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ABSTRACT: One of ways to reduce the capacity of tailings being deposited into a disposal is change of deposition technology 
aiming at discharging denser material with reduced amount of water. It may be executed by preliminary thickening of tailings up to 
the form of paste. However, discharging denser material and its deposition on top of tailings which were previously spigotted requires 
an assessments of its bearing capacity. In order to verify this issue in situ model tests in TSF Żelazny Most, Poland have been 
performed. The response of saturated tailings to additional surcharge corresponding to deposition of paste material has been modelled 
by trial inward embankment 1100 long constructed on the surface of spigotted tailings. Consolidation and deformation conditions 
were identified based on SCPTU, SDMT, FVT tests accompanied by embankment settlement measurements supplemented by 
laboratory testing of tailings samples. The results of tests have revealed variety of tailings responses depending on its location and 
deposition conditions.               

RÉSUMÉ: L'un des moyens de limiter le volume des résidus de flottation qui arrivent la décharge est le changement de la technologie de 
leur stockage qui consiste diminuer le teneur en eau dans les résidus et augmenter leur densité. Ces conditions sont rempiles quand on 
remplace la technologie de stockage de l'alluvion par le dépôt de la pâte. Mais le dépôt de la pâte sur la surface des sédiments 
ultérieurement déposés demande l'évaluation du comportement des résidus de flottation suite au charge de la pâte. Pour régler cette 
question on a effectué des essais sur model dans le Bassin de traitement des déchets miniers a Żelazny Most, Pologne. Le remblai 
expérimentale de longueur 1100 metres, formé la surface de la décharge, a modelé le charge des résidus de flottation par la pâte.  
On a identifié les conditions de la consolidation et de la déformation des résidus de flottation partir de recherches effectuées in situ: 
SCPTU, SDMT, FVT, partir d'examens de laboratoire des échantillons de sédiments et partir de l'observation géodésique des tassements 
du remblai. Les études ont montré les différenciés types de réactions des résidus de flottations chargés selon l'emplacement de l'alluvion 
et les conditions de leur stockage.  

KEYWORDS: tailings deformation, trial embankment, in situ tests. 

 
1  INTRODUCTION 

Mining of non-ferrous metals is strongly related with the 
management of significant volumes of mining wastes. Usually, 
final product of processing of any metal ore is ore concentrate 
and tailings which are commonly utilized by its deposition in 
various types tailings storage facilities (TSF) which are 
typically located in natural terrain subsidence or in artificial 
deposits surrounded by earth dams. In the case of wet disposals 
tailings are deposited together with water which serves for 
transportation of tailings and its discharge in terms of spigotting. 
Usually, the water is gathering in the water pond where after 
sedimentation of finest tailings and clarification it becomes 
reclaimed water being transported back and used in processing 
of the ore. Hydro-transportation of tailings and its discharge to 
TSF as a slurry has some advantages, however the weakest 
point of this technology is a fact that deposited tailings have 
very low density which can somewhat increase in the 
consolidation process. Low density of tailings enforces 
immediately creates a need of higher capacity of TSF. One of 
possible ways to reduce this capacity is preliminary thickening 
of tailings prior to its discharge. However when combining two 
different technologies within one facility one has to estimate the 

response of weak almost non-consolidated and fully saturated 
fine tailings being a subsoil for preliminary thickened tailings 
e.g. to the form of paste. The problem becomes more difficult 
when one deals with large facility and huge amount of 
deposited tailings. The object which meets these conditions is 
one of the largest post-flotation tailings disposals in the world 
TSF “Żelazny Most”, Poland.                 

2  TSF “Żelazny Most” 

Tailings Storage Facility „Żelazny Most” continuously receives 
post-flotation tailings being the product of processing of copper 
ore exploited by four underground mines located nearby, from 
almost 40 years (Fig. 1). During that time over 580 mln m3 of 
tailings have been stored. TSF is currently the only place of 
tailings deposition. The total area covered by TSF is 1400 ha, 
perimeter - 14 km and current height of its dams reaches locally 
almost 70 m. Long term mining plans of copper ore assume a 
necessity of TSF “Żelazny Most” development to be able to 
accommodate around 1 mld m3 (Jamiolkowski et al. 2010, 
Świdziński et al. 2015).  

Currently the tailings in the form of milled rock-water 
mixture are transported by broadly developed system of 
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 pipelines and discharged in the facility by circumpherential 
spigotting by sections several hundred meter wide. During 
spigotting coarser fractions of tailings deposits on so called 
beaches whereas finer tailings are gravitationally transported by 
water towards the water pond where sedimentation and 
clarification of water takes place. Reclaimed water is captured 
by several intake towers and recirculated to the processing plant 
in daily amount of 0.5 mln m3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. General overview of TSF „Żelazny Most”. 
 

At assumed development of the facility by upstream method 
the dams constraining the tailings are successively raised. The 
dams are constructed as earth dams where started dams has 
been formed from borrow material (natural sandy deposits) and 
higher embankments have been constructed form coarsest 
tailings deposited near the dam crests. On the average 
approximately 18 mln m3 of tailings are deposited annually in 
the TSF and average rate of the dams raise is around 1.3 m. The 
seepage through the earth dams is well controlled by broadly 
developed system of drains the aim of which is to maintain 
relatively low level of phreatic surface either in tailings mass as 
well as dams body. The design of new higher embankments is 
made systematically based on observational method which 
relies on continuous verification of the design assumptions 
within accepted ultimate ranges of construction response 
expressed by either deformations or internal forces, 
determination of monitoring program as well as mitigation 
measures necessary to be implemented when the observations 
show the response beyond accepted ranges (Jamiolkowski 2014, 
Świdziński et al. 2015).           

Technology of tailings deposition being currently applied 
causes that saturated tailings feeling well central part of the 
facility have very differentiated gradation and can locally be in 
loose and liquid state. Limited chance of water drainage at 
unfavorable change of stress state caused e.g. by too high rate 
of deposition of next portions of tailings can lead to the process 
in which tailings locally liquefy which in extreme case can 
cause to its downstream outflow due to stability loss. Another 
unfavorable loading can be induced by paraseismic waves 
triggered by mining rockburst from nearby mines which is a 
quite often case. Geotechnical analysis of tailings to assess its 
bearing capacity as a subsoil on the top of which preliminary 
drained and thickened tailings might have been deposited in the 
future leads to the conclusion that due to large special 
differentiation of tailings as to its stiffness, its response would 
be also very different. Spatial differentiation of tailings is well 
feasible in the results of CPTU tests presented in Figs. 4 and 6. 
In the case of penetration tests carried out near the dams high 
lamination of silty and sandy layer can be seen with dominant 
portion of permeable sands which together with drainage 
system causes that large portion of tailings is unsaturated and 
full saturation line is located quite deep. Going inwards the 
frequency of occurrence silty layers increases and the saturation 

line raises. At the distance corresponding to the water pond 
there are almost uniform silty formations which due to 
continuous deposition of next portions of fine tailings undergo 
constant process of consolidation. In the case of finest tailings 
locally dissipation rate of excess pore water pressure due to 
additional deposition is lower than the rate of effective stresses 
caused by this surcharge. Such tailings reveal the features of 
underconsolidated medium characterizing by low bearing 
capacity. Therefore, the analysis of the response of such subsoil 
built of underconsolidated tailings when loaded by thickener 
material becomes crucial issue (Tschuschke et al. 2015).              

3  TESTING PROGRAM 

In order to predict the response of already deposited saturated 
fine tailings due to surcharge of planned preliminary thickened 
material series of in situ investigations have been made. The 
surcharge by thickened material was simulated by trial 
embankment constructed perpendicular to the dam axis and 
running inwards (Fig. 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Trial embankment during formation. 
 

The trial embankment has been formed from coarse dry 
tailings taken from the dry beach near the dam crest. Total 
length of the embankment was 1120 m for which almost 
130.000 m3 of tailings were used. The embankment has been 
partially constructed along the dry beach and partially within 
the pond (Fig. 3). In situ investigation covered various types of 
penetration tests such as CPTU, SCPTU, DMT, SDMT, FVT as 
well as sampling of tailings by MOSTAP sampler 1 m long and 
65 mm in diameter for laboratory tests supplemented by series 
of geodetic surveying of benchmarks installed in measuring 
profiles running perpendicular to the axis of trial embankment 
every 100 meters. As reference tests the results of similar 
investigations carried out within the region of trial embankment 
some time ago have been used. 
 

 
Figure 3. Overview of trial embankment with some part of the pond, 
beach and Southern Dam. 
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4  RESULTS OF INVESTIGATION 

Assumed testing program covered variety of in situ tests which 
have been made as reference tests prior to construction of trial 
embankment together with main tests, observations and 
measurements being successively carried out during the period 
of three years along designated cross-sections after 
embankment’s construction. Due to limited space, in this paper 
two characteristic cases of the response of tailings surcharged 
by the trial embankment at the distance of 800 m and 1000 m 
from the dam crest have been analyzed and discussed, only (Fig. 
3).   

Along the cross-section localized at the distance of 1000 m 
25 m thick top layer is built of finest silty tailings freely settling 
in the water pond. The sediments are quite uniform without 
clear sandy interbeddings. There is visible change of 
consistency with depth starting from liquid one, via highly 
plastic, plastic up to low plasticity state. CPTU cone resistance 
reveals smooth increase from 0 MPa near the surface up to 1.5 
MPa at 25 m depth, at pore pressures slightly exceeding 
hydrostatic pressure (Fig. 4). This observations are confirmed 
by the results of vane tests which vary from 0 kPa at the surface 
till 60 kPa at the border of liquid and highly plastic tailings (Fig. 
4). Assuming that ultimate bearing capacity – qf at φ < 10° is 
equal to:   

 

07.5 vuf sq          (1) 

 
where: 
su – undrained shear strength 
σv0 – total overburden stress 
 
one can estimate the range of buoyancy zone of tailings caused 
by specified increment of surcharge v0, where:   

 

uv s7.50          (2) 
 

Figure 4. Comparison of CPTU, FVT & DMT results before and after 
trial embankment construction at the point located within the pond 
(P2/1000).  
 

In the case of 3 m high trial embankment tailings undrained 
shear strength compensating load increment should be 
approximately 11 kPa. Such strength has been recorded by FVT 
test at the 10 m depth. Above this depth tailings have been 
displaced and replaced by the material used for embankment’s 
construction. Moreover, under this depth essential excess pore 
water pressure has been observed. Consequently, in long term 

time period the dissipation of this pressure combined with 
tailings settlement caused compaction of tailings under the 
embankment. Based on the results of in situ tests as well as  
geodetic measurements 3.5 m settlement of tailings within 2 
years period has been observed in this cross-section and the 
settlement continued (Fig. 5). So long time of subsidence is 
related to low permeability of fine tailings which has been 
estimated to be 3·10-9 m/s. An assessment of undrained shear 
strength was made based on CPTU test results making use of 
commonly applied empirical formula utilizing the cone shear 
resistance (Mayne 2006, Tschuschke 2006): 
 

kt

vt
uCPTU N

q
s 0

        (3) 

 
where: 

2)1( uaqq ct   

qt – corrected cone resistance 
qc – measured cone resistance 
a – net area ratio of the cone 
u2 – pore water pressure measured behind cone 
Nkt – cone factor 

 

Figure 5. The settlements of trial embankment at the point P2/1000 
estimated on the basis of CPTU in the two-year period of exploitation. 
 

The results of calculations show that the cone factor is not 
constant and it increases with depth from 1 in very weak 
tailings up to 12 at the depth in which due to tailings 
replacement and compaction the cone resistance reaches 1.5 
MPa. The cone factor serving for determination of undrained 
shear strength su can be estimated based on the following 
equation: 

 
13.11)ln(21.3 0  vtkt qN        (4) 

 
R2 = 0.988 

In the same way one can correct the relationship enabling an 
assessment su based on DMT tests (Lunne et al. 1989, Schnaid 
and Odebrecht 2015):  

 
25.1

0 )5.0(19.0 DvuDMT Ks         (5) 

 
where: 
σ’v0 – effective overburden stress 
KD – horizontal stress index from dilatometer, where: 
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p0 – corrected first DMT reading 
u0 – in situ pore water pressure 

 
Eqs. (3), (4) and (5) allow to determine continuous distribution 
of undrained shear strength of saturated tailings based on CPTU 
and DMT tests.  

Essentially different response of tailings under trial 
embankment occurred within the area of beach near the water 
line where due to different deposition sandy and silty layers of 
tailings are alternatively observed. The presence of the latter 
significantly increases there global rigidity and bearing capacity 
of tailings mass, which is expressed by rapid increase of cone 
resistance within sandy interbeddings (Fig. 6). Moreover, sandy 
interbeddings form privileged flow paths reducing pore water 
build up. Therefore, the only response of tailings on additional 
surcharge are limited settlements which do not cause an 
instability threat and the rate of which decreases much faster 
than for fine saturated tailings. In the presented case referred to 
the distance of 800 m from the dam crest which corresponds to 
location of water line observed total settlements of tailings were 
0.8 m. The larges settlements of 5 m being the result of 
displacement of tailings up to 22 m depth occurred and the end 
of trial embankment corresponding to 1100 m distance from the 
discharge point of tailings. 
  

Figure 6. Comparison of CPTU, FVT & DMT results before and after 
trial embankment construction at the point located within the area of 
beach near the water line pond (P2/800). 

5  CONCLUSION 

The results of comprehensive in situ investigations of post-
flotation tailings deposited by spigotting process and next 
loaded by trial embankment have revealed that in situ response 
of tailings depends on its gradation related to the deposition 
process of the material as well as consolidation conditions. The 
results have also shown the variety of this response from small 
settlements within the beach area up to very large settlements in 
the pond area combined with several meters deep replacement 
of large mass of tailings and its long-term, secondary 
settlements within the underlying zone. In order to determine 
the response of saturated tailings the identification of undrained 
shear strength distribution with depth is necessary. Such 
distribution can be obtained based on FVT tests which can 
serve as reference test for commonly applied CPTU and DMT 

penetration tests. In order to assess this shear strength in 
saturated tailings revealing the features of cohesive soils the 
correction of interpretation procedure for CPTU and DMT test 
results is necessary. Such correction has been presented in the 
paper. 
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