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K, Measurement in a Sand Using Back Volume Change

T. Santana, M. Candeias

Abstract. An experimental technique, using a computer controlled triaxial test to evaluate the coefficient of earth pressure
at rest, K, is presented. The method does not require the use of any radial measurement transducers and is free from any
side friction effects, typical of oedometer testing. It uses commercial software (GDSlab) which applies ramps of radial
stress with back volume measurement, ensuring that the diameter change remains zero. The method is applicable only to
saturated specimens in drained conditions. The equipment used is briefly described, as well as the testing procedure.
Results of a laboratory test, on a granular material, applying a loading-unloading-reloading condition, are presented, and
the relation of K, with OCR (overconsolidation ratio) is investigated. The experimental results are compared with empirical
equations given by other publications, suggesting the adequacy of this test method to determine K| either in normally

consolidated or overconsolidated stress paths.

Keywords: coefficient of earth pressure at rest, overconsolidation ratio, Toyoura sand, triaxial system.

1. Introduction

The deposition of soils has a history of one-dimen-
sional deformation in the vertical direction with zero lateral
strains. When the soil gets unloaded, due to erosion of over-
lying strata, it follows also a one dimensional path. The co-
efficient of earth pressure at rest, K, where there has been
no lateral strain within the ground, refers to effective
stresses, as:

o
K, =— (H

0 G;
where: ¢’, is the effective radial stress; ¢’ is the effective
axial stress.

In fact, each state of deformation of a soil, during one
dimensional normal compression, is essentially similar to
all the preceding states and, if the soil is normally consoli-
dated, the effective stress states have the same similarity.
The value of K| is then found to be a constant (Wood,
1990). Therefore, in normally consolidated soils at any
stress state not smaller than in situ one, the undisturbed ini-
tial stress state can be known measuring K, (Lirer et al.,
2011).

The importance of estimating K, for predicting the
initial conditions for soil/water coupled finite element anal-
ysis of geotechnical structures has been emphasized by a
number of researchers that used either analytical correla-
tions or experimental evidence to measure K. They recog-
nized that the K -values of normally consolidated soils
(K)) could be well estimated from the Jaky’s equation:

K" =1-sin¢' )

where ¢’ is the effective angle of internal friction.

Some of them also studied the coefficient of earth
pressure at rest in overconsolidated soils and, based on ex-
perimental evidence, they found that K is typically repre-
sented as a function of OCR (overconsolidation ratio), by
an empirical relationship in the form:

K{¢ =K} xOCR* (3)

where o is an exponent (a < 1) proposed in previous publi-
cations, as follows. Mayne and Kulhawy (1982) suggested,
for granular materials, that usually o = sin ¢’. Meyerhoff
(1976), cited by Hanna et al. (2008), suggested that a
should be equal to 0.5. Hanna et al. (2008) suggested
o = sing’ - 0.18. Lirer ef al. (2011) tested two coarse
grained materials and, in an over consolidated stress path,
they found a = 0.6.

K, can be determined by either laboratory or in-situ
tests. The in-situ methods gave some variations due to
many uncertainties related to the sensitivity of K, value to
the small disturbance caused by inserting the probe into the
ground. Laboratory test methods that have been published
fall into two distinct classes (Teerachaikulpanich et al.,
2007): rigid lateral boundary and flexible lateral boundary.
The first one allows the required zero lateral strain but also
allows undefined friction between the wall and the soil. The
second has no side friction but requires a feedback system
to control the soil specimen to achieve zero lateral strain.

This paper focuses on a laboratory test for determina-
tion of K by means of a triaxial cell (flexible lateral bound-
ary) with back volume change control ensuring that the
cross section area remains constant.
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K, consolidation tests were performed in a consecu-
tive loading-unloading-reloading cycle and it was clarified
the influence of OCR on the K -values.

2. Experimentals

2.1. Testing equipment

The most conventional and simple laboratory test to
measure K, is the method where a specimen is confined in
an oedometer ring, with a rigid boundary, instrumented in
order to measure the lateral stresses. In these methods, the
wall friction of the ring may induce some effects on mea-
sured K -values (Okochi and Tatsuoka, 1984). In order to
avoid such effects, many previous publications refer the use
of a triaxial cell with its flexible lateral boundary around the
specimen. This method uses a feedback system to maintain
the boundary in position in a condition of null radial strain
(Teerachaikulpanich et al., 2007). The most popular
method of measuring K, by this technique is loading axially
a sample in a triaxial cell and continuously adjusting the
cell pressure with an automated system, in order to main-
tain the zero lateral strain condition. This requires accurate
strain measurements, with local radial strain measurement
devices, provided that the sample is saturated and is de-
forming uniformly (Lo and Chu, 1991; Piriyakul and Hae-
geman, 2005).

But there are alternative methods of determining K in
a triaxial test, without the need of radial measurement trans-
ducers. These require controlling the incremental ratio be-
tween volumetric and axial strain, in order to obtain € /e, = 1
(where €, and ¢, are, respectively, the volumetric and axial
strains). This can be accomplished by strain path (Menzies,
1988; Lo and Chu, 1991; Eliadorani et al., 2005), provided
that the volume change in the pore water duct be always
equal to the volume of axial deformation times the original
average cross-sectional area.

This paper presents a method of determining K in a
common triaxial system, with back volume measurement,
without the requirement of any special local instrumenta-
tion to give feedback on lateral strain, based on a stress path
test.

The equipment used to perform K triaxial tests is a
computer controlled system, which controls two GDS digi-
tal pressure/volume controllers, a submersible internal load
cell and a 50 kN servo-hydraulic load frame, as shown in
Fig. 1. Each pressure/volume controller regulates accu-
rately both pressure and volume change of de-aired water
supplied either to the triaxial cell or to the interior of the
specimen. The submersible load cell measures the axial
load acting on the specimen and has a capacity of 16 kN.
Pore water pressure is measured with a pressure transducer

Figure 1 - Equipment: triaxial cell, pressure/volume controllers
and loading frame.

and the axial displacement is also monitored externally
with an LVDT.

It is used a commercial software, GDSLAB, to con-
trol the K| stress path tests, using a ramp of radial stress with
back volume change measurement. On a saturated speci-
men, the test begins with an imposed radial stress ramp,
with a certain loading rate chosen to ensure drained condi-
tions. The volume change of the sample is extracted out of
the back-pressure controller and, in order to guarantee zero
radial strain increment (g, = ¢, each axial displacement
(AH) is calculated, as follows:

AH =H g, “)

where H, is the initial height of the sample and ¢ is the
volumetric strain.

To ensure the new required specimen height, the sys-
tem applies the necessary velocity to the load frame induc-
ing a new axial stress on the load cell. As shown in Fig. 2,
during the test, radial stress is a perfect ramp, while axial
stress and axial strain have to adjust automatically during
the test.

Several continuous plots given by the software, dur-
ing the test, enable the detection of any slight out of control.
The loading rate of the radial stress ramp had to be deter-

§ 6005 £0.50
] L &
® : o0
£ 300 o' F0.20-5
22001 F0.107
2 100, //f,s// - 0.00%
0 : : >L-0.10

200 400 600 800 1000 1200 1400

o

Time (min)

Figure 2 - Ramps of radial and axial stresses and axial strain.
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mined by trial, so that only negligible excess pore water
pressures develop in the specimen. This was accomplished
subjecting a specimen to successively faster rates of load-
ing, until an excess of pore water pressure began to develop
in the specimen. This was taken as the satisfactory loading
rate for the ramp of radial stress.

An over-consolidated condition can be simulated by
loading the sample to a pre-consolidation axial stress and
then unload (and reload if it is the case) along a stress-path
to the target radial stress.

2.2. Material and testing procedures

The material used in this study is the Toyoura sand,
which is an uniform, clean and fine sand having an unifor-
mity coefficient, C, = 1.46, a specific gravity, G =2.65 and
a maximum and minimum void ratios, ¢, = 0.977 and
e . =0.597, respectively.

Triaxial specimens of Toyoura sand, having 70 mm
of nominal diameter and 134 mm of height, were reconsti-
tuted by tamping. The sand was compacted in four layers in
a mold, by tamping manually with a rod which has a foot
with a 66 mm of diameter. The tamping was adjusted to the
desired target density. The void ratio achieved was e, =0.7.

Following the reconstitution, a vacuum of 10 kPa was
applied to the specimen when removing the mold. Satura-
tion was accomplished, firstly by flushing the specimen
with carbon dioxide for approximately 15 min, after which
de-aired water was added to the bottom of the specimen to
circulate through the drainage line. Afterwards, a linear in-
crease of the cell and back pressures was applied till it was
reached a B-value of 96%. The sample was considered fully
saturated and reached an equilibrium state when, after con-
solidation, there was no excess of pore water pressures. The
effective stress state, prior to initiating K|, test, was hydro-
static, that is, p’, = 20 kPa.

After setting up the triaxial cell in the loading frame, a
K, test was conducted as explained above. The radial stress
ramps tested are shown in Table 1, all of them performed at
a stress rate of 6 kPa/h. The sample was loaded, then un-
loaded and reloaded again, along stress-paths targeting the

o’, the effective axial stress at which unloading initiates
(Table 1).

3. Test Results
3.1. Validation

The applied radial stresses and the correspondent ver-
tical effective stresses are shown in Fig. 3 for the entire test.
It can be seen that radial stress-paths performed perfect
ramps, while axial stress-paths have adjusted their values,
not only during loading, but during unloading and reload-
ing.

Figure 4 shows the evolution of the ratio €,/¢, during
the K| test, where €, is the radial strain. It may be noted that,
as soon as this strain ratio falls below about 2%, the ap-
proach to the K, state appears virtually complete.

Other verifications of the K condition with this tech-
nique are shown in Figs. 5 and 6. In Fig. 5, the area change
is not greater than 0.2% during whole test. Figure 6 shows
the pore water pressure developed during the test, which in-
dicates that the test was clearly drained.

The plot of the void ratio against the effective vertical
stress is shown in Fig. 7. It presents typical stress paths for
both normally consolidated and over consolidated condi-
tions. It clearly shows that after an unload-reload cycle (af-
ter 6°, = 520 kPa), the reload stress path merges back on to
the normal consolidated path.

3.2. K, values

With the technique used validated, it can be seen from
the results presented in Fig. 8§ that the stress path followed a
more or less linear pattern during normally consolidated
conditions and followed a curve during overconsolidated

700
600
500
400
300
200
100

0 -
0 1000

Effective stress (kPa)

3000 4000 5000 6000

2000

radial stresses. Because of this system requirement, it is Tite (i)

only possible to obtain the exact value of OCR, after the test

is complete. The value of OCR is given by 6"/ ¢°, being ~ Figure 3 - Effective stress paths during the test.

Table 1 - Experimental data.

Cycle Target values Reached values OCR
o, (kPa) Back pressure, BP (kPa) Test duration (min) 6, (kPa) c’, (kPa)

Loading 739 2000 174 520

Unloading 589 539 1500 59 67 7.76

Reloading 789 2000 246 650 -

Soils and Rocks, Sao Paulo, 38(1): 3-8, January-April, 2015.
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Figure 4 - Evolution of the ratio &,/¢, with 6’| during the K test.

conditions. The ratio ¢’/ ¢’ is the value of K, which is in-
dependent of ¢’,, during the first load. This is more clearly
shown in Fig. 9, where the variation of K vs. 6’| is pre-
sented. Initially, K, is significantly affected by isotropic
consolidation but it reduces rapidly from its initial value of
1.0, to a constant value of 0.38. During unload and reload
the soil is in an over-consolidated condition where K, de-
pends on the effective vertical stress. However, during re-

loading, K, seems to be again independent of ¢’ for values

0.4
0.3
0.2
0.1

Il

0.1 \ H

0.2

03 ‘ |

Area Change (mm)

188 i
‘|Il|| w ‘
M‘ w'\m ',

of ’, greater than 520 kPa, the pre-consolidation pressure
(c’,), following a straight line.

In Fig. 9 it can be also seen that the maximum value of
K, reached in the test is about 0.9.

In Fig. 10 it is possible to observe the trend of K in re-
lation to different values of OCR for unloading and reload-
ing test data.

It appears that exists a unique K -OCR relationship
for unloading and reloading, at least for the values of OCR
tested.

The relationship obtained is of the type:
K{¢ =K xOCR* (5)

As it can be seen in the same Fig. 10, the value ob-
tained for the exponent a is about 0.4.

3.3. Comparison of the test results with previous publi-
cations

During first loading the coefficient of earth pressure
at rest of 0.38 is in agreement with the theoretical values
given by the Jaky’s equation. In fact, a drained triaxial com-

Loading
Unloading

Reloading

-0.4 T T T

T T T 71

1200 1400 1600

1000

Time (min)

Figure 5 - Variation the area of the specimen during the K| test.
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Figure 6 - Excess of pore water pressure developed during the K| test.
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Figure 7 - Relation between axial strain and axial effective stress
during all stages of K test.
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Figure 10 - K vs. OCR for the stress paths: unload-reload.
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pression test, carried out after the anisotropic consolida-
tion, gave a ¢’ value near 38°.

During unloading and reloading, as already seen in
Fig. 10, the equation is similar to the one obtained by other
publications.

Figure 11 has a comparison with previous proposals
referred in item 1, for different values of o, for over-
consolidated soils. These correlations, for K, =038, gave
K, values higher than the experimental study where the
trend resembles the most with the empirical correlation pre-
sented by Hanna et al. (2008).

4. Conclusions

The K, laboratory test carried out in this study, using a
triaxial stress path test, with back volume measurement to
constantly adjusting the axial stress, showed that this
method can be used to determine K, value in normally con-
solidated and overconsolidated conditions.

K, value is estimated with an anisotropic consolida-
tion, keeping a constant ramp of radial stress and constantly
adjusting the axial stress on the load frame by means of a
computer control.

Before starting K|, test, the specimen must be in equi-
librium, i.e., fully saturated and consolidated with no ex-
cess of pore water pressures.

During the K test, the maximum radial strain of the
sample was kept into acceptable values, with g/g, < 2%.
Also the negligible excess of pore water pressures devel-
oped indicated that the test was clearly drained.

The relation between radial effective stresses and ax-
ial effective stresses gave a straight line during the first
load. The estimated K|, value was 0.38, clearly similar to the
one obtained from Jacky’s formula for this soil.

The K, values during unload and reload increased
with the increase of OCR. For the stress state tested, it was
found an empirical correlation similar to the one found in
previous publications, Eq. (3) with o = 0.447.

1.6

o 1 - Mayne & Kulhawy (o = sing')

2 141 2- Lirer et al. (6.= 0.6) 1

3 3 - Meyerhof (a=0.5) 2

a 124 4 - Hanna et al. (0. = sing' - 0.18)

=% 5 - Present study 3
TN 1.0 3
=D 5

O @ - .

g 8 0384 —

28 06 " Ko=0.38 x OCR™7

5}

Q 4

E: 0.4 ~———Unloading
8 0.2

8 '0 Reloading

0 1 2 3 4 5 6 7 8 9
Overconsolidation ratio, OCR

Figure 11 - Comparison of K values with other publications.
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From the test results it can be concluded that the
method used in this work to determine K| is practical
enough for both normally and overconsolidated soils.
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Influence of Physicochemical Interactions on the Mechanical
Behavior of Tropical Residual Gneiss Soils

M.M. Futai, W.A. Lacerda, A.P.S. Martins

Abstract. When soils are inundated with liquids other than water, a physicochemical interaction takes place and can alter
the soil behavior. Depending on the type of soil and on the solution, the soil can become more compressible and lose
strength (or the contrary). In this paper, tropical residual gneiss soils are used, namely lateritic and saprolitic soils. The
solution used are a mixture of sodium hexametaphosphate and sodium carbonate. Solutions were prepared with different
concentrations such that the pH value remained at 10.5. Sodium concentration was used to interpret the results. Oedometer
and triaxial compression tests were carried out with samples permeated with these solutions. The lateritic soil behavior was
found to be quite distinct from the saprolitic one. While the lateritic soil becomes much more compressible upon the
increase in the concentration of sodium, the saprolitic soil swells progressively. However, the compression curve
converges at more elevated stress levels. The stress-strain curve also alters in relation to the concentration. The lateritic soil

loses strength and its stiffness is greatly reduced with the increase in concentration.
Keywords: physicochemical, tropical soil, lateritic soil, saprolitic soil.

1. Introduction

Physicochemical interactions often have a damaging
impact on natural soils, such as excessive settlements and
expansion, failures due to piping associated with dispersive
clay soils, the contamination of underground water by the
migration of contaminants, etc. Furthermore, in these situa-
tions, the knowledge of physicochemical properties consti-
tutes an important tool for diagnosing and for solving
problems. Physicochemical interaction can turn soils not
previously presenting engineering problems into problem-
atic soils. For example, non-expansive soils can swell or
non-collapsible soils can be deformed through collapses
caused by the infiltration of liquids that alter the soil struc-
ture.

Tropical soils have quite a different chemical and
mineralogical composition as compared to temperate soils,
as they have a dominance of minerals with a variable
charge as well as distinct electro-chemical behavior. Con-
sequently, research is needed to expand the knowledge of
the mechanisms and factors related to physical and chemi-
cal interaction processes and their impacts in terms of struc-
tural changes and geo-mechanical behavior.

In the literature, various experimental works were
found referring to the physicochemical interaction of dif-
ferent liquids (salt, acid, base, organic) with the soil. The
studies in question investigated permeability, (Ananda-
rajah, 2003), compressibility (Bolt, 1956; Abdullah et al.,
1997; Alawaji, 1999; Chen et al., 2000; Brancucci et al.,
2003 and Sivapullaiah & Manju, 2006) and shear strength
(Moore, 1991; Anandarajah & Zao, 2000 and Brancucci et

al., 2003). The works cited used predominantly clayey or
pure clay soils and a mineralogical composition consisting
of illite, kaolinite, montmorillonite or mixtures of these
minerals. The samples were prepared through remolding or
compaction. Chen et al. (2000) studied the influence of dif-
ferent liquids on the compression of soils and used the di-
electric constant to compare the influence of different
fluids. Anandarajah & Zao (2000) did the same with triaxial
tests. Sivapullaiah & Manju (2006) used sodium hydroxide
(NaOH) in different concentrations to study the compress-
ibility of kaolinite. The pH of a solution with NaOH is
known to vary according to the concentration, while Siva-
pullaiah & Manju (2006) also found that NaOH transforms
kaolinite into zeolite; in other words, it attacks the clay
chemically.

Our aim is to verify the physicochemical interaction
in the behavior of tropical soils with a base solution con-
taining sodium. The chemical and mining industries fre-
quently use sodium hydroxide (NaOH) and, as a result,
produce Na concentration effluent. NaOH significantly in-
creases pH and, for this reason, the dispersion of clay is
attributed to the increase in the basic pH. We used a com-
bined solution of sodium hexametaphosphate and sodium
carbonate which has a physicochemical interaction similar
to that of NaOH. The proportion of this mixture allows the
pH to be controlled so that even when the concentration of
sodium varies, the pH remains constant. Therefore, the aim
is to investigate the mechanical and physicochemical inter-
action of the sodium concentration in a basic environment
with a principal content. Whenever the influence of the
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concentration of Na is mentioned in the text, it should be
understood that this refers to a basic environment of
pH =10.5.

Physicochemical interactions influence various prop-
erties of clayey soils, including Atterberg limits, compress-
ibility, permeability and shear strength (Mitchell, 1976). To
understand the mechanical behavior of clayey soils, the na-
ture of antiparticle forces must be examined. The most im-
portant antiparticle forces are Born’s repulsion force, Van
Der Waals’ forces of attraction and the double layer repul-
sion force. Most studies involving the influence of physico-
chemical interactions in the behavior of clayey soils
concern sedimentary soils and take into account only dou-
ble layer repulsion forces, due to the complexity of the
quantification of the other forces (Mitchell, 1976). The the-
ory of the electrical double layer (EDL), first developed by
Gouy (1910) and Chapman (1913) and later improved by
Stern (1924), describes, from both the qualitative and quan-
titative viewpoints, physicochemical phenomena on sur-
faces with electrical charges. Although this theory is still
commonly used and is still unanimously accepted, it should
be noted that in real soils there are fractions with different
grain sizes, hindering the effects of the electrical double
layer. In common soils, this theory functions for soils
which have clay minerals as their predominant fraction.

The repulsion created by the double layer and the
electromagnetic attractions resulting from Van Der Waals’
connections combined result in the force that defines the
tendency towards approximation or distancing of soil parti-
cles. Repulsion energy is sensitive to changes in electro-
Iytic concentration, cation valence, dielectric constant, and
pH, while attractive energy is only sensitive to changes in
the dielectric constant and temperature (Mitchell, 1976).

2. Material and Methods

The tests were performed with tropical gneiss lateritic
and saprolitic soil. A chemical solution was used to under-
stand its influence on mechanic behavior. This item de-
scribes the characteristics of solutions and of the soil, the

Table 1 - Characteristics of the solutions used in the tests.

methodology used in the oedometer and triaxial tests. All
the tests were carried out in a room kept at 20 °C.

2.1. Characteristics of solutions

To simulate real situations in laboratory, in which the
soil is percolated with different chemical substances, the in-
terstitial fluid was replaced with a solution used on a daily
basis in soil laboratories, with a simple stable chemical
composition that can be dissolved in water capable of in-
ducing structural changes without dissolving the clay min-
erals in the soil. Solutions containing sodium hexameta-
phosphate (NaPO,), and sodium carbonate (Na,CO,), with
predefined concentrations and pH = 10.5, were selected.
The pH value was adopted to guarantee chemical stability,
avoiding the reversal of sodium hexametaphosphate to so-
dium orthophosphate. The dissolution of the sodium hexa-
metaphosphate in distilled water provided a solution with
pH of around 6, with the addition of sodium carbonate
(Na,CO,), making it necessary to raise the pH to 10.5. The
characteristics of the solutions used in the tests are given in
Table 1.

The solutions herein will always be identified by the
total concentration of sodium ions (Na") expressed in g/L.
In addition, the solutions chosen to interact with the soil
were verified not to corrode the aluminum and latex com-
ponents used in the tests. In the case of the triaxial tests, the
possibility of the interstitial fluid ions in the test samples
flowing to the water chamber through molecular diffusion
was investigated. A diffusion test was carried out by Mar-
tins (2005), and this type of flow was found not to occur.

The treatment of the soils studied with sodium hexa-
metaphosphate (NaPO,), provides sodium cations (Na") for
the double layer on the larger side of the clay minerals. The
phosphate anion (PO,) is absorbed by the smaller side (the
edge), while the effect of this adsorption is the transforma-
tion of the edge, through the coverage of a mono phosphate
-layer, from a positive charge to a negative one. Side-edge
and edge-edge interactions are destroyed, and the soil struc-
ture becomes more disperse (Santos, 1975). Equation 1
presents the chemical reaction associated with the addition
of (NaPO,) :

Concentration Concentration (g/L) Total concentration pH
(NaPO,), (NaPO,), Na'(¥) (Na,CO,) Na'(**) Na'(g/L)

0.001 N 0.102 0.023 1.52 0.66 0.68 10.5
0.0IN 1.02 0.23 1.38 0.60 0.83 10.5
0.IN 10.2 2.29 124 5.38 7.67 10.5
IN 102 22.95 74.7 32.42 55.37 10.5

Note: N - normal state.
Na'(*) - concentration of sodium in (NaPO,),.
Na'(**) - concentration of sodium in (Na,CO,).
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(NaPO.) Hi;) nNa* +nPO- (1) higher the pH, the greater the tendency of H' to go to the
3 3 pore solution, the greater the negative charge of the parti-

The addition of sodium carbonate (Na,CO,) can be cle, the greater the repulsion force associated with the dou-

better understood through the main associated chemical re- ble layer.
actions (2) and (3): 2.2. Characterization of soils

Na,CO; +2H,0 — 2NaOH +H,CO, @ The specimens were collected in the municipality of
H,CO, —»CO, +H,0 3) Ouro Preto in the southeast of Brazil. The geotechnical pro-
) file is typical of a residual gneiss soil in a tropical environ-
The hydrolysis of sodium carbonate generates a  ment. Futai et al. (2004) summarize the conventional data
strong base (NaOH) and a weak acid (H,CO,). The presence  of the physical index and the granulometric composition of
of hydroxyls in the pore solution, associated with the for-  this location (Fig. 1). The surface layer is a lateritic soil,
mulation of sodium hydroxide (NaOH), causes the dissoci-  while the lower layer is a saprolitic soil. The soil samples
ation of hydrogen (H") from the SiOH, AIOH and FeOH  were collected at 1 m and 5 m depths to represent both types
groups existing on the edges of the clay minerals, resulting  of soil. In this paper, results of geotechnical tests with
in an increase of negative surface charge of particles and  chemical solutions will be presented and only conventional
the consequent increase in the repulsion forces of the clay-  tests were performed by Futai et al. (2004).
water system (dispersive effect). Concomitantly, the so- The physical index, the Atterberg limits and the grain
dium added by the treatment dislocates the hydrogen and/or  size analysis results are given in Table 2. The 1 m soil depth
aluminum adsorbed by the soil, which go to the pore solu-  is more weathered than the 5 m soil depth, with a lower nat-
tion to neutralize the hydroxyls, resulting in a stabilizing ef-  ural specific weight and a greater void ratio due to the
fect on pH (buffer effect). At elevated pH conditions, the =~ weathering process to which it was submitted. The differ-
tendency for dissociation of the hydroxyl (OH) exposed on  ence in the specific gravity of soil solids is associated with
the sides and edges of the clay minerals is increased. The  differences in the mineralogical composition. The level of

Water content (%) v, (KN/m?) Void ratio Grain size (%) Mineralogical content (%)
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Figure 1 - Site characteristics (Futai et al., 2004).

Table 2 - Physical indices, consistency limits and grain size analysis of the soils studied.

Depth (m) v (kKN/m) W, (%) E G, S(%)  w, (%) w,(%) 1,(%) Clay(%) Silt(%) Sand (%)
1 154 45.9 145 2635 834 571 28.1 200 50%(0) 9%(37) 41*(63)
5 174 33.6 101 2675 890 413 195 218  6(0) 60(64) 34(34)

*according to the Brazilian standard and in brackets: (without deflocculant and without mechanical dispersion).
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clay is greater in horizon B, resulting in higher Atterberg
limits due to higher clay and oxide content. The degree of
saturation demonstrated the unsaturated condition of the
profile. The study of the unsaturated behavior of these soils
was presented by Futai & Almeida (2005).

The X-ray diffraction (DRX) results are presented in
Fig. 2. The soil was sifted in sieve #200. The sample prepa-
ration technique was the orientation of the particles of the
glass plate method. Apart from natural soil, samples treated
with the solutions were also prepared.

The mineralogical composition is essentially consti-
tuted of quartz and kaolinite (around 40%), although there
is also an important presence of iron oxides and hydroxides
and aluminum for the 1 m soil and illite and mica for the
5 m soil. The granulometric composition of saprolitic soil is
silt, yet the largest part of this fraction is kaolinite. These
data and oxides content explain the plasticity of a soil with a
low level of clay. The cationic exchange capacity is less
than 2.9 meq/100 g, a low value compatible with the domi-
nant clay mineral (kaolinite). The pH of the soils in water is
acid, with a value of approximately 5. The mineralogical
composition of the soils determined by DRX (Fig. 2) con-
firms that 1 m soil depth is more weathered than 5 m soil
depth.

The treatment of soils with solutions of sodium hexa-
metaphosphate (NaPO,), and sodium carbonate (Na,CO,)
did not dissolve the constituent minerals. DRX tests carried
out on the fine fraction of the soil treated with the solutions

showed (Fig. 2) that there is no change in the mineralogical
composition when soils interact with the solutions. Cation
exchange capacity tests (Table 3) and selective chemical
analyses for sulfuric attack (Table 4) showed that the chem-
ical composition changed little when the results for the nat-
ural soil are compared to soil treated with solutions. Thus,
the solution used has the same effect as NaOH, although it
allows the pH to be kept constant in relation to variations in
the Na concentration in the solution.

Scanning Electron Microscopic, SEM, sweep tests
show that the intact microstructure of the lateritic soil (1 m
depth) is characterized by the aggregation of clay particles
caused by the presence of cementing materials (iron oxides
and hydroxides and aluminum) with significant porosity
(Figs. 3a and 3b). The SEM micrographs of the intact
saprolitic soil (5 m depth) showed an interlocking arrange-
ment of the constituent minerals with kaolinite, mica plates
(silt size) interwoven with quartz grains and a small amount
of clay aggregate. (Figs. 4a and 4b).

Samples were prepared, remolded and treated with a
solution corresponding to 7.67 g/L of Na to observe the
structure in SEM. The treated body was molded into a ring
and was submerged in a solution for twenty-four hours. The
remolding of the lateritic soil (I m) broke the aggregations
of connectors, while the rounding and corners disappeared
(Figs. 3c and 3d). There was a change in the form and distri-
bution of the pores, which became more uniform. The treat-
ment of the lateritic soil with the solution altered the struc-
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Gb Ca
_ 200 D’M Cal Ca Ca -
= i Ca | a
= TN 7.67 g/l (N
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=
— \\M)‘M”‘WMMMMHWMm\pw“TU‘MWMMMJwt‘wwmkwm%m“)}wMAMHM.‘,4‘ Juv‘m‘““‘m*‘"‘“‘ “‘”O.‘l68m g/IJH(N?)O
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Figure 2 - X-Ray analysis: (a) 1 m depth and (b) 5 m depth.
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ture (Figs. 3e and 3f) without any mechanical action taking  sion, since the physicochemical action is more effective
place. The cementation was broken, making the soil more  than the mechanical remolding.

homogenous and more similar to the remolded soil. How- In the saprolitic soil (5 m), the remolding destroyed
ever, there was a difference in relation to the form of disper-  the kaolinite silt particle piles, stimulated the homogeniza-

Table 3 - Cation exchange capacity tests.

Depth (m) Concentration Na (g/L) Cation exchange capacity (cmol/kg)
Ca™ + Mg” K* Na’ S* AT H' Tk
1 0 0.7 0.04 0.05 0.8 0.0 1.8 2.6
0.68 0.6 0.01 1.22 1.8 0.0 0.0 1.8
7.67 0.6 0.06 5,6 6.3 0.0 0.0 6.3
5 0 0.8 0.01 0.01 0.8 1.4 0.7 29
0.68 0.7 0.03 1.36 2.1 0.0 0.0 2.1
7.67 0.7 0.06 0.82 1.6 0.0 0.0 1.6

#§ = (Ca™ + Mg™ + K"+ Na"). **T = (S + Al + H").

Table 4 - Selective chemical analysis for sulfuric attack.

Depth (m) Concentration Na (g/L) Selective chemical (%)
SiO, ALO, Fe,O, TiO, K,0 Ki Kr
1 0 13.8 22.8 3.7 0.40 0.17 1.03 0.93
0.68 13.5 234 53 0.21 0.15
7.67 133 25.1 55 0.44 0.14
5 0 223 18.2 2.7 0.30 1.22 2.08 1.9
0.68 18 21.7 6 0.07 0.82
7.67 27.5 16.3 39 0.39 1.45
Intat _ Remolded ' 7.67g/L Na concentration solution

200X

1000X

18kU X =]s) B 16kU

Figure 3 - SEM image of lateritic soil.
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tion of voids and a small content of clay remained aggre-
gated (Figs. 4c and d). The reorientation of particles could
also be seen due to remolding. Compared with Fig. 4e (or
Fig. 4f), in which the sample was treated with the solution,
the alteration of the structure was verified not to be as strik-
ing as that of remolding.

The Atterberg limits and grain size analyses of both
types of soil were obtained using the solutions detailed in
Table 1, with the results presented in Figs. 5 and 6. Atter-
berg-limit values decreased with the increase of the con-
centration for the 1 m depth (Fig. 5). For kaolinite clays,
sodium reduces the rigidity of the adsorbed water, reducing
the connection force exercised by this layer, thus facilitat-
ing interparticle movement. Consequently, it reduces the
water content necessary to reach the limits. Sodium may
tend to displace molecules that otherwise satisfy the net
negative charge of the clay particles. For the saprolitic soil
(Fig. 5), the results did not indicate an influence of concen-
tration. The accuracy of the method did not permit effective
conclusions. The low clay fraction influences these obser-
vations. Additionally, the soil structure can be compared to
explain the difference between two soils due to chemical
interaction: the micropores of the 1 m soil depth retain more
water than the 5 m soil depth; however, the disaggregation
has more influence on the 1.0 m soil depth and the plasticity
decreases. The conventional grain size analyses were per-
formed according the Brazilian Standard (NBR 7181) and
the tests with solutions (or water) were performed without
mechanical dispersion. The results of the grain size analysis
for the lateritic soil (Fig. 6a) showed a significant increase
in the clay content with an increase in the total concentra-
tion of sodium, and the consequent reduction in the sand
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Figure 5 - Atterberg Limits using solutions, 1.0 and 5.0 m depths.

and silt fractions to compensate this increase. The saprolitic
soil (Fig. 6b) presented different behavior in relation to the
grain size analysis, with the clay, silt and sand fractions
varying little with the increase in the total concentration of
sodium. This is because the clay aggregation content is low,
but it remains after treatment. When the soils were tested
without deflocculant and without mechanical dispersion,
the clay fraction was null. After the comparison with the re-
sults of the methodologies with and without chemical
deflocculant, it indicated that the clay fraction is floccu-
lated in the in situ condition.

Remolded

200X

1000X

Figure 4 - SEM image of saprolitic soil.
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Grain size (%)

Na' concentration (g/L)
(@) 1m

Figure 6 - Grain size analysis using solutions, 1 and 5 m depths.

2.3. Oedometer compression tests

Conventional oedometer tests were carried out on in-
undated samples of lateritic and saprolitic soils, which were
intact, remolded and permeated with solutions containing
sodium at concentrations of 0.68 g/L; 0.83 g/L; 7.67 g/L
and 55.37 g/L. The samples were inundated with distilled
water or with solutions after the stabilization of the settle-
ment corresponding to the 3.125 kPa stage (settlement
load). The increases in load stages maintained the ratio
Ac /o, =1.In the tests with the solutions, after the stabiliza-
tion of the deformations corresponding to the inundation
with solution, the samples were percolated with a volume
of the solution equal to twice their void ratio. The duration
of each loading stage was sufficient to allow for the stabili-
zation of deformations.

The soil parameters were obtained using conven-
tional methods. The pre-consolidation stress was deter-
mined by the Casagrande method and was called vertical
yield stress, G,

2.4. Triaxial tests

The objective of the triaxial tests was to study the in-
fluence of physicochemical interactions on the stress-strain
behavior and on the shear strength for the lateritic soil sam-
ple. Tests were carried out in the saturated condition, both
drained and undrained, using remolded soil at approxi-
mately the liquid-limit, and permeated with solutions with
total sodium concentrations of 0.68 g/ and 7.67 g/L. The
results of these tests were compared with those of the intact
soil. The test samples (diameter 50 mm; height 100 mm)
were saturated by back-pressure saturation, and the B coef-
ficient was considered to be satisfactory when greater than

Soils and Rocks, Sao Paulo, 38(1): 9-25, January-April, 2015.
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0.96. The strain rates of tests were determined in accor-
dance to Head (1986). For the 1 m depth, they were 0.011
and 0.04 mm/min for the drained and undrained tests, re-
spectively. The strain rate adopted in the drained tests was
justified by the relatively elevated permeability of the soil,
resulting from its aggregated microstructure, and from the
fact that primary consolidation occurred almost instanta-
neously. In the test with the solutions, before the saturation
stage, a volume of the solution was percolated through the
sample equal to twice the void ratio of the samples (approx-
imately 220 mL). The percolation was carried out with an
upwards flow, applying back-pressure of 10 kPa at one ex-
tremity of the test sample and collecting the percolated so-
lution at the other extremity, open to atmospheric pressure.
Simultaneously to the application of the back-pressure, a
confining pressure of 15 kPa was applied to the cell to guar-
antee the integrity of the sample. The percolation required
extremely variable times from 30 min to around 12 h, while
these times were not related to the sodium concentrations in
the solutions. This heterogeneous behavior may be associ-
ated with the dispersed effect of the percolating fluid, caus-
ing the dragging of fine particles and the blocking/unblock-
ing of flow paths.

3. Results and Discussion

This item will presented results of the oedometer test
for 1 m end 5 m depth with solutions described in the meth-
odology. The results of the triaxial test carried out for 1.0 m
depth are provided.
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3.1. Oedometer tests with the lateritic (1 m depth)

The void ratio of the lateritic soil varies a lot due to its
heterogeneity. Various tests were carried out with the same
solutions, as shown in Fig. 7, and the compressibility pa-
rameters are presented in Table 5. The vertical deformation
could not normalize the compression curves. For the sam-
ples with the highest void ratio and in the same test condi-
tions, the greater the void ratio, the lower the vertical yield
stress was observed.

To facilitate the interpretation of the influence of the
solutions used in the compressibility, the results were orga-
nized according to the void ratio intervals, as shown in
Fig. 8.
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The results of the alteration in structure are shown in
Fig. 3 and the dispersion of clay in Fig. 6 can also be seen in
the compressibility of the lateritic soil. The greater the con-
centration, the more compressible the soil becomes. In
Fig. 8c (samples with the highest void ratio), the tests with
concentrations of 7.67 g/L. and 55.37 g/L of Na present high
compression with the first load.

The compression curve of the remolding soil depends
on the initial water content (or void ratio) in which the sam-
ple was prepared. Three tests were carried out with differ-
ent initial water content (Figs. 8b and 8c). It was not
possible to prepare remolded samples with e = 1.0, since at
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Figure 7 - Compressions curves of lateritic soil (1 m depth): void ratio influence.

16

Soils and Rocks, Sdo Paulo, 38(1): 9-25, January-April, 2015.



Influence of Physicochemical Interactions on the Mechanical Behavior of Tropical Residual Gneiss Soils

this level there was too much water content below the liquid
limit.

Figures 8b and 8c allow verifying that the compres-
sion curve of the intact soil is positioned above the curve of
the remolded soil, a behavior typical of structured soil, in
accordance with the models proposed by Vargas (1953)
and Vaughan (1988 and 1992). The presence of cementa-
tion due to iron oxides and hydroxides and aluminum al-
lows the intact soil to maintain void ratios higher than the
remolded soil.

3.2. Oedometer tests with the saprolitic soil (5 m-depth)

Figure 9 shows the results of the oedometer compres-
sion tests for the saprolitic soil, while the compressibility
curves were also obtained (Table 6). Some tests were car-
ried out in duplicate (Figs. 9a, 9b and 9c) to investigate the
heterogeneity of the soil and the repeatability of the tests.
The compression curve of the intact soil is positioned be-
low the curve for the remolded soil at the liquid limit, a
characteristic that is typical of soils that are not structured
by cementation (Vaughan, 1988 and 1992). The 5 m-depth
has this structure due to the interlocking arrangement of its
constituent materials, and is similar to a highly over-con-
solidated soil. This aspect was visualized with SEM sweep
tests (Fig. 2), as reported above, in relation to the soil de-
scription. In Fig. 9d, compression tests were selected with
initial vacuum levels between 0.9 and 1 in order to compare
the results without the interference of heterogeneity. When
the soil was tested with solutions, the results were in an in-
termediate position between those of intact soils and remol-
ded soils. The greater the concentration, the greater the ini-
tial swelling; for higher stresses, the curves are convergent
(Fig. 9d). The parameter C, for , > 500 kPa is practically
the same; i.e., concentration and remolding do not exert an
influence, as shown in the detail of Fig. 9. This was limited
to a vertical stress equal to 30 kPa and included the volu-
metric strain due to swell. The intact soil did not swell when
inundated with distilled water, while inundation with the
solutions caused significant expansions of up to 5%
(Fig. 10). The vertical yield stress o, is reduced with the in-
creased concentration of Na. This occurs due to the initial
swelling which raises the initial part of the curve. The data
in Table 6 show that the recompression index did not practi-
cally vary for the different conditions tested, while remold-
ing caused the breaking of the mineral arrangement, result-
ing in destructured soil.

3.3. Comparison of oedometer-testing parameters

The variation in the compressibility parameters with
concentration can be seen in Fig. 11. In this figure, the pa-
rameters referring to the tests presented in Figs. 8c and 9d
were used.

There is a rapid reduction in the vertical yield stress
with the increase in the concentration of Na both for the
lateritic and the saprolitic soil (Fig. 11a). This behavior is
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Table 5 - Oedometric compression parameters and initial void ratios, lateritic soil.

Soil condition ~ Pore fluid  Conc. Na (g/L) e, o’ (kPa) C, C, C,
Intact Water 0 1.62 65 0.51 0.02 0.03
0 1.38 75 0.42 0.02 0.03
0 1.08 180 0.37 0.02 0.03
0 0.98 260 0.35 0.02 0.03
Solution 0.68 1.68 19 0.47 0.02 0.03
0.68 0.99 38 0.32 0.02 0.03
0.83 1.61 9 0.46 0.02 0.05
0.83 1.50 30 0.41 0.02 0.16
0.83 1.31 22 0.48 0.02 0.05
0.83 1.12 45 0.39 0.02 0.03
7.67 1.71 5 1.36 (5 kPa < o, < 15 kPa) 0.02 0.18
0.29 (50 kPa < 5, < 1600 kPa)
55.37 1.63 4 0.49 (5 kPa < o, < 15 kPa) 0.02 0.45
0.23 (50 kPa < 5, < 1600 kPa)
55.37 1.46 9 0.29 0.02 0.05
Remolded Water 1.38 - 0.29 0.02 -
1.46 - 0.32 0.02 -
1.74 - 0.42 0.02 -

not repeated for the compression index. In the lateritic soil,
C, is reduced with the increase in the concentration of Na;
however, it practically does not influence the values of C, in
the saprolitic soil (Fig. 11b). The recompression index, C,,
of the lateritic soil is significantly affected by the concen-
tration of Na. In the highest concentrations (7.67 g/L and
55.37 g/L of Na), the values of C. were greater than C,
(Fig. 11c¢). This is the result of the occurrence of an abrupt
change in the structure under a low load level. Figures 11b
and 11c contain a schematic drawing that illustrates this be-
havior. On the other hand, the values of C, for the saprolitic
soil vary little with the concentration.

Figure 10 shows that the saprolitic soil is significantly
influenced by the initial swelling and this is also confirmed
in the swelling index, C, (Fig. 11d). The tendency of C, in-
creases with the concentration of sodium in the case of the
saprolitic soil, but there is practically no influence on the
lateritic soil. Figures 7c and 8d show that the compression
curves of the lateritic soil are located more to the left as the
concentration of Na increases. Conversely, the compres-
sion curve for saprolitic soil is found more and more above
and to the right according to the increase in the concentra-
tion of Na.

Table 6 - Oedometric compression parameters and initial void ratios, saprolitic soil.

Soil condition ~ Pore fluid  Concentration Na (g/L) e, € gorwar O, (kPa) C, C, C.
Intact Water 0 0.92 0.92 280 0.35 0.07
0 0.87 0.87 320 0.35 0.04 0.12
Solution 0.68 0.91 0.96 200 0.35 0.07 0.09
0.68 0.77 0.80 350 0.35 0.07 0.05

0.83 1.00 1.06 85 0.37 0.1 0.1
0.83 0.98 1.03 100 0.35 0.1 0.07

7.67 0.94 1.03 120 0.36 0.12 0.1
55.37 0.92 0.99 170 0.35 0.1 0.09

Remolded Water 0 1.22 1.22 0 0.37 0.09 -
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The difference in behavior can be explained by the
granulometric composition (the lateritic soil is more clayey
and the saprolitic soil is more silty), degree of weathering,
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mineralogy and by the structure seen in SEM (lateritic soil
with weakly cemented aggregations of clay and a saprolitic
soil organized by the piling of kaolinite particles).

Putting e: 6, into a graph (Fig. 12), some differences
between the lateritic soil tested with distilled water and the
soil tested with solutions with different concentrations can
be verified, the data of which are shown in Table 6. It can
also be observed that there is a relationship between e and
o,, in the lateritic soil tested with distilled water; the same
cannot be said for the other tests carried out using solu-
tions.

The void ratio for the saprolitic soil used in Fig. 12
contains values after the initial swelling. There is a direct
relationship between the void ratio and the vertical stress
yield. Therefore, the saprolitic yield stress depends on the
initial swelling.

Bolt (1956), Abdullah et al. (1997), Alawaji (1999),
Chen et al. (2000), Brancucci et al. (2003) and Siva-
pullaiah & Manju (2006) tested compacted soils. It is dif-
ficult define a general aspect of physicochemical influen-
ce on natural soil such as presented in this paper, because
it will depend on the soil, on the solution and on their in-
teraction.
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3.4 Triaxial tests

The results of the triaxial tests carried out on the
lateritic soil sample and the low confining stress
(o’, =25 kPa) can be seen in Fig. 13. Based on the results
presented in Figs. 13(a) and (b), the maximum deviator
stress was verified not to be well defined in the drained
tests, except for the test with intact soil, which presented a
discrete peak obtained by an axial deformation (5%). The
peak formation demonstrates the influence of cementing on
the intact soil when tested with confining stress lower than
the vertical yield stress obtained in the oedometer test,
o’ = 60kPa. The remolded soil obtained a maximum devi-
ator stress close to that of the intact soil, yet it required a
greater level of axial deformation, i.e., approximately 20%
greater. The interaction of the soil with the solutions caused
its dispersion, with areduction in soil strength regarding the
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Figure 13 - Results of triaxial tests 6°_ = 25 kPa.
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intact soil. This reduction was approximately 30% for the
most diluted solution and of approximately 60% for the
most concentrated solution. All the test specimens exhib-
ited compressive behavior during the drained shearing.
Futai (2002) explained this soil does not dilate because the
porous structure is maintained by lateritic processes.
Taking an axial deformation level of around 20%, volumet-
ric deformations of around 1.5%, 11.5% and 7% were ob-
tained for sodium concentrations equal to zero (intact soil),
0.68 g/L and 7.67 g/L, respectively. The volumetric strains
at the consolidated stage were 0.5%, 1.1% and 10.5% were
obtained for sodium concentrations equal to zero (intact
soil), 0.68 g/L and 7.67 g/L, respectively, these results ex-
plain why the 0.68 g/L presented lower volumetric strain
than 7.67 g/L at the compression stage.
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The stress strain behavior of the soil under un-
drained-testing conditions can be seen in Figs. 13(c) and
13(d). For the 7.67 g/L sodium concentration solution,
there was a reduction of peak strength of approximately
45% regarding the intact soil. Positive excess pore-water
pressures were generated during the undrained test. When
the most diluted solution was employed, excess pore-water
pressures generated increased up to 2% of the axial defor-
mation, after which it decreased. This behavior was differ-
ent from that obtained in the test with the most concentrated
solution in which the excess pore pressure always in-
creased.

The 1 m depth was also tested with a higher confining
stress (o, =400 kPa), the results of which are presented in
Fig. 14. Analyzing the curves presented in Figs. 9(a) and
(b), the increase in the confining stress was found to reduce
the differences in the stress-deformation behavior. There

1200

(@) CID-1m

1000 —

800

600

intact
—s— 0.68¢g/L
7.67 g/L
—¢— remolded

Deviator stress, 6, (kPa)

0 5 10 15 20 25 30
Axial strain, €, (%)

(a)

CID-1m

\S]

~

e}

—— intact
0.68 g/L.
7.67 g/L
remolded

Volumetric strain, €, (%)
[e)}

—
()

\S]

0 5 10 15 20 25 30
Axial strain, €, (%)

(b)

Figure 14 - Results of triaxial tests with ¢’ = 400 kPa.
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was a tendency towards the stabilization of the deviator
stress associated with the stabilization of volumetric defor-
mations, while approximately 20-25% of the axial defor-
mations resulted in rupture.

The remolded soil had greater strength and stiffness
than the intact soil. For all the confining stresses tested, the
remolded soil terminated the hydrostatic consolidation and
achieved failure with lower void ratios than the intact soil,
resulting in greater strength at the shear stage. The most ac-
centuated effect of the soil solution interactions occurred
with the sodium concentration solution of 7.67 g/L, with a
reduction of peak strength of around 30% being found in re-
lation to the intact soil. All the samples became elongated
during shearing, while the remolded soil on which solutions
had been used became deformed to a lesser extent than in
the intact condition.
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Figures 14(c) and 14(d) indicate that, in the undrained
tests, the intact soil and the soil with solutions had increas-
ing deviator stress until their failure, followed by a decrease
in resistance with the formation of a post-peak level, associ-
ated with the stabilization of the excess pore-water pres-
sure. The peaks are not associated with the fall in the excess
pore pressure generated. The remolded soil always had a
rising deviator stress, while the maximum deviator stress
adopted was 25% for axial deformation. The interaction
with the solutions caused a reduction in resistance of
around 30% to 60% for the sodium concentrations equal to
0.68 g/ and 7.67 g/L, respectively. All the test specimens
developed excess positive pore pressure during shearing. In
the intact conditions and with solutions, the standard stress-
deformation behavior differed, although the responses in
terms of excess pore pressure were similar. The remolded
soil presented increasing excess pore pressure up to ap-
proximately 5% of axial deformation, which afterwards de-
clined until the significant deformation condition was
reached.

The physicochemical interaction changed the shear
strength of the soil, as shown by Moore (1991), Anan-
darajah & Zao (2000) and Brancucci et al. (2003). The re-
sult could be increased or decreased of shear strength
depending on the soil being flocculate, deflocculate, attack-
ing the minerals or cement. However, the results presented
herein only show the results of the tested soil with the used
solution.

The effective stress paths and those around the un-
drained test peaks can be seen in Fig. 15(a), with the details
for low confining stress also being presented in Fig. 15(b).
The stress paths for the intact soil (Fig. 15) tend towards the
left, and generally have an accentuated development of ex-
cess pore pressure. When the soil is tested with solutions
(Fig. 15), the paths tend to curve towards the left, even
though they are more constrained than the intact soil paths.
The stress paths of the remolded soil (Fig. 15) are
‘S’-shaped. Initially, they follow an approximately 45° di-
rection, before bending to the left until they reach the enve-
lope, which corresponds to the section in which the excess
pore pressure is declining.

The peak envelope of the intact soil is a curve for
lower confining stress than the oedometer vertical yield
stress, G’Vy =60 kPa (Futai, 2002), even though a linear ad-
justment was used in order to obtain the strength parame-
ters. The peak resistance parameters for the intact and
remolded soil and the soil on which solutions were used are
given in Fig. 15(a). When the soil is remolded or tested with
solutions, the cementing is broken and the intergranular
mechanical contacts are diminished; consequently, the co-
hesion intercept vanishes and the friction angle tends to-
ward lower values. For sodium concentrations equal to zero
(intact soil), 0.68 g/L and 7.67 g/L, the friction angle pres-
ents declining values, as shown in Fig. 16. Despite the large
difference around the peak, all the trajectories follow the
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same direction for the critical states. The same occurs for
the drained tests that reach the same line of critical states
without a peak of strength and with large axial deforma-
tions.
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4. Conclusions

1) The dispersion of soils was the result of chemical reac-
tions associated with salts (NaPO,), and (Na,CO,), and
the pH value adopted (pH = 10.5), with an increase in
the negative charge of clay mineral particles and the
consequent increase in the repulsive particles associ-
ated with the electrical double layer. Since the pH
value was kept constant, the influence of the concen-
tration of sodium void ratio, mineralogy and degree of
weathering on the mechanical behavior of the soil was
analyzed.

2) The effect of the physicochemical interactions observed
in the Atterberg limits, grain size analysis, oedometer
and triaxial tests was more accentuated for the 1 m
depth due to the higher level of clay it contained than
for the 5 m depth (around tenfold). The
physicochemical interaction changed the fabric and
microstructure of lateritic soil. The aggregation was
destroyed and the plasticity index reduced as the con-
centration of the solution increased.

3) Specimens formed intact at 1 m-depth (lateritic soil) and
5 m (saprolitic soil), despite the same weathering envi-
ronment, presented different behavior in the
oedometer compression tests due to their (chemical
and mineralogical) composition and microstructure
peculiarities, associated with the degree of alteration
of each soil. The behavior of the 1-meter intact soil re-
flects the existence of the cementing of iron and alu-
minum sesquioxides, while the behavior of saprolitic
soil reflects the influence of the arrangement of the
constituent minerals. The cementing (lateritic soil)
and the mineral arrangements (saprolitic soil) were
gradually broken, while for the highest vertical stress,
the behavior of the intact soil was closer to the behav-
ior of the remolded soil.

4) The physico-chemical interaction between the solution
and the lateritic soil increased the compressibility of
the soil. There was a reduction in the vertical yield
stress and the compression index with the increase in
the concentration of Na, maintaining pH = 10.5. The
recompression index for the lateritic soil obtained in
the initial part of the load increased with concentra-
tion.

5) The intact saprolitic soil did not swell when being inun-
dated with water (oedometric tests) although it ex-
panded significantly when inundated with solutions
containing sodium. These expansions were probably
caused by structural changes and the rupture of con-
nections that inhibit the expansion of the intact state
when inundated with water. Electronic microscope
sweep tests using soil treated with the solution allowed
the visualization of these structural changes. The me-
chanical behavior of the saprolitic soil was verified to
be associated with the initial expansion (unlike the
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lateritic soil). There is a direct relationship between
the void ratio after swelling and the vertical yield
stress. The interaction was found not to significantly
influence C, or C, even though C, rose according to
the increase in the concentration of Na, maintaining
the pH constant and equal to 10.5. The compression
curves for the saprolitic soil tend to converge in the

‘normally condensed’ band, which does not occur

with the lateritic soils.

The study confirmed that the mechanical and
physicochemical interaction when the pH is kept constant
and elevated also depends on the concentration. This can be
important in monitoring the dispersion of solutions such as
NaOH. It was shown that not only pH is important but also
the concentration of specific chemical elements.
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Critical Rainfall Parameters: Proposed Landslide Warning
System for the Metropolitan Region of Recife, PE, Brazil

A.P.N. Bandeira, R.Q. Coutinho

Abstract. In the Metropolitan Region of Recife, Northeast Brazil, landslides caused a total of 214 deaths between 1984 and
2012. Efforts have been made, but there is still need to improve the risk area management by discovering the correlations
between the rainfall and landslides and by implementing a disaster warning and prevention system in order to reduce the
number of accidents and fatalities. The purpose of this study is to propose rainfall parameters likely to trigger mass
movements, as a contribution to risk management in this region. It specifically addresses the study undertaken in three
municipalities: Recife, Camaragibe and Jaboatio dos Guararapes, which have disorganized occupation in high and very
high risk areas. In order to achieve the prime objective, rainfall and landslides were tracked during 2009 to obtain
correlations between them. After the data was logged, the rainfall accumulation associated with landslides was checked.
According to each area with civil defense action of the municipalities involved in the study, critical values of the
cumulative rainfall in 72 h (Z,,,), in the long term (P,) and the parameter R , resulting from the product of 7,,, by P, , are
suggested herein to be recommended for operations of the Warning and Alert states. By achieving these critical values,
they increase the probability of landslide events, and are important for taking decisions and instructions on Civil Defense

actions.

Keywords: risk management, landslides, preventive plan, critical rainfall, civil defense.

1. Introduction

Natural disasters are increasingly frequent in large
cities both at home and abroad. Recently, a number of ca-
tastrophes worldwide were due to landslides and flooding,
these processes being associated with severe atmospheric
instabilities. In recent decades research has evidenced that
there has been a sharp increase not only in the frequency of
natural disasters but also in intensity, due to the occurrence
of extreme rainfall, causing serious damage and socioeco-
nomic losses.

The world’s worst landslide-related disaster ever was
in the Soviet Union in 1949, when around 12,000 people
died. In the last ten years, other serious disasters occurred,
for example in China in August 2010, when more than
1,700 people lost their lives; in the Philippines in February
2006, with around 1,126 fatal victims (EM-DAT, 2013);
and in third place, the landslides in the mountain region in
the state of Rio de Janeiro, Brazil, in January 2011, when
around 1000 people died.

The main factor for the disaster in the mountains in
Rio de Janeiro State was the extreme rainfall events. Accu-
mulated rainfall of 280.8 mm in 48 h, the highest recorded
in the last 45 years in the region, caused several landslides
and flooding. This event was classified as one of the ten
worst disasters caused by landslides in the world in the last
10 years according to the UN, and the worst ever in the his-
tory of Brazil. This catastrophe exceeded the number of
victims recorded in 1967 in the municipality of Caragua-

tatuba, Sao Paulo State, when 436 people lost their lives in
landslides and around 3,000 were made homeless.

EM-DAT (2012) has calculated in Brazil, for the pe-
riod 1900-2012, the occurrence of 202 major natural disas-
ters, with 12,235 fatal victims and damage worth approxi-
mately 14.6 billion dollars. These disasters include
flooding, landslides, drought, epidemics and so on. Ac-
cording to the database of the Sdo Paulo Technological Re-
search Institute (IPT-SP) for the period 1988-2012, a total
of 3,288 people were victims of landslides in the country,
1,240 in 2010 and 2011 alone, including records from the
mountainous region outside Rio de Janeiro.

Although the Recife Metropolitan Region in North-
east Brazil has not recorded a large number of fatalities
from a single rainfall event, the region has a history of di-
sasters over the years. A total of 214 deaths from landslides
in this region were calculated between 1984 and 2012. In
2011, nine fatal victims were registered after rainfall of
120.3 mm in 24 h in July (within the region’s wet season).
In the region, that month had a total rainfall of 535 mm, cor-
responding to 39% above historic average for the month,
which is 386 mm according to the National Meteorology
Institute. A total of 2,749 mm of cumulative rainfall had
fallen between January and July, exceeding the historic av-
erage of 2,243 mm. In those cases, good risk management
by implementing a disaster prevention and alert system
would reduce the consequences and number of fatalities.
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The aforementioned data show that the management
activities in risk areas in Brazil need to be upgraded (struc-
tural and non-structural actions). Many people are living in
a risk situation on hillsides and it is impossible to eliminate
this risk in the short term. In this case, it is also necessary to
take non-structural preventive actions by means of a good
alert system and to restrict further occupation. An effective
risk area management program is the main tool that the mu-
nicipal administration should have at hand. The concept of
a preventive plan is to take steps prior to the outbreak of ac-
cidents, based on preventing conditions potentially suscep-
tible to their occurrence. In the case, for example, of an alert
system accompanied by some parameters, such as: rainfall,
weather forecast and knowledge of the critical rainfall ac-
cumulation, together with onsite follow-up, it would in-
crease identifying possible landslide events. Fell ef al.
(2008) provide a guide to prepare risk maps, and comment
that landslide frequency can be related to rainfall, in which
the correlations indicate areas of possible landslide pro-
cesses.

An early warning system is defined by UNISDR
(2009) as “the set of capacities needed to generate and dis-
seminate timely and meaningful warning information to
enable individuals, communities and organizations threat-
ened by a hazard to prepare and to act appropriately and in
sufficient time to reduce the possibility of harm or loss”. A
people-centered early warning system necessarily com-
prises four key elements: (i) knowledge of the risks; (ii)
monitoring, analysis and forecasting of the hazards; (iii)
communication or dissemination of alerts and warnings;
(iv) local capabilities to respond to the warnings received.
(UNISDR, 2009).

Intrieri ef al. (2013) define and present a practical
guideline in the design of a landslide Early Warning Sys-
tem. The authors describe the EWS as the balanced combi-
nation of four main activities: design (geological
knowledge, risk scenarios, design criteria, and choice of
geo-indicators), monitoring (instruments, installation, data
collection, data transmission and data elaboration), fore-
casting (data interpretation, comparison with thresholds,
foresting methods, and warning) and education (risk per-
ception, safe behaviors, response to warning and popula-
tion involvement). A toolbox is presented that can help
end-users (such as civil protection agencies and administra-
tions) to create an Early Warning System for every land-
slide requirement.

Calvello (2014) presents “components” of a regional
rainfall-induced landslide Early Warning System: a corre-
lation model between rainfall events and landslide events;
warning levels and alert phases; decision-making to acti-
vate the alerts; monitoring and warning strategy; emer-
gency plan and communication strategy; all steps are con-
nected to the risk perception. An efficient model (regional
warning) and an efficient system are necessary, with three
players: people, scientist and managers. Table 1 shows
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world examples of an alert system with some information,
including rainfall thresholds.

The knowledge that cumulative rainfall could cause
large numbers of slope instability processes associated with
the weather forecast is key information for civil defense ac-
tions, such as, for example, triggering the state of alert. Al-
though alerts would not prevent the occurrence of the
processes, they may reduce the number of fatal victims
caused by disasters, since the population living in risk areas
can be informed beforehand about the need or not to leave
their homes before landslides occur.

In this sense the purpose of this study is to submit a
proposal of technical parameters of cumulative rainfall,
which indicate the probability of landslides occurring in the
areas of the Metropolitan Region of Recife, thereby provid-
ing support for the civil defense teams to raise Warning and
Alert states. The subject of this article is part of the research
line “Analysis and Risk Management for Erosion and
Landslides”, included in the CNPq PRONEX Project,
which was developed by GEGEP (Geotechnical Engi-
neering Group on Hillsides, Plains and Disasters) of the
Civil Engineering Department of the Federal University of
Pernambuco (UFPE), coordinated by Prof. Roberto
Quental Coutinho. Bandeira (2010) did his PhD research on
this project and some of his results are presented herein be-
low.

2. Risk Area Management

Risk area management is a decision-making process
involving the definition of requirements, recognizing ac-
ceptable options and choosing appropriate strategies to re-
duce risks. In the 1990s, the Office of the United Nations
Disaster Relief Coordinator (UNDRO) contributed signifi-
cantly to the risk area management process at an interna-
tional level and suggested four stages of management: a)
Risk identification and analysis; b) Structural preventive
measures; ¢) Non-structural measures; d) Public informa-
tion and capacity building for self-defense. Several coun-
tries have adopted these stages, namely: Hong Kong
(China), Australia, USA and Brazil (Coutinho & Bandeira,
2012a). Internationally, a framework has also been set up
consisting of three steps presented by Fell & Hartford
(1997) and Fell et al. (2005), which are: i) Risk Analysis; ii)
Risk Assessment; iii) Risk Management.

In Brazil, a risk area management system takes into
account international suggestions, involving joint actions at
three government levels (federal, state and municipal); it
also receives support from higher education and research
institutions. As an example of work done by those institu-
tions, it is worth mentioning Coutinho (2013), who presents
a technical report from a national technical commission
study of processes involving mass movements, guidelines
for intervention, urban planning and parameters for geo-
technical mapping for the areas susceptible to these natural
disasters.

Soils and Rocks, Sdo Paulo, 38(1): 27-48, January-April, 2015.
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For accident prevention municipal governments take
structural actions (slope retention work) and non-structural
actions (follow-up system, community talks and creating
volunteer civil defense centers), the latter being directly
adopted in the communities, called Proximity Management
in Recife. This grassroots educational and interactive work
is essential, since potential landslides are directly influ-
enced by unsuitable anthropic actions, such as: badly exe-
cuted cuts and fills, precarious drainage systems, waste-
water discharge and removal of the slope surface protection
(Coutinho & Bandeira, 2012a). The population’s waste-
water discharge and inflow throughout the year increase the
moisture in the ground, weakening it, even on dry days,
thereby increasing the probability of landslides during
short showers (Coutinho & Severo, 2009). The population
is often given instructions on this kind of problem but
stricter structural actions are necessary to reduce these
problems.

At a state level, specific programs have managed the
work of the municipal governments, seeking the best way
to counter the practices of emergency and specific actions,
offering an interdisciplinary and differentiated methodol-
ogy, and giving communities better living and housing con-
ditions.

At a federal level, the government has created risk
area management programs, providing financial conditions
to prepare risk maps and downsizing plans, as well as offer-
ing capacity-building courses on risk area management and
preparing engineering designs (based on Coutinho & Ban-
deira, 2012b). An important improvement in the disaster
legislation in Brazil was the Federal Law - 12,608 of April
10, 2012.

Although the actions are being taken at the three gov-
ernment levels, every year rainfall causes dozens of land-
slides, some fatal, evidencing the need to have more
in-depth knowledge of the correlations between rainfall and
slope instability processes, as well as to improve forecasts
of rainfall indices in the risk areas.

In relation to civil defense actions in the Recife Met-
ropolitan Region (MR) and the other Brazilian cities, the
main cities adopt three levels of operation, as follows: Ob-
servation, Warning and Alert. The Recife-MR civil defense
teams take actions based on the follow-up of weather fore-
casts and site inspections. Hence, this study proposes val-
ues of rainfall parameters for civil defense actions, contrib-
uting to the local government alert system.

By analyzing the frequencies of mass movements and
flooding in a number of areas in Brazil, some researchers
have presented critical rainfall accumulations based on
which they increase the number of occurrences of these
processes.

Tavares et al. (2004), on analyzing the variability of
time and space of the rainfall associated with the move-
ments along the coastline of the State of Sao Paulo, con-
cluded that there is a predominance of mass movements
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when there is 72-h cumulative rainfall of over 120 mm.
These authors state that landslides with rainfall accumula-
tion below this figure may be correlated to anthropic ac-
tions or heavy rain in a 24-h period.

Gongalves (2003) found that 60 mm or more of heavy
rain falls in 24 h in Salvador, Bahia State, with major spatial
repercussion; with this intensity, flooding in the municipal-
ity as well as more serious slope failures occur from an in-
tensity of 70 mm/24 h.

Macedo et al. (2004), studying the correlations be-
tween the landslides and 72-h cumulative rainfall for some
regions in the State of Sdo Paulo, confirmed that when the
accumulated rainfall reaches 80 mm in 72 h, it is likely that
mass movements would occur in the following places:
Campos do Jordao, Campinas, ABC and Sorocaba. Now, in
places in the Baixada Santista and Paraiba Valley the au-
thors found rainfall accumulation of 100 mm in 72 h; and
120 mm for the northern coast of Sdo Paulo.

Gusmio Filho et al. (1987), when examining the fre-
quencies of mass movements on the hills of Olinda, North-
east Brazil, found that the instability of the slopes in this
location, as a result of the rise in water level in the area, is
the result of the joint action between the intensity of accu-
mulated rainfall (P_), from January to the date under con-
sideration, with occurrence of a daily rainfall of minimum
intensity (I). So the authors defined a parameter R, to the
value of 60,000 mm’, as the product of 24-hr rainfall (I) by
the rainfall accumulation (P,) to the date of the event
(R,,= P, x1), and countless situations could trigger land-
slides (Gusmaio Filho, 2001). For example, when the accu-
mulated rain is 800 mm, probably the ground is heavily
saturated and a daily 75 mm rainfall would loosen the mass.
This study shows how important the weather forecast is to
identify the probable value of I and, consequently, the value
of R__, which would help decide on accident prevention
measures.

crit®

This kind of study is a valuable contribution to im-
proving risk area management. The technical parameters
suggested for the Warning and Alert states, associated with
good weather forecasts and site inspections to identify the
features of instability, can provide effective preventive
measures and risk mitigation, also reducing loss of human
lives, by adopting an alert system. The purpose of this sys-
tem is to expedite the departure of people living in risk ar-
eas and prevent them from becoming victims of landslides,
but this system is only effective if the technical parameters
of critical cumulative rainfall are known. In addition to
those parameters, it is necessary to have a good monitoring
system of the climate and weather conditions, by means of,
for example, weather radars, which can warn about the ar-
rival of heavy rain. Radar can warn hours beforehand about
the occurrence of heavy rain, and over a range of hundreds
of miles. It is also essential to have an automatic permanent
rain gauge network installed in risk areas (high and very
high risk) with ongoing analysis of the results. In short, to
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ensure fewer fatalities caused by landslides it is necessary
that the civil defense system draw up its preventive plan
based on identifying the risk areas and on the critical rain-
fall parameters, It should also implement technologies and
support of partner agencies in their taking preventive and
emergency measures of risk management. The people in
the communities need to be involved, trained and to feel
co-responsible.

Some examples of alert systems could be the issue of
property alerts and sirens, sending SMS messages or simi-
lar devices. In the city of Rio de Janeiro, for example, the
Rio Alert System issues warnings based on weather reports,
namely, the intensity of expected rainfall. When heavy rain
is forecast, which may cause isolated landslides, property
alerts to the population are issued (via the press and Alert
Rio website: www.sistemaalerta-rio.com.br). The city of
Rio de Janeiro also has Community Heavy Rainfall Warn-
ing, where the local inhabitants receive SMS alert warnings
of rainfall. These warnings occur when heavy rain is fore-
cast for the next few hours that may cause isolated land-
slides. The sirens installed in the most critical areas also
issue warnings, and are sounded when very heavy rain is
expected in the next few hours and might cause generalized
landslides, in which case it would be a maximum alert situ-
ation.

3. Study Area Characteristics

The study area in this article covers the municipalities
of Recife, Camaragibe and Jaboatdo dos Guararapes, in the
State of Pernambuco, Northeast Brazil. Together they oc-
cupy an area of around 530 km”, and are between projec-
tions 265000 to 300000 East and 9085000 to 9125000
North, of the geographic coordinate system WGS-1984
zone 258, according to the Universal Transverse Mercator
(UTM) projection (Fig. 1).

In terms of climate, the study areas within the climate
range type As’, as wet tropical climate according to the W.
Koppen classification, with a dry summer and a wet season,
which begins in the fall. Figure 2 shows a historic series of
the average rainfall logged in the city of Recife between
1910 and 1985, considered as a benchmark for the entire
Metropolitan Region. Figure 2 shows that between March
and August there is a concentrated wet season, with
monthly averages of over 150 mm. This period is consid-
ered critical for the civil defense units in the Recife Metro-
politan Region, where several landslides have been
recorded. The monthly maximum rainfall is logged in May,
June and July, with monthly averages of more than 300 mm
rainfall. On average, the September-February period has a
low monthly rainfall (less than 150 mm).

Specifically in the municipality of Recife, the annual
average total rainfall is 2,243 mm. In recent years the maxi-
mum monthly rainfall recorded in June 2005 in the munici-
palities of the Metropolitan Region was 681.3 mm in Reci-
fe; 728.8 mm in Camaragibe, and 609.9 mm in Jaboatao
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Figure 2 - Average Monthly Rainfall Readings in Recife (1910-
1985) (Extract from Girao, 2007).

dos Guararapes. In 2011, the rainfall volumes logged for
some months in Recife were also high, for example in April
(635.7 mm), May (685.1 mm) and July (550.6 mm). The
annual total rainfall recorded in the municipality of Recife
in 2011 was 3,097.9 mm, higher than the annual average ac-
cording to the Pernambuco State Water and Climate
Agency.

The local climate is closely related to the soil forma-
tion of the soils and the latter with slope failure. The high
humidity rates and temperature of Recife-MR affect the
chemical weathering processes of the soils, breaking down
weaker minerals, such as feldspars and micas. These miner-
als are quite common in the granitic rocks of the crystalline
substratum and in the sedimentary overburden of the Bar-
reiras Formation, present in large areas of Recife-MR
(Alheiros et al., 2003). According to Bandeira (2003), the
action of chemical weathering in the region strongly im-
pacts processes of mass movements, since the feldspar par-
ticles, initially in size of sand particles in the Barreiras
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Formation sediments, contribute to increasing the clay con-
tent, leading to slope failure.

The Barreiras Formation is commonly found in the
hillside areas of Recife-MR. This deposit associated with
Cenozoic events of a climate and/or tectonic nature, to-
wards the end of the Tertiary period (Pliocene) widely cov-
ered the exposed surfaces of the substratum, filling a fairly
disturbed relief. In general, this formation consists of clay-
sand sediments, cream to reddish in color, depending on the
intensity of the oxidation of the iron, and occurs through a
vast sedimentary overburden (Alheiros et al., 1988). This
geological unit extends along the Brazilian coast from Rio
de Janeiro (Southeast) to the State of Amapa (North), cov-
ering Mesozoic sedimentary deposits in several coastal
basins (Bezerra et al., 2006). In the study area herein, the
Barreiras Formation sediments are located in two areas
(Fig. 3): the first is farther North, covering the table 1 and to
the North of Camaragibe and Recife; and the second, far-
ther South, consists of table 1 and remnants and hills be-
tween the northern and southern municipal boundaries of
Jaboatdo dos Guararapes and Recife, respectively. The lo-
cations of the Barreiras Formation sediments coincide with
the hillside areas, where landslides are frequent.

In some hillside areas of the municipality of Cama-
ragibe and Jaboatdo dos Guararapes residual soil of the
crystalline substratum occurs, more widespread on the hill-
sides of the municipality of Jaboatdao dos Guararapes (Ban-
deira, 2010). Here the residual soil of the gneiss-migmatite
complex is predominant, with a clayey-sand texture, and
consequently susceptible to a larger number of landslides in
this type of soil.

The relief of the study area herein is characterized by
a sharp division between the plain and the hills. On the
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plain several places are below sea level, and flooding often
occurs. In the hilly areas altitudes of up to 200 m above sea
level can be encountered. Hilltop occupation is normally
planned, but a low-income population in precarious condi-
tions occupies the hillsides. Between 1996 and 2002 there
was a sharp increase of 251,600 inhabitants in the hillside
areas, to cause higher demographic density, covering a
wider area in the municipalities. In 2004 the
CONDEPE/FIDEM State Agency found that there were
345,714 homes built on hillsides and in areas prone to
flooding in Recife-MR, representing 38% of all households
existing in the region (FIDEM, 2006).

4. Methodological Aspects

Seven main work stages described below were set up
to identify and develop a proposal for cumulative rainfall
parameters, likely to cause landslides in the study area of
this paper.

a) Expansion of the rain gauge network: the munici-
palities considered the rainfall to be similar in the areas; this
is the reason for few rain gauges throughout the study area
(530 km®) - only five instruments. Under the GEGEP -
CNPq/PRONEX and CNPqg-Universal Project, another 17
instruments were installed, 11 of which were manual
gauges (Ville de Paris) and six rainfall data loggers, in order
to give a good correlation between the rainfall and land-
slides (see Figs. 4 and 5). The data loggers provide informa-
tion about the intensity and duration of the rain, helping to
understand the landslide events caused by rainfall concen-
trated in less than 24 h.

b) Defining the rain gauge collection points: the loca-
tion of the risk zones (high or very high risk), the geological
characteristics of interest and the areas of civil defense ac-
tion determined the sites where the new rain gauges were to
be installed. These risk zones, were obtained from pre-
existing maps subsidized by federal government funds
(Fig.5). Figure 5 - Location of rain gauges in the ‘High’ and
‘Very High Risk’ areas, and the local rainfall indices during
24 h registered on April 13", 2009 (Coutinho et al., 2010).

c) With regard to geological aspects, the rain gauges
were installed on sites where the soil had sedimentary char-
acteristics of the Barreiras Formation and residual charac-
teristics from the crystalline substratum, and where histori-
cally a larger number of landslides had occurred in the
study area. In their working areas the civil defense teams
operate on a decentralized basis (Coutinho & Bandeira,
2012b). In the municipality of Recife, for example, the ter-
ritory is divided into Regionals: North, Northeast, West,
Northwest and South. In Camaragibe the division is by
Area: Area L, II, ITI, IV-Tabatinga and IV-Vera Cruz. In the
municipality of Jaboatdao dos Guararapes the Regionals are:
Cavaleiro, Jaboatdo Centro, Curado, Muribeca, Prazeres
and Praias. So, for each working area of the civil defense
teams, rain gauges were installed to accompany the rainfall
and record the landslides.
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Figure 4 - Examples of rain gauges installed in the study area
(Coutinho et al., 2010). a) Recording style rain gauge (‘Data Log-
ger’) in Jaboatdo dos Guararapes. b) Manual rain gauge (‘Ville de
Paris’) in Camaragibe.

d) Logging rainfall and landslides: throughout 2009
rainfall in the study was monitored on a daily basis using
the rain gauges. Landslide data were obtained first in the
civil defense units of the municipalities and from news cov-
erage. These data were logged on electronic spreadsheet.
Landslide information was logged as follows: place and
date of occurrence; type of movement and geological-geo-
technical characteristics.

e) Identification of accumulated rainfall associated
with landslides: For information about landslide-related cu-
mulative rainfall, the rainfall accumulation was recorded in
72 h or less before the date of the landslide and in the long
term (from early in the year), collected from the data logged
by the rain gauge closest to the event. From these data, his-
tograms were drawn, showing the number of landslides as a
result of certain intervals of cumulative rainfall for each
working area of the civil defense teams.

f) Proposed rainfall parameters for civil defense ac-
tions: at this stage rainfall accumulations were proposed for
the Warning and Alert states. The critical rainfall accumu-
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latedin 72 h (1,,,), in the long term (P, ) and R_, values were
proposed in each study area, the last obtained using the
products of 7, , by P_. These values were based on data
from the graphs drawn during the previous stage.

g) Validation of the proposed alert systematics:
through ROC analysis (Fawcett, 2006) the performance of
the recommended rainfall parameters was assessed for civil
defense actions. This stage was developed in all study areas
in the municipality of Camaragibe.

crit

5. Results Obtained and Discussions

Extending the rain gauge network in this study was
necessary to obtain the rainfall accumulations that had
caused the landslides in the areas. Positioning the instru-
ments close to the most critical areas of risk helped to
achieve a better correlation between the rainfall and pro-
cesses of slope failure.

An example of this key step in the work is the rainfall
logged on April 13, 2009, in the municipalities involved in
the study. In Camaragibe, for example, rainfall was re-
corded as follows: 99.7 mm in Vera Cruz (using the instru-
ment installed in this study) and 54.2 mm in Timbi (using
the instrument previously existing in the municipal station)
for the same 24 h. It should be mentioned that the latter in-
strument is used by the civil defense as a benchmark for its
work; in other words, in Vera Cruz the civil defense would
only act if there was an urgent call from the population,
since the rainfall logged in the rain gauge that the civil de-
fense team uses as a base (in Timbi) was around 50% of that
logged in Vera Cruz. In the municipality of Recife,
123.6 mm of rain fell in 24 h in the South Regional, while in
the North Regional the rainfall was 67.25 mm for the same
period. In Jaboatdo dos Guararapes 160 mm of rainfall was
logged in the district of Socorro, while in Prazeres district
the rain gauge used by the civil defense as a benchmark for
its actions recorded rainfall of 80.75 mm during the same
24 h. This information shows how important it is to extend
the rain gauge network for this study and for civil defense
actions. Figure 5 illustrates the location of the rain gauges
in the areas of high and very high risk and the rainfall data
logged on April 13, 2009.

Throughout the base year of this study (2009), 1,367
cases of slope failure and 10 fatalities were recorded. Of
this total, 827 occurred in the municipality of Recife, regis-
tering six deaths; 160 landslides in Camaragibe, with one
death; and 380 landslides in Jaboatdo dos Guararapes, with
three fatalities. The majority of the landslides recorded in
Recife occurred in the North Regional (32%) and South Re-
gional (28%), which include areas of high landslide risks.
In Camaragibe, 45% of landslides in 2009 occurred in Area
I, concentrated in Tabatinga and Bairro dos Estados,
which are considered to be the most problematic in the mu-
nicipality. In Jaboatdo dos Guararapes most of the land-
slides occurred in the Regionals of Jaboatdo Centro and
Cavaleiro (77% logs). In general the landslides in the mu-
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nicipalities involved in this study were closely related to
high rainfall indices in February, April, June and July
(Fig. 6).

After registering the 1,367 landslides, the accumu-
lated rainfall was investigated to find which had triggered
the processes. The following items describe the results
found in each place.

5.1. Rainfall and landslides in the municipality of Recife

For each civil defense working area in the municipal-
ity of Recife (Regionals: South, Northeast, Northwest,
West and North) the number of landslide events associated
with cumulative rainfall in 72 h (Fig. 7) and in the long
term, from January 1" (Fig. 8) were checked. Of the 827
landslide events in this municipality, 619 (75%) were di-
rectly related to rainfall and 208 (25%) landslides were not
caused by rain as the main factor, with evidence of low
rainfall indices. These landslides may have been aggra-
vated by anthropic action and were not considered in the
correlation analysis between the accumulated rainfall and
slope failure processes.

Figure 7a shows that the rainfall caused 190 land-
slides in the South Regional. Of this total, 131 (69%) oc-
curred when the 72-h cumulative rainfall was over 60 mm,
with a higher concentration of rainfall accumulation of
120-150 mm. The 30 landslides (16%) occurring due to cu-
mulative rainfall of 40-60 mm were caused by heavy rain-
fall in 24 h (> 40 mm). On the other hand, landslides
occurring with accumulated rainfall of less than 40 mm/72 h
(29 landslides) were related to the already saturated ground
conditions, since slope failures were recorded after April,
with accumulated indices higher than 600 mm from Janu-
ary 1. Seventy-five percent (142) of all landslides in this
Regional occurred in Lagoa Encantada. This Regional had
the highest number of landslide processes in 2009.

In the Northeast Regional (Fig. 7b) 92 landslides oc-
curred, 66 of them (72%) when the 72 h cumulative rainfall
was more than 40 mm. In this Regional, the landslide was
more evenly distributed in relation to the cumulative rain-
fall. When the accumulated rainfall was under 40 mm 26
(28%) landslides were registered; most of which occurred
in May onward, when the ground was heavily saturated and
the rain was concentrated during 24 h.

305
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Figure 6 - Landslides and monthly rainfall during 2009 in the
studied area.
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In the Northwest Regional 101 landslides were re-
corded in 2009. Sixty-eight cases (67%) of this total oc-
curred when the 72 hour accumulated rainfall was above
40 mm (Fig. 7c). In this area most cases were practically
evenly distributed, with cumulative rainfall of 80-100 mm
or less. When the accumulated rainfall was less than
20 mm/72 h 14 landslides were recorded, but all occurring
after April, when the ground was heavily saturated. Around
84% (16 cases) of the 19 processes of slope failure with ac-
cumulated rain of 20-40 mm in 72 h also occurred after the
high rate of ground saturation.

The West Regional suffered 75 landslides, 50 of
which (67%) with cumulative rainfall of 80 mm or more in
72 h (Fig. 7d), with a slightly higher concentration for the
120-150 mm rainfall. The majority of landslide events,
with accumulated rainfall below 80 mm in 72 h, occurred
after the high degree of ground saturation.

In the North Regional with 161 recorded landslides
ranked second with the highest number of processes than
anywhere else in the study area. This area had a relatively
even distribution of landslides between the ranges of cumu-
lative rainfall. Of all the landslides, 118 (63%) were re-
corded when the 72-h rainfall accumulation was above
40 mm (Fig. 7e). Fourteen (45%) of the 31 landslides as a
result of accumulated rainfall of 20-40 mm in 72 h occurred
in May (after soil saturation); ten (32%) occurred in Janu-
ary and February, most of them related to the concentrated
rainfall during 24 h; and seven (23%) in April, with the ma-
jority of landslides related to the average rainfall of 35 mm
in 72 h . Eight (67%) of the 12 landslides with rainfall under
20 mm/72 h happened after the high saturation rate of the
ground; and four (33%) in February and March showed
signs of being more closely related to anthropic actions.

By analyzing the long days of accumulated rainfall in
the municipality of Recife (Fig. 8), it is found that after
750 mm of cumulative rainfall several landslides occurred
in all the Regionals, representing 51%-81% of the total,
with major events in the South, Northeast and West Regio-
nals. In the South, Northeast, Northwest and West Regio-
nals there is a clear upward trend in the number of
landslides with cumulative rainfall values. The North Re-
gional had a significant number of landslides with cumula-
tive rainfall below 450 mm. The registered landslides with
accumulated rainfall below 450 mm were closely related to
the rainfall concentrated in 72 h, as occurred in the North-
east (11 cases - Fig. 8b), Northwest (11 cases - Fig. 8c) and
North (34 cases - Fig. 8¢) Regionals. It should be stressed
that in the Northwest and North Regionals, the landslides
with cumulative rainfall of 450-600 mm were also related
to the rainfall concentrated in 72 h, with logs above 70 mm.

These landslide records show how important it is to
know the product between long days of accumulated rain-
fall and the 72 h rainfall. Considering these data, the critical
accumulation in 72 h could be considered 40 mm for the
Northeast, Northwest and North Regionals; 60 mm for the
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South Regional; 80 mm for the West Regional; and the
long-term critical accumulation (P,) for all the Recife
Regionals could be considered 750 mm.

In relation to the geological-geotechnical aspects, the
sediments in the Barreiras Formation can be said to be char-
acteristic of Recife hillsides studied, only differing in the
predominant sizes of particles in each Regional. In the
South Regional, for example, sandy sediments prevail;
however, the soils in the Northeast and Northwest Regio-
nals are sandy-clay. The West Regional presents pockets of
soils interspersed with sands and clays, which could pro-
vide a preferential landslide route on the hillsides; and the
North Regional has more clayey soils in this formation.

5.2. Rainfall and landslides in the municipality of
Camaragibe

One hundred and forty-six (91%) of the 160 land-
slides that occurred in the municipality of Camaragibe were
directly related to rainfall, and since the other 14 (9%) land-
slides were not triggered by rainfall, they were excluded
from the critical rainfall analyses.

Figure 9 shows the distributions of landslide events
due to cumulative rainfall in 72 h for the municipality of
Camaragibe. This figure shows that in Areas I, III and IV
(Vera Cruz), most of the processes had cumulative rainfall
of more than 80 mm in 72 h. However, the four landslide
events in Area I, recorded with accumulated rainfall of
80-100 mm/72 h, occurred after the ground was heavily sat-
urated, as in the two logs below 80 mm/72 h. In Areas Il and
IV (Tabatinga), the majority of processes occurred with ac-
cumulated rainfall above 60 mm/72 h, recording in this
condition 55 and 18 landslides, respectively. Two of the
nine landslides registered in Area II, with cumulative rain-
fall below 60 mm/72 h, happened in March, due to heavy
rainfall of 42-58 mm in 48 h; and six occurred after April
when the ground was already saturated, with 30 mm of rain-
fall concentrated in 24 h.

The landslides associated with the long days of accu-
mulated rainfall in the municipality of Camaragibe are il-
lustrated in Fig. 10. Figure 10a, corresponding to Area I,
shows that 81% of the landslides (25 cases) were recorded
when the rainfall accumulation exceeded 750 mm. In Area
II, when the accumulated rainfall exceeded 600 mm, 41
landslide events (62%) were logged in separate places in
this area (Fig. 10b). The 22 landslides with accumulated
rainfall below 450 mm were related to the previous days’
heavy rainfall (60 mm/72 h). Area III also showed a number
of landslides with accumulated rainfall of more than
600 mm (Fig. 10c), the main driving factor of 75% of the
landslides (15 events), that is, the saturated state of the
ground. In Area IV-Tab, when the long-term accumulated
rainfall reached 750 mm, 14 landslides (74%) were regis-
tered of the total 19 events in the area (Fig. 10d). In this
Area, the three slope failures, with a recorded rainfall of
600-750 mm, were due to the heavy rainfall the previous
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Figure 9 - Landslides per 72 h - accumulated rainfall in Camaragibe Regionals - Total of 160.

days (136 mm/72 h); and the two registered landslides with
cumulative rainfall of less than 450 mm were due to the
rainfall of 53 mm/24 h, on February 12, and of 98.5 mm/24 h,
on February 27.

Area IV (Vera Cruz) had fewer landslides (10 cases),
with eight (80%) registered with cumulative rainfall of less
than 450 mm (Fig. 10e), in contrast to the other areas. These
eight landslides occurred due to heavy rainfall every day
during February; four of the landslides occurred with rain-
fall of 98.5 mm/24 h and four due to the concentrated rain-
fall of 88.5 mm/72 h, with no relation to the long days of
rainfall. The other landslides in this Area (2 cases) that were
correlated to the long-term cumulative rainfall occurred
with rainfall of 600 mm or more. In short, in this area 80%
of the cases were linked to rainfall concentrated in 24 h.
This behavior may be due to the small size of the existing
risk areas in that location. In general, except for Area IV
(Vera Cruz), there was an increase in the number of land-
slides in Camaragibe with increased cumulative rainfall.

These data show that the 72 h-critical accumulation
(I,, ,) for Camaragibe could be considered as follows:
100 mm for Area I; 60 mm for Areas IT and IV (Tabatinga),
and 80 mm for Areas IIT and IV (Vera Cruz). On the other
hand, the long-term critical accumulation (P, ) can be con-
sidered to be 750 mm for Areas I and IV (Tabatinga) and
600 mm for Areas II, III and IV (Vera Cruz).

Concerning the geological-geotechnical characteris-
tics, Area I consists of alternating sand and clay layers from
the Barreiras Fm. Area II consists of sandy soils from this
formation and residual silty soils of granite. The predomi-
nant characteristic of Area III, on the other hand, is clayey-
sand residual soil of granite (Bandeira et al., 2011).
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Tabatinga and Vera Cruz in Area IV reveal clayey-sand
characteristics with pebble, of the Barreiras Formation.

5.3. Rainfall and landslides in the municipality of Ja-
boatao dos Guararapes

Figure 11 illustrates the distribution of landslide
events due to 72 h-accumulated rainfall in each Regional of
the municipality of Jaboatdo dos Guararapes (Jaboatio
Centro, Cavaleiro, Curado, Muribeca, Prazeres). In this
municipality 380 landslides occurred, 324 (85%) of which
were directly correlated with the rainfall. There are signs
that the main factor for slope failure in the other landslides
was anthropic action. Figure 11a shows that 80% of the
landslide events (114) in Regional I (Jaboatdo Centro) were
due to accumulated rainfall of more than 80 mm/72 h, with
a greater concentration of landslides with rainfall accumu-
lation of more than 120 mm. The occurrence of 19 of the 22
landslides after rainfall accumulation of less than
80 mm/72 h was due to the high long-term rainfall accumu-
lation (more than 600 mm). Most of the landslides (106) in
Regional II (Cavaleiro), which were rainfall-related
(130 cases), occurred with cumulative rainfall of
80 mm/72 h or more (Fig. 11b); and also with a larger con-
centration of landslides with accumulated rainfall of more
than 120 mm. Ninety percent (90%) of the 24 cases that oc-
curred with accumulation of less than 80 mm were corre-
lated with the high degree of ground saturation, since they
occurred after April when the long-day rainfall accumula-
tion was already high.

In Regional IIT (Curado) there were 35 processes of
slope failure concentrated in the District of Curado IV. Fig-
ure 11c shows that most of the landslides occurred after a
rainfall accumulation of 100 mm/72 h (32 cases), with
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higher concentration of landslides with cumulative rainfall
of more than 150 mm. Around 50% of the landslide events
(18 cases) in this Regional were in February, due to the
heavy rainfall (115-137 mm/24 h) each day from the 22" to
25" of that month. Regional IV (Muribeca) had six land-
slide events, four recorded with rainfall of more than
100 mm/72 h (Fig. 11d). All the landslides occurred after
the long days of accumulated rainfall exceeding 600 mm. In
this Regional there was a relatively even landslide distribu-
tion in the bands of accumulated rainfall in 72 h. It is worth
mentioning that between January and April 2009 there was
at least one record of rainfall above 100 mm/72 h, but there
were no landslides due to these concentrated rains. All re-
corded landslides in this Regional occurred after the ground
was saturated; in other words, after the beginning of April
when the long-term accumulations exceeded 600 mm.
Practical experiments in the Recife Metropolitan Region
show that rainfall of 100 mm/72 h or more cause various
landslides in the Region. The fact that no landslides oc-
curred in the first four months of the year in this Regional
can be explained by the small hillside areas to be found
there, associated with low demographic density and, conse-
quently, little influence of anthropic factors and interfer-
ence in the original conditions of the relief.

In Regional V (Prazeres) 39 rainfall-related landslide
occurred (Fig. 11e). When the rainfall accumulated above
60 mm/72 h, 31 landslides were recorded, corresponding to
around 80% of all landslides in Regional V; generally,
however, the number of landslides was relatively uniform
in the distribution bands, except for the 120-150 mm band,
which had the highest concentration. The two slope failures
with rainfall of less than 20 mm/72 h were logged in Febru-
ary and July, the latter when the ground was already heavily
saturated. Five landslides were recorded when the 72 h ac-
cumulation was 20-40 mm, after a large accumulation of
long days of rain. When the accumulation was
40-60 mm/72 h, only one landslide in June was logged, af-
ter the long days of accumulation had exceeded the
600 mm. It is found that in Regionals II and V when more
than 150 mm was accumulated there were fewer landslides
compared to the processes associated with the 120-150 mm
accumulation. This fact can be explained by the period of
occurrence of landslides with higher accumulations be-
tween February and April, while the landslide events with
accumulations of 120-150 mm occurred in June to August,
when the ground had a higher saturation level. In Regional
IV the same case was observed for a 120-150 mm accumu-
lation compared to the landslides occurring with cumula-
tive rainfall of 100-120 mm/72 h.

The correlations between the landslides and long days
of cumulative rainfall are shown in Fig. 12. In Regional I,
90% of the cases had cumulative rainfall over 600 mm, cor-
responding to 103 of a total 114 landslides (Fig. 12a). Re-
gional II, had around 70% (90 cases) of a total of 130
landslides, with accumulated rainfall above 750 mm
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(Fig. 12b). The slope instabilities had rainfall accumula-
tions of less than 450 mm (23 cases) due to the concentrated
rainfall in 72 h or less in February (14 landslides with rain-
fall of 113 mm/24 h; two with rainfall of 94 mm/48 h; and
seven with cumulative rainfall of 164 mm/72 h). In Re-
gional III, the same number of landslides (17) occurred
with cumulative rainfall under 450 mm and over 750 mm
(Fig. 12c). However, similar to the events in Regional II,
slope failures with rainfall accumulation of less than
450 mm occurred due to the high rainfall during 72 h or less
in February (15 landslides with rainfall of 113 mm/24 h;
and two with accumulated rainfall of 164 mm/72 h), and
were not directly related to the long days of accumulated
rain. Figure 12d, referring to Regional IV shows that 100%
of the landslides (6 cases) occurred when the cumulative
rainfall was already over 600 mm. Regional V had a total of
39 landslides events (Fig. 12¢), mostly (62%) with accumu-
lated rainfall above 750 mm. The majority of logs of land-
slides with accumulated rainfall below 450 mm were due to
the concentrated volumes of rain in 24 h, six occurring in
January with rainfall of 118 mm/24 h; and three in February
with concentrated rainfall of 91.3 mm/24 h.

With this information, estimated values of critical ac-
cumulations of rainfall in 72 h (/,,,) for the Regionals of
Jaboatdo dos Guararapes, are as follows: 80 mm for Regio-
nals I and II - 80 mm; Regionals III and IV - 100 mm; and
Regional V - 60 mm. The values relating to the critical ac-
cumulations of long-term rainfall (P, ) are: Regionals I and
IV - 600 mm, and Regionals II, IIT and V - 750 mm.

In relation to the geological formation, the hillsides of
Regionals I, IT and III have a predominantly clayey soil re-
sidual of mylonite. However, the Regionals IV and V hill-
sides are predominantly of sandy sedimentary soils of the
Barreiras Formation.

6. Proposed Rainfall Parameters for Civil
Defense Actions

In this section technical rainfall parameters are pro-
posed, which increase the probability of triggering land-
slides in the study areas, creating support for the municipal
civil defense teams to properly establish the levels of opera-
tion in four states: Observation, Warning, Alert and Maxi-
mum Alert. Tables 2, 3 and 4 summarize the data (rainfall
parameters - I, ,, P and R ) for the municipalities of
Recife, Camaragibe and Jaboatdo dos Guararapes, respec-
tively.

It is recommended in all study areas to begin the state
of Observation on December 1%, since the Region’s
monthly historic average is over 50 mm, which is a key
value to start this operation. For the states of Warning, Alert
and Maximum Alert parameters were proposed that are
characteristic of each area in the municipalities. The refer-
ences values were in general different for each area and be-
tween municipalities confirming the importance to have
specific rainfall information.

crit
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Figure 12 - Landslides due to accumulated rainfall from January 1" in Jaboatdo dos Guararapes Regionals, Pernambuco - Total of 380

landslides.

It is worth mentioning that in any study area when the
parameters P, and R, are reached during the rainy season
(February to September) they will be valid for the Warning
level; on the other hand, 7, , is valid for any period of the
year. It should be said that the Warning level could mean

the occurrence of isolated landslides in the areas.

When establishing the Alert level in all study areas, it
should be announced when /,,, and R, are expected to be
reached simultaneously and continuing rainfall is forecast.
The Maximum Alert level should be announced when there
is an Alert level in several areas in the municipality. Tables
2, 3 and 4 summarize the aforementioned data for the mu-
nicipalities of Recife, Camaragibe and Jaboatdo dos Guara-
rapes, respectively.

The cumulative rainfall parameters suggested herein
as support for Civil Defense actions in the study areas are
limit values. At the start of the rain the Observation operat-
ing level is adopted (from December 1%), after what is con-
sidered the dry season (October-November). At this level
there is no need for site visits, unless at the request of the lo-
cal inhabitants. When the cumulative rainfall is predicted to
reach the critical values within 72 h (/,, ), particularly in
24 h, or to reach the long-term critical rainfall figures (P,)
orthe R, then the Warning level begins. This is the level in
which the civil defense technical team begins its most ac-
tive field inspections, to check the need for temporary or

Soils and Rocks, Sao Paulo, 38(1): 27-48, January-April, 2015.

definitive removal of families living in the high risk and
very high risk areas, considering the possibility of landslide
events. When it is expected that R_, and I, reached at the
same time, the Alert level is given, remaining at this level
when weather forecasts indicate continuing heavy rainfall.
At this operating level the civil defense may inform the
population about the possible total evacuation from the
highest risk areas; and this could be helped by implement-
ing a sound system or other form of alert communication,
informing the population about the strong possibility of
generalized landslide events. At this level the need is as-
sessed to evacuate the population living in the most critical
risk areas and to set up a shift system for the civil defense
teams, with technical personnel on call 24 h to provide as-
sistance. The field inspections are also carried out at this
stage.

Figure 13 presents the proposal in a follow-up graph
of the rainfall parameters (1,, and R ) to establish the Ob-
servation, Warning and Alert levels for Area II of Cama-
ragibe. The civil defense teams recommend drawing up a
graph for the other study areas in the municipalities. Figure
13 shows that when the I,, and R, values were consider-
ably higher, there was a major increase in the number of
landslides and consequences. Continuing this study, differ-
ent levels of alert associated with the gravity of the conse-

quences could be established.

crit:
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Table 2 - Proposed accumulated rainfall parameters for the Civil Defense operating levels in Recife.
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Northwest West North

South Northeast

Level/regional
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From December 1

Observation

30,000 mm’

=40 mm or
=750 mm or
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crit

I7h
P,
R

30.000 mm’

= 80 mm or
=750 mm or
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crit

172/1
P,
R

30,000 mm’

=750 mm or

I,,=40 mm or

ac
crit

P
R

30,000 mm’

=750 mm or

I,,=40 mm or

ac
crit

P
R

=750 mm or
45,000 mm®

ac
crit

I,,=60 mm or

P
R

Warning*

40 mm and
30,000 mm’

72h T

Il
R

crit

80 mm and
60,000 mm’

72h

I
R

crit

40 mm and
30,000 mm’

2h

crit

17
R

40 mm and
30,000 mm’

72h

I
R

crit

60 mm and
45,000 mm”

72h

I
R

crit

Alert

When Alert occurs in all areas of the municipality

Maximum alert

*In this state isolated landslides may occur, particularly with heavy rainfall concentrated in 24 h.
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R ., must be monitored by following up the cumula-
tive rainfall product since December 1" for the expected cu-
mulative rainfall in 72 h. Continuing at the Alert level itis
suggested that the rainfall indices are followed up daily
and, if possible, at 60-min intervals. It is worth mentioning
that the R, value proposed herein would only be valid
when it is achieved during the wet season, which in Recife-
MR is concentrated from February to September. If the lo-
cation has some dry days, the critical cumulative rainfall
may be reached after the wet season, when it will no longer
be necessary to establish the state of Alert, but it is recom-
mended to establish the Warning state, whenever neces-
sary. Table 5 shows the criteria for the operating levels and
their actions.

7. Validation of Rainfall Parameters
Suggested for Actions in the Study Areas

In order to assess the performance of the rainfall pa-
rameters suggested herein for Alert level the rates of suc-
cessfully predicted landslides were calculated using the
ROC analysis (Fawcett, 2006). To do this the chosen pilot
area was the municipality of Camaragibe. Table 6 gives the
data used in this analysis and Tables 7 and 8 present a sum-
mary of the results. Figure 14 illustrates a ROC graph of the
Camaragibe Areas.

Table 7 shows that the true positive classified rate of
Alert days was higher than the number of days classified as
false negative, in most areas, except in Area I and Area
IV-VC. Nevertheless, the number of true positive days in
Area I represents 68% of the landslide events in that area. In
relation to Area IV-Vera Cruz, it should be mentioned that
it has an atypical characteristic, showing relief in the form
of a single valley, with disorganized occupation. The land-
slide events in this area are due to its peculiar characteris-
tics, closely related to anthropic actions. On analyzing the
entire municipality, the number of days said to be true posi-
tive (29 days) is 66% of total landslide occurrences (97
landslides of a total 146).

In Table 8 (ROC Analysis) the true positive rates of
Areas II, IIT and IV-TAB are higher than 0.50, signifying a
good result. In relation to the item Precision, Areas I, Il and
IIT are seen to have values of 0.37-0.47. AreaIV-TAB had a
precision of 0.28. It should again be mentioned that the
atypical case is Area IV-Vera Cruz, which had the lowest
value (0.08).

Figure 14 presents the ratio between the true and false
positive rates. In this figure, when the points have ordered
pairs close to O-false positive rate, 1-true positive rate, they
are more accurate as well as those located above the diago-
nal line. Figure 14 shows that points B, C and D, corre-
sponding to Areas II, III and IV-TAB, respectively, have
more satisfactory values, but no area has a point below the
diagonal line (high false positive rate values), which dem-
onstrates that the suggested parameters are satisfactory for
alert system recommendations.
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Table 3 - Proposed accumulated rainfall parameters for the Civil Defense operating levels in Camaragibe.

Level/area Area I Area Il Area 111 ArealV - Tabatinga Area IV-Vera Cruz
Observation From December 1"
Warning* I, =100 mm or I,,=60 mm or I, =80 mm or I,,=60 mm or I,,,=80 mm or
P, =750 mm or P, =600 mm or P, =600 mm or P, =750 mm or P, =600 mm or
R, =75000mm* R _=36000mm’ R_=48,000mm’ R_,=45000mm’ R, =48000mm’
Alert I,,=100mmand I, =60 mm and I,,,=80 mm and I1,,, =60 mm and I,,, =80 mm and
R, =75000mm’ R =36,000mm’ R =48000mm’ R =45000mm’ R, =48,000mm’
Maximum alert When Alert occurs in all areas of the municipality
*In this state isolated landslides may occur, particularly with heavy rainfall concentrated in 24 h.
Table 4 - Proposed accumulated rainfall parameters for the Civil Defense operating levels in Jaboatdo dos Guararapes.
Level/regional Regional I Regional II Regional III Regional IV Regional V
(Jab. Centro) (Cavaleiro) (Curado) (Muribeca) (Prazeres)
Observation From December 1"
Warning* I,,=80 mm or 1,, =80 mm or I,, =100 mm or I,, =100 mm or 1,, =60 mm or
P =600 mm or P_=750 mm or P =750 mm or P =600 mm or P__=750 mm or
R, =48,000mm’ R _=60,000mm’ R _=75000mm’ R =60,000mm’ R_ =45000mm’
Alert I,,, =80 mm and I,,, =80 mm and I,,=100mmand [,,=100mmand [,, =60 mm and
R, =48,000mm’ R _ =60,000mm’ R _ =75000mm’ R =60,000mm’ R =45000mm’
Maximum alert When Alert occurs in all areas of the municipality
*At this level, isolated landslides may occur, particularly with heavy rainfall concentrated in 24 h.
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Figure 13 - Follow-up of rainfall parameters suggested for civil defense actions in Area II of Camaragibe.

Table 5 - Civil Defense operating levels and recommended actions for Recife-MR.

Operating level Criteria Actions

Observation From December 1" Follow up of rainfall indices and meteorology
Warning When [, is expected to occur at any time of the Inspections in the risk areas to check the
year; or when P_or R __ is expected to occur possibility of isolated landslides
within the wet season (Feb-Sep)
Alert When I, and R_, are expected to occur at the same Inspections in the risk areas to check the possibility

time within the wet season, with expected
continuing rainfall

of generalized landslides, alert warning and
preventive removal of families living in
high and very high risk areas

Maximum alert When R, and I,,, are reached throughout the mu-
nicipality within the wet season, with expected

continuing rainfall

Warnings of general alert and mass removal of
families living in the risk area
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Table 6 - Landslides and Operating Levels in in Camaragibe.

Area Date Operating level Number of landslides
Areal 13/Apr Observation 1
14/Apr Warning 3
22/Apr Observation 1
21/May Warning 3
23/May Alert 3
12/Jun Alert 6
06/Jul Alert 12
07/Aug Warning 2
Area Il 13/Feb Warning 16
22/Feb Alert 5
26/Feb Observation
01/Mar Observation
02/Mar Warning 3
14/Apr Alert 13
22/Apr Alert 5
23/Apr Alert 2
23/May Alert 2
30/May Alert 2
12/Jun Alert 2
22/Jun Warning 1
06/Jul Alert 10
22/Jul Alert 1
23/Jul Alert 1
Area 111 22/Feb Warning 3
23/Feb Warning 1
13/Apr Alert 1
14/Apr Alert 4
24/Apr Alert 1
23/May Alert 1
25/May Alert 1
12/Jun Alert 3
06/Jul Alert 3
22/Jul Warning 2
Area IV-TAB 12/Feb Observation 1
14/Apr Alert 3
22/Apr Alert 2
21/May Alert 1
23/May Alert 2
25/May Alert 1
12/Jun Alert 1
06/Jul Alert 5
07/Aug Alert 3
Area IV-VC 13/Feb Warning 4
22/Feb Warning 4
13/Apr Alert 2
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Table 7 - Performances of Alerts using ROC analysis in Camaragibe.

Area

Predictive Class for Alert

Number of days of the Alert

Actual class

Areal

Landslide occurrence
Yes 07
No 358
Area II

Landslide occurrence
Yes 27

No 338

Area III

Landslide occurrence
Yes 15

No 350

Area IV-TAB

Landslide occurrence
Yes 29

No 336

Area IV-VC

Landslide occurrence
Yes 13
No 352

if I,,, > 100 mm and

72h

R, >75,000 mm’
No landslides
True Positives (TP) 03

False Negatives (FN) 05

if I,,, 2 60 mm and
R, > 36,000 mm’
No landslides
True Positives 10
False Negatives 05

if 7, > 80 mm and

72 h

R >48,000 mm’

No landslides
True Positives 07
False Negatives 03

if I,,, 2 60 mm and

R . >45,000 mm’

No landslides
True Positives 08

False Negatives 01

if I,,, > 80 mm and

72h —

R, > 48,000 mm’
No landslides
True Positives 01

False Negatives 02

Yes/No

False Positives (FP) 04

True Negatives (TN) 353

Yes/No

False Positives 17
True Negatives 333
Yes/No

False Positives 08
True Negatives 347
Yes/No

False Positives 21
True Negatives 335
Yes/No

False Positives 12

True Negatives 350

Landslide inventory for

I, > 100 mm and R__ > 75,000 mm’

72h — crit —

Landslide inventory for

I,,>60 mm and R, > 36,000 mm’

72h

Landslide inventory for
I,,>80 mm and R, > 48,000 mm’

72h —

Landslide inventory for
I, >60 mmand R, > 45,000 mm’

72h — crit

Landslide inventory for
L,,>80 mm and R, > 48,000 mm’

72h —

Table 8 - Performances of alerts using ROC analysis in Camaragibe.

Area True positive rate (a)* False positive rate (b)* Specificity (c)* Precision (d)*
I 0.38 0.01 0.99 0.43
1T 0.67 0.05 0.95 0.37
I 0.70 0.02 0.98 0.47
IV-TAB 0.89 0.06 0.94 0.28
1Iv-vC 0.33 0.03 0.97 0.08

Note (¥): (a) = TP/(TP+FN); (b) = FP/(FP+TN); (c) = TN/(TN+FP); (d) = TP/(TP+FP).

With regard to the isolated values of the critical cu-
mulative rainfall in 72 h (Z,,,), the 100 mm value suggested
for the warning state in Area I of Camaragibe and Regio-
nals III (Curado) and IV (Muribeca) of Jaboatao dos Gua-
rarapes (Tables 2 and 3), is similar to those proposed by
Macedo et al. (2004) for the Baixada Santista and Paraiba
Valley in Sao Paulo. The 80 mm value in 72 h or less for the
warning state in the West Regional in the city of Recife (Ta-
ble 1), for Areas III and IV (Vera Cruz) in Camaragibe (Ta-
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ble 2); and for Regionals I (Jaboatdo Centro) and II (Cava-
leiro) in Jaboatdo dos Guararapes (Table 3), is similar to
that proposed for the Sao Paulo Regions of Campos do
Jordao, Campinas, ABC and Sorocaba. The critical cumu-
lative rainfall value of 60 mm in 72 h recommended for the
warning state in the South Regional of the city of Recife,
and for Areas I and I'V (Tabatinga) of Camaragibe and Re-
gional V (Prazeres) of Jaboatdo dos Guararapes, are lower
than those found by Macedo et al. (1999) for the Sao Paulo
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Figure 14 - ROC graph of the results in Camaragibe Areas.

Regions. The critical rainfall accumulated in 72 h for the
Northeast, Northwest and North Regionals of Recife was
40 mm. This is the lowest critical value.

Figure 15 illustrates a landslide event on April 13,
2009, in the South Regional of Recife. This landslide,
which destroyed a property, occurred after a concentrated
rainfall of 123.6 mm/24 h and 137 mm/72 h, with long-term
accumulation of 1,200 mm and an R parameter of
164,400 mm’. It is thereby found that this landslide oc-
curred with higher rainfall parameters than those suggested
for the state of Warning and Alert in Recife-MR. Other
landslides events recorded years after this study confirmed
the critical rainfall parameters proposed herein, such as, for
example, the landslides on March 23, 2010, where the cu-
mulative rainfall of 104.2 mm/72 h and particularly
80 mm/24 h caused slope instabilities in a number of loca-
tions in the study area.

In 2009, the year when the rainfall and landslides
were followed up in this study, 10 fatal victims were regis-
tered due to the landslides on hillsides: six deaths in Recife,
one in Camaragibe and three in Jaboatdo dos Guararapes.
Table 9 shows the rainfall accumulation in 72 h, long days

Landshdg

/!

Figure 15 - Landslide showing destruction of buildings on June
13", 2009 (Southern Regional Sector of Recife) (Bandeira, 2010).
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Table 9 - Registration of rainfall-related fatalities in Recife-MR in 2009.

Proposed parameters for Alert

Proposed parameters for Warning

R calculated
(Pac x I72 h)

Rainfall logged in
879.84 mm’

No. of Rainfall logged

Municipality/
Regional / District

Date

long term (P,)

in72h
28.2 mm

deaths

60 mm and
45,000 mm”

72h

I

R

60 mm or
=750 mm or

172 h
P
R

31.2 mm

Recife / South 5%

Regional / Ibura

Jan/14
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ac

45,000 mm’

crit

=60 mm

=750 mm or

45,000 mm’
I,,=60 mm or

172 h
or P

335 mm 40,451.0 mm”

120.7 mm

1

Camaragibe / Area

Feb/22

I,,=60 mm and
45,000 mm’

crit

R

ac

IV / Tabatinga

crit

R

45,000 mm®

I,,=60 mm and

crit

R .

750 mm or

ac

P
R

1,472 mm 192,537.6 mm’

130.8 mm

1
gional / Ibura

Recife / South Re-

Jun/12

45,000 mm’

crit

80 mm and

720

1

R

80 mm or
=750 mm or

I7Zh
P
R

1,502 mm 214,035 mm’

3 142.5 mm

Jaboatdo / Regional 2

Jun/12

60,000 mm’

crit

ac

/ Carneiros Dois

60,000 mm’

crit

*Fatalities due to the burst water mains owned by the state company.
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of accumulation and the Rs logged on the date of the land-
slide events. This table shows that the fatal landslides were
directly correlated to the high cumulative rainfall indices in
72 h, and higher than the parameters suggested for the
warning state. The exception was the accident with five fa-
talities that occurred in the South Regional of Recife on
January 14, after cumulative rainfall of 28.2 mm/72 h,
lower than that proposed in this study (60 mm/72 h).

In the accident in the South Regional of Recife on
January 14, the main triggering factor of this landslide was
anthropic action; a water mains belonging to the state com-
pany, without repair and with leakages, caused the land-
slide by a concentrated burst of water killing five people
from the same family. However, the accidents on June 12,
2009, with four fatalities, were caused by high cumulative
rainfall indices of 72-h, long-term and high Rs, all higher
than suggested for the Alert levels.

8. Conclusion

This paper addressed the general concepts, funda-
mental components and examples of landslides and the
early warning system. From the results in this study, it was
found that in the Metropolitan Region of Recife in North-
east Brazil landslides of occupied hillsides are closely re-
lated to the occurrence of concentrated rainfall in 72 h or
less and associated with long-term cumulative rainfall. The
parameters for an early warning system proposed in this
study for civil defense actions is presented in Tables 2, 3
and 4 and in Fig. 13 (parameter follow-up graph). The ma-
jority of landslides occurred with parameters recommended
for Alert. In Camaragibe, for example, 67% of the land-
slides occurred at that level, 29% with parameters sug-
gested for the Warning level, and 4% with parameters
recommended for the Observation level. Tables 2, 3 and 4
and Fig. 13 show that when the critical rainfall values sug-
gested for 7, and R, were considerably higher, there was a
sharp increase in the consequences. This fact suggests the
need for future studies to determine different levels of
Alert. The assessment of the performance of Alerts using
the ROC analysis has proven very satisfactory in the Areas
of Camaragibe. Although the proposal has been studied for
only one year, assessments of landslide events a year later
in the three municipalities studied were correlated to the pa-
rameters recommended in the study herein, confirming the
validity of the suggested proposal. In short, considering the
data, it has been possible to propose rainfall parameters for
actions in the Metropolitan Region of Recife and, espe-
cially, for operating states of Warning and Alert.
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Influence of Soil Cracking on the Soil-Water Characteristic
Curve of Clay Soil

M.M. Abbaszadeh, S.L. Houston, C.E. Zapata

Abstract. The hydraulic conductivity for unsaturated soil conditions is more difficult to estimate than for the saturated
condition. In addition, as the soil transitions from intact to cracked, the difficulty in estimating the unsaturated hydraulic
conductivity increases. One critical step in the determination of unsaturated flow hydraulic conductivity is the evaluation
of the Soil-Water Characteristic Curve (SWCC). In this paper, a series of laboratory studies of direct measurements of
cracked soil SWCCs is presented, including challenges associated with the control of very low suction levels associated
with crack dewatering. An oedometer-type SWCC apparatus, capable of suction and net normal stress control, and volume
change measurement, was used in these experimental studies. It is common that SWCCs are comprised of matric suction
values below about 1500 kPa, and total suction values for suctions higher than about 1500 kPa (Fredlund et al., 2012). In
this study, all measured or controlled suction values were less than 1500 kPa and obtained using the axis translation
method, and the curve in the higher suction range was projected by forcing the SWCC through 10° kPa for completely dried
conditions (Fredlund et al., 2012). Volume change corrections were made to the reported volumetric water contents, which
is of particular importance when the soil under consideration undergoes volume change in response to wetting or drying. A
technique for the determination of the SWCC for cracked clay soils is presented. Test results validated the fact that the
SWCC of a cracked soil can be represented by a bimodal function due to the Air Entry Value (AEV) of the cracks being
much lower than the AEV of the soil matrix. It was also found that differences between the SWCC for cracked and intact
soil appears only in the very low suction range.

Keywords: SWCC, cracked soil, unsaturated soil mechanics, air entry value, bimodal behavior, laboratory testing.

pressure plate device was used so that the overall volume
change of the soil specimens could be tracked during the
experiment. The laboratory SWCC data presented in this
paper also contributes to the previously proposed idea of
use of bimodal characteristic of fractured soils and gap
graded granular soils (Zhang & Fredlund, 2004; Zhang &
Chen, 2005; Fredlund et al., 2010a; Booth et al., 2013). In
this study, a bimodal SWCC is obtained for a cracked ex-
pansive clay. Previously developed models for bimodal
SWCCs were for gap-graded granular soils and for frac-

1. Inroduction

The problem of estimating ground surface flux is one
of great interdisciplinary interest, and the literature is re-
plete with related articles from disciplines including soil
science, geotechnical engineering, environmental ecology,
hydrology, water resources, forestry, landscape architec-
ture, geology, and environmental engineering. Surface flux
is related to complex interrelationships between the soil
and atmosphere, and soil anomalies such as cracks must be
appropriately considered in any surface flux modeling pro-

cess. However, there is little data available for the assess-
ment of the effect of cracks on unsaturated flow related
properties, such as the Soil-Water Characteristic Curve
(SWCC) and the hydraulic conductivity function.

The properties and behavior of unsaturated cracked
soil are potentially different from those of intact soil, and
the absence of direct test data on cracked soil properties
leads to uncertainty in the evaluation of surface flux condi-
tions. It is important to develop an improved understanding
of cracked soil properties because seasonal cracking of soil
results in poor estimates of runoff and infiltration due to the
changing soil storage conditions (Arnold et al., 2005).

The primary focus of this paper is to present labora-
tory data for cracked and intact clay SWCCs. An oedometer

tured rock (Zhang & Fredlund, 2004; Zhang & Chen,
2005). For gap graded granular soils the assumption in
modeling is that the volume of the soil (including the rela-
tive porosity of both the finer and coarser fractions) does
not change. Similarly, in the study of fractured rock, the
volume of the fractures and the volume of the intact rock
matrix can reasonably be assumed to remain constant.
Booth et al., 2013, applied similar no-volume-change as-
sumptions to London clay and showed promising results.
However, the laboratory results of this study are for a mod-
erately expansive clay, and provide much needed data for
consideration of the effect of soil cracks on unsaturated soil
property models for the case where the volume change in
the cracks, and the soil matrix itself, may not be negligible.
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2. Background

A soil water characteristic curve (SWCC), also
known as water retention curve, represents the relationship
between soil suction and the amount of water that the soil
can hold at that particular suction, which can be expressed
in terms of moisture content or degree of saturation. Rela-
tionships for estimating the hydraulic conductivity function
for unsaturated soils based on the SWCC are commonly
used, but have not been thoroughly evaluated for cracked
soils through laboratory testing. The measurement of the
hydraulic conductivity for an unsaturated soil is extremely
difficult, and the existence of cracks further complicates the
measurement. For this reason, the SWCC has been used to
predict the hydraulic conductivity of a cracked material
(Peters & Klavetter, 1988; Mallant et al., 1997; Kohne et
al., 2002; Liu et al., 2004; Zhang & Fredlund, 2004; Li et
al., 2011). Thus, one challenge for predicting the hydraulic
conductivity of cracked soil is determining the SWCC for
such soils. Once the SWCC is established, it is likely that
one of several existing predictive models can be used to es-
timate the unsaturated hydraulic conductivity function for a
cracked soil.

Few researchers have attempted to directly measure
the SWCC for cracked materials, although some research-
ers have studied cracked clay SWCCs. Among those,
Chertkov & Ravina (2000) studied the shrinking-swelling
behavior of clay including a network of capillaries to repre-
sent cracks in the soil. The SWCC for the cracked soil was
determined by modeling, rather than through laboratory
testing; the models used incorporated the total crack vol-
ume and the volume of water-filled cracks, and the van
Genuchten-Mualem model for estimating the unsaturated
hydraulic conductivity function (van Genuchten, 1980). In
other modeling efforts, Liu & Bodvarsson (2001) studied
the use of the van Genuchten (1980) and Brooks & Cory
(1964) SWCC models for the hydraulic conductivity of a
fractured rock.

Zhang & Fredlund (2004) discussed that a fractured
rock will produce a bimodal SWCC with a matrix phase
and a fracture phase. The Soil-Water Characteristic Curve
of the fractured rock was presented as the sum of the effects
of the two phases, weighted according to their respective
porosities. The combined matrix and fracture medium was
treated as a continuum, with the same suction applied to the
combined material and to the individual fracture and matrix
phases. A computed Soil-Water Characteristic Curve for
the rock matrix, the fractures, and the entire fractured rock
mass is shown in Fig. 1 (Modified from Zhang & Fredlund,
2004). The first AEV belongs to the fractured media and the
second AEV belongs to the intact (non-fractured) media.
Taking a similar continuum approach to cracked soils, the
Soil-Water Characteristic Curve of a cracked clay might be
expected to take on a bimodal character. Several mathemat-
ical models for the SWCC are available that allow for a bi-
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Figure 1 - Typical Bimodal SWCC for Cracked Soil (Modified
from Zhang & Fredlund, 2004).

modal SWCC representation of the SWCC (Durner, 1994;
Burger & Shackelford, 2001; Gitirana & Fredlund, 2004;
Zhang & Chen, 2005), however none of these take into con-
sideration volume change of the cracks and the intact ma-
trix.

Fredlund et al. (2010b) provided numerical modeling
results for a slab on ground foundation on expansive soils,
with the cracked clays near the ground surface modeled us-
ing abimodal SWCC, such as that shown in Fig. 1. Booth et
al. (2013) showed that using bimodal SWCC and hydraulic
conductivity function in numerical modeling of the hydrol-
ogy of a cracked soil results in more accurate predictions of
the matric suction. However, no supporting laboratory data
was available for validation of the bimodal SWCC models
used, and as previously discussed, available bimodal mod-
els do not consider volume change, either quantitatively or
through direct measurement.

A capillary model, based on crack geometry, has been
used to determine the air-entry value corresponding to the
desaturation of the cracks in clays, along with supporting
laboratory data (Abbaszadeh et al., 2010). Li et al. (2011)
employed the same theoretical capillary-model based rela-
tionship proposed by Abbaszadeh et al. (2010), and re-
ported 11.8-millimeters (mm) as the maximum crack size
for which the capillary model is applicable. Li ez al. (2011)
also suggested a method to predict the SWCC and perme-
ability function for cracked soil considering crack volume
change during drying-wetting cycles. The authors argued
that the crack development can be explained by a relation-
ship between the matric suction and crack porosity differ-
ences, Li et al. (2011) present a three-dimensional SWCC
model wherein the bimodal behavior of the cracked soil ap-
pears as the crack porosity increases. The method used by
Li et al. requires that the relationship between the crack po-
rosity and suction be established. The authors suggest the
use of a linear relationship, which has not been demon-
strated across a wide range of soil types and suction values
or through direct measurement. Clearly, there is a need for
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further research on the behavior of cracked clays for which
the matrix and the crack volume change with change in soil
suction. The data presented in this paper represents a start
on development of a database required for refinement of
SWCC models for cracked expansive clays.

3. Material and Laboratory Testing Program

Five SWCC tests were conducted for intact soil en-
tailing both drying (3 tests) and wetting (2 tests) paths. Rep-
licate tests were performed so that average curves could be
developed for comparison of cracked to intact soils. The av-
eraging of data helps to remove some of the effects of natu-
ral sample variability. In addition, six SWCC tests were
conducted for cracked soil, four of which followed the dry-
ing path and two followed the wetting path. These experi-
ments were conducted under two confining stress levels:
(1) essentially zero, and (2) 20 kPa net normal stresses.
When zero normal stress was desired, a token load of about
1 to 3 kPa was applied in order to maintain the specimen in
contact with the ceramic stone. The net normal stress was
varied to simulate very near-surface soils and soils of depth
of approximately 1-meter which is a common depth of miti-
gation for expansive clay profiles. An oedometer-type pres-
sure plate device (Perez-Garcia er al., 2008) was used to
obtain the SWCC and the hanging manometer technique
was used to apply very low matric suctions required to cap-
ture the AEV of the crack. The oedometer-type pressure
plate device is essentially a pressure plate cell that is outfit-
ted with a loading piston to apply a net normal stress to a
specimen that is restrained from radial deformation by a
confining ring. A Linear Variable Displacement Trans-
ducer (LVDT) can be attached to the loading piston so that
vertical deformations are measured as suction is changed.
Suction values are controlled by the axis translation
method. The hanging manometer was required to apply a
very low suction value to the specimen because pressures

Table 1 - Characteristics for San Diego soil.

lower than about 5 kPa cannot be consistently maintained
with traditional pressure regulators.

3.1. Soil characteristics

The soil used in this study was obtained from a site
near San Diego, California, and is named San Diego Soil in
this paper. The index properties of the test soil are presented
in Table 1.

3.2. Sample preparation

Identical companion specimens were compacted in
three equal layers inside brass rings of 25-mm in height and
61-mm in diameter. The compaction condition corre-
sponded to 98% of Standard Proctor maximum dry density
(1.74 g/cm’) and optimum water content (18%). Prior to
sample preparation, the soil was first passed through a U.S.
#4 sieve (4.76-mm), and then enough water was added to
reach to the optimum water content of 18%. The soil was
then sealed in plastic bags for at least 48 h before starting
the sample compaction. This process allowed the water to
equilibrate throughout the soil so that the moisture would
be distributed more uniformly in the test specimen. After
compaction of each layer was completed and just before
compacting the next layer, the top surface of the preceding
layer was scarified using a sharp tool. The scarification cre-
ated a better contact between the two layers and produced a
more uniform compacted specimen. During the compac-
tion of the last (third) layer, care was taken not to over-
compact the specimen. Any minor adjustments required in
the computation of specimen dry density were made. In
spite of careful control of the method of specimen prepara-
tion, some sample variability will exist. For this reason, du-
plicate tests were performed so that average SWCC curves
of cracked and intact specimens could be compared.

To manufacture the cracked specimens, after the sam-
ple was compacted inside the brass ring, soil cracks were
introduced into the soil matrix using an aluminum shim.

Specific Gravity (ASTM D854-06)
Particle Size Analysis (ASTM D422-63 (Reapproved 2007))

Unified Soil Classification System (ASTM D2487-06)
Atterberg Limits (ASTM D4318-05)

Standard Proctor Test (ASTM D698-07)

Expansion Index (ASTM D4829-08)

2.72
% Sand 63
% Silt 30
% Clay 7

SC
LL 41
PL 17
PI 24
Optimum water content 18%
Maximum Dry Density 1.74
(g/cm’)
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The cracks were approximately 1-mm wide and 10-mm
deep. The total volume of cracks was measured, as a per-
centage of the overall specimen volume, to be about 3 to
5%. The volume of cracks was decided based on the results
of a companion study that was conducted with the same soil
to evaluate the extent of natural crack formation due the
drying and wetting cycles. From this study, it was con-
cluded that the total volume of cracks in the field was about
3-5% of the overall volume of the clay (Abbaszadeh, 2011).

Based on a thorough literature review, a crack pattern
consistent with field crack observations was selected. Due
to the extremely complex process of soil cracking, it is al-
most impossible to generalize or choose one crack pattern
which forms in all desiccated soils. However, it was con-
cluded that a hexagon pattern was the most appropriate pat-
tern because it was relatively consistent with actual crack
patterns observed in near-surface clays. This finding is also
consistent with the conclusion of Konrad & Ayad (1997),
who suggested a polygon crack pattern develops during dif-
ferent stages of cracking (Fig. 2), as well as the observed
field cracks reported by Longwell (1928) as shown in
Fig. 3.

There are several uncertainties associated with crack
behavior in response to wetting and drying (i.e. suction
change). For example, the extent of crack healing during
wetting and the opening of cracks during drying are not en-
tirely predictable. To exhibit the SWCC bimodal behavior,
the cracks must be initially fully saturated, but must be
wide enough so they will not heal completely, due to swell-
ing of the soil, upon saturation. Further, the cracks must be
small enough in width to prevent desaturation by gravity
drainage. The size of cracks selected for laboratory study
must also be consistent with cracks that form in the field.
Based on laboratory observations on the test soil of this
study, and also based on literature review related to the size
of cracks in the field, an appropriate crack width for this
study was determined to be about 1 to 1.5-mm. This range
of crack width falls within the range of crack widths ob-
served in the field (Ruy ef al., 1999), and corresponds to a
crack size that does not drain under gravity alone or fully
close due to swelling upon wetting. For the test soil, cracks

Cracks below
shear plane

e

{ Protuberance

(c) Plan view

Crack spacing
at surface

Not to scale

Figure 2 - Potential crack polygon (from Konrad & Ayad, 1997).
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Figure 3 - Potential crack polygon (from Konrad & Ayad, 1997,
after Longwell, 1928).

of 1.1 to 1.3-mm width were observed to shrink to about 0.7
to 0.8-mm width after specimen saturation. Figure 4 shows
an example of a cracked sample at the end of the specimen
preparation process. The crack widths varied from 1.1 to
1.3-mm in this study due to difficulties in making exactly
identical cracks in the soil specimens.

3.3. Test procedure

To obtain the drying path SWCC, the sample was sat-
urated by submerging the specimen inside a water tray, and
both ends of the soil sample were covered by one filter pa-
per directly in contact with the soil surface, followed by a
porous stone in contact with the filter paper. This process
prevented loss of soil during the swelling and saturation
phase and also facilitated the infiltration of water through
the porous stones. For the wetting path SWCC, the speci-
men was air-dried until it reached the water content range
corresponding to the desired initial suction for the test;
equilibration time was allowed after the specimen reached
the initial (starting) value of soil suction for the test.

Figure 4 - Artificially cracked specimen with hexagonal pattern
used for SWCC determination in the laboratory.
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The axis translation technique was used to apply vari-
ous levels of matric suction for SWCC determination. The
hanging manometer technique was used, in accordance
with ASTM D6836-02, to apply very low suction pres-
sures. The hanging manometer technique involves creating
a negative pore water pressure (u,) at the base of the speci-
men, while keeping the pore air pressure (u,) constant and
equal to atmospheric pressure inside of the oedometer pres-
sure plate device. This will result in an applied matric suc-
tion equal to the value of the negative pore water pressure
imposed by the hanging manometer by positioning the wa-
ter level in the tube at a lower elevation than the based on
the specimen. For example, to apply 0.1 kPa matric suction,
the elevation difference between the water level in the tubes
and the cell base (where the sample rests) should be equal to
1.0 cm. Figure 5 schematically illustrates the hanging ma-
nometer technique.

One of the major difficulties associated with setting a
fixed low suction value is the continuous elevation change
of the water that occurs inside the tube as the specimen
seeks equilibration with the target applied suction. Thus,
the applied suction changes as the water elevation in the
tube is allowed to change. To maintain the small target ap-
plied suction constant, close monitoring is required (if
overflow of excess water from the tube is not allowed or is
water tends to move into the specimen). This monitoring
can be tedious in consideration of the lengthy test times re-
quired for equilibration for highly plastic soils.

Another issue which makes testing at very low
suctions challenging is that it is not possible to fully satu-
rate the intact portion of the specimen because back-pres-
sure saturation techniques are not easily employed in pres-
sure plate testing. In the laboratory tests of this study, it was
observed that although initial crack dewatering typically
occurred rather quickly, under very low suctions some sam-
ples started to absorb water after the initial crack dewa-

; *Presure ;
Ball valve B source B
(TYP) B E Volume

o NG ], Loading| /. tube (TYP)
Fredlund 1 E / shaft [
SWCC cell—\] - &
N | &
Meter \; g
g g

N

Figure 5 - Hanging manometer technique used to obtain the
SWCC at very low suction values (from GCTS, Inc.).

tering process. It is believed that water uptake by the speci-
men at very low suctions and after crack dewatering, is a re-
sult of the incomplete saturation of the intact matrix of the
soil, in spite of the cracks having been filled with water and
the specimen having been submerged for an extensive time
during the pre-test saturation of the specimen. In other
words, at early stages of the test under very low applied
matric suction, when the cracks are still full of water, the
cracks in the soil dominate the behavior; however, at values
of suction greater than that required for crack dewatering,
the intact soil matrix (not 100% saturated, and having some
remaining matric suction) dominates the response. Table 2
summarizes conditions for the SWCC tests that were con-
ducted for cracked specimens.

Although volume change measurements were made
in the course of SWCC measurements for this study, the
volume change behavior of the soil was not explicitly ad-

Table 2 - Test characteristics for cracked and intact specimens — San Diego soil.

Test ID Test type Applied suction* (kPa) Applied normal stress (kPa)
Intact-01 Drying 10, 90, 200, 450, 1240 0
Intact-02 Drying 25, 100, 200, 450, 1240 0
Intact-03 Drying 8, 50, 265, 480, 1240 0
Intact-04 Wetting 1320, 320, 140, 35 0
Intact-05 Wetting 1320, 320, 140, 35 20
Cracked-01 Drying 0.1, 1.0, 25, 90, 200, 485, 1240 0
Cracked-02 Drying 0.075, 1.035, 8.0, 30, 90, 345, 1240 0
Cracked-03 Drying 0.075, 0.555, 1.46, 10, 25, 90, 565, 1240 0
Cracked-04 Drying 0.09, 0.78, 10, 45, 100, 200, 425, 1260 0
Cracked-05 Wetting 1255, 290, 100, 35 0
Cracked-06 Wetting 1255, 290, 100, 36 20

* Suction values less than 5 kPa were obtained using a hanging manometer device
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dressed here; nonetheless, volume change of the cracks did
occur during both wetting and drying, and volume change
of the clay matrix also occurred, and the impact of volume
change was captured phenomenologically in the test data.
Hence, the cracks did not have a constant porosity through-
out the test and the soil matrix did not have a constant po-
rosity, but the volume changes of the specimen matrix and
cracks are reflected in the directly measured SWCC data
(and associated directly measured AEV). In general, vol-
ume change should be expected when soil suction is
changed, particularly for swelling, high plasticity soils. In
expansive clays, the presence of cracks provides a cavity
for expansion that reduces vertical heave and swell pres-
sure. Abbaszadeh (2011), provides data, including data on
the clay of this present study, showing that cracks decrease
swell pressure and heave of expansive clays.

4. Results

A total of five SWCC experiments were conducted
for intact specimens. Three of these tests followed drying
paths and the other two followed wetting paths. The SWCC
results for the drying and wetting tests on intact specimens
of San Diego soil are presented in Fig. 6. The values of vol-
umetric water content at the lowest plotted suction value
(0.01 kPa) were estimated to be equal to the directly calcu-

Abbaszadeh et al.

lated values for the specimens at zero suction. This was
done due to the necessity of plotting suction on a log scale.

A total of six SWCC tests were conducted on cracked
specimens prepared by compaction of San Diego soil. Four
of these tests followed drying paths and the other two fol-
lowed wetting paths. The SWCC test results of the cracked
specimens are presented in Fig. 7, including both wetting
and drying paths. Although it is difficult to draw a single
curve representing the entire data set, the data shown in
Fig. 7 demonstrates the bimodal behavior of the SWCC for
the cracked samples.

Quantification of a bimodal SWCC for cracked soil is
difficult to accomplish for a variety of reasons, not the least
of which is the difficulty in controlling the required ex-
tremely small suctions for observing the AEV associated
with crack dewatering. Nevertheless, it was possible to
bracket the AEV on a test specimen. The specimen was pre-
pared with cracks of an initial width, w,, of about 1.1 to
1.3-mm and a depth, h,, of about 10-mm. After wetting the
specimen to essentially saturation, a slight closing of the
cracks to a width of about 0.75-mm was observed. A value
of u, - u, of 0.075 kPa was applied in the oedometer-type
SWCC cell and the specimen was allowed to equilibrate. It
was directly observed, by disassembly of the pressure plate
cell, that a few of the cracks showed signs of starting to

SWCC results for intact drying and wetting tests
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Figure 6 - Summary of SWCC test results for intact drying and wetting tests - San Diego soil.
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SWCC results for cracked drying and wetting tests
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Figure 7 - Summary of SWCC test results for intact drying and wetting tests-San Diego soil.

dewater at 0.075 kPa suction (Cracked-02 and Cracked-03
specimens). Direct examination of the cracks was also per-
formed after equilibration at 0.09 to 0.1 kPa suction
(Cracked-01 and Cracked-04 specimens), and the cracks
were found to be more or less completely dewatered. Thus,
the u, - u, causing initiation of dewatering was somewhere
between 0.075 kPa and 0.1 kPa, experimentally, and per-
haps closer to 0.07 kPa. This is consistent with the theoreti-
cal calculations of Abbaszadeh et al. (2010) wherein a
capillary model was used to estimate the air entry value of
cracks, and cracks of 0.75-mm width were found to dewater
at a value of u-u  of about 0.07 kPa.

4.1. Effect of overburden pressure

The effect of overburden stress, for the limited stress
range considered in this study, was negligible. An overbur-
den stress of 20 kPa, the highest stress considered in this
study, corresponds to approximately 1-meter depth. Many
field cracks are observed to be of limited depth, such that an
overburden stress of 20 kPa is reasonable for the SC soil of
this study. However, field cracking and weathering of high
plasticity clays has been observed to depths of approxi-
mately 10-meter. The tests in this study were performed us-
ing hanging dead weights to achieve net normal stress, and
therefore higher values of net normal stress were not practi-
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cal. Therefore, further testing at higher overburden stress is
required to make definitive statements concerning the im-
pact of net normal stress on the SWCC of cracked clay.

4.2. Comparing SWCCs for intact and cracked speci-
mens

The purpose of performing SWCC tests for intact and
cracked specimens was to evaluate the effect of soil crack-
ing on the water retention properties of the expansive soil of
this study. Figure 8 compares the best-fit (using all test re-
sults) SWCC:s for intact and cracked specimens for the dry-
ing path. Averaged curves (i.e. curves obtained using all
test specimen data) were used for making a better compari-
son between intact and cracked specimens due to the inevi-
table sample variability that occurs in specimen compac-
tion and crack creation, as well as all other variables
associated with the SWCC test procedure itself.

From Fig. 8, it can be concluded that the significant
difference between the SWCC for cracked and intact soil is
only at very low suction range. The cracked soil exhibits bi-
modal behavior which can be explained by the pore space
disparity that the cracks create in the matrix structure of the
soil. In other words, at very low suctions the cracks will
dewater, but the much smaller voids in the intact soil matrix
will not dewater. However, at higher suctions the SWCC of
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Figure 8 - Comparison between cracked and intact averaged SWCCs for San Diego soils.

the cracked soil is controlled by the intact matrix. Thus, af-
ter a certain matric suction range, the water storage capacity
of the intact and cracked soils tend to merge.

The suction range at which the cracked and intact
SWCC curves merge depends entirely on the crack dimen-
sions. The fact that the cracked and intact clay SWCCs
merge at very low values of matric suction (associated with
the width of the crack), represents a significant finding for
geotechnical engineering field applications because many
unsaturated soils problems of a practical nature involve un-
saturated conditions where the soil suction is much higher
than the AEV of cracks typical of field conditions.

S. Summary and Conclusion

The effect of soil cracking on the SWCC of soil was
investigated through laboratory testing. Both wetting and
drying paths were studied. The effect of net normal stress
on the SWCC test results was also considered. A hexagonal
crack pattern was adopted for the cracked clay specimens
as being a reasonable pattern for field conditions based on
literature review.

The hanging manometer technique was implemented
in order to apply and maintain very low matric suctions re-
quired for capturing the AEV of the cracked samples. Ex-
perimental results showed that the SWCC for a cracked soil
can be represented by a bimodal curve. However, the AEV
of the cracks is very low, even for the relatively small crack
widths considered in this laboratory study. Dewatering of
larger field cracks would be expected to occur at extremely
low suction values, and larger cracks may dewater under
gravity alone. Because cracks dewatered at a very low
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AEV, the SWCCs of intact and cracked clays at suctions
greater than the AEV of the cracks were found to be very
similar (i.e. were found to essentially merge).

The net normal stress values applied during the mea-
surement of SWCCs in this study corresponded to soil
depths of 0 to 1-meter, and some additional testing at higher
net normal stress values is recommended for future study.
Further, the crack sizes studied in this research represent
the lower range of crack width dimensions found in the
field. Consequently, for field applications where the soil re-
mains unsaturated, a cracked soil could rationally be mod-
eled using the properties of the intact matrix, and ignoring
the bimodal behavior at very low suction values. However,
for field applications where the ground surface becomes
saturated and extremely low suction to positive pore water
pressures develop, the impact of cracks can, of course, be
dramatic with regard to the amount of water entering the
subsurface. Thus, it is critical to keep in mind that although
the unsaturated soil SWCC for cracked and intact speci-
mens is essentially the same over a wide range of suction
values of interest for unsaturated soil mechanics problems,
saturated flow properties of cracked and intact specimens
are quite different.

The findings of this study provide support treating
cracked soil as a continuum for unsaturated flow condi-
tions, using lumped parameters for the cracked soil mass.
This is because when the soil remains in an unsaturated
state, the dominant flow of water is through the soil matrix,
rather than through the cracks, which have been shown to
dewater at very low suction values. However, for satu-
rated-unsaturated flow problems, such as when the ground
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surface becomes saturated and positive pore water pres-
sures develop, it is possible that the cracks within the soil
are best modeled as discrete elements to avoid sharp dis-
continuities in the unsaturated soil property functions at the
AEV of the cracks. Additional research on numerical mod-
eling of flow through cracked soils is needed.
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Feasibility of Laser Scanning to Determine Volumetric
Properties of Fine Grained Soils

I. Falcon-Suarez, F. Sanchez-Tembleque, J.M. Rivera-Sar, R. Juncosa-Rivera, J. Delgado-Martin

Abstract. This study analyses the real applicability of laser scanning techniques to determine bulk densities of fine grained
soils. The method, fast and accurate, can be employed both in the field and laboratory. The technique was calibrated with
benchmarks and then applied to measure volumes of small samples of a specific silty soil of well-known properties (granite
sawdust); next transformed into bulk densities from the sample-weights. The results are compared against those obtained
from their precursor specimens, made using the Standard Proctor test. Before calculating soil sample volumes, optimum
conditions for data acquisition, exportation and post-processing were assessed. The laser scanning provides highly
consistent results when compared with those obtained from Standard Proctor compaction tests. However, the study shows
a limiting value of moisture content below which the laser scan provides inaccurate results. Likely, this limit varies from
soil to soil and therefore the technique must be calibrated before being used to determine bulk densities and derived
volumetric properties (i.e., porosity or void ratio). Accordingly, this work presents a helpful procedure to evaluate the
applicability of the laser scanning based on the detection of the limiting water content, which considers as well anomalies

derived from compositional heterogeneities or external electromagnetic interferences.

Keywords: laser scanning, standard proctor test, bulk density, granite fines.

1. Introduction

The degree of compaction is key parameter on geo-
technical works since the permeability and coefficient of
consolidation decrease with the reduction of void ratio for a
given soil. Hence, when considering final applications in
large scale contexts, the materials are subjected to adequate
compaction procedures. The aim is to achieve the optimal
conditions of the soil, in correspondence to those identified
in the laboratory by the use of either standards or widely ac-
cepted tests - normal and modified Proctor tests (ASTM
D698-07; ASTM D1557-09); moisture condition value
(MTV) test (Murray et al., 1992).

In soils, the degree of compaction is defined by two
parameters: dry density and water content. Far from trivial,
the determination of index volumetric properties (bulk den-
sity, void ratio, porosity) is addressed with special tech-
niques which aim at characterizing bulk density and de-
rived properties both in the field and in the laboratory. Such
techniques show advantages but also inconveniences
(Grossman & Reinsch 2002): the radiation method (Al-
Raoush & Papadopoulos 2010; Timm et al., 2005) requires
special safety procedures to ensure that undue exposure to
gamma radiation is avoided; the soil clod and volume exca-

vation methods (sand or water replacement) are cumber-
some; the core-cutter method, although straightforward,
depends upon the skills of the operator and on the suitabil-
ity of the equipment and facilities (i.e., possible over-
compaction effects due to the penetration of the corer);
other emergent techniques include the use of Thermo-TDR
(Liu et al., 2014) or FDR sensors (Al-Asadi & Mouazen
2014) for calculating soil bulk densities indirectly from the
dielectric response of the soil, although the results are
mainly representative of the piece of soil located in the nee-
dle spacing of the probe.

Sander et al. (2007) and Rossi et al. (2008) propose a
method to determine bulk density of grained soils based on
the application of high precision laser scanning techniques
to irregularly shaped soil samples. Their results show ex-
cellent agreement to other conventional methods. Further-
more, the technique is clean and easily reproducible. The
main inconvenience is that the method limits its applicabil-
ity at the laboratory scale, although this is only dependent
on the laser scan model used.

So far, the laser scanning technique has been assessed
on soil samples at controlled conditions of water content and
compaction. In this contribution, the influence of moisture
content and degree of compaction on the results obtained is
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evaluated when applying the laser scanning technique for de-
termining bulk densities on fines. The soil used consisted of
two varieties of a particular grain fined material of
well-known properties (i.e., granite sawdust or granite fines).
Mixing soil and water at different ratios, a trial of Standard
Proctor tests were performed towards achieving homoge-
nous soil specimens (i.e., well-distributed moisture and de-
gree of compaction); next, from each specimen a smaller
sample was cut to scan. The study assesses the influence of
soil composition and moisture on the quality of results, but
also how the laser scanning signal could be affected by the
presence of metallic particles within the soil matrix.

2. Materials and Methods

The so called granite sawdust or granite fines is the
fine grained material used in this study. Granite fines cover
the particular waste generated by the dimension stone in-
dustry of Galicia (Spain). There, the rock blocks quarried or
arrived from other countries, are typically transported to the
workshops where they are elaborated before being sold.
The elaboration processes involve mechanical activities of
abrasive nature (cutting and polishing). Consequently, a
wide amount of dusty material is produced every year (i.e.
granite fines).

After an initial geotechnical characterization, different
research lines derived toward applying granite fines in real
civil engineering contexts. A comprehensive characteriza-
tion of the granite fines is given in Delgado et al. (2006) and
Barrientos ez al. (2010), while a number of its different appli-
cations are described in Vazquez et al. (2007), Navarro et al.
(2008) and Falcon (2011). As a result, granite fines has be-
come into a material of well-known properties, which can be
used as reference soil. Accordingly, it is worth mentioning
the recent work presented by Falcon et al. (2014) in which
the granite saw dust is used to test a new technique to deter-
mine the permeability of unsaturated soils.

In short, granite fines is a silty material (10-15% clay;
70-75% silt; 10-15% fine sand) with low plasticity (class
ML in the USCS classification scheme) and specific sur-
face (6 to 10 m’ g"). The mineralogy, consistently with its
origin, is dominated by silicates (quartz, microcline,
plagioclase, biotite, muscovite, chlorite) plus other acces-
sory minerals associated with the manufacturing processes
(calcite and steel grit; 3 and up to 16 wt%, respectively).
Compositionally, two main types of granite fines (GF) can
be distinguished according to the practices applied on the
workshop of provenance: steel grit-bearing (GF1) or not
(GF2). The relatively high content of steel grit particles
raises the solid density of the GF1 to an average value of
~3190kg m”, while GF2 present a common granite value of
~2600 kg m”.

2.1. Sample performance

To test the laser scanning technique described next,
compacted specimens of granite fines plus water at differ-
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ent soil/water ratios were performed applying standard ef-
fort energy as described in the ASTM D698-07el reference
standard (i.e., Standard Proctor test), using a stiff steel
mould of known capacity (see Fig. 1). Since granite fines
originally present water content ~38% (i.e., when gener-
ated in the elaboration workshops), as a first step, the mate-
rial was oven-dried. Next, granite fines were dampened at
different soil/water ratios to obtain specimens which cover
the whole range of moistures.

Granite fines and water were mixed to perform 32
Standard Proctor tests (19 of GF1 and 13 of GF2), accord-
ing to the ASTM D698-07. Bulk and dry densities were
computed after the careful differential weighting of the
empty/filled mould and the precise knowledge of the mois-
ture content through oven-drying at 105 °C (ASTM
D2216-10el). The accuracy of the density determination
according to the equipment used (i.e., commercial weight
balance and digital Vernier caliper) was ~1%.

Each Proctor specimen (circa 1 dm®) was halved: one
half for laser scanning; the other for determining moisture
content. The halves for scanning were carved with the aid
of a sharp blade (a wire sculpting tool would also perform
well). The flat surface at both ends of the specimen, result-
ing from the compaction procedure, was used to make hilly
polyhedrons with flat base (see Fig. 1 and Fig. 2). This
shape makes easier the calculation of sample volumes by
integrating the upper surface over a constant base level.
Prior to scanning, the sample is weighted directly after be-
ing cut in order to avoid moisture changes because expo-
sure to the atmospheric conditions in the laboratory.
Finally, dry density is computed with the dry-weight and
the calculated volume. Keeping bearing the different mea-
surement techniques employed in the density determination
with a laser scanner (i.e. volume uncertainty and weighting
error), the overall relative error of this technique has been
evaluated in less than 0.1%.

10 cm
e

Figure 1 - Typical elements of the sample performance: (1) Stan-
dard Proctor test mould; (2) Standard Proctor test specimen; (3)
small samples, cut from the specimen; (4) the cut tool.
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5 cm

Figure 2 - Carved samples of granite saw dust with (GF1) and
without (GF2) steel grit particles.

2.2. The 3D scanning technique

The Polhemus FastSCANTM system is a lightweight,
portable line scanner that captures accurate 3D contours of
opaque subjects using a built-in diode laser (A = 670 nm;
power = 1 mW) and two miniature digital cameras. It is
worth mentioning that the equipment consists of class 2 la-
ser product which means it is safe because the blink reflex
will limit the exposure to no more than 0.25 s, as is speci-
fied by the IEC 60825-1 standard. The laser and the digital
cameras are mounted in a special bracket (transmitter) that
holds three orthogonal magnetic coils that pulse an electro-
magnetic field that allows its accurate tracking with respect
to a receiver reference table. FastSCANTM projects a fan
of laser light on the object of interest while the cameras
view the laser to record cross-sectional depth profiles and
render a real-time 3D reconstruction of the object.

The system uses a constant line scanning rate of
50 Hz while the resolution along the laser line is related to
the object-scanner distance (0.1 to 0.5 mm at 200 mm dis-
tance). The resolution between scanned lines depends on
the speed of the sweep of the laser system over the surface
of the object while being scanned (1 mm at 50 mm s"). In
this context, Rousseau et al. (2012) studied the problems
that can be found during scanning mineral surfaces at very
high resolutions, pointed out that scanning speed is a cru-
cial aspect to keep bearing. They argued that the faster the
speed, the more likely the scanning process remain incom-
plete; unlike, if it is too low, although the number of mea-
sured points makes the data processing complicated, it
leads to a better mapping (i.e., resolution is greatly im-
proved when sweeping is slow). Accordingly, the distance
to the object was set in 200-250 mm, and 10-20 mm s™ for
scanning rate. Fig. 3 shows a typical scanning procedure
over a sample of granite fines.

The 3D data generated in the scanning process is
stored in a computer: scatter plots or a mesh of triangular
facets suitable for exporting to a number of file formats
used for late post-processing (Gonzélez et al., 2007). In the
present case, post-processing focused on the quantification
of volumes was carried out with Surfer® 10.4 (Golden
Software, Inc).
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Figure 3 - Typical laser scanning procedure over a sample of
granite fines.

2.3. Instrument calibration

Nixon et al. (1998) cautioned on the negative influ-
ence of local electromagnetic fields and their potential ef-
fect in distorting the tracking signal. To evaluate this effect
within the workspace, a calibration process was carried out
using two benchmarks consisting of polyhedrons made of
plastic polymer and machined in a workshop with a preci-
sion lathe. The polyhedrons presented pyramidal shapes
(i.e., P1 and P2; see Fig. 4), differing in the finish: P1 is a
common pyramid, while P2 makes a bent in the middle, re-
sulting in a double-pyramid shape. The corresponding vol-
umes (167.4 and 209.7 cm’ for P1 and P2, respectively)
were computed from fundamental geometric relationships,
according to the nominal dimensions reported by the fabri-
cant and verified with a digital Vernier caliper.

2.4. Optimum conditions for data acquisition

Surfer® implements a wide number of interpolation
algorithms able to generate regular grids from unevenly
spaced scatter data; next, the software allows the user to

Figure 4 - Polyhedrons of reference employed in the calibration
of the 3D laser scanner.

61



Falcon-Suarez et al.

compute the surface-constrained volume from the regular
grid. The accuracy of the volume calculation depends on
the density of the grid and the method used for interpola-
tion. The first grid is interpolated from the raw data re-
corded with the laser scanner. So that, it is expected to
improve the accuracy of results with a regular grid of points
equally distributed (i.e., interpolating points between origi-
nal raw data).

In this study, it has been considered the performance
of twelve gridding algorithms in Surfer® to address with
the study of the optimum conditions for post-processing:
inverse-distance-to-a-power (IDP); kriging (KG); mini-
mum curvature (MC); modified Shepard’s method (MSM);
natural neighbour (NN); nearest neighbour (NeN); polyno-
mial regression (PR); radial basis function (RBF); triangu-
lation with linear interpolation (TLI); moving average
(MA); data metrics (DM); and local polynomial (LP). From
each one of them it is obtained an inferred volume (V, )
that, for the purpose of calibration, can be compared with
theoretic volume (V,,). The relative volume difference
(AV_,in %) can be computed from the following equation:

‘/inf _Vlhe ‘
AV = Tteli100 )

rel

inf
3. Results and Discussion

3.1. Optimum tuning settings and gridding

Fig. 5 to Fig. 8 illustrates the results of the settings
and gridding calibration process. The two benchmark py-
ramidal shapes (P1 and P2) are scanned using four smooth-
ness/resolution pair (Sm/Res in mm/mm) corresponding
with each figure (i.e., Sm/Res = 0.5/0.5, Fig. 5; Sm/Res =
0.5/1, Fig. 6; Sm/Res = 1/1, Fig. 7; Sm/Res = 1/1.5, Fig. 8).
Then, the raw data file is converted into volume by the
twelve gridding algorithms of Surfer described in the previ-
ous section, independently for both P1 and P2, and the re-
sults expressed in terms of relative volume difference
against the theoretical volume (Eq. 1).
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Figure 5 - Twelve methods gridding at Sm/Res = 0.5/0.5.
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The results shown in Fig. 5 to Fig. 8 lead to point out
some interesting observations. First, according to the ex-
perimental settings (i.e., distance to the object and scanning
rate), AV, presents minimums when the raw data is ex-

ported with a smoothing factor of 0.5 mm; however, resolu-
tion ranges between 0.5 and 1 mm without significant
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Figure 6 - Twelve methods gridding at Sm/Res = 0.5/1.
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differences. Second, some methods show great differences
between P1 and P2, which means that they clearly depend
on the shape of the scanned surface, being P2 the most af-
fected. Third, it can be observed that calculated volumes
greatly vary depending on the considered gridding algo-
rithm. Furthermore, in connection with the work of Yilmaz
(2007), the best results are given by the minimum curvature
radial basis function, kriging, natural neighbour, triangula-
tion with linear interpolation, nearest neighbour and in-
verse distance to a power; while the poorest are obtained by
MC, PR, DM, and MA.

Among best set of methods mentioned above, the in-
verse-distance-to-a-power (IDP) and nearest neighbour
(NeN) interpolation lead to minima AV,,. Although either
IDP or NeN is expected to provide good results, this study
has been conducted applying the former and using a
par-setting smoothing/resolution of 0.5/0.5 mm to the raw
data.

3.2. Scanning technique on granite fines

From the Standard Proctor bulk specimens it is ob-
tained a value of dry density and water content. This pair is
adopted as the reference values for the sample that is poste-
riorly cut and scanned from the specimen. The approxima-
tion shown in Eq. 1 can be modified in order to study the
relative difference of dry densities (Ap,,.) between the
Standard Proctor specimen (p, ) and that of the sample
cut and scanned from the specimen (p,, ). Thus, the expres-
sion becomes into the following:

Paastm “PaLs ‘

Ap d,REL — x100 (2)

P g,astm

Figure 9 compares the relative dry density difference
and the corresponding water content (constant for a given
Standard Proctor specimen). It shows that the higher the
water content, the smaller the relative dry density differ-
ence. A closer look reveals that, when the water content
drops below 20%, Ap, ., sharply increases (up to 40% if
moisture ranges 5 to 10%; see the grey area on Fig. 9). For
water contents higher than 20%, Ap, ., reduces to a range
between 0.1 to 2%.

Figure 10 illustrates the same fact by the direct com-
parison of dry densities. Those samples of water content
higher than 20% show good correlation. Moreover, p,,  is
lower than p_ ., when the water content is below 20%.
Figure 10 is therefore suggesting that the consistence of the
Proctor specimen decreases after being extracted from the
mould and shaped to scanning when the water content is
lower than 20%. It can be interpreted as a bulking effect
connected with the reduced adhesion of small solid parti-
cles, when capillary bridges become less effective and,
consequently, the sample losses cohesiveness (Paajanen et
al., 2006; Zhang et al., 2008).
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Figure 9 - Dry density difference (Ap, ., in %) vs. water content,
from granite fines samples with (GF1) and without (GF2) steel
grit particles.
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3.3. Heterogeneities in the soil matrix

GF1 samples display slightly higher dispersion than
GF2, according to the relative density differences observed
(Fig. 9). This effect is likely related to the presence (GF1)
or absence (GF2) of steel grit particles in the sample. The
proportion of heavy fine grained steel particles within the
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granite fines matrix is random, independently of the scale.
Moreover, steel grit preferentially forms local aggregates
within the granite fines matrix (Vazquez et al., 2007; Bar-
rientos et al., 2010; Falcon, 2011).

The effect of heterogeneous steel grit distribution on
the dry density is analysed through Fig. 11, that shows the
Proctor test results in a common soil-compaction graph
(i.e., dry density vs. water content), on which polynomial
fits for both types of granite fines are also provided. The
zero air voids (ZAV, i.e., the theoretic saturation line) dif-
fers from GF1 to GF2. However, Proctor tests result on
similar values either the type of granite fines. It can be in-
terpreted that, although a low percentage of steel substan-
tially increases the mean value of the density of solid
particles (used to theoretically calculate the ZAV of a given
soil), the effect on the final bulk weight is scale-dependent:
the smaller the sample size, the more sensitive it is to lead
unexpected high weights as a result of local high steel con-
tent and, consequently, anomalous high dry densities.

The presence of steel grit appears to be a rather spe-
cific issue concerning the granite fines that has been ad-
dressed from the viewpoint of the increase of the samples
weights. However, there is another effect to keep bearing:
steel grit may carry to anomalies in the quality of the signal.
The presence of magnetic steel grit particles raises also the
question of whether they can distort or not the electromag-
netic field used to track the position of the scanned surface.
To this respect, Nixon et al. (1998) indicate that ferromag-
netic materials can induce variations in the scanned posi-
tion but this effect reduces with the size of the
ferromagnetic particle. Keeping bearing the average
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Figure 11 - Results of Standard Proctor tests performed with
granite fines with (GF1) and without (GF2) steel grit. Dashed
curves represent best third-degree polynomial fits; ZAV, is the
Zero Air Voids line (saturation line).
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granulometry of GF1 (~20 pum), the results illustrated by
these authors demonstrate that the distortion effect associ-
ated to the presence of steel grit particles is negligible when
compared with the resolution provided by the apparatus.
Therefore, the increased dispersion observed in the GF1
samples is attributable to local heterogeneities in the steel
grit distribution rather than inferred instrumental errors.

3.4. Applicability of the laser scanning technique on real
contexts

Although other authors present lower resolutions of
work (Sander et al., 2007; Rossi et al., 2008), our results
show how resolutions of 0.5 mm improve the accuracy of
density determinations (0.1%) when comparing with the
Standard Proctor procedure (1%) worldwide used to spec-
ify compaction requirements for roadway construction.
Furthermore, the methodology applied in this study (in-
cluding the sharping, pre-process, and the scanning), last no
more than 2 min per sample, which significantly differs
from the 40 min proposed by Rossi ef al. (2008) whom use
a similar technique at higher resolutions of about 0.13 mm.
In addition, Rousseau et al. (2012) argued that scanning un-
der very high resolutions may lead to record some atypical
points associated either with the orientation of some miner-
als or their own optical properties.

In relation with the performance of the laser scanning
technique it has been identified a strong dependence re-
spect to the water content of the soil: those samples with
lower water content give higher deviations. Such a behav-
iour, that it is likely to vary from soil to soil, appears to be
related with a bulking effect associated to the reduction in
the adhesion of solid particles when the attraction force of
capillary water becomes small. Although this effect could
be reduced by increasing the size of the samples, the uncer-
tainty of the measurement could lead to inaccurate results.
Rather, more appropriated is to calibrate the laser scanning
technique for a given soil to identify the water content that
represents the limit of applicability, and any other anoma-
lies that might affect the measurements.

4. Conclusions

This study has assessed the feasibility of the laser
scanning technique to measure bulk densities of fine
grained soils. The technique has been studied with samples
of granite sawdust as reference material because of their
well-known properties. This work presents a singular meth-
odology to address the determination of bulk density of
soils which covers, first, the cutting and shaping of granite
fines samples performed using the Standard Proctor test
procedure and, next, the 3D scanning of the samples and the
integration of the scanned surfaces into volumes.

The laser scanning technique provides a fast and ac-
curate method to monitor bulk density but also derived vol-
umetric properties of soils, plausible to be used either in the
laboratory or in the field. However, a limiting water content
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below which the technique is unappropriated was identi-
fied. This limit factor is likely related with the cohesiveness
of the granite sawdust below moistures of ~20%. This value
is specific of the tested material, which suggests the tech-
nique must be calibrated from soil to soil. To this respect,
the use of Standard Proctor specimens as benchmarks en-
sures homogenized soil samples to calibration while cover-
ing the entire range of moisture content. The simplicity and
fastness of the methodology applied in this work (reshaping
samples from Proctor benchmarks) make it suitable to ad-
dress with the calibration of the laser scanning on fine
grained soils.
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A Case of 3-D Small Pile Group Modeling in Stiff Clay Under
Vertical Loading

A.C. Freitas, B.R. Danziger, M.P. Pacheco

Abstract. The behavior of experimental pile groups is simulated by 3-D finite element modeling in this paper. The
modeled results are compared to small-scale tests in a row of three closely spaced piles in the London clay. The tests aimed
at investigating soil-pile-cap interaction and pile-group effect. It is shown that 3-D FE modeling can be regarded as an
appropriate tool to predict settlements and load-transfer mechanisms in pile groups under working conditions, with a
satisfactory match between simulated and measured results.

Keywords: pile group effect, 3-D modeling, load transfer, settlement prediction.

1. Introduction

3-D finite element modeling is an effective tool to
simulate soil-pile-cap interaction since pile elements with
prescribed ultimate values of tip resistances and nearly any
type of shaft distribution can be assigned to individual
piles, applicable boundary conditions can be easily simu-
lated, efficient constitutive soil models can be selected, and
plate elements can be used to simulate the structural re-
sponse of the pile cap. In this paper the simulations have
been performed by the program Plaxis 3-D Foundation ver-
sion 2.1.

The results of tests on three closely spaced and
aligned piles tested by Cooke et al. (1980) in the London
Clay are used for comparison with the present 3-D FEM
analysis. The piles were tested under equal pile loading,
equal pile displacements and also with the piles connected
by a rigid concrete cap on the clay surface. The settlements
in each pile were measured by loading the piles individu-
ally and simultaneously. In each case, predictions of settle-
ments and load transfer are presented and compared to the
experimental results.

The tests were performed in 5 m long, 168 mm diame-
ter steel pipe piles with 6.4 mm wall thickness, embedded
4.5 m in the soil. The tests were performed in Hendon,
Northern London. The soil parameters for the numerical
analyses were obtained from a comprehensive literature re-
view (Freitas, 2010) which also included the instrumenta-
tion and the field investigation conceived by Cooke et al.
(1980).

2. Test Lay Out and Soil Parameters

Figure 1 shows a sketch of the test comprising three
aligned piles A, B and C installed by jacking in this order.

The distance s between the pile axes was 3 pile diameters.
Piles A and B had settlement gauges near the top and load
cells at the top and at other three locations in the shaft. Pile
C was not instrumented since it was expected to behave
similarly to pile B under assumption of symmetry.

The three piles were monitored with horizontal incli-
nometers whose readings were obtained with aid of the ob-
servation trenches shown in Fig. 1. The trenches were
installed sufficiently far from the testing piles (Cooke et al.,
1980). The main trench was set six months before installa-
tion of pile A. The trench was 5.2 m deep, with the working
face 2.1 m away from the pile alignment. The secondary
trench had the working face 2.7 m away from the axis of
pile A, to install the inclinometers. The secondary trench
was set after the tests on piles A and B, but before installing
pile C. Cooke et al. (1980) reported that although the ef-
fects of drilling, instrumentation, and installation of the ob-
servational trenches on the pile-soil stiffness are not strictly
known, evidence suggests that such effects are small and
therefore have been neglected in the numerical analyses.

A concrete pile cap 1.5 m long, 0.5 m wide and 0.3 m
thick was cast around the pile heads and rigidly connected
to them, in order to produce identical settlements in the
three piles. The base of the cap was 0.2 m below ground
level with no contact between the vertical sides of the cap
and the surrounding soil.

The piles were loaded incrementally with each incre-
ment maintained for a period of nearly 3 minutes, up to set-
tlement stabilization. Due to the low loading applied, an
elastic behavior has been observed. The test rarely sur-
passed one hour, Cooke ef al. (1980).

The piles were loaded according to the sequence
shown in Fig. 2. The tests designation is the same adopted
by Cooke et al. (1980).
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Figure 1 - Main features of the test set-up (adapted from Cooke et
al., 1980).

Test 1: Pile A loaded alone to 57.5 kN (about 60% of
the estimated ultimate load of the isolated pile estimated by
Cooke et al., 1980) to compare to piles A and B loaded si-
multaneously (to the same value). Test 1 occurred 16 weeks
after the test in Pile A and 1 week after the installation of
pile B.

Test 2: Piles A and B loaded separately to 40 kN
(about 40% of the ultimate load) to compare to piles A and
B loaded simultaneously. Test 2 occurred 4 weeks after the
installation of pile B.

Test 4: Piles A, B and C loaded simultaneously up to
40 kN to measure the shaft distribution and the soil dis-
placements in piles A and B. Test 4 occurred 13 months af-
ter installation of pile B and 6 months after the installation
of pile C.

Test 5: Piles A, B and C loaded separately and in in-
crements up to 40 kN to measure the shaft distribution and
the soil displacements in piles A and B. Test 5 occurred 13
months after pile B and 6 months after the installation of
pile C.

Test 7: Piles A, B and C loaded simultaneously by the
rigid pile cap to 120 kN keeping the bottom cap surface in

contact with the clay, preventing however the soil contact
with the side faces. Some adjustments on the loading pat-
tern were needed to ensure as much as possible uniform set-
tlement of the cap. Test 7 occurred 8 months after the
installation of pile C and 2 weeks after the cap was finished.

Considering the low permeability of the soil and the
short time interval between tests 2 and 3 (only 6 weeks), the
corresponding results are nearly equivalent and Test 3 has
been discarded. Test 3 occurred 10 weeks after installation
of pile B and aimed at the investigation of the time effect on
piles A and B and also the effect in load settlement curve.
Test 6 was also discarded as some adjustments in the mea-
suring equipment reported by Cooke et al. (1980) could
bring additional difficulties in the numerical analysis, in ad-
dition to the fact that Test 6 was also similar to Test 4,
whose analyses are illustrated in the present paper. Test 6
occurred 13 months after installation of pile B and 6 months
after the installation of pile C.

A summary of the parameters assigned to the numeri-
cal analyses is shown next, based on a comprehensive liter-
ature review presented by Freitas (2010) for the London
clay comprising experimental research by Skempton
(1944), Ward et al. (1959, 1965), Skempton (1961), Webb
(1964), Bishop et al. (1965), Skempton & La Rochelle
(1965), Bishop (1966), Skempton et al. (1969), Marsland
(1971, 1974), Butterfield & Banerjee’s (1971), Wroth
(1971), Atkinson (1973), St John (1975), Sandroni (1977),
Skempton (1977), Windle & Wroth (1977), Cooke et al.
(1979), Cooke et al. (1980), Burland (1990), Fleming et al.
(1992), Hight & Jardine (1993), Addenbrooke et al. (1997),
Hight et al. (1997), Jovicic & Coop (1998), Kovacevic et
al. (2001), Hight et al. (2003), Wongsaroj et al. (2004),
Standing & Burland (2006), Gasparre (2005), Gasparre et
al. (2007), Hight et al. (2007) and Davies et al. (2008).

The London clay specific weight ranges from 18.1 to
18.8 kN/m’ (Kovacevic et al., 2001; Davies et al., 2008).
The value y = 18 kN/m’ was assigned to the present analy-
sis.

The high overconsolidation of the London Clay gives
rise to K, values greater than unity. Skempton (1961) and

Test 1 l l l Test 2 l l l Test 4 l l l
A B A B A B A B A C
Test 5 l l l Test 7 l

Figure 2 - Loading sequences for the tests.
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Skempton & La Rochelle (1965) reported K, values be-
tween 2.0 and 2.5 in the upper clay layer (upper 10 m),
decreasing to K, = 1.5 down to 30 m. Freitas (2010) summa-
rized K, profiles proposed by Bishop et al. (1965) and Hight
et al. (2003) in Fig. 3, which support the value K, = 2 as-
signed to the present numerical analyses.

Cooke et al. (1979) summarized the values of un-
drained shear strength and undrained elastic modulus re-
ported by Marsland (1971, 1974). Gasparre et al. (2007)
compared the stiffness parameters obtained by bender-
element aided triaxial tests and HCA tests (instrumented
hollow cylinder apparatus) for depths ranging from 0.8 m to
7.9 m. Accordingly, those authors reported E, values for the
London clay in the range 122 + 3 MN/m’ for the bender-
element tests, and E, values (inferred from G,) in the range
112 + 14 MN/m’ for the static HCA tests, with good agree-
ment to the band indicated in Fig. 4. Finally, Marsland
(1974) recommended a linear E, profile ranging from
35 kN/m’ at the ground surface to 78 kN/m” at the depth of
4.6 m, which is very close to the E, profile proposed in this
paper. By combining the results of undrained elastic modu-
lus by Marsland (1971) to several other results reported in
the literature for the London clay (references above),
Freitas (2010) assigned E, = 33 MN/m” at the ground sur-
face, increasing linearly to 177 MN/m” at 4.5 m below the
ground, which is very close to the profile recommended by
Marsland (1974). The full line in Fig. 4 shows the E, profile
selected for calculation. It falls within the shaded area,
which is limited according to the references listed in the fig-
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Figure 3 - K, profile for London clay. (adapted from Hight et al.,
2003).
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Figure 4 - Variation of secant undrained elastic modulus.

ure. The selected E, profile was adjusted to fit the results of
Test 1 and to satisfy equation 1 below:

R =1+Q, (1)

where Q. is the interaction factor, s is the pile spacing and R,
is the settlement ratio defined by the ratio of the average
group settlement to the settlement of an isolated pile under
the average load on the piles of the group.

Table 1 shows a summary of the soil parameters as-
signed to the FEM modeling. The Young modulus E=2.1 x
10° kN/m’* and the Poisson’s ratio v = 0.2 were assigned to
the hollow steel piles and to the steel plate on top of the cap
(a composite cap consisting of a 25 mm thick steel plate on
top of the 0.3 m high concrete cap was used in the tests).
E=2.1x10"kN/m’ and v = 0.2 were assigned to the con-
crete portion of the cap. According to data obtained from
instrumentation, Cooke et al. (1979) obtained maximum
skin friction resistances of 66.7 kN/m’ and 107.1 N/m’ (at
the top and at the tip, respectively) and maximum unit base
bearing of 9.2 MPa. These values were selected as ultimate
resistances to model the piles in the numerical analyses.
Freitas (2010) present further details of the modeling.

3. Model Definition

The external boundaries on the horizontal (XZ) plane
are fully restrained and the discretization of the FE mesh is
shown in Fig. 5. The ground level was set at the elevation
Y = 0 m, from which a single layer of the London clay was
simulated down to Y = - 30 m. The simulation extended to
the same depth as the investigation carried out in Hendron,
North London. The water table was assumed to coincide
with the ground level. As the tested pipe piles had closed
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Table 1 - Geotechnical parameters for numerical analyses - London Clay (Freitas, 2010).

Parameter Value Unity
Natural unity weigth Yo 16 kN/m’
Total unity weigth Y. 18 kN/m’
Young modulus at surface (Y = 0) E, 33 000 kN/m’
Young Incremental modulus E,. 32000 kN/m’/m
Undrained cohesion at surface (¥ = 0) Cr 35 kN/m’
Increase of the above with depth Cpo 9.25 kN/m’/m
Poisson ratio v 0.499 -
Friction angle o 0 ©)
Coefficient of earth pressure at rest K, 2 -
Interface factor R, 0.75 -
Soil permeability k 5.10° m/day

work plane

Figure 5 - System of axes in a horizontal plane X-Z.

conical tips, they were modeled as massive piles with
equivalent specific weight.

The numerical modeling was based on undrained
analyses. According to Brinkgreve & Swolfs (2007) w =0
was assigned to the dilatancy angle. The Mohr Coulomb
failure criterion was selected for simplicity, considering
that the piles were loaded to about 60% of the ultimate load-
ing capacity. For the analyses of the tests without the pile
cap the FEM mesh had 15,450 elements and 40,561 nodes,
whereas the tests with the pile cap the mesh comprised
17,496 elements and 47,752 nodes.

Mandolini (1999) and de Sanctis & Mandolini (2006)
pointed out that even when the load-settlement response of
a single loaded pile is markedly non-linear, adjacent un-
loaded piles usually exhibit a linearly increasing settle-
ment. Referring to the tests performed by Cooke er al.
(1980) and by Caputo & Viggiani (1984), Mandolini
(1999) stated that when the soil surrounding the pile shaft is
highly stressed, the rapid decrease of the shear stresses
within short distances from the loaded shaft makes elastic
conditions prevail. Mandolini (1999) also pointed out that
the interaction factor defined by Cooke et al. (1980) is con-
stant and independent on the load level. The findings above
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support the validity of the linear approach to model the mu-
tual interaction among piles.

4. Results

In the following the results of the numerical analyses
are presented for tests 1, 2,4, 5 and 7 (Freitas, 2010). As al-
ready explained in session 2, considering the low perme-
ability of the soil and the short time interval between tests 2
and 3 (only 6 weeks), the corresponding results are nearly
equivalent and Test 3 has been discarded. Test 6 has also
been discarded as some adjustments in the measuring
equipment reported by Cooke ez al. (1980) could bring ad-
ditional difficulties in the numerical analysis.

4.1. Test 1 - Two piles (B and A) in a row and Pile (A)
Isolated

The load settlement curve of pile A and B loaded si-
multaneously is shown in Fig. 6 and compared with the cor-
responding curve at the end of the test on pile A (loaded
alone) before the installation of pile B. Figure 6 presents the
corresponding numerical and experimental results and also
illustrates that the load applied in each pile is the same
when only pile A is loaded and when pile A and B are
loaded simultaneously.

Poulos (1968) introduced the interaction factor (o) to
evaluate the interaction between two piles loaded simulta-
neously:

@)

where (p,,) is the additional settlement on pile (1) due to the
loading of the adjacent pile (2), whereas (p,,) is the settle-
ment of pile (1) due to its own load. For a more convenient
data interpretation the interaction factor (Eq. 1) was rede-
fined by Cooke et al. (1980) as:

a=p,/p,

Qzﬁlz /pzz (3)
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Figure 6 - Load versus settlement curve for pile A and piles A and B, test 1 (adapted from Freitas, 2010).

where (p,,) is the induced settlement in pile (1) due to load-
ing of pile (2) and (p,,) is the settlement of the loaded pile
(2). Another useful definition is the settlement ratio (R))
previously defined as Eq. 1. In the particular case of two
equal piles equally loaded the additional settlements due to
the interaction are equal.

Cooke et al. (1980) observed that for three pile diam-
eters spacing the settlements of the two piles loaded simul-
taneously were nearly identical for all loading levels and
about 25% higher than the settlement of the isolated pile,
thatis, R, = 1.25. Numerical analysis using Plaxis 3D Foun-
dation showed good agreement with the results shown in
Fig. 6. The value of interaction factor obtained from the nu-
merical analysis was Q, = 0.20, or R = 1.20.

Figure 7 presents the contours of vertical displace-
ments obtained in a vertical plane passing through the piles
axis. It also shows the respective view for both analyses.

Cooke et al. (1980) pointed out that the load-
settlement curves were expected to depart from linearity for
axial loads higher than 40 kN, and for this reason the loads
on each pile in all tests were limited to this value. This limit
may not be noticed when using a simple model such as
Mohr-Coulomb. However, considering that all tests have
been limited to the linear range and the linear approach is
well supported in the literature for mutual pile interaction,
the Authors considered that the use of more complex con-
stitutive models would not be justifiable for the present ap-
plication.

4.2. Test 2 - Row With Two Piles (B and A)

In test 2 the settlements of pile A loaded separately
and the effect on pile A by loading pile B are compared with
those obtained with piles A and B loaded simultaneously,
as shown in Fig. 8.

Settlement predictions of pile A are close to the ex-
perimental value. When the load is applied at the neighbor
pile B, the experimental settlements in pile A are slightly
higher than the numerical results for loads higher than

Soils and Rocks, Sao Paulo, 38(1): 67-79, January-April, 2015.

30 kN, and converge to the experimental values in the case
where both piles are loaded simultaneously.

Cooke et al. (1980) present the load transfer for piles
A and B. The load transfers are nearly equal in the numeri-
cal analysis due to the symmetry of the piling, which makes
it unnecessary to represent the load transfer produced by
pile B. It is worth noting that the minor differences on the
transfer curve are attributed not only to small numerical er-
rors, but also to the fact that the finite element mesh be-
comes slightly asymmetric in the automatic generation of

(b)

Figure 7 - Settlements for the pile loaded alone ((a) and (c)), and
piles A and B loaded simultaneously ((b) and (d)), for the pile load
of 50 kN (Freitas, 2010).
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Figure 8 - Results of Test 2 - settlements in pile A (adapted from Freitas, 2010).
. . Load (kN
the tetrahedral elements. The results obtained for pile A are (kN)
shown in Fig. 9. 0 10 20 30 40
. 0.0 p
Santana (2008) observed that for a pile group a larger
proportion of the load is transferred to the pile tips when 0.5 4
compared to isolated piles under the same loading, as also
confirmed in the present numerical analysis (Fig. 9). Ac- -1.0 5
cording to Cooke et al. (1980) the displacement produced s
by the source pile generates negative friction on the adja- E 777
cent piles and therefore a higher load is transferred to the & 204
tip, as shown in Fig. 9. 8
The load transferred by the group to the pile tips is -2.5 4
usually less pronounced in clays than in sands. However, 30
Fig. 9 shows that even for clays the higher the loading level, ’ o ‘ .
the higher the load transferred by the two-piled group com- 304 = Pile Aloaded - experimental
parably to the isolated pile, as indicated by the higher slopes Pile A loaded - Plaxis 3D Foundation
i -4.0
of the higher load curves. o Piles A and B loaded - experimental
Figures 10-a (pile A loaded separately) and 10-b ) ) )
45 - Piles A and B loaded - Plaxis 3D Foundation

(piles A and B loaded simultaneously) show that the dis-
placements at the ground surface are negligible for dis-

Figure 9 - Load Transfer - Pile A - Test 2 (Freitas, 2010).

x=-2.057m
z=0.073 m
u, = 0.0201 mm

x=-2.057m x=1872m
z=0.073 m z=-0.06341 m x=1.58m
u = 0.0197 mm u = 0.0201 mm z=10.026 m
u, = 0.0484 mm
/]
x=-0.017m =-0.017m
z=1678m z=1.678 m

u, = 0.0266 mm

Figure 10 - Vertical displacement (u,) at the ground surface for loads of (a) 40 kN at pile A (central pile) and (b) 40 kN in piles A and B

(Freitas, 2010).
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tances higher than 12.5 diameters (2.1 m) from the loaded
piles, as also confirmed by Cooke et al. (1980).

4.3. Tests 4 and 5 - Row With Three Piles (B, A and C)

Tests 4 and 5 are shown in Fig. 11 according to the
following scenarios: i- pile A is loaded alone; ii- pile B is
loaded and its effect on pile A (or C) is observed: iii- pile C
is loaded and its effect on pile A (or B) is observed; iv- piles
A, B and C are loaded simultaneously.

According to Fig. 11, the numerical results for the set-
tlements of pile A (6) are slightly higher than those ob-
tained experimentally (1). On the other hand, the modeled
influence on pile A when pile B is loaded (or pile C, by
symmetry) practically coincided with the experimental re-
sults (2, 3, 7 and 8). The results obtained from the sum of
the effects of loads on each pile in pile A (4) are lower than
the results obtained when the three piles are loaded simulta-
neously (5). The settlements in A when the piles in the
group are loaded simultaneously are nearly identical to
those obtained experimentally (5 and 10).

The numerical results for loading pile B provided val-
ues of settlement in pile B a little higher than those obtained
experimentally. The numerical values for pile B consider-
ing the three piles loaded simultaneously were also a little
higher than the experimental results, as shown in Fig. 12.

According to Fig. 13, the numerical results for load-
ing pile C, denoted as (8), provided settlement in C slightly
higher than those obtained experimentally (3). However,
the effect on pile C for loading pile B, denoted as (7), practi-
cally coincided with the experimental data (2), whereas the
effect on pile C for loading pile A (6) was slightly lower
than the experimental results (1).

The experimental results obtained from the sum of
the effects of the loadings on each pile on pile C, denoted as
(4) in Fig. 13, were lower than those obtained when the
three piles were loaded simultaneously (5). The numerical
analysis produced similar results in both cases. The settle-
ments obtained by the numerical analysis in C when the pile
group was loaded simultaneously (10) were similar to those
obtained experimentally (5).

45 (2)B3) @ )
(7 ®) 1) (©) (9 (10)
40 © oM . :
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35 o (2) Pile B loaded - experimental
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2 # (5) Piles B, A and C loaded - experimental
520 b ~+—(6) Pile A loaded - Plaxis 3D Foundation
15 " . Lol —=—(7) Pile B loaded - Plaxis 3D Foundation
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3 BAC BAC BAC BAC —+—(10) Piles B, Aand C loaded - 4
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Figure 11 - Results from Tests 4 and 5 - Settlements on pile A (adapted from Freitas, 2010).
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Figure 12 - Results obtained from Tests 4 and 5 - Settlements on pile B (adapted from Freitas, 2010).
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Figure 13 - Results from Tests 4 and 5 - Settlements on pile C (adapted from Freitas, 2010).

Although by symmetry the response of piles B and C
should be similar, the experimental settlements on pile B
were smaller than those on pile C in the tests with three
piles. Clearly such response cannot be reproduced in the
numerical results by the simple Mohr-Coulomb model. In
fact, pile B has been tested previously in the two-pile array,
what most likely caused some overconsolidation in the soil
around the pile, in addition to possible soil natural inho-
mogeneity.

The load transfer obtained experimentally and nu-
merically for pile A is shown in Fig. 14. It is seen that the
numerical response is closer to the experimental behavior
of the pile A in the group than the same pile loaded alone.

Figure 15 shows the response of pile B, which by
symmetry is similar to the response of pile C.

Load (kN)
20

Figure 16 presents the vertical displacements field for
the case where the three piles are installed and simulta-
neously loaded with the same load of 40 kN.

Figure 17, similarly to Fig. 10, also illustrates that for
piles B, A and C loaded simultaneously the displacements
at the ground surface are negligible for distances larger than
12.5 diameters (2.1 m).

4.4. Test 7 - Row with Three Piles (B, A and C) and Pile
Cap

Test 7 compares the settlements obtained when piles
A, B and C were loaded simultaneously by the rigid pile cap
with the settlements obtained by the three piles loaded si-
multaneously without the pile cap. Figure 18 illustrates the
pile arrangement in the numerical model.

Cooke et al. (1980) reported that for the group of
three piles with the pile cap loaded incrementally up to the

Depth (m)

30 40

Pile A loaded -
Plaxis 3D Foundation

—a—

Pile B (or C) loaded -
Plaxis 3D Foundation

Piles A, B and C loaded -
Plaxis 3D Foundation
Pile A loaded -

experimental

a Pile B (or C) loaded -
experimental

e PilesA, BandC-
experimental

Figure 14 - Results of the Tests 4 and 5 - Load Transfer for pile A (adapted from Freitas, 2010).
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Figure 15 - Results of the Tests 4 and 5 - Load transfer for pile B (Similar to pile C) (adapted from Freitas, 2010).

load of 118.7 kN successive adjustments were needed in the
loading as an attempt to ensure as much as possible uniform
settlements on the pile cap. These adjustments were not en-
tirely successful, as illustrated in Fig. 19. Clearly, these trial

(a) (b)

i

Figure 16 - Vertical displacement in perspective (a) and a section
through the axis of the piles (b) for the simultaneous loading of 40
kN at the piles B, A and C (Freitas, 2010).

x=-2.057m x=-2.105m
z=0.073 m z=-1.724m
u, = 0.0627 mm u, = 0.0403 mm

x=-2731m
z=-0.1422 m
u = 0.0403 mm

x=0.292m
z=265m
u, = 0.0396 mm

Figure 17 - Vertical displacements at the top of the ground for the
loading of 40 kN in each of the piles B, A and C (Freitas, 2010).
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adjustments were not possible to be reproduced in the nu-
merical analysis. As a result, a more rigid behavior of the
cap was obtained in the simulated results, as shown in
Fig. 19. Therefore the difference between the modeled and
the experimental results are attributed to the uncertainty in
the application of the loads. Nevertheless, a good agree-
ment was obtained on the average settlements, as illus-
trated in Fig. 20. Figure 21 illustrates the load transfer for
test 7.

The load in Fig. 20 is that for the whole group in test
7, while only the central pile is represented in test 4 (consid-
ering the three piles loaded simultaneously).

For the case the pile group is loaded through the cap,
greater loads were observed experimentally for higher load
levels, both for central pile (A) and also for the corner
one (B).

For test 7, it is observed on Fig. 22, through both sec-
tions A’A (a) and B’B (b), the field of vertical displace-

(b)

Figure 18 - Test 7: (a) the pile arrangement and (b) the pile cap
loading (Freitas, 2010).
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Figure 19 - Settlements measurements in various points of the pile cap (Freitas, 2010).
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Figure 20 - Results from Tests 4 and 7 - Average settlements (adapted from Freitas, 2010).

ments, numerically obtained in 3-D finite element model-
ing, when all piles were carried out under 39.6 kN.

5. Conclusions

The paper summarizes some results from Freitas
(2010) who extensively examined different arrangements
of pile groups through 3-D FEM modeling. The back analy-
sis of Test 1 (isolated pile) enabled the Authors to success-
fully predict other pile interaction schemes tested by Cooke
et al. (1980) and to validate the numerical analyses of the
tested piles.

The numerical analyses of test 2 showed that the su-
perposition effect of loading two piles separately was very
close to the results obtained when both piles were loaded si-

76

multaneously. The small differences observed in the load
transfer in both piles are attributed to minor differences due
to the asymmetric pattern of the automatically generated
meshes.

In tests 4 and 5 the effect on pile A when loading pile
B (or C by symmetry) coincided fairly well with the experi-
mental data. However, in the tests with three piles, the mea-
sured settlements of pile B were lower than the settlements
of pile C, a trend not observed numerically. This is proba-
bly because pile B had been previously loaded in the se-
quence with only two piles, causing some over-consoli-
dation in the nearby soil.

The difference between experimental and numerical
results in test 7 was mainly attributed to the testing defi-
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Figure 21 - Results from Test 7 - Load transfer on piles B and A (adapted from Freitas, 2010).

ANA B’B

(a) (b)

Figure 22 - Vertical displacements of the piles under 39.6 kN for
section A’A (a) and vertical displacement for the section B’B (b)
(Freitas, 2010).

ciencies reported by Cooke et al. (1980) to reproduce the
effect of a rigid cap response. The model realistically cap-
tured the influence of a nearly rigid cap, with small differ-
ential settlements of the three piles, as expected.

Soils and Rocks, Sao Paulo, 38(1): 67-79, January-April, 2015.

It was shown that 3-D FEM analysis is an effective
tool to predict pile group settlements and load transfer
mechanisms in pile groups. The differences between mod-
eled and experimental results were generally very small in
all tests.
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Precipitation Influence on the Distribution of Pore Pressure
and Suction on a Coastal Hillside

L.P. Sestrem, A.C.M. Kormann, J.H.F. Pretto, F.A.M. Marinho

Abstract. The frequent interruption of roads in some freeways in Brazil due to slope failure has caused economic losses
and potential harm to users. The paper presents data from a monitoring system installed at Serra do Mar in Santa Catarina
State, Brazil. The slope monitored is called Morro do Boi and is located on BR-101 south, near the municipality of Itapema.
It was stabilised using anchor and flexible metal mesh. Hence, all the pore water pressure measured is due to environmental
changes. After approximately sixteen months of readings, it was possible to observe that the suction variation in the
unsaturated layers presents a time delay in relation to the rainfall observed in the area. The ground water table presented a
variation of about 1.5 m. The analyses of the data allowed establishing a trigger accumulated rainfall that reduces the
negative pore water pressure to values below 10 kPa. So far, no significant positive pore water pressure has been observed

above the ground water table.

Keywords: coastal slopes, geotechnical instrumentation, mass movements.

1. Introduction

The implementation and operation of highways as
well as the management of potential risks through their life
cycle represent a major engineering challenge which in-
volve multidisciplinary knowledge (geological, geotech-
nical and environmental). These operations become even
more complex when structures are located along regions
such as Serra do Mar (Tavares, 2010). Soil masses at this
location, mainly composed of colluvial and residual soils,
are characterized by a weathering profile as a result of
physical, chemical and biological processes. Such forma-
tions are shaped by the strong influence of environment and
geomorphology dynamic agents (climate, topography, rock
matrix, etc.). The data obtained by an instrumentation sys-
tem deployed in a stabilized slope are presented and dis-
cussed herein, aiming to correlate pore water pressure
readings with rainfall events. The instrumentation system
measured the pore pressure variations in order to better un-
derstand the mechanisms which promote slope instability.

2. Study Area Description

The instrumentation was installed at a slope located at
km 140+70 m of freeway BR-101 south track between the
cities of Balnedrio Camborid and Itapema, in Santa Cata-
rina. Figure 1 presents a satellite view of the area. The slope
monitored is at an elevation of 160 m above sea level, with
inclinations between 1.0V:1.5H and 1.0V:2.0H. Site his-
tory shows scars of instability created after a heavy rainfall
(1005 mm accumulated that month) occurred in November
2008, which caused partial highway interruption. After

these occurrences, the slope was stabilized with a passive
anchors system combined to a specific metal mesh to retain
the slipped masses in their remaining position (Kormann et
al., 2011).

The region of Morro do Boi is characterized by the
occurrence of two types of rock: intrusive Nova Trento
granites and Morro do Boi migmatites. Such lithologies are
lightly fractured and have relatively high strength when
they remain unexposed to considerable climate changes.
Morro do Boi is affected by NE-SW and NW-SE shear sur-
faces, and by sub-horizontal fractures that divide the rock
mass into blocks, considerably reducing the mechanical
strength of the slope. It is worth noting that the presence of
colluvial/talus soils results in a very heterogeneous struc-
ture with a high weathering degree and an extremely low
cohesion (Fiori, 2011).

Another key aspect is the occurrence of localized un-
derground water flow through the slope, resulting from
connections between discontinuity families. Therefore,
translational or wedge slides occur involving rock block
movements along planar surfaces and rock block motions
along two intersecting joint surfaces. The occurrence of
shallow landslides in the soil-rock contacts or in adjacent
planes of discontinuities is normally associated with cuts
that result in soil layers with irregularly distributed thick-
nesses. Moreover, the phreatic level is not constant along
the slope, being the rock permeability controlled by the
fractures, particularly by the ones which experienced pres-
sure relief, usually disposed in a parallel direction to the
slope (Sestrem & Kormann, 2013).
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Figure 1 - Study area location.

In order to obtain more precise information about the
local stratigraphy, prior to the instrument system installa-
tion, two boreholes were carried out at the site as can be ob-
served in Fig. 2. The boreholes stopped at 3 m below the
bedrock and its perforations were subsequently used for in-
stalling inclinometers. Figure 2 also indicates the three
groups of instrumentation of the slope. The range of ground
water table variation is indicated in Fig. 2. Based on the re-
sults, a layer of soil and weathered rock with total thickness
varying between 8 and 10 m was identified. The following
layers were observed: colluvial soil with thicknesses up to

BR-101/SC

3 m, highly weathered rock (residual soil) with thicknesses
between 2 and 3 m and moderately weathered rock with
thicknesses between 3 and 4 m. Underneath these layers,
there is a bedrock of migmatite.

Further characterization and shear strength labora-
tory tests were performed by Lazarim (2012). Based on
these tests, the results showed an average unit weight of
2.66 g/cm’, average liquid limit of 32% and average plas-
tic limit of 27%, representing materials of low plasticity
and compressibility. Particle size distribution indicated
predominantly sandy soils (60.4%) with 27.0% of silt,
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Figure 2 - Geological and geotechnical profile of the studied slope.
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8.3% of gravel and only 4.3% of clay. Based on direct
shear tests performed in four different block samples, ef-
fective friction angles between 28° and 39° and cohesion
intercepts between 1 and 17 kPa were obtained. The col-
lection depth ranged between 0.25 and 1.27 m, the water
content between 3 and 10% and saturation degree ranged
between 2 and 8%.

3. Instrumentation and Geotechinical
Monitoring Plan

The monitoring system used was conceived aiming to
increase the understanding of the water movement and
pressure variation along the soil profile studied. For that
purpose, an instrumentation plan with an automated data
collection system was designed to evaluate the pore pres-
sure variations due to rainfall. Figure 3 presents a topo-
graphic plan of the studied area indicating the groups of
instrumentation.

The monitoring system began with the installation of
2 conventional inclinometers embedded 3 m in the bedrock
(recovery above 95%). Based on the description of materi-
als found in these borings (Fig. 2), it was possible to define
the depth for the installation of the vibrating wire piezo-
meters (Geokon, 2014b), with the initial objective of moni-
toring the ground water table. The piezometers were
installed at the residual soil layer center, at the interface soil
- weathered rock, and at the contact between the weathered
rock and bedrock. This configuration was used in two sec-
tions of the slope, being one uphill of the stabilized area
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Figure 3 - Instruments location.
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(group of sensors 1) and the other inside it (group of sensors
2), enabling a comparative analysis between both places.

Regarding suction measurements, eight ordinary ten-
siometers using a pressure transducer with capability of
reading between -100 to +75 kPa (Soilmoisture, 2014a;
2014b). The position of each sensor is shown in Table 1 and
in Table 2.

For rainfall monitoring, a pluviometer of the tipping
bucket type was installed, able to register events at each
0.25 mm of precipitation. Data were stored in a proper data
logger with a maximum reading capacity of 700 mm/h and
able to register date and time of each event (Hydrological
Services, 2014a, 2014b).

The monitoring of all sensors began in May 2012 in
an automated way through a data logger (Geokon, 2014a)
with time intervals initially set to 8 h . During the period be-
tween 11/08/2012 and 12/12/2012, it was not possible to
collect data due to technical problems.

4. Results and Discussions

In the following items, based on the monitoring sys-
tem installed and on additional data related to the rainfall in
the studied area, the results are presented and discussed.
The main focus is to correlate the pore pressure readings
with rainfall and with the geometric, geologic and geotech-
nical characteristics of the slope.

Table 1 - Installation depths of piezometers.

Group of Instrument Installation Depth (m)

Sensors elevation (m)

1 PIEZ-01 924 8.65
PIEZ-02 92.4 6.40
PIEZ-03 92.4 3.90

2 PIEZ-04 101.5 8.60
PIEZ-05 101.5 7.20
PIEZ-06 101.5 3.70

Table 2 - Installation depths of tensiometers.

Group of Instrument Installation Depth (m)

Sensors elevation (m)

1 TENS-01 86.0 1.00
TENS-02 88.0 2.00

2 TENS-03 92.4 0.50
TENS-04 924 3.00
TENS-05 92.4 1.00
TENS-06 92.4 2.00

3 TENS-07 103.7 1.00
TENS-08 103.9 2.00
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4.1. Rainfall

Figure 4 shows the total monthly precipitation during
the monitoring period. It can be observed that the monthly
precipitation presented an extremely variable pattern. Di-
viding the monitoring period in seasons, between the Sum-
mer and Autumn of 2015 the highest precipitation was
observed. However, the Autumn of 2012 and the beginning
of the Winter of 2012 presented a high level of precipitation
as well. The extremely variable distribution of rain during
the period of the study makes the use of monthly precipita-
tion less useful from a geotechnical point of view.

To emphasize the great variability observed, Fig. 5
presents a comparison between the months of the different
years monitored. The use of precipitation data for geotech-
nical purposes requires a detailed analysis.

A summary of some characteristics of rainfall events
recorded by the rain gauge is shown in Fig. 6, listing the
maximum daily volumes and respective occurrence sched-
ules. The data for Nov/2012 and Jun/2013 include partial
acquisition periods. From the results, March 2013 was veri-
fied to have the highest rainfall so far (382.50 mm) and the
lowest ones occurred in June 2013 (55.75 mm), represent-
ing a variation of almost 700%. Regarding the distribution
of these events, it is possible to observe periods whose cu-
mulative monthly volumes are similar in spite of having
very different average intensities, such as the months of
February 2013 and July 2013. In the first one, rains were
spread over 28 days (occurrence of daily events) and in the
second one only over 16. Sestrem (2012) and Acevedo
(2013) compared the precipitations measured by the rain
gauge of Morro do Boi with the ones acquired in nearby cit-

Winter

400 —

2012 P22 2013

Monthly accumulated precipitation (mm)

Figure 5 - Comparison between similar periods - monthly accu-
mulated precipitation (mm).

ies (Navegantes and Itajai), respectively. The authors report
significant variations that show the importance of sensor
installation in areas of specific interest.

Readings can also be assembled according to seasons,
as displayed in Table 3. There are large differences between
the values obtained in the same period for the first two years
of monitoring, reinforcing the importance of precipitation
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Figure 4 - Monthly accumulated rainfall (mm).
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Figure 6 - Rainfall events during the monitoring period - (a) Total precipitation, (b) Days with rainfall, (c) Average monthly intensity
(mm/day), (d) Maximum hourly precipitation (mm/h) and (e) Average monthly intensity (mm/day).

Table 3 - Precipitation according to seasons.

Number Period Precipitation (mm)

Daily maximum Mean Total
1 Autumn - 2012 116.75 8.69 451.75
2 Winter - 2012 73.75 5.35 502.50
3 Spring - 2012 100.75 3.56 317.00
4 Summer - 2012 95.75 9.14 822.75
5 Autumn - 2013 194.00 6.19 569.75
6 Winter - 2013 105.50 7.54 708.50
7 Spring - 2013 57.75 4.54 408.25

Soils and Rocks, Sao Paulo, 38(1): 81-92, January-April, 2015. 85
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monitoring in areas of specific interest. However, the im-
portance of continued monitoring is emphasized which is
essential for a better interpretation as well as for developing
reading forecasts and alert criteria.

4.2. Changes in pore pressure

The six vibrating wire piezometer installed aimed to
monitor the water table, but they were also capable of mea-
suring negative pore water pressure. According to Geokon
(2014b, 2014c) those sensors can record pore water pres-
sure between - 100 kPa and 350 kPa In Fig. 7a, the one-day
accumulated rainfall with time is presented. Figure 7b pres-
ents the data from piezometers 04, 05 and 06 with time and
Fig. 7c presents the results from piezometers 01, 02 and 03
with the daily accumulated precipitation. All of them are

Autumm|  Winter

Spring | Summer

associated to the period of monitoring between May 2012
and December 2013. It seems that there is a correspondence
between the piezometer readings and the rainfall, particu-
larly for the piezometers with positive readings.

The most significant changes were observed at events
with precipitations in excess of 20 mm. A clear correspon-
dence is observed at the beginning of the Winter of 2012,
beginning of Autumm of 2013 and the same occurred at the
beginning of the Winter and Spring of 2013. The data from
three-day accumulated rainfall shown in Fig. 6a show a
clear trend.

Note that both absolute values and the maximum
variations obtained so far (about 11 kPa) are consistent with
the local stratigraphy, which is characterized by the occur-
rence of layers with irregular thicknesses of colluvial and
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Figure 7 - Comparison between rainfall and pore pressure variation - PZE-01 to PZE-06.
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residual soils. In addition, the occurrence of the families of
fractures mentioned previously, responsible for the second-
ary order permeability of the slope, may act to control the
ground water table. Figure 8 presents the maximum varia-
tions according to the depth of the piezometer and related to
the season. Based on these analyses, it is possible to iden-
tify larger variations for deeper sensors (8.60 and 8.65 m),
mainly during the Winters of 2012 and 2013. Some piezo-
meters seem to be always above the ground water table.

The lack of coherence observed between rainfall
events and pore pressure changes in the group of sensors 1
and 2 may be justified by the data presented in Fig. 9. The
ground water level can be seen to be below the piezometers
elevations for most of the time.

4.3. Suction variations

Readings obtained with the eight installed tensiom-
eters are shown in Figs. 10 to 12, according to the instru-
mentation groups of sensors shown in Fig. 3. The results are
shown with the daily precipitation data obtained from the
rain gauge. The response of the tensiometers to the rainfall
did not show the same behavior observed for the piezo-
meters measuring the ground water table. This was clearly
true for piezometers installed below the ground water table
which showed an increase in level immediately after a daily
rain fall higher than about 60 mm.

Although the response of the tensiometers was not di-
rectly related to the rainfall in the monitoring area, a sys-
tematic delay for the response can be observed both in
terms of suction increases and reductions. One of the fac-
tors for the time delay for the response may be associated to
the vegetation, as mentioned by Sestrem & Kormann
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Figure 8 - Maximum pore pressure variations according seasons -
data grouped by sensor.

(2013). Figure 13 presents two photos, one taken at the be-
ginning of the monitoring (Fig. 13a) and the other four
months later (Fig. 13a). It can be observed that the growth
of vegetation in the area may contribute not only to the
evaporation increase but also to a delay in the rainfall infil-
tration rate. Attention should be called to the difference in
behavior observed for the tensiometers installed at group 3.
The level of suction was most of the time below 10 kPa. It
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Figure 9 - Variation of water level.
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Figure 11 - Comparison between precipitation and suction variation - TENS-03 and TENS-06 (Group 2).

must be observed that the only difference between group 3
location and the others is the vegetation, which may affect
superficial drainage.

In order to have a more comprehensive picture of the
behavior of the suction with depth, the data were gathered
by group and by months, giving the suction profile for each
month. The results suggested a behavior that could be di-
vided according to the season.

Figure 14 compares the seasonal variations of mea-
sured suction by group 2 in Spring and Winter in 2012. It
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should be noted the difference between these two periods.
In Spring 2012, the magnitude of suction was higher, which
could be associated with the low accumulated monthly pre-
cipitation in this period (317 mm). On the other hand, in
Winter 2012, when the accumulated monthly precipitation
was 502.5 mm (58% higher), the suction levels in the upper
layers remained below 30 kPa. Based on the minimum and
maximum groundwater level presented in Fig. 9, two addi-
tional lines were drawn in Fig. 14. It can be seen that the
suction levels vary within the equilibrium range.
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Figure 12 - Comparison between precipitation and suction variation - TENS-07 and TENS-08 (Group 3).

Figure 13 - Vegetation on the site the instruments were installed: (a) at the start of monitoring (b) after four-month monitoring.

Figure 15 shows the variation in the measured suction
by sensors of group 2 throughout the study period. Based
on these results, it appears that between 1 and 4 m suction
level remains below 30 kPa. The most superficial sensor
(TENS-03 at 0.5 m) reaches suction levels of about 80 kPa.
These changes still seem to lie within the range of equilib-
rium.

Considering the lack of direct correlation between the
rainfall and the suction change, it was investigated whether
the accumulated rainfall for 3, 5 and 7 days could be used to

Soils and Rocks, Sao Paulo, 38(1): 81-92, January-April, 2015.

justify the changes in suction. It was verified that the better
correlation was associated to the three-day accumulated
rainfall. The comparison between suction variation and the
accumulated rainfall in three days are shown in Fig. 16 (a)
and (b). Events above 150 mm of precipitation in 3 days are
observed to keep the suction levels below 10 kPa. Further-
more, it is possible to conclude that the suction level is
maintained above 20 kPa when 3-day accumulated precipi-
tation is less than approximately 100 mm.
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Figure 17 presents the three-day accumulated rainfall
according to time. Most 3-day rainfall events are lower than
100 mm which is important information regarding eventual
reduction in the slope safety factor.

5. Conclusions

The instrumentation used for this study provided im-
portant information regarding the presence of water along
nearly two years on a slope in a tropical area of the South
part of the Serra do Mar in Brazil. The use of tensiometers
and rain gauges associated with piezometers allowed better
understanding the water movement along the soil profile
during the study period. The following conclusions can be
drawn from the present study:

The analyses of the rain distribution along the moni-
toring period could not be directly related to pore water
pressure changes.

Soils and Rocks, Sao Paulo, 38(1): 81-92, January-April, 2015.
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A time delay was observed between the rainfall
events. The three-day accumulated precipitation presented
an interesting relation to pore water pressure variation.

When the three-day accumulated precipitation was
higher than 100 mm, an important reduction in suction was
observed along the soil profile.
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In general, the suction level is maintained above
20 kPa when the three-day accumulated precipitation is less
than approximately 100 mm.

The evaluation of the suction profile showed that only
in very few occasions was the suction higher than the equi-
librium value inferred from the ground water table level.
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The suction profile during the monitoring period sug-
gested that the region near the instrumentation group 1 pre-
sented the lower value of suction. The suction level was
generally lower in the region where the vegetation is com-
posed by grass. In areas with dense vegetation, higher suc-
tion levels were observed.

Continued monitoring and analysis is of utmost im-
portance for deepening the understanding of the meteoro-
logical, geological and geotechnical factors which control
the slope behavior.
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230 toneladas de cascalho com 85° de
inclinagdo em um ensaio em escala real.

« moldura de teste com dimensdes
10x12x1.2m

« espacamento dos grapmos 2.5m x 2.5m,
utilizando Gewi 28mm

Para um estudo preliminar de solugdo de
estahilizagdo ou de riscos de desastres
naturais nas obras em que vocé atua, entre
em contato conosco através do e-mail

info@geobrugg.com

b=:  com instalagio TECCO™ em
 www.geobrugg.com/slopes

GeoBRUGG A\

Geobrugg AG, Gechazard Solutions
Rua Visconde de Piraja, 82 sl.606
Ipanema - Rio de Janeiro « 22410-003
Fone: +55 21 3624.1449

Cel: +55 21 99979.1288
www.geobrugg.com




SPECIALISTS IN GEOTECHNICAL IN-SITU TESTS AND INSTRUMENTATION

GEOTECHNICAL SERVICES (onshore and offshore)
IN-SITU TESTS

Seismic CPT

Cone Penetration Testing Undrained-CPTu (cordless system) 'e-
Vane Shear Testing (electrical apparatus)

Pressuremeter Testing (Menard)

Flat Dilatemeter Test-DMT (Machetti)

Standard Penetration Test-SPT-T

INSTRUMENTATION

Instrumentation, installation and direct import

Routine Monitoring

Operation and Maintenance

Engineering analyses

Consultancy, design & geotechnical engineering services

SAMPLING

Soil sampling and monitoring
Groundwater sampling and monitoring
Field and laboratory testing

ENVIRONMENTAL

Environmental Services

Soil and groundwater sampling and monitoring
Field and laboratory testing

0800 979 3436
Sao Paulo: +55 11 8133 6030
Minas Gerais: +55 31 8563 2520 / 8619 6469

www.deltageo.com.br deltageo@deltageo.com.br

The largest portfolio of f'
private clients in Brazil, 960 IX
and the highest rate of

absolute repetition.

Among the types of services, we highlight environmental control projects, such as:
recovery of degraded so ntainment of contaminated groundwater; construction of
filters and capture of material; containment of pollutants,

Pioneering which translates into confidence and quality to your site.

www.geofix.com.br
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Fortrac
High tensile stiffness geogrid
far soil reinforcement

Ringtrac

Ring reinforcement for granular
columns on soil improvement

HaTelit C
Flexible grid for

asphalt reinforcement

"o,

Stabilenka
High strength woven
geosynthetic for soil reinforcement

Flexible geogrid for
base reinforcement

NaBento
Geosynthelic clay liner
for sealing

Faobric for separation,
stabilization ond filtration

Canstruction system for
stope and bed protection

HUESKER

Engineering with Geosynthetics

huesker@huesker.com.br

www.huesker.com

Tel.: +55 (12) 3903-9300
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CONSOUDAQA O PROFUNDA RADIAL

O MAIS RAPIDO E EFETIVO
TRATAMENTO PARA SOLOS MOLES
Processo de adensamento de solo
mole, eficientemente controlado,
monitorando-se o grau de
consolidacéo desejado.
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* 100% especifico para solos moles;
W%  * Mobilizacdo rapida;
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» Alcanga profundidades de tratamento onde técnicas
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;:':"'- ; * Acesso a locais restritos, limitados e dificeis, sem interfe-
< réncia com a rotina do cliente;
.*'} » Melhor custo beneficio;
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Instructions for Submission of Manuscripts

Category of the Papers

Soils and Rocks is the international scientific journal
edited by the Brazilian Association for Soil Mechanics
and Geotechnical Engineering (ABMS) and the Portu-
guese Geotechnical Society (SPG). The aim of the jour-
nal is to publish (in English) original research and
technical works on all geotechnical branches.

According to its content the accepted paper is classi-
fied in one of the following categories: Article paper,
Technical Note, Case Study or Discussion. An article pa-
per is an extensive and conclusive dissertation about a
geotechnical topic. A paper is considered as a technical
note if it gives a short description of ongoing studies,
comprising partial results and/or particular aspects of the
investigation. A case study is a report of unusual prob-
lems found during the design, construction or the perfor-
mance of geotechnical projects. A case study is also
considered as the report of an unusual solution given to an
ordinary problem. The discussions about published pa-
pers, case studies and technical notes are made in the Dis-
cussions Section.

When submitting a manuscript for review, the authors
should indicate the category of the manuscript, and is also
understood that they:

a) assume full responsibility for the contents and ac-
curacy of the information in the paper;

b) assure that the paper has not been previously pub-
lished, and is not being submitted to any other periodical
for publication.

Manuscript Instructions

Manuscripts must be written in English. The text is to
be typed in a word processor (preferably MS Word), sin-
gle column, using ISO A4 page size, left, right, top, and
bottom margins of 25 mm, Times New Roman 12 font,
and line spacing of 1.5. All lines and pages should be
numbered. The text should be written in the third person.

The first page of the manuscript must include the title
of the paper followed by the names of the authors with the
abbreviation of the most relevant academic title. The af-
filiation, address and e-mail must appear below each au-
thor’s name. An abstract of 200 words follows after the
author’s names. A list with up to six keywords at the end
of the abstract is required.

Although variations on the sequence and title of each
section are possible, it is suggested that the text contains
the following sections: Introduction, Material and
Methods, Results, Discussions, Conclusions, Acknowl-
edgements, References and List of Symbols. A brief de-
scription of each section is given next.

Introduction: This section should indicate the state
of the art of the problem under evaluation, a description
of the problem and the methods undertaken. The objec-
tive of the work should be clearly presented at the end of
the section.

Materials and Methods: This section should include
all information needed to the reproduction of the pre-
sented work by other researchers.

Results: In this section the data of the investigation
should be presented in a clear and concise way. Figures
and tables should not repeat the same information.

Discussion: The analyses of the results should be de-
scribed in this section.

Conclusions: The content of this section should be based on the data
and on the discussions presented.

Acknowledgenments: If necessary, concise acknowledgements
should be presented in this section.

References: References to other published sources must be made in
the text by the last name(s) of the author(s), followed by the year of publi-
cation, similarly to one of the two possibilities below:

...while Silva and Pereira (1987) observed that resistance depended
on soil density... or It was observed that resistance depended on soil den-
sity (Silva and Pereira, 1987).

In the case of three or more authors, the reduced format must be used,
e.g.: Silva et al. (1982) or (Silva et al., 1982). Two or more citations be-
longing to the same author(s) and published in the same year are to be dis-
tinguished with small letters, e.g.: (Silva, 1975a, b, c.). Standards must be
cited in the text by the initials of the entity and the year of publication, e.g.:
ABNT (1996), ASTM (2003).

Full references shall be listed alphabetically at the end of the text by
the first author’s last name. Several references belonging to the same au-
thor shall be cited chronologically. Some examples are listed next:
Papers: Bishop, A.W. & Blight, G.E. (1963). Some aspects of effective

stress in saturated and unsaturated soils. Geotechnique, 13(2):177-

197.

Books: Lambe, T.W & Whitman, R.V. (1979). Soil Mechanics, SI Ver-
sion. John Wiley & Sons, New York, 553 p.

Book with editors: Sharma, H.D.; Dukes, M.T. & Olsen, D.M. (1990).
Field measurements of dynamic moduli and Poisson’s ratios of refuse
and underlying soils at a landfill site. Landva, A. & Knowles, G.D.
(eds), Geotechnics of Waste Fills - Theory and Practice, American So-
ciety for Testing and Materials - STP 1070, Philadelphia, pp. 57-70.

Proceedings (printed matter or CD-ROM): Jamiolkowski, M.; Ladd,
C.C.; Germaine, J.T. & Lancellotta, R. (1985). New developments in
field and laboratory testing of soils. Proc. 11th Int. Conf. on Soil
Mech. and Found. Engn., ISSMFE, San Francisco, v. 1, pp. 57-153.
(specify if CD ROM).

Thesis and dissertations: Lee, K.L. (1965). Triaxial Compressive
Strength of Saturated Sands Under Seismic Loading Conditions. PhD
Dissertation, Department of Civil Engineering, University of Califor-
nia, Berkeley, 521 p.

Standards: ASTM (2003). Standard Test Method for Particle Size Analy-
sis of Soils - D 422-63. ASTM International, West Conshohocken,
Pennsylvania, USA, 8 p.

Internet references: Soils and Rocks available at
http://www.abms.com.br and downloaded on August 6th 2003.

On line first publications must also bring the digital object identifier
(DOI) at the end.

Figures shall be either computer generated or drawn with India ink on
tracing paper. Computer generated figures must be accompanied by the
corresponding digital file (.tif, .jpg, .pcx, etc.). All figures (graphs, line
drawings, photographs, etc.) shall be numbered consecutively and have a
caption consisting of the figure number and a brief title or description of
the figure. This number should be used when referring to the figure in text.
Photographs should be black and white, sharp, high contrasted and
printed on glossy paper.

Tables shall be numbered consecutively in Arabic and have a caption
consisting of the table number and a brief title. This number should be
used when referring to the table in the text. Units should be indicated in
the first line of the table, below the title of each column. Acronyms should
be avoided. When applicable, the units should come right below the cor-
responding column heading. Additional comments can be placed as foot-
notes.

Equations shall appear isolated in a single line of the text. Numbers
identifying equations must be flushed with the right margin. International
System (SI) units must be used. The definitions of the symbols used in the



equations must appear in the List of Symbols. It is recom-
mended that the symbols used are in accordance with
Lexicon in 8 Languages, ISSMFE (1981) and the ISRM
List of Symbols.

The text of the submitted manuscript (including fig-
ures, tables and references) intended to be published as an
article paper or a case history should not contain more
than 30 pages, formatted according to the instructions
mentioned above. Technical notes and discussions
should have no more than 15 and 8 pages, respectively.
Longer manuscripts may be exceptionally accepted if the
authors provide proper explanation for the need of the re-
quired extra space in a cover letter.

Discussion

Discussions must be written in English. The first page
of a discussion should contain:

The title of the paper under discussion;

Name of the author(s) of the discussion, followed by
their position, affiliation, address and e-mail. The au-
thor(s) of the discussion should refer to himself (her-
self/themselves) as the reader(s) and to the author(s) of
the paper as the author(s).

Figures, tables and equations should be numbered following the same
sequence of the original paper. All instructions previously mentioned for
the preparation of article papers, case studies and technical notes also ap-
ply to the preparation of discussions.

Editorial Review

Each paper will be evaluated by reviewers selected by the editors ac-
cording to the subject of the paper. The authors will be informed about the
results of the review process. If the paper is accepted, the authors will be
required to submit a version of the revised manuscript with the suggested
modifications. If the manuscript is rejected for publication, the authors
will be informed about the reasons for rejection. In any situation compris-
ing modification of the original text, classification of the manuscript in a
category different from that proposed by the authors, or rejection, the au-
thors can reply presenting their reasons for disagreeing with the reviewer
comments.

Submission

The author(s) must upload a digital file of the manuscript to the Soils
and Rocks website.
Follow Up

The online management system will provide a password to the corre-
sponding author, which will enable him/her to follow the reviewing pro-
cess of the submitted manuscript at the Soils and Rocks website.
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