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Universal Classification for the Use of Lateritic Soils
in Low Cost Durable Pavements

J.K.G. Rodrigues, P. Reiffsteck, J.C. Auriol, M. Ndiaye

Abstract. The literature review of previous studies and the analysis of observations and knowledge gathered in Africa, as
well as regional experience in Brazil, India and Australia on the influences of texture, grain size distribution and
mineralogy conditions on the stability of materials used in pavement base have shown that the mechanical behaviour of
lateritic soils is strongly influenced by their physical and mineralogical properties, we argue in this article that development
of new procedures for classification of these soils as new building materials, that consider appropriate designs for the
humid tropics and the nature and state parameters associated with the mechanical behaviour, can broaden the use of a
higher percentage of local soils in pavement layers for low cost road compared to traditional techniques.

Keywords: lateritic soils, classification, low volume road.

1. Introduction

The difficulty in classifying tropical soils located in
areas where “the laterization process” has a vital impor-
tance on their physical, chemical and mechanical properties
is in the inability of traditional systems to correctly predict
the mechanical behaviour of materials under the action of
traffic and the environment. Classification systems such as
those developed by the American Association of State
Highway and Transportation Officials (AASHTO) and the
Unified Soil Classification System (USCS) are not relevant
when applied to some of these soils. Studies and practices
have shown that recommendations based on these systems,
particularly the activity of the clay fraction in the presence
of water and the long term performance of gravel and sand
fractions are not compatible with the results from the field
and laboratory.

In this paper we analyze, from the Brazilian, Indian
and Australian national experience and transnational expe-
rience on the African continent the influence of texture,
grain size and mineralogy on the stability and classification
of materials used in low costs pavement base. A new proce-
dure for classification of lateritic soils is proposed.

2. Laterization Process

The laterization process includes a set of phenomena
that lead to a considerable degree of weathering of bedrock
soil, and an identification of items such as silica and oxide
hydrates or hydroxides and metal, especially iron, alu-
minium, manganese and titanium (Maignein, 1966).

This process may be followed by other soil processes
such as dragging hydroxides from the surface to a half-
depth horizon; hardening in concretions or shells or armor
of metal hydroxides previously individualized and some-

times accumulated; segregation of elements of an horizon
by hydromorphy (Autret, 1983; Schellmann, 2009).

2.1. Influence factors

Factors that influence the laterization process are cli-
mate, topography, vegetation, bedrock, the dragging period
with optimization by the drainage conditions (Au-
tret, 1983).

2.2. Geographic location of lateritic soil distribution

A global census conducted by FAO shows that the
lateritic soil distribution is localized in tropical regions
(South America, Africa, India, Australia and South East
Asia) (Fig. 1) FAO (20006). It is therefore mainly in devel-
oping countries where the issue of transport infrastructure
development is vital.

2.3 Product release “lateritic systems”

Lateritic soil to be used in civil engineering is charac-
terized by a high degree of alteration of minerals from the
original rock with virtual elimination of alkaline and alka-
line-earth, and partial silica; thrust decomposition of or-
ganic matter and a accumulation of more or less hydroxides
and oxides of Fe, Al, Ti, Mn. To this may be added, at vary-
ing degrees, the accompanying leaching process, accumu-
lation of organic matter and induration (Schellmann, 2009).

2.4. Chemical composition of lateritic soil

Lateritic soils contain as chemical components, a
high percentage of oxides and hydroxides of Fe and Al (ox-
ides and hydroxides of iron and / or alumina - sesquioxides)
for some Gravelly lateritic soils up to near 80% of lateri-
zation process product.
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Figure 1 - Lateritic soil distribution (Ferralsols) over the world
FAO (2006).

These components are generally in lateritic soils, re-
gardless of specific behaviours, specific of clay minerals
observed under tempered climate. Thus, although having a
high surface area and small size, they do not present a
swelling behaviour, have a significant cation exchange ca-
pacity in the pH conditions prevailing in these soils and
have an excess of positive charges (not negative as in the
case of clay minerals) (Villibor & Nogami, 2009).

It is possible to observe the microstructure of fine
grains lateritic soils using scanning electron microscopy
(SEM). The presence of relatively large flakes, caking clay
particles, having the appearance of “clouds” or “popcorn”
and measuring from 1 to 2 to 50 to 100 mm in their largest
dimension is observed (Fig. 2).

3. Morphology of Lateritic Soils

The induration of samples depends on factors such as
degree of crystallization of components, assembly of the
various constituents and the degree of aging.

The extremely varied structure can be reduced to
three main types: hardened elements form an consistent and
continuous skeleton, indurated elements as concretions or

(a) Legend:
k = kaolinite
Q = quartz
H = hematite
k 0 K G = goethite
kig

26 (%)

nodules free in the middle of an earth mass and hardened el-
ements cement the pre-existing materials.

Their pigmentation is due to iron oxides more or less
hydrated and sometimes manganese. The color of the soil is
mixed but generally of strong intensities. The most com-
mon colors are: pink, red, yellow, brown and ocher.

The density varies in relatively large proportions (2.5
to 3.6) and depends on the chemical composition of lateritic
soil. It increases with iron content and decreases with the
concentration of alumina. Oxidized forms are denser than
the hydrated forms.

The evolution of rock from inner to surface is charac-
terised by different sets overlapping each other allowing to
generally distinguish a set of weathering, a intermediate set
of overall accumulation of metal oxyhydroxides and clay
phases and a set of washed up upper crust of residual pri-
mary minerals resistant.

4. Pedogenic Classifications

Lateritic soils can be classified in a synthetic or ana-
lytic manner. The first classification is based on genetic
factors and on properties of factors or pedogenic processes.
The second considers mainly morphological characters, in-
cluding pedogenic concerns (Maignein, 1966). The main
denominations are: Laterite, tropical soils, lateritic soils,
ferruginous soils, lateritic soils, Soil Ferseallitiques, ferri-
sols, Ferrasol, Andosols, Oxisols, Podzols, Latossols and
Plinthosols.

5. Geotechnical Classification

5.1. Particle size ditribution

The particle size distribution of lateritic soils gener-
ally has:

* A high proportion of fines (below 80 um sieve) from 10
to 40%;

¢ A refusal on the 2 mm sieve from 20 to 60%;

e A variable hardness of gravels in the same deposit and
this depending on the maturity of lateritic particles con-
cretionned and the amount of sesquioxide which pre-
dominates in the aggregate;

(b)

Figure 2 - Test results for lateritic soils (a) X-ray diffraction (b) SEM LNEC (2009).
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» The grading curves present frequently a step or a curva-
ture indicating the absence of certain granular fractions.
This step is between 8 and 0.2 mm;

e Materials with hard aggregates, rich in iron, tend to have
stable mechanical behaviour;

* In the granular fraction, the mineralogical composition
of the silt fraction is generally simple, the predominance
of quartz with the presence of lumps of clay appear
clearly;

* The main constituents of the clay fraction (diameter less
than 0.002 mm) can be classified as: clay minerals, ox-
ides and hydroxides of iron and / or aluminium, and or-
ganic constituents.

5.2. Influence of test methodology on particle size distri-
bution

The metastable structure of lateritic soils is sensitive
to changes in levels of thermal energy and therefore its
physical properties. In terms of size, drying causes an in-
crease in the size of the particles, leading clayey fraction
and silt fraction to agglomerate up to the granulometry of a
sand due to the coagulation of iron oxide during heating
(Terzaghi, 1958; Moh & Mazhar, 1969; Lyon, 1971).

For lateritic soils, increasing the mechanical energy
results, due to its vulnerability, results in an increase of the
apparent maximum dry density and content in fine sand, es-
pecially with the fraction in excess on the 80 um sieve and
for fine soils which have a low clay content and a high
Fe,O, content (Novais & Meireles, 1992).

5.3. Plasticity limit

The influence of sesquioxides (ALO, and Fe,O,)
made that lateritic soils have a plastic behaviour differed
from that of soils under temperate climates. During the test,
an increase of the surface area is observed due to the disin-
tegration of particles and/or breakage of granular soil struc-
ture with consequently an increase of water absorption by

e R

the sample (Moh & Mazhar, 1969; Villibor & Nogami,
2009).

5.4. Shrinkage limit

The knowledge of the shrinkage limit is important for
predict whether lateritic soils, and especially their fine frac-
tions, are unlikely to be subject, mainly in countries with
well marked dry seasons, to shrinkage which could lead to
cracking. It would then preferable to keep them safe from
moisture changes or possibly not use them without im-
provement or stabilization (Fig. 3) (Autret, 1983).

5.5. Durability

The strength and durability of hardened laterite de-
pends on their chemical composition, age and homogene-
ity. The iron-rich laterites hardened are harder than those
that are rich in alumina (Lyon, 1971; Enuvie & Hudec,
1992).

The results of measurements of specific gravity and
absorption show a relationship with the durability of coarse
particles. The durability of coarse elements increases with
the weight. The behaviour of fine elements can be linked
with the absorption and not with density. The durability of
coarse and fine elements increases when the water absorp-
tion decreases.

5.6. Compaction characteristics

Factors influencing the properties of compacted late-
ritic soils can be separated into two groups (Lyon, 1971).
The first group of these factors is related to soil genesis, the
second relates to pre-treatment methods applied prior to
testing. The factors are:
o Texture: the most important genetic factor;
e The influence of the transformation of hydrated halloy-
site méthalloysite result of the drying in the oven;
* Position of the sample in the soil profile (depth of the
sample);

Figure 3 - Cracking on pavement made of fine and coarse lateritic soils (Villibor, 2009).

Soils and Rocks, Sao Paulo, 36(3): 241-249, September-December, 2013.
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* FErosion of concretionned lateritic gravel during compac-
tion and the degree of laterization process maturity;

» For a given energy and for lateritic fine soils more than
gravelly ones, drying in the oven always gives higher
maximum dry density and lower optimum moisture con-
tent, while the soils at natural water content give the low-
est maximum dry density and the highest optimum water
content.

5.7. Bearing characteristics

For ISTED (1990) the stability and bearing capacity
lateritic soils depend on:
e The maximum grain size D;
e The sieving of 80 pum;
¢ The residue on the sieve of 20 mm;
* The step of the grading curve between 80 um and 2 mm;
* Plasticity;
 The fragility of the nodules (changes during compaction)
and;
e The mineral nature of fine particles.

6. Classification System for Lateritic Soils
Used in Low Cost Paving Platform
Various studies show that it is possible to establish

classification systems tailored to lateritic soils (Fall, 1953;
Sharp et al., 2001) for use in low cost pavement based on

the nature and state parameters as well mechanical
properties. To do this, it is important that test execution are
compatible with the specificities of soil in tropical regions,
with measured reference values to be adopted, being con-
sistent with the type of traffic on pavements (Villibor &
Nogami, 2009).

Figures 4 and 5 illustrates the logical sequence of a
proposed classification for lateritic soils based on numer-
ous literature reviews and using as inputs the parameters of
nature and state and the mechanical behaviour measured
during laboratory testing.

In this method two aspects are considered: first, the
metastable structure of lateritic soils, sensitive to changes
in levels of thermal and mechanical energy and secondly
the physical and mineralogical properties (the influence of
sesquioxides) compared to the resistance, durability and
plasticity.

Soils are classified according to their plasticity and
particle size (gravelly, sandy or fine soil). Finally, classes
are established based on the mechanical behaviour from
the test results on degradability, fragmentability,
embrittlement, bearing capacity and shrinkage limit
(Figs. 5 and 6).

At this stage of our study, the creation of a database of
cases will allow the validation of this new classification.
This will be done in the framework of an international co-
operation.

Information on genesis

chemical composition

Nature e Mechanical
parameters < lateritic soils > behaviour
Clay activity
Degradability
pa.lrti(‘:le s_ize Fragmentability
distribution Embrittlement
pem— Gravely () Bearing capacity
ravely ravely ;
> lateritic soil i Poor and good quality - Shmikage
. . | Sandy Sandy (S) ..
Classification > lateritic soil 5> Silty/Clayey < Subdivision
Fine Fine (F)
> lateritic soil > Silty/Clayey <«

Figure 4 - Chart with the criteria for a proposed classification of lateritic soils.
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7. Case Study

For the case study we choose three soil samples from
the Brazilian Northeast Region, based in previous knowl-
edge on its materials’ characteristics, on geographic local-
ization and region’s.

Legend

7.1. C Reservoir - Rio Grande do Norte State

Figure 5 - Layout with the criteria for a proposed classification of lateritic soil.

Located in the Metropolitan Region of Natal, more
precisely in Sdo Gongalo of Amarante, the reservoir C is in
the Natal’s International Airport area which is used as
sub-base of the airport’s runway and taxi-in space.

Lacteritic Soils (SL)
(Genesis and chemical compositions)

With

frestmEnt With treatment

No
treatment

80um < 30%
80 pm > 30%
2mm < 30% 2mm > 30%
Gravely Lateritic Soils (SLG) Sandy Lateritic Soils (SLS) Fine Lateritic Soils (SLF)
FR=<7 FR>7
& ou VBS<15 VBS < 30%
DG=<7 DG>7
FR>7
& FS <60 FS <60 VBS> 15 LR 2 20% LR <20% VBS > 3
chll; LR 2 15% LR<15% [FS>60 CBR  CBR| CBR CBR
2 210% <10% 210% <10%

With treatment

Fondation Layer (CBR 2 30%; LR = 15%)

No treatment

with CBR 2 10% With treatment

No treatment .

No treatment Sub-Base Layer (CBR 2 10%; LR 2 15%)

Sub-Base Layer (CBR 2 10%; LR 2 15%)

Sub-Base Layer (CBR 2 10%; LR = 20%)

Observations:

Traffic=N<10° P<13 Tonnes

SLG = Gravely Lateritic Soils; SLS = Sandy Lateritic Soils; SLF = Fines Lateritic Soils.
L = Silty; A = Clayey; F = poor quality; B = good quality.

FR = Fragmentability coefficient; DG = Degradability coefficient; FS = Embrittlement coefficient; LR = Shrinkage limit; VBS = Blue Methylen value.

Figure 6 - Proposition of a classification system for lateritic soil.
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7.2. RC Reservoir - Pernambuco State

The RC Reservatoir is located in the Recife’s Metro-
politan Region and was used as sub-base material of a high-
way pavement.

7.3. PIC Reservoir- Piaui State

The third reservatoir, called PIC, located 70 km of
Picos City, at Highway 316 borders, among the cities of
Inhuma and Ipiranga.

Results from X-Rays Diffraction Analysis of soils
studied are shown in Fig. 7. The peaks shown in the diffrac-
tometer for the three soil samples indicate the presence of
Quartzo (Si0,) and of Kaolinite (2510,A1,0,2H,0).

According to Nogami & Villibor (1995), due to the
lateritization process the clay fraction of lateritic soils is
constituted essentialy by clay minerals of the Kaolinite
Group and by oxides and hydroxides of Ferro and/or.
Therefore results obtained with the help of diffraction tests
indicate that the material we analyzed are probably lateritic
soils.

The microphotographs of soils samples obtained in
the Scanning Electron Microscopy (SEM) are show in

Difragdo de Raio-X

3500
3000
Amostra C
~~ 2500 == Amostra RC
g === Amostra PIC
;’ 2000 C - Caulinita
"g Q - Quartzo
:12 1500 M - Mica
»n
=
g
= 1000
Lol
500+
0
0 10 20 30 40 50 60

26 (°)

Figure 7 - Diffraction of X-rays - C Sample.

Fig. 8, regarding to sample C; in the Fig. 9, regarding to
sample, and int He Fig. 10, regarding to sample, with 1,000,
3,000, 5,000, 10,000 and 20,000 times magnification.

We observed typical patterns of materials which suf-
fered the lateriticzation process, a marking characteristic of

a) Ampliacdo de 1.000 vezes

b) Ampliagao de 3.000 vezes

c) Ampliagéo de 5.000 vezes

d) Ampliagdo de 10.000 vezes

Figure 8 - Microphotographs (MEV) of the C Sample.
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¢) Ampliacdo de 20.000 vezes
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a) Ampliagdo de 1.000 vezes

d) Ampliagdo de 10.000 vezes e) Ampliacdo de 20.000 vezes

Figure 9 - Microphotographs (MEV) of the RC Sample.

a) Ampliagdo de 1.000 vezes b) Ampliagdo de 3.000 vezes ¢) Ampliagdo de 5.000 vezes

d) Ampliagdo de 10.000 vezes e) Ampliagdo de 20.000 vezes

Figure 10 - Microphotographs of PIC Sample.

Soils and Rocks, Sao Paulo, 36(3): 241-249, September-December, 2013. 247
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Table 1 - Universal soil classification parameters.

Laboratory test C sample RC sample PIC sample
Brazilian standard % < 0.08 mm 19.91 25.56 13.03
% < 2.00 mm 98.70 99.31 62.65
French standard 9% < 0.08 mm 19.85 27.17 31.52
% < 2.00 mm 98.41 99.25 60.96
Fragmentability coefficient — — —
Degradability coefficient — — —
VBS (g/100 g) 2.0 1.4 2.0
Embrittlement coefficient (%) 31.8 374 71.7
Contraction limit (%) 27.1 24.6 35.0
CBR (%) 62.45 12.37 13.21

lateritic soils, due to its cemented appearance. There is a
clear presence of quartzo and again the occurrence of an
amorphous layer of Ferro and Aluminium oxides and hy-
droxides, involving the Kaolinite in the lateriticzation pro-
cess.

Differences observed among images of C, RC and
PIC samples were caused probably by soil reaction to the
sample dispersion process or due to characteristics of the
samples fractions we analyzed. According to the results ob-
tained in the SEM there’s no doubt the three samples have
chemical composition compatible with soils whose origin
is lateritic. In the RC soil one can clearly observe the
Kaolinite clay mineral stacking in a hexagonal form.

8. Classifications of Soils

The Universal Soils Classification required parame-
ters are presented in Table 1. The classification we pro-
duced is detailed in Table 2. In summary the soils we
studied were classified as Sandy lateritic soils with high re-
traction and with middle to low bearing capacity. Therefore
they need particle size or chemical in order to avoid fissures
and to improve their bearing capacity when used in high-
ways pavements as base and sub-base material.

Due to its high retraction and to its necessity of stabi-
lization, results after stabilization procedures probably will
be compatible with the demands of bearing capacity in lay-
ers of base and sub-base of low volume of traffic, being

Table 2 - Universal soils classification.

Sample Lateritic universal lateritic soils classification
C reservatoir Sandy Lateritic Soil

SLS,
RC reservatoir ~ Sandy Lateritic Soil

SLS

S2

PIC reservatoir ~ Sandy Lateritic Soil / Fine Lateritic Soil

SLS, / FLS,,

248

unnecessary additional costs with the increase of the
compacting energy.

9. Conclusion

The new classification procedure proposed takes into
account the appropriate design criteria to the tropical humid
climate, and the specific nature and state parameters associ-
ated with the mechanical behaviour of lateritic soils. It is
expected to provide for much higher use of local soils in
pavement layers. This study is part of a growth policy lead-
ing to saving resources and optimizing the lifecycle of in-
frastructure adapted for emerging countries.
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Dewatering Sludge in Geotextile Closed Systems:
Brazilian Experiences

M.G.A. Guimaraes, D.C. Urashima

Abstract. The use of geotextile closed systems for the dewatering of sludge is a new technology that has been used in
recent years in Brazil and globally. This technology has relevant technical and environmental advantages. The variables
that influence the operation and evaluation of the efficacy are under constant investigation by the scientific community.
This paper presents a state-of-the-art analysis of the use of geotextile closed systems for the dewatering of sludge with high
water content, contributing to a better understanding of the fundamentals involved in the technical and scientific
application of this technology. This paper also presents the Brazilian experiences with the dewatering of sludge generated
in different sectors. This subject has significant relevance; it is a new method to reduce the volume of sludge produced on a

large scale and enable final disposal with low environmental impacts.

Keywords: : dewatering, geotextile closed systems, sludges.

1. Introduction

In Brazil and globally, a current major problem is the
increasing production of residuals with high pollution po-
tential, such as byproducts from processes for obtaining
goods, materials and services. Therefore, studies on proper
residual disposal and handling are of great importance.

The sludge dewatering technique for high liquid con-
tent waste using a geotextile closed system has recently
proven to be an efficient and viable solution for the reduc-
tion of liquid content and consequent reduction in final vol-
ume for disposal from a technical, economic and environ-
mental perspective. This technique enables the retention
and containment of solid mass, provides one response to
questions about the disposal of waste generated by human
activities in different segments, and even allows the re-use
of dewatering waste in different industries (Fowler et al.,
2002; Moo-Young et al., 2002; Moo-Young & Tucker,
2002; Muthukumaran & Ilamparuthi, 2006; Lawson, 2008;
Satyamurthy & Bhatia, 2009a).

Since the 1960s, tubes constructed of geotextiles have
been used as a containment technology in geotechnical
works. In Brazil, in the 1980s, geotextile containment
booms were executed within the city of Cubatio-SP (Bo-
gossian et al., 1982).

To better understand the phenomenon of sludge
dewatering in geotextiles, several laboratory and field stud-
ies have been performed in recent years (Moo-Young et al.,
2002; Moo-Young & Tucker, 2002; Koerner & Koerner,
2006; Muthukumaram & Ilamparuthi, 2006; Lawson,
2008; Liao & Bathia, 2008; Satyamurthy & Bathia, 2009a;
Cantré & Saathoff, 2011). Models have also been devel-
oped. For example, the model proposed by Leshchinsky &

Leshchinsky (2002) assessed the mechanical stresses in the
filling of a geotextile closed system and the Urashima
(2002) assessed the simulation of filtration in suspension
model.

Recent studies have demonstrated numerous advan-
tages in the use of geotextile closed systems for dewatering
sludge. These systems have proven effective for treating
sludge generated from Water Treatment Plants (WTP), do-
mestic sewage, industrial processes and the processing of
ore (mining), among others.

This paper presents a state-of-the-art technology so-
Iution for the dewatering of sludge in geotextiles closed
systems, contributing to a better understanding of the tech-
nical-scientific methodologies used recently and demon-
strating the importance and relevance to the environmental
segment. This paper also presents examples of laboratory
studies and field applications performed in Brazil.

2. Dewatering in Geotextile Closed Systems

2.1. Initial considerations

A geosynthetic is “a product at least one of whose
components is made from a synthetic or natural polymer, in
the form of a sheet, a strip or a three-dimensional structure,
used in contact with soil and/or other materials in geo-
technical and civil engineering applications” (NBR ISO
10318, 2013).

The first applications of geosynthetics date back to
the 1950s, with fabrics manufactured for use as a separation
and filter layer between granular soil and soil of low resis-
tance and for critical filtration applications in coastal pro-
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jects in the Netherlands and the United States (Shukla &
Yin, 2006).

The geosynthetics commonly studied for the dewa-
tering of fine waste are the woven and nonwoven geo-
textiles and the geocomposites formed by woven and non-
woven geotextiles. These materials must demonstrate good
filtration performance, which corresponds to the retention

capacity of the solid, while allowing the free passage of
fluid.

The introduction of geotextile closed systems for the
dewatering of sludge was recorded in the 1990s with sew-
age sludge (a cohesive material with high moisture content
and high resistance to filtration), providing the first analysis
of dewatering sludge (Fowler et al., 1996; Lawson, 2008).
Figure 1 illustrates the application of a geotextile closed
system in the dewatering of sludge, commonly referred to
as geotextile bags or geotextile tubes, depending on geo-
metrical shape and volume.

The dewatering of sludge in geotextiles is expanding,
with increasing use in new applications (Lawson, 2008).
The granular soil filters are being replaced by geotextile fil-
ters in many environmental projects, which is the oldest ap-
plication of geosynthetics in civil engineering projects
(Christopher et al., 1993).

One of the advantages of using geotextiles for dewa-
tering sludge is that they can be customized for specific
project dimensions, depending, for example, on the space
available for installation. They can also be stacked on one
another (Koerner & Koerner, 2006; Lawson, 2008). Fur-
thermore, geotextiles provide for the rapid disposal of large
volumes of sludge, ease of construction and installation,
high efficiency, low costs, minimal environmental impacts
(Fowler et al., 2002; Lawson, 2008) and reduced depend-
ence on weather conditions for the realization of dewa-
tering (Mendes et al., 2001).

In the design of dewatering systems with geotextiles,
it is essential to match the functional properties of the
geotextile with the properties required in the project (Vidal

(a)

Geotextile tube Slurry pumped
into dewatering
tube

Water pumped
out of platform

Dewatering slurry

.

Impermeable barrier
Drainage blanket

et al., 1999). The properties of the geotextile must be
adapted to the functions and mechanical stresses that they
will be subjected (Trentini et al., 2006). The mechanical re-
sistance of the geotextile can be affected by seam perfor-
mance, potential damage during installation and operation,
an accidental increase in pressure pumping of the sludge on
the tube, and degradation of the polymer chain by physical,
chemical and/or biological agents, among others.

One of the consequences arising from the non-com-
patibility of seams is the disruption of the geotextile tube by
sewing, resulting in leakage of sludge (Leshchinsky &
Leshchinsky, 2002), as illustrated in Fig. 2. Studies must be

Figure 2 - Failure of a seam on a geotextile tube (Leshchinsky &
Leshchinsky, 2002).

(b) =

Figure 1 - Geotextile tube dewatering: (a) Details of dewatering; (b) Geotextile tubes used to dewater slurry waste volumes

(Lawson, 2008).
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conducted on the efficiency of the seams to verify compati-
bility with the project requirements and on the factors that
may affect the seam resistance, line type and number
points, type of sewing and equipment used for its prepara-
tion (Ten Cate, 2010).

During dewatering, it is possible to consider two ba-
sic types of filtration mechanisms within the geotextile: ini-
tially the filtration of suspension particles and then, depen-
ding on the type of sludge to be dewatered, the filtration
situation under porous conditions.

The filtration of suspension particles is a critical pro-
blem because of the hydraulic load loss that occurs when
the particle finds the filter and tends to be deposited on sur-
face of the geotextile. This occurs even for particles much
smaller than the opening size of the filter element.

The behavior of a filtration system with suspension
particles may vary according to the type of material. In the
case of granular soil, the retained particles form a trapped
material layer that remains permeable in a phenomenon
equivalent to the increased thickness of the filter. In the
case of cohesive soil, the problem of clogging becomes im-
portant. Usually, the clogging is caused by the deposition of
a layer of low permeability soil upstream of the filter, as in
the dewatering of sludge composed of fine particles (Ura-
shima, 2002).

Depending on the size distribution of the sludge, there
may be a tendency to form a pre-filter called a filter cake
(Vidal & Urashima, 1999; Pilarczyk, 2000; Koerner &
Koerner, 2006; Liao & Bhatia, 2008), which is a mass ad-
hered to the internal structure of the geotextile. This greater
concentration of solids relative to the initial state of the
sludge in dewatering can function as a low permeability hy-
draulic barrier.

During filtration under porous conditions, smaller
particles of the soil adjacent to the filter may be transported
through the geotextile, resulting in a soil structure rear-
rangement. This can function as a natural filter (pre-filter)
according to the size distribution of the base material; the
retention of larger particles contributes to the blocking of
smaller particles reaching the geotextile (Urashima, 2002).

The filtration of suspension particles has been re-
ported to be more critical to filtration in relation to porous
conditions because they tend to deposit on the surface of the
geotextile, creating a layer of low permeability (Urashima,
2002). This behavior may cause, in many cases, physical
clogging, which can obstruct the passage of fluid through
the geotextile, compromising the dewatering of the sludge
(Leshchinsky et al., 1996; Vidal & Urashima, 1999).

Koerner (2005) presents different design methods
that ensure the retention of different particle size materials
relative to the geotextile filtering openings, considering
also a porous-low permeability condition.

Because of the complexity of the composition of the
material being dewatered, which often contains very fine
particles or organic components, the following condition

Soils and Rocks, Sao Paulo, 36(3): 251-263, September-December, 2013.

requirements may influence the behavior of the dewatering

systems:

e System compression and traction requirements;

e Intensity and velocity of flow inserted;

* Ambient condition requirements, including fluid char-
acteristics, risks of system degradation, chemical alter-
ations to be dewatered in the middle of the process, and
possible physical, chemical or biological clogging.

2.2. Factors influencing the process of dewatering

There is a consensus in related literature on the im-
portance of chemical conditioning. It is a ‘key point’ in the
dewatering operations on sludge that presents a high resis-
tance to filtration. The chemical conditioning can be per-
formed with cationic, anionic or non-ionic polymers, de-
pending on the physicochemical characteristics of the
sludge. The chemical conditioning causes the solid-liquid
separation of the sludge through the coagulation of the sol-
ids and the liberation of the adsorbed water, controlling the
interaction between suspension, speed and degree of dewa-
tering of the solid mass (Lawson, 2008; Castro et al., 2009;
Guanaes, 2009; Satyamurthy & Bhatia, 2009b). Therefore,
an evaluation is necessary to select the most effective con-
ditioning chemical for each type of sludge.

Visual observations of the characteristics of the floc
formed (stability) and of the solid-liquid separation are a
means to evaluate the polymer and its optimal dosage.
However, an inadequate observation of the behavior of the
sludge conditioning can result in an inaccurate determina-
tion of dosage as well as the indiscriminate use of floccu-
lant polymers (Satyamurthy & Bhatia, 2009b). It may even
lead to changes in the chemical composition of the sludges
(Tominaga, 2010).

Pressure and velocity are important in pumping the
sludge to dewatering; high force values may result in the
breaking of chemical conditioning, which compromises its
functionality (Guanaes, 2009).

A parameter that greatly influences the dewatering
process is the initial percent of solids in the sludge. At the
beginning of filtration, there is a considerable removal of
water retained in the solid mass as well as a small passage
of suspended particles; the “filter cake” is formed after a
period of dewatering. As the filter cake grows during filtra-
tion, the filtrate volume is reduced with the decrease in tur-
bidity (Moo-Young et al., 2002; Moo-Young & Tucker,
2002; Muthukumaran & Ilamparuthi, 2006; Lawson,
2008).

The sludge dewatering causes a concentration of the
solid mass within the geotextile closed systems and a de-
crease in volume, with a concentration of physical, chemi-
cal and biological parameters, when compared with the
initial sludge values (Guanaes, 2009).

For materials that have a high liquid content and a low
permeability, Umezaki et al. (2007, apud Tominaga, 2010)
proposed the vacuum dewatering of high liquid content ma-
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terials in a geotextile closed system, based on the initial
conception of Umezaki and Kawamura (2002, apud Tomi-
naga, 2010). This dewatering method involves applying a
vacuum pressure in the geotextile closed system, creating a
suction effect that accelerates the dewatering.

Umezaki et al. (2007, apud Tominaga, 2010) then
performed laboratory tests to compare the conventional
dewatering method with vacuum dewatering. The geo-
textile closed system consisted of a double-layer bag and
internal plate drainage. The authors noted a further reduc-
tion in the height of the geotextile closed system and
achieved lower water contents in shorter periods of dewa-
tering compared to the conventional method.

2.3. Parameters for performance analysis

The performance of dewatering systems can be evalu-
ated through the following parameters: filtration efficiency
(FE), dewatering efficiency (DE), infiltration efficiency
(IE), piping (PP) and solids passing (SP).

The filtration efficiency is the relation between the to-
tal solids in the sludge before dewatering and the total sol-
ids in the filtrate after filtration (Moo-Young & Tucker,
2002) and expressed as:

TS

i =TSy
. T (1)

initial

where FE is the filtration efficiency (%), TS, is the initial
total solids in the sludge (mg.L™"), and TS__is the final total
solids in the filtrate (mg.L™").

Satyamurthy & Bathia (2009b) stated that successful
dewatering in geotextiles requires maximizing filtration ef-
ficiency and minimizing dewatering time (the time re-
quired to dehydrate a known volume of sludge).

The dewatering efficiency is defined as the change in
the solids percentage before and after dewatering (Moo-
Young et al., 2002), given by:

PS, ., —PS

DE — ﬁnla)ls initial x 100% (2)

final

initial

where DE is the dewatering efficiency (%), PS, ., is the ini-
tial percent solids (%), and PS__ is the final percent of sol-
ids (%).

The infiltration efficiency is defined as the relation
between the water content of the sludge before and after
dewatering (Muthukumaran & Ilamparuthi, 2006), as de-
scribed:

final

W, -W
IE =— 1 %100% 3)
W

where IE is infiltration efficiency (%), W, is the initial water
content of the sludge (%), and W, is the final water content
of the sludge (%).

Urashima et al. (2010) demonstrated that the term
infiltration efficiency is not the most appropriate for a
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dewatering process that uses a geotextile closed system.
However, this equation is representative of the dewatering
process.

The piping is a parameter that reflects the retention
capability of a geotextile by weight of suspended solids
passing through the geotextile during dewatering (Satya-
murthy & Bhatia, 2009a) and it is expressed as:

PP = TSS;.. @)
A
where PP is piping (g.m”), TSS, , is the final total sus-
pended solids (g), and A is the effective area of the geo-
textile in dewatering (m’).

However, the use of the suspended solids concentra-
tion in the evaluation of piping is not accurate because the
solids present in the filtrate are, in fact, the total solids,
which are the suspended solids plus the dissolved solids.
Thus, Tominaga (2010) proposes the substitution of sus-
pended solids with total solids.

The solids passing reflects the dewatering perfor-
mance by comparing the suspended solids in the filtrate
with the initial total solids of the sludge in accordance with
the formulation proposed by Satyamurthy (2008, apud Sa-
tyamurthy & Bhatia, 2009a). It is given by:

SP = TSS g x100% 5)

initial

where SP is the solids passing (%), TSS,,,, is the total sus-
pended solids in the filtrate (mg.L") and TS, is the total
initial solids of the sludge (mg.L").

Among the parameters used in the quantification of a
geotextile for dewatering, the solids passing is a simple and
accurate measure of the dewatering system performance
(Satyamurthy & Bhatia, 2009a). Finally, Tominaga (2010)
reported that the suspended solids in the solids passing (SP)
formula should be replaced by the total solids in the filtrate,
as also used in the piping (PP).

3. Proposed of Standardization for
Dewatering Tests

3.1. Cone tests

The cone test is a methodology described by Lawson
(2008) that evaluates the need to use a chemical condition-
ing agent to assist in the dewatering of sludges in geo-
textiles (Castro, 2005; Martins, 2006; Castro et al., 2009;
Guanaes, 2009). This test also allows for the evaluation of
the best dosage and concentration of polymeric additives to
be added to the sludge under study, without the provision of
behavior parameters.

As described previously, the use of a polymeric addi-
tive for solid-liquid separation has a great influence on the
dewatering of fine sludges that have a high water content
relative to solids, allowing the removal of adsorbed water in
the solids. As a result, they enable a significant reduction in
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the volume of sludge for disposal or recycling and, in some
cases, the recirculation of water to treatment or for re-use in
the system.

It is important to determine the cost of each polymeric
additive and the impact of increasing the dosage because
there may be a high daily consumption of a polymeric addi-
tive depending on the volume and type of sludge.

As an example, the results of a cone test are presented
to evaluate 6 (six) different polymeric additives for the
solid-liquid separation of sludge used in the water purifiers
of City Eloi Mendes (Minas Gerais, Brazil). The sludge
used is shown in Fig. 3.

The polymeric additives were evaluated at a concen-
tration of 0.004 g.L". The dosages tested were 10 mL and
15 mL per 500 mL of sludge. The parameters evaluated in
each cone test were the filtrate turbidity (NTU), the final
water content of the sludge dewatering (Fig. 4a) and the fi-
nal volume of filtrate (Fig. 4b) 10 minutes after the begin-
ning of the test. Figure 5 shows the results obtained for the
10 mL dosage of polymeric additive. Figure 6 displays the
results for the 15 mL dosage.

ug_,,'
("

@

Figure 4 - Cone tests: (a) Sludge dewatering; (b) Filtrate obtained.

Soils and Rocks, Sao Paulo, 36(3): 251-263, September-December, 2013.

It is possible to verify that the turbidity (NTU), the
volume of filtrate collected (mL) and the final water con-
tent (%) differ for each type of chemical conditioning and
even between the dosages used (10 mL and 15 mL). In gen-
eral, low values of turbidity indicate a lower passage of
small particles through the geotextile concomitantly with
the passage of liquid present in the sludge. In addition,
lower liquid contents indicate a greater removal of sludge
liquid, which indicates better dewatering.

For the 10 mL dosage (Fig. 5), better results were ob-
tained for the Polymer 934 because of the lower value of
turbidity (NTU) and the good reduction of liquid present in
the sludge. Additionally, 213.5 mL of filtrate was obtained,
greater than the average amount of filtrate obtained among
the other polymers tested (204.0 mL).

For the 15 mL dosage (Fig. 6), the Polymer 934 also
excelled in terms of turbidity and volume of filtrate ob-
tained. However, there was an increase in the final water
content of the sludge (916.2%). Even after increasing the
polymer dosage to 15 mL, there was no improvement in the

1130.3

Polymer 923
m Turbidity (NTU)

Polymer 934  Polymer 910  Polymer 920  Polymer 912 Polymer 913

= Volume filtrate (mL) ® Water content %

Figure 5 - Cone tests with 10 mL polymer dosage at a concentra-
tion of 0.004 g.L".

(b)
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1050.7

1040.2

Polymer 923 Polymer 934
m Turbidity (NTU)

Polymer 910 Polymer 920  Polymer 912 Polymer 913

Volume filtrate (mL) m Water content %

Figure 6 - Cone tests with 15 mL polymer dosage at a concentra-
tion of 0.004 g.L".

measured parameters (reduction of turbidity and water con-
tent, increase of volume of filtrate) for all of the tested poly-
mers. Therefore, increasing the dosage does not necessarily
result in better chemical conditioning, which emphasizes
the importance of obtaining an optimum dosage, as also
discussed in studies by Tominaga (2010).

3.2. Dewatering tests in geotextile bags

The ASTM International published a standard
method to determine the flow rate of water and suspended
solids in a geosynthetic permeable bag containing high wa-
ter content sludges (ASTM D 7701, 2011). This methodol-
ogy describes two test methods. One test involves using a
geotextile bag with a 114 cm inner circumference, a length
of 165 cm and a volumetric test capacity of 150 to 190 L.
The other test uses a geotextile bag with a 1.52 m circum-
ference, a depth of 0.92 m, with a volumetric test capacity
of 1I9L.

The Geosynthetic Research Institute (GRI) has also
proposed methodologies to analyze the behaviors of mate-
rials in dewatering, such as GRI-GT14 (2004) and GRI-
GT15 (2009). The first method is for field dewatering of
solids in a hanging bag test (HBT), as shown in Fig. 7, with
one of the faces open and a linear length between 0.3 and
7.0 m.

The GRI-GT15 (2009) serves an identical purpose as
the GRI-GT14 (2004); however, it uses geotextile bags
with approximate dimensions of 50 to 65 cm in length, 38
to 65 cm in width and a volumetric capacity of 20 to 30 L.
These bags contain an adapter flange to guide the sludge
with polymeric additives into the bags (Fig. 8). Another dif-
ference between the methods is that the GRI-GT15 (2009)
allows for the monitoring of the dewatering performance
over time by observing the dehydrated material column
(cm) by test time (min).

Castro et al. (2009) conducted a comparative study of
both methods described above. This study showed that the
GRI-GT15 (2009) method produces results very close the
actual application of dewatering in geotextile bags; the
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Figure 7 - Hanging bag test (Lawson, 2008).

Figure 8 - Tests in geotextile closed according to GRI-GT15
(Geosynthetic Research Institute, 2009).

sludge remains confined within the geotextile bags, which
allows for better dewatering and prevents rehydration of the
dry sludge. There is also a low breakdown of chemical con-
ditioning with the introduction of sludge within the geotex-
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tile bags compared to the methodology proposed by GT14-
GRI (2004) because it occurs at less critical conditions.

Tominaga (2010) conducted laboratory studies to
evaluate the performance of geotextile closed systems for
sludge dewatering, which included cone tests for the evalu-
ation of chemical conditioning and tests of small dimen-
sions as proposed by GRI-GT15 (2009). In their studies,
Tominaga (2010) used three materials with high water con-
tents (kaolinite, powder-rock and sludge from WTP) for
dewatering.

Tominaga (2010) demonstrated some inaccuracies in
the methodology proposed by GT15-GRI (2009), such as
the reading of the descent level of the sludge in the transpar-
ent tube installed above the geotextile bag. There is no
specification of important readings to measure the quality
of filtrate and of sludge dewatering and also the dewatering
performance. Thus, Tominaga (2010) suggested some
changes in the methodology proposed by the GRI-GT15
(2009) to provide a better assessment of dewatering using
geotextile closed systems, such as fixing a reservoir at the
top of the standpipe with a valve to control the filling of the
bags; suspending the standpipe from a tripod and brace; and
replacing the nozzle in the flange of the geotextile bag with
the nozzle in the sleeve formed by the geotextile in the lat-
eral position of the bag.

4. Brazilian Laboratory Study and Field
Applications Experiences

4.1. Sludge dewatering at water treatment plants
(WTPs)

The residues generated in WTPs, called wash water
and sludge decanter, are produced in large quantities that
may equal 5% of the volume of water treated in the process
(Fontana & Cordeiro, 2005). These residues consist of flu-
ids with high water contents, generally greater than 95%
(Reali et al., 1999), and solid sludge.

Thus, the reduction in its volume minimizes the risk
of contamination of water and environmental resources.
This also reduces the volume of residues to be properly dis-
posed of, with a reduction in transport and disposal costs
(Fontana & Cordeiro, 2005).

The legal aspects of environmental protection in Bra-
zil have prompted studies of the treatment and final dis-
posal of WTP residues (Fontana & Cordeiro, 2005). The
inadequate disposal of these residues in the environment
leads to damaging impacts, such as siltation of water-
courses, soil contamination (Reali ef al., 1999; Andreoli et
al., 2001) and water source contamination (Hoppen et al.,
2003), and can aggravate water shortages for supply and
purifiers (Mendes et al., 2001).

Urashima et al. (2010) conducted studies of WTP
sludge dewatering using geotextile bags with dimensions
60 cm x 50 cm and constructed of three types of geotextiles
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(GT1, GT2 and GT3) with different filtration openings and
tensile strength.

Cone tests were performed to verify the concentration
and dosage of the polymer for sludge chemical condition-
ing.

Finally, a prototype was constructed (Fig. 9) that sim-
ulated the conditions of WTP pressure pumping. This pro-
totype contains a reservoir for 75 L of residue, an inverter
frequency to fix the average flow of pumping residue, a
pressure transmitter and mixer screens for performing the
chemical conditioning.

The dewatering system was assessed based on the fil-
tration efficiency (FE), efficiency dewatering (DE) and in-
filtration efficiency (IE) parameters and on a verification of
the decrease in filtrate turbidity during dewatering. This
analysis is important because it is an indirect measure of the
presence of solids or other particulate in the filtrate suspen-
sion.

Urashima ef al. (2010) obtained average values of
98.1% for FE, 300.9% DE and 70.3% of IE for the three
geotextiles tested (GT1, GT2 and GT3). This study showed
that the geotextile bag has a good solid particle retention ca-
pacity, concomitant with free passage of liquid present in
the sludge, thus enabling dewatering and reduction of large
volumes for correct disposal or use in other industries as
discussed in literature (Tsutuya & Hirata, 2001; Hoppen et
al., 2003; Oliveira et al., 2004; Hoppen et al., 2005).

Guimardes et al. (2012) conducted dewatering stud-
ies with successive pumping of sludge into the same geo-
textile bag, called dewatering with refills. The same
equipment constructed by Urashima et al. (2010), after
some adjustments to the structure, was used, as shown in
Fig. 10.

There were three successive dewaterings conducted
in the same geotextile closed system with dimensions of
60 cm x 60 cm. The time between the first and second
dewatering was 72 h, and the time between the second and
third dewatering was 24 hours. The polymeric additive

Figure 9 - Equipment for pressurized filling and dewatering
(Urashima et al., 2010).
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used was identical to that used by Urashima et al. (2010),
but in different concentrations. Each dewatering was per-
formed with 75 L of sludge at an average sludge pumping
flow of 0.75 L.s™.

Figure 10 - Prototype for the dewatering of sludge from a WTP in
a geotextile bag (Guimardes et al., 2012).

The dewatering system was assessed based on FE, PP
and SP. The last two parameters were measured according
to Tominaga (2010). The average results obtained were FE
97.2%, 2.8% SP and PP 0.6 g.m’z. There was an increase in
FE after each dewatering and a decrease in SP and PP. This
result indicates an increase in the retention of solid particles
after successive recharges of sludge into the same geo-
textile bag.

4.2. Sludge dewatering in mining

Mining sludges are produced in the processing of raw
ore (iron, bauxite, kaolin, graphite, gold, phosphate, etc.).
They are generated in large volumes, and the granular char-
acteristics depend directly on the beneficiation process
used in mining.

Because of the increase in mining activities in
Brazil, there has been an increase in sludge generation.
This situation has been aggravated by the absence of final
disposal sites, technical and environmental storage con-
straints and the costs associated with transportation to the
storage location. This has become one of the greatest chal-
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lenges of modern geotechnical engineering (Bittar et al.,
2010).

The dewatering of mining sludges in geotextile
closed systems thus provides a viable solution to the techni-
cal, economic and environmental concerns cited (Martins,
2006). In addition, the dewatering in geotextiles enables
recirculation and recuperation of water inserted into the
process, directly impacting the costs associated with ben-
eficiation and producing smaller volumes of sludge for fi-
nal disposal (Barbosa, 2011).

Gomes (2007) demonstrated some of the principles
and potential applications of geotextile tubes for dewa-
tering of mining sludges in pulp, highlighting the opera-
tional and economic advantages compared to conventional
processes, such as the storage of sludge in dams with the
risk of catastrophic rupture.

Martins (2006) used suspended geotextile bags
(Fig. 11a) to conduct laboratory and field studies of the
dewatering of sludges from the beneficiation of phosphate
rock with two different particle sizes: fine-grained (called
sludge), 100% of the particles with diameters of less than
0.074 mm (Fig. 11b); and granular sludge with sandy char-
acteristics, 34% of the particles in the silt fraction
(Fig. 11c¢).

Martins (2006) evaluated the effect of filtration effi-
ciency (FE) during the dewatering period, obtaining the fi-
nal results in approximately 100% of the fine-grained
(sludge) and granular sludge.

Barbosa (2011) conducted studies of dewatering of
sludge produced from the beneficiation of phosphate rock
with a high content of fine particles with silt characteristics.
Geotextile bags were used (Fig. 12), with a size of 60 cm x
60 cm and constructed of three geotextiles with different
filtration openings and hydraulic permeability.

Dewatering tests conducted by Barbosa (2011) were
performed by pumping the sludge that was chemically con-
ditioned with anionic polymer. A prototype that simulated
the conditions of pressure pumping of sludge building was
used by Urashima et al. (2010).

Barbosa (2011) obtained average values of 99.1% for
FE, 686% for DE, 0.9% for SP and 0.8 g.m2 for PP for the
three geotextile bags.

Bittar et al. (2010) performed studies on the dewa-
tering of phosphate fine sludge from ore treatment pro-
cesses (90% of the particle sizes below 325 mesh) using
geotextile bags of small dimension second GRI-GT15
(2009) and Castro et al. (2009) and sludge collected di-
rectly from the discharge point. The objective of this
study was to evaluate the quality of the filtrate collected
and to determine the time required to obtain the desired
solids content during the dewatering in geotextile bags
(Fig. 13).

Bittar et al. (2010) performed preliminary cone tests
with different polymeric additives, reaching a concentra-
tion of 10 ppm (Fig. 14).

Soils and Rocks, Sdo Paulo, 36(3): 251-263, September-December, 2013.



Dewatering Sludge in Geotextile Closed Systems: Brazilian Experiences

Vi ;}‘.\

< ___23/11/2006

(@)

(©)

Figure 11 - Dewatering mining sludges in suspended geotextile bags: (a) Detail of bags used; (b) reject fine-grained (sludge); (c) granu-

lar sludge (Martins, 2006).

Bittar et al. (2010) obtained P,O, and MgO concentra-
tions similar to the initial mine deposit values, approxi-
mately 5% and 4%, respectively. A total solids concentra-
tion of 74.70% was reached after 10 days of dewatering,
with an initial value of total solids in the sludge of 12.60%.
Furthermore, the water content ranged from 87.40% (ini-
tially) to 25.3% during this period.

4.3. Sludge dewatering of septic tank sludge

Castro et al. (2008) performed a field implementation
of four geotextile tubes for the dewatering of sewage sludge
collected from septic tanks using vacuum trucks and from
landfill leachate in the Rio das Ostras City (RJ, Brazil).
Two geotextile tubes 30 m in length and 13.7 m in circum-
ference and two geotextile tubes 60 m in length and 13.7 m
in circumference (Fig. 15) were installed.

Figure 12 - Geotextile bag for dewatering sludge from benefici-
ation of phosphate rock (Barbosa, 2011).
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The project was developed to reduce and dispose of
large volumes of sludge generated in the city, which had no
capacity to meet the high demands of sludge generation be-
cause of the large annual population increase. The project

-

After

Before
Figure 14 - Phosphate tailings passed, before and after the cone
test (Bittar et al., 2010).
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Figure 15 - Geotextile tubes for dewatering effluent in the Rio das
Ostras City, RJ, Brazil (Castro et al., 2008).

met the demand of 34.000 cubic meters of sludge contain-
ing an average total suspended solids (TSS) of 1%.

The sludge from the septic tanks and landfill leachate
were mixed in an equalization tank, and a cationic polymer
was added for flocculation. The sludge mixture was then
pumped into the geotextile tubes to dehydrate the sludge,
retaining the solid portion and removing the liquid (fil-
trate). Each geotextile tube was constructed with a drainage
system to collect the liquid extracted from the sludge.

Castro et al. (2008) obtained satisfactory results,
achieving a significant reduction in biochemical oxygen
demand (BOD) and chemical oxygen demand (COD) as
well as increased total suspended solids (TSS) after sludge
dewatering. Furthermore, the filtrate collected was moni-
tored periodically for chemical parameter acceptability for
subsequent discharge and/or return to the sludge treatment
system. A portion of the filtrate collected from the last

geotextile tube was used for gardening in the Rio das Ostras
City (RJ), and a portion was used for compacting landfill.

4.4. Sludge dewatering of industrial effluent

Escobar et al. (2010) presented a case study using
geotextile tubes for the sludge dewatering of industrial ef-
fluent with a high moisture content contaminated with hy-
drocarbons, salts and other chemical compounds.

The sludge for dewatering originated from the clean-
ing of the cooling towers of the Brazilian Petrochemical
Company Braskem - Petrochemical Basics Unit, which
generated a total volume of 2200 m’.

The cooling towers were emptied, and a pump was
used to remove and clean the sludge from the towers. The
total volume of sludge was removed by six vacuum trucks,
which transferred the sludge with a high moisture content
and chemical contamination to two equalization tanks, with
subsequent pumping into two geotextile tubes with a capac-
ity of 400 m’ each. Polymer additives were added for floc-
culation of the sludges. Figure 16 illustrates the process
steps and the location of the geotextile tubes used for sludge
dewatering.

Escobar et al. (2010) reported promising results from
the project: a 95% reduction in the volume of dewatering
sludges after two months, in addition to the recovery and
subsequent use of the entire filtrate drained from the geo-
textile tubes. Finally, the dewatering sludges were removed
for disposal by CETREL, a Brazilian Waste Management
and , providing a safe destination, from an environmental
perspective, for the wastes generated during the cleaning of
cooling towers.

5. Discussion and Conclusion

Geotextile closed systems have great application ver-
satility, as exemplified by the Brazilian applications cited

cold water
e Lhtns

EF-1900

PEPPODEPEBDD

cold water

pumps

e
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Figure 16 - Dewatering of Braskem Company mining sludges in geotextile tubes (Escobar et al., 2010).
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in this paper, such as the single dewatering system or when

used together with other techniques. They have also dem-

onstrated easy adaptability to different installation sites.

The efficiency parameters for the performance analy-
sis of the dewatering systems are important in the evalua-
tion of their behavior. These parameters can be affected by
several factors, such as water content relative to solids, for-
mation of filter cake, particle size and composition of
sludge, opening size and hydraulic conductivity character-
istics of the geotextile, and chemical conditioning require-
ments, among others.

For the good performance of the system under study,
it is necessary to evaluate and observe the following as-
pects:

* The behavior of the seams in light of the field demands,
along with the set of elements responsible for the life
time of the geotextile closed system, and the mechanical
strength and durability of the geotextiles considering
physical, chemical and biological agents;

* The characterization of the materials to be dewatered be-
cause the efficiency of the method depends on the type of
sludge to be dewatered and the filtering characteristics of
the geotextile, which may be considered together or sep-
arately;

* The possible occurrence of physical, chemical and bio-
logical clogging. The physical clogging is an inherent
factor. Tests should be conducted with the sludge and the
geotextile to evaluate the clogging evolution and its ac-
ceptability.

Currently, there are several methodologies for the
performance evaluation of geotextiles as a filter material to
estimate possible results at a laboratory-scale. From these
results, it is possible to optimize the geotextile closed sys-
tem by improving the parameters that may improve its
functioning.

In particular, the cone tests have been used success-
fully in several studies to preliminarily evaluate the need
for chemical conditioning and dosage determination.

In the last decade, studies and field applications of the
dewatering of residues and sludges in geotextile closed sys-
tems have been conducted in Brazil. These studies have
shown promising results that indicate the feasibility of
geotextile use in dewatering systems.

The dewatering of sludges in geotextile closed sys-
tems is of significant current technical and environmental
relevance. It is an alternative technique to reduce the vol-
ume of sludge produced on a large scale, allowing its cor-
rect disposal and minimizing the environmental impacts
resulting from improper disposal in the environment.
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Surprising Soil Behaviour in Soil Sampling

G.M.F. Jannuzzi, F.A.B. Danziger, [.S.M. Martins

Abstract. Thick wall (6.6 mm wall thickness) plastic samplers, 97.2 mm in internal diameter (area ratio of 29%), 700 mm
in length (length of soil sample 640 mm), with a cutting edge angle of 23°, without clearance and with a sampler head have
been used to collect very soft clay samples at Sarapui II test site. Very good to excellent and good to fair quality samples
have been surprisingly obtained in most cases, which were attributed to a combination of five factors: the absence of an
inside clearance, the low friction of the plastic sampler, the small “trick” to close the top of the sampling rods assuring that
suction would be imposed on the top of the sample, the very careful handling and trimming process, combined with no
extrusion of the sample, and the small ratio between specimen diameter and sample diameter. It is still too early to propose
the use of thick wall plastic samplers - in combination with the procedures outlined above - to be used in regular
undisturbed soft clay sampling, and more research is needed to identify the role of each procedure in the final result.
However, if confirmed, the procedures adopted will allow significant cost saving with respect to the use of thin wall brass

(or stainless steel) samplers.
Keywords: sampling, soft clay, sample quality.

1. Introduction

Itis well known that the quality of the sample plays an
important role on the results of laboratory tests. There are
several types of samplers to collect samples of soft clay,
both onshore and offshore.

The Sherbrooke sampler (Lefebvre & Poulin, 1979)
is generally considered the best onshore sampler (e.g.,
Hight et al., 1992), since a block sample with a large diame-
ter (250 mm) is carved into the soil. However, when used in
very soft soils it might be unsuitable, since it does not have
a lateral support and the sample is retrieved mostly by the
diaphragm that cuts the soil at the bottom of the sampler.
Therefore, when the block is retrieved, failure of the sample
due to its self-weight may occur, as observed by Oliveira
(2002) when sampling in a very soft clay at Barra da Tijuca,
Rio de Janeiro.

Piston samplers are generally considered able to pro-
vide good quality samples (e.g., Lunne et al., 1997, Tana-
ka & Nishida, 2007), both when displacement method and
preaugering are used. However, they are more difficult to
operate than simple thin wall tubes (or Shelby tubes). Al-
though piston samplers have been used in Brazil for a long
time (e.g., Costa Filho et al., 1977, Lacerda et al., 1977),
the Brazilian practice has been mostly related to the use of
thin wall tubes, fitted with a sampler head with a suction
ball valve to help keeping the sample during recovery.

A number of authors (e.g., Hvorslev, 1949, Kallste-
nius, 1963, Lefebvre & Poulin, 1979, La Rochelle et al.,
1981, Baligh er al., 1987, Hight et al., 1992, Tanaka &
Tanaka, 1999) have studied the factors that affect the qual-
ity of the sample. Lunne & Long (2006) have recently re-

viewed the role of the sampler characteristics, as listed be-
low, in the sample quality:

* Sample diameter;

¢ Wall thickness;

e Cutting edge angle;

¢ Inside clearance;

¢ Inside friction;

* Outside friction.

Reference must be made to Lunne & Long (2006) to a
detailed analysis of each factor. Very briefly it must be
stated that the larger the sample diameter, the smaller the
wall thickness and the cutting edge angle the better the
quality of the sample. Concerning the sample diameter, the
Brazilian standard NBR 9820 (1997) is more stringent than
other standards, once the minimum external diameter al-
lowed for sampling in regular conditions is 100 mm. In fact,
samplers with 75 mm in diameter are commonly used in
many countries (Lunne & Long, 20006).

The presence of an inside clearance is still an issue.
Numerical analyses have indicated (e.g., Baligh et al., 1987,
Clayton et al., 1998) that inside clearance might be responsi-
ble for sample disturbance. Some well-known samplers do
not have internal clearance, such as the Laval sampler (La
Rochelle er al., 1981) and the Japanese thin wall standard
piston sampler (Tanaka & Tanaka, 1999). However, once the
main purpose of the inside clearance is to reduce the inside
friction, a number of samplers do have an internal clearance,
especially when long samples are to be retrieved, as in the
case of offshore samplers (Lunne & Long, 2006).

As mentioned before, inside friction is one of the
main causes of disturbance, and the smaller the inside fric-
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tion the better the quality of the sample. Outside friction
must also be reduced, once it is able to generate shearing
stresses in the soil below the cutting edge (Eide & An-
dresen, 1977).

2. Evaluation of Sample Quality

Specimen can be defined as the portion of the soil
trimmed from the sample to be used to carry out the test.
Therefore, it must be pointed out that what is called sample
quality is indeed specimen quality in most cases, provided
that the final evaluation is carried out on the specimen, and
not on the sample. However, once the designation sample
quality is broadly used in the technical literature, it will be
kept in the present paper.

The sample quality depends on a number of factors,
from the sample retrieval from the ground (which affecting
factors were presented in the previous section) until the ex-
trusion (when performed), final trimming and positioning
into the test apparatus. Sample extrusion, although carried
out routinely, has been questioned and a procedure in which
the tube sample is cut in short lengths has been proposed
(Germaine, 2003, quoted by Ladd & DeGroot, 2003), as il-
lustrated in Fig. 1.

No definitive method exists to determine the absolute
sample quality (Ladd & DeGroot, 2003). The influence of
sample disturbance in consolidation tests has been studied
for a long time (e.g., Schmertmann, 1953). Sample distur-
bance reduces the yield stress, ¢’ , (or the overconsoli-
dation ratio, OCR) and the compression index, C,, in the
range of lower effective stresses. Moreover, the “S” shaped

< Tube

@ <_®

o

@ Cut tube soil with horizontal band saw

® W, and 2 +/- torvane tests, remove clay,

seal with wax (50/50 paraffin and petroleum

jelly: LaRochelle et. al. 1986) and caps

curve for a good sample is “smoothed”, as illustrated e.g. by
Coutinho (1976) for the Sarapui soft clay (Fig. 2).

The observations above are of qualitative nature.
Quantitative criteria to evaluate the sample quality have
been proposed, and the one suggested by Lunne et al
(1997) is very much used nowadays (Table 1). This crite-
rion is based on the Ae/e_ ratio, where Ae = e - ¢ is the dif-
ference between the void ratio at the vertical effective stress
in the field, e, and the initial void ratio, e,.

The use of the criterion included in Table 1 implies
the need of performing the tests. The evaluation of the sam-
ple quality prior to the tests can be done, and X-ray pictures
have been used for many years (e.g., Hvorslev, 1949). Mea-
surements of initial suction in the sample, comparison of
shear wave velocity measured on the specimen with that
obtained in situ have also been used (e.g., Hight & Leroueil,
2003, Landon, 2004, Lunne & Long, 2006, Tanaka &
Nishida, 2007).

3. Sample Quality of Brazilian Soft Clays

Oliveira (2002) and Coutinho (2007) considered that
the limits established by Lunne et al. (1997) are too strict to
the very soft plastic organic Brazilian clays, and suggested
to release them (Table 2). Andrade (2009) proposed more
classes in the modified criterion (Table 3).

4. Surprising Behaviour

4.1. General

According to the Brazilian standard NBR 9820
(1997) the tube samplers do need to have a clearance. As

Cut tube

section \

Hypodermic
tube

4

Wire

¥

Rotate
3-4
times

@ Debond with piano wire, square ends
and extrude

@ Trim speciment, w, on mixed soil for
Atterberg Limits, etc.

Figure 1 - Procedure for obtaining test specimen from tube sample (Germaine, 2003, after Ladd & DeGroot, 2003).
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previously shown, the presence of the clearance is still an
issue. Therefore it has been argued by the authors of the
present paper that the presence of the clearance would be

4.0 l
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AV 12-10]
AV 2-1

Av% g
AV 4-10 \

®-Good quality samples
0~ Bad quality samples
0O-Remoulded samples
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2.0
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Stress (kPa)

Figure 2 - Influence of sample disturbance in consolidation tests
in the case of Sarapuf soft clay (adapted from Coutinho, 1976).

responsible for the classification very good to excellent sel-
dom being obtained for Brazilian samples, which led to the
suggestions to release the Lunne et al. (1997) criterion pre-
sented in the previous section. In other words, the need for
releasing the Lunne ef al. (1997) criterion would be a con-
sequence of the sampling procedure and not a consequence
of the characteristics of the Brazilian very soft clays. It must
be pointed out that a piston sampler similar to the Japanese
sampler, 76 mm in diameter, 1 m in length and no inside
clearance was developed by Bertuol er al. (2010) and suc-
cessfully used in a very soft clay from Rio Grande do Sul,
south of Brazil.

Besides, as mentioned in section 1, although piston
samplers have been used in Brazil, this kind of sampler de-
mands a procedure which is not straightforward, and thin
wall tubes, fitted with a sampler head to help keeping the
sample during sample recovery, are commonly used. How-
ever, the use of thin wall tubes might demand a significant
time to guarantee the proper retrieval of the sample. In fact,
hours are needed in some cases to allow the pore pressure
generated during the penetration of the tube sampler to dis-
sipate and provide the necessary strength on the soil at the
contact with the tube.

In order to solve this problem, and still keeping the
simplicity of the operation, a new sampler is under develop-
ment at COPPE, Federal University of Rio de Janeiro. This
new sampler will cut the sample from the bottom as done by
the Sherbrooke sampler.

To compare the quality of the samples from the new
sampler, sampling series were planned. The first series of
tests would be performed with a thick wall plastic tube sam-
pler (97.2 mm in internal diameter, 6.6 mm in wall thick-

Table 1 - Lunne et al. (1997) criterion to evaluate sample disturbance.

OCR Aele,

Very good to excellent Good to fair Poor Very poor
1-2 <0.04 0.04-0.07 0.07-0.14 >0.14
2-4 <0.03 0.03-0.05 0.05-0.10 >0.10

Table 2 - Lunne et al. (1997) criterion to evaluate sample disturbance modified by Oliveira (2002) and Coutinho (2007).

OCR

Aele,

Very good to excellent

Good to fair

Poor Very poor

1-2.5 <0.05

0.05-0.08

0.08-0.14 >0.14

Table 3 - Lunne et al. (1997) criterion to evaluate sample disturbance modified by Andrade (2009).

OCR Aele,
Very good to excellent ~ Very good to good  Good to fair ~ Fair to poor  Poor to very poor  Very poor
1-2.5 <0.05 0.05-0.065 0.065-0.08 0.08-0.11 0.11-0.14 >0.14
Soils and Rocks, Sao Paulo, 36(3): 265-274, September-December, 2013. 267
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Figure 3 - Thick wall plastic sampler.

ness, area ratio of 29%), with a cutting edge of 23°, without
clearance. The sampler length is 700 mm, and the length of
soil sample is 640 mm (Fig. 3). A sampler head regularly
used with thin wall samplers was machined to fit in the
thick wall plastic sampler (Fig. 4).

Poor quality samples were expected to be obtained,
which would be in between the 2 extremes of the very good
to excellent quality samples expected with the new sampler
and the very poor quality samples obtained by a process of
completely remoulding in the laboratory. However, this
was not verified, as shown below, and very good to excel-
lent and good to fair quality samples were surprisingly ob-
tained in most cases with the thick wall plastic sampler.

4.2. The test site

The Sarapui soft clay test site has been used since the
1970’s as aresearch site, and a number of in situ and labora-
tory tests have already been performed (e.g., Lacerda et al.,
1977, Werneck et al., 1977, Ortigdo et al., 1983). A general
report about the deposit was provided by Almeida & Mar-
ques (2003). In the last fifteen years, however, security rea-
sons have prevented the use of the test site. A new area
(named Sarapui II) in the same deposit, 1.5 km from the
previous area and inside a Navy Facility, has been used
since then (Fig. 5). Two researches on pile behaviour have
been carried out at the Sarapui II site (Alves, 2004, Fran-
cisco, 2004, Alves et al., 2009). The initial tests with the
torpedo-piezocone (Porto et al., 2010, Jannuzzi et al., 2010,

Figure 4 - Sampler head regularly used with thin wall brass
sampler machined to be used with the thick wall plastic sam-
pler.

268

Figure 5 - Sarapui I test site with respect to the early Sarapui [
test site.

Henriques Jr. et al., 2010) were also performed at Sarapui 11
test site.

A number of in situ tests have been performed at
Sarapui II. In fact, 9 boreholes for SPTs (performed each
meter in Brazil), 7 CPTUs, 51 vane tests (in 5 deploy-
ments), 4 T-bar tests and 4 SDMT tests were conducted
(Jannuzzi, 2009, 2013), both in natural soil and under an old
embankment (Jannuzzi et al., 2012). The very soft clay ma-
terial in this particular area varies from 6.5 m to 10 m. The
Atterberg limits, natural water content and specific gravity
are shown in Fig. 6 and a typical piezocone test in Fig. 7.

4.3. Samples collected
4.3.1. General

Once the aim of the sampling series with the plastic
thick wall sampler was to allow a comparison with the new
sampler, the same procedure to collect the samples in the
case of thin wall brass sampler regularly used at COPPE,
Federal University of Rio de Janeiro and by many other in-
stitutions was used. In other words, care was taken with
respect to all sampling steps, whenever possible. This in-
cludes:

i) Proper cleaning of the sampler prior to its insertion
into the ground;

ii) Proper cleaning of the borehole; this was not always
achieved, because of the way it is regularly executed,
by wash boring and using a sharp cutting metallic de-
vice with 2 jetting bits, manually controlled, precludes
careful control of the excavation of the borehole;

iii) Proper control of the rate of penetration of the sam-
pler, with a device adapted at the tripod regularly used
to perform SPT in Brazil. Although this procedure had
already been used in the past, the most common proce-
dure is to simply push the rod stem with the sampler
manually;

iv) Proper control of the penetrated length of the sampler;

v) Care when retrieving the sampler;

vi) Proper handling, storage and transportation to the lab-
oratory.

Samples were collected every 0.5 m in 2 deploy-
ments, in order to cover the whole profile. Six samples were
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Figure 6 - (2) liquid limit (LL), plastic limit (PL) and natural water content (w); (b) specific gravity (G) from Sarapui II test site.

randomly chosen to be used for consolidation tests, and the
average depth of the corresponding specimens are 1.06 m,
2.10 m, 3.09 m, 4.24 m, 5.40 m and 7.44 m.

4.3.2. Handling and trimming in laboratory

A procedure similar to the one described in section 2
and illustrated in Fig. 1 has been used for a number of years
at the Rheology Laboratory of the Group of Geotechnical
Laboratories Jacques de Medina, at COPPE, Federal Uni-
versity of Rio de Janeiro. This procedure is illustrated be-
low, see also Aguiar (2008) and Andrade (2009). The first
step is to cut a desired slice of the sampler with a band saw
(Fig. 8), which must be done with a proper support. The
sampler is turned while it is cut, in order not to cut the sam-
ple. Despite the thick wall, the procedure is much easier and
faster than with the thin brass sampler. Then the sample is
cut with a thin guitar string. The next step is to carefully in-
troduce the guitar string, driven by a long thick needle, lon-
gitudinally into the slice produced, as shown in Fig. 9.

Then the string is used to separate the sample from the
sampler slice by a number of rotations, typically 4. This
procedure also provides room for driving the consolidation
ring without bulges at the top of the sample. In the case of
consolidation tests, the consolidation ring (71.4 mm in in-
ternal diameter) is then pushed into the sample with the aid
of another ring. Thus, since the consolidation ring thickness

Soils and Rocks, Sao Paulo, 36(3): 265-274, September-December, 2013.

is 1.2 mm, the external 12 mm of the sample is removed
(which is done in the last step). After this step the guitar
string is used again, now in order to allow an easy extrusion
of the sample from the sampler. The last step is removing
the soil from the outside of the consolidation ring, using the
removed material to determine the water content of the soil.

4.4. Tests performed

Incremental loading (IL) 24 h consolidation tests
were conducted at the controlled temperature room of the
Rheology Laboratory. The values of Ae/e, vs. depth are
shown in Fig. 10a, where the Lunne et al. (1997) criterion is
also indicated. Since the criterion depends on OCR, the ob-
tained values are shown in Fig. 10b. It can be observed that
very good to excellent quality was obtained for the samples
at 1.06 m and 2.10 m depth, and good to fair at 3.09 m and
7.44 m depth. The samples at 4.24 m and 5.40 m depth did
present very poor and poor quality respectively, which
could be anticipated from the simple observation of the
samples. In fact, it was later found that the method of exca-
vating and cleaning the borehole by wash boring was not
efficient at all, and soil from the excavation stayed in many
cases inside the borehole, which could not be detected
when positioning the sampler at the bottom of the borehole.
This means that in these cases this remoulded material was
sampled, not the natural soil. This was clearly the case of
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Figure 7 - Corrected cone resistance (q,) and pore pressures at
cone face (u,) and cone shoulder (u,) from typical piezocone test at
the Sarapui II test site.

the sample at 4.24 m depth. The specimen at 5.40 m con-
tained a very significant amount of shells, part of which
needed to be removed and the specimen completed with
lumps of the sample.

The quality of the samples can also be inferred from
the trend of OCR vs. depth, where it is clearly observed that
the values of OCR for the samples at 4.24 m and 5.40 m are
underestimated. The compression curve for the test at
2.10 m depth is shown in Fig. 11, where the very good to
excellent quality of the sample can be observed by the
shape of the curve.

5. Discussion

It might be argued that the surprisingly very good to
excellent quality of the obtained samples may be attributed
to the very low effective stresses, once the samples corre-
sponding to 1.06 m and 2.10 m have provided the best re-
sults (Ae/e, of only 0.006 and 0.013, respectively). It might
also be argued that the Lunne et al. (1997) criterion is lim-
ited to OCR = 4, and the sample at 1.06 m (the best result)
has an OCR of 8.5. However, the tests performed at 3.09 m
and 7.44 m have also provided good to fair quality samples
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Figure 9 - Needle used to guide the introduction of a guitar string
longitudinally into the sample.

according to the Lunne et al. (1997) criterion. On the other
hand, it might be argued that the two samples which pre-
sented the very poor and poor results would have provided
good to fair results in case the problems mentioned in the
previous section did not occur. The results are indeed quite
surprising, since the geometry of the sampler used do not fit
into any suggestion of adequate geometry of samplers de-
signed to get good samples, as e.g. the one by Andresen
(1981), shown in Fig. 12. In fact, the cutting edge angle of
23° is not even included in the chart.

In summary, it seems that the very good results ob-
tained are due to the following reasons:

i)  The absence of an inside clearance. The obtained re-
sults do indicate that the inside clearance should be
avoided in onshore samplers, differently e.g. from the
Brazilian standard.

ii) The low friction of the plastic sampler. As mentioned
in Section 1, both the internal friction and the external
friction affect the sample quality. In the case of the
plastic sampler used the very low friction might have
contributed to the obtained results.

iii) The small “trick” to close the top of the sampling rods,
assuring that suction would be imposed on the top of
the sample, reducing the risk of sample sliding inside
the sampling tube.

iv) The very careful handling and trimming process, com-
bined with no extrusion of the sample as in the tradi-
tional process.

Soils and Rocks, Sdo Paulo, 36(3): 265-274, September-December, 2013.
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v) The small ratio between specimen diameter and sam-
ple diameter, of 0.73. Reference must be made to e.g.,
Bjerrum (1973), Lunne et al. (2006) and Tanaka &
Tanaka (2009) on this particular subject.
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Figure 12 - Relationship between disturbance, cutting edge angle
and area ratio (Andresen, 1981).

The combination of these five factors seems to be the
key of the very good to excellent and good to fair unex-
pected quality of the samples obtained with the thick wall
plastic sampler. It is still too early to propose the use of
thick wall plastic samplers - in combination with the proce-
dures outlined above - to be used in regular soil sampling to
obtain undisturbed samples, and more research is needed to
identify the role of each procedure in the final result. How-
ever, the results are encouraging enough to suggest the con-
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tinuation of the research. If confirmed, the procedures
adopted will allow significant cost saving, once the brass
sampler costs roughly 8 times more than the plastic sam-
pler. Besides, cutting the thick wall plastic sampler in slices
is much easier than the thin wall brass sampler, not only be-
cause of the effort needed in the procedure, but also because
cutting the thin wall sampler must be done with care in or-
der not to deform the sample.

Two points - working in opposite directions with re-
spect to the sample quality evaluation of the tests per-
formed in Sarapui II soft clay - must still be considered for
future research:

* The criterion proposed by Lunne ez al. (1997) is based on
CRS consolidation tests, not in IL tests. Since CRS tests
generally produce strains smaller than IL tests, the values
of Ae/e, included in table 1 could be a little big larger for
the case of IL tests.

e It has been found (e.g., Berre & Bjerrum, 1973) that
highly plastic clays are less subjected to disturbance than
low plastic clays.

6. Conclusions

Surprisingly, very good to excellent and good to fair
quality samples of the very soft plastic organic Sarapui II
clay have been obtained with a thick wall (6.6 mm wall
thickness) plastic sampler, 97.2 mm in internal diameter
(arearatio of 29%), 700 mm in length (length of soil sample
640 mm) with a cutting edge angle of 23° and no inside
clearance, which were attributed to the combination of five
factors: the absence of an inside clearance, the low friction
of the plastic sampler, the small “trick” to close the top of
the sampling rods assuring that suction would be imposed
on the top of the sample, the very careful handling and trim-
ming process, combined with no extrusion of the sample
and the small ratio between specimen diameter and sample
diameter.

It is still too early to propose the use of thick wall
plastic samplers - in combination with the procedures out-
lined above - to be used in regular soil sampling to obtain
undisturbed samples in soft clays, and more research is
needed to identify the role of each procedure in the final re-
sult. However, the results are encouraging enough to sug-
gest the continuation of the research. If confirmed, the
procedures adopted will allow significant cost saving with
respect to the use of thin wall brass (or stainless steel) sam-
plers.
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Remediation Techniques Applied in Residual Clayey Soil
(Oxisol) Contaminated by Diesel and Biodiesel

L.R.R. Meneghetti, A. Thomé, F. Schnaid, L.M. Colla

Abstract. . Biodegradation in residual basaltic soil contaminated by diesel fuel and biodiesel was assessed by three differ-
ent techniques comprising natural attenuation, bioaugmentation, and bioventing. The soil was described in terms of its
physicochemical and microbiological characteristics, showing favorable bioremediation conditions. Natural attenuation
was monitored throughout the experiment. Bioaugmentation was performed using bacteria pre-selected from the soil at the
concentration of ~3.0 x10° CFU mL". In the bioventing process, the soil was aerated during a period of 4 h a day at a pres-
sure of 280 kPa. Bioremediation was assessed by counting the colony forming units (CFU g of soil) and by degradation of
contaminants using gas chromatography for 120 days. The highest microbial density was observed at 30 days in natural at-
tenuation and at 60 days in bioaugmentation and bioventing. Biodiesel-contaminated soils had the largest microbial activ-
ity and highest degradation of carbon chains. At 120 days, bioaugmentation was the most efficient bioremediation
technique, with the largest biodegradation rate for the light fraction of diesel (78.5%) and for biodiesel esters (98.6%).
Bioventing was more efficient than natural attenuation for both contaminants, indicating the presence of aerobic bacteria at

the analyzed soil depth.

Keywords: bioremediation, microorganisms, contaminants, aeration, residual soil.

1. Introduction

The contamination of soils and groundwater by petro-
leum hydrocarbons has grown in recent decades, especially
because of the high frequency of contamination episodes
and of the impacts of these episodes on the environment.
Even though large accidental oil spills are often reported in
the media, it is estimated that the major source of contami-
nation by diesel fuel is related to small fuel leaks in contain-
ers, to mechanical or human error during unloading opera-
tions, or even to accidents during the transportation of this
chemical.

According to Wolicka et al. (2009), the risk posed to
the environment depends on the characteristics of the con-
taminated area (surface and/or depth) and on the chemical
composition of petroleum hydrocarbons. In the case of fuel
leaks into the soil, a wide range of physicochemical and bi-
ological processes are indicated for remediation of these
hydrocarbons. Physicochemical processes such as air injec-
tion, soil vapor extraction, vapor removal and bioreme-
diation are some of the remediation processes used in cur-
rent practice. (Sharma & Reddy, 2004).

Bioremediation processes have become recognized
as alternatives for the treatment of soils contaminated by
organic substances and have been preferred as they are

based on natural and relatively simple methods that are less
aggressive and more appropriate for the maintenance of
ecological balance, aside from their low cost compared to
other remediation processes (Bento et al., 2005, Mathew et
al., 2000).

The bioremediation of organic pollutants by biode-
gradation is based on the capacity of microbial populations
to modify or decompose pollutants. Biodegradation occurs
by the action of soil microorganisms (natural attenuation)
or inoculation of contaminated soil with bacteria (bioaug-
mentation), under natural process or stimulated by nutrients
such as nitrogen and phosphorus (biostimulation) or by ox-
ygen (bioventing) (Troquest et al., 2003).

The soil natural microbiological activity or the inocu-
lated microorganisms are used in bioremediation processes
to reduce the concentration and/or toxicity of different pol-
lutants, including petroleum hydrocarbons (Alexander,
1994; Rajashekara Murthy et al., 2010; Castro-Gutiérrez et
al., 2012; Lalevic et al., 2012). The major microorganisms
that potentially degrade hydrocarbons in the soil include
the genera Nocardia, Pseudomonas, Acinetobacter, Flavo-
bacterium, Micrococcus, Arthrobacter, Corynebacterium,
Achromobacter, Rhodococcus, Alcaligenes, Mycobacte-
rium, Bacillus, Aspergillus, Mucor, Fusarium, Penicillium,
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Rhodotorula, Candida and Sporobolomyces, as reported by
Leahy & Colwell, 1990; Bento et al., 2003; Alvarez &
Illman, 2006; Sgrensen et al., 2011.

Several studies have been recently carried out on
bioremediation of soils contaminated by biodiesel and by
diesel (Trindade, 2002; Bento et al., 2005; Byun et al., 2005;
Hwang et al., 2006; Mariano, 2006; Wolicka et al., 2009;
Biicker et al., 2011; Sgrensen et al., 2011; Moliterni et al.,
2012). However, little is known about the biodegradation
potential of these contaminants in residual soil (Oxisol). This
kind of soil is very common in different parts of the world
and it is located mainly on developing countries.

The aim of the present study was to assess the biode-
gradation potential of a residual clayey soil (Oxisol) con-
taminated by diesel and biodiesel oil using three biore-
mediation processes: natural attenuation, bioaugmentation,
and bioventing.

2. Materials and Methods

The experiments were undertaken ex sifu using a re-
sidual clayey soil (oxisol) for addition of contaminants. Un-
disturbed soil samples were obtained at a depth of 1.2 m,
from B horizon. The physicochemical characteristics of the
soil are shown in Table 1. With respect to particle sizes, the
residual soil contains 70% clay, 6% silt and 24% fine sand
(ASTM D422). Although the soil presents high clay
amount in its composition, it can be observed in Table 1
that the soil has high hydraulic conductivity. The oxisol has
well-structured aggregates and are composed of mixture of
kaolinite and Fe oxide (hematite). This makes the soil com-
posed with stable aggregates and they are responsible for
high infiltration and, as consequence, high hydraulic con-
ductivity.

For all tests undisturbed soil samples were molded
into cylindrical shape, 100 mm high and 75 mm in diameter
and were placed in bioreactors made of screw-capped poly-
vinyl chloride (PVC) tubes with 100 mm in diameter and
200 mm in length. The samples were inserted inside the
PVC tube and the lateral space was filled with commercial

gypsum slurry, thus furthering a state of containment after
its cure. This was necessary to avoid preferential flow be-
tween soil and the tube wall, since the cured gypsum has
hydraulic conductivity a hundred times lower than soil used
in this work.

Natural soil samples were contaminated with diesel
fuel (of type C, sold at gas stations in Brazil) and with ani-
mal derived biodiesel (B100). The contaminants were auto-
claved to clean all microorganisms that could be present in
oil and only allow soil microorganism in the biodegra-
dation process. The contaminant was poured on the sam-
ples in an amount equal to the void volume of the sample.
The percentage of absorbed contaminant was about 4% in
relation to the dry soil mass for all samples. The contami-
nants physicochemical characteristics are specified in Ta-
ble 2.

The density of soil microbial communities was evalu-
ated using culture media in plates by spread plate tech-
nique. Although this method has limitations about the
growth of microorganisms in culture medium (as it is esti-
mated that 1% of the microorganisms are cultivable), this
form of indirect evaluation is most adopted as a method for
evaluation of the occurrence, density and diversity of mi-
croorganism in soil.

First, the soil sample was homogenized for 2 min with
sterile distilled water using 1:9 ratio. Later, dilutions up to
10 were carried out and 100 uL of each dilution was added
to the surface of Petri dishes containing Plate Count Agar
(PCA). The dishes were incubated at 30 °C for 48 h and mi-
crobial growth was determined by counting the colony
forming units (CFU), and the results were expressed as
CFU g of soil.

Thereafter, the different colonies were transferred to
culture media for purification and isolated growth and later
identification by physiological and biochemical tests (Cap-
puccino & Sherman, 1996; Quinn et al., 2002; Tortora, et
al., 2008).

The resistance of the isolated bacteria to hydrocar-
bons was tested using the Bushnell-Hass Broth (BH), con-

Table 1 - Physicochemical characteristics of natural soil used in bioremediation.

Parameters/Soil Values Parameters/Soil Values
Natural moisture (%) 34 H,O pH 5.4
Specific Gravity — G 2.7 P (mg/dm’) 4
Liquid Limit (®,) (%) 53 K (mg/dm) 28
Plastic Limit (,) (%) 42 H+Al (cmol /dm’) 6.2
Plasticity Index (PI) (%) 11 CEC (cmol /dm) 8.6
Saturation rate (%) 74.2 Saturation — Bases (%) 28
Porosity (%) 55 Saturation — Al (%) 50
Void ratio 1.24 Saturation — K (%) 0.8
Organic Matter (%) <0.8 Hydraulic Conductivity (m/s) 1.4x10°
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Table 2 - Physicochemical characteristics of conventional diesel oil and chemical characteristics of animal-derived biodiesel.

Characteristics * Diesel (%) Characteristics** Biodiesel (%)
Sulfur (%) 0.3 Myristic acid (14:0) 5.03
Carbon (%) 86 Palmitic acid (16:0) 29.09
Hydrogen (%) 134 Palmitoleic acid (16:1) 3.22
Oxygen (%) 0 Stearic acid (18:0) 25.33
Aromatics (% v/v) 31.5 Oleic acid (18:1) 35.85
Viscosity at 40 °C (cSt) 2.5t05.5 Linoleic acid (18:2) 1.48
Cetane number (CN) 42 Saturated 59.45
Density at 15 °C (kg/m’) 0.849 Unsaturated 40.55
Cloud point °C 1 Cetane number (CN) 69
Calorific value (MJ/kg) 42.30 Viscosity at 40 °C (cSt) 5.14
Moisture (ppm) 58 Cloud point °C 8-10
Calorific value (MJ/kg) 39.33
Moisture (ppm) 1390

Source: * NPA (2010), ** Schuller (2007).

taining 1% of diesel and tetrazolium chloride (TTC) as
indicator according to the method proposed by Braddock &
Catterall (1999) referenced by Bento et al. (2005) and
Cerqueira & Costa (2009).

The inocula were incubated at 30 °C and 150 rpm for
14 days. Microbial growth was qualitatively determined by
violet color development (indicating reduction of the indi-
cator via respiration).

The inoculum used for bioaugmentation was pre-
pared with the isolated microorganisms that were able to
degrade diesel fuel. An aliquot of 1,000 uL of each bacte-
rial suspension was used in 50 mL of liquid BH medium,
kept under orbital agitation at 120 rpm and 28 °C. After
24 h of incubation, successive dilutions in peptone water at
0.1% were performed and Petri dishes containing PCA
were inoculated for the count of microorganisms in the
inoculum. The bioaugmentation inoculum had the concen-
tration of approximately 3.0 x 10° CFU mL" of the micro-
bial consortium. Afterwards, 1,000 pL of the inoculum

Filter

Compressor

Figure 1 - Aeration device layout.
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from each isolate was slowly added (poured) on the 500-
gram soil samples in each bioaugmentation treatment.

An aeration device was developed for the bioventing
process (Fig. 1). It is composed by an air compressor and a
water filter (this was used to avoid the air contamination by
the compressor oil). This equipment allowed air to flow up-
wards in samples. This air was used as a source of biosti-
mulation for microbial growth. It was used a daily contin-
uum ventilation for four hours at pressure of 280 kPa.

Bioremediation trials were carried out in triplicates,
and soil samples were assessed at predefined times, namely
at 30, 60, 90 and 120 days, as outlined in Table 3.

Moisture and pH were measured accordingly. Mois-
ture losses as high as 8.75% were observed during bioven-
ting treatments (compared to moisture at baseline). With
regard to pH, slight acidification was observed in all experi-
ments, but the largest variation occurred in treatment bio-
venting + biodiesel of the bioventing procedure, in which
pH dropped from 5.4 to 4.4.

Bioreactors
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Table 3 - Treatments used in the bioremediation experiment.

Treatments

Contaminants

Bioremediation procedures

Natural Attenuation (T1)
Natural Attenuation (T2)
Natural Attenuation (T3)
Bioaugmentation (T4)

No contaminant
Diesel
Biodiesel

No contaminant

Control
Natural Attenuation
Natural Attenuation

Control*

Bioaugmentation (T5) Diesel Bioaugmentation *
Bioaugmentation (T6) Biodiesel Bioaugmentation *
Bioventing (T7) No contaminant Control**
Bioventing (T8) Diesel Bioventing**
Bioventing (T9) Biodiesel Bioventing**

*Bacterial inoculum (~3.0 x 10° CFU mL"). **Period: four daily hours at a pressure of 280 kPa.

The Soxhlet method (USEPA, 1996) was used for the
extraction of soil contaminants. The contaminants were
quantified by a Varian Gas Chromatograph (model 3400)
equipped with a flame ionization detector. Hydrogen was
used as carrier gas at a flow rate of 2 mL. min". Injector and
detector temperatures were 250 °C and 300 °C, respec-
tively. A PE = WAX capillary column (30 m x 0.25 mm x
0.25 pm) was used for determination of hydrocarbons, with
an initial oven temperature of 35 °C, increasing from 5 °C
min’' to 245 °C, and remaining at the latter temperature for
20 min. The CP Sil 88 capillary column (50 m x 0.25 m x
20um) was used for determination of fatty acids, with an
initial temperature of 140 °C, increasing 1 °C min" until
reaching 185 °C. Hydrocarbons and fatty acids were identi-
fied by comparing retention times with specific standards
quantified by normalization of the areas.

The experiments were conducted independently in
triplicates. The count of microorganisms in CFU g of soil
was normalized by logarithmic transformation and as-
sessed by analysis of variance (ANOVA) and Tukey’s test
at 5% for comparison of the means.

3. Results and Discussion

The microorganisms isolated from the natural soil
(used in bioaugmentation) were identified as bacteria of the

species Bacillus circulans and Pseudomonas aeroginosa.
These bacteria are referenced in the literature as organic
pollutant degraders (Bento & Gaylard, 2001; Alvarez &
Illman, 2006; Labbé et al., 2007).

The population density of microorganisms is influ-
enced by bioremediation treatments and should be esti-
mated in order to determine the relationship between
microbial activity and the degradation rate. The Table 4
shows the means for the total number of microorganisms
(CFU/g soil) and significant differences with a 95% confi-
dence interval (Tukey’s test) for the bioremediation of nat-
ural soils, contaminated by diesel and biodiesel, through
natural attenuation, bioaugmentation and bioventing. Fig-
ure 2 shows the results for microbial count (Log CFU g of
soils, comparing the same contaminant under effect of the
three different treatments.

It can be observed in Fig. 2a that microbial count in
the control experiment decreased over time, being statisti-
cally significant compared to the initial time after 60 days
(p=0.037). On the other hand, soils contaminated by diesel
and biodiesel and submitted to natural attenuation main-
tained the concentration of microorganisms when
compared to initial time (p > 0.05) all through the biore-
mediation process for treatment T2 (diesel used as contami-
nant) and up to 90 days for treatment T3 (biodiesel used as

Table 4 - Microbial count in different treatments and the statistical differences concerning the interaction between time and treatment.

Time (d) Total plate count (Log CFU g of soil)

Tl T2 T3 T4 TS T6 T7 T8 T9
0 3.28" 3.28" 3.28" 3.89™ 3.89™ 3.89™ 3.28" 3.28" 3.28"
30 273 2.94" 3.30™ 3.67™ 2.97% 2.74° 2.84% 2.93% 2.89%
60 2.55%¢ 2.93% 3.07*" 3.55% 3.19%° 3.61% 3.64™ 2.34% 3.23%
90 2.21% 2,82 2,88 3.23% 3.07°" 2.79°" 2.58 2.19™ 2,57
120 2.39™ 2.78" 2.41™ 2.55™ 2.79™ 2.38™ 2.49% 2.13™ 2.58%

Values with the same lowercase letter superscript, in each row, are not significantly different at the 95% confidence level, based on
Tukey’s range test. Values with the same uppercase letter superscript, in each column, are not significantly different at the 95% confi-

dence level, based on Tukey’s range test.
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contaminant). Although treatment of natural attenuation
did not differs significantly over time, the presence of con-
taminant contributed to maintain the concentration of auto-
chthonous microorganisms in the soil during the study pe-
riod, to be sources of carbon and energy to the metabolism,
determinant factor for the bioremediation.
Bioaugmentation in treatments T4, TS5 and T6
(Fig. 2b) revealed that the microbial count decreased at
30 days of bioremediation compared to the initial time
(comparison by the Tukey’s test denoted by capital letters

in Table 4, p < 0.05). Nonetheless, comparing the
microbial count at 30 days of treatment for the three ex-
periments indicates that the addition of contaminant (T5
and T6) caused microbial concentration to fall more
sharply than that of T4 (3.67 significantly higher than 2.97
and 2.74 at a significance level lower than 0.05, compared
to treatments T4, TS and T6 at 30 days, small letters on
Tukey’s test, Table 4). The inoculated bacteria, although
they were in the growth stage, needed time to adapt to the
contaminated medium.
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Figure 2 - Microbial density (CFU/g soil) of treatments over time. (a) Natural Attenuation, (b) Bioaugmentation and (c) Bioventing.
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In bioremediation trials in which bioventing was used
(Fig. 2¢), there was a significant reduction (p < 0.05) in the
concentration of microorganisms in the soil compared to
the results obtained for treatments T7 (bioventing of con-
taminant-free soil) and T9 (bioventing of biodiesel-conta-
minated soil) at 30 days and at baseline. Even though
microbial count decreased in T8 (bioventing of diesel-
contaminated soil) relative to baseline values, no signifi-
cant difference was found between these counts (p > 0.05).
However, after 30 days of bioremediation, there was a sig-
nificant reduction in microbial concentration in diesel-
contaminated soils and in biovented in a period of up to
120 days, when counts are compared with those obtained in
experiments T7 and T9. This may have been caused by a
toxic effect on the metabolites produced during diesel bio-
remediation after 30 days of treatment (T8).

By comparing the control experiment in the natural
attenuation treatment (T1) with the control experiment in
the bioventing treatment (T7), microbial activity continues
to increase up to 60 days under aerobic conditions whereas
this activity begins to decline in the natural soil at 30 days.
This increase in population density in treatment T7 indi-
cates the presence of facultative aerobic/anaerobic micro-
organisms at this depth. These results are in agreement with
those obtained by Osterreicher-Cunha et al. (2004). They
demonstrated that the natural soil when biostimulated with
air (control + bioventing) had larger population density
than the untreated natural soil (control), showing the pres-
ence of aerobic microorganisms. After 40 days, microbial
population increased in all of the other treatments, confirm-
ing that microorganisms need some time to adapt to the
bioremediation conditions imposed on the medium.

The rate of diesel and biodiesel degradation obtained
by gas chromatography at the end of the experiment is
shown in Fig. 3. The highest biodiesel biodegradation rates
occurred in treatments T6 (bioaugmentation) and T9 (bio-
venting), amounting to 96.8% and 90.6%, respectively, fol-
lowed by natural attenuation (T3), with a rate of 60.6%.
Biodiesel biodegradation was easier than that of diesel in
treatments T2, TS5 and T9, as a consequence of the different
chemical composition of contaminants. The results ob-
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Figure 3 - Degradation rate for diesel oil and biodiesel in biore-
mediation treatments at 120 days.
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tained in this work are in agreement with those found by
Cyplik et al. (2011) and Lapinskiené et al. (2006). They
found that the biodegradation caused by a microbial con-
sortium relies on the type of fuel used and on the available
aerobic conditions, and thus biodiesel degradation is faster
than that of diesel under aerobic conditions. Biodiesel is
much more biodegradable than fossil diesel due to its che-
mical features (Zhang et al., 1998).

Figures 4 and 5 show the degradation rate of carbon
chains for biodiesel and diesel, respectively. Biodiesel
yielded 99% degradation of palmitic (C16:0), palmitoleic
(C16:1), stearic (C18:0) and oleic (C18:1) acids in bioaug-
mentation; 97% for palmitic (C16:0) and oleic (C18:1) ac-
ids in bioventing, and 68% for oleic acid (C18:1) in natural
attenuation.

The highest degradation rate for the light fraction
(C12-C23) of TPH found in diesel (Fig. 4) was observed in
bioaugmentation (78.5%), followed by bioventing (72%)
and natural attenuation (26%). These findings are similar to
those obtained by Bento et al. (2005) for bioremediation.
These authors observed that bioaugmentation (63-84%)
was more efficient in diesel degradation than were bios-
timulation (72%) and natural attenuation (47%). Also, ac-
cording to Bento et al. (2003), bioaugmentation with
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inocula from bacteria pre-selected from a contaminated
medium provides higher degradation, as they recognize
diesel oil hydrocarbons more easily, using them as source
of energy for their growth. Bioremediation studies con-
ducted in laboratory by Capelli ef al. (2001) also demon-
strated a reduction of over 70% of TPH when inoculated by
pre-selected bacteria.

Other bioremediation studies carried out by Sayara et
al. (2011) and Kauppi er al. (2011) demonstrated that
biostimulation with nutrients and oxygen is more efficient
than bioaugmentation. Sayara et al., 2011 assessed the deg-
radation of several aromatic polycyclic hydrocarbons
(APHs) in the soil by applying bioaugmentation, biosti-
mulation, and natural attenuation. After 30 days, analyses
showed that the inoculum of fungus 7. versicolor did not
improve the degradation of APH significantly. However,
biostimulation degraded 89% of APHs while natural atten-
uation degraded 29.5% (carried out by microorganisms of
the indigenous soil).

As presented in Table 4, the 120 days of studied
bioremediation techniques do not show statistical differ-
ences in the evaluation of microorganisms, however, it can
be observed in Fig. 3, that there is a great difference in the
percentage of degradation among the techniques, being the
degradation of 26.4% for T2 (Natural Attenuation + diesel),
while the degradation for the technique T6 (Bioaugmen-
tation + biodiesel) was 96.8%.

4. Conclusion

This study assessed the biodegradation potential of a
residual clayey soil (Oxisol) contaminated by diesel and
biodiesel, comparing natural attenuation, bioaugmentation
and bioventing processes, allowing to identify differences
in contaminant degradation.

The highest degradation took place in the treatments
of biodiesel-contaminated soil, compared to those contami-
nated by diesel, due to the chemical characteristics of con-
taminants.

Bioaugmentation was the bioremediation procedure
with the best test results owing to the inoculum of microor-
ganisms pre-selected from the residual soil, with 78.5%
degradation of the light fraction of diesel (TPH) and 96.8%
degradation of fatty acid esters of biodiesel.

Bioventing yielded higher biodegradation rates than
natural attenuation because of the presence of aerobic bac-
teria in the residual soil.

Microorganisms of the genera Bacillus circulans and
Pseudomonas aeroginosa have shown to be efficient or-
ganic pollutant degraders in residual clayey soil (oxisols).

The inoculum of degrading microorganisms, associ-
ated with the addition of nutrients (oxygen, nitrogen, phos-
phorus and/or potassium) allows increasing the degradation
of soil contaminants by reducing time and costs of remedia-
tion processes.

Soils and Rocks, Sao Paulo, 36(3): 275-282, September-December, 2013.

Acknowledgments

The authors wish to express their gratitude to the Bra-
zilian Research Council (CNPg/MCT and CAPES/MEC)
and Rio Grande do Sul State Research Foundation
(FAPERGS) for their financial support.

References

Alexander, M. (1994) Biodegradation and Bioremediation.
Academic Press, San Diego, 453 pp.

Alvarez, P.J.J. & Illman, W.A. (2006) Bioremediation and
Natural Attenuation: Process Fundamentals and Mathe-
matical Models. John Wiley & Sons, New Jersey, 612
Pp-

Bento, F.M. & Gaylarde, C.C. (2001) Microbial contami-
nation of stored diesel oil: Studies in Brazil. Interna-
tional Biodeterioration and Biodegradation, v. 47,
p. 107-112.

Bento, F.M.; Camargo, F.A.O.; Okeke, B. & Franken-
berger-Jr., W.T. (2003) Bioremediation of soil contami-
nated by diesel oil. Brazilian Journal of Microbiology,
v. 34, p. 65-68.

Bento, F.M.; Camargo, F.A.O.; Okeke, B.C. & Franken-
berger, W.T. (2005) Comparative bioremediation of
soils contaminated with diesel oil by natural attenua-
tion, biostimulation and bioaugmentation. Bioresource
Technology, v. 96, p. 1049-1055.

Braddock, J.F. & Catterall, P.H. (1999) A simple method
for enumerating gasoline- and diesel-degrading micro-
organisms. Bioremediation. Journal, v. 3, p. 81-84.

Biicker, F.; Santestevan, N.A.; Roesch, L.F.; Jacques,
R.J.S.; Peralba, M.C.R.; Camargo, F.A.O. & Bento,
F.M. (2011) Impact of biodiesel on biodeterioration of
stored Brazilian diesel oil. International Biodeterio-
ration and Biodegradation, v. 65, p. 172-178.

Byun, 1.-G.; Nam, H.-U.; Song, S.K.; Hwang, I-S.; Lee,
T-H. & Park, T.-J. (2005) Monitoring of bioventing
process for diesel-contaminated soil by dehydrogenase
activity, microbial counts and the ratio of n-alkane/iso-
prenoid. Korean Journal Chem. Eng., v.22, p. 917-921.

Capelli, S.M.; Busalmen, J.P. & Sanches, S.R. (2001) Hy-
drocarbon bioremediation of a mineral-base contami-
nated waste from crude oil extraction by indigenous
bacteria. International Biodeterioration and Biodegra-
dation, v. 47, p. 233-238.

Cappuccino, J.G. & Sherman, N. (1996) Microbiology: A
Laboratory Manual. The Benjamin/Cummings Pub-
lishing Company Inc., Menlo Park, California, pp. 441.

Castro-Gutiérrez, V.M.; Rodriguez-Rodriguez, C.E. &
Vargas-Azofeifa, 1. (2012) Hydrocarbon degrading
microflora in a tropical fuel-contaminated aquifer: As-
sessing the feasibility of PAH bioremediation. Interna-
tional Journal of Environmental Research, v. 6:1,
p. 345-352.

281



Meneghetti et al.

Cerqueira, V.S. & Costa, J.A.V. (2009) Biodegradation of
toluene and fish oil in contaminated soil using chemical
and biological surfactants. New Chemical, v. 32,
p- 394-400.

Cyplik, P.; Schmidt, M.; Szulc, A.; Marecik, R.; Lisiecki,
P.; Heipieper, H.J.; Owsianiak, M.; Vainshtein, M. &
Chrzanowski, L. (2011) Relative quantitative PCR to
assess bacterial community dynamics during biodegra-
dation of diesel and biodiesel fuels under various aera-
tion conditions. Bioresource Technology, v. 102,
p- 4347-4352.

Kauppi, S.; Sinkkonen, A. & Romantschuk, M. (2011) En-
hancing bioremediation of diesel-fuel-contaminated
soil in boreal climate: Comparison of biostimulation
and bioaugmentation. International Biodeterioration
and Biodegradation, v. 65, p. 359-368.

Labbé, D.; Margesin, R.; Schinner, F.; Whyte, L. & Greer,
C. (2007) Comparative phylogenetic analysis of micro-
bial communities in pristine and hydrocarbon contami-
nated Alpine soils. FEMS Microbiology Ecology, v. 59,
p. 466-475.

Lalevic, B.; Raicevic, V.; Kikovic, D.; Jovanovic, L.; Sur-
lan-Momirovic, G.; Jovic, J.; Talaie, A.R. & Morina, F.
(2012) Biodegradation of MTBE by bacteria isolated
from oil hydrocarbons-contaminated environments. In-
ternational Journal of Environmental Research, v. 6:1,
p- 81-86.

Lapinskiené, A.; Martinkus, P. & Rébzdaite, V. (2006)
Eco-toxicological studies of diesel and biodiesel fuels
in aerated soil. Environmental Pollution, v. 142,
p- 432-437.

Leahy, J.G. & Colwell, R.R. (1990) Microbial degradation
of hydrocarbons in the environment. Microbiol. Rev.,
v. 54, p. 305-315.

Mariano, A.P. (2006) Evaluation of the Potential for
Bioremediation of Soils and Groundwater Contami-
nated Diesel. Dissertation, UNESP-Rio Claro, 147 pp
(in Portuguese).

Mathew, M.; Tan, L.R.; Su, Q.; Yang, X.; Baxter, M. & Se-
nior, E. (2006) Bioremediation of 6% [w/w] diesel-
contaminated mainland soil in Singapore: Comparison
of different biostimulation and bioaugmentation treat-
ments. Engineering Life Science, v. 6, p. 63-67.

Moliterni, E.; Rodriguez, L.; Fernandez, F.J. & Villasefior,
J. (2012) Feasibility of different bioremediation strate-
gies for treatment of clayey and silty soils recently pol-
luted with diesel hydrocarbons. Water Air Soil Pollut,
v. 223, p. 2473-2482.

National Petroleum Agency (2010). Chemical composition
of diesel. Retrieved in July, 4 2010. Avaliable at
http//www.anp.gov.br (in Portuguese).

Osterreicher-Cunha, P.; Vargas Jr., E.A.; Guimaries,
J.R.D.; Campos, T.M.P., Nunes, C. M.F.; Costa, A.;
Antunes, F. dos S.; Silva, M.I.P. & Mano, D.M. (2004)

282

Evaluation of bioventing on a gasoline-ethanol contam-
inated undisturbed residual soil. Journal of Hazardous
Materials, v. 110, p. 63-76.

Quinn, P.J.; Markey, B.K.; Carter, M.E.; Donnelly, W.J. &
Leonard, F.C. (2002) Veterinary Microbiology and Mi-
crobial Diseases. Blackwell Science Ltda, Ames, Iowa,
912 pp.

Rajashekara Murthy, H.M.; Thakur, M.S. & Manonmani,
H.K. (2010) Degradation of Technical grade hexachlo-
rocyclohexane in soil slurry by a defined microbial con-
sortium. International Journal of Environmental
Research, v. 4:3, p. 471-478.

Sayara, T.; Borras, E.; Caminal, G.; Sarra, M. & Séanchez,
A. (2011) Bioremediation of PAHs-contaminated soil
through composting: influence of bioaugmentation and
biostimulation on contaminant biodegradation. Interna-
tional Biodeterioration and Biodegradation, v. 65,
p. 859-865.

Schuller, A. (2007) Biodiesel production and quality con-
trol by HPLC. Retrieved Jan. 15. Avalible at http://
www.perkinelmer.com.br/home/seminarios/biodiesel
(in Portuguese).

Sharma, H.D. & Reddy, K.R. (2004) Geoenvironmental
Engineering: Site Remediation, Waste Containment
and Emerging Waste Management Technologies. John
Wiley & Sons, Inc. Hoboken, New Jersey, 968 pp.

Sgrensen, G.; Pedersen, D.V.; Ngrgaard, A.K.; Sgrensen,
K.B. & Nygaard, S.D. (2011) Microbial growth studies
in biodiesel blends. Bioresource Technology, v. 102, p.
5259-5264.

Tortora, G.J.; Funke, B.R. & Case, C.L. (2008) Microbiol-
ogy: An Introduction. 10th Edition. Benjamin Cum-
mings, Menlo Park, California, 960 pp.

Trindade, P.V.O. (2002) Evaluation of Biostimulation and
Bioaugmentation Techniques in the Process of Biore-
mediation of Soils Contaminated with Petroleum Hy-
drocarbons. Dissertation, Federal University of Rio de
Janeiro. 127 pp (in Portuguese).

Troquest, J.; Larroche, C. & Dussap, C.G. (2003) Evidence
for the occurrence of an oxygen limitation during soil
bioremediation by solid-state fermentation. Biochemi-
cal Engineering Journal, v. 13, p. 103-112.

USEPA - United States Environmental Protection Agency
(1996) Method 3540c, Soxhlet extraction, 1996. Re-
trieved Feb 2, 2011 from
www.epa.gov/sw-846/pdfs/3540c.pdf.

Wolicka, D.; Suszek, A.; Borkowski, A. & Bielecka, A.
(2009) Application of aerobic microorganisms in biore-
mediation in situ of soil contaminated by petroleum
products. Bioresource Technology, v. 100, p. 3221-
3227.

Zhang, X.; Peterson, C.; Reece, D.; Haws, R. & Moller, G.
(1998) Biodegradability of biodiesel in the aquatic en-
vironment. Trans. ASAE, v. 41, p. 1423-1430.

Soils and Rocks, Sdo Paulo, 36(3): 275-282, September-December, 2013.



Behavior of Clay-Tire Mixtures Subjected to Undrained
Monotonic Loading

H. Soltani-Jigheh, V. Marefat, A. Ersizad

Abstract. Soil - tire mixtures have been recently used as construction materials in civil engineering projects. In this
research, a number of undrained triaxial tests were carried out on the compacted clay-tire mixtures and their behaviors were
compared with behavior of pure clays. The results of the tests indicate that adding more than about 20%-30% tire to the low
plasticity clay doesn’t reduce the shear strength in comparison with the associated values of pure clay. In the mixtures made
of high plasticity clay, the shear strength decreases by increasing tire content. Moreover, friction angle and cohesion values
vary with increasing tire-chips, which is completely dependent on the clay plasticity. The results also demonstrated that,
for the mixtures of low plasticity clay, maximum excess pore water pressure occurs in the specimens with tire content of
about 10%-20%. For the mixtures consist of high plasticity clay, at low consolidation stress, the pore water pressure
decreases slightly with an increase in tire content. At high consolidation stress, excess pore water pressure induced within
these mixtures increases slightly with an increase in tire-chips content. Adding tire-chips to the clay also lead to increase

deformability of mixtures considerably.

Keywords: clay-tire-chip mixtures, triaxial test, shear strength, pore water pressure.

1. Introduction

A large volume of waste tires is being generated ev-
ery year and results in major environmental hazards world-
wide. Rubber Manufacturer’s Association (2013) estimates
that about 296.7 million tires (5170.5 thousand tons) were
generated in the USA in 2009 and the total percent of tires
consumed in end-use markets reached approximately
84.9%. It also estimates that about 12.6% of scrap tires have
been disposed in the land at the end of 2009.

It has also been reported that about 20 million tires
were produced in Iran 2005 and about 10 million scrap tires
were added to the existing stockpile annually. Therefore, in
the last decade, considerable research and development has
been carried out for the use of tire crumbs in asphaltic pave-
ment layers in Iran (Iran Transportation Research Institute,
2006) and it is also essential to find beneficial ways of recy-
cling and/or reusing tires.

According to Humphrey (1999), using scrap tires in
civil engineering projects are advantageous because of their
low density, high durability, and high thermal insulation
and in many cases least cost compared to other fill materi-
als. These materials are used for reinforcing soft soil in road
and embankment construction (Bosscher er al., 1997,
Heimdah & Druscher, 1999; Velazco et al., 2000; Zornberg
& LaRocque, 2005), as lightweight fill materials (Bosscher
et al., 1997; Tatlisoz et al., 1998; Lee et al., 1999; Edil &
Bosscher, 1994), as an additive material to asphalt (Foose
et al., 1996; Tuncan et al., 1998), as a source for creating

heat (Lee et al., 1999), and as landfill barrier materials (Al
Tabbaa & Aravinthan, 1998; Al Tabbaa et al., 1997; Baykal
& Alpatly, 1995).

Bosscher et al. (1993) reported that an embankment
constructed with sand-tire shreds operated satisfactorily
even when subjected to heavy loads. They also found that
the long-term settlement of such embankment could be al-
leviated if a soil cap with a thickness of 1 m overlies the
sand-shred mixtures. Bosscher ef al. (1997) performed
large-scale models of tire-chips embankments and showed
that tire chip-soil mixtures exhibit a significant initial plas-
tic compression under load.

Lee et al. (1999) carried out triaxial tests on pure
tire-chips and tire-chips mixed with sand. Youwai & Ber-
gado (2004) carried out drained triaxial compression tests
on shredded tire-sand mixtures with different amount of
tire-chips. They found that with an increase in sand content,
the strength and unit weight of mixtures increase and defor-
mation due to isotropic compression decreases. Rate of re-
duction in deformation was significant when the sand in the
mixture was more than 30%.

Former studies have mainly concentrated on deter-
mining engineering properties of tire-chips alone and/or
various mixtures of tire-chips with sand as a lightweight fill
material for embankment construction (Lee et al., 1999;
Edil & Bosscher, 1994; Foose et al., 1996; Garga & Zargar-
bashi, 2002; Zornberg et al., 2004; Venkatappa & Dutta,
2006; Vafaeian & Mehran-Nia, 2006; Ghazavi & Sakhi,
2005).
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Some investigators have recently been studied the be-
havior of clay - tire mixtures. Cetin et al. (2006) added two
types of tire-chips to clay and indicated that the shear strength
increases up to 30% for fine and 20% for coarse tire-chip mix-
tures. Moreover, with the increase tire-chips up to 40% cohe-
sion of samples increases, while the angle of internal friction
decreases. For the tire-chips more than 40%, the cohesion de-
creases, whereas the angle of internal friction grows up. They
also demonstrate that under lower normal pressures percent of
tire-chips do not have considerable effect on the vertical
strains or volume change during shear. However, under higher
normal pressures, originally high negative vertical strains for
the clayey soil alone decrease considerably for the fine
tire-chip mixtures or become slightly above zero or positive
for the coarse tire-chips mixtures up to 50%. They concluded
that the dry densities of clay-tire chip mixtures are lower than
that of pure clayey soil.

Ozkul & Baykal (2007) investigated the influence of
rubber fiber inclusion on the shear behavior of low plastic-
ity clay by performing a series of triaxial compression tests
under confining stresses ranging from 50 kPa to 300 kPa.
They pointed that the contribution of rubber fibers to the
strength of clay mixtures decreases with increasing levels
of confining stress. A limit confining pressure also exists
beyond which the presence of rubber fibers tend to degrade
the strength of the clay.

When confining stresses are below this limit value the
peak drained strength of the composite specimens is higher,
occurs at greater strains, and has higher post peak strength
in comparison with the associated values of unreinforced
clay. During undrained loading, composite specimens
again have higher peak strengths but show faster strength
development compared to samples of clay alone. In addi-
tion, they showed that the deformation behavior of the clay
is significantly changed.

Overview of the previous studies reveals that the ef-
fects of tire-chips content and clay characteristics on the
behavior of clay - tire mixtures have not clearly been inves-
tigated (Cetin et al., 2006; Ozkul & Baykal, 2007). In addi-
tion, the studies on behavior of these mixtures under un-
drained loading condition are incomplete. With this intend,
a number of undrained triaxial tests are carried out on the
compacted specimens made of clay-tire chips mixtures.
Then, the obtained results are compared with the associated
behavior of pure clay and an analysis is performed in terms
of tire-chips content and clay plasticity. It should be noted
that the materials presented in this article is a part of a com-
prehensive study on clay-tire mixtures and the effect of
tire-chips size on the behavior of these mixtures published
previously by Marefat & Soltani-Jigheh (2011).

2. Materials and Methods

2.1. Materials and sample preparation

Samples were prepared by mixing cohesive clayey
soils with 10, 20 and 30% tire-chips, free of steel belts, by
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weight. The tire-chips used in the mixtures were obtained
from a local waste tire manufacturing plant which grinds
them for reusing. The size of tire-chips were between
4.75 mm (No. 4 sieve) and 1/4” sieve, with an average size
of 5.53 mm and specific gravity of 0.988.

Major part of clayey soil used in the mixtures was lo-
cally obtained from the Azarshahr clay deposits in East-
Azarbaijan state. This cohesive soil has index properties of
LL =33%, PI = 12%, and G, = 2.698 and denoted with AC.
To investigate the effect of clay plasticity on the character-
istics of clay-tire mixtures, an artificial clay was prepared
by mixing 80% AC clay with 20% commercial bentonite.
This clay is characterized by ACB and has index properties
of LL=61%, P1=33%, and G, =2.64 (Table 1). According
to Unified Soil Classification System (USCS), AC and
ACB clays were categorized as CL and CH, respectively
(ASTM, 2008a). Mineral component and index properties
of these clays are also listed in Table 1. Grading curves of
tire-chips and clayey soils are depicted in Fig. 1 and also
some grading specifications of these materials are listed in
Table 2.

In order to model samples closely the prototype con-
ditions, standard Proctor compaction tests were performed
on the clayey soils and mixtures to determine compaction
characteristics (ASTM, 2008b). The resulting compaction
curves provide information on maximum dry unit weight
(Yyne) @and optimum water content (w,,). Names of tested
samples as well as some of their specifications are listed in
Table 3. In the name of specimens, R3 shows the tire-chips

Table 1 - Mineral components and index properties of clayey
soils.

Clay type AC ACB
Minerals

Calcite (%) 59 26
Quartz (%) 17 21
Feldspar (%) 12 14
Clay minerals (%) 11* 37%*
Other mineral 1 2
Consistency indices

Liquid limit (%) 33 61
Plastic limit (%) 21 28
Plasticity index 12 33
Specific gravity 2.698 2.64
USCS classification CL CH

*This value indicates total percentage of clay minerals by weight,
which mainly consists of Kaolinite, Illite, Chlorite and Montmo-
rillonite, respectively.

**This value indicates total percentage of clay minerals by
weight, which mainly consists of Montmorillonite, Kaolinite and
Illite, respectively.
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Figure 1 - Particle size distribution of used materials.

Table 2 - Some properties of used materials.

Material AC ACB R3-tire
D, 0.01 - 2.5
D,, 0.14 0.07 34
D,, 0.19 0.21 4.6
C, 19 > 25 1.84
C 10.31 - 1.005

in the mixtures and AC and ACB stand for the type of clay
matrix. The numbers denote the clay percent in weight;
e.g., the specimen made of 80% AC clay and 20% R3
tire-chips was named as R3-AC80.

Soil specimens were then compacted in 50 mm diam-
eter and 100 mm height steel mold with density of 0.95y,
at 1% of the optimum moistures. In order to obtain a uni-
form mixture, water was sprayed onto the surface of the
materials and then mixed and placed in sealed plastic bags
and stored overnight in a controlled humidity room.

Due to the presence of tire-chips, it was impossible to
cut or trim compacted composite soil without causing con-
siderable disruption. Hence, the specimens had to be com-
pacted into a mold that was suitably sized for triaxial
testing. A special splitting type cylindrical mold of 50 mm
diameter and 100 mm height was used.

2.2. Shear Testing

After extruding the specimens from the mold, they
were set up in triaxial cell. The triaxial apparatus had an au-
tomatic data acquisition and logging system was used dur-
ing all stages of testing to periodically record cell pressure,
back pressure, pore water pressure, load and deformation of
tested specimens. A manually volume change was con-
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nected to the backpressure line for obtaining the volume
change of specimens.

Standard consolidated undrained (CU) triaxial testing
procedures were followed (ASTM, 2008c¢). To saturate the
specimens, distilled water was transmitted through them
and then incremental backpressure saturation with a pres-
sure differential of 30 kPa was applied. The backpressure
was raised to a maximum of 375 kPa and B value was cal-
culated for each increment. Saturation of the specimens
took approximately 4-7 days to complete until reaching at
least B-value of 0.97. The specimens were consolidated un-
der three different effective consolidation stresses of 100,
200, and 300 kPa. Shearing was applied to the specimens
with deformation rates of 0.05 mm/min until reaching up to
18% strain and simultaneously shear-induced pore water
pressure was measured.

3. Typical Test Results

Considering the large number of the tests, it is not
possible to present all of their immediate results; hence,
only typical results are introduced. However, all of the im-
mediate results are compiled, analyzed, and presented in
the following sections. The results of the tests on ACB100
and R3-AC80 specimens are typically presented in Figs. 2
and 3. These figures show variations of deviatoric stress vs.
axial strain (g ), excess pore water pressure (Au) vs. €, and
deviatoric stress (q° = ¢°,- 6°,) vs. mean normal effective
stress (p” = (o’ ,+ 26°,)/3).

4. Analysis of Results

4.1. Stress-strain behavior

A comparison of the stress-strain behavior of clay-tire
mixtures with different amounts of ®, was complied. Typi-
cal results of these comparisons for different R3-AC and
R3-ACB specimens under ¢, = 300 kPa are presented in
Figs. 4 and 5, respectively. In general, it can be observed
that at low level of strains, the unamended clays is stronger
than the clay-tire chip mixtures (Figs. 4a and 5a). In con-
trast, in high level of strains the trend is different; some
mixtures are stronger than the pure clay and some others are
weaker than the pure clays. In general, the effect of tire-
chips on the stress-strain curves is not considerable.

4.2. Shear strength

To study the effect of tire content on the shear
strength of clayey soils, the variations of shear strength of
specimens has been plotted in terms of tire-chips content
(Fig. 6). As illustrated in this figure, the effect of tire-chips
on the shear strength of clays depends on the clay plasticity.
The shear strength of AC clay-tire mixtures reduces as the
tire content (®,) increases (in comparison with the associ-
ated values of unamended clay) until reaching a minimum
value at a given tire content. After this given value, by in-
creasing tire content in the specimens the shear strength
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rises up. This given value for o, is about 10%-20% depend-
ent on the value of 6’_. The shear strengths of specimens
amended with 30% tire approximately equal to associated
values of unamended clay. In contrast, for ACB clay-tire
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Figure 2 - Results of the tests on ACB100 specimen: a) stress-
strain plots, b) Au vs. €, and c) stress paths on q’-p’ space.
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mixtures, the shear strength reduces slightly as the tire

content increases.

From Fig. 6, it can be realized that the shear strength
of mixtures of high plasticity clay decreases with increas-
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Figure 3 - Results of the tests on R3-AC80 specimen: a) stress-

strain plots, b) Au vs. €, and c) stress paths on q’-p’ space.
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Figure 4 - Behavior of R3-AC specimens under ¢’ = 300 kPa: a)
stress-strain plots, b) Au vs. €, and c) stress paths on q’-p’ space.

ing the tire content. While for the specimens made of low
plasticity clay, it is abated to a given value of ®,, and then
the trend is altered conversely.
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In addition, to investigate the effect of tire-chips on

the values of shear strength parameters, the values of inter-

nal friction angle (¢’) and cohesion (c’) evaluated in terms
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of tire contents, as depicted in Fig. 7. It can be found that the
changing ¢’ and ¢’ values with @, are completely vice versa
in the mixtures of AC and ACB clays.
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As illustrated in Fig. 7b, the friction angle of R3-
AC90 specimen is higher than that of other specimens of
R3-AC. The ¢’ values of R3-AC80 and R3-AC70 speci-
mens are lower than the associated value of AC100 speci-
men. Unlike, for the mixtures of ACB clay, the minimum
value of ¢’ obtained for the specimen with ®, = 10%, and
beyond this ®,, the values of ¢’ increase with increasing tire
content. The ¢’ values of R3-ACB80 and R3-ACB70 speci-
mens are greater than the associated value of unamended
clay.

Figure 7b shows that changing cohesion parameter
with tire content is strictly in contrast with the trends of ¢’
in associated mixtures. The values of ¢’ are the least and the
most respectively for the mixed specimens of AC and ACB
clays consist of 10% tire-chips. Thereafter, adding tire-
chips to the clays causes the cohesion increases and de-
creases, respectively. Similar trend for ¢’ and ¢’ was re-
ported by Cetin ef al. (2006) for mixtures comprising low
plasticity clay.

To interpret the effect of tire-chips on the shear
strength parameters, it can be said that AC clay includes
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Figure 7 - Variations of a) friction angle, and b) cohesion, vs. tire
content.
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low content of cohesive clay minerals and its shear strength
is mostly based on the friction between particles and cohe-
sion between soil particles plays small role. One may be
concluded that the non-clay minerals of soil are stiffer than
additive tire-chips; in other words, the total hardness of AC
clay is higher than tire-chips. Thereupon, inclusion of tire-
chips reduces the friction angle; because tire-chips induce
space between frictional particles or change contact struc-
ture to floating structure. The compaction may also induce
cohesion between tire-chips and soil particles, which is
higher than the cohesion between soil particles in low plas-
ticity clay. Therefore, inclusion of tire chips heightens the
cohesion values in AC mixtures.

Reversely, in high plasticity ACB clay, content of
clay minerals is high, in general the soil is softer, and also
its shear strength is mostly based on the cohesion between
soil particles. When the tire-chips are added to the clay, the
attractive force between clay minerals reduces which is
lead to reduction in cohesion. Moreover, the tire-chips are
stiffer than the predominant minerals of ACB clay, which
cause to increase the friction angle of mixtures.

Comparison of failure envelopes of samples (see
Fig. 8 and Table 3) shows that slope of the envelopes (M)
does not affected significantly by inclusion of tire-chips to
the clay.

4.3. Deformability

Secant deformation modulus (E,) is an index of spec-
imen deformability. Therefore, the values of E,, for the
specimens obtained from the associated stress-strain curves
(Table 4) and variations of them plotted in terms of tire-
chips content as indicated in Fig. 9. This figure shows that,
irrespective of clay matrix, the values of secant deforma-
tion modulus decreases with increasing tire-chips content;
in other words, the deformability of specimens rises as o,
increases. The rate of reduction is considerable for the
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Table 3 - List of specimens with some specifications.

Specimen des-  Clay Tire, Vi W M
ignation (%) ©, (%) (&Nm) (%)

AC100 100 0 1635 1950  1.104
R3-AC90 90 10 1520  19.54  1.190
R3-AC80 80 20 1440  18.00  1.148
R3-AC70 70 30 13.80 1625  1.158
ACB100 100 0 1478 2175  1.000
R3-ACB90 90 10 13.63 1851  0.940
R3-ACB80 80 20 1342 1925 0944
R3-ACB70 70 30 13.10 2025 0.948

higher values of o’, and it is about 70%-80% for
6’ =300 kPa.

4.4. Excess pore water pressure (EPWP or Au)

Comparison of Figs. 4a and 5a shows that shear-
induced pore water pressure of unamended clays at low
level of strains are higher than the similar values of mixed
specimens, but at high level of strains the trend is changed.
Maximum values of EPWP (Au, ) of the specimens vs.
tire-chips content are presented in Fig. 10. This figure ex-
plains that the effect of tire-chips on Au_, depends on the
type of clay. For the mixtures of AC clay, Au,__ rises at first
with increasing tire content up to 10%-20%, dependent on
the values of confining stress and, afterward, it begins to re-
duce. For the mixtures made of ACB clay, inclusion of
tire-chips to the clay lead to decrease pore water pressure
slightly at ¢’, = 200 kPa. But at consolidation stress of
300 kPa, maximum EPWP increases with an increase in
tire-chips content. However, the effect of tire-chips on the
excess pore water pressure in not most considerable and it
is about 8%-15%.
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Figure 8 - Failure envelops of specimens comprising: a) AC clay, and b) ACB clay.

Soils and Rocks, Sao Paulo, 36(3): 283-292, September-December, 2013.

289



Soltani-Jigheh et al.

18000 85
g (a) o’ =100 kPa
= 13500 2 80
<] x
= £
=
é a
= 9000 g 75
2 -9
= 75
£ £
5 g
L 4500 | = 70 F
= (@) 6’.=100kPa §
<
Q —_— -
]
0 - ~ 65 . L
0 10 20 30 0 10 20 30
Tire-chips content, g (%) Tire-chips content, wg (%)
28000 140
= (b) 6’. =200 kPa
[=™
iz - —R3-AC
ul’ 21000 & 30 | LooRe-ace
) %
e} =
2 I S
g 14000 R s
S o, e
s 25| =~
: :
BT 7000 [ =
3 (b) o’ =200 kPa = 110
- <
g —R3-AC =
A ---R3-ACB
0 . - . .
0 10 20 30 100 n % 20
Tire-chips content, wg (%) Tire-chips content, og (%)
54000 240
~ (© o’ =300 kPa
& e —rey
< 45000 po-"7" = R3-AC
S S, | LooRe-acs
m Ry =
5 3
£ 36000 g
3 a
e} ar
E 27000 = 200 |
£ &
£ £
g 18000 g
< £ 180 |
< (¢) 0’.=300kPa % ="
= 900f ———— T s | e
g — R3-AC = SRS L
A -<-R3-ACB| | ITmeseea et
0 - . 160 - L
0 10 20 30 0 10 20 30
Tire-chips content, wg (%) Tire-chips content, og (%)

Figure 9 - Secant deformation modulus vs. tire chips content for:  Figure 10 - Effect of tire-chips content on Au,_ values at ¢’ :
a) AC, and b) ACB, clay mixtures. a) 100 kPa, b) 200 kPa, and ¢) 300 kPa.

R3-AC80 and R3-AC70 specimens changes from contrac-
tive to dilative one. The results explain that the ACB100
and R3-ACB90 specimens have dilative behavior and with

4.5. Stress paths
Study the stress paths indicates that at low level of

strains the behavior of all the AC clay mixed specimens are  increasing ®, from 10% to 30% the behaviors change from
contractive, but at large level of strains the behavior of dilative to contractive one.
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Table 4 - Values of E for all of the tested specimens.

Specimen Tire, ©, (%) E, (kN/mz)

designation o =100kPa o’ .=200kPa  o,=300KkPa
AC100 0 15635 25887 39503
R3-AC90 10 13678 15950 24954
R3-AC80 20 10961 11235 15649
R3-AC70 30 7261 6840 8386
ACB100 0 - 15745 44780
R3-ACB90 10 - 8997 48495
R3-ACB80 20 - 8265 34756
R3-ACB70 30 - 8911 13218

It can be concluded that adding the tire-chips to the
clay changes the tendency of specimens during shearing.
The change in tendency depends on the plasticity of clay
matrix. Specimens made of low plasticity clay tend to con-
tract during shearing, while adding tire-chips causes they
exhibit dilative behavior. In contrast, specimens consisting
of high plasticity clay represent relatively dilative behavior,
whereas the mixtures of this clay with higher values of
tire-chips tend to contract.

5. Conclusions

In the present study, a number of undrained triaxial
tests were carried out on the compacted clay-tire mixtures
and their behaviors were compared with the behavior of the
unamended clay. The compaction tests showed that the
units weights of mixed specimens are about 11%-17%
lower than those of unamended clays. The majority of this
decrease is due to the lower specific gravity of tire-chips.

The results of triaxial tests indicated that adding more
than 20-30% tire-chips to the low plasticity clay don’t re-
duce the shear strength in comparison with the associated
values of unamended clays. While, in the mixtures made of
high plasticity clay, as tire content increases the shear
strength of specimen decreases. In addition, the friction an-
gle and cohesion parameters are obviously dependent on
the tire chips content and clay plasticity. However, tire-
chips in the range of 10% to 30% don’t influence the shear
strength much more, but it has considerable effect on the
deformation modulus.

Also the results showed that when tire-chips added to
the low plasticity clay, maximum excess pore water pres-
sure occurs at tire content about 10%-20%. For the mix-
tures made of high plasticity clay, the pore water pressure
under low consolidation stress decreases slightly as the tire
content decreases, while, it is increased with tire-chips con-
tent at high consolidation stress.

Finally, it can be concluded that possible usage of
clay-tire mixtures as light construction material exists in
the earth structures, without considerable reduction in shear

Soils and Rocks, Sao Paulo, 36(3): 283-292, September-December, 2013.

strength. Hereby, it can be managed the waste tire materials
and embedded them within the ground.

Acknowledgments

The authors greatly appreciate the financial assis-
tance providing by the Bonab University.

References

Al Tabbaa, A. & Aravinthan, T. (1998) Natural clay-
shredded tire mixtures as landfill barrier materials.
Waste Management, v. 18:1, p. 9-16.

Al Tabbaa, A.; Blackwell, O. & Porter, S. A. (1997) An in-
vestigation into the use of soil-tire mixtures as construc-
tion material. Journal of Environmental Technology,
v. 18:9, p. 913-920.

ASTM (2008a) Standard Practice for Classification of
Soils for Engineering Purpose (Unified Soil Classifica-
tion System) - D 2487-00. ASTM International, West
Conshohocken, Pennsylvania, USA, 11 pp.

ASTM (2008b) Standard Test Methods for Laboratory
Compaction Characteristics of Soil Using Standard Ef-
fort- D 698-00. ASTM International, West Consho-
hocken, Pennsylvania, USA, 11 pp.

ASTM (2008c) Standard Test Methods for Consolidated
Undrained Triaxial Compression Test for Cohesive
Soils- D4767-95. ASTM International, West Consho-
hocken, Pennsylvania, USA, 11 pp.

Baykal, G. & Alpatly, H.M. (1995) Permeability of tire soil
liners under confinement. Proc. Geoenvir. 2000, Geo-
technical Special Publication No. 46, Y.B. Acar & D.E.
Daniel (eds), New Orleans, pp. 718-731.

Bosscher, P.J.; Edil, T.B. & Eldin, N. (1993) Construction
and performance of shredded waste tire test embank-
ment. Transportation Research Record No. 1345,
Transportation Research Board, Washington, D.C.,
pp. 44-52.

Bosscher, P.J.; Edil, T.B. & Kuraoka, S. (1997) Design of
highway embankments using tire chips. ASCE Journal
of Geotechnical and Geoenvironmental Engineering,
v. 123:4, p. 295-304.

291



Soltani-Jigheh et al.

Cetin, H.; Fener, M. & Gunaydin, O. (2006) Geotechnical
properties of tire-cohesive clayey soil mixtures as a fill
material. Engineering Geology, v. 88:1-2, p. 110-120.

Edil, T.B. & Bosscher, P.J. (1994) Engineering properties
of tire chips and soil mixtures, ASTM Geotechnical
Testing Journal,v. 17:4, p. 453-464.

Foose, G.J.; Benson, C.H. & Bosscher, P.J. (1996) Sand re-
inforced with shredded waste tires, Journal of Geo-
technical Engineering Division, v. 122:9, p. 760-767.

Garga, V.K. & Zargarbashi, S. (2002) Shear strength analy-
sis of backfill reinforced with shredded tires, Para-
metres de calcul géotechnique. Magnan (ed.), Presses
de ’ENPC/ LCPC, Paris.

Ghazavi, M. & Sakhi, M.A. (2005) Optimization of aspect
ratio of waste tire shreds in sand-shred mixtures using
CBR tests. Geotechnical Testing Journal, v. 28:6,
p. 1-6.

Heimdah, C. & Druscher, A. (1999) Elastic anisotropy of
tire shreds. ASCE Journal of Geotechnical and Geo-
environmental Engineering, v. 125:5, p. 383-389.

Humphrey, D.N. (1999) Civil engineering applications of
tire shreds. Proc. Tire Industry Conf., Clemson Univer-
sity, March 3-5.

Iran Transportation Research Institute. (2006) Research re-
ports for 2005. Ministry of Road and Transport, Tehran,
Iran, http://www.rahiran.ir/premier.htm.

Lee, J.H.; Salgado, R.; Bernal, A. & Lovell, C.W. (1999)
Shredded tires and tire-sand as light weight backfill,
ASCE Journal of Geotechnical and Geoenvironmental
Engineering, v. 125:2, p. 132-141.

Marefat, V. & Soltani-Jigheh, H. (2011) Laboratory behav-
ior of clay-tire mixtures, World Apply Science Journal,
IDOSI Publications, v.13:5, p. 1035-1041.

Ozkul, ZH. & Baykal, G. (2007) Shear behavior of com-
pacted tire fiber-clay composite in drained and un-
drained loading. ASCE Journal of Geotechnical and
Geoenvironmental Engineering, v. 133:7, p. 767-781.

Rubber Manufacturer’s Association. 2013, U.S. scrap tire
management summary, 2005-2009, Updated Septem-
ber 2013, http://www.rma.org

Tatlisoz, N.; Edil T.B. & Benson, C. (1998) Interaction be-
tween reinforcing geosynthetics and soil-tire chip mix-
tures. ASCE Journal of Geotechnical and Geoen-
vironmental Engineering, v. 124:11, p. 1109-19.

292

Tuncan, M.; Cetin, A.; Tuncan, A. & Koyuncu, H. (1998)
Assessment of waste tires and plastic on asphalt con-
crete pavement mixtures. Proc. 3rd Int. Cong. Envir.
Geotech., Lisbon, Portugal, v. 2, pp. 667-672.

Youwai, S. & Bergado, D.T. (2004) Numerical analysis of
reinforced wall using tire chips-sand mixtures as back-
fill material. Computers and Geotechnics, v. 31:2,
p. 103-114.

Vafaeian, M. & Mehran-Nia, N.(2006) Evaluating the ef-
fect of waste fibers from the tire manufacturing in rein-
forcing the soil, 7th Int. Conf. of Civil Engrg., Tarbiat
Modarres Uni. Tehran, No. F1696.

Velazco, D.; Rashid, H.; Tandon, V.; Ashur, S.; Nazarian,
S. & Picornell, M. (2000) Design and installation of in-
strumentation for performance monitoring of tire chip
embankments, Research Report No0.4930-1F, Con-
ducted for Texas Department of Transportation.

Venkatappa Rao, G. & Dutta, R.K. (2006) Compressibility
and strength behaviour of sand-tyre chip mixtures. Geo-
technical and Geological Engineering, v. 24:3, p. 711-
724.

Zornberg, J.G.; Cabral, A.R. & Viratjandr, C. (2004) Be-
haviour of tire shred - Sand mixtures. Canadian Geo-
technical Journal, v. 41:2, p. 227-241.

Zornberg, J.G. & LaRocque, C.J. (2006). Engineering pro-
perties of tire bales for soil repairs and embankment
construction, Report No. 5-9023-01-1, Center for
Transportation Research at the University of Texas at
Austin, August 2005; Revised February 2006.

List of Symbols

E,, = Secant deformation modulus

LL = Liquid limit

M = Slope of failure line

PI = Plasticity index

p’ = Mean effective stress ( = (cs.1 +20°)/2)

w = Water content

w, = Granular material content

Au = Shear-induced excess pore water pressure
Au,_ = Maximum shear-induced excess pore water pres-
sure

v, = Dry density

o’ = Effective consolidation stress

q’ = Deviatoric stress ( = o, - G,)
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Numerical Analysis of ElI-Agrem Concrete Face Rockfill Dam

B. Moussai

Abstract. For concrete face rockfill dams, the behaviour of the concrete slab which provides the watertightness of the dam
is a major concern. The deformation of the dam embankment during construction and operation leads to concrete slab
deformation. This deformation should be compatible with the structural integrity of the concrete slab. This paper presents
the numerical analysis of ElI-Agrem concrete face rockfill dam during reservoir filling using the finite element code Plaxis
2D-2010. Two models are used in this study, the Mohr Coulomb model and the Hardening Soil model to emphasize the
impact of constitutive model on the dam deformation. The material stiffness parameters used in constitutive models were
calibrated based on the available measured crest settlement. The analysis results indicate that the face slab deformation can
be numerically predicted based on monitoring data at the dam crest and the Hardening Soil model gives a maximum slab

deformation less than that obtained using Mohr Coulomb model.
Keywords: concrete face rockfill dam, stress-strain analysis, concrete slab deformation, rockfill behaviour.

1. Introduction

In recent years, the construction of concrete face
rockfill dams has known a considerable interest in many
parts of the world. The speed of construction, steep slopes,
stabilizing effect of water load and resistance to seismic
loading are some advantages of this type of dams compared
to other types of embankment dams. However, the prob-
lems we may encounter with concrete face rockfill dams
are the vulnerability of perimetric joints, deformations,
cracks and aging of the concrete face slab.

The performance of a concrete face rockfill dam de-
pends mainly on the performance of its concrete face slab.
Won & Kim (2008) studied the post-construction deforma-
tion of concrete face rockfill dams based on data published
in the literature and showed that the crest and slab deforma-
tions depend mainly on the intact strength of the rockfill.
They noticed that about 80% of the total long-term (after at
least 10 years) deformation normal to the face slab occurs
during the first filling and it is smaller than 0.5% of the dam
height.

For concrete face rockfill dams, the most significant
parameters to monitor are the deformation of the crest, the
deformation of the concrete slab and the quantity of seep-
age through it. Crest deformation is usually obtained using
surveying methods whereas the deformation of the concrete
slab can be monitored by instruments such as inclinometers
or settlement gauges. These instruments placed underwater
are difficult to check or maintain and may fail to work.
Therefore, in many dams, slab deformation measurements
are not available such as Dix river dam, Kangaroo Creek
dam, Little Para dam, Mangrove Creek dam, Serpentine
dam, Wishon dam, etc. (Hunter ef al., 2003).

The objective of this study is the prediction of the face
slab deformation of El-Agrem concrete face rockfill dam
based on available monitoring data at the dam crest using

the finite element code Plaxis 2D-2010. The analyses were
performed using two constitutive models, linear elastic per-
fectly plastic model (Mohr Coulomb model) and non-linear
stress-strain constitutive model (Hardening Soil model).

2. Constitutive Models

The Mohr Coulomb model is a linear elastic perfectly
plastic model with Mohr-Coulomb failure criterion.The
model requires five input parameters namely Young’s mo-
dulus (E), Poission’s ratio (v), cohesion (c), friction angle
(¢) and dilatancy angle (y).

The hardening soil model is an advanced model ap-
plied for all types of soils and is based on shear and com-
pression hardening. This model supersedes the hyperbolic
model of Duncan & Chang (1970) by using the theory of
plasticity rather than the theory of elasticity and by includ-
ing soil dilatancy and yield cap (Schanz et al., 1999). In
contrast to Mohr-Coulomb model, the yield surface of a
hardening plasticity model is not fixed in principal stress
space but it can expand due to plastic straining (Brinkgreve
et al., 2010).

The hyperbolic relationships for standard drained tri-
axial tests tend to yield curves, which can be described by:

q

1
-8, =— for g < 1
| Eil—y q<4q; (D
q.
q
R, =—L 2)
9,

where E, is the initial tangent Young’s modulus, ¢, is the as-
ymptotic value of the shear strength, g is deviatoric stress,
g, is vertical strain, g, is the ultimate deviatoric stress de-
rived from the Mohr-Coulomb failure criterion and R, is the
failure ratio.
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E, is related to E,, by:

2FE
E, :2750 3)
-R,

The confining stress dependent stiffness modulus for
primary loading (E,,), for unloading and reloading (E,) and
for oedometer stress-strain conditions (E ) are given by
the following equations:

[ ccos @—o’; sin "
Ey =E 50f [ ? er . 2 J 4)
ccos @+ p" sing

E, - E;;ff[ e O, SO j )
ccos @+ p' sing

’ m

G, .
ccoscp—K —sing

E,, =E, o (6)
ccos@+p ™ sme

where EXY | E™

50 ° ur
responding to the reference confining pressure p'’, m is the
amount of stress dependency, K ° is the K value for normal
consolidation, ¢ and ¢ are strength parameters.

The triaxial modulus controls the shear yield surface
and the oedometer modulus controls the cap yield surface.

3. Calibration Procedure of Rockfill Material
Parameters

E' are reference stiffness modulus cor-

The finite element method is a useful tool, widely
used in recent years to analyze the concrete face rockfill
dams behaviour, but the accuracy of the finite element anal-
ysis depends on the selection of appropriate constitutive
models and material parameters. The selection of the
strength and stiffness parameters for dam materials needs
much experience and engineering judgment, especially for
rockfill materials. The rockfill testing data are usually lim-
ited or of low quality due to the large size of the rockfill
elements which is difficult to test using conventional exper-
imental equipments. Therefore, the parameters of rockfill
materials used in the FEM analysis are often adopted from
published data for similar materials.

The material stiffness modulus is essential for dam
deformation prediction and the range of this parameter is
very large, which make its estimation very approximate
compared to other model parameters. In this study, the stiff-
ness parameters of the rockfill materials are back analyzed
based on the available crest monitoring data as follow:

* The Young’s modulus (E) of the MC model is calibrated
by minimizing the deviation between the field observa-
tion and numerically computed results. The stiffness
modulus obtained corresponds to the secant Young’s
modulus E,. Loupasakis et al. (2009) evaluated the
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Mohr Coulomb model for rockfill shell materials taken
from an embankment dam and concluded that, the model
theoretical curves that best match the triaxial experimen-
tal curves, are those having the secant stiffness modulus
values E,

¢ The stiffness modulus Esrgf used in HS model is then

evaluated based on the stiffness modulus E,; obtained
from MC model using the Eq. 4. This stiffness modulus
can also be estimated using the expression:

EY =502-R,)K 7

This expression was derived from the combination of

Eq. 3 and Janbu (1963) equation E, = KP, (G% ) , where

K is the modulus number, P, is the atmospheric pressure,
o', is the minor principal stress and 7 is the modulus expo-
nent.

« E!Y is set equal to 3 times E;gf as suggested in Plaxis

ref

manual and the oedometer stiffness parameter E, is

then optimized by back analysis.

4. El-Agrem Dam Characteristics

The El-Agrem concrete face rockfill dam as shown in
Fig. 1a, is located 15 km south - east of Jijel city (Algeria).
The dam reservoir can store approximately 35 million cu-
bic meters of water and provides drinking water to the sur-
rounding region.

The dam is 64 m high and 395 m long with a crest
width of 10 m. The embankment volume is 1.6 x 10° m’ and
consists of two zones of granitic rockfill materials as shown
in Fig. 1b. Zone E1 comprises the majority of the embank-
ment section with a maximum particle size of 0.6 m and
compacted in layers of 0.8 m thick. Zone E2 is a 1 m thick
transition zone consists of smaller-size rock, provided be-
tween the concrete face slab and the rockfill embankment.

The rockfill is compacted to a high density in order to
minimize deformations and concrete slab cracks and leak-
age. The upstream and downstream slopes of the dam were
established at 1.7H:1V.

The concrete slab on the upstream side, provides the
watertightness of the dam above the ground together with
the perimetric joints and the plinth. The concrete slab has a
total area of 31000 m” with a variable thickness of 0.5 m at
the base and 0.35 m at the top of the dam. The dam founda-
tion consists of granite gneiss rock on the right bank and of
marly rock on the left bank.

The dam embankment was almost completed in Octo-
ber 1993 (the embankment level reached was 140.5 m),
after that the construction activities were stopped for eco-
nomic raisons. Construction activities resumed during the
year 1999 and the embankment was raised to its final level
143 m. The face slab was concreted during the year 2000,
about 7 years after the end of embankment construction.
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(b)

Upstream
g EL+139.00 Normal res. level
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EL +143.00
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Downstream

Grout curtain

Rock foundation

Figure 1 - a: General view of El-Agrem concrete face rockfill dam. b: Typical cross-section of El-Agrem concrete face rockfill dam.

Reservoir filling was started in 17 February 2001
(about three months after the completion of the face slab in
November 2000) and the water level reached 99.21 m in 26
January 2002 and stabilized at this level until October 2002.
From this date, the water level continued to increase and
reached the normal pool level of 139 m in April 2003. Figu-
re 2 shows the reservoir water level with respect to time.

The instrumentation system installed for monitoring
the dam behavior includes geodetic monitoring system, in-
clinometers (no longer work), piezometers and flow mea-
surement weir. The available geodetic monitoring data
shows that the maximum crest settlement is about 0.035 m.
This value was obtained during the period from February
2001, which corresponds to the beginning of reservoir fill-
ing (that is more than 7 years after embankment construc-
tion and 3 months after concrete slab completion) to

Soils and Rocks, Sao Paulo, 36(3): 293-298, September-December, 2013.
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Figure 2 - Reservoir water level with respect to time.
September 2004 (that is 17 months after the end of the first
reservoir filling).

The numerical study was conducted on the maximum
cross - section of the dam resting on rock foundation using
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Table 1 - Rockfill parameters.

Layer Zone E1 Zone E2 Zone E1 Zone E2
Model Hardening Soil Hardening Soil Mohr Coulomb Mohr Coulomb
Unit weight: y/y,, (kN/m’) 19.5/20.5 20/21 19.5/20.5 20/21
Cohesion: ¢’ (kPa) 0 0 0 0
Friction angle: ¢’° 45 42 45 42
Dilatancy angle y° 15 12 15 12
Poisson’s ratio: v - - 0.15 0.15
Young’s modulus: £ (MPa) - - 34%* 80
Stiffness modulus: E.J (MPa) 29% 80 - -
Stiffness modulus: E'?, (MPa) 21% 80 - -
Stiffness modulus: E’¢ (MPa) 87 240 - -
Poisson’s ratio: v,, 0.2 0.2 - -
Stress dependent stiffness: m 0.25 0.25 - -
Failure ratio: R, 0.75 0.75 - -

*QObtained by back analysis.

Plaxis 2D-2010 software. The embankment was modelled
using fifteen noded plane strain elements. Figure 3 shows the
finite element model having 2228 elements and 18217
nodes.

The deformation of the dam foundation is considered
negligible; therefore the model sets fixed displacements
along the dam base in contact with the rock foundation.
Furthermore, the dam is located in a wide valley (crest
length / dam height equals to 6.1), thus three dimensional
effect is negligible.

The concrete slab is modelled as linear elastic with
Young’s modulus equals to 30000 MPa and Poisson ratio
equals to 0.2. Rockfill materials are modelled with Mohr
Coulomb and Hardening Soil models. Table 1 lists the pa-
rameters of the dam materials used in the numerical analy-
sis. The dilation angle was estimated by the relation y = ¢ -
30 (Bolton, 1986).

0.00 25.00 50.00 75.00

[ NI NS PR S ST SRS S SR

100.00

[T SRR ST PR NPT S E ST R T ST N S|

The water pressure was applied as a triangular load
distribution acting perpendicular to the face slab.

5. Results and Discussion

Only the stiffness parameters for the main rockfill
zone (E,) were optimized by back analysis based on the
available monitoring data while other parameters remained
the same. The estimated values of the remainder models
(MC and HS models) input parameters based on published
data for similar materials are judged to be more accurate
than stiffness parameters. The transition zone material (E,)
beneath the concrete face has no significant effect on the
prediction of the dam deformation.

The Young’s modulus for the main rockfill zone (E,)
used in MC model was calibrated based on the available
measured crest settlement in situ (35 mm) and the best re-
sult was obtained when E = 34 MPa. This value agrees well

125.00 150.00 175.00 200.00 225.00

|

N

=
8
|

30.00

1|I|1||||||

I ittt

0.00 —

Figure 3 - Two dimensional finite element model.
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with the stiffness modulus of Xingo dam rockfill material
measured at the end of construction (E = 30 to 39 MPa).
This granite gneiss rockfill material has a maximum parti-
cle size of 650 mm and compacted in layers of 1 m thick
(Pinto & Marques, 1998).

Using Eq. 4 with E,,= E =34 MPa, m = 0.25 and an
average confining pressure of the dam embankment of

about 190 kPa, the computed £ S’Sf value used in HS model

was found equals to 29 MPa. This value can be verified by
introducing it into the Eq. 7 and calculating the number K
used in hyperbolic model (Duncan & Chang, 1970). This
number was found equals to 464, which agree with the typi-
cal values given by many authors for this parameter such as
Duncan et al., 1980; Saboya et al., 1993; Liu et al., 2002;
Massiera et al., 2006.

The oedometric stiffness modulus E'?, is then back

analyzed based on the available measured crest settlement
in situ (35 mm) and the best results was obtained with
E =21kPa,ie.,E ' =0.72E S’Sf . This result agrees fairly

oed
well with that obtained by Pramthawee et al. (2011) for a
concrete face rockfill dam main rockfill material with a
maximum particle size of 800 mm (E'?, =08E.7).

oed

Figure 4 shows the variation of the total displacement
with respect to dam height for the concrete slab, the down-
stream face and along the dam axis at the end of reservoir
filling (water level at 139 m). This figure indicates that, the
maximum displacement of the concrete slab obtained using
MC model is 0.26 m and takes place at a point about 44% of
the dam height whereas HS model gives a maximum dis-
placement of the concrete slab of 0.23 m and takes place at
a point about 38% of the dam height.

nor
. Concrete slab (HS)
L\ Dam axis (HS)
60 Downstream face (HS)
@ e Concrete slab (MC)
~ Dam axis (MC)
50 Downstream face (MC)
B
= 40
= \
= \
E 30 }
[a)
20 7
10"
0.00 0.10 0.20 0.30

Displacement (m)

Figure 4 - Total displacement with respect to dam height at the
end of reservoir filling.
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The HS model resulted in concrete slab deformation
less than MC model. This is attributable to the unloading
behaviour of the upstream side of the dam where water load
is applied, which is not taken into account by MC model.

Figure 5 indicates that the two models resulted in sim-
ilar face slab deformation until the reservoir water depth
reached about 40% of the dam height, after that the discrep-
ancy between the two models increases with the increase of
water depth. The maximum deformation normal to the face
slab at the end of reservoir filling is less than 0.5% of the
dam height and agreed with the results presented by Won &
Kim (2008).

Figure 6 shows that the crest settlement is not affected
by water load when reservoir water depth is less than about
40%H (H is the dam height) for HS model and 60%H for
MC model. This can be explained by the fact that when the
location of water load was far from the dam crest, no signif-
icant crest settlement was observed. With the increase of
reservoir water level, the location of water load becomes

= 045
S
= 0.4
K=
(]
= 0.35-
g
a 0.3+
=)
S 025
g
0.2 -
S
S
015
=
; 0.1 —a—HS model
3 —a— MC model
£ 0051
>
<
= 0 . . . . .
0 20 40 60 80 100

Water depth / Dam height (%)

Figure 5 - Maximum deformation normal to the face slab vs. res-
ervoir water depth expressed as a ratio of the dam height.

Water depth / Dam height (%)

0 0 20 40 60 80 100

204
—&— HS model
304 —A— MC model

40-

Maximum crest settlement (mm)

50+

Figure 6 - Maximum crest settlement vs. reservoir water depth ex-
pressed as a ratio of the dam height.
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close to the crest, and then significant increase of crest set-
tlement appears.

6. Conclusions

Since the reservoir filling in April 2003, the dam has
performed well. The measured flow is less than 250 L/min.
In the absence of monitoring data of the face slab deforma-
tion, numerical analysis was conducted to predict the face
slab deflection. The parameters of the dam materials used
in the numerical analysis were calibrated based on the
available monitoring data of the crest settlement.

The numerical results indicate that the magnitude and
location of the face slab maximum deflection are in good
agreement with the results presented in the literature for
concrete face rockfill dams (Hunter et al., 2003).

This study shows that from the measurement of the
crest settlement which is easy to get from geodetic surveys,
we can predict the face slab deformation using an advanced
model (HS model) to simulate the behaviour of the rockfill
materials. The HS model captures many important features
of rockfill behaviour than MC model such as the non-
linearity of stress-strain relationship and stress dependency
of stiffness.
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Numerical Analysis of Reinforcement Strains at Failure
for Reinforced Embankments over Soft Soils

E.F. Ruiz, P.S. Hemsi, D.M. Vidal

Abstract. The use of geosynthetics as basal reinforcement in embankments constructed over soft soils provides technical
and economic benefits by improving the stability of the structure, reducing horizontal displacements, homogenizing
differential settlements, and reducing time of construction. An adequate design should include, however, more than routine
limit equilibrium analyses, and should focus on understanding the soil-reinforcement interaction and mobilization of
reinforcement strains during construction and with time, aspects that can be assessed with the use of finite elements
simulations. This article presents the results of finite elements simulations for a hypothetical embankment over soft soil,
applying the conceptual framework developed by Rowe & Soderman (1987), Rowe et al. (1995) and Hinchberger & Rowe
(2003). Two approximate methods for obtaining the reinforcement allowable compatible strain at failure without the need
for numerical simulations also are compared and discussed. The results in this article highlight the importance of assessing
the mobilization of reinforcement strains during construction and taking into account soil-reinforcement interaction, given
that reinforcement strains must be compatible with the soil system. An important implication, often overlooked in the past,
is that the specification of geosynthetic materials for this application should be based on a minimum reinforcement

stiffness modulus, i.e., the ultimate strength of the material may not suffice as a specification parameter.
Keywords: embankment on soft soil, geosynthetic, numerical analysis, reinforcement strain mobilization.

1. Introduction

Limit equilibrium methods have become widespread
as a technique for assessing the undrained stability of rein-
forced embankments on soft soils (Jewel, 1982; Rowe,
1984). However, the application of this approach requires a
certain assumption on the reinforcement strain at failure.
Using the ultimate tensile strength of the geosynthetic rein-
forcement in limit equilibrium analyses (e.g., Michalowski,
1992) can lead to an overestimation of the short-term em-
bankment stability, since reinforced embankments usually
would have failed due to excessive displacements before
the ultimate tensile strength of the reinforcement could be
mobilized (Hinchberger & Rowe, 2003). This article pres-
ents a case study of evaluation of undrained stability for a
hypothetical geosynthetic-reinforced embankment on soft
soil where the shear strength increases with depth. The sim-
ulation of the ultimate limit state response is carried out by
using numerical modeling (Bergado et al., 1994, Palmeira
et al., 1998) with the finite elements method, following the
conceptual framework presented by Rowe & Soderman
(1987), Rowe et al. (1995) and Hinchberger & Rowe
(2003).

A simplified methodology to ensure adequate end-
of-construction (short term or undrained) stability by esti-
mating the required minimum reinforcement stiffness mo-
dulus, J ., is also described. Attention is given to the
mobilization of reinforcement strains under this condition.

Numerical results in terms of net embankment height, the
development of contiguous plasticity of the soft soil, and al-
lowable compatible strain are discussed. The objectives of
this study are to develop comparisons between numerical
results and two current approximate methods for obtaining
reinforcement compatible strains, to develop a comparison
between numerical results and traditional limit equilibrium
results, and to discuss the implications of adopting an arbi-
trary reinforcement strain at failure on the stability of the
embankment.

2. Materials and Methods

2.1. Embankment geometry

Figure 1 depicts the geometry adopted for this case
study, representing a typical road embankment fill with de-
sign height, 4 = 2.30 m, crest width, b = 28.8 m, and side
slopes 2(H):1(V), constructed over a soft clay foundation of
D = 8.0 m depth, with undrained shear strength at the sur-
face, S, and a rate of increase of undrained shear strength
with depth, p,. An underlying permeable rigid stratum is as-
sumed to occur below the soft clay layer.

2.2. Mesh discretization and initial conditions

Version 8.6 of the finite elements program PLAXIS
(Plaxis, The Netherlands) (Brinkgreve & Vermeer, 2004)
was adopted in this study to simulate the construction and
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Figure 1 - Adopted embankment cross-section and foundation soil stratigraphy for the case study.

short-term stability of the reinforced embankment. A small
deformation and plane-strain finite elements analysis was
conducted for the assumed embankment cross-section
(Fig. 1).

A typical unstructured finite element mesh (Fig. 2)
with fifteen-node triangular elements with fine global coar-
seness was selected to discretize the embankment fill and
foundation soil. Five-node PLAXIS line elements with in-
put elastic axial stiffness were used to model the geosyn-
thetic reinforcement. Appropriate mesh size and boundary
conditions (i.e., standard fixities option) were used to de-
fine the limits of the model and displacement restrictions
around the cross-section.

Initial geostatic state of stresses was numerically cal-
culated by adopting the K procedure. Since a phreatic level
was defined at ground surface, the hydrostatic initial pore-
water pressures were assessed automatically by the pro-
gram. A rapid embankment construction was simulated by
gradually turning on gravity on consecutive embankment
layers in automatically defined thick lifts at a rate corre-
sponding to instantaneous embankment construction (con-
struction time is neglected). Due to the consideration of
instantaneous construction, and short-term stability simula-
tion, no soil water drainage was regarded in this case, i.e.,
the foundation soil was assumed to undergo undrained
loading.

The model lateral extension was defined based on a
PLAXIS recommendation that the model should extend lat-
erally a distance (each side) equal to four times the total em-
bankment width (in this case, 4 x 38 m = 152 m to each
side).

2.3. Constitutive models and soil parameters

The mechanical behavior of the foundation soft soil
was modeled by using the Mohr-Coulomb constitutive mo-
del. Hence, it was assumed a soil with linear-elastic per-
fectly plastic stress-strain behavior, with fixed yield surface
and non-associated plasticity rule. Anisotropy, progressive
failure and more complex responses of the foundation soil
were not modeled. The analyses were carried out in terms
of total stresses, whereby the development of excess pore-
water pressures is not calculated by the program. The set of
undrained soft clay parameters adopted for this study is pre-
sented in the top part of Table 1. The parameters were se-
lected on the basis of typical values for Baixada Santista’s
(Sao Paulo state lowland) hollocenic alluvial normally to
slightly over-consolidated soft clays (Massad, 2009),
which are similar to parameters in other studies (e.g., Cap-
padoro et al., 2007, Moraes, 2002). Also, the parameter set
is similar to that used by Hinchberger & Rowe (2003).

Aratio E /S, = 125 was selected for estimating the un-
drained Young’s modulus of the soft clay, in agreement
with the range reported by Duncan & Buchigani (1976), af-
ter a laboratory study carried out for a number of soft soils
(125 < E /S, < 500). The lower-end value chosen corre-
sponds to a critical condition in terms of deformability.

Purely frictional granular soil was assumed to model
the embankment fill, i.e., the fill material was considered as
being a pure sand. In order to represent the behavior of the
sandy soil (i.e., stress-strain hyperbolic relation, stress-
level dependency of soil stiffness, shear and compression
hardening), the Hardening soil model available in PLAXIS

PV, NV, NN S VN

Figure 2 - Finite elements mesh based on triangular elements adopted for the numerical simulations.
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was chosen (Schanz et al., 1999, Brinkgreve & Vermeer,
2004). The assumed properties for the soil representing the
embankment fill are shown in the bottom part of Table 1.

2.4. Interface parameters and reinforcement stiffness

The considered position for the geosynthetic rein-
forcement was 0.40 m above the fill/soft soil interface. For
modeling, the interface elements representing the fill/rein-
forcement interface were assumed to follow an elastic per-
fectly-plastic model (Mohr-Coulomb criterion), and the
interface parameter R, . was chosen as being equal to 1.0,
meaning that the interface fill/reinforcement was assumed
to exhibit the same shear strength as the fill soil immedi-
ately surrounding the interface. The shear resistance of the
soft soil-fill interface was assumed to be equal to the un-

Table 1 - Geotechnical parameters assumed for the soft clay and
the sand fill material.

Foundation soil

Undrained shear strength at surface (S,) 5.0 kPa
Rate of increase in undrained strength with 1.50 kPa/m
depth, (p,)

Total friction angle (¢) 0°
Saturated unit weight (y,,) 15 kKN/m’
Undrained Poisson’s ratio (v,) 0.48
Undrained Young’s modulus (E) E/S, =125
Coefficient of lateral earth pressure at rest (K’,) 0.65
Embankment fill

Effective internal angle of friction (¢’) 37°
Effective cohesion intercept (c’) 1.0 kPa
Compacted unit weight (7,,,) 18 kKN/m’
Poisson’s ratio for unloading-reloading (v, ) 0.20
Secant triaxial stiffness modulus (E,)) 25,000 kPa
Unloading-reloading stiffness modulus (E,) 75,000 kPa
Oedometric stiffness modulus (E, ) 25,000 kPa
Coefficient of lateral earth pressure at rest (K’,) 0.47

Power for stress-level dependency of stiffness (m) 0.50

drained shear strength of the foundation at the ground sur-
face. The simplification R, = 1.0 has been used in Rowe &
Soderman (1984), for example, and agrees with guidance
from the PLAXIS manual.

The axial tensile stiffness (J) of the slender bar ele-
ments used to model the elastic behavior of the geosyn-
thetic reinforcement was varied in different simulation
cases, i.e., from the value J = 0 (unreinforced embankment)
to varying J values in different simulation cases, 300, 800,
500, 1000, 2000, 4000, 6000 and 8000 kN/m.

2.5. Definition of the ultimate limit state

Ultimate limit states are associated with rotational
and overall instability (as focused in this study), but also
with other failure mechanisms, as depicted in Fig. 3 from
the BS-8006 (2005).

These states are attained, for each specific mecha-
nism, when disturbing forces or moments equal restoring
forces or moments (available resistances). Margins and
global factors of safety against attaining any limit state are
provided by the use of partial load factors and partial mate-
rial/resistance factors, producing design loads and design
material parameters (BS-8006, 2005). For the case of rein-
forced embankments on soft foundation, Hinchberger &
Rowe (2003) and Rowe & Taechakumthorn (2011) suggest
the use of specific values for the partial factors, as shown in
Table 2. Based on these partial factors, modified material
parameters adopted to represent the ultimate limit state are
also presented in Table 2.

3. Results and Discussion

3.1. Collapse height for the unreinforced embankment,
H

c

By performing a conventional limit equilibrium anal-
ysis (slip circle, modified Bishop method) using the soft-
ware GGU Stability (Civilserve GmbH, Germany), the col-
lapse height for the embankment shown in Fig. 1 without
reinforcement (J = 0) was estimated. In limit state design,
the collapse height H, corresponds to the height at which
the overturning moment is equal to the restoring moment
for factored soil parameters (i.e., safety factor = 1.0). The
collapse height, H,, for the unreinforced embankment was

Table 2 - Ultimate limit state design parameters considered for this study.

Material parameters

Partial factors Design values considered

Foundation soil

Undrained shear strength at surface - S, = 5.0 kPa f=13 S, *=3.85kPa
Rate of increase in undr. strength w/ depth - p_ = 1.50 kPa/m fi=13 p.*=1.15 kPa/m
Embankment fill

Effective internal angle of friction - ¢’ = 37° f,=12 @ *=32°
Compacted unit weight - y,,, = 18 kN/m’ f,=11 ¥, = 20 kN/m’
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Figure 3 - Ultimate limit states for embankments on soft soils (modified from BS-8006, 2005).

found to be equal to 1.4 m. Since H. is less than the required
design height, 4 = 2.3 m, the use of a geosynthetic rein-
forcement is necessary in order to attain the additional fill
height.

Figure 4 shows the critical failure circle from limit
equilibrium superimposed to the displacement vector field
from a complementary finite elements simulation of the

same case.

3.2. Collapse height for the perfectly reinforced em-
bankment, H

The theoretical maximum possible fill thickness for
this case study, obtained for a perfectly-reinforced embank-
ment (heavy reinforcement), H,, was estimated based on
plasticity limit analysis considering the problem of a rigid
plate on soft foundation, as described by Almeida (1996).
This maximum collapse height was estimated as being
H, = 2.50 m, for factored soil parameters. Since the re-
quired design height (2 = 2.30 m) does not exceed H,
(h < H)), the design embankment height may be achieved
using embankment reinforcement. If 4 > H , soft soil im-

provement (e.g., cement injection and mixing) or the use of
a structural solution would be warranted.

3.3. Net embankment height and reinforcement allow-
able compatible strain

The instantaneous construction of the embankment
was numerically simulated until collapse using the ultimate
limit state design parameters in Table 2. The undrained sta-
bility of an embankment can be analyzed in terms of failure
height of the structure. The failure height of a reinforced
embankment can be defined as the height of fill at which the
net embankment height ceases to increase. The net em-
bankment height is defined as the fill thickness minus the
vertical displacement caused by the undrained settlement
of the soil (i.e., fill height above the original ground sur-
face). Thus, the failure height was obtained by plotting the
net embankment height (i.e., applied fill thickness minus
the undrained vertical displacement of point “A” indicated
in Fig. 1) vs. the total applied fill thickness. Figure 5 illus-
trates this plot, for the case study with a reinforcement
J =500 kN/m.
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Figure 4 - Assessment of the embankment collapse height without reinforcement, H = 1.40 m, using limit equilibrium, superimposed to

finite elements vectors.
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Figure 5 - Maximum net embankment height obtained by finite
elements simulation of the case study with J = 500 kN/m.

As can be observed, the failure of the reinforced em-
bankment due to excessive subsidence occurs at a fill
thickness of about 1.98 m. Therefore, any additional fill
placement beyond a thickness of 1.98 m will reduce the
embankment performance without increasing the height
of embankment fill above the original soft soil. For this
reason, it is important to define the failure thickness of a
reinforced embankment as the fill thickness correspond-
ing to the maximum net embankment height. The degrada-
tion of the embankment performance can be explained as
additional submersion of fill material into a plastic-state
soft clay, with additional shearing and lateral movement
(see Fig. 6). Rowe & Soderman (1987) defined contiguous
plasticity as the point where there is general plastic failure
within the soft soil in the region of a potential collapse
mechanism (i.e., the shear strength of the soil is fully mo-
bilized along the potential collapse surface). For the
unreinforced embankment, the maximum net fill height
occurs at the onset of this limit. However, as indicated in
Fig. 5 (see the contiguous plasticity point), for a rein-
forced embankment, the development of contiguous plas-
ticity is only the first step towards failure, since some fill
thickness can be supported by the reinforcement. Bergado
et al. (2002) refer to the point of contiguous plasticity as
primary failure. In Fig. 5, the fill thickness at the point of
contiguous plasticity is ~ 1.64 m, which, in agreement
with Bergado ef al. (2002), occurs prior to failure due to
excessive vertical displacement and complete degradation
of performance.

In this study, the simulated zones of soft-soil plas-
tification beneath the embankment were observed, particu-
larly near the state of contiguous plasticity. The different
configurations of soft-soil plasticity zones depend on the ri-
gidities of both embankment/reinforcement and foundation
soil, and the constitutive models (hardening soil for the em-
bankment, in particular). For the condition of contiguous
plasticity indicated in Fig. 5, the plastic zone within the
foundation soil has become continuous resulting in an ini-
tial development of a potential failure plane.

Soils and Rocks, Sao Paulo, 36(3): 299-307, September-December, 2013.

Figure 6 shows the results of the numerical simula-
tion in terms of the maximum mobilized reinforcement
strains during embankment construction. At embankment
failure, i.e., a fill thickness of 1.98 m (Fig. 5), the maximum
reinforcement strain (g)) is equal to 3.54% for J = 500 kN/m.
The works of Rowe & Soderman (1987), Rowe et al.
(1995) and Hinchberger & Rowe (2003) provided a quanti-
fiable framework for recognizing the fact that in most cases
(as shown here for the case study) the mobilized reinforce-
ment strains are still low (e.g., 3.54%) when the soil mass is
already reaching failure. Several reinforcement geosyn-
thetics have a similar stiffness, but significantly higher ten-
sile strains at failure (> 3.54%), meaning that these
reinforcements would not be fully loaded in the field before
significant degradation of the soil.

Significant strains in the reinforcement only begin to
accumulate after a significant plastification of the founda-
tion soil, as indicated by the abrupt change in the slope of
the curve of Fig. 6 after the point of contiguous plasticity.
Beyond the point of contiguous plasticity of the soil, the re-
inforcement becomes the element that prevents collapse
from taking place. Conversely, for low levels of embank-
ment loading and soft soil in an elastic state, reinforcement
strains are extremely small. The strains developed in the re-
inforcement for a given embankment height will largely de-
pend on the height of embankment relative to that height at
which contiguous plasticity occurs (Rowe & Soderman,
1987).

Past the maximum embankment height (failure, in
Fig. 6), the placement of additional fill thicknesses will in-
crease the plastification and degradation of the foundation
soil, and be supported by additional elongation of the rein-
forcement, until a point of reinforcement collapse (9.76%,
collapse point in Fig. 6).

The analyses were repeated for embankments with
different reinforcement stiffness moduli, in three simulated
cases, for /=500, 1000 and 1500 kN/m, as shown in Fig. 7.
From these results, the maximum net embankment height
was found to increase with increasing the reinforcement

9_\0/ 12.0
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2} 10.0 .= 9.76% —/ Collapse
s

% 80

g

g 60
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g 4.0

E ’ &= 3.54% —>/ Failure

o {

E 2.0 e Contiguous plasticity

: H

§ 0.0 1 . i L
=1 0.0 0.5 1.0 1.5 2.0 2.5
p=

Fill thickness (m)

Figure 6 - Mobilized maximum reinforcement strains during em-
bankment construction obtained by finite elements simulation of
the case study with J = 500 kN/m.
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Figure 7 - Effect of varying J from 500 kN/m to 1000 and
1500 kN/m on the maximum net embankment height obtained by
finite elements simulation of the case study.

stiffness modulus, for a given soil profile, with maximum
net embankment heights of 1.98 m, 2.33 m, and 2.41 m, for
J =500, 1000, and 1500 kN/m, respectively. The effect of
increasing J on the increase in maximum net embankment
height diminishes with the magnitude of J, which is com-
patible with the existence of an H .

In addition, Fig. 8 presents the results in terms of mo-
bilized reinforcement strains during embankment construc-
tion considering the three different reinforcement stiffness
moduli, J = 500, 1000 and 1500 kN/m, for the simulated
case. From the results, it is possible to observe that for the
soft soil before contiguous plasticity the embankment
strains are low and independent of reinforcement modulus.
After contiguous plasticity, the reinforcement stiffness mo-
dulus becomes important, and different net embankment
heights at failure are obtained for different values of J
(Fig. 7). As shown in Fig. 8, the mobilized reinforcement
strains decrease slightly with increasing values of J, from
500 to 1500 kN/m, for this case study. Hinchberger &
Rowe (2003) identify two different ranges of behavior, a
first “under-reinforced” embankment range characterized

12.0
e
S 100} A Embankment failure: )
o Max. net embankment heigth &
o Reinforcement strain at failure, /(%)
£ 80 '
s J =500 kN/m
@
2 6.0
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£
§ 4.0t
e
.g 20}t
™ J=1500 kN/m
00 T i L L
0.0 0.5 1.0 1.5 2.0 2.5

Fill thickness (m)

Figure 8 - Effect of varying J from 500 kN/m to 1000 and
1500 kN/m on the mobilized reinforcement strains obtained by fi-
nite elements simulation of the case study.
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by mobilized reinforcement strains at failure (determined
for the maximum net embankment height) that remain es-
sentially constant for different values of J, and a second
range of behavior characterized by reinforcement strains at
failure that decrease with increasing reinforcement stiff-
ness (J), such that the mobilized reinforcement force
(F = J x g) approaches a constant value.

The results in Fig. 8 indicate that varying J from 500
to 1500 kN/m includes both ranges of behavior, i.e., first
“under-reinforced” behavior, and the second range of be-
havior. In order to better distinguish these two ranges, addi-
tional simulations were performed, extending the range in J
from 300 up to 8000 kN/m. The obtained results are synthe-
sized in Fig. 9. As expected, the maximum fill thicknesses
at failure converge to the bearing capacity value given by
plastic limit analysis. Based on the results, the range of “un-
der-reinforced” embankment behavior was found to extend
from J = 300 to 1000 kN/m, as indicated in Fig. 9.

Hinchberger & Rowe (2003) defined a reinforcement
allowable compatible strain, €, as being equal to the essen-
tially constant strain occurring in the first range of behav-
ior, i.e., under-reinforced embankment. Since the reinfor-
cement strains in the first range are assumed to be constant,
the allowable compatible strain for the embankment in this
case study was calculated as being equal to the average
value of the strains obtained for J = 300 to 1000 kN/m,
shown in Table 3.

3.4. Comparison with approximate methods

Generally, finite elements analyses remain costly as
routine design procedure, which warrants the convenience
of analytical calculations and charts. Hinchberg & Rowe
(2003) introduced a chart for estimating the reinforcement
allowable compatible strain simply, without requiring fi-
nite elements simulations to be performed.

For the unreinforced collapse height H, = 1.40 m, and
factored rate of increase in undrained shear strength
p, = 1.15 kPa/m, the allowable compatible strain for this

._.
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Figure 9 - Effect of varying J from 300 to 8000 kN/m on the mo-
bilized reinforcement strains at failure (closed circles, see left-
hand side scale) and applied fill thicknesses at failure (open cir-
cles, see right-hand side scale) obtained by finite elements simula-
tion of the case study.
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Table 3 - Calculation of a reinforcement allowable compatible
strain for the embankment in this case study.

Stiffness modulus (‘“‘un- Reinforcement strain at failure

der-reinforced” range) J g, (%)
(kN/m)

300 3.51
500 3.54
800 3.59
1000 3.12

Allowable compatible strain, €, = 3.44%.

case study results equal to 3.9% using the chart depicted in
Fig. 10.

Also, Futai (2010) proposed, on the basis of numeri-
cal simulations, analytical correlations for estimating the
reinforcement allowable compatible strains at failure for
different scenarios. This proposal was developed by con-
sidering a proportional variable for the undrained shear
strength of the foundation soil as the main parameter
(Su, + 7.5p). The validation of the method was performed by
comparing the calculated values and the measured strains of
different instrumented embankments brought to failure.

For the factored soft-soil shear strength parameters in
this study,

S', +75p" <162 kPa (1)

u0

and the correlation for allowable compatible strain to be
used is (Futai 2010):
S, +75p,
g, =08 2w TP 2)
which results in an estimated value of reinforcement allow-
able compatible strain of 2.2%.

Thus, for this case study, estimation of the reinforce-
ment allowable compatible strain using the simplified pro-

14 7 T T e o

H,=140m p. = 2.0 kPa/m
121 | &,~3.9%

10 p.=1.5 kPa/m

8t p.=1.25kPa/m
oF p.= 1.0 kPa/m
4k = p.= 0.5 kPa/m

oL For p, < 0.5 kPa/muse 1

Rowe & Soderman, 1985

Allowable compatible reinforcement strain, €, (%)

o 1 2 3 4 5 6 7 8 9 10

Unreinforced embankment collapse height, A, (m)

Figure 10 - Estimating the reinforcement allowable compatible
strain for this case study using the chart by Hinchberger & Rowe
(2003).
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cedures resulted in either 15% overestimation (Hinchberg
& Rowe, 2003) or 35% underestimation (Futai, 2010) with
respect to the g, evaluated based on numerical analyses, as
shown in Table 4.

3.5. Minimum secant reinforcement stiffness modulus

The required reinforcement force, for the design fill
thickness of 2.30 m, can be evaluated using limit equilib-
rium for a factor of safety of 1.0 for factored soil parameters
as being equal to 7, = 50 kN/m (modified Bishop method,
software GGU Stability), as shown in Fig. 11.

Considering the reinforcement allowable compatible
strain, €, as being constant along the reinforcement length
(i.e., the reinforcement as being uniformly pulled), it is pos-
sible to evaluate the minimum required secant reinforce-
ment stiffness modulus for design, as follows:

T
Grln =115x50 kK/m/0.0344 =1672kN/m (3)
€

a

Jow =

min

Adopting a reinforcement force correction factor,
a, = 1.15 (according to Hinchberger & Rowe, 2003).

Thus, the reinforcement minimum required secant
stiffness modulus results from the combination of results
obtained from limit equilibrium analyses and finite ele-
ments analyses (or the approximate methods shown in 3.4).
The geosynthetic reinforcement to be considered for the
embankment in this case study must meet the requirements
of minimum secant stiffness modulus of 1672 kN/m over a
strain range of O to 3.44%, and nominal ultimate strain
greater than 3.44%.

3.6. Implications for design

Often, the necessary reinforcement force (7)) is
known from limit equilibrium analyses but the magnitude
of reinforcement strain is unknown. The fact that the rein-
forcement strain at which 7, is mobilized must be also
compatible with the deformation of the soft soil, is some-
times disregarded. The requirement for geosynthetic rein-
forcement selection must be a minimum secant stiffness
modulus, and not a minimum tensile strength. Assume that
for the case study described in this article an arbitrary rein-
forcement strain of 10% was considered, without taking
into account strain compatibility with the soil, for the 7', of
50 kN/m obtained from limit equilibrium for fill thickness

Table 4 - Comparison of reinforcement allowable compatible
strain with approximated values obtained using two simplified
procedures.

Approach Allowable compatible
strain, g, (%)

Finite Elements 34

Hinchberger & Rowe (2003) 3.9

Futai (2010) 2.2
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50 N/m

Figure 11 - Limit equilibrium stability analysis for factor of safety 1.0, allowing to estimate the required reinforcement force, 7, (GGU

Stability).

ro

Table 5 - Differential behavior between ‘minimum’ and ‘arbitrary’ reinforcement stiffness.

Stiffness modulus, J Applied fill thickness Mobilized force Global factor of safety (LE)
at failure (FEM) at failure (FEM), T, .

J...= 1672 kN/m 228 m 45.9 kN/m 1.21

J =500 kN/m 1.98 m 17.7 kN/m 1.02

arbitrary

FEM: finite elements method.
LE: limit equilibrium.

of 2.30 m. An arbitrary reinforcement stiffness modulus
would be obtained, 500 kN/m.

As shown in Table 5, finite elements analysis of the
embankment with a reinforcement with J = 500 kN/m indi-
cates a mobilized reinforcement force at failure of only
17.7 kKN/m. This force introduced into the limit equilibrium
stability analysis results in an insufficient factor of safety
(1.02).

Magnani et al. (2010) also described a similar type of
behavior for the case study of a test embankment in Floria-
népolis, SC, Brazil, where the mobilized force in the rein-
forcement at failure was monitored by field instrumenta-
tion. The study verified that assuming a constant
reinforcement force at failure and ignoring reinforcement
strain may lead to an unconservative assessment of em-
bankment stability.

4. Conclusions

Limit equilibrium analyses of the overall stability of
reinforced embankments over soft soil can provide an esti-
mate for a required reinforcement force for satisfactory fac-
tor of safety. However, an understanding of the soil-rein-
forcement interaction and mobilization of reinforcement
strains during construction is critical for the correct defini-
tion of the geosynthetic reinforcement to employ. For a
hypothetic embankment over soft soil considered in this
study, the net embankment height, point of contiguous
plasticity and reinforcement allowable compatible strain
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were studied following a previously defined theory. In ad-
dition, approximate methods for predicting the allowable
compatible strain without the need for numerical simula-
tions were verified, and one of the procedures overesti-
mated the strain by 15%, whereas the other underestimated
the strain by 35%. Finally, this article discussed the fact that
the specification of geosynthetic materials for this applica-
tion should be based on a minimum reinforcement stiffness
modulus, instead of solely the ultimate strength of the mate-
rial.
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Cadmium Transport Parameters in a Clayey Residual Soil
with Different Values of Contaminant pH

A. Thomé, E.P. Korf, R.S. Timbola, N.C. Consoli

Abstract. Pollutants containing metals are an important source of environmental impact. The contaminant’s pH and the
soil are factors that influence the migration in the subsurface. The determination of parameters through analytical solutions
is fundamental to predict contaminant subsurface migration in porous media. The objective of this study was to analyze the
cadmium (Cd) transport parameters present in solutions with different pH ranges in a clayey residual soil from Southern
Brazil. Column tests were carried out with residual soil and contaminant solutions containing the following pH values:
1.35 and 4.50. The transport parameters R, k,, and D, were determined. It was possible to verify that the magnitude of the

parameters was increased with a higher pH, a favorable factor for contaminant attenuation.
Keywords: column tests, residual soil, retardation factor, heavy metals, pH effect.

1. Introduction

Soil contamination by metals is a great environmen-
tal concern in many parts of the world due to fast industri-
alization, growing urbanization, the modernization of
agricultural practices and inadequate waste disposal
methods (Lestan et al., 2008). Brazil and developing
countries still need further studies, particularly on the de-
termination of contamination transport parameters in re-
sidual soils.

Waste containing metals originates mostly from solid
urban and industrial waste; accidental leaks and spills; elec-
troplating activities; mining and foundry; synthetic agricul-
tural fertilizers and pesticides; atmospheric deposition of
pollutants originated from volatilized phytosanitary prod-
ucts; vehicle emissions; waste incineration and transport;
industrial processes and energy production processes; agri-
cultural waste and sludge from effluent and sewage treat-
ment plants (Bermea er al., 2002; Renella et al., 2004;
Soares, 2004; Walker, 2006; Yong et al., 1992).

The main destination of solid waste is the soil. When
these solid wastes have metallic constituents and they are
disposed on the soil, they may contaminate not only the soil
itself, but also, superficial waters (through superficial
drainage) and groundwater (through migration to the
subsurface). When the metals are present in the environ-
ment in concentrations many times higher than the natural
ones, they can cause toxicity problems in exposed organ-
isms such as plants, animals and humans. This is because
they can penetrate in the food chain, due to their mobility in
different environmental compartments (Nordberg et al.,
2005; Repetto, 1995).

There are much researches being developed in
Brazil and other countries about migration of contami-
nants in soils. However, studies capable of simulating
the movement of contaminants in residual soils in Brazil
still are necessary. This is important because they can
help in the process of managing and controlling contami-
nation of containment structures design. For these stud-
ies, it is necessary to obtain the transport parameters that
characterize the physical and chemical nature of the dis-
tribution of contaminants in soils (Adebowale et al.,
2006; Buszewski & Kowalkowski, 2006; Giannakopou-
lou et al., 2007).

The transport of metal contaminants in subsurfaces is
influenced by several factors that may determine greater,
smaller or no movement in the soil, depending on the nature
of the mechanisms involved. All these process are ruled by
physical, chemical and biological processes (Yong et al.,
1992; Shackelford, 1993; Costa, 2002; Moncada, 2004;
Sharma & Reddy, 2004; Knop et al., 2008).

The pH is one of the main factors that can influence
the transport of metal in soils. The acid range presents the
greatest mobility, which can vary and even suffer a reduc-
tion when the pH is close to neutral and basic, as described
in the literature for residual soils (Basta et al., 2001; Costa,
2002; Elzahabi & Yong, 2004; Jesus, 2004; Meurer et al.,
2006; Lopes, 2009; Korf, 2011). In this study, this factor is
assessed with the aim of investigating its influence on the
nature of the physical and physicochemical processes in-
volved in the transport of Cd, reproducing contaminant
from a variety of sources. It was chosen Cd due to its high
mobility in soils, which offers critical conditions.
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The objective of this study was to analyze the Cd
transport parameters present in solutions with different pH
ranges in a clayey residual soil from south Brazil.

2. Material and Methods
2.1. Residual soil

The soil sample was collected at the geotechnical ex-
perimental field of the University of Passo Fundo - UPF.
The coordinates of the collection location are: Longitude
363903 m, Latitude 6876922 m (Coordinates UTM - Uni-
versal Transverse of Mercator - 22S).

In the pedological classification it is an oxisol
(Streck, 2002). These soils are very deep, drained and
highly weathered, presenting a sequence of A-Bw and C
horizons, where Bw is latossolic. These soils have little in-
crease of clay with depth and gradual transition between the
horizons. As they are very weathered, kaolinite and iron ox-
ides predominate, resulting in low CEC (cation exchange
capacity), high acidity and low nutrient stock (Streck,
2002). The geotechnical and chemical characterization of
the soil from horizon B is presented in Table 1. The charac-
terization shows low content of organic material, high con-
tent of clay, low pH, which when compared with the zero
point of charge (ZPC) shows a negative predominant
charge.

2.2. Contaminant solution

The contaminant solution contains Cd dissolved in
distilled water. Its concentration was extrapolated by
100 times the Brazilian Code Intervention Value for
Groundwater - CONAMA (2009) what is equivalent at 167
times World Health Organization Recommendation Values
- WHO (2004), simulating a large contamination source.
The concentration inserted was 0.5 mg.L", which was
achieved through diluting a standard solution of Cd at a
concentration of 1000 mg.L". The contaminant solution
was prepared in the pH ranges 1.35 and 4.50.

2.3. Molding of the test samples

An undisturbed soil sample was extracted from B ho-
rizon in the shape of 0.30 m edge cubic block, from which

Table 2 - Physical indexes and dimensions of the samples tested.

Table 1 - Geotechnical and chemical characterization of the
clayey residual soil.

Parameter Value
Clay (%) 68
Silt (%) 5
Sand (%) 27
Liquid Limit (%) 53
Plastic Limit (%) 42
Plasticity Index 11
G, (Specific gravity) 2.67
Natural Water Content (%) 34
Natural Unit Weight (kN/m”) 16.3
Void ratio 1.19
Saturation degree (%) 75.7
Porosity (%) 54
pH 4.3
Zero Point of Charge (ZPC) 3.1
Organic Matter Content (%) <0.8

CEC (cmol /dm’) 8.6

SSA (Specific Surface Area), ..., (M) 33.86

cylindrical probes were molded with 0.05 m diameter and
variable heights. Table 2 presents the physical indices and
dimensions of all the tested samples.

2.4. Column test

The column test was the methodology adopted to as-
sess the attenuation capacity of the soil. The column test re-
produces the transport of a pollutant through the soil
(ASTM, 1995). The test is carried out in two stages, the first
one is the saturation of the soil with distilled water, and the
second one is the percolation of the contaminant solution,
both performed in constant head and lasting about four
hours each. The equipment used is a flexible wall permea-
meter with upstream flow that allows the samples to be
tested simultaneously, hence, triplicates for each pH. The
confining pressure used in all tests was 40 kPa.

pH Test Water content ~ Height Diameter Specific weight Void Porosity Void volume
sample (%) (cm) (cm) (g/cm’) ratio (%) (cm’)
1.35 1 35.27 9.22 4.93 1.50 1.41 58 102.74
2 32.50 6.40 5.17 1.43 1.46 59 79.85
3 34.62 8.66 4.57 1.51 1.38 58 82.38
4.50 4 35.27 8.04 4.74 1.57 1.29 56 80.10
5 32.50 10.35 4.82 1.53 1.39 57 107.28
6 32.50 12.09 4.84 1.56 1.27 56 124.06
312 Soils and Rocks, Sao Paulo, 36(3): 311-316, September-December, 2013.
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The effluent was collected each time that accumu-
lated volume was sufficient for send the contaminant to
analysis. The metal concentration was determined using an
atomic absorption spectrophotometer.

After determining the metal concentration in the con-
taminated solution that was percolated through the sam-
ples, it was possible to obtain the contaminant’s break-
through curve. The contaminant breakthrough curve
shows, on axis x, the number of percolated pores (perco-
lated volume / void ratio - Vperc/Vv) or percolation time
(f), and on axis y the relative concentration of the contami-
nant (concentration of percolated waste/initial concentra-
tion - C/C,). Table 3 presents the hydraulic characteristics
of the 6 samples tested.

2.5. Determination of the transport parameters in the
column test

Retardation Factor (R,) was calculated by the method
presented by Shackelford (2005), which defines the area
above the breakthrough curve as the value for R,. In this
case, for the curves that did not reach C/C, = 1, the experi-
mental data were extrapolated by linear trend until a unitary
relation was reached.

The coefficient of distribution (k,) considers the lin-
ear relation between the mass absorbed by unit of solid
mass and the concentration of the substance that remains in
solution, after reaching equilibrium, in a saturated soil.
Equation 1 presents the equation for k, (Ogata & Banks,
1961). In the equation r, is the specific dry mass of the soil
and n is the porosity.

R, -1
P,

k, = n (1)

Ogata & Banks (1961) developed an analytical solu-
tion for the model of contaminant transport in homogenous
and saturated soils where there is interaction between the
porous material and the contaminant. Equation 2 presents
the analytical solution for a reactive solute followed by
their initial and boundary conditions, where there is the oc-
currence of bio-physicochemical contaminant attenuation
processes. In the equation D, is the hydrodynamic disper-
sion; C/C, is the relative concentration or concentration of

Table 3 - Hydraulic characteristics of the sample tested.

percolated waste/initial concentration; L is the unidimen-
sional flow distance; ¢ is the percolation time, v, is the
percolation velocity and erfc is the complementary error
function for analytical solution.

v,L
R L—vt -
Hae TV +ePrer
2D,R,t
Cx,00=0=x20

c(x, 1) C(0,1)=C, =120
C(0,1)=0=12>0

C 1,

R,L+v 1
c, 2

2D,R,t
2

The analytical solution was used to do the adjustment
of a theoretical curve obtained through the Ogata and
Banks solution (Eq. 2) to the transport curve (break-
through) originated from the column test. For the construc-
tion of the theoretical curve, the “C/C,” values were found
by fixing the parameters calculated and varying D, and time
(#), until the optimization of the adjustment to the experi-
mental curve. The best adjustment of the theoretical to the
experimental curve determined, by back analysis, the value
of the D, parameter.

3. Results and Discussion

Figure 1 presents the experimental results of the col-
umn test, along with the curve, analytically adjusted by
Ogata & Banks (1961) methodology, to pH 1.35 and 4.50.
The analysis of the experimental curves’ adjustments to the
theoretical model, presented in Fig. 1, shows that the rela-
tion C/C, = 1 was reached faster for pH 1.35 than for pH
4.50. For pH 1.35, on average, the maximum retention of
ions of the contaminant in the soil occurred between
100 min and 200 min (5.98 Vperc/Vv and 11.35 Vperc/Vv),
respectively, after the start of the test.

The relation C/C, = 1 in the experimental curves oc-
curred only with pH 1.35. For pH 4.50, only was possible
reached C/C, = 1 through the extrapolation of the curve ob-
tained by the analytical solution, showing an increase in the
delay of the contamination plume in consonance with the
pH increase.

Table 4 presents the transport parameters obtained for
all the samples tested with pH 1.35 and 4.50. The table
shows the average, the standard deviation and the coeffi-

pH Test Hydraulic head (m) Hydraulic gradient (i) Hydraulic conductivity (m/s)  Percolation velocity (m/s)
1.35 1 1.2 12.98 59x10° 7.67x 107

2 1.2 18.69 3.7x10° 6.83x 107

3 2.0 23.15 1.4x10° 3.17x 10°
4.50 4 2.8 14.23 7.2x10° 1.03x 10"

5 3.0 6.41 1.1x 107 6.83x 107

6 2.7 9.47 1.2x 107 1.13x 10"

Soils and Rocks, Sao Paulo, 36(3): 311-316, September-December, 2013.
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Figure 1 - Experimental results and adjustment by Ogata & Banks (1961) methodology of the tests carried out with pH 1.35 and 4.50.

cient of variation for the results related to the samples tested
with each pH. For R, and k, the coefficient of variation was
not higher than 20%. However, for D, the value approached
35%, on average. The analysis of the variance of the differ-
ent pHs for R, k, and D, showed significance for all the re-
sponses (p < 0.02).

The average values of the physicochemical parame-
ters for k, were 2.55 x10° m"kg" with pH 1.35 and 10.85
x10° m’ kg with pH 4.50, and for the R, parameter it was
5.83 with pH 1.35 and 23.35 with pH 4.50. When pH in-
crease from 1.35 to 4.50, it was observed a significant
increase (p < 0.001) in the delay parameters, by approxi-
mately 4 times. This fact was expected, once several au-
thors state that an increase in pH can favor the metals
precipitation and increase ionic exchange or changeable ad-
sorption, which is one of the main contributing mechanisms
to adsorption in soils with a predominance of variable sur-
face charges (Elzahabi & Yong, 2001; Basta et al., 2001;
Costa, 2002; Jesus, 2004; Meurer et al., 2006; Lopes, 2009;
Korf, 2011).

314

Yong et al. (1992) stated that the observed increase in
metal retention capacity with the pH increasing occurs when
the soil solution exceeds the zero point of charge. In this
case, there is the formation of the pH-dependent negative
charge and may also occur precipitation reaction, as reported
in the literature (e.g. Schwertmann & Taylor, 1989; Lagrega,
1994; Elzahabi & Yong, 2001; Adebowale et al., 2006).

The parameter D, presented a significant difference
between the pH values studied, in the order of
1.22 x 10° m’/s with pH 1.35 and 5.00x10° m’/s with
pH 4.50. It was observed that the variation was approxi-
mately 4 times between the pH values studied, with the
same relation maintained for the k, and R, values. This in-
crease may have occurred due to the obtention of the pa-
rameter by back analysis of Eq. 2, which is influenced by
parameter R .

In comparison with literature values, D, are higher
than the ones obtained in similar studies, such as Azevedo
et al. (2005) and Lange (2002), who studied respectively,
the percolation of metals in clay soils of landfill and an
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Table 4 - Contaminant transport parameters obtained for Cd.

pH Test sample R, k,(m'/kg) D, (m’s)
1.35 1 5.00 2.09x 107 1.50x 10°
2 5.50 2.45x10° 1.50x 10°
3 7.00  3.10x 107 6.67 x 107
Average 58+1.0 255x10° 1.22x10°
Standard deviation 1.04 0.51x10° 4.83x 107
Coefficient of 17.84 20.10 39.36
variation (%)
4.50 4 26.00 12.07x10° 4.67x10°
5 23.04 10.92x10° 3.67x 10°
6 21.00 9.57x10° 6.67x 10°
Average 233+25 10.85x10° 5.00x 10°
Standard deviation ~ 2.51 1.25x10° 1.53x10°
Coefficient of 10.77 11.53 30.55
variation (%)
p* <0.001 <0.001 0.015

*p value of the variance analysis.

Table 5 - Range of the parameters proposed for Cd in residual soil
(oxisol).

pH Variation range

R, k,(cm’/g) D, (cm’/min)
1.35 5-7 2.09-3.10 0.4-0.9
4.50 21-26 9.57-12.07 2.2-4.0

oxisol and obtained values in the range of 10® m’/s and
10” m’/s. This behavior can be explained by the difference
in structures and mineral formation and direct influence of
the low k, and R, values, which also reduced the D, values,
which have been obtained through these parameters.

The behavior described makes possible to suggest the
range of transport parameters for the Cd contaminant in the
clayey residual soil (oxisol). Table 5 shows the variation
range suggested to be used in numerical simulations in en-
gineering designs.

4. Conclusions

The results and analyses presented led to the follow-
ing conclusions:

* Increase in the solution’s pH led to increase in the values
of parameters k, and R,.

* The pH increase led to an increase in the D, because their
obtention is related to the R, which was influenced by
the pH.

e The values of the contaminant transport parameters ob-
tained in this study can be used as indicators in the design
of engineering projects in the residual clayey soil (oxi-

Soils and Rocks, Sao Paulo, 36(3): 311-316, September-December, 2013.

sol), when percolated by cadmium dissolved in an acid
medium.
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List of Symbols

C/C, - Relative concentration or concentration of perco-
lated waste/initial concentration

D, - Hydrodynamic dispersion

erfc - Complementary error function

i - Hydraulic gradient

k, - Coefficient of distribution

L - Unidimensional flow distance

n - Porosity

p - p value from variance analysis

R, - Retardation factor

CEC - Cation Exchange Capacity

SSA - Specific Surface Area

UTM - Universal Transverse of Mercator

t - Percolation time

Vperc/Vv - Percolated volume / void volume
v, - Percolation velocity

1, - Specific dry mass of the soil

G, Specific gravity of the soil

ZPC - Zero Point of Charge
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