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Institute of Construction and Geoengineering, Poznań University of Life Sciences, Wojska Polskiego 28,
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Abstract: The safe operation of the large, outflow Tailings Storage Facilities (TSF) requires comprehensive
and continuous threat monitoring. One of the basic kinds of threat monitoring is to monitor the
water conditions in deposited tailings, which is usually carried out using a conventional piezometric
observation method from a network of installed piezometers. In complex tailings storage conditions,
the reliability of the piezometric method may be questioned. The Seismic Cone Penetration Test
(SCPTU) can meet high test standards. The results of the penetration tests closely identify conditions of
sediments that determine the tailings water regime verified locally on the basis of pore water pressure
dissipation tests. On the other hand, seismic measurements perfectly complement the characteristics
of sediments in terms of their saturation. The analysis of the results of SCPTU implemented in the
tailings massif also showed that below the phreatic surface, a zone of not fully saturated tailings can
be found. Its presence improves the stability conditions of the tailings massif and dams, but also
limits the possibility of the static liquefaction of tailings.
Keywords: water conditions monitoring; tailings storage facility; postflotation sediments; SCPTU

1. Introduction
The final link in the technological process of copper production is the tailings storage facility,
which receives most of the extracted rock output after processing. The use of the hydrotransport
method for depositing tailings in a storage facility means that a significant amount of technological
water reaches the storage facility along with tailings [1]. Water, after being drained from outflowed
waste, accumulates in the central part of the facility, creating a decant pond [2]. The technological water
cycle is monitored and managed both on a global scale related to the entire copper production process,
and on a local scale covering the storage facility area. The monitoring of water conditions in an outflow,
above–ground facility is an essential element determining the safety of the operated facility [3–6].
While safe accumulation of the controlled volume of technological water in the decant pond is
reduced to maintaining a certain distance from the crown of the dams to the shoreline of the pond,
a network of piezometers is used to identify the location of the depression line in the tailings massif [7].
Due to the point nature of piezometric observation on the one hand, and non–hydrostatic and often
discontinuous distribution of water pressure in sediments on the other, the identification of saturated
and unsaturated zones of sediments in the facility’s massif based on piezometric measurements is not
always completely unambiguous [8]. The correct assessment of water conditions means the realistic
parametric identification of sediments, which, in turn, determines the results of the stability analysis of
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The method of depositing mine waste in a storage facility using the spigotting method presents
The method of depositing mine waste in a storage facility using the spigotting method presents
serious risks. The mining output in the form of solid rock, which was originally lying in the subsoil,
serious risks. The mining output in the form of solid rock, which was originally lying in the subsoil, is
transformed in the technological process into a grain structure dominated by sandy and silty fractions.
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The discharge of tailings into the interior of a storage facility and using the spigotting method onto
the beaches as a result of the sedimentation process causes their natural segregation in terms of grain
size. The consequence of this process is that the sandy fractions are deposited on the beach in the
vicinity of the dam, the sandy–silty material is in the more distant parts of the beach, while the finest
silty fraction together with the technological water flow into the central part of the facility. Numerous
studies [2,18–20] documenting the spatial distribution of sediment grain size in a facility point to a
clear trend of an increase in the average content of silt in the beach profile as it moves away from
the discharge site and, conversely, an increase in the average content of the sand as the beach profile
approaches the discharge site. In addition, in the more distant beach profiles, the amount and thickness
of silty layers formed in the sandy sediment zone increases [13]. The central massif of the facility is
formed by sedimenting waste in salty water with a grain size dominated by the silt and with a small
admixture of a clay. The grain size distribution of postflotation tailings in the context of natural soil
classification ranges from fine sands, such as silty sands, sandy silts, and silts, to silty clays. Such a large
variability of tailings in terms of grain size distributions means that their physical, mechanical, and
filtration properties must differ significantly. This issue is well illustrated by the assessment of tailings
filtration capacity, which, expressed by the water permeability coefficient, indicates the variability of
this parameter value in the range between 10−4 m/s and 10−9 m/s [21]. Due to the technology used to
deposit waste in the facility, the state of the sediments also shows a strong diversity. Sediments used
for the construction of dams collected from the beach in the process of forming and rolling are deprived
of the original structure in the embankment, while the embankment material requires compliance
with density criteria [18]. Sediments that retain the natural structure resulting from the sedimentation
process deposited on the beach are distinguished by their loose and medium density. Fresh sediments
filling the pond are characterized by a liquid state, while older sediments subjected to the process
of consolidation are soft to stiff state [13]. The occurrence of loose sandy sediments in a state of full
saturation with an adverse change in the load conditions caused by a raising level of waste storage is a
model condition for their liquefaction. Another type of unfavorable load conditions may be cyclic
loads caused by the impact of a paraseismic wave induced by a mining shock. Both of these cases can
occur at Żelazny Most TSF [1,22].
2.3. Methods
In the opinion of many researchers [8–12,23,24], the cone penetration test with the measurement
of pore water pressure and seismic wave velocity (SCPTU) is currently perceived as the most
comprehensive, and also extremely reliable, in situ subsoil test (Figure 5).
According to the standard of this test, an electric piezocone is pressed into the subsoil at a constant
speed of 2 cm/s, which continuously, with a frequency of every 2 cm increase in penetration depth,
allows the recording of test parameters, which are:
•
•
•

measured cone resistance qc ,
sleeve friction resistance fs , and
dynamic pore water pressure uc .

If the filter for measuring pore water pressure is located directly behind the tip of the cone, then the
general designation uc corresponds to the index u2 . Stopping of cone penetration starts the dissipation
process of the measured dynamic pore water pressure, which is reduced to in situ pore water pressure
at the level of cone penetration—u0 . Another regular measurement carried out after stopping cone
penetration, usually with an interval of 1 m increase in penetration depth, is the measurement of
seismic signals, including the recording of:
•
•

shear wave velocity vs , and
compression wave velocity vp .
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unsaturated medium from the full saturation sediments, which in the adopted calculation model
differentiates the sediments in terms of strength assessment (Figure 4). For sandy sediments deposited
on the beach in the area of discharge points, regardless of the saturation state, favorable values of the
shear strength parameters expressed in the effective friction angle ϕ0 = 34◦ are assumed for calculations.
In parts of the beach located farther away from the place of waste discharge, in the area of sandy-silty
sediments, which are above the depression line, favorable strength assessment characterizing the sandy
sediments is maintained, while below the depression line in the description of sediments, the effective
friction angle is replaced by undrained shear strength. It is recommended to assume the value of this
parameter at the level of 0.4 of the effective overburden stress (su = 0.4 σ0 v0 ).
The location of the pond in the central part of the facility is elevated, as opposed to the original
terrain structure, in which the facility is located at a height of about 70 m, which causes the water from
the pond to migrate to the subsoil supplying groundwater. The process of filtration of water from the
pond to the subsoil is slowed down by sediments and layers of the subsoil. The heterogeneous structure
and the nature of the sediments layered as a result of the sedimentation process makes filtration a
complex process, and the distribution of water pressure in the profile can be discontinuous and usually
different from hydrostatic distribution [8]. Identification under such conditions of the real distribution
of pore water pressure, an indication of the extent of the zone of fully saturated sediments and
unsaturated sediments and, as a consequence, the prediction of the phreatic surface in the calculation
cross-section for the analysis of the stability of dams of the facility, requires proven and reliable methods
of monitoring of water regime. The most commonly used method of this type of monitoring is the
method based on piezometers readings. However, in the case of a hydrotechnical object depositing
postflotation tailings, the assessment of water conditions in the tailings massif based on the analysis
of the indications of a single piezometer cannot be reliable. This type of measurement indicates
only the water pressure measured in the tailings at the depth of the piezometer filter installation.
Without additional information about the shape of this water pressure distribution in the analyzed
profile, it is difficult to clearly determine the depth at which the free water table stabilizes (Figure 6a) [8].
A much more realistic assessment of the water conditions in the analyzed profile of the tailings
can be obtained when a single piezometer is replaced with a piezometer bundle consisting of several
independent devices whose filters have been installed at different profile depths (Figure 6b). Based on
the analysis of the results of such observations, an approximate to real distribution of water pressure in
the profile is obtained, from which the depth of stabilization of the free water table in sediments can be
determined. Due to the point nature of the measurements in the sediment profile and the influence
of the piezometer bundle installation, as well as the construction of the device itself, it is difficult to
identify isolated, not fully saturated sediment zones within the fully saturated sediment complex [8].
In the context of the above limitations, the cone penetration test is much more precise than the
piezometric method in deposited waste conditions for the method of identifying water regime. In this
test, one of the continuously recorded penetration characteristics is measured by cone penetration
dynamic pore water pressure, which, from a physical point of view, is the sum of the piezometric
pressure and excess pore water pressure generated in the soil around the cone as a result of the
penetration process. Stopping cone penetration naturally triggers the mechanism of dissipation
of excess pore water pressure to a set water pressure, which corresponds to piezometric pressure.
The graphic picture of this process is the curve of pore water pressure dissipation [11,15]. A complete
dissipation of water pressure to a value of zero indicates no water present at the cone’s stopping
depth. A similar result of the dissipation process in tailings below the phreatic surface indicates the
identification within the complex of saturated tailings, isolated by the strength of the various filtration
properties of the nearly saturated zone. Such a situation is favored by the strongly horizontally layered
profile of the storage facility’s massif, which is a direct consequence of sedimentation processes in
various spigotting conditions. With the dominant vertical direction of filtration of water through the
tailings massif, it is slowed down on the top of silty sediment layers with limited filtration capacity and
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The second, intermediate zone, between the depression and saturation lines, within the profile
depth range from 15 m to 26 m (Figure 9), collects sediments in the state of full and not full
saturation (Sr ≤ 1). In the second zone, the distribution of pore water pressure is in the form of a
non-hydrostatic distribution, which, depending on the local filtration capacity of the sediments, may
exhibit discontinuity features. The third zone, located below the saturation line, in the bottom part of
the sediment profile below the depth of 26 m (Figure 9), collects fully saturated sediments (Sr = 1),
within which the distribution of pore water pressure corresponds nearly to the hydrostatic distribution.
The analysis of the distribution with the depth of velocity of the second recorded seismic wave
(shear wave) in combination with the identification of different zones of sediment saturation allows
for the assessment of the threat of static liquefaction of the sediments [26]. Based on the results of
Vidic et al. [27], it can be assumed that in the zone of saturated postflotation tailings of copper ores,
such a limit is the velocity of a normalized shear wave with a value of 160 m/s (Equation (5), Figure 9).
Performing a qualitative assessment of the water conditions of postflotation tailings deposited
within the TSF by the SCPTU compared to the conventional piezometric method brings many additional
benefits expressed by a more precise and detailed identification of these conditions, as a result of
which a new idea to the parametric assessment of sediments is possible. The distinction in the profile
of the intermediate facility zone of nearly to saturated sediments raises the question of whether the
same sediments strength parameters adopted in this zone as in the area of fully saturated sediments is
not a too conservative approach. This is indicated by the results of the interpretation of penetration
characteristics from the CPTU, which document the intermediate shear strength of sediments in
the intermediate zone. This view can be confirmed by the results of strength tests of natural soils
documenting the increase in shear strength of these soils in the nearly to saturated state [28,29].
Taking this fact into account when calculating the stability of the storage facility’s dams leads to the
determination of a more favorable stability factor.
4. Conclusions
Monitoring of water conditions in hydrotechnical facilities, which includes the outflowed
postflotation tailings storage facility, is one of the basic operations to ensure the safe exploitation of
such facilities. The literature on this issue indicates inadequate water conditions as the main cause
of failures of TSF [3–5,7,30,31]. Hence, the problem of proper recognition and reliable monitoring of
water conditions is of particular importance. In this regard, the conventional monitoring technique
used in postflotation TSF is a method based on piezometers readings, which, due to the nature of the
object and the specificity of the stored material, may face some limitations that affect the reliability of
this method. A good solution in this situation is to use the cone penetration test with the measurement
of pore water pressure dissipation and the measurement of the velocity of seismic waves (SCPTU).
The purpose of using SCPTU is to increase the safety of dams, especially for upstream structures.
Based on the results of this test, continuous stratigraphic and parametric sediments characteristics
in the penetrated profile, real piezometric distribution of pore water pressure, and zonal sediments
saturation characteristics are obtained.
Because the observed anomalies of water conditions in the facility massif can be explained and
verified as a result of detailed analysis of sediments conditions, the profile image of the subsoil
obtained from the SCPTU is complete from the point of view of geotechnical recognition. An important
advantage of SCPTU, and especially the part of the test that concerns geophysical measurements, is
the possibility of finding zones in the massif profile of sediments because of their state of saturation.
An intermediate zone of not full saturation of sediments below the depression line and above the
saturation line can be isolated due to the analysis of the distribution with the depth of the compression
wave velocity in the tailings profile. Its presence improves the stability conditions of the object and
reduces the risk of static liquefaction of the sediments.
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Świdziński, W. Modelling of post-flotation tailings liquefaction induced by paraseismic events. Arch. Hydro
Eng. Environ. Mech. 2016, 63, 215–233. [CrossRef]
Mayne, P.W. In-situ test calibrations for evaluating soil parameters. In Characterization and Engineering
Properties of Natural Soils, 1st ed.; Tan, T.S., Phoon, K.K., Hight, D.W., Leroueil, S., Eds.; CRC Press, Georgia
Institute of Technology: Boca Raton, FL, USA, 2007; Volume 3, pp. 1601–1652. [CrossRef]
Robertson, P.K. Cone penetration test (CPT)-based soil behaviour type (SBT) classification system—An
update. Can. Geotech. J. 2016, 53, 1910–1927. [CrossRef]
Jong-Sub, L. Geo-characterization using waves—Principle to application. In Proceedings of the 19th
International Conference on Soil Mechanics and Geotechnical Engineering, ICSMGE 2017, Seoul, Korea,
17–22 September 2017; Volume 1, pp. 245–264.
Tsukamoto, Y.; Ishihara, K.; Nakazawa, H.; Kamada, K.; Huang, Y. Resistance of partly saturated sand to
liquefaction with reference to longitudinal and shear wave velocities. Soils Found 2002, 42, 93–104. [CrossRef]
Vidic, S.D.; Beckwith, G.H.; Keaton, J.R. Liquefaction assessment of mine tailings dams. In Geotechnical
Site Characterization ISC’98; Mayne, W., Robertson, P.K., Eds.; Balkema: Rotterdam, The Netherlands, 1998;
Volume 1, pp. 543–548.
Ishihara, K.; Huang, Y.; Tsuchiya, H. Liquefaction resistance of nearly saturated sand as correlated with
longitudinal wave velocity. In Proceedings of the 1st Biot Conference on Poremechanics, Louvain-La-Neuve,
Rotterdam, The Netherlands, 14–16 September 1998; pp. 583–586.
Ishihara, K.; Tsukamoto, Y.; Kamada, K. Undrained behaviour of near-saturated sand in cyclic and monotonic
loading. In Proceedings of the International Conference on Cyclic Behaviour of Soils and Liquefaction
Phenomena, London, UK, 31 March–2 April 2004; pp. 27–40.
Jing, X.; Chen, Y.; Williams, D.J.; Serna, M.L.; Zheng, H. Overtopping Failure of a Reinforced Tailings Dam:
Laboratory Investigation and Forecasting Model of Dam Failure. Water 2019, 11, 315. [CrossRef]
Luino, F.; De Graff, J.V. The Stava mudflow of 19 July 1985 (Northern Italy): A disaster that effective regulation
might have prevented. Nat. Hazards Earth Syst. Sci. 2012, 12, 1029–1044. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

