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ABSTRACT: In El Salvador during the rainy season or when major earthquakes occur, the areas covered by the
volcanic tephras Tierra Blanca Joven (TBJ) suffer mass movements, liquefaction and erosion; causing important en-
vironmental, social and economic losses. To start the characterization of these unsaturated soils, suction values of a
fall unit of TBJ were obtained using pressure plate, centrifuge and filter paper to build a Soil-Water Retention Curve.
The use of this curve into finite elements software can help to acquire shear strength and permeability properties. The
filter paper showed to be a practical method but close to saturation the pressure plate is needed. With the centrifuge,
scatter results were observed. Also field test using Quickdraw tensiometer (suction) and TMS3 (soil moisture content)
are being conducted to propose a field methodology for an early warning system for the slopes, that could help in urban
planning and risk assessment.
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RESUMEN: En El Salvador durante la época de lluvias o cuando ocurren terremotos, las areas cubiertas por las te-
fras volcanicas Tierra Blanca Joven (TBJ) sufren movimientos de ladera, licuefaccion y erosion provocando pérdidas
ambientales, sociales y econdmicas importantes. Para iniciar la caracterizacion de estos suelos parcialmente saturados,
valores de succion de una unidad de caida de TBJ fueron obtenidos con la olla de presion, centrifuga y papel filtro para
construir la Curva de Retencion Suelo-Agua. El uso de esta curva en programas de elementos finitos ayuda a conocer
los esfuerzos cortantes y la permeabilidad. El papel filtro probd ser un método practico pero es necesario usar la olla
de presion al ir saturandose. Pruebas de campo con tensiometro (succion) y TMS3 (humedad) se llevan a cabo para
proponer metodologia de campo para un sistema de alerta temprana para las laderas, que puede ayudar a la planificacion

urbana y estudios de riesgo.

Palabras clave: Tierra Blanca Joven, succion, papel filtro, placa de presion, centrifufa, tensidmetro, sensor de humedad de suelo.

INTRODUCTION

Tierra Blanca Joven (TBJ) is a volcanic teph-
ra that covers most of the Metropolitan Area of
San Salvador (MASS), being sensitive to mois-
ture changes and vibrations leading to intensive
mass wasting processes. Recently Hernandez
(2004), Lexa et al. (2011), Chavez et al. (2012a)
and Chavez et al. (2012b) have presented some
of the properties of this material, being the most
important its unsaturated state meaning that in
the soil there’s presence of air, water, solids and
the air-water interface or the contractile skin
(Fredlund et al., 2012).

The grain size curve range of the studied
TBIJ fall deposit (unit G) is displayed in figure
1. The unnormalized major elements weight ob-
tained with X-ray fluorescence spectrometer
(Communication of Spera, 2012) of a G unit fall
deposit of TBJ shows that is composed mainly
by SiO, (68.4%), Al,0, (14.4%), Na,0 (3.32%),
FeO (2.7%), CaO (2.45% ) and K, O (2%). TBJ is
composed mainly by quartz (32.9%), plagioclase
(39.9%), orthoclase (13.7%), corundum (2.1%),
hypersthene (4.2%) and magnetite (1.3%).

Studies made by Chavez et al. (2012a) of
the units D, F and G of TBJ into the environmen-
tal scanning electron microscope (ESEM) show
that there are voids (where water can enter and
capillary forces can develop); and big size grains
are covered by smaller ones. Furthermore, using
the results of the quantitative data of the ESEM
is concluded that TBJ is composed of silica rich
volcanic glass, feldspar and small amounts of clay
(Communication of Lexa, 2012).

According to Houston & Houston (1997),
man induced changes in the surface and the
groundwater regime can affect the behavior of
unsaturated deposits that normally are in a meta-
stable condition, but when saturated a decrease
in the strength and stiffness (loss of suction and/
or cementation) produce a collapse or volume
change that triggers erosion, slab failure and
mass movements (Fig. 2). In the slopes of TBJ,
shallow slips take place during periods of heavy
rainstorm, these processes occur similarly during
earthquakes (Chavez et al., 2012a; Chavez et al.,
2012b; Baum et al., 2001).

Suction, is defined as the free energy state of
the soil water (Murray & Sivakumar, 2010) and is
responsible of the increase of shear strength (be-
sides cementation) in natural moisture samples
of TBJ reported by other authors (Chavez et al.,
2012b), but using equipment for saturated soils.
The total suction is the sum of matric and osmotic
suctions (Murray & Sivakumar, 2010; Fredlund
et al., 2012). The matric suction is related primar-
ily to capillarity, but is influenced by surface ad-
sorption effects also. The osmotic suction is the
difference in salt concentrations in the pore water
in the system being analyzed, and the surround-
ing water. For geotechnical applications is more
important the matric suction (Hoyos et al., 2008;
Ng et al., 2008; Sivakumar, 2010; Fredlund et al.,
2012), but for soils with excessive evaporation
or excessive infiltration the osmotic suction (and
total suction) can be important (Fredlund et al.,
2012). Matric suction (Blatz et al., 2008) is gen-
erally considered the most important component
of total suction in non-plastic cohesionless soils
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Fig. 1: Grain size curve range of the TBJ fall deposit, unit G
(Pers. Comm. Of Ayala, O., 2013).

with a relatively pure pore fluid; the osmotic suc-
tion can be important in high plastic clays with
elevated activity connected with its mineralogy or
where the pore fluid activity is high because the
presence of dissolved salts. The term matric suc-
tion (Fredlund et al., 2012) is used to indicate the
negative pressure of water relative to atmospheric
air pressure (u, - u,); where u_ is water pore pres-
sure and u_ air pore pressure. This paper presents
some methods and models to measure and repre-
sent the matric suction and water content.

Authors like Guzman & Melara (1996);
Hernandez (2004); Rolo et al. (2004) mention
the incidence of suction and cementation into the
strength and stiffness behavior of TBJ. During the
tests made for measuring the suction in TBJ for this
paper it was observed that, when saturated and then
dried in the oven with a temperature of 110° for 24
hours, the strength of TBJ is increased significantly
making difficult even to break it, but if soaked the
apparent cohesion was lost crumbling apart. The
cementation of the collapsible soils (Houston &
Houston, 1997; Ng & Menzies, 2007 and Chavez
et al., 2012a) could consists of dried clay, salts, ox-
ides, interparticle forces in clayey soils and chemical
precipitates, which may have been added after de-
position. In the surface of TBJ slopes, a crust layer
is formed (Hernandez, 2004) and is composed of
sulfates and minerals coming out by evaporation;
this crust protects in some way and for a short time,
against erosion and prevents the scape of moisture
from the slope. The increased salts at the surface
of the slopes (Fredlund et al., 2012) can increase
the total suction (osmostic suction) and reduce the
evaporation of water from the ground surface.

According to Rahardjo & Leong (1997)
and Fredlund et al. (2012), the soil-water reten-
tion curve (SWRC), also known as soil-water
characteristic curve, is an important constitutive
relationship for unsaturated soil mechanics. The
SWRC relates changes of gravimetric water con-
tent, volumetric water content or saturation of a
soil to matric suction. It has a similar role as the
consolidation curve in saturated soil mechanics.
Engineering properties like shear strength, vol-
ume change and coefficient of permeability for
unsaturated soils (Fredlund, 1997; Rahardjo &
Leong, 1997; Fredlund et al., 2012) are predicted
with the SWRC and with the properties of the
saturated soil. Is important to mention that unlike
the saturated soils the coefficient of permeability
for unsaturated soils is not a constant (Fredlund et
al., 2012) and varies considerable with respect to
matric suction or stress state. With less water con-
tent the permeability is smaller by many orders of
magnitude, if compared when saturated.

In the figure 3a is presented some typical
SWRC curves, according to the soil type. There
are three stages (Sillers et al., 2001) in the SWRC
(Fig. 3b): 1) the capillary saturation zone, where
the pore water is in tension but the soil remains
saturated due to capillary forces; 2) desaturation
zone, where the water within the pores is replaced
by air, this area ends at the residual water content,
Or, where pore water becomes immobile within
the soil matrix and the increase of suction does
not change the water content; 3) zone of residual
saturation, where the water is strongly held to the
soil and only there’s moisture movement as a va-
por flow.

The SWRC of unsaturated soils (Fredlund et
al., 2012) differ if its initial state (Fig. 3b) goes
from dry to saturation (adsorption curve) or from
saturation to dry state (desorption curve) because
hysteresis. Both curves have a similar form, but the
values at the starting point of the desorption curve
may be different than the end point of the adsorp-
tion curve, because of air entrapment in the soil.

In figure 4 the different approaches to obtain
the unsaturated soil property functions are illus-
trated. For final design Fredlund et al. (2012)
recommend the use of the direct measurement ex-
periments (triaxial, shear box, oedometer and ring
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Fig. 2: Problems of erosion, collapse and mass movements associated with the presence of “Tierra Blanca Joven” (TBJ) tephras.
(A) in spite of mitigation measures Las Cafias river affects regularly the slope; (B) recent rills in artificial landfill in Cumbres de
San Bartolo, close to Las Caiias river; (C) lateral erosion, collapse, and slab failure in Las Cafias river; (D) lateral erosion, collapse,
and slab failure in Las Canas river, downstream of point of photo 3C.

shear for unsaturated soils) and the indirect mea-
surement experiments (SWRC measurement);
being the last alternative proposed by the authors
of this paper, because it can be introduced in El
Salvador more quickly and simply. For prelimi-
nary designs the classification tests (grain-size
distribution) and data base mining can be used.
In the table 1 presents some methods to mea-
sure matric, osmotic and total suction, along with
the suction range and time of each test. Most of
the methods for measuring soil suction were de-
veloped by soil science, hydrogeology, petroleum,
agricultural, ceramics, geotechnical and geo-en-
vironmental engineering (Vanapalli et al., 2008;
Fredlund et al., 2012). For the present research,
the filter paper and pressure plate were chosen,

but also the centrifuge was used to build the
SWRC to prove a faster method.

According to Liu et al. (2011) and Seki
(2007) different models to describe the soil wa-
ter retention characteristics are available and
have been evaluated (e. g. Van Genuchten, 1980;
Brooks & Corey, 1964; Kosugi 1996; Durner,
1994; Seki, 2007). However, it is important to
obtain parameters on the base of experimental
data (6-9 points of suction vs. water content can
be enough to obtain the complete SWRC). Some
of the methods have equations that use two or
three parameters (variables used to define a
model) that are obtained after an iterative pro-
cess; the model parameters (Sillers et al., 2001)
affect the shape of the SWRC.
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Fig. 3: (A)Typical Soil Water Retention Curves (SWRC) ac-
cording to the soil type; (B) different stages and important
concepts of the SWRC (Fredlund & Xing, 1994).

METHODOLOGY

Suction vs. moisture content values of a fall de-
posit of TBJ “G” unit (Figs. 5 and 6) of the proximal
zone (13°43°5.83”N, 89° 9°33.24”W) were obtained
by the authors in the laboratory, using pressure plate,
centrifuge and filter paper (Fredlund & Rahardjo,

Direct Measurement | | Unsaturated Soil

Experiments

Indirect
Measurement

] Experiments

Determination of
Unsaturated Soil
Properties

Classification Tests

1993; Fredlund, 1997; Rahardjo & Leong, 1997,
Bulut & Leong, 2008; Murray & Sivakumar,
2010, Fredlund et al., 2012) to build the Soil Water
Retention Curve (SWRC) (Fig. 6).

Filter Paper

The filter paper method is an affordable and
relatively simple laboratory test method; in addi-
tion total (non-contact method) and matric suc-
tion (contact method) can be measured using this
technique. The samples were sieved using the 2
mm mesh size.

The methodology suggested by ASTM D
5298 and resumed by Fredlund et al. (2012) was
followed. A filter paper is sandwiched between
two bigger size protective filter papers. Then this
arrangement is inserted into the soil sample (Fig.
7) in a glass jar container, which is sealed. For
matric suction, good contact between the filter
paper and the soil has to be established. The pre-
pared containers (three samples were tested, for
each moisture content) were put into a cooler in
a controlled temperature room for equilibrium.
After equilibrium (10 days at least) is established
between the filter paper and the soil, the gravi-
metric water content of the filter paper disc is
measured. Moisture and dry weight of the filter
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Fig. 4: Different approaches to obtain the unsaturated soil property functions (Fredlund et al., 2012).
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Table 1

Tests to measure suction (Murray and Sivakumar, 2010)

Instrument
measured

Suction component

Typical measurement
range (kPa)

Equilibrium time

Suction measurement

Pressure plate Matric
Tensiometers and suction probes Matric
Thermal conductivity sensors Matric
Electric conductivity sensors Matric
Filter paper contact Matric
Thermocouple psychrometers Total
Transistor psychrometers Total
Chilled mirror psychrometer Total
Filter paper non-contact Total
Electrical conductivity of pore water Osmotic

extracted using pore fluid squeezer

0-1,500 Several hours to days
0-1,500 Several minutes
1-1,500 Several hours to days
50-1,500 Several hours to weeks
0-10,000 or greater 2-57 days
100-8,000 Several minutes to several hours
100-70,000 About 1 hour
1-60,000 3-10 minutes
1,000-10,000 or 2-14 days
greater

entire range -

Suction Control

Negative (or Hanging) water column Matric
technique

Axis translation technique Matric

Osmotic technique Matric

Vapor equilibrium technique Total

0-30 or greater with
multiple columns or
vacuum control

0-1,500
0-10,000
4,000-600,000

Several hours to days

Several hours to days
up to 2 months

1-2 months

paper are needed. All the process for water con-
tent measurements are weighed with 0.0001 g ac-
curacy; also it’s necessary to use latex gloves and
tweezers to handle the filter paper and recipients.
Two people are needed to follow the process after
reaching the equilibrium time (10 days at least),
while one person is opening the sealed glass jar,
the other person is putting the filter paper into the
recipient very quickly (less than 5 seconds) us-
ing the tweezer and obtaining the weights rapidly
(ASTM D 5298, 1996; Fredlund et al., 2012 ).
The gravimetric water content of the filter
paper is converted to suction using a calibra-
tion curve according to the filter paper used.
Three calibration curves (Table 2) were used
(Bicalho et al., 2007,) for the Whatman No.
42 filter paper, to interpret the measured fil-
ter paper gravimetric water contents (Fig. 6).
According to different authors (Fredlund et al.,

2012) the calibration curves and data for differ-
ent batches of Whatman No. 42 filter paper do
not show changes and this filter paper appears
to be more consistent than the Scheleicher &
Schuell No. 589-WH (989-WH in the USA)
filter paper.

With the paper filter method is possible to
reach elevated suction values (for TBJ, 20 000
kPa was reached) and for almost the whole range,
however according to Bicalho et al. (2007) the
suction data below 10 kPa is best if obtained with
the pressure plate. When the water content of the
samples of TBJ were close to be saturated it was
difficult to obtain good results, since the paper
filter was soaked, so the results were discarded.
According to Fredlund et al. (2012) the contact
filter paper method becomes inaccurate in high
matric suction range since water transport is dom-
inated by vapor transport.
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Fig. 5: Outcrop of the proximal facie of TBJ. The studied point
corresponds to a fall deposit of “G” unit in the middle part of
slope; PF: Pyroclastic Flow.

Pressure Plate

The pressure plate uses the principle of axis
translation which is a way to measure negative
pore water pressures (suction) above 100 kPa,
avoiding the problem of cavitation (Marinho et
al., 2008 and Vanapalli et al., 2008).

The principle of axis translation is a labora-
tory technique that (Marinho et al., 2008) raise ar-
tificially the atmospheric pressure experimented
by a soil sample in a sealed chamber (Fig. 8);
increasing the air pressure moves the water pres-
sure in the soil to an easily measurable positive
pressure.

In the figure 9 is presented a scheme of the
equipment and used methodology. There are dif-
ferent pressure plates capable of supporting dif-
ferent pressures. The disturbed soil was sieved
using the 2 mm mesh size.

According to Vanapalli et al. (2008) the ap-
plied pore air pressure, u_ is the matric suction
when the pore water pressure, u is set to zero
(open to atmospheric pressure condition).

Because it takes less time to reach equilibrium
the soil samples are laid into a 5 cm diameter and
1 cm height retention rings. For each suction data
obtained, ten samples were tested. Two ceramic
plates were used; the 100 kPa (more porous) for
low suctions and the 300 kPa ceramic plate for more
elevated suction values. It was not possible to get
higher suction values (1500 kPa) since a proper air
compressor was not available at the time.

The ceramic plate was saturated introducing
water into the neoprene diaphragm and then the
samples were accommodated into the retaining
rings. Similar to the paper filter method, a good
contact between the ceramic plate and the soil is
needed. Afterwards, water was placed into the
surface of the ceramic plate and the pressure plate
was closed and left overnight for saturation.

Table 2

Equation for the Whatman No. 42 filter paper to obtain suction; w: filter paper gravimetric water content (Bicalho et al., 2007)

Reference Suction w(%) range Logl0 (suction) (kPa)
ASTM D5298 Total and Matric w <453 5.327-0.0779w
ASTM D5298 Total and Matric w>453 2.412-0.0135w
Chandler et al. (1992) Matric w <47 4.842-0.0622w
Chandler et al. (1992) Matric w>47 6.050-2.48 Log w
Oliveira & Marinho (2006) Matric and Total w <33 4.83-0.0839w
Oliveira & Marinho (2006) Matric and Total w >33 2.57-0.0154w
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Fig. 6: TBJ Soil-Water Retention Curve (SWRC) of fall deposit of Unit “G” (Rolo et al., 2004) and own results using pressure

plate, centrifuge, tensiometer and filter paper tests.

Once saturation is complete (ceramic plate
and soil samples), the remaining water on the sur-
face of the ceramic plate was extracted; sealing the
chamber by fastening the cover bolts afterwards.

A single pressure step was applied and the
equilibrium time varied between 2 days to hours,
depending of the imposed suction. Equilibrium
was reached when there was no more water was
dripping from the outflow tube of the pressure
plate . In this moment the retention force or suc-
tion from the soil particles is the same as the pres-
sure exerted by the system (Vanapalli et al., 2008).
Afterwards, the water content of the samplesit was
obtained.

Good correlation was observed between the
results of the filter paper and this method. For
lower suction values (close to saturation) the pres-
sure plate data has to be used since filter paper
results were discarded.

Centrifuge
In an effort to find a faster method, a cen-

trifuge was used to obtain the average distribu-
tion of matric suction in order to build the SWRC

(Khanzode et al., 2002; Reatto et al., 2008; Cropper
et al., 2011). The results presented some scatter,
probably linked to the consolidation during cen-
trifugation (Fig. 6).

The equation used to get the suction val-
ues, using an International Equipment Company
(USA) centrifuge (Fig. 10) with a diameter of
11.5 cm, is:

<y> = [kw’L(L-3r)]/6g

Where <y> is the average distribution of
matric soil-water potential; L the sample length;
w the angular velocity (rad s'); » the radial dis-
tance to the effluent outlet (m) and £ is a conver-
sion factor equal to 9807 Pam™.

Samples were sieved using the 2 mm mesh
size and placed into sample holders (2 cm of di-
ameter; 4.5 and 6.5 cm of height) with small per-
forations on the bottom to allow the drainage of
water; filter paper was placed between the sample
and the bottom disk to prevent migration of the
fine particles during centrifugation; each sample
was saturated overnight.

Some samples were placed at a differ-
ent height (distance of the soil from the center
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Fig. 7: Scheme used to assemble the filter paper tests (Modified
from Bulut & Leong, 2008).

of rotation of the centrifuge) to obtain differ-
ent points of suction for each angular velocity.
Centrifugation was performed for periods of 90
minutes, two and three hours, seeking for equi-
librium, and then the water content of each sam-
ple was obtained.

Mathematical models for the soil-water
retention curve (SWRC)

According to Seki (2007) the models of
Brooks & Corey (1964), Van Genuchten (1980)
and Kosugi (1996) (which are unimodal pore size
distribution models) can represent many SWRC
of soils with a homogeneous pore structure; but
in soils with a heterogeneous distribution of pore
size, these models do not represent the measured
soil water retention curve accurately, in such case
models like Durner (1964) and Seki (2007) can
be used.

To obtain the SWRC of the different models
the software SWRC Fit (Seki, 2007) was used.
It can be executed directly from the web page
(http://seki.webmasters.gr.jp/swre/).  This  pro-
gram was developed to perform the nonlinear fit-
ting of the SWRC, where no explicit input of the
initial estimate is required.

In figures 11, 12 and 13, some results of the
SWRC using the models that define the soil water
retention characteristics are presented.

S = [(0-6r)/(0s-6r)], i.c., O = Or+(0s-0r)S

A B

. Uva
g T
= = Ua-Uw
il o
5 5 Uw
2 S A
2101—Ua 2101
5 g iy
o a Now a positive
g Ua-Uw % gauge pressure
20 30
3 Uw a
< 2
Metastable states Metastable states

Fig. 8: Scheme of the axis translation technique that helps to
avoid metastable states (Modified from Marinho et al., 2008).
(A) Natural state: atmospheric conditions and negative water
pore pressure; (B) After air pressure is injected into the sys-
tem: axis-translation and positive water pore pressure.

Where S is saturation; 0 is the volumetric wa-
ter content, representing the fraction of the total
volume of soil that is occupied by the water con-
tained in the soil; 0s is the saturated water content,
and Or is the residual water content (Fig. 3).

The Brooks and Corey (1964) model is ex-
pressed as:

S=1 y<a

S=(y/a)" y<a

The parameter «a is related to the air entry
value of the soil and the n parameter is related to
the pore size distribution of the soil. The model is
not continuous for the entire SWRC range (Sillers
et al., 2001); the equation becomes a constant for
suction values less than the air entry value (a),
and the SWRC is a decreasing function when soil
suction values are larger than the air entry value
(a). Because of this abrupt change in (a), numeri-
cal instability can be expected when modeling un-
saturated soil behavior.

The Van Genuchten (1980) model is de-
scribed as:

S=1/[1+(ay)" ™

The parameter a is related to the inverse of
the air entry value; the n parameter is related to
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the pore size distribution of the soil and the m pa-
rameter to the asymmetry of the model (Sillers et
al., 2001).

According to Seki (2007), Kosugi developed
a model deriving the soil water retention curve
from the log-normal pore size distribution.

S = Q[In(y/ym)/c]

Ym denotes the median matric suction,
S(ym) = 0.5 corresponding to the median pore ra-
dius; o defines the standard deviation of the log-
transformed soil pore radius (6>0), characterizing
the width of the pore size distribution.

Where Q(x) is the complementary cumula-
tive normal distribution function, defined by Q(x)
= 1-d(x), in which ®(x)is a normalized form of
the cumulative normal distribution function.

Q(x) = 1/N2af “exp(-t/2)dt

The Durner (1994) multimodal retention
function is made for soils with a heterogeneous
pore structure.

S = Ywi [1/(1+(oipyl)")]"

i=1

Fig. 10: Photos of the centrifuge.

Where k is the number of subsystems (Durner,
1994) that form the total pore-size distribution,
and wi represents weighting factors for the sub-
curves, subject to (0<wi<l, Zwi = 1). As for the
unimodal curve, the parameters of the sub-curves
(ai, ni, mi) are subjected to the conditions, ai >0,
mi>0, ni>1. ai is a scaling factor that determines
the position of the pore size maximum, and mi
and ni are dimensionless curve shape parameters.

Seki (2007) proposed a multimodal pore-size
distribution model, combining the ideas of Durner
and Kosugi.

S= ijQ[(ln wAymi)/oi]

Where (0<wi<l, Xwi = 1). The special case
of k = 2 can be termed as a bimodal log-normal
pore-size distribution.

DISCUSSION AND CONCLUSIONS

For problematic soils, (Houston et al.,
(2001) recommend the identification and de-
scription earlier in the project of these deposits;
also the estimation of the extent and degree of
wetting; possible collapse strains/settlements;
and to identify potential mitigation alterna-
tives. In order to do that there is a need to use
unsaturated soil mechanics to have a better de-
sign and understanding of the behavior of the
soil. Common methods are described in figure
4 and Table 1. The results presented in this pa-
per use some of them to measure and represent
matric suction; a Soil Water Retention Curve
(SWRC) of “G” fall unit of TBJ was obtained.
Nowadays different geotechnical software like
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Fig. 11: Soil Water Retention Curve (SWRC) ob-
tained with the pressure plate, BC: Brooks & Corey
(0s=0.29829,0r=5.6867E-06, a= 7.3027, n= 0.29571,R2 =
0.97020); VG: Van Genuchten (0s=0.30737, 6r=5.8751E-06,
o= 0.062125, n=1.4588, R?> = 0.99090); LN: Kosugi
(0s=0.31461, 6r=0.042290, ym= 47.166, 06=1.6392, R*> =
0.99179); DB: Durner (8s=0.30583, 6r=0.090617, wl=
0.13135, a1=0.24648, n1=48.250, 02=0.036249, n2=2.2134,
R> = 0.99738); BL: Seki (8s=0.30596, 0r=0.10396,
wl= 0.16406, yml=4.8063, ©1=0.10872, ym2=41.138,
62=0.77123, R* = 0.99738).

Geoslope, Soilvision and Plaxis are able to
run simulations using this kind of information
for slope stability and infiltration-evaporation
simulations. Research on osmotic and total suc-
tion is important in TBJ (Fredlund et al., 2012)
because of the presence of a salts crust on the
surface of the slopes (salts precipitate as white
deposits after evaporation), which prevents
moisture loss from the slope.

Comparison (Fig. 6) between the lab and
field results of different methods and authors
(filter paper, pressure plate, tensiometer and suc-
tion probe) revealed a good correspondence. The
consolidated state and the grain size distribution
of TBJ might influence the observed differences
in the SWRC results.

With the results obtained during the current
assessment is possible to conclude that from all
the methods used for obtaining the SWRC, the
filter paper technique prove to be the most prac-
tical. Is able to measure matric and total suction,
time needed is shorter and is possible to measure
suction for almost the whole range. But for suc-

035 F I I

03 E ® measured
= F ™ — BC model
5025 F
':E) 0 A —— VG model
S 02 F - - -LN model
Q F
g 015 F DB model
= F — —BL model
g 01 f
= F ¥
= b AR
S 0.05 g TS,

1 10 100 1000 10000

Suction

Fig. 12: Soil Water Retention Curve (SWRC) obtained with the
filter paper, BC: Brooks & Corey (0s=0.27726, 6r=0.029990,
a= 18.986, n= 0.52604, R?> = 0.99461); VG: Van Genuchten
(0s=0.28339, 0r=0.035438, o= 0.033343, n=1.7346, R*> =
0.99651); LN: Kosugi (0s=0.28970, 0r=0.038195, ym=
65.629, 6=1.4361, R? = 0.99575); DB: Durner (0s=0.28243,
0r=0.035742, wl= 0.51201, «l1=0.033912, nl=1.6754,
02=0.030620, n2=1.8391, R> = 0.99646); BL: Seki
(0s=0.42477, 6r=0.0043722, wl= 0.63683, yml= 2.3488,
61=7.8678, ym2=57.498, 62=0.88895, R*> = 0.99669).

tion values < 10 kPa the pressure plate results are
required. To obtain the matric suction through
the filter paper, several equations (Bicalho et
al., 2007) were used but, when compared to the
pressure plate results, the Oliviera and Marinho
equations (Table 2) show a better fit; the results
of other equations begin to detach after 100 kPa.
The results of the mathematical models used to
describe the SWRC (Fig. 11, 12 and 13), indi-
cated that the filter paper data also has a better
coefficient of determination (R?) than the values
obtained with the pressure plate. Historically, the
Van Genuchten model (1980) has been widely
adopted because it has a higher degree of fitting
to data from a variety of soil types and the model
parameters have a physical meaning (Sillers et
al., 2001).

Because of the limited range measured with
the pressure plate during the curse of the current
research (<145 kPa), the results of the mathemati-
cal models diverge in the segment of the SWRC
with absence of lab data (Fig. 11). For this reason,
it is recommended to obtain data with the pressure
plate up to the possible limit of 1500 kPa .
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Fig. 13: Soil Water Retention Curve (SWRC) combining
results of the filter paper and pressure plate, BC: Brooks &
Corey (0s=0.28184, 6r=0.018052, a= 12.522, n=0.39281, R*=
0.97796); VG: Van Genuchten (0s=0.29428, 6r=0.032492, o=
0.044737,n=1.6255,R2=10.99093); LN: Kosugi (0s=0.30531,
0r=0.037625, ym= 55.468, 6=1.5875, R? = 0.99190); DB:
Durner (0s=0.31389, 0r=0.035789, w1=0.11533, a1=0.27483,
nl= 6.7765, 02=0.035362, n2=1.7162, R? = 0.99517); BL:
Seki (0s=0.31591, 6r=0.039136, w1=0.084214, ym1=3.1033,
61=1.0456E-05, ym2=61.153, 62=1.3983, R> = 0.99388).

The time period for measuring the SWRC
(Khanzode et al., 2002) is reduced considerably
using the centrifuge method in comparison to
the pressure plate or filter paper. Reatto et al.,
(2008) reported a good correlation between the
SWRC obtained with the centrifuge and the pres-
sure plate, however, other authors (Cropper et al.,
2011) concluded that centrifugation changes the
total porosity and pore size distribution decreas-
ing the permeability; therefore, the centrifuge
method requires more research before it can be
recommended for routine measurement of SWRC.
Also, when using the centrifuge test drying of the
sample occurs (desorption curve), which differs
from the filter paper where saturation (adsorp-
tion curve) takes place (Fig. 3b and 6). After cen-
trifugation, the height difference between the TBJ
samples was measured, showing a consolidation
of at least 1 mm and the data showed scattered re-
sults. These results suggest that the permeability
change during the test and is linked with the time
of the samples inside the centrifuge. Accessories
for the cups or buckets of the centrifuge (Nimmo
& Mello, 1991; Nimmo et al., 1992; Nimmo et al.,
1994; Caputo& Nimmo, 2005) like ceramic plates

Fig. 14: Measurement of moisture content in TBJ slope (TMS1,
left side of photo) and suction (tensiometer, right side of photo).

and water, reservoirs may be required to have bet-
ter results.

With the results obtained through the ESEM, it
is possible to infer a bi-modal pore size distribution
(Murray & Sivakumar, 2010), meaning that within
the aggregates there are fine intra-aggregate pores,
while between them there are larger inter-aggre-
gates pores. To confirm this situation is necessary
to use the mercury intrusion porosimetry (MIP)
technique (Romero & Simms, 2008; Murray &
Sivakumar, 2010). According to Durner (1994) the
difference in the pore size distribution can be the
reason why the curves in figure 13 don’t fit with
a simple sigmoidal curve close to the saturation
point. When combining the data from the pressure
plate and filter paper tests, the model of Durner
(1994) obtains the best results (R>=0.99517). The
difference in the pore systems can be related to the
grain size distribution, weathering, and biological
soil-forming processes (Durner, 1994) that lead to
secondary pore systems in the large pore range in
soils of any texture.

The comparison with the gravimetric water
content (32 %) of two small mudflows in TBJ (13°
43715.7°N, 89° 12703.18”W) indicated the possibil-
ity to use the SWRC for an early warning system,
using field equipment. The aim of field monitoring
is to start identifying different factors that could af-
fect the stability of TBJ slopes over time (changes
in moisture content, suction, temperature, surface
runoff or others) and connect them to the different
mass movements observed in TBJ slopes (collapse-
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Fig.15: Monitored points using TMS1 and tensiometer in different sectors of the Metropolitan Area of San Salvador (MASS).

overturn, detachment and flows). Processes like
evapotranspiration, tree roots action, saturation and
temperature cycles can also aid in the deterioration
of the slopes producing weathering in the surface.

According to Rahardjo & Leong (1997) it is
more appropriate to use the wetting curve (adsorp-
tion) for analyzing infiltration problems and the
drying curve for evaporation situations. But cracks
or fissures in the field can increase the permeability
estimated with the SWRC.

Field monitoring is used in slopes of weathered
soils (Ng et al., 2008) to verify the design assump-
tions or to check the validity of analytical and numeri-
cal models. Currently, field monitoring is starting in
Tierra Blanca Joven (TBJ). The use of Quickdraw
tensiometers (direct measure of matric suction, Fig.
6) and TMS3 by TOMST (new version, to obtain soil
moisture content and temperature) could be a good
way to build a methodology for an early warning sys-
tem for the slopes (Fig. 5, 14 and 15). The evolution

and changes of suction and water content, experi-
mented in different places of the MASS will help in
the understanding of the relation between rain and
critical soil moisture content of TBJ over time.

The practical reading range for the Quickdraw
tensiometer starts from 0 kPa (saturated) to 77.5
kPa and 74 kPa for elevations (above sea level) of
600 m and 900m, respectively (Communication
with Soilmoisture, 2012). Also some of the key
issues to use a tensiometer (Marinho et al., 2008;
Tarantino et al., 2008) include having a good con-
tact between the soil pore water and the porous
filter, avoiding the cavitation and the discrimina-
tion of a good measurement.

For the TMS device, a calibration curve is
needed. Laboratory and field calibration curves
are planned for the chosen monitoring places in
different units of TBJ. In the preliminary results
using TMS1 (January to August of 2013) (Fig. 5,
15 and 16) is possible to observe some tendency in
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Fig. 16: Preliminary results of calibration curve using TMS1
in different units of TBJ of sectors of the Metropolitan Area of
San Salvador (MASS).

the results in spite of different conditions in each
monitored places. Soil moisture is determined by
the time domain transmission (TDT) principle for
the full range of soil moisture (50-200 MHz op-
eration range in water to air, respectively) by the
TMS (TOMST Measuring System) device.

TMS measures temperature at levels -10, 0
and +12 cm relative to soil surface when installed
vertically; in the preliminary results for TBJ the
average temperature difference between surface
and inside the slope is 2.5°. Gravimetric water
content of monitored TBJ units during the begin-
ning of the dry season revealed elevated capabil-
ity of retention of water and weathering processes
(oxidation) that can contribute in the problematic
of mass movements during the rainy season.

Both probe readings (TMS and tensiometer)
are unaffected by different soil types, soil temper-
atures or salinity conditions.
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