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1 INTRODUCTION

There are three basic types of tailings dams: 
downstream, upstream, and centerline (Vick 1983; 
Carrier 2003. Downstream construction is used 
when there is a sufficient volume of the coarse 
fraction of the tailings to construct the entire dam 
(Jamiolkowski et al. 2010). A downstream dam is 
raised in a series of lifts as the level of the tailings 
rises during the course of mining and processing. 
Upstream construction is used when the tailings 
are suitable for raising a dam. The coarse fraction 
of the tailings (i.e. sand) is separated from the fine 
fraction (i.e. silt and clay, usually called “slimes”) 
by means of either spigots or cyclones that are 
periodically moved along the crest of the embank-
ment as it is raised. Slurry of fine material runs 
down the beach into the pond; the coarse material 
is used to construct the shell in a series of lifts. The 
centerline of the crest moves upstream as each new 
lift is added. Centerline construction is a hybrid of 
the downstream and upstream methods. Coarse 
shell material is added in lifts, both upstream and 
downstream, so that the centerline of the crest of 
the dam remains in the same location throughout 
the life of the structure. Figure 1 illustrates these 
processes.

Within the entire range of failure modes that 
have occurred at tailings impoundments static lique-
faction is likely the most common, and at the same 
time likely the least understood (Blight 2009). 

Although the upstream construction is the most 
popular type of embankment for tailings dams, 
since it is a low cost process, it is a high risk opera-
tion, particularly because (a) upstream dams are 
particularly susceptible to liquefaction under seis-
mic ground motion and (b) dam stability is endan-
gered if  the raising rate of the dam is high due to 
excess pore pressure built within the deposit during 
construction (Schnaid et al. 2007). Tailings have 
specific properties, different of naturally deposited 
materials, so they have to should be tested in field 
and laboratory to be calibrated and their mechani-
cal characteristics can be assessed by the most 
effective techniques.

Tailing dams may be critical, especially where 
there is improper handling and management. 
Examples of that are the disasters at tailings facili-
ties of Aznalcóllar (Spain), in 1998, and Baia Mare 
(Romania), in 2000, with major threats to the envi-
ronment and human life. This risk is high in the 
upstream method, since it provides only a thin shell 
with instability implications. Unlike the large dams 
of water reservoirs, tailings dams are constructed 
without any impervious core.

Process and rainfall water seeps through the 
dam towards its free face. Uncontrolled water flow 
through, beneath or—in the worst case—over the 
dam can lead to a critical loss of stability. In han-
dling large amounts of inhomogeneous wet slurries, 
water management is a key safety factor. Deficient 
water management is one of the main causes of 
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accidents and hazards emanating from tailings 
facilities (Davies et al. 2002). These authors resume 
the risk as follows: “static liquefaction, and the 
resulting flowslide of liquefied tailings materials, 
is shown to be a relatively common phenomenon 
among the more dramatic tailings impoundment 
failure case histories. Static liquefaction can be a 
result of slope instability issues alone, or can be 
triggered as a result of other mechanisms”. Con-
tinuing citing Davies et al. (2002), it is known that 
“loose sands could behave in a puzzling manner, 
and has been recognized as early as the first use of 
the term “liquefies” in our context by Hazen (1920) 
reporting on the failure of the Calaveras Dam dur-
ing construction. Writing in German, Terzaghi 
(1925) defined the essential processes of liquefac-
tion and the subsequent lecture by Casagrande 
(1936) formed the basis for practice at that time. 
In this early paper, and refined in subsequent work 
(Casagrande 1976), the critical void ratio concept 
was clearly defined. This method used drained 
direct shear or triaxial tests to define the void ratio 
at which neither drained contraction or dilation 
occurs at high strain, and observed that there was 
a unique relation between this so-defined critical 
void ratio and the log of effective stress. But, in 

1938, the hydraulic fill Fort Peck Dam failed dur-
ing construction (Middlebrooks 1940). As noted 
by Morgenstern and Küpper (1988) the collapse of 
the Fort Peck Dam (Figure 2) constituted a water-
shed in the evolution of hydraulic fill methods for 
dam construction in North America and marked 
an abrupt decline in the technique [but not for tail-
ings dam construction].

2 IN SITU TESTS FOR RISK ANALYSIS IN 
TAILING DAMS

2.1 Seismic Dilatometer (SDMT) in tailing 
dams

Recent research projects have been pursuing in situ 
tests (with emphasis for piezocone) and laboratory 
tests (triaxial) to be carried out in active iron ore, 
gold and alumina residue storages (e.g., Schnaid 
2005; Schnaid et al. 2004, 2008). 

The liquefaction analysis of sloping ground in 
these difficult geotechnical conditions (i.e., tailings 
subject to a static driving shear stress) is a challenge. 
The estimation of the residual or liquefied shear 
strength of these soils, require special procedures in 
laboratory testing over field samples obtained by dif-
ficult sampling techniques, such as ground freezing 
methods (Robertson et al. 2000) or samples obtained 
by high-quality tube samples coupled with proce-
dures for “correcting” the shear strength for distur-
bance during sampling and testing (Castro 1975).

Cone penetration test (CPT-based) relationships 
allow to evaluate the susceptibility to strength loss 
and liquefied shear strength for a wide range of 
soils (Olson & Stark 2003; Robertson 2010). In fact, 
some tests have been pointed out as particularly 
more efficient and cost effective as a direct-push 
method using multi-measurement in-situ devices, 
such as the seismic cone penetration test with pore 
pressure measurements (SCPTu) and the seismic flat 
dilatometer test (SDMT). Since the CPTu is about 
3 to 4 times faster, collects more frequent data and 

Figure 2. Oblique view of Fort Peck Dam failure—1938 
(Davies et al. 2002).

Figure 1. Three types of construction systems in tail-
ings dams: downstream, upstream, and centreline (http://
www.ecm-ing.com/tailings%20eng/).
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is less expensive than the DMT, the CPTu is increas-
ingly the preferred primary in-situ test. The con-
tinuous nature of the CPTu results provide valuable 
information about soil variability that is difficult to 
match with sampling and laboratory testing.

There are a large number of potential geotech-
nical parameters and properties necessary for the 
analyses of safety in these projects, but some have 
major importance: in-situ state, strength, stiff-
ness, compressibility and conductivity. In-situ 
state represents quantification of the density and 
compactness of the soil, as well as factors such as 
cementation. For most soils, in-situ state is cap-
tured in terms of either relative density (Dr) or 
state parameter (ψ) for coarse-grained soils and 
over-consolidation ratio (OCR) for fine-grained 
soils. These ‘state’ parameters essentially identify 
if  soils will be either dilative or contractive in shear 
(Robertson 2012). CPT has been pointed as very 
sensitive to the determination of soil stratigraphy 
and the identification of soil type. This has been 
accomplished using charts that link cone param-
eters to soil type. Robertson (2010b) suggested an 
update on the soil behavior type (SBT) charts, as 
shown in Figure 3. The updated charts, that are 
dimensionless and color coded for improved pres-
entation, define 9 consistent SBT zones.

As described in this conference (Robertson 
2012), Jefferies & Davies (1993) identified that a 
soil behavior type index, Ic,JD, could represent the 
SBTn zones in the Qt–Fr chart where, Ic,JD is essen-
tially the radius of concentric circles that define 
the boundaries of soil type. Robertson and Wride, 
(1998) modified the definition of Ic to apply to the 
Robertson (1990) Qt–Fr chart, as defined by:

Ic = [(3.47 – log Qt)
2 + (log Fr + 1.22)2]0.5

Knowing that the state parameter (ψ) is defined 
as the difference between the current void ratio, e, 
and the void ratio at critical state, ecs, at the same 
mean effective stress for coarse-grained (sandy) soils, 
Jefferies & Been (2006), based on critical state con-
cepts, provided a detailed description of the evalu-
ation of soil state using the CPT. They describe in 
detail that the problem of evaluating state from CPT 
response is complex and depends on several soil 
parameters, being this resumed in this conference 
(Robertson 2012). Robertson (2009a) developed 
contours of state parameter (ψ) on the updated 
SBTn Qtn–F chart for uncemented Holocene age 
soils. The contours, that are shown on Figure 4, are 
approximate since stress state and plastic hardening 
will also influence the estimate of in-situ soil state in 
the coarse-grained region of the chart (i.e. when Ic < 
2.60) and soil sensitivity for fine-grained soils.

An area of uncertainty in the approach used by 
Jefferies and Been (2006) is the use of Qt1 rather 

than Qtn. Figure 4 uses Qtn since it is believed that 
this form of normalized parameter has wider 
application, although this issue may not be fully 
resolved for some time. The contours of ψ shown 
in Figure 4 were developed primarily on laboratory 
test results and validated with well documented sites 
where undisturbed frozen samples were obtained 
(Wride et al. 2000). Jefferies and Been (2006) sug-
gested that soils with a state parameter less than 
−0.05 (i.e. ψ < −0.05) are dilative at large strains.

Robertson and Wride (1998), based on a large 
database of liquefaction case histories, suggested a 
CPT-based correction factor to correct normalized 
cone resistance in silty sands to an equivalent clean 
sand value (Qtn,cs) using the following:

Qtn,cs = KcQtn

Where Kc is a correction factor that is a func-
tion of grain characteristics (combined influence 

Figure 3. Updated Soil Behaviour Type (SBT) charts 
based on either normalized CPT (Robertson 2010b).
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of fines content, mineralogy and plasticity) of the 
soil that can be estimated using Ic as follows:

if  Ic ≤ 1.64: Kc = 1.0

if  Ic > 1.64:

  Kc = 5.581Ic
3 − 0.403 Ic

4 − 21.63 Ic
2 + 33.75Ic − 17.88

Robertson (2010c) suggested a simplified and 
approximate relationship between ψ and Qtn,cs, as 
follows:

ψ  = 0.56 − 0.33 log Qtn,cs

2.2 Seismic dilatometer (SDMT) in tailing dams

The seismic dilatometer (SDMT) is a combination 
of the standard flat dilatometer (DMT) equipment 
(Marchetti 1980; Marchetti et al. 2001) with a seis-
mic module for the down-hole measurement of the 
shear wave velocity VS. First introduced by Hep-
ton (1988), the SDMT was subsequently improved 
at Georgia Tech, Atlanta, USA (Martin & Mayne 
1997, 1998; Mayne et al. 1999) and is now in its matu-
rity, being accepted as a very consistent and effective 
tool for evaluation of liquefaction potential, taking 
into account ageing and (or) stress history of soils, 
as reported by Monaco & Marchetti (2007).

A new SDMT system incorporating two 
waves’ receivers, therefore with a clear (“true”) 
length which gives rise to a more reliable velocity 
( Figure 4) has been recently developed in Italy. 
The seismic module (Figure 4a) is a cylindrical ele-
ment placed above the DMT blade, equipped with 
two receivers located at 0.5 m distance. The signal 

is amplified and digitized at depth (Monaco & 
Marchetti 2007). The shear wave source at the sur-
face (Figure 1b) is a pendulum hammer which hits 
horizontally a steel rectangular base pressed verti-
cally against the soil and oriented with its long axis 
parallel to the axis of the receivers, so that they can 
offer the highest sensitivity to the generated shear 
wave. This configuration avoids possible inaccu-
racy in the determination of the “zero time” at the 
hammer impact and the coupling of seismograms 
recorded by the two receivers at a given test depth 
(Figure 4b) corresponds to the same hammer blow 
and not to different blows in sequence, not neces-
sarily identical, improving the repeatability of VS 
measurements. With VS measurements obtained 
every 0.5 m of depth, the determination of the 
delay from the seismograms obtained by SDMT is 
generally well-conditioned (Figure 5c). 

The possibility of using VS as an index of lique-
faction resistance is widely recognized, being the 
most popular CRR-VS correlation (Figure 6) the 
one proposed by Andrus and Stokoe (2000). CRR 
is obtained as a function of an overburden-stress 
corrected shear wave velocity VS1 = VS(pa/σ′v0)

0.25, 
where VS = measured shear wave velocity, pa = 
atmospheric pressure (100 kPa), σ′v0 = initial effec-
tive vertical stress (same units as pa). Andrus et al. 
(2004) introduced age correction factors to extend 
the original correlation by Andrus and Stokoe 
(2000) to soils older than Holocene. Their CRR-
VS1 relationship (curves in Figure 6) is approxi-
mated by the equation:
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where V*S1 = limiting upper value of VS1 for lique-
faction occurrence (V*S1 = 200 m/s for the curve for 
fines content ≥35%, V*S1 = 215 m/s for the curve 
for fines content ≤5%, V*S1 varies linearly from 200 
to 215 m/s for fines content between 35 and 5%), 

Figure 4. Contours of estimated state parameter, ψ  
(thick lines), on normalized SBTn Qtn–Fr chart for unce-
mented Holocene-age sandy soils (After Robertson 2009).

Figure 5. (a) DMT blade and seismic module. (b) Sche-
matic layout of SDMT. (c) Example of seismograms 
obtained by SDMT at various test depths (Monaco & 
Marchetti 2007).

(a) (b) (c)
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Ka1 = factor to correct for high VS1 values caused 
by aging, Ka2 = factor to correct for influence of 
age on CRR. As stressed by Monaco & Mar-
chetti (2007), magnitude scaling factors should be 
used to scale—see equation (for magnitude Mw = 
7.5 earthquakes) to different magnitudes. Both Ka1 
and Ka2 are 1 for uncemented soils of Holocene 
age. For older soils, suggested Ka1 values (mostly 
in the range 0.6 to 0.8) are derived from SPT-VS1 
relationships (e.g. Ohta and Goto 1978, Rollins et 
al. 1998, or site specific). Lower-bound values of 
Ka2 (1.1 to 1.5) are based on the study by Arango 
et al. (2000). Andrus et al. (2004) remarked, how-
ever, the high associated uncertainty and the need 
of additional work to quantify the influence of age 
on CRR, as well as on VS.

Before the possibility of using seismic waves’ 
capabilities in SDMT, the original dilatometer 
(DMT) has been explored for CRR evaluation. 
Marchetti (1982), Robertson and Campanella 
(1986), Reyna and Chameau (1991), suggested 
that the horizontal stress index KD from DMT 
(KD = (p0 − u0)/σ ′v0) is a suitable index parameter of 
liquefaction resistance. Comparative studies have 
indicated that KD is highly sensitive to factors that 
increase liquefaction resistance like stress history, 
ageing, cementation, structure (to which CPT is 
not by itself  so sensitive (Huang and Ma (1994), 
except if  combined with Vs measurements. G0/qc is 
influenced by relative density and effective stress as 
well as age and cementation (e.g. Eslaamizaad & 
Robertson 1996; Fahey et al. 2003; Schnaid et al. 
2004), but should not be used by itself  to reduce 
uncertainty in liquefaction-triggering correlations. 
The empirical parameter KG, as defined in the fol-
lowing equation (after Rix & Stokoe 1992), can be 
used to account for sand relative density and effec-

tive stress level on the correlation between G0 and 
qc (Schneider & Moss 2011):
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where σ  ′v0 is the initial in situ vertical effective 
stress, pref is a reference stress equal to 100 kPa, 
m is an empirical exponent typically taken as 0.75 
(Rix & Stokoe 1991; Schneider et al. 2004) and qc1N 
is the stress normalized cone tip resistance using 
a median sand overburden stress exponent of 
0.5 (Moss et al. 2007). As noted by Robertson & 
Campanella (1986), it is not possible to separate 
the individual contribution of each factor on KD. 
On the other hand, a low KD indicates that none 
of the above factors is high, i.e. the sand is loose, 
uncemented, in a low K0 environment and has lit-
tle stress history. A sand under these conditions 
may liquefy or develop large strains under cyclic 
loading. The most significant findings supporting 
a well-based CRR–KD correlation are the sensi-
tivity of DMT in monitoring soil densification 
(Schmertmann et al. 1986 and Jendeby 1992) and 
to prestraining (Jamiolkowski and Lo Presti 1998), 
and, specifically the sensitivity of KD to ageing 
(Monaco & Schmertmann 2007).

Yu (2004) proved that KD is an index that reflects 
the in situ state parameter ψ (ξ0 in that work) and 
presented a correlation between KD and ξ0 in sands 
(Figure 7) which strongly encourage efforts to 
develop methods to assess liquefiability by DMT. 

Figure 8 shows that data-points obtained at 
sites where liquefaction had occurred (mostly in 

Figure 6. Curves for evaluating CRR from shear wave 
velocity VS for clean, uncemented soils with liquefaction 
data from compiled case histories (Andrus and Stokoe 
2000).

Figure 7. Average correlation for deriving in situ state 
parameter, ξ0 (=ψ) as suggested by Yu (2004).
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hydraulic sandfills) are correctly located in the 
“liquefaction” side. Grasso and Maugeri (2006) 
further updated the CRR model by Monaco et al. 
(2005) into: 

CRR7.5 = 0.0908KD
3 − 1.0174 KD

2 + 3.8466KD − 4.5369

CRR7.5 = 0.0308e0.605KD 

CRR7.5 = 0.0111 KD
2.5307 

Tai et al. (2009) examined these CRR–KD curves, 
the SPT and CPT-based liquefaction case histories 
presented by Idriss & Boulanger (2006) and Rob-
ertson & Wride (1998), respectively, transformed 
SPT- and CPT based in CRR–KD curves along 
with the transformed data points of the SPT- and 
CPT-based liquefaction case histories, getting into 
a new proposal for the DMT-based CRR–KD:
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A long discussion has been developed around 
the arguments on the better applicability of CPT 
(we will ignore SPT-based data for its insensitiv-
ity to characterize soft or loose geomaterials) or 
DMT for liquefaction evaluation. This turns to 
a be question that should be faced in terms of 
complementary approaches and not as concur-
rent. Marchetti (2010) compiled extensive data 
presented by several authors, including an exten-
sive Calibration Chamber comparative program at 
Korea University, showing that KD is considerably 
more sensitive than qt to Stress History (including 
aging). Schnaid (2009) point out that qt is is not 
very sensitive to Stress History. Being this factor 
important for liquefaction, increasing substan-
tially CRR, being difficult for CPT to have, by 
itself, high reliability to assess sand liquefiability, 
requiring a new in situ device, more sensitive to 
effects of  past stress-strain histories” and some 
evidences point to the higher sensitivity of KD to 
Stress History suggesting that this DMT param-
eter has a good link with CRR. 

2.3 Limiting values of VS1 and KD for 
liquefaction occurrence

There are some fruitful discussions (Roberston 2009; 
Marchetti 2010; Marchetti 2011) on which parame-
ter is more sensible to resistance to liquefaction, due 
to the important effects of stress history and aging: 
KD–a direct parameter of DMT test interpretation 
-, or qt (or its normalized values Qt1), or VS (or its 
normalized values Vs1) determined in geophysical 
testing, which now includes the seismic waves’ capa-
bilities (Monaco & Marchetti 2007). One of the key 
points of this discussion, as already been referred, 
above is the eventual higher sensitivity of KD to 
aging, and this is not strange to the fact that this a 
parameter that has correspondence to normalized 
key parameters of CPT and Qt1, as proved by Rob-
ertson (2009), although somewhat influenced by 
the normalization technique. This author proposes 
correlations between the values of the soil-type 
(Ic, from CPT, and ID, from DMT) and mechani-
cal behavior indices (Qt1, from CPT, and KD, from 
DMT), expressed in the contours of Figure 9.

This may be, however, still in arguing since 
Marchetti (2011) defends that (sic) the big differ-
ence between CPT and DMT is that DMT pro-
vides the parameter KD related to the stress history 
(a fundamental piece of information and a pro-
tagonist in the DMT interpretation), whereas qc is 
unaccompanied by a similar parameter containing 
information about stress history.

In the light of  this discussion the author states 
that’s the engineering application for which 
translation formulas (current or future) for 

Figure 8. (a) CRR-KD curves for evaluating liquefaction 
resistance from DMT (Monaco et al. 2005). (b) Compari-

son of CRR-KD curve by Monaco et al. (2005) and Loma 
Prieta 1989 earthquake liquefaction datapoints (after 
Mitchell et al. 1994).
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estimating KD from CPT data are believed to be 
too inaccurate (sic), is the estimation of  the sand 
liquefaction resistance [cyclic resistance ratio 
(CRR)] on the basis of  KD. Reporting to the 
paper by Marchetti (2010), where a compilation 
of  data showing that KD is considerably (“sic”) 
more sensitive than qt (or Qt1) to stress history 
and aging, the author defends that no transla-
tion formula could reconstruct KD values incor-
porating such sensitivity if  the reconstruction is 
on the basis of  qt, which is “almost independent 
of  past straining along the K0-line” (Baldi et al. 
1985) and “is not very sensitive to stress history” 
(Schnaid 2009), so important for liquefaction 
evaluation.

Comparisons based on parallel measurements of 
KD and VS obtained by SDMT at several sandy sites 
have shown that VS (VS1) and KD would provide, in 
general, substantially different estimates of CRR, 
leaving open the question “which CRR should be 
given greater weight” when parallel analyses by KD 
and VS produce contradictory predictions (Monaco 
et al. 2005; Monaco & Marchetti 2007; Monaco & 
Schmertmann 2007; Marchetti et al. 2008).

Another difference in the correlations 
CRR-VS and CRR-KD may be noted in the 
limiting values of  VS1 and KD for which lique-
faction occurrence can be definitely excluded. 
The measured VS1  values, normalized with 
respect to the vertical effective stress, gener-
ally result in values greater than the value 
of  160 m/s which is regarded by Robertson 
et al. (1992) as the upper bound shear velocity 
above which the tailings dilate in shear. 

2.4 Geophysical tests for risk analysis 
in tailing dams

Non-destructive geophysical investigation methods 
of parameter evaluation and measurement are also 
being developed for the detection, assessment and 
improvement of the safety state of tailings dams 
and ponds. Geoelectrical (SIP), seismic and radar 
methods will be used to get information on the tail-
ings dam structure and water content.

Most of the tailing dams are not structured, 
with transition zones between the tailings and the 
dam. Height and thickness of the several parts of 
the dam vary in the horizontal and vertical direc-
tion, being necessary to develop probabilistic 
methods for geotechnical stability analysis. As it is 
not possible to take more than just a few samples, 
the highly inhomogeneous structure of the tailings 
dams cannot be estimated with these methods only. 
Spectral Induced Polarization (SIP) and other geo-
electrical methods have been reported to be valuable 
tools for investigating tailing dumps (Campbell & 
Fitterman 2000). In theses cases the method was 
used to give a raw overview of the structure or the 
content of the dumps. GPR is another method for 
near surface investigations that may be used to 
this purpose. A short electromagnetic pulse is sent 
in the earth by an antenna, the reflected signals 
are received by another one. This is to be scribed 
used for evaluating the near surface structure of 
the dams and determine the position of the depth 
of the groundwater level. Finally, seismic methods 
should be considered, at least in specific points, as 
they rely on the generation, propagation and detec-
tion of mechanical waves. Common sources are 
hammers, weight drops and others. The interpreta-
tion of the arrival times of reflected and refracted 
waves from subsurface strata will give additional 
information on structure and water table.

3 ASSESSMENT OF TAILINGS DAMS 
LIQUEFACTION USING CRITICAL 
STATE SOIL MECHANICS CONCEPTS

3.1 How the binary void ratio-stress state may be 
key factor for liquefaction risk assessment

State parameter approaches have been applied 
with some success to the analysis of soil liquefac-
tion both under cyclic and static loads, although 
the precise relationship between the two is perhaps 
less well understood (Viana da Fonseca et al. 2011). 
Compressibility is a key factor for the develop-
ment of instability in both cases. This will be in 
direct accordance with the relative position of the 
state and the CSL so that the behaviour associ-
ated with the susceptibility to liquefaction can be 

Figure 9. Proposed contours of DMT KD and ID on the 
CPT normalized SBT Qt1–Fr chart (Robertson 2009).
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analysed within a Critical State framework, provid-
ing a simple explanation for the patterns of behav-
iour typical of static liquefaction. Different classes 
of behaviour related to the current void ratio and 
stress state of the soil have been identified. Soils that 
have their in-situ states above the Critical State Line 
(Steady State Line) in the e:lnp′ plane, with positive 
state parameters (Wroth & Bassett 1965; Been & 
Jefferies 1985) are more susceptible to liquefaction 
as illustrated in Figure 10. However, as highlighted 
by Carrera et al. (2011), Critical State Lines for 
sands are only linear in the e:ln(p′) plane at high 
stress levels, and are typically curved lines that 
tend to a horizontal asymptote as p′ reduces 
(e.g. Verdugo & Ishihara, 1996), often modelled 
as bilinear (e.g. Been et al. 1991). There are then 
some doubts about how state parameter should be 
applied to a curved CSL and whether the current 
location of the soil state relative to the curved line is 
important, i.e. whether the state parameter is meas-
ured from the straight CSL at high pressures or the 
flatter part at low pressures (Carrera et al. 2011). 

There is also some ambiguity about the definition 
of liquefaction, although fundamentally it should 
be defined when the soil has genuinely reached a liq-
uefied state, with zero effective stress and strength 
(Yamamuro et al. 2001). Within a Critical State 
framework it may seem that the phenomenon of 
static liquefaction is easily explained, as shown in 
the two examples of Figures 11 and 13. The data 
in Figure 11, by Carrera et al. (2011), are from a 
detailed investigation of the static liquefaction of 
Stava dam tailings (Figure 12). They tested a range 
of initial gradings and the data shown are for recon-
stituted samples of the clean poorly graded sand 
extracted from the tailings recovered from the Stava 
tailings dam disaster (Chandler & Tosatti 1995).

Figure 13 shows similar behaviour in an exhaus-
tive study of the liquefaction risk of cycloning 
products from the disposal of gold tailings from 
Brazil, separated between coarser (underflow) and 
finer (overflow) fractions. Data for the overflow 
fraction are shown here, taken from an extensive 
programme of monotonic triaxial tests again on 

reconstituted samples (Bedin et al. 2011; Schnaid 
et al. 2012). 

It is often assumed that the change in gradi-
ent of the Critical State Line in the e:lnp′ plane 
at higher pressures is associated with particle 
breakage, as observed for example by Coop & Lee 
(1993), but this is not universally true and for the 
Stava tailings no breakage could be detected. In 
both cases the Critical State Line curves towards 
a horizontal asymptote at lower stress levels. Any 
sample with an initial state above that asymptote 
must therefore undergo instability and true liq-
uefaction under undrained conditions, no mat-
ter what its initial stress level, as its stress path 
reaches p′ = 0. At lower initial void ratios, where 
undrained loading brings the sample state towards 
the curved part of the Critical State Line, the soil 
will undergo a very large reduction in p′ when 
loaded undrained, and give peak strength with 
dramatic strain softening. 

This type of behaviour is often rather unhelp-
fully also referred to as liquefaction in the lit-
erature, but since the soil reaches a stable Critical 

Figure 10. Criterion for flow liquefaction susceptibil-
ity based on state parameter concept (based on Kramer, 
1996; Been & Jefferies 1985; and others).

Figure 11. Variation of liquefaction behaviour with 
initial state for clean sand from Stava tailings (Carrera 
et al. 2011).

Figure 12. Stava tailings dam, before (a) and after the 
collapse (b) (http://www.tailings.info/stava.htm).

(a) (b)
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State, albeit at a low p′ and hence strength, this is 
misleading. After all, there are plenty of soils that 
strain soften, but we do not say that they are liq-
uefying. At high stress levels, where the Critical 
State and Normal Compression Lines tend to be 
parallel, the undrained stress-strain behaviour will 
be strain hardening or sometimes mildly strain-
softening, and there can be no liquefaction of any 
kind. While other authors have seen slightly differ-
ent patterns of behaviour for different soils (e.g. 
Yamamuro & Lade 1998), the general approach 
of distinguishing classes of behaviour by the state 
in the v (or e): ln p′ plane remains successful, as 
far as, in principle, the state parameter should be 
applied to the specific curved CSL and not to the 
straight CSL at high pressures or the flatter part at 
low pressures. Figure 14 associates the same data 
of Figure 13 with measured values of shear wave 
velocities. A stable zone is observed at intermediate 
stresses with parallel NCL and CSL lines, while at 
high stresses, particle breakage under monotonic 
loading become dominant, changing the curvature 
of both lines. At the low stress range the onset of 
flow instability significantly changed the slope of 
the CSL relative to NCL reflecting the tendency 
for static liquefaction in undrained shear. Changes 

in slope of the CSL represent a transition of behav-
iour that is also captured in shear wave velocities 
variation. 

Bedin (2010) present the extensive data recoiled 
along axial strain during undrained triaxial tests of 
the shear wave values, Vs, measured using bender 
elements (Viana da Fonseca et al. 2009), used to 
demonstrate that for any given test the initial shear 
velocity (Vs0 ), that is on consolidation state, values 
are greater than the Vs values measured at larger 
strain levels, reaching a minimum value at the very 
large strains at critical state.

These variations of shear wave velocity to mean 
stress, void ratio and state parameter are presented 
in Figure 14, with the purpose of representing 
measured Vs values in the framework of critical 
state.

In addition, Bedin (2010) presented a normali-
zation of these values as a velocity ratio Vscrit/Vso 
that is shown to range typically between 0.5 and 
0.7 for the stable structure range, increasing up to 
0.9 in the event of grain crushing and reducing to 
0.3 to 0.5 when flow instability takes place.

Shear wave velocity (and therefore soil stiffness) 
depends upon interactions of state (void ratio, 
bonding, fabric, stress level) as well as strain level, 
stress history and stress path (e.g. Hardin 1978; Lo 
Presti 1995; Tatsuoka et al. 1997).

Figure 13. Critical State Soil mechanics applied to flow 
liquefaction, with curved Critical State Line (Bedin et al. 
2011).

Figure 14. State parameter and state pressure index 
variation during testing (Bedin et al. 2011).
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To account for these effects, the values of Vs 
have been expressed as a function of void ratio, 
Vs f(e), as well as the void ratio and effective stress, 
Vs f(e,p′ ): 
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These expressions are similar to those derived 
for the small strain shear modulus having the void 
ratio function F(e) defined as (2.17 − e)2/(1 + e), 
(Hardin & Richart 1963; Iwasaki et al. 1978). The 
normalized values of Vs are plotted in Figure 14. 
Both Vs  f(e) and Vs  f(e,p′ ) are valuable means of 
characterising the transitional responses of the 
soil. For example, Vs f(e, p′ ) is of the order of 0.01 
for a stable structure, increasing to up to 3 for liq-
uefaction (300 times).

Based on these evidences, it is suggested that the 
response of the gold tailings can be expressed within 
the framework of critical state soil mechanics by 
assuming the behaviour illustrated in Figure 14.

The CSL is approximated by a three-linear 
model segment in the e-log(p′) associated to dif-
ferent pressure levels leading to four distinct state 
conditions:

a. Flow liquefaction: at low confining stresses 
this tailing exhibit a pronounced contractive 
response generating high excess pore pressures 
that ultimate leads to flow liquefaction instabil-
ity coupled to a complete loss in shear strength 
and the development of excessive strains. 

b. Flow instability: ranging from low to moder-
ate stress range, flow instability is associated 
to large deformations and high pore pressures 
that reduce the deviatory stress at critical state 
relative to the deviatory stress at the initial peak 
(without necessarily leading to liquefaction). 
For the tested tailing the pressure indicating 
the onset of flow liquefaction p′f  l was some-
where around 30 kPa. For stresses lower than 
p′f  l, a sample at its initial state (p′o, eo) located 
above the CSL experience larger reductions of 
its undrained shear resistance inducing a slope 
λf (flow) flatter than λ (stable). This implies that 
flow instability reduces with increasing confin-
ing pressures.

c. Stable conditions: drained and undrained 
critical states coincide, defining a condition 
where the slope of  the critical state line λ 
(stable) being essentially parallel to the slope 
of  the normally consolidated line. This 
idealized behaviour is compatible to that 
conceived in most constitutive models of  flow 

liquefaction based on critical state soil mechan-
ics (e.g. Dubujet & Doanh 2007; Doanh et al. 
1997; Yamamuro and Lade 1997; Borja 2006; 
Andrade 2009).

d. Particle breakage: for stresses greater than the 
stress corresponding to shear induced grain 
crushing p′c the soil is able to reach denser states 
at critical state and as a consequence the slope 
of the CSL λc (crushing) becomes stiffer than λ 
(stable).

Although the described patterns of behavior 
slightly diverges from earlier findings reported by 
Yamamuro and Lade (1998), the characteristic 
behaviour illustrated in Figure14 holds the essen-
tial concepts developed by the authors for silty 
sand materials.

3.2 State (void ratio/porosity) from seismic 
waves for assessment of liquefaction under 
critical state

For what has been referred, the importance of the 
evaluation of voids ratios (e), or porosity (n), by 
other means rather than undisturbed sampling—a 
difficult task in sensitive soils such loose sandy/
silty soils—is a step ahead for a “clean” and reli-
able evaluation of state. With regard to empirical 
methods, an estimate of porosity could in prin-
ciple be obtained from the initial shear modulus, 
Gmax, using correlations that relate this parameter 
to the void ratio and the effective confining pres-
sure, but these methods suffer from an intrinsic 
limitation due to the dependence of these empiri-
cal correlations on soil type, mineralogy and stress 
history. Similarly, the procedures used in coarse-
grained soil deposits based on the estimate (from 
penetration tests) of the relative density have 
certain limitations, since they are affected by an 
uncertainty that is difficult to quantify, and they 
require independent measurements of emin and 
emax. Foti et al. (2002) proposes a novel procedure 
for determining porosity in fluid-saturated porous 
media from measured shear and dilatational (com-
pression) wave velocities. The authors resume the 
method as a development of the theory of linear 
poroelasticity in the low-frequency limit, consider-
ing the fluid-saturated porous medium as a closed 
(undrained) system with the pore fluid moving in 
phase with the soil skeleton. The method presented 
by Foti et al. (2002) determines porosity of the in 
fluid-saturated media from the measured values of 
VS and VP. The method is based on the applica-
tion of Biot’s theory under the assumption that no 
relative movement occurs in the porous medium 
between the solid and the fluid phases. This condi-
tion is considered to be fulfilled at low frequencies: 
that is, if  the saturated porous medium is excited at 
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frequencies less than fc, a characteristic frequency, 
defined by:

f
n g

k
cff =

• •2 π

in which k is the coefficient of permeability of the 
medium, and g is the acceleration due to gravity. 
The lowest characteristic frequency is that associ-
ated with gravelly soils (70 Hz). 

The value of porosity can be determined from 
the following relation:
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where, ρs and ρf is the Poisson ratio of the soil 
particles and the pore fluid, respectively, Kf is bulk 
modulus of the pore fluid, νs is the Poisson ratio of 
the soil skeleton and Vp and Vs the compression and 
shear velocities (measured experimentally). The 
values of Kf , ρs and ρf are physical constants that 
assume standard numerical values (Carmichael, 
1989—some typical values in Foti et al. 2002) and 
νs is a priori unknown, but its range of variability 
is limited to 0.10–0.40 (Salem 2000).

The method has been successfully applied to 
estimate porosity at diverse sites (Foti et al. 2002, 
Foti Lancellota 2004; Arroyo et al. 2007) where 
cross-hole seismic data were available, the results 
showing very good agreement between the values 
of porosity predicted by the theory and those meas-
ured in the laboratory from undisturbed samples. 
Recently this has been applied to tailing materials 
(Jamiolkowski 2012) with utmost practical inter-
est. This will be presented below in this text. 

3.3 Evaluation of saturation level from 
P-waves velocities as to define the highest 
sensitive zone

From the two secondary factors that condition 
the uprising of the liquefaction risk, porosity was 
already discussed above, while saturation will be 
hereby analysed, being this factor a decisive condi-
tion for the development of more or less high pore 
pressures increments during a transient loading 
process.

The important factor of guaranteeing complete 
saturation when dealing with remoulded soils for 
laboratory characterisation of cyclic mobility and/
or liquefaction triggering has been emphasised by 
several authors (e.g. Viana da Fonseca et al. 2011). 
This problem of having an underestimation of this 

risk has been addressed by different authors. Sherif  
et al. (1977), Chaney (1978), Yoshimi et al. (1989) 
have revealed that in laboratory tests the liquefac-
tion resistance of sands depends strongly upon the 
degree of saturation, usually verified in terms of 
the pore pressure coefficient, B (Skempton 1954). 
At a specified cyclic stress ratio, the number of 
cycles causing liquefaction was found to increase 
substantially with decreasing values of B (Ishihara 
et al. 2001; Yang & Sato 1998, 2001; Vieira Faria 
et al. 2006). 

The use of the B-value test to determine the in 
situ state of saturation is sometimes difficult, and 
much influenced by compliance errors. However, it 
has been recognised that the velocity of compres-
sion waves (P-waves), Vp, is a clear sign of the iden-
tification of the water level, and the full saturation. 
The effectiveness of the use of Vp and Poisson’s 
ratio ν in identifying in situ partially saturated 
zones has been demonstrated by a borehole array 
site (Yang & Sato 2001) and in zonation of highly 
heterogeneous residual soils masses, above and 
below water, with geophysical techniques (Viana 
da Fonseca et al. 2006). 

There are even proposals that try to index the 
liquefaction resistance of a specific sand and its Vp 
to allow more significant interpretations and appli-
cations. As an example, Yang (2002) proposed 
an empirical function between the liquefaction 
resistance and B-value based on cyclic test data. 
There are theoretical relationships between the 
B-value and Vp, such as that based on Biot’s the-
ory for imperfectly saturated soils, considering the 
decrease in bulk modulus with the inclusion of air 
bubbles, proposed by Kokusho (2000). He presents 
some useful charts correlating B-value with Vp or ν. 
Yang also presents some of these charts, namely 
for Toyoura sand, and more recently Kiyoto 
et al. (2006) on Soma sand Valle-Molina (2006) in 
Ottawa sand (Figure 15a and b). Since VP values 
clearly shows a high variation when the B-value 
varies from B = 1.0 and 0.8, it will be a most 
clear that they can be a very good index to detect 
imperfect or, “almost” full saturation—an ultimate 
condition for the sharp increase of liquefaction 
potential. Indeed, as presented by Kokusho (2000), 
for VP larger than 90% of Vp of  water, a B-value of 
0.95 or greater should be expected.

There are now available explicit relations between 
the liquefaction resistance of sands and other soils 
and its P-wave velocity. These come from theo-
retical relationship between the value of B and the 
P-wave velocity into an empirical function relating 
the liquefaction resistance to B, established based 
on laboratory test data (Yang 2002). This allows 
to evaluate the in situ liquefaction resistance con-
ditioned by saturation measuring P-wave velocity 
(Figure 16).
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4 CASE-HISTORIES

4.1 Failures on tailing dams finally associated to 
static liquefaction dam

Davies et al. (2002) emphasizes that there was at 
this time limited mention of static liquefaction in 
regulatory literature and a good portion of the 
publications that refer to static liquefaction either 
do not explain the phenomenon being referred 
to or use the term as an explanation for any non-
seismically triggered flow failure with no other 
common failure mechanism. This is still true in a 
large number of designers, who do not clearly rec-
ognize this mechanism. Davies et al. (2002) states 
that the fact that many more tailings dams have 
not failed due to this mechanism is in part due to 
the designers taking measures to combat seismic 
loadings and have also unintentionally guarded 
against static liquefaction. However, designs in low 
seismic areas may not have this co-incidental safe-
guard. Unfortunately, a number of tailings dam 
failures have been mislabeled with other failure 
modes only to eventually have static liquefaction 
correctly noted as the contributing mode of dam 
failure (e.g. Fourie et al. 2001).

4.2 The failure of Merriespruit gold tailings dam

Fourie and Papageorgiou (2001) describe how 
this failure in South Africa was unusual in that 
never before had occurred in such a catastrophic 
way in gold tailings dams (Fig. 17). The conven-
tional thinking was that gold tailings would always 
exhibit dilative characteristics upon loading, pri-
marily because of the method of deposition which 
allows significant consolidation to occur due to 
sun-drying, which was not the case, since the re-
analysis of the relative state location of the depos-
ited materials towards its (their) steady state line, 
which separates dilative from contractive behavior 

(a)

Figure 15. Relationship between Vp velocity and 
B–value for: (a) Soma sand (Kiyoto et al. 2006); 
(b) Ottawa sand (Valle-Molina 2006)—(Jamiolkowki, 
2012. courtesy of the author).

(b)

Figure 16. Normalised number of cycles for liquefac-
tion as a function of P-wave velocity—sand with Dr = 
60% (Yang 2002).

Figure 17. The Merriespruit tailings dam failure 
of 1994, with destruction of the village (Fourie & 
Papageorgiou 2001).
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upon undrained loading, proved to be on the con-
tractive zone, therefore unstable. 

The interesting study involved the study of four 
particle-size distributions of Merriespruit tailings 
to determine the influence of the percent finer than 
75 mm on the position of the steady state line. As 
concluded, the tailings with the greater percentage 
of fines gave a steady state line that plotted above 
all the others, requiring a greater relative density 
to produce non-contractive behavior than for the 
low-fines tailings samples (Figure 18). The diffi-
culty of defining a unique steady state line for a 
particular tailing material was illustrated and it 
was recommended that error bands be assigned to 
any steady state line. 

So exploring whether the in situ material can 
be at void ratios above the representative steady 
state line of the tailings (for relevant values of 
mean effective stress) and thus in a metastable or 
potentially liquefiable state, is critical. Therefore, 
the highly prospective possibility to occur static 
liquefaction in such projects, directly resulting in 
the catastrophic flow slide, demands for a thor-

ough methodology of laboratory studies for the 
“good” evaluation of these critical (steady) state 
loci and subsequent continuous control the state 
parameter, which is obviously possible with in situ 
testing techniques.

In another paper, Fourie et al. (2001), describe 
how void ratios obtained from undisturbed sam-
ples taken during the post-failure investigation 
compared with those steady state lines have shown 
that an appreciable percentage of the specimens 
were likely to have been contractile. They con-
cluded that a large volume of tailings was in a 
metastable state in situ and overtopping and ero-
sion of the impoundment wall exposed this mate-
rial, resulting in static liquefaction of the tailings 
and a consequent flow failure.

Five piezocone tests were carried out at various 
locations around the dam as part of the post-failure 
investigation were—Wagener et al. (1998), cited by 
the authors—and two are included in Figure 19.

The piezocone used in South Africa, at that 
time, did not include a friction sleeve, and results 
were only obtained for end resistance and pore-
water pressure. Still, the profiles of end resistance 
qc and pore pressure uc for this latter test, revealed 
that the tailings at this location were very poorly 
consolidated, with dynamic pore pressures in 
excess of 300 kPa and cone resistance values of 
only 500 kPa at depths of as much as 14 m below 
the tailings surface. The graph on the right side in 
Figure 19, which is a profile of end resistance and 
pore pressure for the test conducted to the west 
of the breach and on the middle berm, shows end 
resistance values between depths of about 2 and 
10 m which are significantly lower than those in 
any of the other three piezocone profiles meas-
ured on the middle and upper berms (Fourie et al. 
2001). At a depth of 8.5 m, for example, the cone 

Figure 18. Particle-size distributions of Merriespruit 
tailings, variation of maximum and minimum void ratio 
with fines and distinct steady state lines from undrained 
triaxial compression tests on specimens exhibiting con-
tractive behavior defining confidence zones based on 
state (adapted of Fourie & Papageorgiou 2001).

Figure 19. Results of post-failure piezocone tests con-
ducted in Merriespruit dam adjacent to the decant facil-
ity and west of the breach on the middle berm (after 
Wagener et al. 1998).
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resistance was only approximately 500 kPa. The 
authors deduced the undrained shear strength su, 
using the conventional the following equation:

s
q

N
u

c v

ktN
= −σv0

being Nkt an empirical cone factor analogous to the 
bearing capacity factor Nγ  , with a “typical” value 
of 15, for normally consolidated clay deposits 
(Senneset et al. 1989), but since Tailings are likely 
to drain much more rapidly than a normally con-
solidated clay, being thus very difficult to measure 
a truly undrained shear strength, the piezocone is 
likely to overestimate the undrained shear strength 
(since some consolidation and thus increase in effec-
tive stress might occur in the vicinity of the advanc-
ing probe). Still, for mine tailings, which usually 
have nonplastic fines, Fourie et al. (2001) suggest 
that a Nkt value of 15 may be a good approxima-
tion and present some other values for mine tail-
ings reported in the literature are summarized in 
Table 1, that tend to a little bit smaller that that ref-
erence, eventually due to that partial drainage.

Fourie et al. (2001)—citing Wagener et al. 
(1998)—refer that from the post-failure investiga-
tions carried out after Merriespruit tailings dam 
failure of 1994 it was concluded that there was 
indeed poorly consolidated material in the slope 
of the tailings dam and this material could be 
expected to flow in the event of disturbance or a 
removal of support. 

4.3 The successful development of Zelazny Most 
in South-West Poland, with the strict control 
of the evolution of the tailings from in situ 
tests results

Jamiolkowski et al. (2010) describe a reference case-
history of the world largest copper tailings disposal 
at Zelazny Most in South-west Poland, close to the 
borders with the Czech Republic and Germany, 
Figure 20. In this lecture the geological features of 
the area and the geotechnical aspects of the design 
and construction. But, it is the geotechnical char-
acterization of the tailings and of the foundation 
soils that are most interesting to this workshop.

Zelazny Most is the largest tailings dam in 
Europe, and it is among the largest upstream tail-
ings dams in the world. Sensitive subjects such as 
shear strength of the involved materials, in what 
respects the mining-induced seismicity and the 
stability of the ring-dam that confines the tailings, 
are described and some of the most adapted tech-
niques and analyses are discussed. 

The Zelazny Most mining system, for extraction 
of copper since in 1972, involves a 480 Mm3 of 
tailings stored in the disposal area, and the maxi-
mum height of the dam is close to 60 m. An aerial 
view of the Zelazny Most disposal is shown in 
Figure 21.

From the geotechnical issues involved in their 
design and construction, the possibility of flow 
liquefaction of the stored tailings is a phenome-
non which has been responsible for the collapse of 
several tailings dams, and which frequently involve 
casualties. Another issue of concern for the design-
ers of tailings dams is the stability of the dams, 
which depends on the height of the dam and the 
mechanical behaviour of the foundation soils.

The Zelazny Most tailings disposal is situated on 
a high plasticity Pliocene clay with shear surfaces 
ruled by a shear strength close to residual values 
which constitute a challenge stability analysis of 
the dam. Considering the magnitude and extent of 
the Zelazny Most scheme (the ring-dam is almost 

Table 1. Reported values of the empirical cone factor 
Nkt for mine tailings (after Fourie et al. 2001).

Tailings Nkt Reference

Copper 15.5 ± 4.5 Mlynarek et al. 1994

Unknown 9–12 East et al. 1988

Uranium 15–19 Larson & Mitchell 1986

Unknown 10.4 East & Ulrich 1989

Figure 20. Zelazny Most copper tailings disposal loca-
tion in Poland (Jamiolkowski et al. 2010).

Figure 21. Tailings disposal, aerial view.
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15 km in circumference), and its importance for 
the continuing operation of the mining operations, 
the owner (KGHM) appointed a four-member 
International Board of Experts (IBE): Prof.s M. 
Jamiolkowski, W.D. Carrier, R.J. Chandler, K. 
Hoeg, W. Swierczynski and W. Wolski who have 
reported this case-history in the 1st Za Chieh-Moh 
Distinguished Lecture (Jamiolkowski et al. 2010).

The production of this industrial plant gives rise 
to a large portion waste mineral material (tailings). 
The tailings are transported hydraulically from the 
mine beneficiation plant to a disposal area, referred 
to as a tailings pond. These material are deposited, 
the water decanted and re-cycled back to the ben-
eficiation plant. The tailings pond includes a dam 
to retain the tailings, depending on the local topog-
raphy, which is the case of Zelazny Most, as in 
other disposals, similar to the scheme included in 
Figure 22 (Jamiolkowski et al. 2010). It is being 
raised by the upstream method, Figure 2, being 
these tailings completely surrounding the pond. A 
plan view is shown in Figure 23.

Presently, the crest of the dam is at approxi-
mately elevation 170 m above sea level (asl). The 
height of the dam above the downstream natural 
grade varies from approximately 22 to 60 m. There 
are approximately 480 Mm3 of tailings presently 
stored and the end of deposition is projected to 
occur in 2042, with a total volume of approxi-
mately 933 Mm3. The deposition of tailings began 
in 1977, with a rising rate of approximately 1.25 
to 1.5 m/yr, with a downstream slope of approxi-
mately 3.5 horizontal to 1 vertical.

The beach (the distance from the crest to the 
edge of the pond) has been maintained at a mini-
mum distance of 200 m. With this practice that 
have the effect of displacing the softer, weaker 
slimes farther inward and produce a thick, strong, 
dilative shell. Finally, as described in Jamiolkowski 
et al. (2010), draining systems have depressed the 
phreatic surface, with the stability of the dam 
being controlled by the foundation soils, instead of 
being controlled by the tailings (Figure 24).

The observational method has always been a 
major concern in design and operation of tailings 
dam. In order to monitor the deposition of the 
tailings and the performance of the Zelazny Most 
tailings dam, there are approximately 300 surface 
marks for measuring horizontal and vertical move-
ments. In addition, a total station with 23 micro-
mirrors has recently been installed to more closely 
monitor one particular section of the dam. There 
are also approximately 1800 piezometers, of which 
870 piezometers have their tips in the tailings, 830 
in the foundation soils, and 100 in the starter dam. 
Finally, there are 42 deep inclinometers. In the 
future, the dam may also be monitored by means 
of satellite radar interferometry. 

The important factor of stability of the foun-
dation soils included the following aspects of 
geotechnical characterization: (1), to establish the 
foundation geology; (2), to determine strength 
properties for limit equilibrium stability analyses; 
and (3), to estimate the in-situ stress state, stress-
strain behavior, and undrained and effective stress 
strength parameters for finite element analysis. 
According to Jamiolkowski et al. (2010), this has 
been done by sampling from downstream of the 
toe of the dam (the “fore-field”) so as far as pos-
sible to be sure that the soil is unaffected by the 

Figure 22. Schematic cross-section of Zelazny Most 
tailings disposal (Jamiolkowski et al. 2010).

Figure 23. Dams elevations and relevant cross-sections 
(Jamiolkowski et al. 2010).

Figure 24. East Dam, location of the circumferential 
drains.
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construction of the dam. This will not be devel-
oped in the context of this work, since the purpose 
is to described what has been carried out over the 
last twenty years in an attempt to achieve a com-
prehensive and reliable geotechnical characterisa-
tion of the tailings. 

In Jamiolkowski et al. (2010) paper, there is 
an important reference to the works of Lipinski 
(2000; 2005), describing the characterisation of 
the tailings used in this project. Coarse tailing 
from the Rudna and Lubin Mines are used to raise 
the dam, whilst the much finer tailings from the 
Polkowice Mine are deposited hydraulically directly 
in the pond. The range of particle size distribu-
tion of the Rudna and Lubin tailings were inves-
tigated by Lipinski (2000, 2005), and are shown in 
Figure 25 together with their mineralogical com-
position and the range of specific gravity, Gs. The 
values of IP of the more plastic fine tailings do not 
exceed 12; many samples are non-plastic.

Characterisation was made by recurring to 
using in-situ tests, due to the difficulties of having 
good undisturbed samples. A significant number—
hundreds in accordance to Jamiolkowski et al. 
2010—of static cone penetration tests (CPT and 
CPTU), have been carried out. Some of these cone 
resistance (qc) profiles, measured during CPTU 
tests on the beach of the East Dam, at various dis-
tance from the dam crest, are shown in Figure 26. 
The authors comment the variability of the qc val-
ues with depth resulting from spigotting, reflected 
in the cone resistance decreasing with increasing 
distance from the dam crest, is attributed to the 

increase in fine content as the test location gets 
closer to the pond.

Similar comments are made regarding the results 
of two seismic Marchetti’s flat dilatometer [S-DMT] 
tests (Marchetti et al. (2008; 2009) run on the beach 
of the East Dam at distances of 40 and 200 metres 
from the dam crest, as shown in Figure 27.

As revealed above, the use of geophysical meth-
ods for mechanical characterization of the tailings, 
specially in the light of a critical state approach is 
highly recommendable for the evaluation of the 
dam stability. The necessity of having the informa-
tion on the distribution of the void ratio (deduced 
from porosity) in the tailings’ masses will enable 
to mapping risk zones if  a sustained definition of 
patterns of critical state loci can be attained from 
preliminary studies over the tailings used in this 
project (Figure 27).

Several cross-hole (CH) and down-hole (DH) 
tests were carried out to measure seismic compres-
sion (Vp) and the shear wave (Vs) velocities. These 
were complemented with a number of seismic 
static cone penetration tests (S-CPTU) and, still, 
the above mentioned seismic dilatometer tests 
(S-DMT’s), during which Vs was measured. In all 
seismic tests the wave velocity was measured using 
two receivers, allowing the assessment of Vp and Vs 
by the true time interval method. 

The results of seismic wave velocity measure-
ments within the tailings were explored for (i) the 
evaluation of the in-situ void ratio (e0) as func-
tion of Vp and Vs under the formula of Foti et al. 
(2002)—see above; (ii) the assessment of the satu-
ration line and the spatial distribution of fully satu-
rated tailings based on the measured Vp values; and, 
(iii) the quantitative assessment of the susceptibil-
ity of the saturated (or nearly saturated) tailings to 
static liquefaction, based on the value of Vs. Some 
of Ch tests results are presented in Figure 28.

The values of Vs (VH) and Vs (HH) suggest 
(Figure 28) that the tailings have very limited initial 
(i.e. small strain) anisotropy. 

Figure 25. Tailings grain size distribution 
(Jamiolkowski et al. 2010). 

Figure 26. Tailings grain size distribution (from 
Jamiolkowski et al. 2010).
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The Vp values confirm their usefulness as a sen-
sitive indicator of the depth at which the tailings 
become fully saturated; see Valle Molina (2006). 
Assuming that saturation coincides with the depth 
at which the Vp values exceeds 1500 m/s, on the cross-
section considered the saturation line can be iden-
tified as occurring at depths of 28 m (D = 40.6 m), 
20 m (D = 132 m) and 9 m (D = 217 m), D being the 
distance from the dam crest. Once the position of 
the saturation line has been identified, the values 
of e0 can be estimated using the formula of Foti 
et al. (2002).

These calculations were carried out for a series 
of 10 cross-hole tests, which averaged values are 

plotted in Figure 29, together with the standard 
deviation of each of the averaging (Jamiolkowski 
2012). This low error levels reveal the high repro-
ducibility of such wave measurements.

In another analysis, Jamiolkowski presents the 
values of Vs and Vp of  saturated tailings used in the 
calculation of e0 for the six tests performed in 1997, 
and the last values computed from those cross-hole 
test results (Figure 30).

Figure 27. East Dam, results of two S-DMT’s (from 
Jamiolkowski et al. 2010).

Figure 28. West Dam—Section VIII, cross-hole tests 
results (Jamiolkowski 2012—courtesy of the author).

Figure 29. West Dam—200 m from the dam crest, 
cross-hole tests results (average Vs and Vp values and 
standard deviations (Jamiolkowski, 2012—courtesy of 
the author).

Figure 30. East Dam, seismic wave velocity of satu-
rated tailings and void ratio—CH tests (Jamiolkowski 
et al. 2010).



198

It can be seen in Figure 29, once the position of 
the saturation line has been identified, the values 
of e0 can be estimated using the formula of Foti et 
al. (2002), using seismic test results, in the present 
cases by recurring to cross-hole.

Jamiolkowski et al. (2010) remind that con-
solidated undrained triaxial, compression and 
extension, on isotropically and anisotropically 
consolidated specimens (TX-CIU; TX-CAU tests), 
were essential to define the critical state loci, being 
this performed on specimens reconstituted using 
the ‘under-compaction’ method (Ladd 1974, 1978) 
with a few further tests using pluvial deposition 
and slurry sedimentation (Lipinski 2000). All the 
reconstituted samples, except for a few prepared by 
slurry sedimentation, exhibited a pronounced sus-
ceptibility to flow failure. A thorough definition 
of the state condition in relation to more or less 
susceptible areas in relation to critical stress, would 
allow for the evaluation of the level of risk towards 
liquefaction triggering (see Figure 13). Still, in the 
light of the importance of this project there was a 
serious concern in relying on the behavior of the 
laboratory tested reconstituted samples. Therefore, 
in 1993, it was decided to attempt “undisturbed” 
sampling (using thin-wall samplers, 70 mm in 
diameter and 140 mm in height), of the tailings 
in hand-dug pits located in the beach at vary-
ing distances from the dam crest (Jamiolkowski 
et al. 2012). Although the adopted sampling 
method does not guarantee entirely undis-
turbed specimens, the tests showed a very dif-
ferent behavior of tailings during undrained 
shearing from that obtained in the earlier series 
of tests. All the undisturbed specimens ini-
tially exhibited contractive behaviour, pass-
ing through the point of phase transformation 
(Ishihara 1993) and then exhibiting continuous dila-
tion as shown in Figure 31. More recent tests have 
been executed with similar results.

It is interesting to note that a comparison 
between the behavior of undisturbed and reconsti-
tuted specimens was made in the light of former 
approaches (Hight 2000; Ferreira et al. 2004, 
2011; Landon et al. 2007) based on comparables 
values of the initial shear modulus, G0, deduced 
from the value of Vs, measured in situ and on tri-
axial tests using bender elements. Table shows the 
results of the series of tests carried out in 1998 
(Jamiolkowski et al. 2010). It is seen that not only is 
the strength of the “undisturbed” samples greater, 
but that the values of G0 are also constantly higher. 
It seems that specimens taken from the trial pits in 
the beach, despite the non-ideal sampling proce-
dure, have preserved, at least partially, the in-situ 
soil fabric of the tailings.

It is interesting to present the parametrical anal-
ysis of Monaco & Marchetti (2007) over results 

Figure 31. Example of undrained triaxial compression 
tests on tailings (adapted from Jamiolkowski et al. 2010).

Table 2. Undrained triaxial tests results on saturated 
tailings (Jamiolkowski et al. 2010).

L 
(m)

FC 
(%)

e0

(−)
Test* 
type B-range (−)

(G0)1 
(bar)

U

R
1

1

( )G0GG

( )G0GG

40 22 0.811 U 0.968 to 0.991 849
1.23

0.809 R 0.976 to 0.996 691

120 24 0.806 U 0.950 to 0.987 851
1.20

0.821 0.971 to 0.994 709

200 28 0.810 U 0.967 to 0.995 857
1.27

0.808 R 0.980 to 0.995 674

(*) TX-CAU-CL, σ′rc; 50, 250 and 500 kPa, 
′
′ =

σ ′′
σ ′′

rc

ac

0 5.

L = Distance from the dam crest
(G0)1 = G0 at σ′m = 1 bar

FC = Fine content, low plasticity silt

U = Undisturbed specimens

R = Reconstituted specimens

obtained on DMT and Cross-Hole tests (CHT), 
form which some are plotted in Figure 32.

Considering the possibility of occurring seis-
mic actions, Monaco & Marchetti (2007) plotted 
the range of values obtained for such profiles—
Figure 32—and situated them in the liquefaction 
risk assessment charts of Figures 6 and 8a, where 
Cyclic Resistance Ration (CRR) is defined, respec-
tively,  in terms of VS1 and KD. These ranges are sig-
naled in thick lines in the abscissa axis of Figure 33.

They have also plotted the limit values for VS1 
and KD. for a very strong earthquake action Mw = 
7.5 which would be associated to the values of 
VS1 = 215 m/s and KD = 5.5 (Maugeri and Monaco 
2006), for clean sands. In this example (Figure 33) 
the materials of Zelazny Most tailing dam, rep-
resented by the example in Figure 32, would give 
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Figure 32. Profiles of KD and ID (DMT parameters) 
and Vs, shear wave velocities from CHT (Jamiolkowski 
et al. 2010).

Figure 33. Profiles of KD and ID (DMT parameters) 
and Vs, shear wave velocities from CHT (Jamiolkowski 
et al. 2010).

an indication that “no liquefaction” would occur 
if  VS1 values were considered (mostly > 215 m/s), 
while, for the same earthquake, under KD values 
(≈1.5–2), there is an indication that liquefaction 
may occur above a certain seismic stress level (high 
CSR). Looking at this data, even for lower values 
of action (smaller values of CSR) the indications 
of Vs would point to stability, while KD point in the 
opposite direction.

Therefore, preliminary comparisons indicate that 
methods based on Vs and KD would provide, in gen-
eral, different estimates of CRR, for what Monaco 
& Marchetti (2007) propend to give greater weight 
to CRR by KD since it may have higher sensitivity 
to stress history and agying, which greatly increase 
liquefaction resistance.

5 CONCLUDING REMARKS

The fundamentals of the liquefaction phenomena 
were summarized with the purpose of stressing 
the importance of the in situ tests for deriving the 
crucial parameters that reveal the state condition 
and therefore the risk for instability. Liquefaction 
is a term most often associated with seismic events. 
However, mine tailings impoundments have demon-
strated more static liquefaction events than seismic 
induced events. The summary of the fundamentals 
includes particular emphasis on static liquefaction.

Several static liquefaction case histories are 
described to demonstrate various ways in which this 
failure mechanism has manifested itself. From an 
understanding of the fundamentals and the lessons 
learned from the case histories, basic guidelines to 
minimize the concern for tailings impoundments 
were presented focusing the great help on specific 
in situ tests, thoroughly interpreted.
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