-situ data and seismological
records. The observations in liquefaction/non
liquefaction sites are mostly consistent with the results
of the calculations of the proposed method. The near
station ground motion records provide reliable results
in order to determine seismic demand values. In case
of the use of long distance records for a project site, on
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the other hand, high seismic demand values for non-
liquefiable sites may emerge due to their distances to
the source.

The borehole data of sites for liquefaction/non-
liquefaction case histories were employed to compute
the capacity energy values foreseen by predictive
strain energy equations. Results indicate an acceptable
performance of the equations to determine the capacity
energy values of soils. Comparisons between demand
and capacity energies confirmed the hypothesis of the
method as well. The demand energy is larger than the
capacity energy of the soil for liquefaction sites, or
vice versa for non-liquefiable sites.

Different results for capacity values are likely to
be obtained from these predictive energy equations,
though, since the reliability and the accuracy of the
derived equations are high only within their specific
data ranges used. Although some other relationships
relating soil initial parameters to energy capacity
were developed by researchers, they were not utilized
due to the limited parameters in the data set for the
past earthquakes. The partial failure of the proposed
method for those past significant earthquakes is thus
attributed to these uncertainties. There is no doubt
that the proposed method can be used for pre-design
purposes, after checking more actual case histories to
demonstrate its accuracy and reliability.
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