
1 INTRODUCTION  

The structure of tailings dams build using the upstream method results in a situation 
where new sections of the dam are founded directly on beaches formed from 
previously deposited tailings. During the outflow process tailings undergo natural 
sedimentation segregation, as a result deposits with coarser grain size undergo 
sedimentation on beaches near the discharge points, while tailings with the finest 
grain size accumulate with the waste water in the pond. Depending on the grain size 
distribution of tailings and outflow energy the sedimentation process leads to the 
formation of laminations in the mass of deposited tailings. The amount and thickness 
of fine-tailings laminations, having a decisive effect on the stability and bearing 
capacity of the tailings mass, increase with the distance from the discharge points. 
The presence of these laminations is crucial for deposit drainage and consolidation 
conditions. Penetration characteristics from CPTU effectively identify the above 
mentioned laminations and facilitate assessment of grain size distribution of post-
flotation sediments. 

2 THE OBJECT OF THE STUDY 

The object of the study was the Żelazny Most post-flotation tailings dump, located in 
western Poland, where tailings from 4 copper ore mines are deposited. The dump has 
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been operating since 1977 and at present is one of the largest such hydraulic engi-
neered objects in the world. The size of the tailings dump is defined by the following 
parameters: the volume of dumped tailings over 350 million m3, dump area of 1,394 
ha, dam length of 14.3 km and dam height locally exceeding 50 m. Ultimately the 
dump is to be expanded to the final capacity of 1 billion m3 and dam height of ap-
proximately 100 m. Due to the size of this dump, the adopted method of expansion 
design and several complex local factors, in 1992 a Team of International Experts 
was appointed to coordinate geotechnical studies facilitating the safe and economical 
operation of the Żelazny Most dump. Taking into consideration the number, diversity 
and duration of geotechnical investigations and observations conducted at the 
Żelazny Most dump this site may be viewed as the largest Polish geotechnical proof 
ground. 

3 TESTING METHODS 

A basic type of tests, conducted continuously since 1987 to the present, is penetration 
testing using different types of cones, piezocones and dilatometers. The crucial ele-
ment in this configuration of investigations is the standard CPTU with pore pressure 
dissipation tests at different depths of penetration. The CPTU’s are conducted rou-
tinely and continuously on beaches, the crown and shelves of the dam as well as the 
dump forefield, while periodically, i.e. every several years of the dump operation, al-
so within the pond. In the analysis of the assessment of deposit consolidation condi-
tions two testing nodes were selected, located on the dump beach and within the 
pond, where replication tests were conducted after a 10–year operation of the tailings 
dump. 

4 ANALYSIS OF RESULTS 

The issue of the trend is closely connected with the penetration process of the subsoil. 
An analysis of this problem has led, among other things, to the normalization and 
standardization of penetration parameters and the utilization of the knowledge of the 
trend to estimate several parameters, such as OCR and Su (Sanglerat et al. 1982, Sen-
neset et al. 1989). Thus, when considering penetration results presented in the form of 
curves of changes in recorded penetration parameters as function of depth, the value 
measured by Yk(z) may be split into two components and written in the form of the 
sum of the systematic component – the trend T k(z) and a measure of variation around 
this value – noise ε k(z). 
   In homogenous, normally consolidated subsoil, such as e.g. sea clay, the theoretical 
line of trend for cone resistance connected with a change in the state of stress may be 
determined by dependence (Lunne et al. 1997), presented by the following equation: 
 

qt = (3.75 ± 1.25) σ’vo                                                    (1) 

where qt = corrected cone resistance; σ’vo = effective overburden stress. 
 
   In post-flotation sediments, excluding factors connected with the applied testing 
method, the effect of trend is related to a change in the state of stress in the deposit 
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mass and the non-uniformity of grain size distribution. Both these factors occur si-
multaneously and practically may not be separated. This problem was analyzed using 
results of replication tests conducted on the beach of the Żelazny Most dump (Fig. 1), 
arranged in the square grit with a 1.5 m spacing (Fig. 2), assuming the linear trend 
model (equation 2): 
 

T k(z) = Y k(z)  - ε k(z)                           (2) 

where k = the number of replication. 
 
 

Figure 1. CPTU replication test profile
 

Figure 2. Location scheme of CPTU replication tests at the east dam beach of the Żelazny Most dump
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The trend was determined using the method of linear regression (equation 3) for three 
penetration characteristics recorded routinely with a frequency of every 2 cm penetra-
tion depth increment: 
 

T k(z)  = αk + ßk · Zi                               (3) 

where T k(z) = trend of penetration parameter, qc, fs, uc, respectively; αk, ßk = trend pa-
rameters;  Zi = depth. 
 
 
 

Figure 3. Regression functions for penetration characteristics at different locations
 
Characteristic values of trend parameters of penetration characteristics with depth 
(Fig.  3),  determined  based  on  the  replication test  (Młynarek et al. 2004),  indicate    
(αśr>0, ßśr>5 σ’vo) that sediments deposited within the experimental plot were sub-
jected to mechanical consolidation caused by filling and drainage works in the beach 
fragment adjacent to the dam, which is to constitute an element of the future build up. 
   The overconsolidation ratio of deposits indicates a spatial and time variation in the 
dump mass. In beach deposits the overconsolidation ratio increases as the distance 
from the dam decreases and is reduced in the vicinity of the pond. This thesis is con-
firmed by the results of CPTU’s repeated after 10 years of the dump build up. If we 
consider a point located on the beach with pre-determined coordinates, then - as a re-
sult of the adopted upstream technology of dump expansion - the elevation of dams 
causes the dam axis to approach the analyzed point. This fact results in the intensifi-

  2nd International Symposium on Cone Penetration Testing, Huntington Beach, CA, USA, May 2010



cation of construction works, changing deposit density and creates more advanta-
geous filtration conditions, i.e. a change of conditions which promote to consolidation 
of tailings. In the analyzed profile of deposits the beach build up moving from 147 m 
above sea level in 1993 to 157 m above sea level in 2002 resulted in a change of the 
distance of the testing node in relation the dam axis from 90 m to 40 m (Fig. 2). 
Graphs of penetration characteristics from CPTU’s performed in 1993 and repeated 
in 2002 are presented in Figure 4.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Parameters of cone resistance trend determined on the basis of replication test within the 
dump beach 
 
Changes in penetration parameters seen on the graphs and trend parameters deter-
mined on their basis for penetration characteristics differentiate the analyzed profiles 
as follows: αqc(2002) > αqc(1993) > 0 and ßqc(2002) > ßqc(1993) >  ßqc(NC). A change in parame-
ter α results from a change in the state of stress and relative density, while an increase 
in the value of parameter ß is the effect of mechanically consolidation connected with 
density strengthening. 
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   A completely different consolidation model of deposits is observed within the pond 
area (Fig. 5). 
 

 

 
 
Figure 5. Parameters of cone resistance trend determined on the basis of replication test within the 
pond 
 
Distributions of cone resistance with depth indicate that in the pond deposits the con-
solidation process has not been completed (qc < 2,5 σ’vo). Trend parameters for the 
distributions of cone resistance are connected with the following dependence αqc(2002) 

= αqc(1993) < 0 and ßqc(2002) = ßqc(1993) < ßqc(NC).  Parallel trend lines indicate only a 
change in the state of stress in the deposit mass, caused solely by the increased vo-
lume of deposited tailings, a lack of cementation effects and structural changes in the 
deposits. 
   The analysis of the second penetration characteristic, i.e. excess pore water pres-
sure, confirms the thesis presented above, identifying the material deposited within 
the pond as the medium in which the consolidation process has not been completed. 
A study by Tanaka and Sakagami (1989) showed that normally consolidated sea 
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clays, in which a series of CPTU’s were conducted, meets the condition expressed by 
penetration parameters, which may be written in the form of equation (4): 
 
 

u2 – u0 = 3/4 (qt - σvo)                           (4) 

where u2 = pore pressure measured behind cone; u0 = in situ pore pressure; σvo = total 
overburden stress. 
 
In case when equation (4) is transformed into an inequality which left side has a 
higher value, this condition identifies underconsolidated clays. In the opposite case 
clays are considered to be overconsolidated. A similar analysis was performed in re-
lation to post-flotation sediments, found in different fragments of the Żelazny Most 
dump (Tschuschke 2006). Results of the analysis are shown in Figure 6, at the same 
time confirming the argumentation presented earlier that post-flotation sediments de-
posited within the dump beach may be treated as normally consolidated soils, whe-
reas deposits undergoing sedimentation in the pond – as soils in which the consolida-
tion process is still underway under the current overburden stress. Deposits embedded 
in the dams and subjected to the compaction process have characteristics of slightly 
overconsolidated soils. 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 6. Relationship between excess pore pressure and corrected cone resistance for tailings depo-
sited in the pond of Żelazny Most dump.

5 CONCLUSIONS 

Identification of consolidation conditions for mine tailings during their deposition in 
wet dumps found in the state of permanent build up is a crucial element in the as-
sessment of strength parameters of those deposits and as a result – also in the analysis 
of stability of a given object. The CPTU is a reliable method which facilitates such an 
identification. The analysis of trend parameters of penetration characteristics makes it 
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possible to localize in the dump mass the tailings with characteristics of underconso-
lidated, normally consolidated and overconsolidated geomaterial and to forecast 
changes in the overconsolidation ratio of deposits, occurring in time under the influ-
ence of the dump build up.  
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