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1. Introduction

Obtaining geotechnical parameters
to develop stability analyses in tailings
dams undergoing a deactivation process
has evolved towards the deployment of
site tests with direct strength measure-
ment, whereby the Cone Penetration
Test (CPT) stands out due to the array
of existing correlations between cone
penetration strength and undrained
shear strength of saturated tailings, with
references in literature including recent
articles published by Olson and Stark
(2003), Robertson (2010), and Jefferies
and Been (2015).

Although the CPT performance
methodology is simple and quick, and
the interpretation of results is directly
obtained by its own driving equipment
software, when we talk about tailings
dam deactivation projects, it is almost
impossible to use driving spots to cover
the whole impoundment area, either
due to high costs associated with the
large number of tests, or due to the
impracticability of moving equipment
over the impoundment that most of the
times is partially filled with water or low-
consistency slime and as such does not
allow for equipment traffic and support.
Therefore, test performance is rendered
impossible in crucial spots set up by the
investigative plan.

Specifically speaking, dam decom-
missioning projects require knowledge
of the geotechnical behavior of tailings
at all points of the reservoir where the
tailings mass is to be excavated and re-
moved due to the variability created by
the hydraulic segregation process, which
is quite usual in tailings storage facilities.
Nevertheless, the risk of bogging due
to the weight of the equipment in areas
off the tailings beach restrict investiga-
tions to areas where driving equipment
may safely operate, information collec-
tion being usually restricted to tailings
beaches. Information collected from such
locations is then randomly extrapolated
to the remaining portions of the dam,
which brings about great uncertainty
whenever the necessary actions for
deactivation and stability analysis are
carried out.

Considering the constraints de-
scribed herein for performing CPT
direct investigation programs and the
challenge to carry out consistent geo-
technical investigations for deactivation/
decommissioning projects involving
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over 80 tailings dams in Brazil, this
article proposes complementary direct
investigation programs with geophysical
methods, specifically geoelectric imaging
by means of Electrical Resistivity (ER)
profiles. The combined use of direct and
indirect investigation techniques allows
for large reservoir areas to be covered
for geophysical layouts that are manu-
ally arranged making walking possible
within areas where CPT driving equip-
ment would hardly have access to.

Geophysical methods are non-inva-
sive, non-destructive, relatively rapid and
cost effective. Therefore, they are more
and more frequently used as a supple-
mentary survey tool for sub-surface
soil investigation, and also as a control
survey during an object implementation
and exploitation stage (Michaels, 1995;
Sudha et al., 2009; Martinez and Men-
doza, 2011). Electrical Resistivity mea-
surements provide a potentially powerful
tool to estimate physical parameters of
soils and materials used in earthworks
and construction works, such as em-
bankments and dams (Kowalczyk et al.,
2014). A site investigation using SPT tests
was carried out in China to evaluate the
influence of basic geotechnical properties
on the electrical resistivity of marine clay,
as per for Zhang et al (2018).

Using geophysical tests in stud-
ies related to tailings dams is a reality
and their application has been widely
spread over the last years as an auxiliary
geotechnical investigation tool. Jami-
olkowski (2012) highlights the role of
geophysical methods for the geotechnical
characterization of tailings dams, with
an emphasis on the field and laboratory
assessment of parameters describing soil
conditions and its rigidity. The author
draws attention to cross (S) and longitu-
dinal (P) seismic waves and he compares
the results obtained from downhole
and crosshole seismic geophysical tests
to seismic cone tests (S-CPT), showing
correlations for the rigidity, saturation,
porosity, void ratio and susceptibility to
cyclic liquefaction modulus. Likewise,
Shahrabi, et al. (2016) introduce a
comparative study for liquefaction to be
assessed based on SPT (Standard Pen-
etration Test) and geophysical (downhole
and crosshole seismic methods) tests,
where the authors set forth relation-
ships between the cyclic shear strength
obtained from SPT and geophysical tests
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at the Mahabad tailings dam (located in
Northwestern Iran) embankment and
foundation. The cyclic shear strength
values obtained using the geophysical
method are slightly higher than the ones
obtained from the SPT test.

Usually, using the geophysical
method by applying the Electrical Re-
sistivity technique to dams is restricted
to foundation portions, where major
subsurface characteristics can be identied
that may affect stability, as presented by
Zarroca et al. (2015) in regards to a tail-
ings dam to be built in Ecuador. Given
the progress of the Electrical Resistivity
method, it is possible to collect robust
sets of geophysical data covering long
stretches and depths at reasonable costs.
Such data may also be used for other
purposes, e.g. tailings dam monitoring,
as per Mainali (2006), to detect piping
and anomalous seepage at an early stages
through electric methods. Electrical
Resistivity and spontaneous potential
geophysical methods have already been
successfully used towards that end.

Obtaining geotechnical parameters
from correlations between geophysics
and direct investigation methods, es-
pecially regarding downhole and cross-
hole seismic methods, has been widely
spread in geotechnical engineering, with
applications in dams as presented by
Jamiolkowski (2012) and Shahrabi et
al. (2016). Nonetheless, unlike existing
papers, which are not specific for iron
ore, the methodology introduced herein
intends to set forth correlations using
geoelectrical imaging through Electri-
cal Resistivity profiles in a regional
approach for iron ore tailings from a di-
rect comparison to CPT test results and
replicable to dams whose tailings bear
similar density, porosity and saturation
characteristics.

The development to be presented
below has been carried out on actual
site scale in a tailings dam selected as
“pilot” and having very similar charac-
teristics to most iron ore tailings dams
in the Iron Quadrangle area in the state
of Minas Gerais. Direct and indirect
investigation programs were carried
out specifically on specific comparison
purposes for results to be used in the fu-
ture for the pilot dam decommissioning
project, which plans for tailings to be
mined pursuant to the method proposed
by Sousa and Gomes (2018).



2. Methods

Due to the difficulty of obtaining deep
undisturbed samples for laboratory tests
on tailings, in addition to the impossibil-
ity of accessing low-consistency saturated
portions using direct drilling equipment,
the proposal herein is to obtain geotechni-
cal parameters for stability analyses from
correlations between geophysics and CPT

oL

Figure 1 - Arrangement plan used to obtain Electrical Resistivity

tests in tailings dams. The method con-
sists in running both Electrical Resistivity
(ER) and CPT tests within the same area
of the “pilot” dam. The results were later
assessed and associated, and the correla-
tions obtained were used to define strength
parameters for stability analyses in pre-
liminary design stages, specifically during
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technical feasibility study stages concerning
the decommissioning methodology defined
for the embankment. The test arrangement,
created for the Pilot Dam reservoir surface
(Figure 1), on the tailings beach, mixes
geophysical survey layers (TRVGA) by us-
ing the Electrical Resistivity technique and
driving points for CPT tests (F).

profiles through electrical routing (TRVGA) on the tailings beach along with CPT test location (F).

The proposed methodology includes
using the averages obtained from two
lengthwise sections (TRVGA_20 and TRV-
GA_22) for Electrical Resistivity geophysics

(Ohm x m) and undrained shear strength
(KPa) based on CPTu tests, with linear
interpolation of average results according
to the reservoir depth, as per the sequence

under items 2.1 and 2.2. The geotechnical
characteristics of the tailings within the
test area varied as shown on Table 1 and
characteristic ranges restrain the results.

Table 1 - Geotechnical characteristics of the tailings deposit.

Reference Variance
Bulk specific weight (g/cm?) 2.03-2.89
In situ moisture (%) 9.15-26.75
Grain density (g/cm?) 4.30-4.55
Permeability (cm/s) 8.38E-06 - 2.08E-05
Void ratio 0.65-1.24

2.1 Electrical resistivity (ER)

Pacheco (2004) describes electrical
resistivity as an inherent characteristic
of materials. Its value in soil is affected
by its three-phase composition of solids,
liquid and air. Thus, it is possible to set
forth different Electrical Resistivity profile
standards for different material deposits,
including tailings.

The geophysics profile arrange-
ments have been defined for the Electrical
Resistivity (ER) through the Electrical

Routing (on-site data collection) method
to be used. Arrangements are usually
positioned in parallel to the dam axis, on
the tailings beach. The Electrical Resis-
tivity (ER) method as per Telford et al.
(1990) is based on the electrical potential
study, both of natural electrical fields,
associated with the geological substrate,
and of artificially formed fields. Thus, by
measuring the electrical potential on the
surface, ore bodies can be identified, and

geological structures can be recognized
underground. The Electrical Routing (CE)
field survey technique was used to assess
the Electrical Resistivity. This enables
studying the side variation of the Electrical
Resistivity physical parameter at several
depth levels, obtaining horizontal and
vertical subsurface material characteriza-
tion as per Gallas (2000). The Dipole-
Dipole Data collection arrangement was
used following in situ tests with 4-meter
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spacing between electrodes and eight (8)
280-meter long investigation sections.
High Resistivity zones and horizons
(HRZ) and low Resistivity zones and ho-
rizons were defined by means of Electrical
Resistivity, as shown in Figure 2. Within
the reservoir area, HRZs appear quite

TRVGA_24

below and off the saturated clay and fer-
rous material that characterize the tailings.
Within these areas, they would represent
the natural lithological substrate of the
deposit, probably consisting of cohesive or
dense phyllites. Between those materials is
the medium resistivity zone, possibly with

most of it associated to residual soils of
such phyllites. LR Zs would set the bound-
aries to higher moisture zones or to water
seepage locations, predominantly associ-
ated to pelitical lithotypes (clay and silt
fills), in addition to clay tailings strata and
saturated sandy and granular materials.

HRZ - High Resistivity Zone

LRZ - Low resistivity zone

Figure 2 - Example of sections obtained from ER surveys within the Pilot Dam tailings reservoir area.

Electrical Resistivity values rang-
ing from 32 Ohm x m to 154 Ohm x m
on Figure 2 comprise extracts of tailings
disposed in the pilot dam reservoir. They
were confirmed based on primary surveys.
The low Electrical Resistivity values in
this case may be attributed to granular,

2.2 Cone penetration test (CPT)
Cone penetration tests with pore
pressure measurement are used for
stratigraphic determination of soil
profiles and prospected material prop-
erties, especially in unconsolidated
deposits. The test provides tip strength,
side friction and pore pressure data.
As reference to perform CPT (Cone
Penetration Test), CPTu (Piezocone
Penetration Test) and pore pressure dis-
sipation tests, procedures described in

saturated and soft tailings, and also the
resistivity three-phase solid, liquid and
air conditioning factor varies according
to depth; a characteristic that is usually
noticed during the execution of driving
tests for iron ore tailings disposed in dams.

In addition to defining the stra-

NBR 12069 - Ensaio de penetragdo de
cone in situ (CPT) (ABNT, 1991) and
ASTM D5778 — Standard test method
for performing electronic friction cone
and piezocone testing of soils (ASTM,
2012) have been used.

The CPT test consists of statically
driving a rod into the soil (penetrome-
ter), which has a cone-shaped tip (vertex
angle of 60°) on its lower end and cross
area of 10 cm?. A static cone piece of

#35,3:04,2636 o~
T o

tigraphy between matters or physical
characteristic changes to materials of
the same type, this method has allowed
for potential water seepage points to be
pointed at in the dam structure, which are
associated to the proximity between rather
contrasting electrical Resistivity zones.

equipment with a 200 kN reaction ca-
pacity, model TG 73-200 manufactured
by Pagani Geotechnical Equipment
was used (Figure 3). The penetrometer
hydraulic system is driven by a diesel
fuel engine, the reaction being achieved
by helical anchorage. For pore pressure
measurements, all routine saturation
maintenance procedures were complied
with. Driving velocity was maintained
constant at approximately 2 cm/s.
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i

Figure 3 - Detail of penetrometer and TG 73-200 driving equipment

during CPT tests at Vargem Grande Dam (dimensions in mm), selected as “pilot”.

As rods are driven into the soil,
the following components are automati-
cally acquired at every 2 cm progress: Tip
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strength (q ); Side or local friction strength
(f), measured in a sleeve with side area
of 150 cm? (h); Pore pressure, by using a
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porous element located at the cone base
(position u,). Maximum depths reached
during drilling are shown in Table 2.
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Table 2 - CPT Test Data.

CPTu Borehole Expected depth (m) Actual depth (m) Tested stretch (m) Water level depth
F8 20.00 20.5 16.57 3.90
Fo 20.00 20.92 9.41 11.50
F15 15.45 20.89 16.4 4.40
F16 10.45 20.46 17.41 3.00
F24 10.00 10.10 7.53 2.50

CPT test results are jointly shown
on the graphs on Figure 4, which in-
dicate variation with depth, g, and u,

respectively as follows:
v'Total corrected tip strength (g,),
due to pore pressure effect given by

g,= 9.+(1-a) u,, with a = 0.75 (value
obtained by calibration);
v'Pore pressure (u,).

(a) Corrected cone resistance - q, (MPa) (b) Pore pressure - u, (MPa)
0 1 2 3 4 5 6 0 1 2 3 4
1310 1310
1305 1305
1300 1300
~
g
5 1295 = 1295
et B
2 &
=2
/A 1290 1290
1285 - 1285
1280 : 1280
1275 1275

Figure 4 - Variation of CPT test results with reservoir depth (F8, F9, F15, F16 and F24):
(a) corrected tip strength - g, and (b) pore pressure measured obtained during cone driving - u,.

Through linear adjustment, cor-
rected tip strength (g) and pore pres-

Fear and Robertson (1995), when pro-
posing a methodology to estimate undrained
shear strength for sands based on SPT and
CPT tests, highlighted the need to know
such parameter in stability analyses under
an undrained loading condition, with an
emphasis on the difficulty to decide which
S, value would better represent particular

S (PIC)

sure measured during cone driving (u,)
can be observed to vary respectively as

q,= 84.480-0.0646 x depth (MPa)
u, = 39.495-0.0302 x depth (MPa)

conditions of each case on site, especially
after liquefaction is triggered, for saturated
and “soft” sands.

Thus, a thoughtful parametric analysis
is essential for geotechnical safety assess-
ment of dam mining, whose disposed tail-
ings almost always bear undrained behavior
characteristics when subject to shear stresses,

shown by Equations 1 and 2.

M
()

which is the case of the Pilot Dam.
Undrained peak and liquefied strength
can be approached based on CPT tests,
which herein has been respectively based
on the formulations proposed by Olson and
Stark (2002) and Olson and Stark (2003), as
per Equations 3 and 4, valid for sandy granu-
lar soils, as it is the case of the pilot dam.

”T =0.205+0.143 (¢,)%0.04 forq_, < 6.5 Mpa (3)

vl

S (LIQ)

)
vO

Where g, stands for normalized tip
strength for an effective vertical stress of

100 kPa. Thus, undrained peak strength
(S, (PIC))/O', ) and liquefied ((S, (LIQ))', )

=0.03 +0.143 (q,,)¥0.03 forq_ < 6.5 Mpa (4)

ratios, obtained based on Equations 3 and
4, have been plotted as shown in Figure 5.
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Figure 5 - Undrained shear strength ratios obtained based on CPT tests
(CPTu-F8, CPTu-9, CPTu-F15, CPTu-F16 and CPTu-F24): (a) peak strength; (b) liquefied strength.

Relationships between undrained
shear strength (S ) and initial vertical
stress (0’ ) shown in Figure 5 are only
valid for conditions in which the materi-
al is normally consolidated, considering

0\, = o', =0 =0 For, as highlighted

v0

3. Results and discussion

by Terzaghi et al. (1996), the S/0’, ratio
represents a constant for FVT (Field
Vane Test) field tests and triaxial lab
tests with CT (Compression Test), ET
(Extension Test), DSS (Direct Simple
Shear) shearing modes, regardless of

the o’ /o' ratio, with S /0’ ratio being
potentially used for S estimation. As for
deposits where 0/o,>1,S,/d, ratio
has no physical representation, this is
not a usual engineering parameter.

3.1 Relationship between Electrical Resistivity and undrained shear strength

Electrical Resistivity measured
from the Pilot Dam reservoir surface
(Figure 1) suggests a gradual increase
throughout the tailings deposit that

is also seen in foundation substrates
(Figure 6). In these sections, tailings
strata depth variations range from 10
to 30 m, from right to left, with contact

between tailings and foundation soil be-
ing defined by Resistivity values higher
than 154 Ohm x m.
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Model resistivity with topography ectrical resistivity (ER) - Ohm xm
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Figure 6 - Lengthwise profiles showing gradual Resistivity increases associated to depth:
(a) TRVGR 20 coinciding with boreholes FO9, F16 and F24; (b) TRVGR 22 coinciding with boreholes FO8, F15
and F23, according to Figure 1; (c) weighted average for Electrical Resistivity measured in sections TRVGR 20 and TRVGR 25.

Low penetration strength and pore
pressures seen in cone tests plotted on
Figure 4 and used to obtain the undrained
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shear strength ratios shown on Figure 5
are characteristic of saturated soft tail-
ings, which has also conditioned the low
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Electrical Resistivity values (Figure 6).
Both tailings characteristics had their
values linearly increased with depth and,



as for the specific tailings deposits, such
increases may be associated to the initial
effective stress o, at any given point.
Based on such observations and
being aware of the potential association
between Electrical Resistivity and geo-
logical structures due to the chemical,
physical and saturation characteristics,

Initial vertical effective stress c'\y- kPa

association of that electrical property to
undrained shear strength of saturated
and non-compacted iron ore tailings is
proposed as shown in Figure 7, where
initial effective stresses o’ were calcu-
lated according to depth and specific
weight of tailings, and values vertically
associated to the linear adjustment that

S, (LIQ) / S, (PIC) - kPa

50 100 150

200

250

20

60

80

S
8

o]
S
Electricalresistivity - Ohm x m

140

160

180
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represents the weighted average for the
Electrical Resistivity measured in sec-
tions TRVGR 20 and TRVGR 22, as
shown on Figure 6 (c). Subsequently,
peak and liquefied undrained shear
strength ratios were graphically associ-
ated to o’ = ER (Electrical Resistivity)
on Figure 7.

40 259 Ohm X m
154 Ohm X m
92.1 Ohm x m
== 73.5 Ohm x m
W 54.8 O5hm x m
== 43.85 Ohm X m
=== 32.8 Ohm x m
=Su (PIC)

—Su (LIQ)

Figure 7 - Association of peak and liquefied undrained
shear strengths to Electrical Resistivity, according to the Pilot Dam reservoir depth.

Based on such proposition,
peak and liquefied undrained shear
strengths have been plotted according
to the average Electrical Resistivity in

Electrical resistivity (ER) - Ohm x m

sections TRVGR-20 and 25 (Figure 1),
as shown in Figure 8. Undrained shear
strength values were calculated accord-
ing to the adjustments in Figure 8, valid

S. (LIQ) /S, (PIC) - kPa
100 150 200 250

20

40 } =Sy (LIQ)

60 a==Su (PIC)

80 +

100 +

120

140 -

160

for predominantly saturated and soft
tailings, with physical characteristics
within the variation ranges defined in
Table 1.

Figure 8 - Estimation of peak and liquefied undrained shear strengths according to Electrical Resistivity (ER):
S, (PIC) = 1.11(ER) + 19.62; S, (LIQ) = 0.44(ER) + 7.68, with Electrical Resistivity being obtained using the electrical routing technique.

Such association might be used to
obtain preliminary parameters during
conceptual and basic design for dam min-
ing, thus allowing for most of the dam

reservoirs to be mapped out in order to
access and assemble electric routing lines,
which would probably be inaccessible for
direct drilling equipment. Results must be

validated later on using direct drilling at
key points upon completion of basic and
detailed design with a relevant potential
for direct drilling grid decrease.
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3.2 Optimized investigation plan - similar dams

Based on the results and experiences
obtained during the execution of the geo-
logical-geotechnical investigation plan for
the Pilot Dam, the drilling results of SPT
(Standard Penetration Test) performed at
the Pilot Dam stand out because in most
of the boreholes drilled, the slide ham-
mer went down due to its own weight.
This rendered it impossible to discretize
variable strength layers in the reservoir
from such information. Such assessment
could only be performed as of informa-
tion obtained from CPT tests run within
the tailings beach area, as well as from
indirect investigation data (geophysics).
Another relevant point is that it is difficult
to collect undisturbed deep samples given
material consistency, which seldom allows
for representative samples to be recovered
in depths over 10 m.

Having said this, an optimized pre-

CPT (Cone Penetration Test)
SPT (StandartPenetration)
BDS - Borehole Disturbed Sample

CPT (Cone Penetration Test)

SPT (Standart Penetration)

BUS - Borehole Undisturbed Sample
BDS - Borehole Disturbed Sample
WUS - Well Undisturbed Sample
‘WDS Well Disturbed Sample

Reservoir

— = = ER - Electrical Resistivity

CPT (Cone Penetration Test)
SPT (Standart Penetration)
BUS - Borehole Undisturbed Sample
BDS - Borehole Disturbed Sample

liminary investigation plan is proposed to
generate data for the development of con-
ceptual and basic designs for tailings dam
mining, which should be complemented
in case the information generated is not
enough for detailed design development.
Such proposition consists of CPT test
programs and disturbed and undisturbed
sample collection from the tailings beach
through percussion drilling (SPT), and
also, indirect investigation through the
Electrical Resistivity using the Electrical
Routing (ER) technique, as shown on Fig-
ure 9. From the definition of the section
best representing the whole reservoir
extension, four investigation stan-
dards would be applied due to their
location along the dam extension:

&) Standard 1: Investigation points
located within the central area towards
reservoir bottom, 150 m one from an-

Reservoir

e 4

\

]
1
1
I h
1
1
1

e

Pond

Pond

other and depth corresponding to the
tailings layer thickness. Performance of
SPT (every meter) and CPT (continuous
quick driving) tests; @) Standard 2: In-
vestigation points located on the tailings
beach, 50 m one from another and depth
corresponding to the tailings layer thick-
ness. Performance of SPT (every meter)
and CPT (continuous quick driving) tests
and porepressure dissipation every 5 m;
&) Standard 3: Investigation points locat-
ed on raise dikes and depth corresponding
to the tailings layer thickness under the
dike. Performance of SPT (every meter)
and CPT (continuous quick driving) tests
and porepressure dissipation every 5 m;
---Standard 4: Electrode line coinciding
with direct investigation points (standards
1 and 2), lengthwise to the embankment
and extension twice as long as the tailings
layer thickness at the investigation point.

Embankment

Embankment

Figure 9 - Layout proposed for optimized investigation plan: (a) plan view; (b) section.

Optimized investigation plan ex-
ecution as described herein can generate
enough information to validate hypoth-
eses and apply mining methodologies,

4. Conclusions

The methodology presented has al-
lowed for an appropriate interpretation of
the strength characteristics of the tailings
disposed in the Pilot Dam reservoir. This is

techniques and interventions aiming at de-
commissioning. Electric routing Electrical
Resistivity geophysics would be the major
strength parameter generating source

achieved by obtaining the undrained shear
strength parameter (S ) resulting from the
consistency of investigation programs. As
such, hypotheses could be formulated and
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for stability analyses, with application
of equations and adjustments described
under item 3.1, whose methodology rep-
resents the very essence of this research.

field database treatment methodologies
could be applied, fostering a significant
progress in terms of investigative meth-
odology for decommissioning projects.



Indirect Electrical Resistivity
(ER) investigation using the electric
routing technique has shown a direct
linear relationship when compared to
the tailings undrained shear strength
estimated from CPT tests. ER and
CPT tests were combined to estimate
undrained shear strength parameters,
which stands for a quick and relatively
inexpensive investigation alternative for
direct investigation programs to be held
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