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Abstract. Tailings dams constructed using the upstream method generally have relatively low- density materials with a
high degree of saturation. Such conditions can generate the phenomena of liquefaction, which is potentially critical in
slurry tailings disposal systems. Slope stability analyses involving liquefied soil require that the shear resistance of the
softened soil be estimated and then, a good practical alternative is back-analyzed with field case studies involving slope
failures, using commonly SPT and CPT results. The Olson (2001) and Olson & Stark (2003b) liquefaction analysis
methodology based on strength ratios, included in this approach, is comprised of three stages: (i) liquefaction susceptibility
analysis; (ii) triggering analysis; and (iii) post-triggering - flow failure stability analysis. In this paper, this approach was
applied for stability assessments to verify liquefaction potential in an upstream tailings dam built by the hydraulic fill
technique and located in the Quadrildtero Ferrifero (Iron Quadrangle) region, southeastern of Brazil. The results ratified
the safety condition of the impoundment although they have demonstrated that the tailings tend to exhibit contractile
behavior during shear, indicating liquefaction susceptibility.
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1. Introduction

In general, liquefaction can be understood as the phe-
nomenon of the strain-softening of contractive, saturated
and cohesionless soils during undrained shear and can be
triggered by static or seismic undrained loading or un-
drained deformation under constant load. This behavior re-
sults in a liquefaction flow failure in the field if the static
shear stress is greater than the liquefied (or steady state)
shear strength. The liquefied shear strength is defined as the
shear strength mobilized by large deformation after lique-
faction is triggered in saturated, contractive and cohesion-
less soils. In addition, this condition has also been referred
to as undrained residual shear strength (Seed, 1987), un-
drained steady state shear strength (Poulos et al., 1985), and
undrained critical shear strength (Stark & Mesri, 1992).

Although ‘liquefaction’ is commonly used to de-
scribe all failure mechanisms resulting from the build-up of
pore pressures during the undrained cyclic shear of satu-
rated cohesionless soils, some ground failures attributed to
‘soil liquefaction’ are more correctly ascribed to ‘cyclic
mobility’, since it results in limited soil deformations (Go-
mes, 2010). Liquefaction can occur even in unsaturated
soils, with a sufficient saturation degree to induce contrac-
tion associated to water dissipation instead of air (Yoshimi
et al., 1989; Aubertin et al., 2003). Laboratory tests have
confirmed the possibility of liquefaction even in materials
with a saturation degree of 80% (Martin, 1999).

Except for the fine fraction of ore bodies with sub-
stantial mineral clay content, tailings are usually cohesion-
less materials, conventionally deposited in the form of

slurry by hydraulic fill techniques in raised embankments.
Raised embankments can be constructed using upstream,
downstream, or centerline methods (Vick, 1990). Each one
of the structures is constructed in stages, with constructing
material and fill capacity increasing incrementally with
each successive raising.

Upstream construction, the most economical method,
begins with a starter dam constructed at the downstream
toe. The tailings are discharged peripherally from the crest
of the starter dam using spigots or cyclones. This deposition
develops a dike and wide beach area composed of coarse
material that becomes the foundation of the next dike.
These dikes can be built with borrow fill, or tailings can be
excavated from the beach and placed by dragline or bull-
dozer. The single most important criteria for the application
of the upstream construction method is that the tailings
beach must form a competent foundation for the support of
the next dike.

The phreatic surface exerts a large degree of control
over the stability of the structure, under both static and seis-
mic loading conditions. The primary method of maintain-
ing a low phreatic surface near the embankment face is to
guarantee an elevated hydraulic conductivity of the deposit
in the direction of flow. There are four factors influencing
the phreatic surface location: the permeability of the foun-
dation relative to the tailings; the degree of grain-size seg-
regation; the lateral permeability variation within the
deposit; and the location of the reservoir relative to the em-
bankment crest. Only the reservoir limit can be controlled
through operational practices, by maintaining a large tail-
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ings beach extension. Water control and management are

the most critical elements of tailings dam design and opera-

tion.

Tailings dams constructed using the upstream method
generally have relatively low- density materials with a high
degree of saturation. On the other hand, the wide ranges in
the initial void ratio, together with the structure of tailings
deposits, imply that predictions of the in situ undrained
strength for these materials are highly uncertain. Such con-
ditions generate the phenomena of liquefaction, which is
potentially critical in these slurry tailings disposal systems
(Troncoso & Verdugo, 1985; Vick, 1990; ICOLD &
UNEP, 2001; Bray et al., 2004).

Although such systems are very susceptible to lique-
faction mechanisms under dynamic loading (Kramer,
1996; Seid-Karbasi & Byrne, 2004), mine tailings im-
poundments have demonstrated that more static liquefac-
tion events than seismic induced events occur in function of
the loading rates (Ishihara et al., 1990; Davies et al., 2002;
Olson, 2006; Byrne, 2008). In fact, if the loading rate is
quick enough or if the tailings present sufficiently low rela-
tive hydraulic conductivity, shear-induced pore pressures
are generated and, as a result, effective stresses are reduced
and both stiffness and shear strength degrade. In tailings
impoundments, particularly upstream tailings dams, poten-
tial static liquefaction triggers include (Davies et al., 2002):
* Increased pore pressures induced by an increase in the

piezometric surface, and/or change of pore pressure con-
ditions from below hydrostatic to hydrostatic, or to
higher than hydrostatic.

» Excessive rate of loading due to the rapid rise of the im-
poundment;

* Removal of toe support from an overtopping event;

* Foundation movements, rapid enough to generate un-
drained loading in tailings susceptible to spontaneous
collapse.

Several procedures have been proposed for estimat-
ing the liquefaction potential or susceptibility of soils or
tailings. These techniques include commonly experimental
procedures based on lab tests results (Poulos et al., 1985;
Sladen et al., 1985; Ishihara, 1993; Yamamuro & Lade,
1997, Gomes et al., 2002; Olson & Stark, 2003a; Pereira,
2005).

To determine liquefied shear strength, methodologies
based on laboratory tests require high-quality samples and
the adoption of correction factors to compensate for poten-
tial volume variations that occur during sampling and
testing (Poulos er al., 1985; Ishihara, 1993; Idriss and
Boulanger, 2007). This is due to the fact that any errors in
determining the levels of voids in situ may result in large
differences in the results, since the position of the steady
state line is influenced by the sample preparation technique,
by the shear mode and by the effective confining stresses.

Thus, greater emphasis has been given to empirical
methods that correlate corrected values of resistance from
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SPT and CPT tests with liquefaction failure results from
case histories that were back-analyzed (Seed et al., 1985;
Stark and Mesri, 1992; Ishihara, 1993; Olson 2001, Olson
and Stark, 2003b; Idriss and Boulanger, 2007a). These
studies are based on classical concepts of soil mechanics,
such as critical void ratio, steady state line, peak strength
and liquefied shear strength (Casagrande, 1975; Castro,
1975; Poulos et al., 1985; Kramer, 1996; Olson, 2001).

In this context, the estimated values of shear strength
in these analyses constitute parameters that are more repre-
sentative than those obtained in laboratory testing, because
they embody the complex reality of actual deposits, the
physical interaction of different materials and even the fail-
ure kinetics processes. However, there remain some uncer-
tainties that affect the estimated values of resistance,
mainly due to difficulties in establishing the rigid bound-
aries of the liquefaction zone, the location of the sliding sur-
faces and the drainage and pore pressures conditions mobi-
lized during the flow.

The liquefaction methodology proposed by Olson
(2001) consists of a triggering analysis based on field tests
and does not require a suite of laboratory tests or correction
procedures. The author collected thirty-three case histories
of liquefaction flow failures that were back-analyzed to
evaluate the yield and liquefied shear strength. Relation-
ships between yield strength ratio and corrected SPT and
CPT resistance were developed for use in liquefaction trig-
gering analyses and also, those between liquefied strength
ratio and corrected SPT and CPT resistance were devel-
oped for use in post-triggering stability analyses.

The general principles and technical basis of this
methodology are set out below, covering three primary
analyses: (i) liquefaction susceptibility analysis; (ii) trig-
gering analysis; and (iii) post-triggering - flow failure sta-
bility analysis (Olson, 2001; Olson & Stark, 2003b).

2. Liquefaction Resistance Based
on SPT and CPT Tests

2.1. Liquefaction susceptibility

The first step of a tailings liquefaction analysis is to
determine whether a tailings deposit is in a contractive
state, i.e., susceptible to undrained strain-softening behav-
ior and flow failure. These states are established based on
correlations between overburden-stress normalized pene-
tration resistance (either CPT tip resistance or SPT blow
count - a measure of soil density) and vertical effective
stress (pre-failure condition). The corrected blowcount,
(N,)» 1s defined as the SPT blowcount at a vertical effec-
tive stress of 100 kPa and an energy level equal to 60% of
the theoretical free-fall hammer energy. The correct cone
tip resistance, q,,, is expressed as g, = q,. C,, where C, is the
CPT based overburden correction factor.

Figures 1 and 2 respectively present SPT and CPT
values based on flow failure susceptibility relationships
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Figure 1 - Relationships separating contractive from dilative con-
ditions using flow failure case histories and corrected SPT
blowcount values (Olson, 2001).

from literature with case history data. Based on the agree-
ment with theory, laboratory results, and field case histo-
ries, the Fear & Robertson (1995) boundary was recom-
mended by the author (Olson, 2001) to delineate field
conditions susceptible and not to flow failure in both cases.
In a specific design, records of g, and/or (N,),, should
be plotted against vertical effective stress, including the
recommended relationship.The liquefaction susceptibility
analysis involves two hypotheses:
» Tailings exhibit dilative behavior: tailings liquefaction
susceptibility is unlikely and the analysis is completed;
» Tailings exhibit contractive behavior: tailings liquefac-
tion susceptibility is likely and this analysis should be
complemented by the triggering analysis and post-trig-
gering - flow failure stability analysis.

2.2. Triggering analysis

For tailings that show to be contractive under shear
from the previous analysis, a liquefaction triggering analy-
sis is performed to determine whether the imposed loading
conditions (in these analyses, static loading) are sufficient
to cause the soil to exceed its yield strength ratio and trigger
liquefaction. This additional analysis is an extension of a
traditional slope stability analysis typically performed with
commercial software, and can be readily facilitated with the
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Figure 2 - Relationships separating contractive from dilative con-
ditions using flow failure case histories and corrected CPT tip re-
sistance values (Olson, 2001).

use of a spreadsheet and data obtained from the slope stabil-
ity software.

The liquefaction triggering analysis is based on a limit
equilibrium stability back-analysis (considering non-circular
and circular surfaces), from the pre-failure geometry of the
slope to estimate the average static shear stress (t,) in soils
susceptible to liquefaction. A single value of shear strength is
assumed, then, for soils susceptible to liquefaction and this
resistance is continually changed to obtain FS = 1.0 and the
corresponding critical surface rupture.

The critical failure surface is subdivided into a num-
ber of segments (10 to 15 segments are recommended) and
is determined the weighted effective vertical stress, ¢’
(average value) along the critical failure surface (within the
zone of soil susceptible to liquefaction), and calculate the
average static shear stress ratio t,/c’ . If applicable, aver-
age seismic shear stresses (and other shear stresses applied
to each segment of the yield failure surface) are evaluated
using complementary analyses (Olson & Stark, 2003b).

In addition, yield strength ratios (s, /0" ,), appro-
priate for each slice of the critical failure surface, are esti-
mated based on corrected SPT and/or CPT penetration
resistance values. In this analysis step, a desired level of
conservatism can be incorporated by using a penetration re-
sistance smaller than the mean value, or by selecting a yield
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strength ratio higher or lower than the mean value. In this

manner, it is possible determine the liquefaction potential

in each segment using a safety factor against liquefaction
triggering that comprise two hypotheses:

* Segments with (FS),,..... > 1.0 are unlikely to liquefy
(post-triggering stability analysis is unnecessary if all
segments have (FS),,..... > 1.0);

* Segments with (FS),,,.... < 1.0 are likely to liquefy and
these segments should be assigned the liquefied shear
strength for a post-triggering stability analysis (segments
with (FS),....., > 1.0 should be assigned their yield shear
strength for a post-triggering stability analysis).

The authors recommend that both the critical circular
and noncircular failure surfaces be analyzed, varying in
depth and location within the zones of contractive tailings.
If the circular and noncircular failure surfaces cross the
zones of contractive soil at about the same location and
depth, it is recommended that one or two additional poten-
tial failure surfaces that cross these zones at different loca-
tions be analyzed.

2.3. Post-triggering - Flow failure stability analysis

After the characterization phase of the liquefaction
triggering, a post-triggering stability analysis of the struc-
ture, using the pre-failure geometry, must be conducted to
determine whether the static shear forces are greater than
the available shear resistance, including the liquefied shear
strength. In this case, the liquefied shear strength ratio
(8.4q/0"o)> appropriate for each slice of the critical failure
surface, is determined based on corrected SPT and/or CPT
penetration resistance values. Appropriate values of lique-
fied shear strength are estimated (using the value of ¢’ for
the segment) and assigned to the segments of the critical
failure surface predicted to liquefy from the triggering anal-
ysis. Fully mobilized drained or undrained shear strengths
are assigned to the non liquefied soils.

This analysis should be conducted for all of the poten-
tial failure surfaces that were examined in the triggering
analysis. Another level of conservatism can be incorpo-
rated by using a penetration resistance smaller than the
mean value, or by selecting a yield strength ratio higher or
lower than the mean value. The post-triggering analysis re-
sults comprise two hypotheses:

 Safety factor against flow failure (FS), , < 1.0: flow fail-
ure is predicted to occur; control procedures should be
adopted to increase impoundment safety;

e Safety factor against flow failure (FS), . such that
1.0 < (FS),,, < 1.1: flow failure has little possibility to oc-
cur, but some deformation is likely (the segments of the
failure surface with 1.0 < (FS),,, < 1.1 should be reas-
signed their liquefied shear strength).

The post-triggering stability analysis should be re-

peated with the new segment shear strengths to determine a

new (FS), .. This accounts for the potential for deforma-
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tion-induced liquefaction and progressive failure of the
structure. The minimum (FS),,, will be determined when
liquefaction is triggered in all zones of contractive soil and
assigned their liquefied shear strengths for the flow failure
stability analysis.

Post-liquefaction behavior is characterized by a very
complex process involving dissipation of excess pore water
pressure, sedimentation, solidification and re-consolidation
of the liquefied tailings resulting in large settlements of the
deposit. If the results of the post-triggering stability analysis
indicate (FS),,, below unity, then mitigation strategies are
required. In tailings dams constructed using the upstream
method, this approach consists basically in the maintenance
of a large tailings beach extension, with adoption of rigid op-
erational procedures of water control. For segments with
(FS) igeerne > 1.0, the post-triggering analysis can be con-
ducted in a similar way using yield shear strength.

Nevertheless, the reliability of any liquefaction eval-
uation depends directly on the quality of the site character-
ization, including mainly the quality of the in situ and/or
laboratory test data.

Furthermore, it is often the synthesis of findings from
several different procedures that provides the most insight
and confidence in making final decisions. For this reason,
the practice of using different testing methodologies consti-
tutes the best approach for liquefaction analyses in tailings
impoundments, so that semi-empirical methodologies
based on back-analysis of field case studies involving slope
failures are strongly recommended.

3. Case History:
Corrego do Feijao Mine - Dam I

The liquefaction analysis methodology using the
strength ratio approach proposed by Olson (2001) and
Olson & Stark (2003b) was applied to a tailings impound-
ment located in the so-called Quadrildtero Ferrifero (Iron
Quadrangle) region, located in the State of Minas Gerais,
southeastern Brazil, corresponding to an area of about
7,000 km”. This region is known worldwide for its immense
deposits of iron ore, gold, manganese, and several other
valuable minerals, which are mined by several industries,
from large conglomerates up to countless small-to-me-
dium-sized mining companies.

Dam I constitutes the tailings disposal system from
the ore concentration plant of ‘Cérrego do Feijao’, cur-
rently owned by Vale S.A. The dam was built using the up-
stream construction method with a starter dam comprised
of fine ore and laterite. The impoundment has been in oper-
ation since 1976. Dam I had a maximum height of 81 m
with nine raising dykes, built using tailings or compacted
soil as construction materials (Fig. 3).

A large-scale investigation was conducted along the
main cross-section of the dam (so-called ‘reference sec-
tion’- RS) involving conventional field testing (exploratory
borings with standard penetration tests - SPT and cone pen-

Soils and Rocks, Sao Paulo, 36(1): 37-53, January-April, 2013.



Tailings Liquefaction Analysis Using Strength Ratios and SPT/CPT Results

Figure 3 - General view of Dam I - ‘Cérrego do Feijao” Mine.
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etration tests - CPT). A total of 12 in situ tests were per-
formed, with four couple SPT - CPT tests in adjacent
points, and three SPT tests and one CPT test distributed in
different points along the downstream slope of the dam
(Fig. 4). In each of them, tailings samples were collected for
laboratory tests.

In addition, an extensive laboratory test campaign
was also developed in order to complete geotechnical char-
acterization of the tailings, foundation materials and tail-
ings impoundment, that are described and presented
elsewhere (Pirete, 2010). The ore tailings from ‘Cérrego de
Feijao’ mine (CF tailings) generally consist of uniform fine
silty sand (Fig. 5) containing about of 4% clay, 28% of silt,
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Figure 4 - Typical cross-section of the dam (RS section) and SPT and CPT locations.
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56% of fine sand, 8% of medium sand, 3% of coarse sand
and also 1% of gravel (ABNT, 1984). On the other hand,
some strata tend to exhibit low plasticity (w, < 35%) with
potential susceptibility to liquefaction mechanisms. The
measured maximum void ratio was 1.47 and the minimum
void ratio was 0.74. In tailings deposit, values of relative
density index varied between 49% and 72%.

4. Liquefaction Analysis of CF Tailings Using
Strength Ratios

4.1. CF tailings liquefaction susceptibility

As exposed previously, the first step in evaluating the
potential for CF tailings liquefaction is to verify whether
these residues are susceptible to undrained strain-softening
behavior and flow failure (contractive or dilative behavior)
by means of a susceptibility analysis using corrected SPT
blowcount values or corrected CPT resistance tip values.

The measured SPT blowcount (N) is normalized for
an energy level equal to 60% of the theoretical free-fall
hammer energy applied to the drill system (V,, where ER is
a called ‘energy ratio’) and for the overburden stress at the
depth of the test (multiplying N, by the overburden correc-
tion factor C, < 2.0). The measured SPT blowcount is then
corrected to a standardized value of (N,),, as (Olson, 2001):

ERY p. 70
N) =N 2] L) N[ 2 e 1
(N o (601030] (60] N (1)

where ¢’ is the vertical effective stress at the depth of N
and p_  is one atmosphere of pressure (approximately
100 kPa) in the same units as ¢’ ,. The maximum value of
2.0 limits C, at depths typically less than 1.5 m. The energy
ratio ER should be measured for the particular SPT equip-
ment used (70% in this study). Table 1 presents the cor-
rected values for (V,),, along the reference section of Dam I
(CF - RS) for SPT-18, SPT-04, SPT-05, SPT-06 tests. Ta-
ble 2 presents these factors for SPT-07, SPT-27 e SPT-28
tests.

The pairs of values (V,), and o’ , calculated in Ta-
bles 3 and 4, were then correlated with the results of
back-analysis of historical cases and with the Fear & Rob-
ertson (1995) boundary (Fig. 6), delineating field condi-
tions susceptible and not susceptible to flow failure.

In the present analysis, CPT test results are also avail-
able, a fact that allows the review of susceptibility to lique-
faction of CF - RS tailings based on corrected values of tip
resistances, reevaluating the previous approach. However,
unlike SPT tests, CPT tests include continuous records of
the tailings deposit profile and then tip resistances values
(g.) only need to be corrected for vertical effective stress
(q.)-

The measured CPT tip resistance is then corrected to
a standardized value of (g,,) and is obtained as follows:
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where ¢’ is the vertical effective stress at the depth of (g,)
and p, is one atmosphere of pressure (approximately
100 kPa) in the same units as ¢’ . The factor C, should be
less or equal to 2.0 (Olson, 2001).

4.4 =C,-q, = (2)

Table 3 presents the corrected values for (g,,) along
the reference section of Dam I from ‘Cérrego do Feijao’
mine (CF - RS) for CPT-05, CPT-04 and CPT-01 tests and
Table 4 presents these factors for CPT-027 and CPT-03
tests.

Similarly, the pairs of values (¢,,) and 6’ , calculated
in Tables 3 and 4, were correlated with the results of
back-analysis of historical cases and with the Fear - Robert-
son (1995) boundary (Fig. 7), delineating tailings suscepti-
ble and not susceptible to flow failure.

The results, in both the analysis of SPT and CPT anal-
yses, demonstrate that the most points scored is located to
the left of the Fear & Robertson boundary, corresponding to
materials that tend to exhibit contractile behavior during
shear, i.e., CF tailings liquefaction susceptibility is likely
and this analysis should be complemented by the triggering
analysis and post-triggering - flow failure stability analysis.
For a better characterization of the tailings sub-layers sus-
ceptible to liquefaction, based on the SPT and CPT profiles,
the authors of this paper developed a technique for further
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Table 2 - Standardized values of (N)),, for SPT-07, SPT-27 e SPT-28 tests.

depth. SPT - 07 SPT-27 SPT - 28
(m) N N, o. WI 720m N . o, WI 1006m N N, o. WIT
(KPa) CN N),, (KPa) CN N),, (KPa) CN
1 171983 2330 207 4109 21 2450 2330 207 5076 5 583 2330 207
2 583 4660 146 855 13 1517 4660 146 2222 9 1050 4660 146
3 2 233 6990 120 279 19 2217 6990 120 2651 17 1983 6990 120
4 10 1167 9320 104 1208 11 1283 9320 104 1329 17 1983 9320 1.04
5 15 1750 11650 093 1621 20 2333 11650 093 2162 23 2683 11650 093
6 13 1517 13980 085 128 24 2800 139.80 085 2368 28 3267 139.80 085
7 4 467 16310 078 365 7 817 16310 078 639 45 5250 163.10 078
8 10 1167 17856 075 873 583 18640 073 427 31 3617 18640 073
9 4 467 19206 072 337 12 1400 20970 069 967 13 1517 20970 0.69
10 111283 20556 070 895 25 2917 23300 066 191 9 1050 233.00 0.66
1 6 700 21906 068 473 12 1400 24699 064 891 583 25630 0.62
12 933 23256 066 612 11 1283 26049 062 795 6  7.00 27176 0.6l
13 14 1633 24606 064 104 6 700 27399 060 423 7 817 28526 059
14 17 1983 25956 062 123 933 28749 059 550 23 2683 29876 0.58
15 17 1983 27306 061 1200 7 817 30099 058 471 14 1633 31226 0.57
16 14 1633 28656 059 965 11 1283 31449 056 724 20 2333 32576 055
17 131517 30006 058 876 327.99 339.26
18 11 1283 31356 056 7.25 341.49 352.76
19 583 32706 055 323 354.99 366.26
20 700 340.56 054 3.79 368.49 379.76
21 467 35406 053 248 381.99 393.26

refinement of the data, according to the procedures de-
scribed below.

4.2. CF-SR profile divided in tailings sub-layers suscep-
tible to liquefaction

Initially, the values of the parameters (¥,),, were cor-
related with their respective elevations, in order to charac-
terize the critical zones of potential liquefaction-induced
flow along the tailings deposit, considering the domain lim-
ited by values of (V) < 12 (Eq. 5). The regions with aver-
age values of (V) < 6 were classified as zones of low
resistance whereas the regions with average values of
6 < (N, < 12 were classified as zones of medium resis-
tance (Fig. 8).

This subdivision was extrapolated then for the CF -
RS profile of the downstream slope of Dam I, resulting in
nine layers susceptible to liquefaction (Fig. 9), with resis-
tances given by the mean values obtained from the corre-
spondent SPT profile zones.

Additionally, the values of the respective parameters
(g,,) were correlated with their elevations, in order to char-
acterize the critical zones of potential liquefaction-induced

44

flow along the tailings deposit, considering the domain lim-
ited by values of (g,,) < 6.5 MPa (Eq. 6). The regions with
average values of (V,),, < 3.25 MPa were classified as zones
of low resistance whereas the regions with average values
of 3.25 MPa < (N)), < 6.5 MPa were classified as zones of

medium resistance (Fig. 10).

This subdivision was extrapolated similarly to the CF
- RS profile of the downstream slope of Dam I, resulting
also in nine layers susceptible to liquefaction (Fig. 11), in-
cluding SPT - 05 results for better characterization, with
resistances given by the mean values obtained from the cor-
respondent CPT profile zones.

The comparison between Figs. 9 and 11 indicates a
good correlation of both geometries of the tailings deposit,
with the characterization of nine layers that have a greater
potential or susceptibility to liquefaction. The largest dif-
ferences occurred for layers located near the edge of the in-
termediate dykes (layers 06, 07 and 08), both in terms of
thickness and mean values of resistance. Based on this re-
fined set of layers to the CF - RS profile of the downstream
slope, the triggering analysis was then applied to the ore
tailings deposited in Dam I from ‘Cérrego do Feijao’ mine.

Soils and Rocks, Sao Paulo, 36(1): 37-53, January-April, 2013.
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Table 4 - Standardized values of (q,,) for CPT-027 and CPT-03 tests.

depth. (m) CPT - 02 CPT - 03
q. o, o, WT 5.40m q. o, G, WT 7.20m
(MPa) (MPa) (kPa) Cq q. (MPa) (MPa) (MPa) (kPa) Cq q., (MPa)
1 21.039 0.023 23.30 1.74 36.66 12.533 0.023 23.30 1.74 21.84
2 16.475 0.047 46.60 1.42 23.42 4.598 0.047 46.60 1.42 6.54
3 24.461 0.070 69.90 1.20 29.37 1.003 0.070 69.90 1.20 1.20
4 35.824 0.093 93.20 1.04 37.23 5.757 0.093 93.20 1.04 5.98
5 31.5 0.117 116.50 0.92 28.85 11.15 0.117 116.50 0.92 10.21
6 6.178 0.134 133.92 0.84 5.20 6.364 0.140 139.80 0.82 5.21
7 3414 0.147 147.42 0.79 2.70 4.842 0.163 163.10 0.74 3.59
8 31.26 0.161 160.92 0.75 23.36 6.292 0.179 178.56 0.70 4.38
9 9.606 0.174 174.42 0.71 6.80 1.883 0.192 192.06 0.66 1.25
10 7.252 0.188 187.92 0.67 4.87 13.189 0.206 205.56 0.63 8.31
11 7.4 0.201 201.42 0.64 4.73 8.51 0.219 219.06 0.60 5.12
12 8.177 0.215 214.92 0.61 4.99 4.365 0.233 232.56 0.58 2.51
13 6.8 0.228 228.42 0.58 3.97 11.379 0.246 246.06 0.55 6.28
14 3.9 0.242 241.92 0.56 2.18 15.821 0.260 259.56 0.53 8.39
15 4.6 0.255 255.42 0.54 247 4.513 0.273 273.06 0.51 2.30
16 2.832 0.269 268.92 0.52 1.46 16.437 0.287 286.56 0.49 8.07
17 9.733 0.282 282.42 0.50 4.83 10.536 0.300 300.06 0.47 4.99
18 11.627 0.296 295.92 0.48 5.57 7.759 0.314 313.56 0.46 3.55
19 11.56 0.309 309.42 0.46 5.34 5.411 0.327 327.06 0.44 2.39
20 8.869 0.323 322.92 0.45 3.96 1.648 0.341 340.56 0.43 0.71
21 1.204 0.354 354.06 0.41 0.50
der (MP9) 4.3. CF Tailings liquefaction triggering analysis
o 15 20 25 30
. The methodology adopted for the triggering analysis
included the following procedures (Olson and Stark,
50 * 2003b):
Dilative ; i From the liquefaction geometry of the reference sec-
100 tion of the dam obtained from SPT test results (Fig. 9),
= & ¢ limit equilibrium stability analyses were implemented
34_; 150 A using the method of Spencer (1967) and considering
" b—? : A . non-circular and .circular surfz}ces (sowaaIe Slide
5.043 from Rocscience International). Different val-
200 * ues of shear strength were assumed for the soil layers
+ CPT-05 susceptible to liquefaction, varying this resistance
o CPT.04 continually until obtaining FS = 1.0 and the corre-
250 * sponding critical surface rupture, defined for a critical
& Crrl value T, = 45 kPa (indicated in Fig. 9). The critical fail-
¢ CPT-02 ure surface obtained in the analysis tends to extend
300 . CPLO3 from the seventh rising to the horizontal platform lo-
cated between the third and fourth dykes (a 60 m dis-
150  Fear & Robertson placement of the fourth dyke axle towards upstream

Figure 7 - Relationship (q,,) versus ¢’ , for CF-RS tailings.
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was performed to improve general stability of the
dam), crossing the layers 5 and 6 of the tailings sus-
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Figure 8 - RS - SPT profile divided in layers susceptible to liquefaction for (V)

Tailings Liquefaction Analysis Using Strength Ratios and SPT/CPT Results

Zones susceptible to liquefaction

Elevation (m)

930
+ SPT-18
925 < SPT-04
a SPT-05
920 f
? Low resistance
915
><> Medium resistance
]
910 _—
1|
905
900
895
0 12 18 24 30 36
(‘Nl)()ﬂ

940¢

930¢

920}
910}
900¢
890}
880}
870}

dilative tailings

Zones susceptible to liquefaction

205
¢ + SPT-06
. +
900 * ¢ SPT-07
Y
* * . s SPT-27
£ 00 * B
e b a + SPT-28
+ o o
\ .
890 Lo | o \
E N : & Y £, Medjum resistance
= *0 ] / 4
g 885 £ 1 & *
2 L )
: 87N .
= o . )
~ 880 o ° /_,'> Low resistance
B )
&
+
875 .
-
*
+
+*
870 .
*
865
(N])ﬁ()
o < 12,
Tailings dykes

Soil compacted
dykes

Starter dam
SPT-28

860E.
0

40

60

oo

120 140

180 200 220 240 260 280 300 320

Figure 9 - CF - RS subdivided in nine layers susceptible to liquefaction (SPT analysis).

ii

iii

v

ceptible to liquefaction and that should therefore be

subject to corresponding triggering analysis.

Division of the yield failure surface into 16 segments

(Fig. 12)

From the determination of the weighted effective ver-
tical stress, 6° , (Eq. 3), along the critical failure sur-
face (within the domain of tailings susceptible to liq-
uefaction), the average static shear stress ratio t,/ ¢’
(average value) was equal to 45 kPa / 217 kPa —
0.207.

Average seismic shear stress is not applicable in this
case and then (7 ), = 0.

Table 5 presents the yield strength ratio values

(Su4ie0/C ) for layers 5 and 6 based on corrected SPT
results.

Soils and Rocks, Sao Paulo, 36(1): 37-53, January-April, 2013.

The ratio values were used to obtain S, ,, and t, for
each segment based on respective ¢’ values. For static
loadings (Eq. 7), in this critical zone, the (FS),,,..., s gener-
ally greater than 1.1 (typically varying between 1.14 and
1.21 as indicated in Table 6), indicating that CF - SR tail-
ings are unlikely to liquefy.

Adopting the same methodology for the CPT results,
the location of the critical surface rupture (for t, = 45 kPa)

Table S - Yield strength ratio values (s,,,/0’,,) for layers 5 and 6

u(yield)

(SPT analysis).

Layers W, ])60 su(vield)/ G’VO
05 4.5 0.239
06 6.0 0.250
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Table 6 - Liquefaction triggering results for CF - RS tailings (SPT analysis).

Segment N°  Liquefiable? G, (t)lc’, o s (yield)/o’ S, Tinine FSTﬁwrin . Liquefaction
(kPa) (yield) (t,) triggered?

1 No - - - - - - -

2 No - - - - - - -

3 Yes 140.48 0.21 0.241 33.86 29.50 1.15 No

4 No - - - - - -

5 No - - - - - -

6 Yes 187.38 0.21 0.239 44.78 39.35 1.14 No

7 No - - - - - - -

8 No - - - - - - -

9 No - - - - - - -

10 Yes 232.12 0.21 0.250 58.03 48.75 1.19 No

11 Yes 232.03 0.21 0.250 58.01 48.73 1.19 No

12 Yes 235.92 0.21 0.250 58.98 49.54 1.19 No

13 Yes 218.95 0.21 0.250 54.74 45.98 1.19 No

14 Yes 155.14 0.21 0.250 38.79 32.58 1.19 No

15 Yes 80.71 0.21 0.250 20.18 16.95 1.19 No

16 No - - - - - - -

along the downstream slope of the tailings dam is indicated
in Fig. 11 (crossing the layers 5 and 6 of the tailings suscep-
tible to liquefaction), essentially similar to the previous
critical surface (based on SPT results).

obtained the yield strength ratio values (s
ers 5 and 6 indicated in Table 7.

Zones susceptible to liquefaction - CPT

u(yield)

Considering its division into 16 segments and apply-
ing the steps (iii), (iv) and (v) from the methodology, were

/o’ ) for lay-

Zones susceptible to liquefaction - CPT

930 905 -
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Figure 10 - RS - CPT profile divided in layers susceptible to liquefaction for (¢,,) < 6.5 Mpa.
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Figure 11 - CF - RS subdivided in nine layers susceptible to liquefaction (CPT analysis).

Table 7 - Yield strength ratio values (s, /0’ ,,) for layers 5 and 6

u(yield)

(CPT analysis).

Layers (g.) Sysieia/ O w0
05 4 5% 0.239
06 5.4 MPa 0.282

* (N,)q, parameter.

Critical failure
surface

120 140 160 180 200 220 240 260

Figure 12 - Yield failure surface divided into 16 segments.

Once more, in the hypothesis of only static loading,
the (FS),,,., 18 generally greater than 1.1 (typically vary-
ing between 1.15 and 1.36 as indicated in Table 8), indicat-
ing that CF - SR tailings are unlikely to liquefy.

4.4. CF Tailings liquefaction post-triggering analysis

In both triggering liquefaction analyses, using the re-
sults of SPT and CPT tests performed in the reference sec-
tion of the Dam I, all segments from tailings critical zones
have (FS), ... > 1.0 and then post-triggering stability anal-
ysis is unnecessary to verify whether the static shear forces
exceed the available shear resistance (including liquefied
shear strength). Nevertheless, a post-triggering slope stabil-
ity analysis was appropriate since it was conducted using

Soils and Rocks, Sao Paulo, 36(1): 37-53, January-April, 2013.

appropriate yield shear strength values instead of liquefied
shear strength values.

Table 9 presents the geotechnical parameters used in
stability analyses of the downstream slope. These parame-
ters were obtained from a series of undrained triaxial com-
pression tests performed under monotonic loading
conditions on reconstituted samples of the tailings. All the
specimens were isotropically consolidated at a mean effec-
tive pressure of 100 kPa, 200 kPa, 300 kPa and 400 kPa and
then, subjected to undrained monotonic loading at a con-
stant strain rate of 0.09 mm per minute, which was slow
enough to allow the pore pressure change to equalize
throughout the sample with pore pres-sure measured at the
base of sample. All tests were con-tinued up to a 20% axial
strain. The yield strength ratio values were taken from SPT
results.

Phreatic surface location is one of the most important
factors to influence tailings dam safety, under both static
and seismic loading conditions (Vick, 1990). The major de-
sign premise is that the phreatic surface should not emerge
from the embankment and should be as low as possible near
the embankment face. Thus, any factors that might affect
the phreatic surface affect directly the dam stability and can
be caused by any changes in environmental or operating
conditions (heavy rainfall, blockage of seepage outlets, rise
in water levels of the pond, etc.)

For the post-triggering analysis, a rapid rise of the
phreatic line was admitted through the tailings deposit
emerging from the embankment and reaching the toes of
the intermediate rising dykes, with complete saturation of
tailings layers susceptible to liquefaction. The initial posi-
tion of the phreatic line was given from readings given by
dam piezometers and by a 100 m extension of the tailings
beach. Figures 13 and 14 present the results of the stability
analyses for a strong rise of the phreatic line in Dam I based
on SPT and CPT configurations, respectively.

The results are closely similar in terms of the critical
failure surface location and of the safety factor values
against flow failure (FS),, for SPT and CPT configurations
(1.28 and 1.32, respectively). These values imply that the
flow failure susceptibility of Dam I is low even under such
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Table 8 - Liquefaction triggering results for CF - RS tailings (CPT analysis).

Segment N°  Liquefiable? G, (TG, ey S(YiCIDN O™ S, Tinine | S Liquefaction
(kPa) (yield) (t) triggered?

1 No - - - - - -

2 No - - - - - -

3 Yes 135 46 021 0259 3508 28 45 123 No

4 No - - - - - -

5 No - - - - - -

6 Yes 187 09 021 0239 4471 3929 114 No

7 No - - - - - -

8 No - - - - - -

9 No - - - - - -

10 Yes 233 96 021 0282 65 98 4913 134 No

11 Yes 230 39 021 0282 6497 48 38 134 No

12 Yes 236 07 021 0282 66 57 49 57 134 No

13 Yes 216 30 021 0282 6100 4542 134 No

14 Yes 160 22 021 0282 4518 3365 134 No

15 Yes 79 24 021 0282 2235 16 64 134 No

16 No - - - - - -

Table 9 - Geotechnical parameters for the post-triggering downstream slope stability analyses.

Material y (kKN/m”) C (kPa) 8 (°) s, (yield)/o”
Residual soil (foundation) 20 20 30 -
Starter dam (compacted soil) 20 5 36 -
Compacted soil 20 10 30 -
Compacted tailings 25 5 40 -
Dilative tailings 22 20 38 -
Layer 1 22 - - 0.238
Layer 2 22 - - 0.267
Layer 3 and 5 22 - - 0.239
Layer 4 22 - - 0.255
Layer 6 8 and 9 22 - - 0.250
Layer 7 22 - - 0.260

a critical loading event, based on the following proposed
range to evaluate flow failure potential in these analyses:

* (FS),., 3 1.5: — Unlike;

e 1.3 <(FS),,, <1.5: = Low;

e 1.1 <(FS),,, <1.3: > Moderate;
e (FS),,., <1.1: —> High.

An extensive laboratory experimental program has
been performed, including strain-controlled, undrained-
triaxial tests to measure: (i) the peak undrained strength, (ii)
the shear strain to peak undrained strength, and (iii) the
drop-off in shearing resistance with continued strain after

50

peak. Test specimens were con-solidated isotropically and
anisotropically to stresses aiming to model in situ condi-
tions. Based on these laboratory parameters, new stability
analyses were performed and showed in good agreement
with the results from the strength ratio analyses presented
in this paper.

In addition, the management of the Dam I from
‘Cérrego do Feijao’ has included a rigid water level control
using both proper decanting and spigotting procedures to
maintain a 100 m minimum distance between the pond’s
edge and the embankment crest, beyond a continuous pro-
gram of inspection and maintenance of tailings deposition

Soils and Rocks, Sao Paulo, 36(1): 37-53, January-April, 2013.
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Figure 13 - CF - RS downstream slope: post-triggering stability (SPT analysis).
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Figure 14 - CF - RS downstream slope: post-triggering stability (CPT analysis).

throughout the life of the dam by means of a very expert
field technical crew.

5. Conclusions

Slope stability analyses involving liquefied soil
require that the shear resistance of the softened soil be esti-
mated. In light of the complex nature of excess pore pres-
sure generation, large-strain development, and post-lique-
faction strength gain accompanying drainage and large
strain, most methods used in practice for estimating the re-
sidual strength of liquefied soil rely on back-analysis of
field case studies involving slope failures. The most widely
used methods based on SPT and CPT results. CPT’s tests
have the advantage that they are faster to perform and pro-
vide a con-tinuous, more reliable profile of penetration re-
sistance.

In this context, Olson (2001) and Olson & Stark
(2003b) liquefaction analysis, based on strength ratios ap-
proach, is too general, comprising three different approa-
ches: (i) liquefaction susceptibility analysis; (ii) triggering
analysis; and (iii) post-triggering - flow failure stability
analysis. The method can be used to evaluate whether a spe-
cific loading (static or seismic) will produce shear stresses
in a zone of a soil that is high enough to cause strength loss
in that zone. The basic concept of the method is that
strength loss will be triggered by a specific loading event if

Soils and Rocks, Sao Paulo, 36(1): 37-53, January-April, 2013.

the sum of the static (gravity) shear stresses along a poten-
tial failure surface plus the eventual seismic (or other
stresses) shear stresses exceed the yield (peak) undrained
strength S, (yield).

This liquefaction analysis procedure was applied to a
Dam I from “Cérrego do Feijao” mine, an 81 m high ore
tailings disposal system (CF tailings), located in the Qua-
drildtero Ferrifero (Iron Quadrangle) region / Brazil, re-
sulting in the following conclusions:

* CF tailings tend to exhibit contractile behavior during
shear and then these materials are susceptible to lique-
faction;

e The referenced subdivided section of the downstream
slope of Dam I resulted in nine layers being susceptible
to liquefaction with resistances given by the mean values
obtained from both SPT or CPT profile zones;

* From the specific critical failure surfaces along the
downstream slope of Dam I (obtained from SPT or CPT
corrected values and subdivided into 16 segments), was
obtained an average static shear stress ratio value
(t/c’,,) equal to 0,207 through the critical domain of
tailings susceptible to liquefaction;

* In the hypothesis of only static loading, the (FS),,,....
values varied between 1.14 and 1.36, indicating that CF -
SR tailings are unlikely to liquefy;
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* Considering a rapid rise of the phreatic line through the
tailings deposit reaching the toes of the intermediate ris-
ing dykes, with complete saturation of tailings layers
susceptible to liquefied, a post-triggering analysis indi-
cated that the flow failure susceptibility of the Dam I is
low even under a such critical loading event;

* The conclusions of these analyses, in addition to labora-
tory testing program results and based on rigid manage-
ment procedures adopted in field, demonstrate that Dam
I constitutes a safety structure against mechanisms from
liquefaction-induced failures;

* Although the Olson (2001) and Olson & Stark (2003b)
liquefaction analysis has been proposed mainly for
cohesionless soils, the methodology is consistent and
suitable for preliminary analyses of liquefaction poten-
tial in tailings deposits (generally relatively low- density
materials with a high degree of saturation), particularly
upstream tailings dams.
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