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Manuel Rocha Lecture

Manuel Rocha (1913-1981) was honoured by the Portuguese Geotechnical Society with
the establishment of the Lecture Series bearing his name in 1984.

Having completed the Civil Engineering Degree at the Technical University of Lisbon
(1938) he did post-graduate training at MIT. He was the driving force behind the creation
of the research team in Civil Engineering that would lead to the foundation of the National
Laboratory for Civil Engineering (LNEC), in Lisbon. He was Head of LNEC from 1954 to
1974 and led it to the cutting edge of research in Civil Engineering.

His research work had great impact in the area of concrete dams and rock mechanics. He
was the 1% President of the International Society for Rock Mechanics and organized its 1%
Congress in Lisbon (1966). He did consultancy work in numerous countries. He was Hon-
orary President of the Portuguese Geotechnical Society, having promoted with great com-
mitment the cooperation between Portugal and Brazil in the area of Civil Engineering, and
member of the National Academy of Sciences of the USA. Recognized as a brilliant re-
searcher, scientist and professor, with a sharp, discerning intellect allied to a prodigious ca-
pacity for work and management, he was truly a man of many talents.

The 2015 Manuel Rocha Lecturer was Prof. Ennio Marques Palmeira, born in Rio de Janeiro,
Brazil, in 1953. He is Professor of Civil Engineering at the University of Brasilia, Brazil. He obtained
his BSc. and MSc. in Civil Engineering from the Federal University of Rio de Janeiro (Brazil) and
PhD. from the University of Oxford (UK). He is a Member of the Brazilian Academy of Sciences,
Honorary Member of the International Geosynthetics Society (IGS) and received the Scientific
Merit Award from the Brazilian Presidency. He was Mercer Lecturer 2006-2008 (IGS/ISSMGE)
and received 50 national and international awards, including the IGS Award in two occasions. He
was the Editor of Soils and Rocks, is Associate Editor of the Canadian Geotechnical Journal and Edi-
torial Board Member of 5 other international journals. He has over 350 publications in peer-reviewed
international journals, conference proceedings and book chapters. Eight of his articles received
awards from international journals on geosynthetics. Several theses of his past students received na-
tional or international awards. Prof. Palmeira has been involved with research on geosynthetics for
38 years.

Soils and Rocks
V. 39, n. 2






Sustainability and Innovation in Geotechnics:
Contributions from Geosynthetics

E.M. Palmeira

Abstract. Geosynthetic are construction materials with several applications in geotechnical and geoenvironmental
engineering. They are usually capable of providing more practical and economical solutions than traditional construction
materials. The extensive use of the latter for centuries has reduced the availability or increased the cost of such materials for
constructions and developments in many regions. In addition, restrictive environmental regulations have limited or
prohibited the exploitation and use of some traditional construction materials. In such situations geosynthetics can provide
cost-effective and environmentally friendly solutions for geotechnical problems. Their use can be even more beneficial to
the environment when associated with or to enable the use of alternative or waste materials in engineering works. Among
such possibilities there are the uses of wasted tires, plastics and recycled construction and demolition residues with
geosynthetics. This paper presents and discusses the use of geosynthetics associated with non-conventional construction
materials in different geotechnical and geoenvironmental applications. Advantages and limitations of such combinations

are discussed. The development and application of alternative low-cost geosynthetic products are also addressed.
Keywords: geosynthetics, geotechnics, alternative construction materials, residues, wastes.

1. Introduction

Geosynthetics have been increasingly used in the last
decades in several geotechnical and geoenvironmental
works as reinforcement, drains, filters, barriers and protec-
tive layers. As a construction material, geosynthetics are
easy to transport and to install in the field and commonly
provide less expensive engineering solutions which are
quicker to be executed. In addition, geosynthetics may en-
able the use of downgrade materials or provide solutions
causing less impact to the environment (less emissions of
harmful gases to the atmosphere, for instance). These as-
pects of the use of geosynthetics have been increasingly im-
portant. The exploitation of natural resources for traditional
construction materials is being rigorously controlled and
restricted by environment protection regulations in many
parts of the world. Solutions with geosynthetics can accom-
modate the use of residues or wastes (construction and de-
molition wastes, for instance) in situations where the use of
natural materials would be more expensive, less practical or
restricted. Besides, traditional construction solutions and
procedures that emit excessive amounts of harmful gases
and with significant energy and water consumption are be-
coming less and less attractive or even prohibited.

Stucki et al. (2011), Frischknecht et al. (2012) and
Heerten (2012) presented examples of situations where the
use of geosynthetics can be significantly beneficial to the
environment in comparison with their traditional counter-
parts. Figures 1(a) to (c) show different geotechnical or
geoenvironmental solutions for a filter in a pavement
(Fig. 1a), a drainage system in a landfill cover system

(Fig. 1b) and a retaining structure (Fig. 1c). The environ-
mental benefits of using geosynthetic solutions in such
cases were evaluated by Stucki er al. (2011) and
Frischknecht et al. (2012). The following environmental
impacts produced by each solution were assessed: acidifi-
cation, eutrophication (effects of phosphate and nitrate ac-
cumulation on aquatic systems), emission of gases that
increase global warming, cumulative renewable and non-
renewable energy demands (CED in Figs. 1d) and water
use. Comparisons for other geotechnical problems and en-
vironmental impacts are presented in Stucki et al. (2011)
and Frischknecht et al. (2012). Figure 1(d) shows that the
use of a geotextile filter in a pavement would produce 85%
less impacts than a traditional granular filter (Fig. 1a). Re-
ductions of the values of the environmental impacts consid-
ered between 55% and 98% were obtained when the use of
a geocomposite and of a granular drain in the cover layer of
a landfill were compared (Figs. 1b and d). In this case, the
use of the geocomposite would consume approximately
98% less water than the gravel drainage layer. Figure 1(d)
also shows comparisons between retaining wall solutions
where for a geosynthetic reinforced wall the environmental
impacts would be between 68% and 83% less than in the
case of a conventional concrete retaining wall (Fig. 1c).

The combined use of geosynthetics and unconven-
tional, low grade or waste materials can bring additional
benefits to the environment. These are the cases where
geosynthetics are used with recycled construction and de-
molition wastes in pavements, reinforced structures and
drainage systems (Santos et al., 2010), for instance. Some

Ennio Marques Palmeira, PhD, Full Professor, Departamento de Engenharia Civil e Ambiental, Universidade de Brasilia, Brasilia, DF, Brazil. e-mail: palmeira@unb.br.
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Figure 1 - Comparisons among environmental impacts of different geotechnical solutions (data from Stucki et al., 2011; Frischknecht et

al., 2012).

materials commonly disposed in landfills, such as PET bot-
tles and wasted tires, can find a better destination when em-
ployed in the manufacture of low cost or alternative
geosynthetic products (Silva, 2007) or associated with tra-
ditional geosynthetic products in engineering solutions.
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This paper presents and discusses the use of geo-
synthetics in geotechnical and geoenvironmental works
with emphasis on sustainable and low cost engineering so-
lutions. The performance of low cost geosynthetic products
is also approached.
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Sustainability and Innovation in Geotechnics: Contributions from Geosynthetics

2. Geosynthetics in combination with low
grade construction materials

2.1. Soil-reinforcement applications

This section presents some applications where geo-
synthetics were used as reinforcement in combination with
low grade or alternative construction materials. The case-
histories analysed address applications in unpaved roads,
railways and retaining structures.

2.1.1. Geotextile reinforcement of an unpaved road on
soft soil

Palmeira (1981) reported a case-history where a low
grade fill material was used in combination with geotextile
reinforcement in an instrumented unpaved road built on a
soft clay deposit in Baixada Fluminense, Rio de Janeiro,
Brazil. The typical thickness of the soft soil deposit was 10
m and its undrained strength varied between 6 kPa and 14
kPa with depth. The fill material used had 66% in mass
passing the #200 sieve. Gravel fills are recommended in
this type of application because of their mechanical proper-
ties and greater level of interaction with reinforcement.
Thus, the material used was way outside the recommended
standard fill material (usually with less than 10% in mass of
particles smaller than 0.074 mm). A nonwoven geotextile
was used as reinforcement. This type of geosynthetic is cer-
tainly not the best choice for this type of application, but
was the only one available for the work at that time (~ 35
years ago) in Brazil. Although very extensible when ten-
sioned under in-air conditions, nonwoven geotextile can
have their tensile stiffness significantly increased when
confined in soil (McGown et al., 1982; Mendes, 2006;
Mendes et al., 2007). Figure 2 presents a view of the site
during construction of the unpaved road. The road was in-
strumented to allow the measurements of settlements (full-
profile settlement gauge), strains along the surface of the
soft soil (magnetic extensometers) and strains in the rein-
forcement (magnetic extensometers). The road was sub-
jected to the traffic of heavy trucks that transported fill

Figure 2 - Unpaved road construction.

Soils and Rocks, Sao Paulo, 39(2): 113-135, May-August, 2016.

material for the construction of a larger experimental em-
bankment, as part of the research programme on embank-
ments on soft soils of the Road Research Institute (IPR) of
the National Department of Transportation Infrastructure
(DNIT).

Different types of reinforcement installation were in-
vestigated. Figure 3 shows schematically the 6 instru-
mented test sections, where it can be seen that the way in
which the extremities of the reinforcement layer were an-
chored was varied from a reasonably short length reinforce-
ment (low anchorage, Section S1) to a case where the
extremities of the reinforcement were fixed to wood piles
(Section S6) to maximize reinforcement anchorage. Sec-
tions S2 and S3 (the latter abandoned because of instrumen-
tation damage during the first passages of trucks) served as
reference unreinforced sections.

Figure 4 presents the settlement profiles of the base of
the road after 200 passage of heavy trucks. It can be noted
that in general less settlement was obtained in reinforced
sections in comparison with the unreinforced one and that
the better the anchorage of the geotextile extremities the
better the road performance. A large value of settlement
(local failure) was observed beneath the truck wheel in the
unreinforced section S2, which explains the damage caused
to the instrumentation of the other reference section (S3).
This type of mechanism can be identified also in section S2
(less reinforcement anchorage), but with less intensity.
However, local failures did not occur in the other reinforced
test sections.

The fill thickness in each section required to sustain
the traffic of trucks was also obtained at the end of the ex-
periment (after 400 passages of trucks). This allowed as-
sessing the reduction of fill thickness promoted by the
reinforcement in comparison with the unreinforced section.

reinforcement

reinforcement
I

becnon S1 Section S2 (Unreinforced) Section 54

‘ T

Section S5 Section S6

Figure 3 - Schematic arrangements of the test sections investi-
gated (Palmeira, 1981).

Distance along the fill base

g 0

E # Section S1
E 100 ® Section S2
é 200 W Section S5
Fr Ilil © Section S6

Figure 4 - Settlement profiles of the base of the road (Ramalho-
Ortigao & Palmeira, 1982).
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Figure 5 shows the reduction of fill thickness in some rein-
forced road sections. The thickness reduction varied be-
tween 9% and 23% depending on the section considered
and the better the reinforcement anchorage the greater the
thickness reduction. Therefore, despite the poor quality of
the fill material employed besides not the best type of
geosynthetic reinforcement having been used, the rein-
forcement presence caused significant reductions in fill
thickness and savings in fill material volumes. The use of
poor fill materials in reinforced soil walls is also presented
and discussed Zornberg & Mitchell (1994) and in Mitchell
& Zornberg (1995).

2.1.2. Recycled construction and demolition waste
associated with geosynthetic reinforcement in unpaved
roads

Gongora (2011) studied the use of recycled construc-
tion and demolition waste (RCDW) as fill material in rein-
forced and unreinforced roads using a large scale test e-
quipment. Figure 6 shows the equipment used in the tests,
which was composed of a 1000 mm diameter rigid steel
tank, a reaction frame and a hydraulic system to provide the

(=)
L

— —_— ]
{=] Ln (=]

Ln

Fill thickness reduction (%)

[=]

Section S1 Section S4  Section S5 Section S6

e i G R

Figure 5 - Fill thickness reduction in some reinforced road sec-
tions.
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! Jack K
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v {
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Dimensions in mm.

Figure 6 - Large scale tests on reinforced and unreinforced un-
paved roads (Géngora & Palmeira, 2012).
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load on the fill surface. A 200 mm diameter steel platen ap-
plied the load on the road surface, which was measured by a
load cell. Displacement transducers allowed the measure-
ment of loading plate settlements. The vertical stress ap-
plied by the plate on the road surface was equal to 560 kPa,
which is a typical value for truck tire calibration in Brazil.
This pressure was applied under a frequency of 1 Hz. Con-
ventional gravel and RCDW were used as fill materials for
the unpaved roads and a geogrid as reinforcement was in-
stalled at the fill-subgrade interface in the reinforced case.
The subgrade material consisted of a fine grained soil (62%
in mass passing the #200 sieve) with California Bearing
Ratio (CBR) of 4%. The properties of the soils and geogrid
used in the tests are presented in Tables 1 and 2, respec-
tively. The tests were interrupted when a rut depth at the fill
surface of 25 mm was reached.

Table 1 - Properties of the soils tested.

Property Subgrade Gravel RCDW
D,, (mm)"* - 1.6 59
D,, (mm) 0.025 10.5 359
D, (mm) 0.19 16.7 47.4
CuU - 7.1 6.8
G 2.68 2.65 2.74
w (%) 27.1 - -
v, (kN/m”) 14.0 17.6 16.9
w, (%) 39 - -
w, (%) 29 - -
CBR (%) 42 - -
LAAT (%) - 36.0 56

Notes: (1) D, = diameter for which n percent in mass of the re-
maining particle diameters are smaller than that diameter,
CU = Soil coefficient of uniformity = D /D, , G = soil particles
density, w = moisture content, y, = dry unit weight, w, = liquid
limit, w, = plastic limit, CBR = California Bearing Ratio,
LAAT = Los Angeles Abrasion Test, (2) Grain size analysis tests
using dispersing agent for the subgrade material.

Table 2 - Properties of the geogrid.

Aperture dimensions (mm) 30 x 30
Tensile strength (kN/m) 200
Tensile stiffness at 5% strain 1500
Percentage of grid open area (%) 33
ASM (N-m/deg.)’ 1.54

Notes: (1) Geogrid manufactured with polyester fibres protected
by a PVC cover; (2) ASM = Aperture Stability Modulus, also
known as in-plane torsional rigidity modulus (Kinney & Xiaolin,
1995; Kinney, 2000), obtained at 2 N-m torque, minimum value.

Soils and Rocks, Sao Paulo, 39(2): 113-135, May-August, 2016.
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The results of loading plate vertical settlement vs.
number of load repetitions for unreinforced and reinforced
roads are presented in Figs. 7(a) and (b). Regarding tests on
unreinforced roads (Fig. 7a), the RCDW fill performed
slightly better with a 25 mm rut depth being reached for the
gravel fill at a number of load repetitions (N) of 1630,
whereas for the RCDW fill that rut depth was reached for N
equal to 1710. The presence of the geogrid reinforcement
greatly improved the performance of the roads for both
types of fill, as shown in Fig. 7(b). However, the perfor-
mance of the road built with RCDW was significantly
better than that of the road built with the natural gravel ma-
terial. In terms of Traffic Benefit Ratio (TBR, defined as
the number of load repetitions of the reinforced road for a
given rut depth divided by the number of load repetitions of
the unreinforced road for the same rut depth), the value of
TBR for the reinforced RCDW fill was equal to 33.5,
whereas a TBR of 15 was obtained for the reinforced con-
ventional gravel fill.

It should be pointed out that the ratios between geo-
grid aperture dimension and fill particle dimension are dif-
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Figure 7 - Results of tests on unpaved roads built with different
types of fill materials (Gongora, 2011).
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ferent for fill materials tested (Tables 1 and 2). This may
have influenced the performance of the reinforced road to
some extent. However, the results show that good perfor-
mance may be achieved with a proper combination of
geogrid reinforcement and RCDW fill in unpaved roads on
weak subgrades.

Greater fill particles breakage was noted in the tests
with RCDW, which is consistent with the results of Los
Angeles abrasion tests (Table 1). Therefore, the possible in-
fluence of fill particle breakage should be properly consid-
ered when using RCDW as fill material in unpaved roads
(Géngora & Palmeira, 2012).

2.1.3. Geosynthetic reinforcement of an alternative
sub-ballast material in a railway

Geosynthetics can be used for different functions in
railways, such as drainage, filtration, separation and rein-
forcement. Instrumented experimental sections in the Vic-
toria-Minas railway, in Brazil, allowed a study on the use of
reinforced alternative sub-ballast material (Fernandes,
2005). The railway is over 100 years old and is owned by
Vale Mining Company, being 989 km long. It is responsi-
ble for 40% of the total loads carried by railways in the
country with a daily traffic of 16 compositions (2 locomo-
tives of 160 tons plus 100 wagons with approximately 100
ton each - 300 kN axle load). Different types of geosyn-
thetics and reinforcement arrangements were investigated
in six instrumented test section (S1 to S6), which were sub-
jected to the normal traffic of the railway. The typical
cross-section of the experimental sections is presented in
Fig. 8.

Figure 9 shows the grain size distribution curves of
the materials used in the test sections. The alternative sub-
ballast material consisted of a mixture between a local soil
(silty sand, 50% in mass, average particle diameter of
0.13 mm), a fine mining waste (sandy silt, 25% in mass, av-
erage particle diameter of 0.032 mm) and the traditional
sub-ballast (sandy gravel, 25% in mass, average particle di-
ameter of 5.1 mm) commonly used in railways in the re-
gion.

The experimental test section S1 was a reference sec-
tion, constructed with the standard sub-ballast material. Al-
ternative sub-ballast material was used in the construction
of sections S2 to S5 with geosynthetic layers (geogrid or

410 410
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pipe - —— . il - . -

drainage trench i
650
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"
200
i

it instrumentation
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Figure 8 - Typical cross-section of the instrumented railway test
sections (Fernandes et al., 2008).
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nonwoven geotextile) installed at different positions. The
alternative sub-ballast material was also used in section S6,
but without the presence of reinforcement. The same ballast
material was used in all test sections. Due to space limita-
tions, in this paper only the results obtained for test sections
S1, S2, S3 and S6 are presented and discussed. Additional
information can be found in Fernandes (2005) and Fer-
nandes et al. (2008). Figure 10 shows schematically a lon-
gitudinal cross-section of the railway with the relevant
dimensions and positions of the geogrid reinforcement in
test sections S2 and S3. A view of the railway track in one
of the test sections is presented in Fig. 11.

The geogrid reinforcement was manufactured from
polyester with 30 mm x 30 mm square apertures, tensile
strength of 65 kN/m, ultimate tensile strain of 10% and a se-
cant tensile stiffness at 5% strain equal to 520 kN/m.

Strain-gauges in the sub-ballast, temperature trans-
ducers and moisture content transducers were employed.
Benkelman beam tests were carried out as part of the re-
search programme (Fig. 11).

Figure 12 shows results of Benkelman beam tests per-
formed on the railway superstructure, with a two trucks lo-
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Figure 9 - Grain size distribution curves of the materials used in
the experimental sections.
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Figure 10 - Longitudinal cross-section of the track.
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comotive with 8 axles each and total weight of 1600 kN be-
ing used to provide the necessary load on the structure.
From the results it can be noted that the reinforced alterna-
tive sub-ballast material (sections S2 and S3) behaved simi-
larly to the traditional material (section S1) in terms of
vertical displacements of the track. However, large vertical
displacements were obtained in section S6, where unrein-
forced alternative sub-ballast material was used. These re-
sults show the significant influence of the geogrid in
reinforcing the alternative sub-ballast material.

The results of horizontal strains from strain gauges
installed in the sub-ballast layer against the number of axles
that passed on the sections are shown in Fig. 13 for the sec-
tions where the strain-gauges in that particular position sur-
vived the repetitive heavy loading from the traffic of trains.
The strains in Section 3 (alternative sub-ballast reinforced
with geogrid) were smaller than in the reference section S1.
Section S6 showed considerably larger horizontal strains,
which is consistent with its results of vertical displacements
from Benkelman beam tests (Fig. 12).

Ballast particles breakage is a common occurrence in
railways due to the heavy and repetitive load from the traf-

Figure 11 - View of one of the test sections.

Distance (m)
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0o 1 2 3
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Figure 12 - Vertical displacement profiles from Benkelman beam
tests (Fernandes et al., 2008).
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fic of trains. The percentage (B,, in mass) of broken ballast
particles were determined as per Marsal (1973) and the re-
sults obtained are depicted in Fig. 14. The results show less
particle breakage in the reinforced sections S2 and S3 in
comparison with unreinforced sections S1 and S6.

It should be pointed out that the monitoring period of
the test sections was 2 years. So, despite the good perfor-
mance of the sections reinforced with geogrid, a longer test-
ing time would be necessary to evaluate the influence of
reinforcement on the long term performance of the track.
Another aspect to be considered in the long term is possible
mechanical damage of the reinforcement. Significant dam-
ages were noticed in exhumed specimens of the geotextiles
used in sections S4 and S5 of the same research programme
(Fernandes et al., 2008). However, the influence of me-
chanical damages can be minimized if proper design meth-
odologies are employed. The results obtained are quite
promising in showing that geosynthetic reinforcement may
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Figure 14 - Percentage of broken ballast particles vs. number of
axles (Fernandes et al., 2008).
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allow the use of low grade and low cost sub-ballast material
in railway construction.

2.1.4. Recycled construction and demolition waste in
geosynthetic reinforced walls

Another combined use of geosynthetics and recycled
construction and demolition waste (RCDW) is described
by Santos (2011). In this case, two instrumented 3.6 m high
geosynthetic reinforced walls were built with RCDW back-
fill on collapsible porous foundation soil in the Foundations
Experimental Site of the Graduate Programme of Geo-
technics of the University of Brasilia, Brasilia, Brazil. Fig-
ure 15 shows a typical cross-section of the walls as well as
the instrumentation used. One of the walls (Wall 1) was re-
inforced with geogrid, whereas the other was reinforced
with nonwoven geotextile (Wall 2). The walls were con-
structed in a container bounded by lubricated reinforced
masonry walls. The moving frame technique was employed
to build the walls (wrapped around faces). The instrumenta-
tion allowed the measurement of settlements along the top
of the backfill, face horizontal displacements, vertical and
horizontal total stresses, reinforcement strains (strain-
gauges and tell-tales for geogrid and geotextile strain mea-
surements, respectively) and horizontal displacement of the
foundation soil (inclinometer close to the wall toe, Fig. 15).
Figure 16 shows a bird eye view of the testing facilities and
Figs. 17(a) and (b) show the faces of Walls 1 and 2 after the
end of construction, respectively.

The RCDR used to build the walls had particle sizes
with up to 100 mm in diameter, but with approximately
95% in mass smaller than 50 mm and 12% in mass smaller
than 0.074 mm (D,,=2.1 mm,CU=D_ /D, =106). A rather
light compaction was applied to the fill during construction.
Geogrid reinforcement manufactured with polyester fibres,

, Reinforcement

® Strain gauge

[l Horizontal stress cell
= Vertical stress cell (

Figure 15 - Typical cross-section of the reinforced walls built
with RCDW (modified from Santos, 2011).
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a) Wall 1 (geogrid reinforced).

b) Wall 2 (geotextile reinforced).

Figure 17 - Faces of Walls 1 and 2 at the end of construction.

with tensile strength of 20 kN/m, secant tensile stiffness of
300 kN/m at 5% tensile strain and ultimate tensile strain of
12% was used as reinforcement in Wall 1. The reinforce-
ment used in Wall 2 was a needle-punched nonwoven
geotextile, made of polypropylene, with mass per unit area
equal to 300 g/m’, tensile strength of 19 kN/m and ultimate
tensile strain of 70%. Although being quite extensible ma-
terials under in-air conditions, the tensile stiffness of
nonwoven geotextiles can increase significantly when
these materials are confined by soil (McGown et al., 1982;
Tupa, 1994; Mendes, 2006; Mendes et al., 2007; Palmeira,
2009).The vertical spacing between reinforcement layers
was equal to 0.6 m in both walls.

Because the walls were constructed on a porous col-
lapsible foundation known as Brasilia porous clay, it would
be interesting also to induce the foundation soil structure
collapse by increasing its moisture content by inundation.
To accomplish that pools were constructed at the face of the
walls, as shown in Fig. 18.

Some results obtained by Santos (2011) are presented
in Figs. 19 to 22 (Santos et al., 2014). Figure 19 shows the
variation of vertical stresses normalised by the soil over-
burden pressure along the bases of the walls 107 days after
construction. Some differences between results were due to

120

Figure 18 - General view of the test arrangement to induce foun-
dation soil collapse by inundation (Santos et al., 2014).
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Figure 19 - Normalized vertical stress along wall base (modified
from Santos et al., 2014).

less soil homogeneity along the ground surface in the re-
gion of Wall 1 (Santos et al., 2014).

Figure 20 presents results of normalised settlements
along the backfill surface one year after construction and
after foundation soil collapse caused by inundation. Signif-
icant increases on wall settlements can be noted, particu-
larly for Wall 1 whose foundation soil surface was more
collapsible and less homogeneous than that below Wall 2.

The variations of horizontal displacements along the
foundation soil depth close to the wall toe are presented in
Figs. 21(a) and (b) one year after construction and after
foundation soil collapse, respectively. The horizontal dis-
placements below Wall 1 were slightly greater than those
below Wall 2 in the region close to the ground surface. For
greater depths the horizontal displacements of the founda-
tion soil were similar for both walls. The additional dis-
placements caused by foundation soil collapse were also
more significant close to the ground surface.

Figures 22(a) and (b) show the tensile strains along
the reinforcement length for the 3" reinforcement layer lo-

Soils and Rocks, Sao Paulo, 39(2): 113-135, May-August, 2016.
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Figure 20 - Normalised settlements along the RCDW backfill sur-
face (modified from Santos et al., 2014).
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Figure 21 - Horizontal displacements of the foundation soil (mod-
ified from Santos et al., 2014).
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cated at an elevation of 1.2 m from the wall base. Consider-
ably large strains in the geotextile reinforcement close to
the wall face can be noted as a consequence of the wrapped
around wall face type and the lower tensile stiffness of the
geotextile under unconfined conditions. For greater dis-
tances from the wall face the strains in both types of rein-
forcement were similar. Foundation soil collapse
influenced little the strains in the reinforcement, except for
the reinforcement layer at the base of the wall, where some
influence was noted (Santos ef al., 2014).

The results obtained show that RCDW may be suc-
cessfully used as backfill material in geosynthetic rein-
forced walls. The ratios between maximum wall face hori-
zontal displacement and wall height were in the range 2%
to 3%, which is considered acceptable by some design
codes (Santos et al., 2014). It should be noted that the walls
were constructed on a foundation soil prone to structural
collapse when wetted and the backfill material was rather
loose. Thus, under these circumstances the overall behav-
iour of the walls can be considered quite satisfactory in
comparison with those where traditional granular fill mate-
rials are used.

3. Geosynthetics and alternative materials in
geoenvironmental works

3.1. Some alternative construction materials for drain-
age systems

Some materials, usually considered as waste by the
general public, can be combined with geosynthetics in en-
vironmental protection works. These are the cases of
wasted tires, PET bottles, plastic wastes and construction
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Figure 22 - Tensile strains along the reinforcement length - rein-
forcement at 1.2 m elevation (modified from Santos et al., 2014).
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and demolition residues. Some of these materials are pre-
sented in Fig. 23 and can occupy a significant volume in
landfills. They may also be disposed in dumps, with consid-
erable damages to the environment and hazards to human
health. Because these materials are accumulated in landfill
in great volumes, they can be used in the landfill itself to
provide a better destination to these wastes with low cost
and environmentally friendly solutions. The use of such
materials may be particularly interesting in drainage sys-
tems of landfills and, in some cases, of some geotechnical
works. Some examples of the combination of unconven-
tional construction materials and geotextile filters are
shown in Fig. 24.

As any construction material, unconventional ones
must be studied and have their relevant engineering proper-
ties determined in order to be used in engineering projects.
Depending on the material considered, this may require
large scale tests to be performed. Figure 25 shows images
of large scale tests carried out on tire chips and compressed

o L 2
b) Tires (whole, chips, shreds, etc).

¢) Compressed PET bottles.

Figure 23 - Some alternative construction materials.

122

PET bottles to assess compressibility and hydraulic proper-
ties of these materials.

Tables 3 to 5 present typical results of some physical,
mechanical and hydraulic properties of tire chips, com-
pressed PET bottles and construction and demolition waste
(loose state) obtained in large scale tests as part of a re-
search programme on a better utilization of waste materials
in geotechnical and geoenvironmental works (Paranhos et
al., 2003; Palmeira et al., 2006; Paranhos & Palmeira,
2002). The results show flat and round particle shapes for
the tire chips and compressed PET bottles, respectively, in
contrast to the irregular shape of the RCDW particles (Ta-
ble 3). The mass of compressed PET bottles was consider-
ably more permeable than those of the other materials

¢) Geotextile filter combined with tire chips.

Figure 24 - Examples of alternative construction materials com-
bined with geotextile filter in drainage systems.

Soils and Rocks, Sao Paulo, 39(2): 113-135, May-August, 2016.
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Figure 25 - Large scale tests on tire chips and compressed PET bottles.

tested (Table 4). Even under a loose state, RCDW was of
the order of 10 times less compressible that the tire chips
and compressed PET bottles (Table 5).

Despite presenting poorer mechanical properties than
conventional construction materials, the unconventional

Table 3 - Some physical properties (Paranhos et al., 2003).

Properties PET bottles  Tire chips RCDR
Shape of grains round lamellar irregular
D,, (mm) 95 45 35
CU 1.0 1.5 2.0
Density (kg/m’) 92.0 367.0 1113.0
Void ratio 2.11 2.19 0.95

Notes: D,, = diameter for which 90% in mass is of the remaining
diameters are smaller; CU = coefficient of uniformity (D /D).

Table 4 - Results of permeability tests (Palmeira ez al., 2006).

Material Permeability coefficient (cm/s)
RCDR 10
Tire chips 15
Compressed PET bottles 50

Soils and Rocks, Sao Paulo, 39(2): 113-135, May-August, 2016.

construction materials tested can effectively substitute sand
and gravel in drainage systems with significant cost savings
and environmental benefits, depending on site conditions
and project requirements. This is particularly beneficial in
regions were conventional granular materials are expensive
or cannot be used because of constraints imposed by envi-
ronmental regulations.

Figures 26(a) and (b) present cross-sections of experi-
mental domestic waste cells which conventional granular
(gravel, Fig. 26a) and unconventional (whole tires and tire
chips, Fig. 26b) drainage systems. The experimental cells
were constructed in the Brasilia’s landfill (Joquei Clube
landfill), approximately 14 km from the city of Brasilia,
Brazil. The cells were 15 m x 15 m x 2.4 m and were capa-

Table 5 - Results of compressibility tests (Paranhos & Palmeira,
2002).

Material” E,, (MPa)”
RCDR 6.5”
Tire chips 0.46"
Compressed PET bottles 0.5

Notes: (1) Specimens in a loose state; (2) E, , = oedometric com-
pression modulus; (3) In the range of linear behaviour; (4) At 50%

of the maximum stress applied in the test.
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Figure 26 - Experimental domestic waste cells with different
drainage systems (Junqueira et al., 2006).

ble of accumulating approximately 50 tons of domestic
waste each. The lining system of the cells consisted of
HDPE geomembranes. The waste thickness (2.4 m) in the
cells was representative of the thickness of the waste in the
landfill, which at the time occupied a large area in plan, but
with similar waste thickness. In the cell with the conven-
tional drainage system (cell CG, Fig. 26a) the latter con-
sisted of a 0.2 m thick gravel layer. No filter provision was
made for this cell. Table 6 shows the properties of the
gravel used in cell CG. This table also shows the relevant
properties of the cover soil (0.3 m thick) used in both cells.
The alternative drainage system (cell CT, Fig. 26b) con-
sisted of whole tires arranged in plan in a regular pattern
(Fig. 27) underneath a nonwoven, needle punched, geo-
textile filter. Table 7 presents the relevant properties of the
geotextile filter used in Cell GT. At the centre of each cell
there was a drainage trench (0.3 m x 0.3 m) with a perfo-
rated pipe 100 mm in diameter. In cell CG the drainage
trench was filled with gravel whereas in cell CT it was filled
with tire chips.

It should be noted that in a drainage system such as
the one in cell CT the geotextile on the whole tires will be
subjected to sagging in the central void of each tire and in
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Table 6 - Properties of the soils in Cell CG.

Gravel Cover soil”
D,, (mm)" 53 —
D,, (mm) 60 —
D,, (mm) 65 0.20
cu” 1.2 —
v (KN/m) 19.7 13.4
k (cm/s) 24 0.003 to 0.009

Notes: (1) D, (for n =10, 50 and 85) = Diameter for which n % (in
mass) of the remaining particles have diameters smaller than D;
(2) CU = Soil coefficient of uniformity = D, /D, (3) 79% in mass
passing in the # 200 sieve in tests with the use of dispersing agent;
(4) Obtained in field permeability tests (Junqueira, 2000; Silva,
2004).

Table 7 - Geotextile properties.

Property

Mass per unit area (g/m’) 150
Thickness (mm) 1.5
Normal permeability (cm/s) 0.4
Permittivity (s") 2.5

Fitration opening size (mm)”’ 0.15

Note: (1) Obtained in hydrodynamic tests.

Figure 27 - Cell CT during construction (Junqueira et al., 2006).

the space between tires. This will cause tensile forces in the
geotextile layer that must be taken into account in design. A
measure to minimize this mechanism would be to fill those
voids with tire chips, for instance. Another important as-
pect that must be considered is the possibility of geotextile
filter and/or geomembrane damages caused by metallic re-
inforcements or meshes (when present) used in the manu-
facture of tires.

The composition of the domestic waste in both cells
was the following: 49% of organic matter, 18% of plastics,

Soils and Rocks, Sao Paulo, 39(2): 113-135, May-August, 2016.
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22% of paper/cardboard, 2% of metals and 9% of other ma-
terials. Chemical tests were periodically performed on the
effluents (leachate) of the cells to determine relevant pa-
rameters such as pH, chemical oxygen demand (COD),
ammoniac nitrogen, nitrate content, chloride content, elec-
trical conductivity and solids in suspension. When applica-
ble, the chemical tests performed followed the recommen-
dations presented in APHA (1996). Tanks stored the
leachate that drained from the cells allowing leachate flow
rate measurements and sample collections for physical and
chemical analyses.

The instrumentation employed in the cell during the
monitoring period consisted of temperature transducers and
settlement plates installed at different locations in the waste
mass (Fig. 26). The measurement of precipitation in the re-
gion was accomplished with a pluviometer close to the ex-
perimental cells.

Because of geometrical conditions and properties of
the cover soil used the climate conditions in the region in-
fluenced markedly the generation and composition of the
leachate, waste degradation and microbiological processes.
The climate in the region is characterised by well-defined
dry and rainy season. The rainy season takes place from Oc-
tober to April each year, whereas the dry season takes place
from May to September. The temperature in the region var-
ies between 18 °C and 25 °C during most of the year and the
average precipitation is approximately 1350 mm/year.

Further information on materials and methodology of
this research programme are reported by Junqueira (2000),
Junqueira & Palmeira (2000), Silva (2004), Junqueira et al.
(2006) and Palmeira & Silva (2007).

Some results obtained in a 2 years monitoring period
are shown in Figs. 28 to 32. Figures 28 and 29 show very lit-
tle, if any, differences in the ratio between effluent volume
and precipitated volume on the cells (Fig. 28) and between
cumulative effluent volumes (Fig. 29) from the cells, show-
ing that the different types of drainage systems did not af-
fected these results (Junqueira et al., 2006).

Figures 30 to 32 depict the variations of some leach-
ate parameters with time (Junqueira et al., 2006). In gen-
eral, the values of pH and COD of the leachate were not
influenced by the type of drainage system (Figs. 30 and 31).
The pH values obtained are consistent with data in the liter-
ature (Tchobanoglus et al., 1993). The small differences in
COD values obtained (Fig. 31) can be attributed to the vari-
ability of the waste characteristics.

Figure 32 presents the variation of suspended solids
in the leachate with time for both cells, where it can be
noted that the presence of the geotextile filter in cell CT, in
contrast with no filter in cell CG, reduced the amount of
suspended solids. Despite the greater drainage capability
and pore spaces of the gravel layer, the sedimentation of
solids in the drainage system with time can cause its clog-
ging because of the lack of a filter layer. The geotextile fil-
ter in cell CT was capable of retaining part of the solids in
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Figure 28 - Normalised effluent volume vs. time (Junqueira et al.,
2000).
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2006).
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Figure 30 - Variation of effluent pH with time (Junqueira et al.,
2006).

suspension without compromising the drainage capability
of the system.

3.2. Alternative materials in geosynthetic manufacture

Alternative materials, such as some of the ones de-
scribed in the previous section, can be used to manufacture
low cost geosynthetics. This section presents and discusses
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Figure 32 - Variation of suspended solids with time (Junqueira et
al., 20006).

some of these combinations where waste like materials can
find a better use in the manufacture of alternative geo-
synthetic products.

Alternative low cost materials can be used to substi-
tute geospacers in geocomposites for drainage. This pro-
vides a better use for some materials that are usually
disposed in landfills besides reducing the costs of geo-
composite products, which is particularly relevant in non-
industrialized and less developed countries (Silva, 2007;
Silva & Palmeira, 2007). Figure 33 (Silva & Palmeira,
2007) shows some alternative geocomposites whose drain-
age capacities were investigated by means of compression
and transmissivity tests as per ASTM D4716 (ASTM,
1995). These products consisted of combinations of
nonwoven geotextile filters with PET bottle caps or wasted
tire strips (20 mm wide).

The results of transmissivity tests on some typical
conventional and on alternative geocomposite products are
shown in Figs. 34(a) to (c) in terms of discharge capacity
along the geocomposite plane vs. vertical stress. As ex-
pected, the discharge capacity decreases with the product
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b) Drainage core consisting of tire strips.

Figure 33 - Alternative geocomposites for drainage (Silva, 2007).

compression caused by increasing normal stresses and this
reduction was more intense in the tests with the geocom-
posites with cores made of PET bottle caps and tire strips,
depending on the normal stress considered and the spacing
between caps or strips. Nevertheless, the results obtained
for the less compressible alternative geocomposite was
similar to those obtained for the conventional products
(Fig. 34a). The latter can also be made cheaper if recycled
materials are used in their fabrication. Despite the satisfac-
tory results obtained in the tests with the alternative geo-
composite products, it should be pointed out that besides
drainage capacity factors such as durability must also be
taken into account, particularly in applications in landfills,
for instance.

Barrier systems can also incorporate the use of alter-
native materials to reduce costs. This may be the case of
mixing some products with bentonite in geocomposite clay
linners (GCL). Despite cost reduction, the mixing of such
products can alter some relevant properties of a GCL, such
as bentonite low permeability coefficient (typically less
than 10" m/s) and expansibility. Nevertheless, in less criti-
cal and severe applications the use of alternative barriers
may provide cost-effective and sustainable engineering so-
lutions for environmental protection.

Figures 35(a) to (c) show the influences of the pres-
ence of alternative materials in the bentonite on some rele-
vant properties (Viana & Palmeira, 2010; Viana et al.,
2011). The alternative materials mixed to the sodic benton-
ite were sand, lateritic clay and rubber grains (from wasted
tires, Fig. 35a). Figure 35(a) shows that the internal friction
angle of the hydrated mixture increases with the alternative
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Figure 34 - Transmissivity test results (Silva & Palmeira, 2007).

material content. In this figure R, is the ratio between the
tangent of the friction angle of the mixture and the tangent
of the friction angle of the bentonite alone. The friction an-
gle of the core material in a GCL is of utmost relevance in
the analysis of possible internal failure when this type of
product is used in slopes of waste disposal areas. Figure
35(b) shows that the mixture expansibility was reduced
with the increase of the content of rubber grains and normal
stress, whereas Fig. 35(c) shows that the mixture
permittivity increased significantly with the content of rub-
ber grains. The results in Figs. 35(b) and (c) are certainly
potential limitations for the performance of a barrier incor-
porating the mixtures tested. However, the results obtained
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may still be satisfactory for less severe and less critical ap-
plications or when the GCL incorporating such mixtures is
used as a secondary barrier or for protection (and barrier)
under a geomembrane.

Vianna et al. (2011) also performed tests on a GCLs
manufactured with mixtures between alternative materials
and sodic bentonite (Fig. 36a). The GCLs were manufac-
tured with mixtures of 50% in mass of alternative material
(sand, clay or rubber grains) and 50% of bentonite. Nee-
dle-punched nonwoven geotextiles made of polyester were
employed as GCL cover and carrier layers. The geotextile
layers were stitched to each other to increase GCL internal
strength. Two conventional GCL products (codes GCL A
and GCL B) were also tested for comparisons. The tests
carried out were ramp (inclined plane - 600 mm x 600 mm
specimens, Fig. 36b) and expansibility tests.

Figure 36(a) presents the results of expansibility tests
in terms of GCL expansion vs. time for the products tested.
The results show that the expansibility of the alternative
GCLs was of the order of half of that observed for the con-
ventional GCLs A and B. This is consistent with the results
obtained in the tests on the bentonite-alternative material
mixtures reported earlier in this paper. It should be noted
that the expansibility of the GCL is smaller than the free
expansibility of its core due to the restrictive action of the
stitches.

Figure 36(b) shows results of ramp tests on GCL A
and on the alternative GCL-Rubber with a core consisting
of a mixture of bentonite and rubber grains (50% in mass of
rubber grains) in terms of mobilized shear stress vs. normal
stress. It should be pointed out that results from ramp tests
can be significantly more reliable than those from conven-
tional direct shear tests under low stress levels. This may be
the case of a slope in a waste disposal area where a thin
cover soil layer (or granular drainage layer) is the only sur-
charge on the liner (Palmeira, 2009). In the ramp tests only
the extremity of the carrier geotextile (at the bottom of the
GCL) was fixed to the ramp in order to favour GCL internal
failure. However, no internal failure was observed in tests
on GCL A and on GCL-Rubber. Therefore, the results in
Fig. 36(b) do not represent failure envelopes, but the repre-
sentation of relationships between mobilized shear stress
and normal stress on the GCL for the ramp inclinations in-
dicated. It can be noted that similar results were obtained
for alternative and conventional GCLs either in tests under
dry conditions or after GCL hydration. These similar re-
sults were a consequence of the influence of the strength of
the stitches crossing the GCL.

4. Some Low Cost and Simple Solutions with
Geosynthetics

One of the most interesting advantages of geosyn-
thetics is the possibility of providing simple and cost effec-

tive solutions in situations where the application of tradi-
tional engineering approaches would be significantly more
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Figure 35 - Influence of alternative material content on some properties of bentonite mixtures - hydrated specimens (Viana & Palmeira,

2010; Viana et al., 2011).

difficult or expensive. One example of this situation is a
case where scarcity of natural construction materials or
lack of proper workmanship is present. Figure 37 shows silt
fence solutions to treat gullies in low income or in remote
areas. In this type of work a nonwoven geotextile is used to
serve as barrier to sediments (Farias, 2005). If the fences
are properly designed, with time the accumulation of sedi-
ments behind each barrier will tend to stop the erosive pro-
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cess and favour natural vegetation growth. Large scale
flume tests on silt fences reported by Farias et al. (2006)
have shown that in many situations low cost nonwoven
geotextiles may be employed in this type of problem and
the easy construction process allows the use of local labour.

A simple solution to improve the quality of water for
remote communities is reported by Bernardes (2015). In
this case the difficulty in finding or transporting proper nat-
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Figure 36 - Tests on an alternative GCL (Viana et al., 2011).

Figure 37 - Examples of a low cost erosion control solution in-
volving the use of geotextiles (Courtesy of Dr. Rideci J. Farias and
Furnas Centrais Elétricas).
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ural materials for water treatment for the community of Sdo
Raimundo, in the Brazilian Amanzon, led to the combined
use of sand and geotextile filters. This community is ap-
proximately 1200 km distant (by river) from the city of
Manaus, capital of the state of Amazonas, and can only be
reached by boat. Therefore, the transportation of traditional
construction materials is very difficult. However, light
weight geotextiles can be easily transported by boat to the
site. To filter the water for consumption for the community
a simple filter arrangement installed at the bottom of stor-
age tanks was tested, as schematically shown in Fig. 38(a).
The filter consisted of a layer of sand enveloped by a
nonwoven geotextile. Besides improving water filtration,
the use of the geotextile made the construction of the sys-
tem easier for members of the community. The presence of
intestinal parasites in children, common due to ingestion or
handling of untreated water, was monitored before and af-
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Figure 38 - Combined sand-geotextile filter for water treatment in the remote community of Sdo Raimundo, Amazon, Brazil (Bernardes,

2015).

ter the use of the alternative filter. Figure 38(b) shows sig-
nificant reductions in the contamination of children less
than 12 years old by parasites in the water after the imple-
mentation of a very simple water filtering process. Infec-
tions caused by some types of parasites were simply
eradicated after water filtration.

Another simple application of geotextile filters is to
reduce the contaminant potential of leachates. Figure 39
shows an arrangement of vertical nonwoven geotextile lay-
ers (similar to silt fences) investigated by Silva (2014) aim-
ing at filtering leachate from a dump in the city of Cuiab4,
state of Mato Grosso, Brazil, as a preliminary treatment for
the leachate before its disposal in the nature. Different types
of nonwoven geotextiles (largest filtration opening size,
FOS, of 0.15 mm for the lightest geotextile tested) and
number of vertical panels were tested and some relevant ef-

Leachate

Geotextile panels

Effluent leachate

Figure 39 - Test arrangement for preliminary leachate treatment.
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fluent parameters of the leachate were measured after it had
crossed the filter layers. A vertical sand (D,, = 0.18 mm,
D, =0.29 mm, D, = 0.5 mm, Coefficient of uniformity
= 1.7) filter in a similar arrangement was also tested for
comparison. According to Terzaghi’s classical filter crite-
ria the equivalent filtration opening size of the sand filter
(= D,/4) would be of the order of 0.048 mm, therefore
smaller than that of the geotextile with mass per unit area of
600 g/m’ (FOS = 0.060 mm).

Figures 40(a) and (b) show the variations of chemical
oxygen demand, biological oxygen demand and contents of
some heavy metals (Fe, Cr and Zn) of the effluent with the
mass per unit area of the geotextile filter in each panel (ar-
rangement with three panels). Reductions of up to 40% and
18% in COD and BOD of the effluent, respectively, due to
the filtering action of the geotextile can be noted (Figs. 40a
and b). Under the same conditions the reduction in COD
and BOD by a sand filter was approximately 9%, therefore
considerably less than those of the geotextile filter. Reduc-
tions between 22% and 51% in some heavy metal contents
can be noted in Fig. 40(b) and in most cases the perfor-
mance of the geotextile filter was similar or better than that
of the sand filter. No significant gains were noted in the re-
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duction of most parameters for geotextiles with mass per
unit area greater than 600 g/m’. The toxic potential of the
effluent was also reduced between 6% and 32% with the
use of the geotextile filter panels, as shown in Fig. 40 (c).
Also in this case the geotextile filter performed better or
similarly to the sand filter in most cases. The results ob-
tained show that the use of geotextile filter panels may pro-
vide an efficient preliminary treatment for leachate, which
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Figure 40 - Leachate filtration with nonwoven geotextiles (Silva,

2015).
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is more practical (the geotextile layer can be even reused af-
ter washing) and less detrimental to the environment than
the use of a sand filter. This type of solution would be par-
ticularly indicated and viable for the preliminary treatment
of leachate from landfills of small to medium size commu-
nities.

Another simple and low-cost geosynthetic applica-
tion was presented by Greenwood (2012) regarding barrier
systems against floods. Figure 41 shows the system where a
geomembrane layer attached to a cover is elevated by the
action of a float when the level of the river rises. Thus, the
barrier is raised simultaneously with the water level avoid-
ing or minimizing the consequences of the flood. The sys-
tem can be hidden in pathways close to the river for aes-
thetic reasons. The system can also be used in urban areas.

S. Future Developments

The future certainly will require increasingly creative
solutions for geotechnical and geoenvironmental works
that produce less damage to the environment. Thus, engi-
neering solutions that cause significant environmental im-
pacts during its construction or life time will certainly be
less and less acceptable by environmental protection stan-
dards. Geosynthetics may provide solutions with less im-
pact to the environment than their counterparts and by
being manufactured, future geosynthetic products will be
able to incorporate innovations and developments from en-
gineering materials science. Some more sophisticated ma-
terials used today in other fields in engineering are likely to
become cheap enough to be also used in geotechnical engi-
neering applications. This may be the case of membranes
with sensors that are capable of locating highly stressed re-
gions or perforations, as schematically presented in Fig. 42
(Borns, 1997). These sensors were developed by Sandia
National Laboratories, USA, and were first incorporated in
materials for defense and space applications (Borns, 1997).

___— geomembrane

cover
flood waters

backfilled trench

Greenwood (2012)

Figure 41 - System against floods with geomembrane.
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Figure 42 - Geomembrane with damage detection system (Borns,
1997).

Geosynthetic reinforcements can be manufactured today
with systems that allow the measurement of strains.

Electrically conductive geosynthetics (EKG, Fig. 43)
are already a reality and are made of a polymer material ca-
pable of conducting electricity (Jones et al., 2006). The de-
velopment of such material revived the use of the electro-
osmosis for the acceleration of the consolidation of soft sat-
urated fine grained soils, drainage of fine wastes, soil im-
provement and removal or reduction of pollutants in soils.
Before EKG the use of electro-osmosis was very expensive
or unpractical due to corrosion of metallic components of
the system.

Recent research in biotechnology at Pennsylvania
State University, USA, has led to the development of multi-
phase polymer (Fig. 44) derived from the genetic code of
squid ring teeth that is capable of self-healing in contact
with water (Messer 2015; Correio Braziliense, 2015). If the
manufacture of a geomembrane with such polymer is feasi-
ble, such geomembrane will be able to self-seal a cut or per-
foration when in contact with water. So, the extension of
the innovations produced in materials science to geosyn-
thetics seems limitless. The use of nanotechnologies will
also produce more sophisticated and even intelligent engi-

", Cathode

Anodes ;,.‘.‘l' o

Figure 43 - Electro-osmotic consolidation with EKG (modified
from Jones et al., 2006).
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Figure 44 - Self-healing polymer (Messer, 2015).

neering plastics that will certainly find applications in geo-
technical and geoenvironmental works in the future. Re-
gardless of the complexity or the sophistication of the
product used, one of the main characteristics of geosyn-
thetics will continue to be their capability of producing
quick and easy alternative solutions for geotechnical and
geoenvironmental engineering problems.

6. Conclusions

This paper presented and discussed the results of
studies on sustainable solutions involving the use of geo-
synthetics as well as combinations of geosynthetic products
with alternative construction materials or wastes in geo-
technical and geoenvironmental works to enhance the ben-
eficial effects to the environment. Geotechnical and geo-
environmental engineering  solutions incorporating
geosynthetics can significantly reduce the impacts to the
environment in comparison with their traditional counter-
parts. Geosynthetics can also provide simple and sustain-
able solutions for a variety of problems. Combinations of
geosynthetics with alternative construction materials, resi-
dues or wastes may reduce construction costs and the vol-
umes occupied by wastes in landfills. Simple solutions
incorporating geosynthetics can also have important reper-
cussions in solving problems in remote areas and for ero-
sion and flood controls, where traditional natural materials
or specialized labour are not available. The main conclu-
sions of the studies and case-histories reported in this paper
are summarised as follows.

Several residues commonly viewed as waste can be
employed in a more environmentally friendly way in civil
engineering with favourable repercussions on cost reduc-
tions and in the reduction of environmental hazards. Mate-
rials such as wasted tires, construction and demolition
waste and PET bottles can be recycled or properly pro-
cessed in order to be used as fill or drainage materials in
constructions.

Compressed PET bottles or tire chips and geotextile
filters can be combined in drainage systems. The former
materials can substitute good quality granular drainage ma-
terials, which may be scarce, very expensive or have their
use restricted by environmental regulations. Whole tires
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can also be used to form drainage blankets underneath a
geotextile filter in drainage systems of landfills.

Research results have shown that geosynthetic rein-
forced walls with recycled construction and demolition
waste (RCD-RR) backfills have performed very well. Simi-
lar good performance of RCD-R was observed in tests on
geogrid reinforced unpaved roads constructed on weak
subgrade. Field tests on geosynthetic reinforced alternative
ballast consisting of a mixture of nonstandard material and
mine waste also yielded to very good performance of a rail-
way track. The use of such materials can reduce construc-
tion costs particularly in regions were good quality fill
materials are scarce or expensive.

Low cost geosynthetics can also be produced with the
incorporation or combination with alternative materials.
Results of tests on geocomposites for drainage incorporat-
ing PET bottle caps and tire strips as drainage were compa-
rable to those obtained for conventional geocomposite
products. Regarding barrier layers in environmental or hy-
draulic applications, rubber grains from wasted tires can be
mixed to bentonite to reduce the cost of GCLs. Despite the
increase in permittivity and reduction in expansibility of a
GCL incorporating rubber grains in comparison with stan-
dard products, the test results obtained suggest that such al-
ternative GCLs can be employed in less critical situations
or as protective or secondary barrier layers underneath
geomembranes.

A better use of residues and wastes in engineering
works is certainly important for the reduction of natural
material exploitation and for the preservation of the envi-
ronment. For such uses it is necessary the existence of an
efficient and economical system for the collection, recy-
cling, processing and supplying of these residues for geo-
technical and geoenvironmental works. The combination
of geosynthetics with such residues may provide less ex-
pensive and more environmentally friendly solutions.

Despite the benefits of using residues in engineering
projects as discussed above, one has to bear in mind that the
excessive demand for a particular type of residue will in-
crease its cost, which may compromise its use in some ap-
plications. Thus, a given residue utilization that is feasible
in a geotechnical engineering application today may not be
so in the future, depending on the competition for that resi-
due from other industries. Besides, some residues or their
degradation may be hazardous to the soil or ground water.
Therefore, thorough evaluation of the benefits, limitations
and impacts caused by the use of the residue must be made
before hand. However, the demand for a better use of resi-
dues in civil engineering will certainly increase in the fu-
ture, requiring ingenuity and innovative solutions for the
application of such materials in civil engineering works.

Materials and polymer sciences will keep on produc-
ing new and more powerful geosynthetic products for engi-
neering applications. With the continuous development of
polymers aided by new nanotechnologies, more and more
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sophisticated geosynthetic products can be foreseen in the
future. Despite increasing complexity of the product itself
the geosynthetics will certainly maintain their character as
effective and simple materials to be used in geotechnical
and geoenvironmental works.
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A Case of Study About the Influence of Organic Matter in
Municipal Solid Waste Settlement

M.C. Melo, R.M.S. Farias, R.M. Caribé, R.B.A. Sousa, V.E.D. Monteiro

Abstract. Municipal solid waste (MSW) settlement can be understood as volume reduction of the waste mass disposed in a
landfill. Such phenomenon is mainly the result of organic matter degradation. Settlement can also be generated by MSW
distortions, particle rearrengements, and other factors. These factors can be accurately analyzed if studied in an MSW
experimental cell once it simulates the landfill behavior in a known and controlled way. This study aims to analyze the
behavior of an experimental cell filled with MSW and how the biodegradation can influence the settlement over time and
depth. The methodology was composed of waste sampling, experimental cell construction and filling, volatile solids
analysis, and settlement measurements. The MSW gravimetric and volumetric analyses were performed in order to
quantify the amount of organic matter contained inside the experimental cell. The tests indicated that the amount of organic
matter drastically decreased in all MSW layers, and settlement varied according to the depth of the experimental cell due to

mechanical factors and organic matter consumption.

Keywords: organic matter, settlement, municipal solid waste, experimental cells.

1. Introduction

Landfill settlement is mainly a result of organic mat-
ter loss from the Municipal Solid Waste (MSW) disposed.
It can also be generated by MSW rearrangement, mass de-
formation and other factors. The settlement is mainly gen-
erated by the degradable organic matter (OM) present in the
waste mass composition. The complex biological degrada-
tion processes with numerous metabolic pathways can cre-
ate MSW settlement. However, the waste biodegradation
depends on environmental factors inside the landfill, which
directly influence the settlement velocity and magnitude.
According to Wall & Zeiss (1995), MSW settlement may
range from 25% to 50% of the initial waste height. How-
ever, the literature does not cover many topics involving the
influence of organic matter in waste settlement.

Most of the MSW constituents disposed in landfills is
organic matter (especially in developing countries), so it is
important to determine how much the organic matter influ-
ences the occurrence of settlement. The speed of organic
matter degradation and hence the speed of settlement are is-
sues that have to be analyzed so that the mechanical behav-
ior of landfills can be understood.

These issues can be better analyzed if studied in a
controlled environment by using a MSW experimental cell
which can simulate the behavior of a full-scale landfill. In
Brazil and all around the world, there are studies being de-

veloped with experimental cells filled with MSW taking
into account the peculiarities of different regions.

This paper aims to study the behavior of organic mat-
ter inside an MSW experimental cell regarding to its biode-
gradation and how it influences the settlement over time
and depth.

2. Studied Literature

The organic matter in the waste mass inside the land-
fill is degraded through two processes: aerobic and anaero-
bic digestion (Alcantara, 2007; Araujo et. al., 2009). The
anaerobic process is the most significant in terms of biode-
gradation because the oxygen inside the landfill runs out
quickly after the landfill impermeabilization (Moreda,
2000).

Leite (1997) states that the process of anaerobic bio-
degradation of MSW organic matter is quite complex. The
physical and chemical composition of MSW and the pres-
ence of significant cellulolytic material demand some time
to complete the bio stabilization of organic matter. Accord-
ing to Modesto (2002), the decomposition rate of anaerobic
processes is slow and it requires a much longer time for the
organic matter stabilization than in aerobic digestion. In the
anaerobic digestion, most of the biodegradable organic
matter is converted into biogas, and only a small portion of
organic matter is converted into microbial mass. Melo
(2003) and Monteiro et. al. (2006) suggest that anaerobic

Mircio Camargo de Melo, PhD., Associate Professor, Departamento de Satide, Universidade Federal de Campina Grande, Campina Grande, PB, Brazil. email:
melomc90@gmail.com.

Raliny Mota de Souza Farias, MSc. Student, Departamento de Engenharia Civil, Universidade Federal de Pernambuco, Recife, PE, Brazil. email: raliny.mota@ gmail.com.
Romulo de Medeiros Caribé, PhD. Student, Departamento de Engenharia Quimica, Universidade Federal de Campina Grande, Campina Grande, PB, Brazil. email:
romulomedeiros @ gmail.com.

Raul Batista Araujo de Sousa, Undergraduate Student, Departamento de Engenharia Civil, Universidade Federal de Campina Grande, Campina Grande, PB, Brazil. email:
raulbatista0l @ gmail.com.

Veruschka Escarido Dessoles Monteiro, PhD., Associate Professor, Departamento de Engenharia Civil, Universidade Federal de Campina Grande, Campina Grande, PB,
Brazil. email: veruschkamonteiro @hotmail.com.

Submitted on December 19, 2014; Final Acceptance on May 3, 2016; Discussion open until December 30, 2016.

Soils and Rocks, Sao Paulo, 39(2): 139-148, May-August, 2016. 139



Melo et al.

digestion of MSW occurs because of the succession of dif-
ferent types of microorganisms, including the fungi, that
can accelerate the conversion process of some compounds,
such as cellulose, lignocellulose and less complex materi-
als.

2.1. Settlement in municipal solid waste landfills

The deformability of the waste disposed in landfills is
a very important aspect related to the landfill behavior. Ac-
cording to Nascimento (2007), settlement studies are im-
portant for the evaluation of landfill components, such as
cover soil layer, leachate and biogas drainage systems
(Kudrna, 2009; Sharma, 2007).

MSW landfills settlement is defined as a vertical dis-
placement of the landfill surface caused by waste or cover
layer weight, external loads and, mainly, the waste complex
biological degradation processes that results in leachate
and biogas production. Melo (2003) states that primary and
secondary settlement can happen simultaneously and the
waste mass rearrangement happens because of the succes-
sive gaps collapse.

Melo (2003) and McDougall et al. (2004) brought
some new Acknowledgments in the study of waste settle-
ment. They affirm that initial settlement in landfills is very
intense because of the initial amount of organic matter. The
rate of settlement decreases with time as the number of gaps
decreases too. Organic matter degradation turns solid parti-
cles into liquids and gases, so the gaps once filled with the
solid phase are now occupied by the liquid and gas phases.
Initially, there are successive gaps enlargements due to the
waste degradation, followed by collapses of these gaps. Af-
ter a period of intense settlement, there is a period of zero
settlement, when there is no settlement occurrence. How-
ever, once the weight of the waste mass is large enough to
create gaps collapse, a new phase of settlement occurs.

It is difficult to define if the settlement is primary
(first 30 days) or secondary. Melo (2003) says that both
(primary and secondary) settlement occur simultaneously
because as soon as the waste is disposed in the landfill, the
microorganisms colonization takes place, causing the mass
loss.

2.2. Gravimetric and volumetric composition of munici-
pal solid waste

The gravimetric and volumetric characterization of
MSW is an important tool in waste management and it indi-
cates the amount of weight and volume that each type of
waste occupies in the landfill cells (Pereira et al., 2010).
According to Pereira et al. (2010), knowing some aspects
(weight and volume) of each MSW constituent individually
is important because it shows the amount of existing biode-
gradable compounds within the waste mass, which contrib-
utes to the correct sizing of drainage systems and leachate
treatment systems and to the evaluation of biogas genera-
tion potential.

140

The gravimetric composition of MSW is important to
understand the waste mass behavior, and it expresses the
presence of each component related to the total weight of
the waste sample (Jucd & Melo, 2000). Both gravimetric
and volumetric compositions are linked to the mechanic be-
havior of waste, and both are affected by the specific weight
and compression of that waste. El-Fadel & Khoury (2000)
states that high initial specific weight values associated
with a high magnitude of waste compression reduces both
primary and secondary settlement rates.

3. Materials and Methods

3.1. Development of the research

An experimental cell was built on Universidade Fed-
eral de Campina Grande (Federal University of Campina
Grande by English translation) campus, in the city of Cam-
pina Grande, state of Paraiba, Brazil. The experimental cell
or lysismeter filled with MSW was projected as an attempt
to simulate and analyze a landfill behavior and how it loses
mass due to waste decomposition. The experimental cell al-
lows controlling the acceleration of the waste decomposi-
tion.

3.1.1. The experimental cell construction

The experimental cell was built with handmade
bricks, and it had a diameter of 2 m, height of 3 m and vol-
ume capacity of 9 m’. The instrumentation was made with
surface settlement gauges (plates A and B), thermocouples,
piezometers (to measure the liquid level) and biogas drains
(Fig. 1). For cover and bottom soil layers, a low permeabil-
ity soil was chosen (velocity: 10° m/s).

3.1.2. Waste collection, sampling and lysimeter filling

The procedure used in order to perform the waste col-
lection and sampling was recommended by the ABNT:
NBR 10007 (2004). The waste was collected and its ho-
mogenization was performed based on LIPOR’s (2000)
methodology - adapted by Leite (2008) and Pereira et.al.
(2010). The determination of the MSW gravimetric and
volumetric composition was based on the same method
previously listed.

The MSW was collected from three different neigh-
borhoods in Campina Grande. The criteria used to choose
neighborhoods were the social class. This way, neighbor-
hoods representing the high, middle and low classes were
chosen (one neighborhood for each class). After the collec-
tion, the MSW was homogenized and quartered (according
to ABNT NBR 10007, 2004) so that a final sample was ob-
tained to fill the experimental cell.

3.1.3. Field parameters monitoring and laboratory trials

After filling, MSW samples from the lysimeter were
collected in order to determine their mechanical, physical,
chemical and microbiological parameters. Table 1 shows
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Figure 1 - Top view and vertical cut of MSW experimental cell.

Table 1 - Physicochemical parameters monitored over time.

Parameters Method

Volatile solids WHO (1979)

NBR 6457 (ABNT, 1986);
Manassero et al. (1996)

Water content

Alkalinity
PH
Total alkalinity

Standard Methods
(AWWA/APHA/WEF, 1998)

Volatile fatty acids
Chlorides

COD

BOD

the physicochemical parameters of the MSW in the lisy-
meter monitored over time.

4. Results and Discussions

4.1. Physical characterization of the MSW deposited in
the experimental cell

The physical characterization of the MSW was com-
posed of gravimetric and volumetric composition tests and
MSW density determination. For the gravimetric composi-
tion, Table 2 shows that the MSW has about 66% of organic
matter, indicating a high percentage of waste mass defor-
mation that results in large settlement values since the

Soils and Rocks, Sao Paulo, 39(2): 139-148, May-August, 2016.

biodegradation increases with the amount of putrescible
material in the MSW composition (Dixon & Jones, 2005).

Table 2 also shows that the amount of plastics
reached a value of 11% of total waste weight. Such percent-
age of plastics reflects their low density that usually con-
tributes to a lower value on the total weight compared to
organic matter. The volumetric composition for loose and
compressed MSW shows a higher percentage of plastics
than the one found in gravimetric composition. Grisolia et
al. (1995) states that compressed materials such as metals
and plastics can release retained liquids or gases, causing an
apparent decrease in their volume. The organic matter re-
leases its liquid, so the volume variation is even higher.
Such observation is directly related to settlement creation
and water content within the waste mass.

The volumetric composition of organic matter for
compacted and loose waste was 37% and 38%, respectively
(Table 2) . This data could initially lead to the conclusion
that settlement due to the degradation of organic matter
would also be around that value. However, McDougal et al.
(2004) and Firmo er al. (2010) suggest that not all the or-
ganic matter is biodegradable and Melo (2003) affirms that
inhibitors products intrinsic to the degradation of organic
matter can exist in the waste mass disposed in landfills.
Those elements can decrease the metabolic activity of mi-
croorganisms and, consequently, the waste decomposition.

In regards to plastics, Fucale (2002) reports that these
materials can work as a reinforcement matrix of the landfill
structure. Plastic retards the degradation of organic matter
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Table 2 - Values obtained by the physical characterization of MSW.

Waste Gravimetric Volumetric composi-  Volumetric composition Density - loose Density - compressed
composition (%) tion - loose waste (%) - compressed waste (%) waste (kg/m’) waste (kg/m’)
Plastic 11 29 27 58 87
Metals 3 5 7 97 103
Sanitary and textiles 4 4 4 146 209
Others 6 8 9 107 138
Glasses 4 4 5 157 164
Composite 1 5 4 44 80
Paper and cardboard 5 7 7 122 169
Organic matter 66 38 37 268 400

because it creates waterproof pockets, but they can provide
better stability to landfills.

The volumetric composition of loose and compacted
waste for paper and cardboard, composite, sanitary, tex-
tiles, glass, metals and others was less than 40% of the total
waste volume. Nevertheless, these materials use to have
very high values, according to studies conducted by Cata-
preta & Simoes (2008).

Table 2 also shows that loose and compacted waste
densities for the organic matter was 270 kg/m’ and
400 kg/m’, respectively. The density values of the com-
pressed waste is greater that the non-compressed waste
ones because after compression, the volume is reduced, so
the density increases.

Loose and compacted waste density results were, re-
spectively, 400 kg/m’ and 700 kg/m’, which is in accor-
dance with the technical literature (Leite, 2008; Landva &
Clark 1990; Kaimoto & Cepollina, 1996). These authors re-
port that a compressed density of 700 kg/m’ is excellent for
mechanical operation in landfills.

4.2. MSW settlement
4.2.1. MSW settlement over depth

The plates to measure the MSW settlement were ar-
ranged according to the specified depths showed in Table 3.
The largest MSW deformations occurred with the plate 1
(Fig. 2). Plate 1 is located in the center of the experimental
cell, in the top layer, right before plate 2 (from top to the
bottom). The settlement values measured by plates 1 and 2
were 0.37 m and 0.40 m, respectively, by the end of the
monitoring time.

Surface plates ‘A’ (on the left side of plate 1) and ‘B’
(on the right side of plate 1) showed settlement values of
0.35 m and 0.33 m, respectively. Such results were predict-
able since these plates were 2.00 m far from the bottom
layer.

Plates 1 and 2 had higher rates of settlement than sur-
face plates because the central region of the cell has less in-
fluence of the friction caused by the lysimeter walls. The
walls interact with the stuck waste by impeding its consoli-
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Table 3 - Position of settlement plate inside the experimental cell.

Plate Settlement plate position (m)
Plate-a superficial 0

Plate-b superficial 0

Plate 1 0

Plate 2 -0.23

Plate 3 -0.43

Plate 4 -1.11

Plate 5 -1.56

Plate 6 -2.00

dation. Melo (2003) and Alcantara (2007) found the same
results when studying small-size experimental cells and
full-scale cells as reported in their studies.

The settlement values observed in the experimental
cell represented a typical behavior of a full-scale cell once
the settlement magnitude decreased over time as it is usu-
ally observed in landfills (Fig. 2). Mariano (1999), Melo
(2003) and Monteiro (2003) found out that the settlement
decreases as the depth increases in full scale MSW cells.
Such behavior occurs since the waste in the deepest layers
are more influenced by the compression due to the weight
of the top layers, so as the plates on the surface have more
available space to move downwards. The same behavior
was observed in this study, as it is seen in Table 4. The plate
6 did not move because it is located in the bottom layer al-
ready, so the high waste compaction retarded the settlement
in that layer.

The largest settlement values occurred in the early
months after waste disposal. The highest settlement speed
rates also occurred in these days (first 90 days after closing
the experimental cell). During the first 30 days, the settle-
ment occurred because of the loads imposed by the waste
mass and compacted cover soil weights (Fig. 2). According
to Valozer (1989), in the early days, the microbiota of the
waste mass is still adapting itself to the environment in the
experimental cell, so the settlement created is mostly due to
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Figure 2 - MSW settlement values in different lysimeter depths over time.

Table 4 - Final MSW settlement values for each plate located in
the experimental cell.

Plate Final settlement (m)
Plate-a (superficial) 0.35

Plate-b (superficial) 0.33

Plate 1 0.40

Plate 2 0.37

Plate 3 0.28

Plate 4 0.19

Plate 5 0.13

Plate 6 0

mechanical factors. After this phase, settlement was gener-
ated by the degradation of organic matter from the MSW.

4.2.1.1. Settlement due to MSW biodegradation

In regards to the settlement fraction related to MSW
biodegradation (Table 5), the surface plates ‘A’ and ‘B’
showed a waste mass deformation of 71% and 73%, respec-
tively. For plate 1, 77% of settlement was originated by
degradation of organic matter, and for plate 2, 70% of set-
tlement was created due to biodegradation. The waste lay-
ers in which plates 3, 4 and 5 are located had the largest
amount of vertical deformation caused by biodegradation.

As the depth increased, a higher biodegradation set-
tlement percentage was found. Immediate settlement oc-

curred during the experimental cell filling process when the
lower waste layers were constantly compacted by the upper
layers. The settlement during the filling process was not re-
corded. Only when the experimental cell was closed, the
settlement measurements started, so the results taken from
the first day of measurement does not represent the magni-
tude of the immediate settlement in the lower waste layers.
This way, the biodegradation settlement (non-immediate
settlement) will always be proportionally greater in deeper
waste layers because immediate settlement practically
ended by the time that settlement measurements started.

The studied literature only makes observations about
the general behavior of MSW settlement. However, the set-
tlement of the organic fraction of the waste is not thor-
oughly analyzed. In Brazilian cities, the organic fraction
corresponds to the highest percentage of MSW composi-
tion (by terms of weight and volume). In order to predict the
lifespan of a landfill, it is necessary to take into account the
waste degradation time for each layer considering also the
immediate settlement.

4.2.2. MSW settlement velocity

The settlement velocity (Fig. 3) shows how consider-
able were the MSW settlement occurrence on the first 30
days after the experimental cell closing. The settlement rate
was up to 10 times higher in some of the plates during the
first 30 days if compared to the other days. However, the
settlement speed decreased after 90 days. Plates 4 and 5 had

Table 5 - Settlement percentage due to MSW weight and organic matter degradation.

Settlement/plate Plate-a (superficial)  Plate-b (superficial) Plate 1 Plate2 Plate3 Plate4 Plate5 Plate 6
Instant settlement (%) 29 27 23 30 21 5 8 0
Settlement due to 71 73 71 70 79 95 92 0
degradation (%)
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Figure 3 - Settlement velocity of the waste layers.

the lowest settlement rate over time if compared to the other
plates.

Plate 5 (Fig. 3) showed zero settlement speed after
330 days of monitoring which indicates that either the or-
ganic matter is unavailable to the microorganisms by ex-
cessive compression, or there is an accumulation of liquids
at that region, retarding the settlement. Leite et al. (2007)
affirm that excessive compression may inhibit the degrada-
tion of organic compounds. For the other plates, the settle-
ment is decreasing, but it will still take place for a while
because there is still organic matter to be degraded inside
the experimental cell.

4.2.3. Settlement vs. organic matter

The value of 66% of the initial organic matter in the
MSW composition indicates that the experimental cell is
filled with approximately 2,900 kg of organic compounds.
However, not all the organic material is biodegradable. The
degradation of organic material results in settlement, so it
must be measured since it will determine the landfill life-
span (Melo, 2003; Monteiro, ef al., 2006).

The rate putrescible organic matter within the waste
mass per volume of the experimental cell is 400 kg/m’,
which indicates a total of 1,700 kg of highly degradable or-
ganic compounds. The results obtained by many research-
ers around the world show that even the putrescible waste
fraction might take a considerable amount of time to be
completely degraded. Within the waste mass, there are ma-
terials that are aggressive to the microorganisms due to the
release of toxic substances, the waste heterogeneity and the
different temperatures and pH ranges (Mcdougall ef al.,
2004; Melo, 2003). Such fact explains why many landfills
produce biogas for decades after their closure.

Firmo et al. (2010) states that, despite the volatile sol-
ids (VS) amount of 87% for plastics, 64% for rubber and
leather, 98% for textiles and 81% for paper/cardboard,
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these materials are considered moderately or slowly
biodegradable once they also contain a high fraction of
non-biodegradable substances.

Regarding to the total content of organic matter in the
studied experimental cell, the settlement account would be
around 1.33 m, which corresponds to 66% of total reduc-
tion of waste height. That did not occur because not all the
organic matter is biodegradable, and the waste disposal
time (427 days) is still too short if compared to full-scale
landfill cells (20-30 years). According to the results found
in the monitored experimental cell, the settlement was
much smaller than the one suggested by theoretical meth-
ods when considering the easily degradable compounds.

Most studies about settlement do not take into ac-
count that waste deformation is divided into: i) immediate
settlement (30 days after MSW disposal); ii) settlement cre-
ated by degradation of putrescible organic matter; iii) set-
tlement due to hardly degradable organic matter; iv) settle-
ment originated from the rearrangements of inert waste
particles. All these types of settlement occur in different pe-
riods and they generate a high volume reduction.

The Table 6 shows the quantity of initial organic mat-
ter for each waste layer of the experimental cell.

According to Table 6, most of the settlement should
happen in the bottom layer, but this is contradictory with
the results showed before. The settlement in the bottom
layer was the lowest one even when there was more organic
matter available in that layer.

Table 6 - Quantity of organic matter (OM) by MSW extract.

MSW layer Total quantity of OM (kg)
Top layer 640
Intermediate layer 1,000

Bottom layer 1,300
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Figures 4 to 6 show the existent relation between set-
tlement and volatile solids decreasing by the action of mi-
croorganisms over time. In the top layer (0 to -1.57 m),
vertical deformations distributed and verified by the settle-
ment plates have a very similar displacement pattern
(Fig. 4). As it was already expected, large vertical displace-
ments occurred when the amount of organic matter was
high. However, settlement still happened when almost all
the organic matter was already degraded (after 210 days),
and this is probably because of the settlement produced by
the inferior layers.

Concerning the intermediate layer (Fig. 5) of the ex-
perimental cell (-1.57 m to -0.89 m), settlement data had a
better correlation with the organic matter (VS) decrease-
ment over time. There was a high occurrence of settlement
on the first 60 days of measurements while the volatile sol-
ids content was between 50-70%. After this period (be-
tween 60 to 120 days), there was organic matter degrada-
tion due to the increasing of gaps, but such fact does not

create considerable vertical displacements. The collapse of
these gaps will only happen when they cannot support the
upper loads.

There is still occurrence of settlement after 120 days,
but it is less intense because of the continued consumma-
tion of organic matter and the association with settlement of
the bottom layer. After 120 days, there was a gradual de-
creasing of organic matter from 50% to 40%. On the first 60
days, there was a vertical displacement of 0.115 m, which is
much accentuated if compared with the later settlement oc-
curred in the following 307 days (day 120 to 427) of moni-
toring.

Figure 6 shows the settlement that happened in the
bottom layer (-0.89 m to 0 m). The bottom layer has the
plates 4, 5 and 6, but only plates 4 and 5 indicated settle-
ment occurrence and, as the organic matter was degraded,
the settlement occurred. The initial settlement (like in the
superior layers) were also greater during the first days of
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Figure 4 - Settlement vs. volatile solids (Top layer).
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Figure 5 - Settlement vs. volatile solids (Intermediate layer).

Soils and Rocks, Sao Paulo, 39(2): 139-148, May-August, 2016.

—o—Plate 3

145



Melo et al.

0.00 70%

-0.02 60%

-0.04

-0.06 50% :\c‘
@-0.08 s0% B
;s:: -0.10 a
—_— ]
3-0,14 20% S

s FNNNNNN .

IIIIIIIIIIIIil L

-0.20 0%

O N P P \'LG \‘DQ \‘BQ qf\“ r}b&Q ’}:\Q ﬁ,@ ,ng 3@ nﬁb DQ.-Q gﬂ:‘
Time (days)
mmm Volatile Solids —a&— Plate 4 —»—Plate 5 =3ie=Plate 6

Figure 6 - Settlement vs. volatile solids (Bottom layer).

monitoring when there was a higher concentration of vola-
tile solids.

For all the bottom plates, there was a period of zero
settlement between 90 and 120 days. After this period,
there was another settlement phase between 120 and 300
days, followed by another zero displacement phase. After
300 days, there was no settlement occurrence on plate 5,
which is probably due to the excessive compression since
there was still organic matter left in this plate.

During the volatile solids monitoring process, it was
observed that, in the bottom layer, the VS values randomly
increased instead of decreasing. Such result is due to the in-
fluence of the accumulated leachate, which is composed of
organic matter and other constituents. On the first 150 days,
the volatile solids were related to the settlement once the
deformation patterns were inversely proportional to the
volatile solids decreasing.

Asitis seenin Table 7, the MSW top layer had 600 kg
of organic matter transformed into liquids, biogas and en-
ergy, which corresponds to 93% of organic matter volume
reduction. The intermediate layer presented a reduction of
40%, which is around of 400 kg of transformed organic
matter. For the bottom layer, an organic matter volume re-
duction of 38% occurred. Table 7 also shows that the initial
amount of organic matter inside the experimental cell was
2,900 kg and the final amount was 1,440 kg, which means a
total organic matter reduction of approximately 49%.

Therefore, there is a height reduction of about 0.66 m,
which is 33% of the initial height.

Overall, the results of the organic matter decomposi-
tion in this study were greater than the ones for full-scale
cells taken into account the same monitoring time (Melo,
2003; Monteiro et al., 2006). It indicates that cells with
smaller dimensions might accelerate the organic matter de-
composition process once they have a bigger surface area
that facilitates the exchange of energy and matter with the
environment.

Table 8 shows that most of the settlement happens in
the intermediate layer, although this is not the thickest
layer. The intermediate layer had greater vertical deforma-
tion due to the loads imposed by the top layer and the loss of
liquids to the bottom layer. Even with the intense settlement
in the intermediate layer, most of the settlement created by
organic waste degradation happened in the top layer due to
the influence of the external environment.

5. Conclusions and Suggestions

The results obtained through physical characteriza-
tion showed that organic matter represents most of the
MSW (66%) from the city of Campina Grande. This large
amount of organic matter is probably the reason for the high
MSW settlement values found in the experimental cell
studied in this research.

The amount of organic matter decreased in all MSW
layers of the experimental cell. The MSW settlement oc-

Table 7 - Organic matter (OM) initial quantity and transformation into other constituents.

MSW layer Organic matter initial quantity (kg) Organic matter final quantity (kg)  Transformed OM quantity (kg)
Top layer 640 40 600
Intermediate layer 1,000 600 400
Bottom layer 1,300 800 500
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Table 8 - Height and MSW amount variation over time and depth.

MSW layer MSW initial height ~MSW final height MSW initial amount MSW final amount Reduction
(m) (m) (kg) (kg) (%)
Top layer 0.43 0.40 950 880 7
Intermediate layer 0.68 0.59 1,500 1,290 14
Bottom layer 0.89 0.83 1,960 1,820 7

curred due to organic matter degradation and mechanical
factors. The top layer had the best results regarding the set-
tlement and degradation of organic matter, as it is more in-
fluenced by the local environmental conditions.
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Supporting Mechanism and Effect of Artificial Pillars
in a Deep Metal Mine

Z. Kang, Z. Hongyu, Z. Junping, W. Xiaojun, Z. Kui

Abstract. The supporting mechanism for overburden strata supported by artificial pillars is a complex issue. A calculation
method for the size optimization of an artificial pillar in a deep area based on Protodyakonov’s ground pressure theory was
proposed. In this study, the sizes of artificial pillars in different mining sections in a specific mine were calculated. In addition,
the stability of these artificial pillars and the supporting effect for the overburden strata in the gob areas were studied. First, the
size parameters of the artificial pillars in different mining sections were determined. Second, the supporting mechanism and
stability of the artificial pillars were studied by means of numerical calculation. A regular pattern in which a larger gob area
span corresponds to greater settlement of the overburden strata were found. The overburden strata are stable based on the
distribution condition of the plastic zone. Finally, field measurements were performed, revealing continuous increases in both
the pressure borne by the artificial pillars in two middle sections at the primary stage and the settlement displacement of the
overburden strata. After reaching a certain level, the increasing trend slowed and finally plateaued. The maximum stress of
the artificial pillar at a depth of -430 m was 0.78 MPa, and its maximum relative settlement of the overburden strata was 4.4
mm. Similarly, the maximum stress of the artificial pillar at a depth of -460 m was 0.43 MPa, and its maximum relative
settlement of the overburden strata was 2.7 mm. The study results showed that the designed artificial pillars are capable of
supporting the overburden strata with good stability in the mining process and can effectively prevent the destruction of
surrounding rocks and overburden strata in the gob area for the purpose of supporting the mine.

Keywords: great depth, overburden strata, artificial pillar, supporting mechanism, mechanical characteristics.

of the filling pillar (Tu et al., 2014; Lind, 2005; Palei &

1. Introduction
Das, 2009). However, studies on improving the strength of

With the gradual reduction of mineral resources,
adopting artificial pillars instead of natural pillars to sup-
port overburden rocks has become increasingly important.
The overburden strata around the goaf are supported by ar-
tificial pillars instead of ore pillars in rare and precious
metal mines. However, these pillars have different support-
ing mechanisms, resulting in an unclear movement mecha-
nism for overburden strata supported by artificial pillars
and threatening the mine safety. Few studies have been
conducted on the instability mechanism of overburden
strata around the goaf (Liu et al., 2013; Chen & Zhou,
2010). Because the supporting abilities of artificial pillars
are influenced by complex factors, including filling tech-
nologies, filling material properties and design strength,
their supporting performance often falls short of expecta-
tions (Gu & Li, 2006; Luo et al., 2010; Ghasemi et al.,
2012). Many scholars have studied the design of artificial
pillars; among their findings are indications that changing
the ratio and adding new materials can improve the strength

artificial pillars have progressed slowly due to the restric-
tions of the field conditions and filling processes as well as
high filling costs. Based on the relevant literature domesti-
cally and abroad, the strength of artificial filling pillars is
generally less than 5 MPa. Conventionally, the size of an
artificial pillar is determined according to area bearing ca-
pacity theory (Brady & Brown, 2006), which calls for
larger artificial pillars for deeper mining depths. However,
this theory does not fully take into account relevant factors
that may affect the reasonable size of the artificial pillar, re-
sulting in excessively wide backstoping pillars in deep ar-
eas, a waste of filling materials and increased filling cost.
Therefore, in this study, the supporting mechanism is in-
vestigated, and a new design method is developed to deter-
mine the size of the artificial pillar.

2. Mechanical Model of the Artificial Pillar

When the room and pillar method is used in the min-
ing process, the length of the artificial pillar is generally the
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inclined length in the middle section, and the height is the
thickness of the ore body. Both are determined by the oc-
currence conditions of the ore body. Therefore, the width of
the artificial pillar is the design key for the structural pa-
rameters in this mining method. Based on the bearing the-
ory of artificial pillars (Fig. 1), the weight of the overburden
rock within the plastic zone without a pressure arch must
first be determined. Each middle section is divided into
rooms and pillars in the orebody trend in the mining pro-
cess. The backstoping is completed in two steps: Step 1 is
backstoping the pillar and then refilling concrete into the
pillar as a whole, and Step 2 is backstoping the room be-
tween the concrete pillars. According to the Protodya-
konov’s ground pressure theory, the radius of the plastic
zone can be expressed as (Wang et al., 2012; Cai, 2002;
Diederichs et al., 2002)

1-sin ¢
(P, +ccos @)(1—sin @) |2sine

ccot @

ey

R, =R,

In this formula, R, is the excavation radius, m; P, is
the vertical gravity stress of the mining depth, MPa; c is the
cohesive force of the rock, MPa; and ¢ is the internal fric-
tion angle of the rock, °.

Experimental results show that the plastic zone radius
(R) is affected slightly by the excavated sectional form. In
calculations, R, can be approximated by the equivalent ex-
cavated radius, i.e., the circumradius of the different sec-
tional forms. As for the ore block, the equivalent excavated
radius (R,) can be obtained as follows.

R, and P, are calculated with the following formulas:
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The load intensity of the top pressure within the unit
length without the pressure arch is:
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Figure 1 - Schematic diagram of the pillar bearing mechanism.
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In this formula, ¢, is the load intensity of the top pres-
sure within the unit length without the pressure arch, kN/m;
v is the unit weight of the surrounding rock, KN/m’; and & is
the height of the mining space, m.

In the calculation of the total load, the mining span
must be maximal. Therefore, the whole mining span must
be considered to obtain the total load within the mining
span above the artificial pillar.

Q,=q,xL )

In this formula, Q, is the total load, kN; L is the span
of the mining space, m, namely, the total length along the
strike of the ore body; H is the depth of the mining space, m.

Equations 2 and 3 are substituted into Eq. 1 to give R .

According to strength theory, the width of the artifi-
cial pillar is determined by its own strength, the pressure
borne by the artificial pillar and the dead-weight. Due to the
impact of the filling process and the site conditions, the
strength values of the artificial pillar can be obtained by re-
ducing the pilot testing values.

S
o< " o] (©6)
n

In this formula, S, is the intensity value of the sample
of the artificial pillar tested in the laboratory, MPa; G is the
average stress of the artificial pillar, MPa; [o] is the permis-
sible stress of the artificial pillar, MPa; and n is the strength
reduction factor, which is determined by the actual site con-
ditions and construction technology. n varies between 1.5
and 2.

The unit length of the artificial pillar is used to calcu-
late:

Q0,+NOQ,

———=< 7
NB <o (7

In this formula, N is the number of the artificial pil-
lars; B is the width of the artificial pillar, m; Q, is the

m

dead-weight of the unit length of every artificial pillar, kN.
Qm = B hY1 (8)

where vy, is the init weight of the artificial pillar.

The calculation formula of the width of the artificial
pillar can be determined by solving Eqgs. 1-8 simulta-
neously:

r [ ll— (yH + ccot@)(1—sin @) le%:.n‘:’ —|
B nYL{( . hzym : ccot@ . ] hJ 9
2N(S - ( )
( » nhy,)

Considering the effects of the ratio of the geometric
shapes, such as the effect of the aspect ratio on the bearing
capacity of the artificial pillar, the width of the artificial pil-
lar must be corrected (Ji, 1991):
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B, = B\/§ =BH (10)

Based on Egs. 9 and 10, the calculation formula for
the width of the artificial pillar can be obtained. In the de-
sign of the width of the artificial pillar, the width must be
provisionally estimated based on different numbers of arti-
ficial pillars. The calculation result is then compared with
the actual locations of the mine rooms and artificial pillars
to determine the most reasonable width for the artificial pil-
lar.

3. Example of the Jiaochong Mine, China

The gold mine in Jiaochong, China, is 500 m beneath
the ground with a surface elevation of +160 m. The length
of the ore body is 90 m with an average thickness of 5 m. It
is mined by the room and pillar method, and artificial pil-
lars are used to replace natural pillars to ensure the stability
of the surrounding rocks of the gob area. The mine is di-
vided into seven mining sections: -390 m, -410 m, -430 m,
-460 m, -500 m, -540 m and -580 m. Currently, the sections
above -410 m are finished. Backstoping has been per-
formed in the section at -430 m. The section at -460 m is de-
veloped. Due to the impact of the surface environment, the
main well is arranged in the region of the theoretical mov-
ing zone. Therefore, studying the effect of the mining pro-
cesses of the sections at -430 m and -460 m on the overbur-
den surrounding rocks and the surface movement is
important, making the study of the size design and the sta-
bility of the artificial pillar crucial. The strike length of the
mine section at -430 m is -85 m. The strike length of the
mine section at -460 mis -65 m. The average inclination an-
gle of the ore body is 30°. To ensure the stability of the sur-
rounding rocks in the gob area and the reasonable design of
the structural parameters of the ore blocks, a reasonable
size for the artificial pillar must be determined. The physi-
cal and mechanical parameters of the overburden rock and
mine backfill and the mining depth and spans are substi-
tuted into Eq. 9, developed by the author, and the corrected
Eq. 10 with different selected N values for the trial calcula-
tion gives the following results:

Reasonable size of the artificial pillar in the section at
-430 m:

B, =66015m N=4
Reasonable size of the artificial pillar in the section at

-460 m:

Table 1 - Parameter design for the ore block structure.

B, =57713m N=3

4. Analysis of the Supporting Mechanism and
Stability Effect of the Artificial Pillar

4.1 Supporting mechanism and mechanical characteris-
tics

To verify the stability of the designed artificial pillar
and the supporting effect for the overburden rocks in the
gob area, the stability of the artificial pillar and the moving
conditions of the overburden rocks in the sections at -430 m
and -460 m were studied. The dimensional parameters of
the mine rooms and the artificial pillars (with concrete used
as the filling material) can be seen in Table 1, and the layout
can be seen in Fig. 2.

Numerical modeling of the case study was performed
using the finite difference modeling software FLAC™ by
Itasca. The mine has a bottom buried depth of 790 m,
124614 nodes and 117096 units. The physical and mechan-
ical parameters of the model are shown in Table 2. The di-
mensions of the model are 600 m 600 m 400 m (Fig. 3). A
gradient mode is adopted for meshing, with more dense and
even grids used in the areas emphasized in this research.
The model uses displacement boundary conditions: using
the roll around support (z =0, u, = 0) and fixing the bottom
(u,=0,u,=0,u =0), the upper boundary is the gravity
stress of the overburden rock (c_ =-10.92 MPa), the hori-
zontal stress in the direction of the ore body tendency is
1.25 times the vertical stress (6, = 12.5 ), and the horizon-
tal stress along the ore body is 0.75 times the vertical stress
along the run of ore body (¢, = 0.75 & ). The Mohr-Cou-
lomb strain softening standards are used in the calculations.

artificial pillars
-430 m mid section
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Figure 2 - Schematic diagram of the stope structure positions and
the monitoring points in different sections.

Mid-section

Ore block structure parameter

Number of pillars per section Pillar width (m) Number of rooms per section Room width (m)
-430 m 4 6.6 5 11.7
-460 m 3 5.8 4 11.9

Soils and Rocks, Sao Paulo, 38(2): 149-156, May-August, 2015.

151



Kang et al.

Table 2 - Mechanical parameters of the rock mass.

Constituent Unit weight Elastic modulus Cohesion Friction angle Poisson’s ratio  Tensile strength
(kN/m”) (MPa) (MPa) (°) (MPa)

Surrounding rock 28 60000 45 0.2 7.5

Ore body 27.1 65000 42 0.19 7.5

Artificial pillar 21 230 0.171 35 0.25 0.01

FLAC3D 3.00

Ssttings: Modsl Perspective

22.22:02 Wed Aug 31 2011

Canter: Rotation: 1M
X 2.9926+002 «{: 20.000 T3E
¥. 3.000e+002 ¥: 0.000
Z: 2.021e+002 2. 270.000
Dist 1.959e+003  Mag: 555

Ang: 22500
Block Group

Axes
Linestyls

Itasca Consulting Group. Inc.
Minneapolis, MM USa

Figure 3 - Model of the mine rooms and artificial pillars.

In the mining process, the stress was significantly
changed, especially in the area of the surrounding rocks
outside the mine rooms at both ends. The stress in the bot-
tom of the area of the surrounding rocks outside the mine
rooms reached 61.03 MPa (Fig. 4), which was less than the
maximum compressive strength of the surrounding rock,
75 MPa. However, in these areas, the safety monitoring
should be enhanced and reinforcement measures should be
implemented to ensure safety. According to the diagram of
the maximum principal stress, the strain of the artificial pil-
lar is relatively stable, without stress concentration (Zhao,
2012). The pressure on the pillar is also less than its com-
pressive strength. The damage of any material starts with
the appearance of a plastic zone. After the completion of
mining, the artificial pillar had no plastic zones. Only two
of the sections had plastic zones in the mining process. Af-
ter the two sections were finished, the stress on the artificial
pillar was stable, which indicates that the structural param-
eters of the designed artificial pillar can better prevent the
formation and destruction of plastic zones in the overbur-
den rocks in the gob area. The stress diagram and the plastic
zone distribution show that the compressive stress or ten-
sile stress is less than the breaking strength of instability,
which will prevent the instability of the overburden rocks
and the failure of the artificial pillar itself. The plastic zone
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distribution diagram of the mine rooms and overburden
rocks also shows the superior supporting effect of the artifi-
cial pillar and the relatively stable stoping structures.

The stability and supporting effect of the artificial pil-
lar are reflected by the displacement of the mine roof pan-
els. To study the stability and supporting effect of the
artificial pillar, displacement monitoring points #1-#5 were
set up in the middle of the roof panel inside the mine room
in the section at -430 m, and displacement monitoring
points #6-#9 were set up in the middle of the roof panel in-
side the mine room in the section at -460 m. According to
the calculation results, after the mining in the two sections
was completed, monitoring point #3 in the roof panel inside
the mine room in the section at -430 m had a maximum dis-
placement settlement of 8.02 mm. Points #6 and #9 in the
roof panels inside the two mine rooms on both ends of the
gob area had a relatively small displacement settlement of
4.86 mm. Although the settlement of the roof panels in the
gob area was relatively large, the stability of the roof panels
was minimally affected based on the plastic zone distribu-
tion of the roof panels. After the section at -460 m was
mined completely, monitoring points #7 and #8 of the roof
panel in the gob area had a maximum settlement of
7.76 mm and a minimum settlement of 5.30 mm. Com-
paring the maximum values of the settlement in these two
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Figure 4 - Contour map of maximum principal stress.

sections, it can be observed that the settlement of a roof
panel in a mine room is closely related to the section span
such that larger spans correspond to greater settlement (the
span of the section at -430 m is 85 m, and the span of the
section at -460 m is 65 m).

4.2 Discussion of the field measurement supporting
effect

The parameters in Table 1 show that although the
backstoping depth of the section at -460 m is larger than
that of the section at -430 m, its backstoping span is smaller.
Therefore, the width is much more influential than the
backstoping depth. According to Eqgs. 9 and 10 established
by the author, the reasonable width of the artificial pillar in
the section at -460 m is less than that in the section at
-430 m. To verify the practicality and rationality of the de-
sign, the monitoring data from the actual site are used to
determine whether the design can meet the safety require-
ments. Therefore, monitoring equipment was set up in the
mining sections. To study the supporting effect of the de-
signed artificial pillar, the stress of the overburden rock, the
displacement and the acoustic emission were monitored.

The stress variation status of the artificial pillar was
monitored by vibrating wire strain gauges. After finishing
the backstoping of the first-stage artificial pillar in the sec-
tions at -430 m and -460 m, a concrete pressure gauge was
set up in the bottom of the striped uphill before filling the
artificial pillar. The monitoring values of the concrete pres-
sure gauge were recorded during and after the second-stage
backstoping process. The stress variations and stress varia-
tion rates were obtained from the monitoring results to de-
termine the areas with potential stress concentration and
destruction. The monitoring results provide a reference ba-
sis to analyze the destruction type or the destruction scope
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of the artificial pillar or overburden rock. A sudden rise of
the stress variation rate or a stress approaching the ultimate
strength of the overburden rock can be regarded as an insta-
bility criterion for the artificial pillar or overburden rock.

Stress monitoring was conducted for nine months
with concrete pressure gauges in these two sections (moni-
toring in the section at -430 m started in January 2008, and
monitoring in the section at -460 m started in January
2009). The stress monitoring graph (Fig. 5) shows that the
pressure of the roof panels on the top of the artificial pillar
increased during the backstoping of the mine rooms at both
ends. After completing the backstoping, the pressure varia-
tion curve plateaus. This result indicates the variation dis-
tribution of the vertical pressure of the artificial pillar used
to bear the weight of overburden rocks. Based on the moni-
toring values, the maximum vertical stress of the artificial
pillar in the section at -430 m is 0.78 MPa, and the maxi-
mum vertical stress of the artificial pillar in the section at
-460 mis 0.43 MPa. Compared to the designed width of the
artificial pillar according to the above formula, the width of
the artificial pillar in the section at -430 m is larger than that
in the section at -460 m, which is due to the larger mining
span of the section at -430 m. Therefore, the on-site moni-
toring data indicate that the mining span of the artificial pil-
lar is more influential than the mining depth.

The displacement in the sections at -430 m and
-460 m was monitored with a VWM-type vibrating wire
multipoint displacement meter. The displacement monitor-
ing was performed for eight months for the roof panels in
the gob area of the mine rooms (monitoring in the section at
-430 m started in August 2009, and monitoring in the sec-
tion at -460 m started in April 2010). Monitoring holes
were drilled in the roof panels inside the gob area of the
mine rooms. The relative amount of subsidence, collapse
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Figure 5 - Monitoring results recorded by the pressure gauge. (a) Stress monitoring of the artificial pillar in the section at -430 m. (b)

Stress monitoring of the artificial pillar in the section at -460 m.

degree and destruction extent can be obtained through
monitoring. When the monitoring holes are relatively deep,
the bottom of the hole with a small displacement amount is
regarded as the monitoring reference point. A sudden rise
of the variation rate in multiple monitoring points or a sud-
den rise of the displacement value can be considered as the
instability criterion of the overburden rock.

Typical monitoring data for the roof panels in the
mine room of the two sections were selected for analysis. In
the early months of the backstoping, the settlement amount
of the roof fluctuated, and the settlement amount was also
large. When the stress of the overburden rock in the mine
rooms was transferred to the artificial pillar, the settlement
amount of the roof decreased and gradually leveled off
(Fig. 6). This result indicates that the movement patterns of
the overburden rock controlled by artificial pillars with dif-
ferent widths are the same. They all exhibit a large amount
of settlement in the primary stage. The settlement data fea-
ture more sudden fluctuations. When the distribution of the
stress of the overburden rock becomes more stable, the set-
tlement change of the roof in the gob area is also stable and
can meet the safety requirements. Different distances from
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the hole bottom result in different relative displacements,
with greater distances from the hole bottom (that is, shorter
distances from the orifice) leading to greater relative dis-
placement. The difference in the roof settlement in these
two sections is reflected in the following aspects. First,
larger gob area backstoping spans correspond to larger
amounts of roof settlement. For example, the maximum rel-
ative settlement in the section at -430 m is 4.4 mm, and the
maximum relative settlement in the section at -460 m is
2.7 mm. The settlement monitoring curve indicates that a
larger span causes larger jumps in the settlement amount
(the maximum absolute difference between the two groups
of the monitoring data in the section at -430 m is approxi-
mately 0.8 mm, and the maximum absolute difference be-
tween the two groups of the monitoring data in the section
at -460 m is approximately 0.5 mm), which indicates that
the variation is large, with strong instability. Second, a
larger backstoping span of the gob area results in a longer
fluctuation cycle time of the displacement settlement curve.
The main cause of this phenomenon is the large span, which
results in a long stress redistribution duration for the roof
and transfers to different directions during the stress redis-
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Figure 6 - Monitoring results obtained from the multipoint displacement meter. (a) Displacement monitoring of the mine room roof in
the section at -430 m. (b) Displacement monitoring of the mine room roof in the section at -460 m.
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tribution. In addition, the stress becomes more concen-
trated on the artificial pillars on both sides as time passes. A
smaller span will lead to shorter stress redistribution time
and more regular transfers of the stress distribution. The
stress is more easily transferred to the focal points of stress,
namely, both sides of the artificial pillar.

Such parameters as acoustic emission frequency and en-
ergy of rock mass can reflect the destruction process of the mass
to some extent. In geotechnical engineering, the acoustic emis-
sion monitoring technique mainly evaluates and predicts the
stability of rock mass using three indexes: total events, large

Table 3 - A portion of the acoustic emissions monitoring data.

events and energy rate. Because the span in the section at -430
m is relatively large and has many instability factors, the acous-
tic emission monitors were only set up in the key surrounding
rocks of the gob area in this section. The monitoring data ac-
quired by the acoustic emission probe at a certain period of time
were selected for analysis. Table 3 shows that only a few spo-
radic acoustic emission signals of the overburden rock are ob-
served in the absence of outside interference. The acoustic
emission energy is small, and the acoustic emission phenome-
non is infrequent and of short duration, which indicates that the
monitored overburden rock in the gob area is stable.

Monitoring time

Monitoring time
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5. Conclusion

(1) A new calculation method is proposed for the design of
rational artificial pillar dimensions for deep mining.
This method can compensate for the shortcomings of
setting the dimension parameters of artificial pillars
according to area bearing capacity theory. It can also
provide a reference basis for the design of artificial pil-
lars, optimize the pillar dimensions, and reduce the ar-
tificial pillar filling cost in mines.

(2) According to the numerical results, the compressive
stress or tensile stress experienced by the artificial pil-
lar is much lower than the compressive strength or ten-
sile strength, which indicates that the artificial pillar is
stable. With the support of the artificial pillar, the set-
tlement of the overburden rock roof in the gob area is
controlled. The maximum displacement settlement
amount is 8.02 mm in the roof panel inside the mine
room in the section at -430 m, and the maximum dis-
placement settlement amount is 7.76 mm in the roof
panel inside the mine room in the section at -460 m,
which does not affect the stability of the artificial pil-
lar and the roof overburden rock.

(3) The on-site monitoring data reveal that the vertical
stress of the artificial pillar in the section at -430 m is
larger than that in the section of -460 m, which indi-
cates that the impact of the mining span of the artificial
pillar exceeds the mining depth.

(4) When the backstoping span in the gob area is large,
there is a larger settlement of the overburden rock
roof, the settlement fluctuation is greater, and the
overburden rock is more unstable. Additionally, the
larger the backstoping span, the longer the period of
the re-distribution process of the roof and the settle-
ment cycle.

(5) In the absence of outside interference, only a few spo-
radic acoustic emission signals of the overburden rock
appear. The acoustic emission is characterized by low
energies and a short duration, which indicates that the
monitored overburden rock in the gob area is stable.

(6) The various study methods used show that the structural
parameters of the designed artificial pillar are reason-
able and can effectively prevent movement of the
overburden rock in the gob area to meet safety require-
ments.
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Influence of the Test Specimen Diameter on the Measurement
of Electrical Resistivity in Sands by Using Laboratory Devices

M.C. Pregnolato, H.L. Giacheti, A.S.P. Peixoto

Abstract. Electrical resistivity tests have long been used in geo-environmental site characterization because they provide
qualitative data to identify the presence of contaminants in soil. The measurement of soil electrical resistivity is affected by
many intervening factors, which are usually studied separately in the laboratory and are important to ensure the correct
interpretation of in situ test data. This paper presents the evaluation of the influence of the diameter of test specimens on
electrical resistivity measurements of a particulate medium in the laboratory, using two different techniques, copper plates
and a resistivity probe. The data were discussed considering Archie’s Law, and it indicates that the geometry of test
specimen has a greater effect than the measurement technique. The larger test specimen allows more current pathways for
electron propagation because electric current travels along the path of least resistance to the passage of electrons. The

findings from this research can be used to guide a laboratory test investigation and its data interpretation.
Keywords: electrical resistivity, copper plates, resistivity probe, Archie Law, site characterization.

1. Introduction

Multidisciplinary geotechnical research involves
combining different methods for geo-environmental site
characterization like: surface and subsurface exploration;
geophysical surveys to supplement drilling; sampling
methods; and laboratory tests of soil, gas and liquids sam-
ples.

The resistivity piezocone test (RCPTU) stands out
among in situ tests as a tool for defining subsurface stratig-
raphy and simultaneously measuring electrical resistivity
which is routinely employed in Geotechnical Engineering
and Geophysics to characterize subsoil and in soil analyses
(Bryson & Bathe, 2009), as well as in other areas of science
such as Agronomy (Corwin & Lesch, 2005; Molin & Ra-
bello, 2011), Archaeology and Geology (Schoor, 2002).

Although the electrical resistivity is an intrinsic prop-
erty of each material, there are several intervening factors
affecting it and several experimental researches offered sig-
nificant insight on this subject. Those studies include that of
Abu-Hassanein & Benson (1994), who analyzed com-
pacted clays and demonstrated the influence of moisture
content, compaction energy and the initial saturation of the
test specimen on electrical resistivity. Daniel (1997) stud-
ied in laboratory two compacted soils (calcine tailing and
pure quartz rock flour) and analyzed the impact of the de-
gree of soil saturation, porosity and type of interstitial fluid
on electrical resistivity in piezocone penetration tests.
Aquino (2010) studied compacted clay and correlated elec-
trical resistivity with soil index properties. Long et al
(2012), who studied marine clay, demonstrated that its

electrical resistivity was determined by the salt content in
the interstitial fluid and the percentage amount of clay in
the sample.

Two different techniques are commonly used in the
laboratory to measure electrical resistivity: conductive
plates installed at the top and bottom of a test specimen
(Abu-Hassanein & Benson, 1994; Aquino, 2010), or a re-
sistivity module (RCPTU) embedded in a test specimen
(Daniel, 1997; Pacheco, 2004). These techniques provide
different descriptions of the variation in electrical resistiv-
ity, since their geometric, electrical and physical character-
istics differ.

In this context, this paper evaluates the effect of com-
paction mold geometry on the electrical resistivity of con-
struction sand, using a resistivity probe developed at
UNESP Bauru (Fig. 1) and copper plates to determine the
distribution of the electric potential in the particulate me-
dium.

The analyzes of electrical resistivity were done in two
different test specimens with 155 mm and 450 mm diame-
ter, but equal height in order to verify the influence of dis-
tortions along electrical current propagation pathways and
the distribution of stresses within the soil during the tests,
as well as their effect on the electrical resistivity measure-
ment.

2. Background

Electrical resistivity is, by definition, an intrinsic
property of homogeneous materials. However, the subsoil
usually consists of a complex distribution of different mate-
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Figure 1 - Electrical resistivity probe developed at UNESP-
Bauru.

rials with different resistivity. Natural soils have different
electrical properties because of their different genesis,
grain size, structures, moisture content and temperature.
The characteristics of any material and soils are therefore
strongly related to electrical conductivity and can be quan-
tified by means of geoelectrical properties. They are rele-
vant for the indirect investigation of soils (Kong et al.,
2012) and can be used in various issues, such as soil physi-
cal properties (Archie, 1941), soil and groundwater con-
tamination (Campanella & Weemees, 1990), soil improve-
ment and stabilization (Liu et al., 2006 and 2007), sand
liquefaction (Arulmoli et al., 1985), and soil microstructure
(Fukue et al., 1999).

Several factors can affect soil electrical resistivity
(Kibria & Hossain, 2012). One of the main factor is the
moisture content (McCarter, 1984), although the effects of
the degree of soil saturation (Abu-Hassanein & Benson,
1996), pore density and structure (Gupta & Hanks 1972),
soil organic content (Ekwue & Bartholomew, 2010), com-
position of soil pore water (Kalinski & Kelly, 1993), and
geological formation (Giao et al., 2003) are also important.

The three-phase composition of soil is another impor-
tant factor in the analysis of electrical resistivity. The distri-
bution of electrical current occurs in the soil’s three compo-
nents, i.e., the liquid, solid and gaseous phases. However,
most of the electrical current travels through the interstitial
fluid since electrical charges are transported more easily in
the liquid environment, generating electrolytic current
(Lunne et al., 1997).

2.1. Formation factor

The formation resistivity factor of soil (F) was first
studied by Archie (1941), based on the laboratory determi-
nation of the electrical resistivity of a large number of sand
samples saturated with solutions of water and sodium chlo-
ride, 20,000 mg to 100,000 mg of NaCl per liter, and with
porosity varying from 10% to 40%.

Archie (1941) determined that the formation resistiv-
ity factor is the ratio between the resistivity of sand satu-
rated with water and sodium chloride solution (p,) and the
resistivity of a water and sodium chloride solution (p)),
Eq. 1:
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F=ro (1

By this equation, the formation resistivity factor is re-
lated with grain shape and it is considered that the electrical
conduction varies solely as a function of the geometry of
the pores formed between the grains, and hence, the miner-
alogy. According to Weemees (1990), the absence of elec-
trical conduction through the particles is considered funda-
mental.

In the case of soil containing significant amounts of
clay minerals, i.e., that can conduct electrical charges along
the surface of its particles, resistivity measurements do not
distinguish the electrical conduction phenomena, so the
measured resistivity takes into account an apparent forma-
tion factor (Jackson et al., 1978). Therefore, the formula-
tion to obtain the formation factor depends on the type of
soil under analysis, which may involve more complex
equations for clayey materials or simpler ones for sandy
materials.

Based on empirical observations, Archie (1941) re-
lated the formation factor with sand porosity, Eq. 2, and this
first mathematical relationship is known as Archie’s law:

F=n" )

where m is a constant determined experimentally and 7 is
the soil porosity.

Archie (1941) characterized the constant m as being
dependent on the degree of cementation of individual parti-
cles; later, Guyod (1944) described m as being dependent
on the type of soil parent rock (Jackson et al., 1978).

Based on his findings of marine sediments, Tay-
lor-Smith (1971) proposed two simple formulations to de-
scribe the results of cohesive (sediment-rich clays) and
non-cohesive materials, as follows: F =n"’ with n < 0.6 for
sands, and F = n™" with n < 0.6 for clays (Jackson et al.,
1978).

Archie’s formulation (1941), Eq. 3, underwent
changes through the inclusion of the fitting constant a pro-
posed by Winsauer et al. (1952), as reported Jackson et al.
(1978), and also based on the study of unsaturated condi-
tions, which resulted in Eq. 3:

p, =ap, .n*m.S;S 3)

where a and s are constants that can be determined experi-
mentally, p, is the apparent soil resistivity, p,is the intersti-
tial fluid resistivity, and S, is the degree of saturation.

Thus, the relationship presented in Eq. 3 is an impor-
tant empirical relationship in studies of sand, which can be
regarded as an indirect relationship of Archie’s Law, which
has been widely used by other authors such as Daniel et al.
(2003), Pacheco (2004) and Oliveira (2004).

Parameter a is a constant that depends on soil poros-
ity, whose value for unconsolidated soil varies around 1.0
(Oliveira, 2004).
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Jackson et al. (1978) studied the influence of the
shapes of natural and synthetic particles on the formation of
factor, as well as their particle size distribution curve, and
demonstrated that exponent m is entirely dependent on par-
ticle shape. In their study, the values of m for marine sand
varied from 1.2 to 1.9, and these values were not affected
by the particle size distribution in sand, although the magni-
tude of m tends to increase with the increase in percentage
deviation from particle sphericity.

According to Daniel et al. (2003), the values of con-
stants m and s ranged from 1.3 to 2.2 and from 1.0 to 2.5,
respectively. In contrast, in his studies of consolidated
sandstone and washed unconsolidated sand stored in the
laboratory, Archie (1941) found that constant m varied
from 1.3 to 2.0 and constant s showed values close to 2.0 in
the saturated condition.

Daniel et al. (2003) also showed that factor S~ varies
much more than factor n™, although exponents m and s are
of the same magnitude (Fig. 2), because the degree of satu-
ration (S)) may vary from O to 1 in any soil, while soil poros-
ity (n) typically varies from 0.25 to 0.50.

Peixoto et al. (2014) studied the formation factor of a
saturated sedimentary sand by means of permeability tests,
using different concentrations of percolation fluids (Ta-
ble 1). In that study, they applied two formulations to deter-
mine the formation factors: that of Archie (1941),
represented by factor F, and that of Waxman and Smits
(1968), which is presented as F* and was calculated by Eqs.

1000 4
1 N ——n"
: s=25 S;s
1 Typical Ranges of Porosity
100 4 le—= GRAVEL
9 E je———————==| SAND
s ] e—s=| SILT
= 1 }=—s=| Fraser River SAND
E -
c
10 4
1 T 1 ] )

0.0 0.2 0.4 06 08 1.0

Porosity, n and Degree of Saturation, S,

Figure 2 - Sensitivity of Archie’s Law to variations in soil poros-
ity and degree of saturation.Source: Daniel et al. (2003).
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Table 1 - Saturated soil resistivity (p, ), electrical conductivity of
water (C,), resistivity of water in the reservoir before percolation
(p,), formation factor adjusted by Archie (F), and formation fac-
tor adjusted by Waxman & Smits (1968) (F*) as cited by Peixoto
etal. (2014).

P, C, P, F F*
(Qm) (uS/em)  (Q.m)
Distilled water  680.37 1.00 10000.00  0.07 -
Tap water 577.26 133.6 74.87 7.71
250 PPM 146.39 5235 19.11 7.67 7.02
500 PPM 71.05  1025.7 9.75 7.29

4 and 5. The formation factor resulted in F* equal to 7.0,
confirming Archie’s Law (F) for sandy soils.

P :CL(C‘, ‘) @)

0

where: C,, C, and C, are the specific conductance (conduc-
tivity) of the core, clay exchange cations and equilibrating
salt solution, respectively.

According to Waxman and Smits (1968), C, = 0 for
clean sands, and F* reduces to F, the usual formation resis-
tivity factor, Eq. 5:

F*¥=—" (5)

The Eq. 5 can be rewritten as Eq. 6 for a better under-
standing:
_Po
p w

F* (6)

3. Materials and Methods

3.1. Materials

The measurement of electrical resistivity was carried
out on samples with the same height (197 mm) and with
two different diameters (155 mm and 450 mm) in order to
assess possible distortions on the current propagation path-
ways. The large diameter was designed to minimize distor-
tions and possible edge effects when measuring the
resistivity, i.e., the 450 mm diameter of the large test speci-
men was designed to be approximately three times that of
the small test specimen (155 mm) (Table 2 and Fig. 3).

A washed sand was used and the main characteristics
are presented in Table 3. The sample was prepared with
drying-air and sifting it through four sieves; one with a
nominal aperture of 9.52 mm and the other three with nomi-
nal apertures of 4.76 mm (Fig. 4) in order to eliminate the
bigger particles and for a better homogenization of the test
samples.
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Table 2 - Dimensions of the containers used in the electrical resis-
tivity evaluation tests performed with copper plates and with the
resistivity probe.

Description Test specimen dimensions
Small Large
Test specimen diameter (mm) 155 450
Effective height of test speci- 196 198
mens, i, (mm)
Test specimen volume (mm®) 3688.82 31458.73
Copper plate diameter (mm) 111 111
Copper plate area (mm®) 9677 9677
Ratio d_/h 0.79 2.27

p Tep

1 - Small cylinder (155 mm)
2- Large cylinder (450 mm)
3 - Copper plate

Figure 3 - Containers used in the electrical resistivity tests per-
formed with copper plates and the resistivity probe.

Table 3 - Washed sand main characteristics.

Test Description Value

v, (kN/m’) 26.87
clay, @ < 0.002 (%) -
silt, 0.002 < @ < 0.060 (%) -
fine sand, 0.060 < @ < 0.20 (%) 20
size medium sand, 0.20 < @ < 0.60 (%) 64
coarse sand, 0.60 < @ < 2.00 (%) 14
fine gravel, 2.00 < @ < 6.00(%) 2

Specific gravity
of the solids

Overall particle

3.2. Methods

Four groups of tests were defined: copper plate with
155 mm diameter test specimen (CP 155); copper plate
with 450 mm diameter test specimen (CP 450); resistivity
device with 155 mm diameter test specimen (RD 155); and
resistivity device with 450 mm diameter test specimen (RD
450). Nine tests were carried out varying the moisture con-
tent from hygroscopic moisture up to the fully saturated
condition for each test group (36 tests total). The void ratio
of the sample was controlled, however some values were
higher than it was expected. In these cases, the test data
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Figure 4 - Pluviation device used for homogenization of the sand
before the tests.

were not considered. So, the test data were divided into 5
sets (A, B, C, D and E), each of them containing one test
data of each test groups (CP 155, CP 450, RD 155, RD450).

Twenty tests with the moisture content varying from
hygroscopic up to the fully saturated condition for each test
group were considered. A total of 5 sets (A, B, C, D and E),
one test data of each test groups (CP 155, CP 450, RD 155,
RD450) is presented in Table 4.

This approach allowed analyzing the variation of the
electrical resistivity values as a function of the soil physical
indices for both test specimens (small and large), using the
two aforementioned techniques (Fig. 5).

The test specimens were prepared by using a modi-
fied pluviation method (Fig. 6), sifting the sand through
only one sieve with nominal aperture of 19 mm. The use of
justone sieve instead a set of sieves as proposed by Pacheco
(2004) was necessary because it was not possible to pass
the saturated sand through a set of sieves. It is important to
point out that the size of the sieve (19 mm) was kept con-
stant in all the tests, regardless of the moisture content of
the sand.

Measuring electrical resistivity by the copper plate
and resistivity device techniques differs in terms of the po-
sition of the measuring instruments and the generated elec-
trical field. The values of frequency, root mean square
voltage, V__(which means the corresponding voltage of al-
ternate current) and sine-wave were kept constant in both
techniques. The measured voltage and current values were
inserted in the operating equations of the measuring de-
vices to determine the electrical resistivity.
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Table 4 - List of test sets as a function of temperatures (7,), soil resistivity (p,), fluid resistivity (p,), formation factor (¥), moisture con-
tent (w), void ratio (e), porosity (n) and degree of saturation (S).

Set Technique/Diameter (mm) 7, (°C)  p (Qm) p,(Q.m) F w (%) e n S (%)
A CP 155 24.8 2990 71 42 2.0 0.85 0.46 6.3
RD 155 24.8 17508 71 248 2.0 0.83 0.45 6.5
CP 450 235 1157 71 16 2.0 1.02 0.50 52
RD 450 24.2 3221 71 46 2.0 0.92 0.48 5.8
B CP 155 23.3 697 71 10 5.5 0.91 0.48 16.0
RD 155 23.6 1493 71 21 5.7 0.90 0.47 16.9
CP 450 23.3 489 71 7 7.2 0.99 0.50 19.3
RD 450 23.1 2884 71 41 6.7 0.98 0.49 18.3
C CP 155 24.6 190 73 3 17.1 0.64 0.39 71.5
RD 155 24.4 312 73 4 15.2 0.74 0.42 55.0
CP 450 24.9 391 73 5 20.2 0.86 0.46 63.1
RD 450 24.6 661 73 9 18.6 0.85 0.46 58.5
D CP 155 25.3 141 66 2 19.5 0.54 0.35 96.1
RD 155 25.6 477 66 7 18.4 0.55 0.36 88.8
CP 450 25.3 152 66 2 214 0.61 0.38 93.7
RD 450 24.9 187 73 3 22.3 0.61 0.38 97.0
E CP 155 25 138 73 2 18.6 0.48 0.32 100.0
RD 155 24.8 205 73 3 19.4 0.50 0.33 100.0
CP 450 24.5 138 73 2 22.3 0.63 0.39 95.1
RD 450 25.5 153 66 2 204 0.54 0.35 100.0

Each test specimen was subjected to the following  Archie’s Law (Eq. 3). The ratio between soil electrical re-
measurements: soil temperature, sand weight, electrical  sistivity and fluid electrical resistivity is called the forma-
current, voltage, soil moisture content, and water and soil  tion factor (F), so Eq. 3 can be rewritten as Eq. 6:
conductivity. The electrical measurement of each specimen Feamn™.§°S ©)
was correlated with its respective soil physical index. e

3.3. Formulation to determine the constants of Archie’s
Law

The results of the evaluation of the edge effect of the
compaction mold on the washed sand were analyzed using

Figure 5 - Test specimens and measuring instruments: (a)
450 mm diameter tested with the resistivity device, (b) 155 mm di-
ameter tested with copper plates, using a standard weight on top of
the upper plate. Figure 6 - Pluviation device used for molding the test specimens.
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To apply this formulation, however, it was necessary
to first determine the empirical constants m, s and a, which
were calculated using the data from the tests performed
with the circular copper plates and the resistivity probe. The
method used to calculate these constants was the same as
that used by Daniel (1997), which is detailed below.

3.3.1. Calculation of the porosity exponent (constant m)

Under conditions in which the degree of saturation is
constant, the constant m can be determined by isolating n™
of Eq. 6 and applying the logarithmic operation on both
sides, which leads to Eq. 7:

N

log[F S, jz(—m) logn . (7)
a

In Eq. 8, it is attributed the value of a single constant
C to factor (S, /a) of Eq. 7:

log(F-C) =(-m)logn. (8)

Thus, it is possible to plot the formation factor (F) on
the di-log scale as a function of porosity () and obtain ex-
ponent m by including a power trend line.

3.3.2. Calculation of the exponent of the degree of
saturation (constant s)

Given that m is a known parameter, S.* can be isolated
in Eq. 6, similarly to the way constant m was calculated,
and the logarithmic operation can be applied on both sides
of the equality, Eq. 9:

nm

log(F-
a

J =(-S)log S, . ©)

The parameter s can be obtained by plotting the re-
sults of F.n" vs. degree of saturation and fitting the points
by means of a power trend, since a is a constant.

3.3.3. Calculation of coefficient a

After identifying the exponent m and the exponent s,
the constant a can be determined by plotting the formation
factor (F) vs. n™.S " and calculating the angular coefficient
of the fitted points on a straight line, given the linear rela-

tionship between the axes.

4. Test data and analysis

The test data are separated in five groups, each of
them comprising four prepared specimens according to the
moisture content. In other words, the measurements were
taken from two test specimens for each container diameter
(155 mm and 450 mm), using the copper plates and the re-
sistivity device for each diameter (Table 4).

The average temperature in these tests was 24.9 °C,
with a variation of 2.5 °C between the maximum and mini-
mum. Because the test specimens were grouped in sets of
tests and the maximum variation in temperature for a given
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set was 1.3 °C (Table 4), the resistivity device curves were
used in lieu of each test temperature, precluding the need to
adapt a standard temperature to correct the values of electri-
cal resistivity.

The first index to be calculated was the porosity expo-
nent m, using Eq. 6 to Eq. 8 and assuming S equal to 1. So,
only the test data from the samples with degree of satura-
tion higher than 94.0% and with no edge effects (set D - CP
155 and CP 450 and set E - CP 155, RD 155, CP 450, RD
450) were considered. The porosity values were related
graphically to the formation factor, on a graphic di-log
scale as shown in Fig. 7.

Because m is an empirical constant, R’ is assumed to
have lower values. Although the calculated value of R® was
equal to 0.6116, the calculated value of exponent m, of
-1.894, falls within the range reported in the literature, and
is similar to the value of -1.96 reported by Daniel (1997) for
pure fine sand. In this calculation, the void ratio was be-
tween 0.30 and 0.40, while the results reported by Daniel
(1997) were between 0.30 and 0.50, indicating an equiva-
lence between the test data.

The Eq. (9) was used to calculate the exponent of the
degree of saturation, s, with m equal to 1.894. The F.n" term
was calculated using all the five set data and they are pre-
sented in Table 4. After that, exponent s was graphically
obtained. The calculation of the exponent s presented an R’
value of 0.8145 (Fig. 8), which is higher than that calcu-
lated for exponent m and adequate for this magnitude.
Therefore, the calculated value of -1.258 for constant s is a
good fitting for this parameter and falls within the range re-
ported in the literature, which varies from 1.0 to 2.5, ac-
cording to Daniel ez al. (2003).

As for exponent m and exponent s, it should be noted
that although they are of the same order of magnitude, the
variation of factor S is greater than that of factor n™ be-
cause the degree of saturation varies more widely than soil
porosity. Thus, the value of exponent m, which presented
the lowest R’, is related with the factor that varies the least
according to Archie’s Law.

4.0 1

35

3.0

2?0 N

F=0.3274n°1894 | ’

Formation resistivity factor, F

R%=0.6116

0.2 0.3 0.4 0.5
Porosity, n

Figure 7 - Definition of the exponent m by using data points with
a degree of saturation higher than 94%.

Soils and Rocks, Sao Paulo, 39(2): 157-165, May-August, 2016.



Influence of the Test Specimen Diameter on the Measurement of Electrical Resistivity in Sands by Using Laboratory Devices

The constant a was calculated from exponent m and
exponent s based on the graph presented in Fig. 9, which re-
lates the formation factor (F) with factors n™.S,” by means
of a linear relationship. The R* value was equal to 0.5949
due to the low soil moisture of two data points, with n™S "
around the value 140. All the 5 set of data were used in this
analysis. The value of a = 1.030 is consistent with values re-
ported in the literature.

The void ratio of the soil sample was related with the
electrical resistivity calculated by Archie’s Law to assess
the influence of the geometry of the test specimens in deter-
mining the electrical resistivity values. Figure 10 depicts
the electrical resistivity measured by the copper plates, ig-
noring only set A, because the propagation of electrical cur-
rent in an almost dry environment (w =2%) was very low.

The data measured with the copper plates showed two
trend lines with high values of R* (Fig. 10), indicating that
the distribution of voltages varied with the diameter of the
test specimen. A comparison of the values of R’ of the test
specimens revealed that the one with a diameter of 155 mm
showed the highest value.

Figure 11 illustrates the results of the tests performed
with the resistivity device. In this case, also, the two points

100.00
. F.n™ = (0.394.Sr -'-2%8
R*=0.8145

10.00
c
w

1.00

0.10

0.01 0.10 1.00

Degree of saturation, Sr

Figure 8 - Definition of the exponent s assuming a m value equal
to -1.894.
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Figure 9 - Definition of the coefficient a for m = -1.894 and
s=-1.258.
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Figure 10 - Electrical resistivity of the test specimens with diame-
ters of 155 mm and 450 mm measured with the copper plates.
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Figure 11 - Electrical resistivity of the test specimens with diame-
ters of 155 mm and 450 mm measured with the resistivity device.

with a degree of saturation of about 5.0%, i.e., set A in Ta-
ble 4, was ignored.

The average temperature in these tests was 24.9 °C,
with a variation of 2.5 °C between the maximum and mini-
mum. Because the test specimens were grouped in sets of
tests and the maximum variation in temperature for a given
set was 1.3 °C (Table 4), the resistivity device curves were
used in lieu of each test temperature, precluding the need to
adapt a standard temperature to correct the values of electri-
cal resistivity.

The fitting curves obtained in the tests with the resis-
tivity probe also showed two different trends, depending on
the diameter of the test specimen (Fig. 11). Again, good R’
values were obtained on both curves, the higher one ob-
tained in the test on the 155 mm diameter test specimen.

The similarity of the fitted curves obtained by the two
electrical resistivity measurement techniques thus allowed
for a comparison of the measurements of the test specimen
with the two diameters taken with the copper plates and the
resistivity probe (Fig. 12).

The electrical resistivity measured for the same test
specimen by using the resistivity probe and the copper
plates showed very similar fitting curves, all with high val-
ues of R, particularly for the small test specimen. The val-
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ues of electrical resistivity showed higher variations as a
function of the test specimen diameter than of the measure-
ment techniques.

It was therefore possible to consider a single adjust-
ment of the electrical resistivity data for each test specimen
on the same curve, considering the two different devices
used in this study (Fig. 13).

An analysis of the R’ values presented in Fig. 13 leads
to the conclusion that, for each test specimen diameter, the
fitting of the two resistivity measurement techniques to a
single curve was perfectly adequate, since the resulting val-
ues of R’ are similar to those presented in Fig. 12, in which
the curves were calculated separately.

In Fig. 13, the two extreme data from the two test
specimens, with electrical resistivity of about 3.000 QQ.m
and degree of saturation of about 17%, were the ones that
presented the highest absolute difference in resistivity be-
tween the test specimen diameters. Hence, the high abso-
lute difference in resistivity between the test specimens
stems from the difficulty of current propagation at high val-
ues of electrical resistivity, a condition in which there is

3000 <
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22000 d
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o Copper Plate - 155 mm diameter 2 Probe - 155 mm diameter

Figure 12 - Electrical resistivity of the test specimens with the two
diameters measured with the resistivity probe and with the copper
plates.
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Figure 13 - Adjustment of electrical resistivity as a function of
test specimen geometry, using both resistivity measurement tech-
niques.
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greater distortion of current propagating through a particu-
late medium.

5. Conclusions

The electrical resistivity data obtained by the two
techniques were quite similar and allowed for the fitting of
a single curve as a function of the test specimen diameter.
Although the geometric and electrical characteristics of the
techniques used in this study differ and provide different
soil voltage distribution, the two techniques were equally
efficient in measuring the electrical resistivity of sand pre-
pared in the laboratory.

It was found that the test specimen geometry, i.e., its
diameter, was more relevant in determining the soil electri-
cal resistivity value than the testing technique (copper plate
or resistivity probe). The difference in the distribution of
voltage in the test specimens with different diameters is the
reason for it. The 450 mm test specimen allows more cur-
rent pathways for electron propagation, because electric
current travels along the path of least resistance to the pas-
sage of electrons, so the electrical resistivity values are
lower than those obtained in the 155 mm diameter test spec-
imen in the same test condition (degree of saturation, poros-
ity and void ratio). It is concluded that the resistivity data
obtained for both test specimen diameters and by the two
different techniques are valid and can be employed to study
soil resistivity in laboratory.

The use of electrical resistivity in geo-environmental
site characterization tests is qualitative, i.e., it varies within
arange of values. Therefore, when a reference value is ex-
ceeded, it is a strong indicative of the presence of contami-
nants, requiring additional tests and soil, liquid and gas
sampling for further site investigation. In these cases, the
findings from this research can be used to guide the labora-
tory test investigation and its data interpretation.
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Kinematic Assessment of Multi-Face Round Slopes Using
Hemispherical Projection Methods (HPM)

L. Jorda-Bordehore, R. Jorda-Bordehore, P.L. Romero-Crespo

Abstract. This paper presents a new approach to stability analysis of multi-face slopes, employing the concept of restricted
daylight envelope. The methodology was applied to the back analysis of a real case of a curved, convex slope in
metamorphic slates in Madrid, Spain. The Barton & Bandis (1990) criterion was employed for the field estimation of shear
strength in rough discontinuities and to determine the friction cone, required for the kinematic analysis. The results suggest
that the methodology reflects adequately the real situation and simplifies the studies of planar failure in complex

geometries.

Keywords: rock mechanics, slope stability, stereographic projection, back analysis.

1. Introduction and Objectives

The existing methods for stereographic projection are
widely extended for slope analysis in jointed rocks and pos-
sible failure modes (Wyllie & Mah, 2004; Hoek & Bray
1981; Hudson & Harrison, 1997; Gonzalez-Vallejo et al.,
2002; Lisle, 2004; Lisle & Leyshon, 2004; Koca et al.)
since the first studies by Markland (1972) and John (1968,
1972). Most kinematic analyses of rock slopes consider ex-
clusively single-face slopes (SES), i.e., consider that the
surface of the slope presents constant strike (Yoon et al.,
2002). However, slopes can be found in nature with several
faces or even curved faces, and it is not realistic to simplify
these to “single-face” slopes.

In stereographic projection, the sliding envelope of a
multi-face slope (MFS) is the union of single-face enve-
lopes formed on the surface of the slope as proposed by
Yoon et al. (2002). It is herein proposed to combine the
methodology of Yoon et al. (2002) for multi-face slopes
with conventional methodology for kinematic assessment
of single-face slopes (daylight envelope and pole analysis)
(Hudson and Harrison, 1997; Willie and Mah, 2004).

The work of Yoon et al. (2002) is one of the few exist-
ing methodological compilations on the kinematic assess-
ment of MSF. These authors analysed the issue, both for
planar and wedge failures, considering the orientation of
the plane vector mode. The planar failure by definition ap-
plies to single planar discontinuities, in MSF and curved
slopes only one planar surface is considered in the kine-
matic assessment. In the revised methodology proposed the
assessment focus in the daylight envelope and pole plot of
the discontinuities instead of the plane - vector analysis
proposed by Yoon et al. (2002). In the case of wedges, the
plane vector methodology is habitually employed; how-

ever, for planar failure, this approach is not common. In
planar failures pole and daylight approach are more intu-
itive than plan vector or Dip Direction analysis. The work
of Richards (2003) analyses wedges through the daylight
envelope of poles. However, as indicated for the case of
planar failure of slopes and toppling of strata, the most
common approach is to analyse the location of discontinu-
ity poles regarding the daylight envelope (Wyllie & Mabh,
2004; Hudson & Harrison, 1997; Lisle, 2004).

The objective of this study is to present a methodol-
ogy that unifies traditional criteria for rock slope analysis
based on poles (Hudson & Harrison, 1997; Willie & Mah,
2004; Lisle, 2004) with the conclusions of the work of
Yoon et al. (2002) for multi-face slopes. A study location
was selected, which presented planar failure that could not
be entirely justified by conventional single-face slope crite-
ria. Since the slope has not a unique strike angle, we ask
ourselves, which of them choose? In MFS, the slope can
failed without any vertical release surfaces.

The suggested methodology for back analysis is ef-
fective to explain the mechanism of planar failure of real
curved slopes, for slate rocks in El Atazar, Madrid.

2. Methodology

2.1. Kinematic assessment of rock slopes

The problems of wedge stability, planar failure, and
toppling of strata are clearly three-dimensional-type prob-
lems. The visualization of the possible interactions between
discontinuity planes and slopes is extremely complex to
solve utilizing isometric projection, but it is considerably
simplified with stereographic projection, where the planes
are reduced to points (through poles). Kinematic assess-
ment is based on the analysis of the relative orientation of
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the discontinuity planes or poles relative to the slope, estab-
lishing four main types of failure - planar, wedge, toppling
or circular failure.

2.2. Kinematic assessment of planar failure

Five simple geometric criteria (Willie & Mah, 2004)
must be fulfilled to guarantee the kinematic possibility of
planar failure:

1. The plane where the block slides must present a maxi-
mum strike difference, with respect to the face of the
slope, of approximately + 20°. This means the plane
and the face of the slope must be noticeably parallel.

2. Sub-vertical release surfaces commonly exist, which
present negligible sliding resistance to define the lat-
eral limits of the plane and of the block. When release
joints occur planar failure could be considered as a pe-
culiarity of wedge failures, with one set being the slid-
ing plane and the second the release surface.

3. The sliding plane must “daylight” on the slope face. This
means that the plane must present lower dip than the
slope.

4. The dip of the sliding plane must be greater than the fric-
tion angle.

5. The upper part of the sliding surface intersects the sur-
face of the slope or finishes in a tension crack. Both
tension cracks and release surfaces help to define the
unstable block.

It is practice to consider, in these simplified analyses,
that the shear strength of discontinuities only relate to the
friction component and that cohesion is negligible. The
aforementioned conditions are depicted three-dimensio-
nally in Fig. 1a, and a simple example is shown in Fig. 1b
for stereographic projection utilizing equal angle projec-
tion.

The friction cone has been added, which is built by
counting ¢ degrees (friction angle of the plane) from the
centre of the stereogram outwards. The poles located within
the limit of the circle (cone) and the centre correspond to
planes that present lower dips than the shear angle and
therefore are kinematically stable. The possible sliding
planes are laterally limited, as differences over 20° in direc-
tion or dip, for both sides, do not result in sliding (Willie &
Mah, 2004) and may prevent sliding. The limits of the slid-
ing plane boundaries in planar sliding failures are often ig-
nored in stability analysis. The “final valid” envelope that
encompasses the poles of the potentially unstable planes for
planar failure is denominated restricted daylight envelope
(Fig. 1b).The restricted envelope is the geometric site (fo-
cus) of all poles that represent a plane with dip direction lo-
cated in the same semi space of the slope; also, these poles
present lower dip than the plane, but still higher dip than the
shear circle.

The coloured zone in Fig. 1b corresponds to the geo-
metric site of potential planar failure, including the dip con-
dition, orientation regarding the slope, lateral limits and
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shear. All discontinuity poles that are located within this
zone, referred to as restricted daylight envelope or re-
stricted envelope with unstable poles, can yield planar fail-
ure.

2.3. Planar failure of a two-face slope

The sliding of a discontinuity plane in a two-face
slope (Fig. 2a) occurs when the discontinuity daylights on
any of the two faces, and meets the conditions given by
Willie & Mah (2004). We consider a two face slope as rela-
tively sharp corner or “nose like” where an abrupt change
of strike occurs in a short distance. The corner is a “free
face” for each of the faces and therefore for this point the re-
lease surface condition and the 20° difference in strike do
not apply (Fig. 2a). Yoon et al. (2002) analysed the phe-
nomenon via stereographic projection, but consider the
maximum slope line of the sliding plane and the restricted
envelopes of the plane by the friction cone. The criterion
described in Hudson & Harrison (1997) - adding 20° to
each side of the daylight envelope- was not considered by
Yoon et al. (2002).

The sliding mode shown in Fig. 2 is denominated by
type 2 single plane sliding (Yoon et al., 2002). The sliding
block is formed by the discontinuity or sliding plane and the
two faces of the slope (RS and LS).

2.4. Multi-face slope - curved, convex slope

The same methodology applied to a two-face slope
can be applied to MFS (Yoon et al., 2002). It is habitual to
find curved slopes in highways (Fig. 3), both convex and
concave (positive and negative MSF, respectively). The
former are more habitual when rock structures are bypassed
with minimum perturbation, while the latter are produced
in highways with open slopes, in routes excavated using
blasting techniques and circular shaped quarries. In these
types of slopes, planar failure is produced if discontinuity
daylights in any of the tangent directions to the slope
(Fig. 4), and fulfils the condition that the discontinuity pole
is located within the daylight envelope of the slope, i.e.:

1. The sliding plane daylights in any tangent face of the
slope, i.e., the plane presents lower dip than the slope.

2. The dip of the sliding plane is higher than the friction an-
gle.

3. The superior part of the sliding plane intersects the upper
face of the slope, or finishes in a tension crack.

4. Maximum strike difference is 20° between the sliding
plane and the tangent exterior faces of the slope.

It must be highlighted that some conditioning factors
for simple slopes were eliminated, such as release surfaces
and the 20° lateral limits for strike difference (which are
only applied to the exterior faces). For the kinematic repre-
sentation and analysis of a convex slope (nose-shaped), it is
very useful to initially simplify the slope in three faces
(Fig. 4). Facing the front of the slope, there is a left-tangent
limit plane (LS) and a right-tangent limit plane (RS). Also,
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a) Weight vector

Friction cone ¢

s dip of slope
wp dip of sliding plane
¢ angle of friction of sliding plane

b)

Ps = pole of slope
Pp = pole of plane

Daylight eny
of slope

Restricted
daylight envelope
of slope

. Release
surfaces

as DipDir of sliding plane

as = ap DipDir of
slope and plane
s dip of slope
| wp dip of plane

Friction core

Figure 1 - (a) 3D scheme of a potential planar failure, with the interacting geometries and elements. (b) Scheme of the conditions that
yield planar failure in stereographic projection. Data utilized to build the generic-type figure were: dip direction and slope dip 135/70,
sliding plane or surface 135/50, friction angle 30°, and lateral limits for dip direction or direction between slope and plane for the produc-
tion of sliding are established at 20°. Representation of planes, poles and cones through Dipsv5: equal angle low hemisphere.

a third plane situated between LS and RS can be consid-
ered, which characterizes the “roundness” or pointed shape
of the slope (CS).

Figure 4b shows the analysis of a curved slope
through stereographic projection - HPM in equal angle
mode. Construction of the figure considered a simplifica-
tion of the slope in three faces: left (LS), central (CS), and
right (RS). The assumed friction angle - and therefore, fric-
tion cone - is common to all faces. Given that the interest

Soils and Rocks, Sao Paulo, 39(2): 167-176, May-August, 2016.

lies in the analysis of planar failure through the poles, con-
struction of the friction cone involved counting the angle ¢
from the centre of the stereogram outwards. Three daylight
envelopes were built for each of the faces of the slope, be-
tween the centre of the stereogram and the pole of each one
of the faces (in Fig. 4b: PRS, PCS and PLS). Twenty de-
grees (20°) are added to the exterior faces RS and LS due to
slip limits, according to the single-face methodology. In
this way, within the limits (+ 20°), the three daylight enve-
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ce W Right sope
Plan view
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/ ‘ w
' / 20°
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N J 7N\ PLS
N ~ - -
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~ L
~\v g
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slope/face
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right slope/face r . . -
Sp = sliding plane S Restricte daylight eny 2:2$

Figure 2 - (a) Sliding modes in isometric and plan views, for a
two-face slope. RS indicates the right face or slope, and LS indi-
cates the left face or slope, based on the schemes of Yoon et al.
(2002). (b) Stereographic projection of the upper scheme. The
projection was built considering unspecific planes for dip direc-
tion and dip: RS (145/60), LS (225/60), sliding surface (195/40)
and assumed friction angle for both planes ¢ = 35°.

lopes, and the friction cone, the restricted daylight envelope
of the multi-slope - round face is built, which will be the en-
velope for all poles that belong to potentially unstable
planes. All the plane poles - strata or discontinuities - that
fall within the interior of this differentiated zone in Fig. 3b
are potentially unstable.

2.5. Field estimation of shear strength in rough disconti-
nuities

The discontinuity friction angle is necessary to draw
the friction circle - required in all kinematic analyses via
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Figure 3 - Some examples of curved slopes in highways and
routes in Los Andes mountain range: a) convex - concave in La
Paz (Bolivia); b) flexural toppling in convex slope, Huancayo -
Ayacucho road; c) concave slope in a road nearby, Quito, Ecua-
dor.

stereographic projection (see Figs. 1b, 2b and 4b). Friction
is obtained from the Barton & Bandis (1990) failure crite-
rion, with o, linearized to obtain the instantaneous friction
for the average stress state that acts in the potential sliding
discontinuity. This failure criterion (Barton & Bandis,
1990) is a widely used empirical relationship for the model-
ling of shear strength in rock discontinuities. The criterion
is based on two equations that represent the failure enve-
lope. Equation 1 follows Barton & Choubey (1977):

1=0, tan{(p, +JRC log,, [JCSH (1)
c

n

Barton & Choubey (1977) suggest that the residual
friction of discontinuities ¢, can be obtained from Eq. 2:

0, =(9, +20)+20(;J @)

where ¢, is the basic friction angle of the failure surface.
This value is tabulated and can be found in scientific litera-
ture (Barton, 1973; 1976, Barton & Choubey, 1977; Barton
and Bandis, 1990), JRC is the joint roughness coefficient
and JCS is the joint wall compressive strength (Barton,
1973 and 1976), and r is the Schmidt hammer rebound
number on wet and weathered fracture surfaces and R is the
rebound number on dry un-weathered sawn surfaces
(Hoek, 2007).

Field estimation of JRC - Joint Roughness Coeffi-
cient. JRC is a number that can be estimated by comparing

the appearance of a discontinuity surface with standard pro-
files published by Barton & Choubey (1977) and is widely
reproduced in literature. The appearance of the discontinu-
ity surface is compared visually with the profiles of the

Soils and Rocks, Sao Paulo, 39(2): 167-176, May-August, 2016.
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Convexe - round
faced slope

Plan view

20° 200
LS RS
LS \
cs S

a)
Dip dir of
shding plane
b)

N

yligh ‘

vl

" PLS = Pole of left slope/face
PCS = Pole of central slope/face
PRS = Pole of right slope/face

CS daylight
envelope

l__"
Lo

Restricted daylight envelopeof the
multi - face - slope and round face

Figure 4 - (a) 3D scheme and plan view of a three-face slope and a round slope. For representation of the latter, it is habitual to utilize
modified schemes based on Yoon et al. (2002) and build the slope with three faces. (b) Stereographic projection of a three-face slope. For
the scheme, the following planes (dip direction/dip) were utilized: Left LS (225/60), Central CS (185/69) and Right RS (145/60), friction

angle ¢ = 35°, using DIPSvS5 software.

standard figure for surfaces 10 cm long (Barton & Chou-
bey, 1977) and the JRC value that most closely matches that
of the discontinuity surface is chosen (Hoek, 2007).

The most utilized field technique for determination of
joint wall compressive strength (JCS) uses the Schmidt
hammer rebound equipment that was initially developed
for concrete, but throughout 50 years has been systemati-
cally used for rocks, since the first works of Deere & Miller
(1966).

Influence of scale on JRC and JCS: Barton & Bandis
(1982) proposed scale corrections for JRC according to the
following equation:

Soils and Rocks, Sao Paulo, 39(2): 167-176, May-August, 2016.

0

I ~0.02xJRC,,
JRC, =JRC, x[L" j 3)

where: JRC, and L, (Iength) refer to 10 cm laboratory sam-
ples or fragments, with the same longitude of the normal-
ized profiles (Barton & Choubey, 1977), and JRC, and L,
refer to the real size of the block and discontinuity analysed
in situ.

Given that there is a great possibility of finding weak-
nesses in a large surface, JCS decreases when the scale is
increased (Hoek, 2007). Barton & Bandis (1982) also pro-
pose an equation to correct the scale of JCS:
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L —0.03xJRC
JCS, =JCS, x [L" J (4)

0

where: JCS, and L, refer to the reference scale 10 cm, and
JCS, and L, refer to the real size of the block where is the
joint is located. Please note that the quotient must be coher-
ent regarding the units, and therefore L, is considered in
meters L, =10 cm =0.1 m.

Instantaneous cohesion and friction. Given the histor-
ical development of rock mechanics, many analyses use the
parameters of Mohr-Coulomb (cohesion ¢, and friction an-
gle @) to calculate safety factors regarding sliding:

T=c+0, xtan Q. &)

The Barton & Bandis (1990) criterion (Eqgs. 1 and 2)
is a non-lineal relationship and is not represented in terms
of ¢ or . Therefore it was necessary to develop a specific
formulation that encompassed theses aspects (Hoek et al.,
1995); for example, kinematic analysis based on structural
data of planes and wedges employs the concept of “friction
cone” (Markland 1972; Hoek & Bray 1981; Hudson and
Harrison, 1997; Willie & Mah, 2004; Lisle 2004) that re-
quired the value of the internal friction angle ¢ of the dis-
continuity.

Road to Torrelaguna

The instantaneous friction angle ¢i for a normal stress

o, can be calculated from the following relationship (Hoek,
2007):

0, =arctan(aa(:j (6)

where:

. tan[JRC log,, ﬂ+ (prJ
c

0c
n n (7)
__WRC tan’| JRC log,, E+(pr +11|.
1801In10 c,
Instantaneous cohesion c, is calculated from
¢, =1—0, tang, . (8)

As Hoek (2007) remarked, the average normal stress
o, that acts on the discontinuity planes is utilized to select
the adequate values of ¢, and @, for a specific application.

3. Study Site: Curved Slope with Planar
Failure in Slates. El Atazar, Spain

The El Atazar reservoir (Spain) has a double-cur-
vature vault dam, with 134 m height from foundation. It
was one of the first of this kind to be built in Spain. It is lo-
cated 100 km north of Madrid. Its construction started in

wf ,lao
Lower Ordovician- quartzite
and s lates

Figure 5 - The study zone is located in metamorphic terrain, schist, and black slates of the Medium Ordovician.
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1965, with inauguration in 1972 by the dictator Francisco
Franco. The final cost of the work was increased due to
geotechnical issues with the Ordovician slates where it is
set (Fig. 5). Currently a paved road crosses the dam and
reaches the small village of El Atazar, which gives its name
(Fig. 6).

The north side of the reservoir presented the most
geotechnical problems throughout the construction; among
other issues, this slope required important reinforcements
of the rock mass, such as cables and walls. The highway by-
passes a rocky prominence, due to a fold where planar fail-
ure was produced in a curved slope, at the time of construc-
tion. This sliding is nowadays completely stabilized
(Fig. 6) and has been analyzed by the afore described meth-
odology. In July 2014, a geomechanical station was carried
out along the sliding (approximately 30 lineal meters, see
Fig. 7) where besides censing the discontinuities (Fig. 8),
field data were also collected on the main parameters for
discontinuity resistance.

4. Results and Discussion

Three main join sets had been recognized in El Atazar
curved slope (Table 1, Fig. 8).

Only in situ observations were utilized for the obtain-
ment of the necessary parameters to establish shear strength
in the discontinuities. Through the Schmidt hammer re-
bounds in altered joints, the value r = 25.4 was obtained,
and for unaltered joints R = 31.1. The value of joint wall
compressive strength JCS was R = 29.2 (N-type hammer)
and JCS was obtained from the abacus of the employed
equipment itself JCS = 24 MPa.

JRC was estimated in the field from the normalized
profiles and roughness tester or Barton’s comb (Fig. 9). Ob-
servationally, the roughness profile at macro scale of the
main joint would be approximately 8-10. Equations 3 and 4
will be utilized for adequate consideration of the JRC and
JCS scales. The height of the slope is 8 m but in the last 2 m
there has not been any landslides, and therefore for the per-
sistence of the joint S, the value of L = 6 m will be utilized.

For joint wall compressive strength JCS:

6 -0.03x15
JCS. =24x| = =384. )
6 01

In the case scale effect is considered for JRC, deter-
mined by Barton’s comb, JCR, = 4.35 as demonstrated be-
low. However, JRC = 8-10 will be employed in calcula-
tions, as determined in situ throughout the entire length of
S, foliation.

6\ 00
JRC =15x(01) =435. (10)

Determination of the residual friction angle through
Equation 2 utilizes rebound values r = 25.4 and R = 31.1,
plus the basic friction angle of the material: slate ¢, = 25 -

Soils and Rocks, Sao Paulo, 39(2): 167-176, May-August, 2016.

Figure 6 - Panoramic photography of El Atazar dam (Madrid,
Spain) and the road curve where the studied slope is located.

Left slope face LS Central slope face CS hi slope face RS
DipDir P 66 DipDir = it glifiDir e
Dip = 60" Dip = 60° Dip = 607

Figure 7 - Road curve where the curved sliding took place. The
curved-convex multi-face slope studied herein presents two exte-
rior tangent planes, denominated Left Slope Face and Right Slope
Face (LS and RS). The central zone of the slope, where it is more
probable to find the failure line, is denominated Central Slope
Face.
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30 (Barton, 1971). The average value within the interval is
selected ¢, = 27.5. The values of residual friction and shear
strength according to Equations 1 and 2 are:

o, =(275—20)+20(2351'f)=23.8°~ 240 (1)
1=0, ><tan{9><log10 3'84+24}. (12)
Gn

Obtainment of the equivalent Mohr Coulomb c and ¢
parameters involves linearization for a 6 m height and spe-
cific weight 0.026 MN/m’ employing the Rocdata software
(Rocscience). The result is instantaneous cohesion
¢,=0.009 MPa and instantaneous friction ¢, = 33.85° ~ 34°.

Figure 8 - Photography and simplified scheme of the main joint
sets present in the El Atazar slope.

“al
=

B ol fosm
’—_"‘—--‘_,___._.___,_,_/—-":}

“i2-14| JRCem=8-10

RC = 14~ 16)

Figure 9 - Joint Roughness Coefficient in the foliation plane of
the El Atazar slope: a) Barton & Choubey (1977) scheme, b)
roughness JRC, according to a 10 cm profile, using “Barton’s
comb” and macro roughness JRC,. Both roughness profiles JRC,
and JRC, (JRC, ) are super-imposed in a) to obtain the value of
JRC.
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Table 1 - Main sets of discontinuities established at the El Atazar
slope (Madrid).

Joint set Dip direction Dip angle K Fisher
(degrees) (degrees) distribution

n 55° 330° 103

SO (Slate -Foliation) 48° 146° 114

2 67° 108° 74

For the friction cone, ¢ = 34°. Cohesion was not considered
(Fig. 10).

The restricted daylight envelope (Figs. 10 and 11)
was built for the curved slope of El Atazar, employing three
auxiliary planes: central and two tangents (RS and LS). The
stratification plane S, presents only one pole, which falls
within the colored zone, corresponding to an unstable slope
pole. Therefore, as expected, a slope that has slided is
clearly unstable, given that, in addition, the pole is far from
the friction circle - this implies a FoS < 1.

Figure 11 explains the procedure for the construction
of the stereogram and kinematic assessment of Fig. 10:
Fig. 11a, daylight envelope for a single face LS (Left side);
Fig. 11b, expanded daylight envelope for three faces;
Fig. 11c, daylight envelope restricted by a 34° friction cone;
Figure 11d, consideration of slip limits only for the outer
tangential faces of the round-faced slope: LS-RS as internal
slip limits are included into the single daylight envelopes.
The pole of the bedding plane is located within the re-
stricted daylight envelope, so it should be considered po-
tentially unstable.

The methodology proposed is not opposed to the tra-
ditional solutions (e.g. Hoek &Bray, 1981; Lisle, 2004;
Willie & Mah, 2004) but pretend to extend the traditional
approach, which considers only single slopes, wherein for
instance release surface are required. In the study site of El

Pole - SO

Right slope face RS
Central slope face CS
Bedding plane S0

27 5 AT
o Left slope face LS
S

20° 15 the ship limit
for a single plane -
planar shding (Hudson
and Harrison 1997)

Figure 10 - Restricted daylight envelope and estereographic anal-
ysis of the planar failure of the curved slope of El Atazar.
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b

Legend

Construction of the final
restricted daylight envelo-
pe for a round face slope
using 3 auxiliar slope
faces: Right-central and
Left (RS, CS, LS)

a) Daylight envelope for a
single face LS (Left side)
b) Expanded daylight en-
velope for 3 faces

¢) Daylight envelope res-
tricted by the friction cone
34°

d) Consider the slip limits
only for the outer tangen-
tial faces of the round face
slope: LS, RS - as the in-
ternal slip limits are inclu-
ded into the single dayli-
ght envelopes. The pole of
the bedding plane is inside
the restricted davlight en-
velope

Figure 11 - Construction of the final restricted daylight envelope for a round-face slope using three auxiliary slope faces: Right, Central

and Left (RS, CS, LS).

Atazar, the slope failed without any lateral - vertical - joint
because the curved slope intersecting the planar failure sur-
face generates a kinematic unstable block (together with
the tension crack in the upper part of the slope).

5. Conclusions

Stereographic projection has been employed to repre-
sent and analyse the stability of multi-face rock slopes sub-
jected to planar failure. The state-of-the-art has been re-
viewed and the existing methodology has been simplified
through the combination of published methods for multi-
face slope analysis (Yoon et al., 2002) and more recent sim-
plified slope analysis models that consider daylight enve-
lopes and poles (Koca et al., 2004; Richards, 2003). Back-
analysis was carried out for a failed slope that presented a
multi-face round convex slope. The applied methodology
explained perfectly the situation produced.

As verified, it is habitual that real unstable slopes
present complex geometries such as double-faces, multi-
faces or even round-faces. These geometries can be ana-
lysed by Hemispherical Projection Methods (HPMs) and
by the most usual and globally extended kinematic analysis
that started with Markland (1972) and John (1968 and
1972).

The main contribution of the manuscript consists in
reconsidering the methodology proposed by Yoon et al.

Soils and Rocks, Sao Paulo, 39(2): 167-176, May-August, 2016.

(2002), which employs plane vector analysis for planar fail-
ure, and group it with pole vector analysis (widely utilized
and well-known) through the utilization of daylight enve-
lope for poles (Willie & Mah, 2004; Lisle, 2004).

In stereographic projections, all the conditions for
planar failure are summarized in an envelope that is denom-
inated “restricted daylight envelope”, in such a way that all
pole planes that fall within the area yield potential planar
failures.

It is difficult to give guidelines of when the curved
slope approach applies - perhaps more case studies of failed
slopes are needed.

It is considered that with a sharp turn of 20° the differ-
ence in strike criteria proposed by several authors and com-
piled by Willie & Mah (2004) cannot be applied for the
inner part of the slope and failure surface. In these cases
only the external 20° strike difference is considered
(Figs. 10 and 11d).
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Data Extrapolation Method for The Dynamic Increasing
Energy Test: SEM-CASE

E.C. Alves, M.M. Sales, P.M.F. Viana

Abstract. The dynamic increasing energy test has been widely used in pile load tests in Brazil in recent years. However, the
ultimate strength of the single-foundation system is not mobilized in most of the tests because of various factors. In some
cases, the equipment available cannot attain the necessary kinetic energy, or the structural element presents initial
imperfections/ruptures. In this study, the authors present a method for extrapolating the mobilized static resistance vs.
maximum displacement curve, which is obtained using the dynamic increasing energy test (DIET). Using the force and
velocity signals collected by the PDA (Pile Driving Analyzer) system, it is possible to calculate the resistance and
displacement by applying the Simplified CASE Method. An extrapolation method, the Simplified Extrapolation Method of
the CASE Method (SEM-CASE), is presented based on the results of twenty-one precast concrete pile load tests that have
been carried out in different soils. The estimated values of the ultimate complementary energy and ultimate strength were
very close to the measured values in the presented load tests.

Keywords: extrapolation method; dynamic load test; driven pile; complementary energy; strain energy.

1. Introduction

The first methods used to estimate the bearing capac-
ity of a driven pile were based on data obtained during the
pile installation. Alternatively, the wave equation was ini-
tially applied to piles in the 1930s to estimate bearing ca-
pacity (Warrington, 1997; Hussein & Goble 2004). Smith
(1960) presented a model that used a group of equations
and calculation routines to describe the stress-wave dis-
placement and its effects along the pile after a hammer
blow. With the development of more powerful sensors and
computers, Smith’s model can now be applied and has be-
come the fundamental basis for the methods employed in
dynamic load test analysis.

In this context, considering the need to estimate the
ultimate capacity of the pile based on the dynamic load test,
this paper presents a method for extrapolating the mobi-
lized static resistance (R) vs. maximum displacement (D)
curve to obtain the behavior and ultimate strength capacity
of the dynamic increasing energy test (dynamic load test).

The method is used for driven precast concrete piles,
which mobilize the shaft and toe resistance during loading.
The guiding principle of this method is the complementary
energy criterion first presented by Aoki (1997), which uses
the expression “mobilized static resistance” to indicate the
resistance of the static portion that is mobilized after a ham-
mer blow during the dynamic load test, as calculated by the
simplified CASE method.

2. Dynamic Test and Numerical Analysis

2.1. Dynamic load test

The purpose of the dynamic load test is to estimate the
ultimate static resistance of the pile-soil system and pro-
pose a load vs. virtual-settlement curve.

By applying a hammer blow to the head of the pile,
generally through a pile driver, force and velocity signals
are obtained at the pile head with deformation and accelera-
tion sensors, respectively (Teferra et al., 1996; Likins et al.,
2008). The signals obtained from the sensors are trans-
ferred to and stored in a portable computer, known as PDA
(Pile Driving Analyzer).

After the data have been collected by the sensors, the
PDA transcodes and processes the data to obtain the force
and velocity signals, and the CASE numerical method pro-
vides the static resistance in each hammer blow at the mo-
ment of impact during the pile driving.

2.2. Dynamic increasing energy test - DIET

Two types of dynamic load tests can be used to obtain
the pile-bearing capacity: constant or increasing energy.
The dynamic constant energy test is the most traditional
and widely used test worldwide. According to Aoki
(1989a), the dynamic constant energy test is similar to a cy-
clic static load test in which the same load is always ap-
plied, and the same settlement is always obtained for the
same strain energy.
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The increasing energy test consists in the application
of blows with variable and increasing fall heights, based on
a level of energy that is lower than that of the driving end
(free-fall impact system) (Aoki, 2000). Currently, the in-
creasing energy method is the most frequently used method
for performing the dynamic load test in Brazilian building
foundations.

Aoki (1989a) presents the application of the dynamic
increasing energy test to obtain a curve similar to the load
vs. settlement curve obtained in the static load test, which is
the mobilized static resistance vs. displacement curve.

2.3. Simplified CASE method

Developed by the Case Institute of Technology (cur-
rently Case Western Reserve University), the main objec-
tive of this method is to calculate the static resistance in real
time and at the test site for each hammer blow. It was im-
plicit that each blow was enough to mobilize the ultimate
soil resistance.

This method is a closed-form solution of the wave
equation, in which the signals of force and velocity are used
and recorded in a particular pile section, just as the blow
reaches its highest intensity in the section of the sensors (#,)
and just as the wave reflected at the end of the pile returns to
the instrumented section (z,).

Static resistance (R) is calculated by the difference
between total resistance and dynamic resistance. Linkins &
Rausche (1981) presented the start point of Case Method
and in following paper, Rausche ef al. (1985) expanded the
formulation of static resistance as

(1-Jox {Ftl {EAJWI } (I+Jo x {th {EA)V:Z }
R L d )

where Ft,, Ft,, vt,, and vt, are, respectively, the values of
force and velocity calculated by means of the data obtained
through the specific deformation and acceleration sensors
at times ¢, and ¢,. Jc is a dimensionless constant called the
“dynamic damping coefficient” of the CASE method and is
determined based on experiences of correlations with static
load test results, E is the elastic modulus of pile material, A
is the cross-sectional area of pile and c is the velocity of
wave propagation. The relation (EA/c) is also known as the
pile impedance.

3. Complementary Energy

Presented by Aoki (1989b), this criterion allows the
pile-soil system to be in a state of dynamic equilibrium
(elastic-perfectly plastic behavior) during the hammer im-
pact, with the appearance of non-conservative inertial and
damping forces, and the application of Hamilton’s energy
conservation principle is valid. It is also assumed that the
system returns to its original state after each blow, i.e., there
is no significant change in the initial condition of the sys-
tem. Clough & Penzien (1975) stated the principle as:
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where § is the variation in the time interval (t, - t,); T is the
total kinetic energy in the system; V is the potential energy
in the system; W, _ is the work done by non conservatives
forces.

Soil rupture is characterized in the dynamic increas-
ing energy test when a particular impact, corresponding to a
point on the idealized mobilized static resistance-displa-
cement curve, shows that a) the mobilized static bearing ca-
pacity (R) passes through a maximum R ; b) the comple-
mentary kinetic energy (7)) of the impact passes through a
maximum 7 ; and c¢) the complementary potential energy
(V) passes through a maximum V.

Hamilton’s principle, as applied to the maximum im-
pact energy T, also can be expressed by

{IT, =(R,xK)[2]-[(R, xS )+W,1}=0  (3)

where 7, is the maximum kinetic energy; S, is the maximum
permanent portion (penetration); and W_ is the work done
by the non conservative forces.

The complementary energy V., tends towards a con-
stant value V_ when the total strain energy V and the settle-
ment S tend towards infinity, i.e., the analysis of the varia-
tion of the complementary strain energy with loading
shows how close rupture is because the rate of variation of
this parameter is cancelled out when the reaction or resis-
tance capacity of the system reaches an extreme, as shown
in Fig. 1.

Aoki (2000) presented the new formulations for de-
termining the values of potential energy V,, complementary
energy V., and work W done by the static portion of the
forces. These made it possible to calculate area values that
are more consistent with the mobilized static resistance (R)
vs. displacement (D) curve. The expressions are given be-
low for calculating the potential energy (Eq. 4), comple-
mentary energy (Eq. 5), and work (Eq. 6):

R (kN)

0 500 1000 1500 2000 2500

0

0.002]
0.004 |
_0.006{
E 0.008/
2 0.014
0.0124
0.014
0.016]
0.018]

Figure 1 - The strain energies that form part of the mobilized
static resistance (R) vs. maximum displacement (D) curve of
DIET.
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v, - Z(RZR] (D,-D,.) @)
v, ;RD—i(R"JFZR"”jx(Di D)) (5)
W=V, -V,) (©)

where V, is the portion of elastic strain energy (Fig. 1).

4. Fit Equations for “R vs. D” Curve

This section presents the use of the exponential, hy-
perbolic, and parabolic functions as possible models to rep-
resent the mobilized static resistance (R) vs. Displacement
(D) curve, as shown in Fig. 2. Moreover, the equations for
the calculation of complementary energy (V,) were deduced
by means of Egs. 7 to 15 (see all detailing in the appendix),
which present different approaches to represent the mobi-
lized static resistance (R) vs. displacement curve, the com-
plementary energy (V,), and the ultimate complementary
energy (V,), using the ultimate static resistance R, and dis-
placement (D,) at the moment that the test mobilizes the ul-
timate static resistance. The other variables presented in
this figure are: D, and D, are displacements before and after
the ultimate static resistance, respectively; AD and AD, are
displacement variations; R, is the static resistance corre-
sponding to a displacement “D,”; AR is a static resistance
variation; V is the potential energy; AV, and AV, are energy
variations; AV is the corresponding variation in the com-
plementary energy.

* Exponential curve

R=R,(1-exp ) )

Ve :(R”j[l —(1+aD)exp ] (8)
o

(€))

AD2 >> AD1

D2f==-=-=-=-===-=-=~-1 4
D |

Figure 2 - Mobilized static resistance (R) vs. maximum displace-
ment(D) curve of DIET (modified from Aoki, 2000).
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5. SEM-CASE Method

A new method is presented here for extrapolating the
trajectory of the mobilized static resistance (R) vs. maxi-
mum displacement (D) curve, obtained by analyzing the
CASE numerical method based on the complementary en-
ergy criterion. This methodology is hereafter called the
Simplified Extrapolation Method of the Simplified CASE
Method (SEM-CASE).

This method is applicable to precast concrete piles
driven by a pile driver with a free-fall hammer and tested by
the dynamic increasing energy test. In addition, the pile
must have been designed to bear the working load using the
portions of shaft and toe resistance, where the rupture is
characterized by constant mobilized static resistance under
the action of increasing kinetic energy with a well-defined
vertical asymptote.

Some pile tests can present different forms of “resis-
tance vs. displacement” curves. Sometimes the tests do not
present an evident mobilization of static resistance. In oth-
ers, the results are initially represented by an almost linear
behavior in the graph R x D and then occurs an abrupt “fail-
ure”. Both cases are consequences of particular pile-soil
systems and can not be extrapolated or predicted by any
method. Aoki (2000) discussed some examples of pile tests
in such cases. The “SEM-CASE” method will not be able to
extrapolate the maximum static resistance in such curves.

The data from a dynamic increasing energy test pre-
sented by Aoki (2000) were used to demonstrate the use of
the method (Fig. 3). The concrete pile had a total length of
12 m, a driven length of 10.1 m, a diameter of 0.42 m, and a
hollow cylindrical form with a section area of 0.09 m’.
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Figure 3 - R vs. D graph of a driven pile (modified from Aoki,
2000).

This pile reached the ultimate resistance during the
test, according to the complementary energy criterion.
However, to simulate a dynamic load test that did not mobi-
lize the ultimate static resistance, Fig. 3 represents only part
of the test as if it had been interrupted when the resistance
reached 1790 kN (the other points beyond 1790 kN are not
presented in Fig. 3).

The application of the method can be divided into
three (3) steps:

e Step 01: The variation ratio of the mobilized static resis-
tance (Var. R) to the variation of kinetic energy (Var. T)
is calculated in each blow of the dynamic load test. The
values obtained for the pile are shown in Table 1. The
values for the ratio of Var. R to Var. T are plotted in Fig.
4, with the values of the mobilized static resistance R
plotted on the abscissa using a logarithmic scale.

The graph in Fig. 4 has three (3) stages: Stage 1, Stage
2, and Stage 3.

Stage 1 has an almost 90° slope in relation to the
x-axis. The first blows, with a lower fall height, i.e., lower
kinetic energy, generally form part of this stage.

Table 1 - Values of D, R, T, Var. R, Var. T, and Var. R/Var. T.

Stage 2 has a slope tending from 90° to 0°, in relation
to the x-axis, depending on the analyzed pile. Stage 3 tends
to a 90° slope, regardless of the analyzed pile geometry.

The slope of the three stages of the R vs. Var. R/ Var.
T graph varies according to the following characteristics of
the pile foundation: a) Local surrounding soil; b) Pile ge-
ometry; c) Length of the structural element driven into the
surrounding soil; and d) “Pile age” (time interval between
the end of the driving and the start of the test).

From analyses of the 21 dynamic increasing energy
tests studied by Alves (2010), it was observed that in stage
1, the test practically mobilizes only the lateral resistance.
In stage 2, the test mobilizes the lateral and tip resistance of
the pile, and in stage 3, the lateral resistance during the test
is “exhausted” (remains constant), and only the tip resis-
tance increases continuously and is mobilized until rupture
(when the ratio of the variation of the mobilized static resis-
tance - Var. R to the variation in applied kinetic energy -
Var. T is equal to zero), indicating similarities with the re-
sults presented by Aoki (1989b).

Figure 5 uses the last five points, which are in stage 3
of Fig. 4, to present a simple linear regression. It shows
good agreement between the points and the linear regres-
sion. This good agreement occurs when the portion of tip
resistance of the pile is “significantly”” mobilized.

The principle of extrapolation of the ultimate static
resistance stems from the concept that when the ratio (Var.
R/Var. T) is equal to zero, the pile reaches the ultimate re-
sistance, i.e., when the variation of the mobilized static re-
sistance in two blows with increasing kinetic energy is
equal to zero, the pile is subject to the mobilization of the
ultimate static resistance. As stated by Aoki (2000), this
kind of approach would be the upper boundary limit of the
ultimate static resistance.

Figure 5 shows the linear regression of the points that
is used to extrapolate the ultimate static resistance (R).
This occurs when the straight line intercepts the x-axis.

D (m) R (kN) T (kNm) Var. R (kN) Var.T(kNm)  Var. R/Var. T (1/m)
0 0 0 0 0 0

0.0035 810.0 1.9 810.0 1.9 42632

0.0051 950.0 3.0 140.0 1.1 127.27

0.0054 1070.0 3.9 120.0 0.9 133.33

0.0072 1240.0 5.8 170.0 1.9 89.47

0.0082 1430.0 73 190.0 L5 126.67

0.0111 1610.0 11.8 180.0 45 40.00
0.0132 1730.0 15.9 120.0 4.1 29.27
0.0147 1770.0 18.6 40.0 2.7 14.81

0.0158 1790.0 21.1 20.0 25 8.00
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Figure 4 - R vs. Var. R/ Var.T graph of a driven pile.
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Figure S - Linear regression of the last five points of the R vs. Var.
R/Var. T graph of a driven pile.

The linear regression expression is described below

y=ax+b (16)

A7)
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Note that the correlation coefficient (R”) had a value
of 0.9362. According to the studies of Alves (2010), values
greater than 0.8 were found in all tests. Solving the linear
regression expression in Fig. 5, an estimated ultimate static
resistance value of 1806.8 kN can be obtained. Therefore,
the extrapolated ultimate mobilized static resistance R, is
determined by Eq. 17.

e Step 02: The R x D curve in Fig. 3 is divided into equal
maximum displacement segments (Fig. 6). The recom-
mended division value is 1 mm, as used in this example.
The values of mobilized static resistance — R, are calcu-
lated by means of interpolation. This task produces a
smoother curve in the segments where it has sudden vari-
ations in trajectory. The complementary energy values
are calculated in each segment as

L(D, +D
Vcn = Z(”ZMJX(Rn _Rnfl)'

n=l1

(18)

Table 2 presents the values for maximum displace-
ment adopted (D,) for the interpolated mobilized static re-
sistance (R ) and the calculated values, with Eq. 18, and for
the complementary energy in the analyzed segment (Vc,) of
the test.

The values of Vc, vs. Vc,_,, presented in Table 2, are
plotted in Fig. 7. After the quadratic regression of the plot-
ted points, this regression was extrapolated until it inter-
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Figure 6 - R vs. D graph divided into equal maximum displacement segments.

Table 2 - Interpolated D and R values and the calculated V.

D (m) R (kN) R (kN) Ve (kNm) Ve  (kNm)
0.0000 0.00 - 0.00 -
0.0010  231.43 0.00 0.12 0.00
0.0020  462.86 231.43 0.46 0.12
0.0030  694.29 462.86 1.04 0.46
0.0040 853.75 694.29 1.60 1.04
0.0050  941.25 853.75 1.99 1.60
0.0060  1074.29 941.25 2.72 1.99
0.0070  1212.38 1074.29 3.62 272
0.0080 139200 121238 4.97 3.62
0.0090  1479.66  1392.00 571 4.97
0.0100 154172 1479.66 6.30 571
00110  1603.79  1541.72 6.96 6.30
0.0120  1661.43 1603.79 7.62 6.96
00130  1718.57  1661.43 8.33 7.62
0.0140 175133 171857 8.78 8.33
0.0150  1776.92  1751.33 9.15 8.78

cepted the dotted line. The dotted line represents the points
at which the values of Vc, are equal to those of V¢, , i.e., a
situation in which, under the complementary energy crite-
rion, the test would mobilize the ultimate static resistance.

The quadratic equation, according to Eq. 19, is used
to determine the ultimate complementary energy (V_ ) when
the pile reaches its rupture point.

ax® +(b-Dx+c=0. (19)
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The values of “a”, “b”, and “c”, as found in the qua-
dratic regression (Fig. 7), are substituted into Eq. 19. The
unknown quantity “b” is reduced by 1 to arrive at the condi-
tion where both axis values are equal, i.e., Vc, is equal to
Ve, .

Solving the quadratic equation, Vc,, and Vc,, are
found, discarding any Ve, value that eventually is negative
or has no physical significance.

In the example presented here, by solving the equa-
tion shown in Fig. 7, a Vc, value of 10.06 kN is found.

e Step 03: Using the values obtained for the ultimate mo-
bilized static resistance and for the ultimate complemen-
tary energy of the test, it is possible to extrapolate the
remaining segment of the mobilized static resistance (R)
vs. maximum displacement (D) curve. Egs. 7 to 15 can be
used for this purpose.

Finally, by substituting the values Vc, = 10.06 kJ and
R, =1806.8 kN into Eq. 9, Eq. 12 and Eq. 15, the parameters
for the exponential, hyperbolic, and parabolic equations,
respectively (oo =~ 1179.6, D, =~ 0.0259 m, and
D, ~0.0167 m), can be obtained.

Figure 8 shows the comparison of the mobilized static
resistance (R) x maximum displacement (D) curve mea-
sured in the dynamic increasing energy test with the curves
calculated by the exponential, hyperbolic, and parabolic
equations.

6. Results and Discussions

6.1. Analyzed tests

The dynamic load tests were carried out starting with
the application of increasing dynamic axial loads, using a
free fall hammer, in different Brazilian states.

Soils and Rocks, Sao Paulo, 39(2): 177-187, May-August, 2016.
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Figure7 - Vc_,vs. Vc, graph of a driven pile with quadratic regres-
sion.
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Figure 8 - Comparison of the measured and calculated R vs. D
curves.

The data captured by the sensors fastened onto the
piles were processed by the simplified CASE method and
so obtaining R. The values of the soil damping coefficients
of the CASE method (J,) were obtained with the greater en-
ergy blow in each test, by a numerical analysis using the
CAPWAP (Case Pile Wave Analysis Program) method.
This J_ value was used to all blows of that test.

Complementary details, such as the values of the
weights of the pile-driving hammers used in the test, the
PDA (Pile Driving Analyzer) model used, the pile age (time
elapsed from pile installation and test date), the J_ values
adopted in the test analyses, the values for fall heights (H,,)
of the hammer during the test, the maximum displacement
in each hammer blow (D) measured in the test, the values
for mobilized static resistances (R) calculated by the CASE
method, and the values of maximum kinetic energy (7)

Soils and Rocks, Sao Paulo, 39(2): 177-187, May-August, 2016.

transferred to the pile, using the value of EMX given by the
dynamic load test, can be found in Alves (2010).

All of the piles were made from precast reinforced
concrete with metal splices at the ends. The concrete pre-
sented characteristic resistance (f,,) of 35 MPa. When nec-
essary, the splices of the elements were welded.

Table 3 shows the values for total length (L, ), driven
length (Lc), diameter, section area, and dynamic modulus
of elasticity of the structural elements of the studied piles.

The 21 tested piles were part of 12 different works in
7 Brazilian cities.

Free-fall pile drivers were used in all tests, with steel
hammers weighting from 18.5 to 50 kN. The driving sys-
tems were equipped with a damping system that was com-
posed of a metal helmet with a hardwood block and
plywood cushion.

6.2. Comparison of different fit equations for extrapola-
tion of the R vs. D curve

Table 4 shows the correlation coefficient values (R’)
of the three functions: exponential, hyperbolic, and para-

Table 3 - Geometric data of the piles.

Pile L, (m) Lc(m) Diam. Sectionarea Dynamic Pile
(m) (m%) Elast. Modulus
(GPa)
1 16.00 154  0.23* 0.04 26.0
2 1580 14.1 0.50 0.13 26.1
3 7.00 4.5 0.40 0.08 25.6
4 8.00 5.8 0.27%* 0.05 429
5 22.00 214  0.27* 0.05 26.1
6 11.00 9.6 0.42 0.09 31.7
7 12.00 8.7 0.42 0.09 31.7
8 13.00 115 0.33 0.06 26.1
9 14.00 125 0.33 0.06 26.1
10 1290 11.2 0.33 0.06 26.1
11 12.00 10.1 0.42 0.09 26.1
12 9.00 6.0 0.38 0.06 26.1
13 18.00 172 0.42 0.09 26.1
14 1415 73 0.40 0.08 25.6
15 7.00 5.5 0.40 0.08 25.6
16 7.00 5.7 0.27%* 0.07 429
17 8.00 6.5 0.27* 0.07 429
18 2000 187  0.27* 0.07 26.1
19  12.00 10.1 0.42 0.09 31.7
20 13.00 11.0 0.38 0.06 30.0
21 11.50 1035  0.30 0.07 25.6

(*) = dimension of the side of the piles of square sections.
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Table 4 - R’ values of the exponential, hyperbolic, and parabolic
functions.

Pile Values of R’
Exponential Hyperbolic ~ Parabolic

1 0.935 0.948 0.776
2 0.975 0.913 0.880
3 0.983 0.943 0.919
4 0.925 0.968 0.556
5 0.929 0.827 0.888
6 0.962 0.944 0.913
7 0.968 0.884 0.856
8 0.923 0.901 0.769
9 0.824 0.679 0.719
10 0.379 0.175 0.151
11 0.954 0.908 0.925
12 0.818 0.784 0.859
13 0.931 0.929 0.918
14 0.966 0.880 0.867
15 0.899 0.877 0.936
16 0.541 0.670 0.378
17 0.374 0.520 0.714
18 0.891 0.820 0.856
19 0.818 0.784 0.859
20 0.851 0.657 0.675
21 0.756 0.721 0.787
Mean 0.923 0.877 0.856
Standard Deviation 0.180 0.190 0.200

bolic curves targeting the best fit for all of the pile load
tests. The R’ values in bold face are the ones that presented,
among the three functions, the value closest to 1, i.e., the
function that presented the best fit in a particular pile.

It was observed that in 13 of the 21 studied piles, the
best fit function for the R vs. D curve was the exponential
function. Only five piles had the best fit for the parabolic
function, and three piles had the best fit for the hyperbolic
function.

Three tests call the attention in Table 4 by the lowest
values of R’. Test 10 presented a sudden rupture and tests 16
and 17 still presented a “very linear” behavior in the last
stage of the test. As said before, in this situations any ex-
trapolation method is not efficient in predicting the ultimate
static resistance, and this the reason for lower R’ values.

Among the three studied functions, the mean of the R’
values that presented the value closest to one was also the
exponential function. Moreover, this function was shown
to have the lowest standard deviation of the studied func-
tions.

6.3. Different ultimate load criteria applied in the R vs.
D curves

The dynamic increasing energy tests were used in this
analysis. The tests were conducted until the point of pile-
soil rupture, however, to use the rupture criteria to estimate
the R , only the results obtained after one hammer blow be-
fore pile rupture were considered. The piles (listed in Ta-
ble 3) used in the present comparison were 02, 10, 11, 18,
20, and 21 because they mobilized the ultimate static resis-
tance.

To compare the proposed method (SEM-CASE
method), Table 5 presents the ratio of calculated R, to mea-
sured R, for the conventional methods that are usually ap-
plied for static load testing — SLT. All predictions were
made using the same “R vs. D” curve measured in the dy-
namic increasing energy test.

Table 5 - Values of the ratio of calculated R, to measured R, for the extrapolation criteria of R, for SLT and the SEM-CASE method of

Piles 2, 10, 11, 18, 20,and 21.

Criterion/Pile R, Calculated/ R, Measured
2 10 11 18 20 21

Van der Veen (1953) 1.154 1.001 1.078 1.082 1.204 1.008
80% Brinch Hansen (1963) 0.888 0.809 0.956 N/A N/A N/A
90% Brinch Hansen (1963) 0.999 0.91 1.076 N/A N/A N/A
Chin (1970) 1.462 1.107 1.389 N/A 2.564 1.344
Mazurkiewicz (1972) 1.07 1.024 1.097 1.111 N/A 1.083
Massad (1986) 1.066 1.452 1.139 1.544 1.573 1.074
Décourt (1996) 1.446 0.929 1.399 N/A 2.483 N/A
SEM-CASE 1.042 1 1.004 1.042 1.043 1.025

N/A = not available.
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Figure 9 shows a 3D bar graph comparing all of the
criteria shown in Table 5. It shows that the SEM-CASE
method had the lower variation in the ratio of calculated R,
to measured R,. The SEM-CASE presented a better predic-
tion to all piles with relations “calculated/measured” very
close to one. The predictions using the criteria of Van der
Veen (1953), Brinch Hansen (1963) and Mazurkiewicz
(1972) had a good behavior to this set of piles. The methods
of Chin (1970), Massad (1986) and Décourt (1996) pre-
sented a higher variability, overpredicting in most of the
cases.

7. Conclusions

This paper presents a new method, the Simplified Ex-
trapolation Method of the Simplified CASE Method
(SEM-CASE), to extrapolate the mobilized static resis-
tance (R) vs. maximum displacement (D) behavior based on
the complementary energy criterion. This method is mainly
applicable to precast concrete piles and was calibrated with
dynamic increasing energy tests.

With respect to the presented analyses, the following
should be noted:

* The SEM-CASE method can be easily used and has an
acceptable theoretical basis.

¢ The estimated values of the ultimate static resistance, ob-
tained by the SEM-CASE method, were similar to the
measured values, with an error below 10%.

* By evaluating three different functions (exponential, hy-
perbolic, and parabolic functions) to reach the best fit
with the test, it was noted that the exponential function
obtained better results in more than 60% of analyzed
cases.
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Figure 9 - Bargraph of the ratios of calculated R, to measured R,
for all compared methods.
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e The ability of classical methods to predict the ultimate
load in static load tests was compared with the proposed
SEM-CASE method. In the six presented dynamic load
tests, the SEM-CASE resulted in better predictions that
were closer to the ultimate measured resistance.

* The presented method was tested with a set of concrete
driven piles. However, the same concept is surely valid
for steel piles, since load tests on these piles normally
present a well defined static resistance (R).

e As any other extrapolation method, the SEM-CASE
method is applicable to tests that are gradually converg-
ing to the ultimate static resistance with a well-defined
vertical asymptote.
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List of Symbols

a, b, c: parameters of regressions

A: cross-sectional area of pile

c: velocity of wave propagation
CAPWAP: Case Pile Wave Analysis Program
D, D,, D,: displacement

D,: maximum displacement

DIET: dynamic increasing energy test
E: elastic modulus of pile material
Ft,, Ft,: values of forces

H,,: fall heights of the hammer

J.: dynamic damping coefficient

Lc: pile driven length

L, pile total length
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PDA: Pile Driving Analyzer

R, R: mobilized static resistance

R, maximum resistance

R’: values of correlation coefficient

S : maximum permanent penetration

t, t,: time

T: total kinetic energy in the system

T : complementary kinetic energy

T, maximum complementary kinetic energy
T : maximum kinetic energy

vt,, vt,: values of velocity

V: potential energy in the system

V_: complementary potential energy

V.. maximum complementary potential energy
V. elastic strain energy

V: potential energy

W: work

W_: work of the final damping forces

W : work done by non conservatives forces
o curve shape coefficient

d: variation in the time interval (¢,-¢,)

AD, AD,, AD,: displacement increment or variation
AR : resistance variation

AV, AV,, AV,: energy variation

Appendix: Calculation of Complementary
Energy When Using Different Fit Equations
As different fit equations could be used to represent
the mobilized static resistance (R) vs. Displacement (D)
curve, as shown in Fig. 2, this appendix explain how the
complementary energy (V) is calculated in the three used

functions in this paper: exponential, hyperbolic, and para-
bolic functions.

A) Exponential function

Based in Van der Veen (1953), Aoki (2000) proposed

to express R x D relationship as:
R=R,(1-¢“") (20

where R, is the maximum resistance and o is a curve shape
coefficient.

The potential energy (V) would be the integral of
Eq. 20 from the origin to a generic value of “D”:

D D D
14 :j R,(1—e"“?)dD =j RudD—I R, (e"“")dD  (21)
0 0 0

V, =R, [D—lu—e“‘”)} (22)
o

The complementary energy can be calculated as:
V.=RD-V._. (23)

Using the result of Eq. 22 in Eq. 23, results:
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R
V.=RD-R,D+-“(1-e ") (24)
a
and changing the value of “R” by Eq. 20, results:
R
v;:("jp—a+a0y‘”} (25)
o

When D tends to large values of displacement, the
limit complementary energy (V) can be expressed as:

v =t (26)
o
B) Hyperbolic function
Using a hyperbolic relation between R x D:
D 2
R=R, 1—(1—} 27
DM

where R, is the maximum resistance and D, is maximum
displacement
This equation could be rewritten in different form:

2
b [l_ /I_R}
u RZ

In this form, the complementary energy (V) would be
the integral of Eq. 27 from the origin up to a generic value
of resistance (R):

(28)

Ru (29)
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Du R 2 _p2 RZ . i
V. _D”R_R {(2\/& R )+[ 5 arcsm(R jﬂ (30)

u u

Replacing R by R, the limit complementary energy
(V_) can be expressed as:

cu

V.=D,R, [1 —;arcsin(l)} 3D
or approximately:
V. =0215D,R,. (32)

C) Parabolic function

Using a parabolic function where D would be propor-
tional to the square of R, the relationship could be expressed
as

(33)

The complementary energy (V,) would be the integral
of Eq. 33 from the origin up to a generic value of resistance

(R):

D. TRQdRz DR
R %

V‘ =
‘ 3R;

(34)

Replacing R by R, the limit complementary energy
(V) can be approximately expressed as:

D R
V — uu.

35
w =y (35)
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Geotechnical Parameters for the Variegated Soils of Sao Paulo
Formation by Means of In Situ Tests

M. Caldo, F. Massad

Abstract. The purpose of this paper is to present geotechnical parameters of the variegated soils from the Sdo Paulo
Formation, aiming in particular to establish correlations between stress history parameters, earth pressure coefficients at
rest, deformability modules and resistance obtained through piezocone and dilatometer tests. The performance of in situ
tests has, as the major advantage over laboratory tests for obtaining soil parameters of the project site, minimization of
sample disturbance effects. Using data from geotechnical investigation carried out during the basic design of the Green
Line expansion for the Metrd - SP it was possible to obtain preconsolidation pressure (c° ), over consolidation ratio (OCR),
earth pressure coefficients at rest (K,), Young’s module (E), initial shear module (G,), constrained module (M) and
undrained shear strength (s,) for the variegated soils of the Sdo Paulo Formation. These soils are characterized by
interlayered levels of clays and sands, constituting a characteristic with different geotechnical parameters and perched
water tables. These characteristics explain some of the knowledge gaps on these soils. Nevertheless, it was possible to
validate the correlations between earth pressure coefficients at rest (K,), over consolidation ratio (OCR), Young’s module
(E), undrained shear strength (s,) and preconsolidation pressure (c”°,) through field tests and the results of laboratory testing
conducted by other authors.

Keywords: site investigation, dilatometer, piezocone, correlations, soil parameters.

This paper presents the results of important geologi-
cal and geotechnical investigations of variegated soils from
the Sdo Paulo Formation carried out during the basic design
of the Green Line expansion for the Metr6 - SP. These re-
sults cover soil parameters, such as earth pressure coeffi-
cients at rest (K;) over consolidation ratio (OCR), pre-
consolidation pressure (G’,),Young’s module (E), initial
shear module (G,), constrained module (M) and undrained
shear strength (s,) obtained from the piezocones and the
dilatometers carried out in twelve sites, numbered from 1 to
12. In order to validate the data obtained from this investi-
gation, a comparison is made with the results of previous

1. Introduction

Nowadays, the biggest cities in the world need more
investment in infrastructure, particularly in large capacity
public transportation, such as trains and subways. For such
projects, and their execution, there is increasingly demand
for safety and efficiency. For this reason, in situ tests have
proved hugely advantageous, allowing information to be
gathered on site, thus increasing overall safety and effi-
ciency, whilst simultaneously decreasing uncertainty and
minimizing costs.

Tunnel construction carried out by Companhia do
Metropolitano de Sao Paulo (Metr6 - SP), the state subway
company of Sao Paulo State (Brazil), provided the opportu-
nity to perform a comprehensive program of in situ tests,
such as the piezocone (CPTu) and the dilatometer (DMT),
both of which are still not frequently used in Brazil, espe-
cially in the soils from Sdo Paulo Sedimentary Basin.

Soils from Sao Paulo Sedimentary Basin comprise
mostly the Sdo Paulo and Resende Formations. Whilst
many studies about the Sdo Paulo Formation have been
conducted, there is still a lack of information about some
properties of the soils from Sao Paulo Sedimentary Basin.
The most comprehensive and critical synthesis of knowl-
edge on these soil properties to date can be found in Massad
(2012).

studies for the Sao Paulo Formation.

2. Studied Area

The geological and geotechnical investigations were
carried out during the basic design of the Green Line expan-
sion for the Metr6 - SP, located in east of Sdo Paulo, Brazil
(Fig. 1).

Soils from Sao Paulo Sedimentary Basin, which was
formed by the Brazilian Southeast Continental Rift during
the Paleogene Period, are comprised mostly of the Resende
and Sao Paulo Formations. The Resende Formation is char-
acterized by distinct packs of sand (known as basal sands)
and stiff overconsolidated clays (locally known as “ta-
gud”).
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Line 2
Sio Paulo Metrd SP

Figure 1 - Location of the studied site.

The Sao Paulo Formation is a depositional environ-
ment associated with fluvial meanders, comprising the var-
iegated soils, and generally overlaid by a porous red clay.
According to Massad (2012), the variegated soils are highly
weathered sediments deposited in alternating layers of sand
and clay, and are very heterogeneous. Their engineering
properties vary widely due to the occurrence of very differ-
ent types of soils, such as sands, clayey fine sands and
sandy clays with silts. The clay content ranges from 20 to
80%. The activity index averages 0.65. In general, these
soils are overconsolidated, but the preconsolidation pres-
sure is not correlated with the weight of current or past
overburden pressure. Massad et al. (1992) speculated that

0T 01

successive sedimentation cycles, associated with the drying
of the soil, have affected the preconsolidation pressures
through capillary tensions, which are greater for the finer
the soil particles, or that there was a chemical cementation
of the soil particles as a result of pedological evolution.

The Green Line extension (Line 2) crosses the Tiete
River and streams of east Sao Paulo. Thus, there are many
different hydrogeological conditions with regard to the Sdo
Paulo Basin. An example of this would be the perched wa-
ter tables present in the upper soil layers. These are inde-
pendent water levels that cause changes in the value of pore
pressure along depth in each region and, due to the inter-
leaving of sands and clays, suction may arise in the unsatu-
rated parts of the subsoil. Their presence would cause the
porous stone of the piezocone to lose its saturation, made
with glycerin, adversely affecting the pore pressure mea-
surements and any analysis of soil parameters that depend
on it. This will be evidenced in analyzes presented along
this paper.

As an example, Figs. 2-c and 3-c show the direct pa-
rameters of the CPTu and the intermediate parameters of
the DMT, and the geological profiles of sites 1 and 3. The
latter show perched water tables.

In both figures, the letters signify:

(a) g, and g, - measured and corrected cone tip resistances
(from CPTu);

(b) f- sleeve friction (from CPTu);

(c) u,- pore pressure measured at the base of the cone (from
CPTu);

u "B
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Figure 2 - Typical results from CPTu (a, b, ¢) and DMT (d, e, f) tests from Site 1.

190

Soils and Rocks, Sao Paulo, 39(2): 189-200, May-August, 2016.



Geotechnical Parameters for the Variegated Soils of Sdo Paulo Formation by Means of In Situ Tests

0 0
< [B} 51 IEHEHE
N , _!:Lﬁ%] i —id l
2 C = 2 ‘ 2 =
> |
3+ f-—. 3+ l| - 3 % i
4+ 5 4 F 4 4
K I |
| nyg ’ |
6 6 6
> | ‘ |
7 ﬂ_, 7 A 7+ 7 ( 7 p |
. R S 84— = s < 8 8 >
; < —
.. Silty clay : i { | 5 L. 5 2! 9 /’ 5 |
‘3 E = = S S |||
10 10 “IJ 10 10 S 10 B |
1 ‘ 1 1" 11 |
12 . 12 S 12 12 > |
- L
~
a;.rdqy sany \ E?:l . EI 4 |
]m 134 San I 14 T —r 14+ = i 14 (a] 14 ,_,_i
15 15 | | 15 15 15 |
Clayey sandy | -
16F  (media sand) 16 3 | 16 16 16 |
17 17 17 45 | 17 17 17 |
[} |
18 18 18 fudy : 18 snt 18 18 4
0 10000 20000 100 200 300400 500 -20 0 20 40 60 80 0.1 10 10.0 10 20 10 20 30 40 50 60 70
Qc, q: (kPa) f; (kPa) u (kPa) In Kp Ep

Figure 3 - Typical results from CPTu (a, b, ¢) and DMT (d, e, f) tests from Site 3.

(d) 1, - material index (from DMT);
(e) K,- horizontal stress index (from DMT);
(f) E, - dilatometer modulus (from DMT).
For other symbols, see the appended list of symbols.

3. Piezocone and Dilatometer Tests -
Theoretical Background

The in situ tests have the advantage of being easy to
conduct and involve the soil at the construction site. These
characteristics give the tests more reliability.

The piezocone (CPTu) consists of an instrumented
cone provided with a porous stone that is pushed into the
ground at a controlled rate (speed of 20 mm/s £ 5 mm/s), al-
lowing us making it possible to obtain relevant soil parame-
ters through the measurement of the tip resistance (q,), the
lateral friction (f,) and the pore pressure (u,) generated dur-
ing the process.

The flat dilatometer, or DMT, is a device used to de-
termine the soil in situ lateral pressure and soil lateral stiff-
ness. The test involves driving into the ground a flat blade
with a steel membrane that is then expanded. Measure-
ments of the corresponding pressure and deformation are
taken, permitting the determination of relevant soil parame-
ters.

3.1. Piezocone

Empirical equations were taken from the literature in
order to obtain design parameters such as earth pressure co-

Soils and Rocks, Sao Paulo, 39(2): 189-200, May-August, 2016.

efficients at rest (K,) , overconsolidation ratio (OCR), pre-
consolidation pressure (c”), Young’s module (E,), con-
strained module (M), initial shear module (G, and
undrained shear strength (s,).

Two criteria were used in selecting the empirical
equations: a) to avoid those that depend on the pore pres-
sure, due to the aforementioned effect of the perched water
table; and b) to validate the results through comparisons
with laboratory test findings.

The preconsolidation pressure (o)) was estimated
through the Kulhawy & Mayne (1990) equation, given by:

o', =0333(¢, -0,,) (1)

For cohesive soils, it was possible to correlate E, with
the piezocone results, as in Eq. 2:

(2

and, as far as the initial shear module is concerned, applica-

tion was made of the equation:
G, =50(¢g, -0,,)

from Watabe et al. (2004).
The undrained shear strength varies, as demonstrated
in the following:

E, =a(q, -0,,)

3)

=(qt _GvO)

4
“ N “4)

s
kt

The empirical parameters o and N,, were set below.
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The over consolidation ratio, defined through the re-
lation between ¢’ and ¢”

%
OCR= )

'
GVO

is relatively easy to obtain when the soil is sub-
merged. However, for the variegated soils its determination
is very difficult due to the aforementioned perched water
tables and their effect on pore pressure. It therefore be-
comes necessary to make use of cones to measure, either di-
rectly or indirectly, the suction. This issue is currently
being investigated by Giacheti (2015) in his research on the
use of tip TDR (Time Domain Reflectometry) to evaluate
the suction effect in the CPTu results. A method adapting
this tip for use in conjunction with piezocone - measuring
the suction in unsaturated soil - was presented by Esquivel
& Vaz (2009).

3.2. Dilatometer

With regard to the DMT, the preconsolidation pres-
sure values were obtained from OCR and the in situ vertical
effective stress, as follows:

o', =0CRg',, 6)

Kamei & Iwasaki (1995) performed several tests in
Japanese clay soils and proposed Eq. 7 to estimate the OCR.

OCR=034K5% =(047K,)"* )

The OCR can also be calculated from Egs. 8 and 9, of
Marchetti (1980) and Lunne et al. (1989), respectively.

OCR=(05K )" (®)
OCR=(027K,)"" ©)

The choice of the equation that is best suited to varie-
gated soils will be made later.

The earth pressure coefficient at rest (K,) was esti-
mated by the equations of Powell & Uglow (1988), Lacasse
& Lunne (1988) and Lunne et al. (1990) for aged clays,
given by:

Su

K, =(04K,)"*  for >08 (10)

!

Gv 0

It also is possible to calculate K from Marchetti
(1980):

K 0.47
K,=|=2| -06
15

For the initial Young’s module (E) the following
equation, from Robertson et al. (1989) and Campanella et
al. (1985), was used:

L

E=F-E, (12)
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In this equation the conversion factor (F) was taken as
equal to 5 for cohesive soils, and 2 for sandy soils.

For the initial shear modulus (G,) Lunne et al. (1990)
proposed the Eq. 13 for cohesive soils, that was adopted for
the variegated soils:

G, =0K, 0o, (13)

with o varying from 75 to 150. For the variegated soils a
figure of 112.5 was adopted.

Finally, the determination of the undrained shear
strength (s,) was calculated by means of Eq. 14 from Mar-
chetti (1980):

s, =0226",(05K,)"* (14)

4. Results and Analysis

Analyzing the twelve sites, it was possible to con-
clude that the subsoil is very heterogeneous, confirming the
already mentioned extreme heterogeneity of the variegated
soils, comprising alternating layers of sandy clays, and
clayey sand with silt fractions. However, the horizontal
stress index (K,) revealed values higher than two, confirm-
ing the overconsolidation of the variegated soils, already
mentioned in the literature.

Site 5 showed different results, potentially indicating
a geological anomaly or problems in carrying out the tests.
In order to avoid distortion of the data; it was disregarded.

For illustration purposes, the graphical representa-
tions with respect to depth of soil parameters obtained from
the CPTu and the DMT are shown in Figs. 4 and 5, for sites
1 and 3 respectively.

The results obtained from the analysis of the sites are
presented in Tables 1 and 2. The most reliable test was cho-
sen to give each parameter, so as not to depending on the
value of poropressure. In some cases, DMT and CPTu val-
ues were considered together.

From the analysis of the data presented in Table 1 it
can be concluded that:

» The values of the preconsolidation pressure ranged be-
tween 100 and 5000 kPa;

e The OCR values ranged between 1 and about 40. The
values below 1, associated with K, lower than 2, were
disregarded; and

e The values of the earth pressure coefficients at rest var-
ied between 1 and 3.9.

In the same way, from the analysis of the data in
Table 2 it can be concluded that:

e The range of undrained shear strength values (s,) was
15-600 kPa;

* The Young’s module (E,) from CPTu data showed varia-
tion between 6 and 300 MPa and, from the DMT data,
between 1 and 300 MPa;

e The initial shear module values (G,) from CPTu tests
varied between 15 and 600 MPa; and

Soils and Rocks, Sao Paulo, 39(2): 189-200, May-August, 2016.
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The constrained module (M) values from CPTu tests
ranged between 2.5 and 200 MPa. The values from DMT  Table 3 to determine the range of values of geotechnical pa-
varied from 2 to 200 MPa.

Silty clay

ayey sandy
(media sand)

The results obtained in these tests are summarized in

Clayey sandy
E  (media sand)
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Table 1 - Values from ¢’ , OCR and K| from the investigated sites.

Sites o, (kPa)-CPTu  OCR-DMT K, - DMT
1 200-1500 1.3-13 1-2.4
2 120-2700 1-8 1-2.1
3 400-4200 1-12 1-3.3
4 100-5000 1-8 1-2.4
6 250-3000 1.3-18 1-3.7
7 400-3800 1.9-12 1.1-2.4
8 250-3000 2.6-16 1.3-2.6
9 250-2800 1.1-29 1-3.2
10 150-2800 2230 1.2-3.9
11 270-2800 1-17 1-2.6
12 100-2800 1.1-40 1-4.3

vealed by the figures given in Table 3 is a result of the
previously mentioned heterogeneity of variegated soils.

4.1. Earth pressure coefficients at rest (K,) and over con-
solidation ratio (OCR)

To establish a relationship between earth pressure co-
efficients at rest (K;) and over consolidation ratio (OCR)
from DMT results, the corresponding pair of equations pro-
posed by Marchetti (1980) (Eqs. 8 and 11), Lunne et al.
(1998) (Eq. 9), Lunne ef al. (1990) (Eq. 10) and Kamei &
Iwasaki (1995) (Eq. 7) were combined through K. The re-
sults from the combinations are:

K, (Eq. 11 of Marchetti, 1980) and OCR (Eq. 8 of
Marchetti, 1980):

K, =1140CR"™ -06 (15)

K, (Eq. 10 of Lunne et al., 1990) and OCR (Eq. 7 of
Kamei & Iwasaki, 1995):

Table 2 - Values from s

u

E, G, and M from the investigated sites.

Table 3 - Values of relevant parameters from the investigated
sites.

Parameter  Range of values Other authors

o’, (kPa) 100-5000 100 e 1500 kPa (Massad, 2012)
OCR 1-40

K, 1-4.3 3.5 (Pinto & Abramento, 1998)
s, (kPa) 15-600

E, (MPa) 1-300

G, (MPa) 15-600

M (MPa) 2-200

K, = 0.920CR"* (16)
K, (Eq. 10 of Lunne et al., 1990) and OCR (Eq. 9 of
Lunne et al., 1989):

K, =1230CR"* a7)

To assess which of the three Egs. 15, 16 or 17 has the
better outcome for the variegated soils. These equations are
presented on Fig. 6 together with one K, value determined
using the self-boring pressuremeter (Camkometer type) re-
ported by Pinto & Abramento (1998) from the variegated
clays of Ibirapuera, Sao Paulo.

As a result, it can be concluded that for the DMT,
Eq. 16 fits fairly well the variegated soils: it is close to the
point of Camkometer (Abramento & Pinto, 1998). It refers
to the equations of Lunne et al. (1990) for K, and Kamei &
Iwasaki (1995) for OCR. A similar result was obtained by
Massad (2012) for the “tagud” of the Resende Formation.

Sites 5, (kPa) E, (MPa) G, (MPa) M (MPa)

CPTu CPTu DMT CPTu CPTu DMT
1 30-220 10-100 15-160 30-220 5-40 3.5-65
2 19-400 7-190 1-200 19-400 3-80 4-100
3 60-600 24-300 8-200 60-600 10-200 2-110
4 15-600 6-300 5-200 15-600 2.5-200 2-150
6 35-400 15-200 17-200 35-400 5.9-100 10-200
7 60-600 25-100 11-140 60-600 10-100 10-80
8 40-400 15-200 130-300 40-400 40-100 60-150
9 40-400 15-150 5.5-200 40-400 6.5-60 15-100
10 40-400 15-200 10-200 40-400 6-80 5-100
11 40-400 15-200 10-200 40-400 7-100 5-80
12 15-400 6-140 8-250 15-400 2.5-80 15-110
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Figure 6 - Correlation between K and OCR.

4.2. Young’s modulus (E) and the undrained shear
strength (s,)

To define which equations best fit with the variegated
soil in relation to initial Young’s modulus (£,) and the un-
drained shear strength (s,), the equations from CPTu were
compared with triaxial test data (consolidated undrained)
carried out on samples of variegated soil of Clovis Bevilac-
qua Square, during construction of the Metro Blue Line-SP
and presented by Massad (1980) and Massad et al. (1992).
The comparison between the results is presented in Fig. 7.

As regards the results of laboratory tests (triaxial CU)
conducted on variegated soil samples, these authors re-
ported a range of values for the ratio E/s, between 300 and
600, with an average equal to 400 or 0.40 if one takes into
consideration E, in MPa and s, in kPa.

As far as the parameters E, and s, are concerned, the
following procedure was adopted:

* s, values were estimated using Eq. 4, with N,, = 20, to be
justified further on; and

e E values were estimated from Eq. 2, with a determined
by comparison with results of laboratory tests (Clovis
Bevilacqua Square). In fact, combining Eq. 2 with Eq. 4
results in:

i

E.
=200 or a=—- (18)
) 20s

u u

As the laboratory average of E/s, is equal to 400, it
was possible to obtain:

400

o=—0=20 19
50 (19)

Figure 7 shows the ratio E/s, from the CPTu of the
twelve test sites together with the laboratory range of 300 to
600, for comparison.

For dilatometer tests the parameter s, depends on ¢’
(Eq. 14) which, in turn, is affected by the aforementioned
uncertainty in the value of the pore pressure, due to the
perched water tables. This uncertainty has caused a great
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Figure 7 - Correlation between E, e s, from CPTu and DMT tests.
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Figure 7 (cont.) - Correlation between E, e s, from CPTu and DMT tests.

dispersion in the s, values and therefore they are not shown
in Fig. 7.

4.3. Undrained shear strength (s,) and preconsolidation
pressure (c°))

To define which equations best fit with the variegated
soil in relation to the undrained shear strength (s,) and
preconsolidation pressure (c”), the equations from CPTu
and DMT were compared with laboratory tests (triaxial
CU) presented by Massad (1980 and 2012).

For dilatometer tests the following equations were
used:

a) Equation 14 from Marchetti (1980) to determine
the undrained shear strength (s ); and

b) Equation 6 from Kamei & Iwasaki (1995) to deter-
mine preconsolidation pressure (G’ ).

Extracting the K, from Eq. 6 and replace it in Eq. 14
one can get the following expression:

s, 029
o', OCR""

P

(20)

The OCR depends obviously on ¢’ and is therefore
affected by perched water table problems. But fortunately
the OCR exponent in Eq. 20 is small, which makes the rela-
tionship s,/c’, relatively constant and independent of ¢’ .
This is demonstrated by the graphs shown in Fig. 8. It there-
fore follows that the ratio s,/c’, ranges between 0.16 and
0.20 for DMT data.
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For the piezocone tests the Eqs. 4 (N, = 20) and 1
(K, = 0.333) were used for determining s, and G’ , respec-
tively. Based on these equations it is easy to establish the
following relationship:

oo Lo b s
o K -N, 033-02

P 1 kt

2

also included in the graphs of Fig. 8.

Massad (1980 and 2012) showed that for the varie-
gated soil of the S@o Paulo Formation the ratio ¢’/c”, = 0.10
is valid, where ¢’ is the effective cohesion intercept from
CU triaxial tests in the overconsolidated range. As it is well
known, in this range, the strength envelopes in terms of
effective and total stresses practically coincide (see, for ex-
ample, Pinto, 2000). Then, s“/cs’p =~ (.10, which was in-
cluded in Fig. 8 under the heading “Laboratory” and can be
taken as a lower limit of this ratio, due to soil disturbance in
laboratory tests.

As a result of this analysis, it is possible to conclude
that the ratio s /c’, varies between 0.16 and 0.20 for the
DMT data, averaging 0.18 with a standard deviation of
0.013.

Reporting referring again to Fig. 8, the ratio s/c’,
from CPTu data ranges from 0.10 to 0.20, with the value of
0.15 in an intermediate position. This result can be consid-
ered a validation of the value of N, =20 of Eq. 18, adopted
in the analysis.
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Figure 8 - Correlation between ¢’ and s,.

4.4. Initial shear module (G,) and preconsolidation pres-
sure (¢’,)

To correlate the initial shear module (G,) with pre-
consolidation pressure (¢’ ) Fig. 9 was prepared.
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For CPTu data Eq. 3 from Watabe et al. (2004) was
adopted to estimate the G, and Eq. 1 to estimate ¢°, with K,
equal to 0.33. It is easy to see that the ratio
G,/o’,=50/0.333 =150 or 0.15 if the G, are in units of MPa
and ¢’ in kPa.
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Figure 9 - Correlation between G, and 6” .

To determine G, and o, from DMT data, Egs. 6, 7
and 13 were used. As previously mentioned, the G, and ¢’
for dilatometer tests depend on ¢’ , with all aforementioned
perched water table problems. Manipulating these three
equations, it was possible to arrive at the following expres-
sion:

G, 5262
s/, (OCR"

V4

(22)

Similar to Eq. 20, there is a marked influence of ¢’
but still relatively small in relation to G/’ . The graphs in
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Fig. 9 show that this ratio varies from 0.10 to 0.20, with the
figure of 0.15 from CPTu data in an intermediate position.

5. Conclusions

A comprehensive study of the variegated soils, with
peculiar characteristics, has become necessary in view of
its widespread occurrence in the central areas of the Sdo
Paulo City.

Based on in situ CPTU and DMT tests and on empiri-
cal equations taken from the literature, it was possible to ar-
rive to some conclusions concerning stress history (o’
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OCR and K,), deformability modules (E, M and G,) and un-
drained shear strength (s, ).

It became clear that the parameters K and OCR from
DMT data may be estimated using, respectively, the equa-
tions of Lunne et al. (1990) and Kamei & Iwasaki (1995). It
was then possible to determine the correlation between
these two parameters, resulting in K, = 0.920CR"". This
correlation was validated with a K, value given by a test
made with the pressuremeter (Camkometer) at the base of a
stiff variegated clay layer in Ibirapuera, Sao Paulo.

The correlation between undrained shear strength (s,)
and preconsolidation pressure (¢’ ), obtained through the
DMT data, was set using the Marchetti (1980) and Kamei &
Iwasaki (1995) equations, respectively. This led to values
between 0.16 and 0.20 for the ratio s,/c’,, practically the
same as that indicated by Massad (2012) for “tagud” from
the Resende Formation. In addition, Massad (1980 and
2012) found that 5,/ 6°, = 0.10 for the variegated soils of
Sao Paulo using triaxial laboratory tests. As far as the CPTu
data are concerned, aratio s, /c”,=0.15 was achieved adopt-
ing N, equal to 20 in the equation s, = (¢,-c,,)/N,, i.e., the
formula of the cylindrical cavity expansion. These findings
were taken as a validation of the empirical factor N,.

The correlation of initial shear modulus (G,) with pre-
consolidation pressure (¢”,) from DMT data was obtained
applying the Lunne et al. (1990) equation (for G,) and the
Kamei & Iwasaki equation (1995) (for OCR and then ¢ ).
Although both parameters depend on ¢’ with all the al-
ready mentioned perched water table problems, it was
shown that the ratio G/c’, varied in a relatively narrow
range, 0.10 to 0.20. On the other hand, for CPTu data, using
the Watabe et al. equation (2004) for G, and the Kulhawy
& Mayne equation (1990) for ¢’ , it was possible to obtain
G/o’, = 0.15, an intermediate value between the former
range of 0.10 to 0.20.

For the correlation between the Young’s modulus (E,)
and undrained shear strength (s,) the Kulhawy & Mayne
equation (1990) (for E)) and the formula of the cylindrical
cavity expansion (for s,), with N,, = 20 were applied to the
data of CPTu. Imposing E/s, = 400, the average value ob-
tained in laboratory by Massad (1980) and Massad et al.
(1992), it was possible to conclude that oo = 20 in the
Kulhawy & Mayne equation (1990) E'= a(q, - ©,,).

Finally, as a general conclusion, despite the extreme
heterogeneity of the variegated soils, comprising alternat-
ing layers of sandy clays, and clayey sand with silt frac-
tions, well defined correlations were obtained, consistent
with results presented in the technical literature, confirming
the potentiality of the piezocone and the dilatometer tests.
However, future research should provide accurate mea-
surements of the pore pressures, particularly the suction in
layers of partially saturated soils, which can occur at differ-
ent depths due to the occurrence of perched water tables,
particularly in the upper parts of the Sdo Paulo Formation.

Soils and Rocks, Sao Paulo, 39(2): 189-200, May-August, 2016.
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E,: Dilatometer modulus (from DMT)

[ Sleeve friction (from CPTu)

F: Constant of Eq. 12

G,: Initial shear module

1,: Material index (from DMT)

K,: Constant equal to 0.333 of Eq. 1

K,: Earth pressure coefficients at rest

K,: Horizontal stress index (from DMT)

M: Constrained module

N,: Empirical factor of Eq. 4

OCR: Over consolidation ratio

q. : Measured cone tip resistances (from CPTu)
q,: Corrected cone tip resistances (from CPTu)
u,: Porepresure measured at the base of the cone (from
CPTu)

s,: Undrained shear strength

o Constant of Eq. 2 or 13

o’ Preconsolidation pressure

o’ : In situ vertical effective stress

G, In situ total vertical stress
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Mechanical Behavior of Basaltic Rocks from Serra Geral
Formation Used as Road Material in Santa Catarina State,
Brazil

A.C.R. Guimaraes, L. M.G. Motta, M.L.A. Arédes

Abstract. This work presents physical, petrographic and mechanical characteristics of basalt aggregates from Serra Geral
Formation in the State of Santa Catarina, Brazil, used as layers of simple graded crushed stone in pavement. The simple
graded crushed stone chosen for the study was obtained from a quarry in the municipality of Sdo José do Cerrito/SC,
located in the mountainous region of Santa Catarina. The aggregates of this quarry were used to pave a segment of highway
BR-282/SC from 2002 to 2006. This study presents the results of thin section analysis, which identifies the mineralogical
composition of the material and clarifies aspects associated with the rock texture. In addition, resilient modulus tests are
conducted, followed by numerical evaluation of the pavement’s structural behavior, field evaluation of elastic
displacement with Benkelman beam testing, and comparison of the results. The entire highway segment was monitored
throughout its implementation and was determined to be in good condition. The material used offers good performance as a

pavement layer. Moreover, the methodology used for the design presents good correlation with the field tests.
Keywords: basaltic, Serra Geral formation, pavements, resilient modulus.

1. Introduction

The Serra Geral Formation, covering much of the
southern region of Brazil and extending through parts of
Séo Paulo, Mato Grosso do Sul and Minas Gerais states, in-
cludes the known world’s largest occurrence of Earth fis-
sure basaltic magmatism. This formation caps the Parana
sedimentary basin and is approximately 1,000 m thick in
some sections. Owing to its immensity, this formation is an
important element of study for Brazilian geotechnical engi-
neers.

Accurate characterization of these basalts is impor-
tant for the implementation of major geotechnical works
because changes in this material can often pose engineering
problems.

Characterization of the aggregate used in road paving
is accomplished through physical and mechanical tests. Al-
though not common for this purpose, thin section analysis
can greatly contribute to understand the test results. The
Serra Geral Formation is a source for asphalt aggregates
used in layers of dry-bound macadam sub-base and simple
graded crushed stone base in addition to asphalt mixtures
for road paving in that region of Brazil.

Most of the Serra Geral Formation is characterized by
a simple volcanic sequence represented by a wide predomi-
nance of basalt (97% in volume) and diabase dikes of ap-
proximately 133,000 years old. These rocks are dark gray

to black, have very fine to medium granulation and are
hypo crystalline, massive or vesicular. To a lesser extent,
this formation presents a sequence of acidic rocks repre-
sented by rhyolites and rhyodacites with intermediate
volcanic rocks including andesites and porphyritictra-
chyandesites (Schneider et al., 1974). Figure 1 shows a
geological map of Brazil, in which the hatched area to the
south represents the basaltic lava flows of the Serra Geral
Formation.

2. Petrologic Characteristics

The texture of a rock corresponds to the relationship
among its components and is defined by the shape, arrange-
ment and distribution of minerals in its composition (Biga-
rella et al., 1985). Texture depends essentially on the rela-
tive size of mineral grains; thus, rocks formed by
macrocrystals of distinct crystalline structure, such as gran-
ites, tend to disaggregate more easily under the action of the
crushing process than fine-grained basalts. A good descrip-
tion of rock texture is linked to the degree of crystallization,
the absolute size of the grains, the crystal shapes and the
mutual relationship among these features. This fact high-
lights the importance of thin section analysis of rocks se-
lected for crushing.

Basalt is an effusive rock of the gabbro family, the sil-
ica content of which varies from 45% to 55%. Its most com-
mon components are plagioclase, pyroxene, olivine and
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Figure 1 - Geological map of Brazil obtained by Mineral Resources Research Company (CPRM, 2015).

magnetite. It is a melanocratic rock that is dark, dense,
finely granulated and holocrystalline or hypocrystalline.

A set of samples was collected from the Brazilian
Army’s quarry located at road mark km 254 of the BR-
282/SC in the county of Sdo José do Cerrito/SC. Thin sec-
tion slides were created for the petrographic analyses pre-
sented herein. The rock is classified as basalt; complete
petrographic analysis was reported by (Guimaraes, 2007).
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From a macroscopic perspective, this is a gray fine-
grained rock of massive structure. From a microscopic per-
spective, this material has a subophitic holocrystalline tex-
ture with euhedralcrystals of pyroxene in an intergranular
array composed of parallel and subparallel laths of labra-
dorite and interstitial granules of pyroxene and opaque
minerals.

Its essential mineral is labradorite plagioclase occur-
ring in parallel and subparallel well-developed laths reach-
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ing 0.7 mm. These crystals are sometimes zoned, and most
are twinned according to the albite law. Figures 2, 3, 4, and
5 show photomicrographs of thin section analysis including
images without polarized light (NL) and with polarized
light (PL).

An additional set of samples was collected in a slope
along the highway BR-282/SC section between Lages/SC
and Sao José do Cerrito/SC, approximately 8 km from the
aforementioned quarry. These samples have a more green-
ish color than the previously described samples and were
subsequently classified as diabase, originating very likely
from an intrusion in a basaltic rock pre-existing in place.
The presence of diabase dikes is quite common in alkaline
rocks of the Serra Geral Formation in the Parana sedimen-
tary basin.

From the macroscopic perspective, this rock is green-
ish gray colorless with massive structure and fine to me-

Figure 2 - Photomicrograph showing subophitic texture of basalt
sample Pyroxene crystals occur in an array with labradorite pla-
gioclase in form of parallel laths. The polarized light (PL) field
width is 1.5 mm.

dium granulation. From the microscopic perspective, it
presents an intergranular holocrystalline texture in which
heuhedral crystals of pyroxene occur in an intergranular ar-
ray composed of parallel and subparallel laths and granules
of labradorite and interstitial euhedral opaque crystals of
pyroxene. In addition, many minerals of interstitial alter-
ation are present as products of saussuritization of the inter-
stitial plagioclase and uralitization of pyroxene with
masses of interstitial micropegmatite.

Its essential minerals are labradorite plagioclase oc-
curring in parallel and subparallel well-developed laths
reaching 0.7 mm. These crystals are sometimes zoned, and
most are twinned according to the albite law. Some, how-
ever, are completely changed through saussuritization into
a yellowish green mass with chlorite and calcite occupying
interstitial spaces. Pyroxene, augite and pigeonite occur in

Figure 4 - Photomicrograph showing the subophitic texture of the
basalt sample. Labradorite plagioclase crystals occur in laths;
pyroxene occurs in grains between the plagioclase (with interfer-
ence colors blue and yellow) and many euhedralopaques. The po-
larized light (PL) field width is 0.6 mm.

Figure 3 - Same rock section undernonpolarized light (NL) with
afield width of 1.5 mm.

Soils and Rocks, Sao Paulo, 39(2): 203-210, May-August, 2016.

Figure 5 - Same rock section in which opaques appear in non-
polarized light (NL). The field width is 1.5 mm.
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anhedral and euhedralgranular crystals occupying the gaps
between plagioclase laths.

The opaque and sparse accessory minerals included
in the mafics and between plagioclase laths are possibly il-
menite and magnetite. The secondary minerals form mas-
ses of micropegmatite with an intergrowth of vermicular
quartz commonly found at the borders of plagioclase.
Some deuteric calcite occurs as a secondary product of
plagioclase. The products of uralitization and
saussuritization include chlorophaite. The percentage of
pyroxene is low. Figures 6 and 7 show photomicrographs
of this material.

3. Materials

Graded crushed basalt samples selected for study of
their mechanical behavior were collected from the quarry
of the 10th Construction Engineering Battalion of the Bra-
zilian Army, in Sdo José do Cerrito/SC. This material was
used to pave a segment of highway BR-282/SC.

3.1. Subgrade

The materials constituting the subgrade of the road, or
the final layer of earthmoving, originated from slopes of ex-
cavation along the road and are composed of residual soils
of basalts with high levels of change. The alteration is pre-
dominantly clay and is expansive in some cases. Table 1
presents some geotechnical characteristics of these materi-
als; compaction energy equivalent to the standard proctor
test was used for analysis.

Guimaraes et al. (2004) showed that the subgrade
soils of this highway present a low resilient modulus and
have a significant negative influence on the fatigue life of
the asphalt coating. This fact emphasizes the importance of
using high-quality materials in the base and sub-base layers
of pavement.

3.2. Dry-bound Macadam sub-base

Dry-bound macadam is a paving technique widely
used in the southern region of Brazil and is usually associ-
ated with a subsequent layer of graded crushed stone. State
road agencies such as the Highway Department of Rio
Grande do Sul (DAER) and the Infrastructure Department
of Santa Catarina (DER; currently DEINFRA) have estab-

Figure 6 - Photomicrograph showing the intergranular holocrys-
talline texture of diabase. Labradorite plagioclase crystals occur in
laths; pyroxene twinning (taking half of the field) occurs in a few
granules among the plagioclase. The polarized light (PL) field
width is 1.5 mm.

Figure 7 - Same rock section in which opaque appear in non-
polarized light (NL). The field width is 1.5 mm.

lished proper technical specifications for this service, such
as DAER ESP 07/91 and DEINFRA-SC-ES-P-03/15.
Coarse aggregate is limited from 2 inches to 4 inches, and
the filling material particle size must be below 3/8 inch.

Table 1 - Geotechnical characteristics of subgrade soil of Highway BR-282/SC.

Material 1, (%) w (%) CBR (%) Exp% TRB-ASSHTO soil classification
Deposit 1 23.0 41.2 0.1 A-7-5

Deposit 2 20.2 45.4 5.73 A-7-5

Deposit 3 14.1 36.3 0.6 A-7-5

Gravel pit 1 NP 26.6 18.9 0.14 A-4

Gravel pit 2 12.1 28.5 24.8 0.1 A-4

Gravel pit 3 NP 252 14.6 0.31 A-4
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3.3. Simple graded crushed stone base

The crushed stone produced in the quarry of Sao José
do Cerrito/SC is classified as grade A according to the Na-
tional Department of Transport Infrastructure (DNIT) stan-
dard, as shown in Fig. 8.

4. Methodology

In addition to the microscopic characterization of the
material through petrographic thin section slides, resilient
modulus tests were conducted, followed by numerical eval-
uation of the pavement’s structural behavior, field evalua-
tion of its elastic displacement with Benkelman beam test-
ing, and comparison of the results.

Preparation of aggregates and soils was carried out at
the geothecnical laboratory of the Federal University of Rio
de Janeiro (COPPE/UFR)).

The study of highway BR-282/SC pavement included
soils previously dried in an oven at 80 °C. In the case of fine
soils, the clods were broken; in the case of soils with boul-
ders, the clods were not broken. The hygroscopic moisture
content was determined, and the samples were sealed in
plastic bags.

The samples were then separated into samples of ap-
proximately 4 kg and were homogenized by adding water
to achieve the optimum water content previously calcu-
lated. Each sample was then packaged in a plastic bag. The
bags were then tightly closed and kept in a moist chamber
for at least 12 h before the resilient modulus test was con-
ducted.

On the day of the resilient modulus test, each sample
was removed from the moist chamber and immediately
subjected to mechanical compression in a tripartite cylin-
der 10 cm in diameter and 20 cm in height with com-
pactation energy equivalent to the standard Proctor test for
subgrade soil or modified Proctor test for crushed stone
base.

The resilient modulus tests were conducted according
to the COPPE/UFRIJ method, as reported by Motta and Me-

120.0 4
100.0 -
80.0 4
60.0 -
40.0 4

Passing percentage

20.0 4

0.0 0073 Gar T 2yt
0.01 0.1 iE | 10

Screen holes (mm)

foo

Figure 8 - National Department of Transport Infrastructure
(DNIT) grain size distribution grade A for graded crushed stone
produced in the quarry of the 10th Construction Engineering Bat-
talion of the Brazilian Army. This material was used to pave High-
way BR-282/SC.
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dina (2005). The instrumentation details of this method
were reported by Guimaraes et al. (2004).

5. Results - The Case for BR-282/SC

The pavement structure implemented along the seg-
ment of highway BR-282/SC analyzed in this study is pre-
sented in Fig. 9. Its resilient characteristics as presented
below were employed for the achievement of structural re-
sponses of the pavement under loads.

5.1. Asphalt mix

The asphalt coating is composed of hot mix asphalt
classified as grade C of the DNIT standard for implementa-
tion of well graded stabilized bases with a bitumen content
of 6.3% (CAP 50/70). The value for the resilient modulus
was 5,495 MPa and the tensile strength determined through
split (Brazilian) test was 1.15 MPa. Figure 10 shows the fa-
tigue behavior of such hot mix asphalt obtained through dy-
namic-repeated split tests over cylindrical samples.

It was determined that the values K1 and N for ex-
pression of the fatigue life of the coating are higher than

5.0cm
Basalt granular layer
17.0cm
RM = Vare v=0.45
Basalt macadam layer
18.0 cm
RM =350 MPae v=045
L 77— il i
— Subgrade soil s
RM=147.8 MPae v=1045 +

Figure 9 - Profile of the pavement segment of Highway BR-
282/SC analyzed in this study.
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Figure 10 - Fatigue life of the asphalt mix used in the coating of
Highway BR-282/SC.
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Figure 11 - Variation of the resilient modulus of graded crushed
stone from BR-282/SC for moisture content. The tests were con-
ducted with a cylinder 10 cm in diameter and 20 cm in height with
energy equivalent to the modified Proctor test.

those presented by Motta and Pinto (1995) (K1 =4,200 and
N = 3.47) similar to asphalts mixtures, indicating that this
material is of satisfactory quality.

5.2. Graded crushed basalt base

The resilient modulus tests with the graded crushed
stone from BR-282/SC were performed with three different
levels of compression moisture, as shown in Fig. 11. Good
classification in the linear model was not obtained, as indi-
cated by the R’ value very close to zero in all cases. This
fact indicates that the value of the resilient modulus can be
considered approximately as constant in this case.

By adopting the model compound, as shown in
Fig. 11, the equation in this case is obtained as follows:

MR =15586"% .o " N

where MR: resilient modulus; o, : confinement stress; and
G, : deviatoric (axial) stress.

5.3. Dry-bound Macadam sub-base

In the case of the dry macadam sub-base, determina-
tion of the resilient modulus was not possible from conven-
tional laboratory tests. Therefore, in this study, the modulus
was obtained from backcalculation of deflection basins ob-
tained on the dry bound macadam layer in the field. In this
case, an approximate value of 200 MPa was adopted.

5.4. Subgrade soil

The material forming the subgrade of Highway
BR-282/SC proved to be highly variable, as shown in
Table 1. The values of the resilient modulus of soil from de-
posit 3 are shown in Fig. 12, considering three distinct cases
of moisture content. In this deposit, the resilient modulus
values for compaction moisture above the optimal levels
were slightly lower than those in other soils. In addition, the
proposed model shows good classification.
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Figure 12 - Resilient modulus variation in moisture content for
the subgrade of Highway BR-282/SC.

5.5. Field tests

During the implementation phase of each pavement
layer, Benkelman beam deflection tests were conducted to
evaluate the elastic deformability level of the layers. In ad-
dition, the homogeneity level of the surface was evaluated.
Surveys were conducted for the coating layer in two phases.
The first was performed immediately after the implementa-
tion of the coating, and the second was conducted after sev-
eral months of road operation. For the survey immediately
following implementation of the asphaltic mix, referred to
as coating 1, the average values obtained were
45.7 x 10” mm at the surface central line and 58.6 x 10” mm
at the right edge. The surface after four months of road op-
eration, referred to as coating 2, had average deflection val-
ues of 37.3 x 10° mm at the surface central line and
40.8 x 10” mm at the right edge. Figure 13 shows the de-
flection values of the asphalt layer in the first phase. The re-
sults show significant dispersion, which was reduced in the
second field measurement.

Figure 14 shows average deflection values for each
layer of the pavement, considering the edges and the axle. It
was noted that the deflection values significantly decreased
with the implementation of subsequent layers.

Numerical simulation of the structural behavior was
performed by using version 2 of Finite Element Analysis of
Pavement Structures (FEPAVE?2) software.

The total pavement deflection calculated by the soft-
ware was 32 x 10 mm, whereas the average field values af-
ter four months of operation remained between 37.3 and
40.8 x 10” mm; there is therefore good correlation.

6. Conclusions

The soils of the subgrade of the road in which pave-
ment has been studied were obtained from excavation slo-
pes located along the road. These predominantly clay soils
are residual soils of basalt showing a high degree of change
and 5.7% expansion. Determined by compression of the
testing materials, the resilient modulus of the subgrade
proved to be significantly influenced by the moisture con-
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Figure 14 - Variation of average deflection per pavement layer.

tent. Very low values are related to higher humidity, al-
though these values were within the limit of two percentage
points acceptable by DNIT standards.

The simple graded crushed stone used as pavement
base layer was classified as DNIT granulometric grade A,
material granulometrically stabilized, and presented resil-
ient modulus values almost constant and over 300 MPa.
This result is considered very good for this type of paving
material.

The sub-base resilient modulus result, obtained by
backcalculation from deflection basins, using the Benkel-
man beam, was 200 MPa, indicating a dry-bound macadam
layer with good bracing.

The deflection tests conducted with the Benkelman
beam showed high levels of dispersion; however, the aver-
age values indicated a downward trend. In the case of road
axle, the following levels were measured: subgrade, 94.4;

Soils and Rocks, Sao Paulo, 39(2): 203-210, May-August, 2016.

sub-base, 69.3; base, 55.7; asphalt coating at first measure,
45.7; and asphalt coating at second measure, 37.3. This fi-
nal value of final deflection measurement in the axle
proved to be compatible with that obtained through numeri-
cal simulation of structural behavior, 32.0.

In general, it can be stated that the basalt aggregate
from Serra Geral Formation, used in this analysis, pre-
sented satisfactory characteristics for use in paving and that
the pavement presented very good structural behavior.
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