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The CPTU classification chart for the post-flotation sediments based on 
statistical criteria

Classification des sediments flotte avec la méthode CPTU basee an critérium statistique

Z.Mlynarek & W.Tschuschke -  Department of Geotechnics, Agricultural University, Poznan, Poland 
W.Woly nski -  Faculty of Mathematics and Computer Science, Adam Mickiewlcz University, Poznan, Poland

ABSTRACT: Wastes from copper ore and other noble metals are in many countries deposited in specially constructed dumps. In 
construction o f the embankments o f these dumps the mine tailings are often used. An example o f such a solution is the copper tailings 
reservoir Zelazny Most near Lubin, Poland. The basic method o f evaluating the kind and parameters o f the tailings is the cone 
penetration test (CPTU). Using the parameters o f this test the basic groups o f sediments differentiated with respect to grain size can be 
identified. The paper presents a classification system o f the sediments basing on the penetration parameters. To construct the system a 
statistical classification method was used assuming that the separating lines in the classification system are the linear or quadratic 
functions. Also the probability o f occurrence in a given area o f the sediments with the grain size distribution attributed to this area is 
presented.

RÉSUMÉ: Dans beaucoup de pays on dépose les déchets des mines de cuivre et d ’autres métaux précieux dans les spéciales aires de 
stokage. Les déchets des mines sont souvent utilisés pour la construction des barrages de ces aires de stokage. L ’aire de stokage des 
déchets des minerais de cuivre de Zelazny Most prés de Lubin en Pologne est l ’exemple de cette solution. La méthode du sondage 
statique (CPTU) est la méthode be base pour 1 ’ estimation du genre et des paraméters des déchéts. A 1 ’ aide des paraméters de ce test 
on peut identifier les essentiels groupes des déchets, différenciés par rapport â la granulométrie. Dans 1 ’ article on a présenté le 
système de classification des déchets basé sur les paraméters du test CPTU. Pour la costruction du système on a utilisé la méthode 
statistique de classification, en admettant que les lignes de délimitation dans le système sont les lignes droites ou courbes de deuxième 
rang. On a indiqué aussi la probabilité de la présence dans la zone donnée des déchets avec la granulométrie correspondat â cette zone.

1 INTRODUCTION

Identification of the kind o f soil is important in soil mechanics 
because, besides documenting subsoil structure, it establishes the 
direction of investigations and interpretation of strength 
parameters o f the subsoil. Currently this identification is carried 
out in two ways. One o f them is laboratory testing in which 
randomly collected soil samples are used whose grain size 
distribution is determined with different, more or less accurate 
methods. The other way are indirect in-situ tests. In this method 
grain size distribution is identified with correlation relationships 
of a measured parameter with indices describing changes in clay, 
silt and sand fractions o f the soil sample. The latter method gains 
particular importance when in the subsoil occur strongly layered 
soils, e.g. laminated clays with several millimetre or centimetre 
thick laminations. These laminations have a significant effect on 
directions o f water filtration and strength parameters o f the soil.

A classical example o f this type o f sediments are mine wastes 
deposited in a dump with hydro-flotation method. Long term 
experience indicated that a very good method o f identification of 
grain size distribution o f soils, including post-flotation 
sediments, is the cone penetration test. For construction subsoil 
several, so called, classification systems have been worked out 
(e.g. Lunne et al. 1997) which enable identification o f soil type 
from known penetration characteristics. These systems were also 
used for identification of the kind o f mining wastes. However, a 
problem still remains to be solved in all systems: how to assume 
rational criteria for separating areas with soils or wastes o f 
different grain size distribution? The term different grain size 
distribution in modem systems (Zhang &Tumey 1999) denotes 
different content o f three main fractions in a sample as well as 
differentiation o f state and strength parameters. Separation of 
areas in a classification system is carried out by means of 
straight lines or curves. To assume a straight line or a curve

statistical criteria can be used. This paper presents a suggestion 
o f using a statistical classification method for construction of a 
classification system for copper mine tailings deposited in the 
Zelazny Most dump near Lubin, Poland.

2 CHARACTERISTICS OF POST-FLOTATION 
SEDIMENTS IN THE ZELAZNY MOST DUMP

The basic parameters o f the dump constructed since 1977 are as 
follows: total volume 350 mln m3, total area 1410 ha including 
580 ha of beaches and 830 ha o f pond. Embankment length is
14,3 km and their height locally reaches 45 m. Each year about 
15 mln m3 o f tailings is transported to the dump with hydro
flotation method. This method results in a characteristic 
segregation o f the sediment grains with the distance from the 
dumping place the proportion o f each fraction in the sediment 
volume changes. This effect was observed in many dumps (e.g 
Klohn 1984, Perlea & Botea 1985, Blight 1987). The studies 
(Pordzik et al. 2000) indicated that the model o f the fraction 
distribution can be approximated to statistical models o f two 
dimensional random variables o f continuous and discrete type, 
and, moreover, it is possible to identify the soil fractions 
distribution with the CPTU test parameters. To describe the 
curve o f grain size distribution several indices are used. As the 
studies by Got?biewska & Lipinski (2000) indicated very 
effective indices which differentiate sediment groups are SFR =
S F '1, where: S - indicates percentage o f the fractions coarser 
than 0.074 mm, F - indicates percentage o f the fractions finer 
than 0.074 mm. The other supplementary index can be generally 
known coefficient o f non-uniformity -U. Broad studies into 
sediment grain size distribution indicated that the sediments can, 
with respect to this characteristics, be divided into five groups 
(Table 1). The basis for assumption of such a division were the 
results o f wet analysis, and good differentiation obtained during
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Table 1. The classification o f  tailings into a characteristic soil types

Tailing
group

Soil type Rr=fs/qc 1/Rf Sand Silt Clay

[-] [-] [%] [%] [%] [%] [%]

I Fine sand 0.17 - >90 <10 <2

II Silty sand 0.42 - 70-90 10-30 <2

111 Sandy silt 0.71 - 50-70 30-50 <2

IV Silt - 0.90 <70 >30 2-10

V Silty clay - 0.45 <40 V o >10

registration o f cone resistance -  qc, sleeve friction - fs and pore 
water pressure - uc in these groups. This issue is discussed later.

3 CHARACTERISTICS OF CPTU IN POST-FLOTATION 
SEDIMENTS

The studies into the evaluation of sediment grain size 
distribution effect on the CPTU parameters have been carried out 
for several years. For construction of the classification system 
the normalised and corrected values o f cone resistance and pore 
pressure parameter - Bq were used (Lunne et al. 1997).

qT = q c + ( 1 - a ) u c

q„ = q T - ° v,

B, =
qT -o™

(i)

(2)

(3)

where: qT -  corrected cone resistance, qc -  measured cone resis 
tance, uc -  measured pore water pressure, a -  area ratio o f the 
cone, qn -  net cone resistance, av0 -  total vertical stress in-situ, u0 
-  in-situ pore pressure.

Characteristic penetration curves on a beach o f the Zelazny 
Most reservoir are given in Figure 1.
An inspiration for constructing classification systems for mine 
tailings are the systems worked out for mineral soil (e.g. 
Schmertmann 1978, Robertson 1986, Larson & Mitchell 1986). 
Assumption for applying systems basing on the qc and fs for 
copper tailings was the fact that predominating sediments were 
those with fine and silty sand grain size (Table 1). The first 
version of the system is given in Figure 2 (Tschuschke et al. 
1992).

V  qc >  U

sediments^}
I |

subsoil r
l% ] . IflPo) I k Pa) lfcPa)

0  50  1 0 0 0  10 2 0  3 0 0  100 200  0 500 

-sa n d  V  /  A -silt IXXX -c lay 

Figure 1. Typical CPTU records on the beach o f Zelazny M ost dump.

on CPTU.

This system discriminated five sediment groups and the 
statistical criterion for separating the groups was obtained from 
the following procedure (Tschuschke et al. 1993):
- on basis o f replication CPTU the probability distribution of qc 
at the constant level fs and vice versa was examined. The 
analysis indicated that depending on the analysed level the 
variables were subject to normal, log-normal or beta distribution;
- the probability density functions were compared and the values 
o f random variable o f equal probability were established;
- a curve or straight line going through the determined points 
was the line separating areas o f the two neighbouring groups.

Further studies indicated that there were possibilities for 
making groups IV and V of the sediments more detailed after 
introducing the parameter Bq and liquid limit from the fall cone 
test (Figure 3) into the system (M)ynarek et al. 1993). Much 
more statistically certain separation o f the areas can be obtained 
if in grouping all observations are taken into account, i.e. those 
which are between the determined levels. Such a solution is 
given below, where observation grouping was carried out for 
two parameters o f the CPTU, i.e. qc and Rf , and qc and fs. Also 
two functions linear and quadratic for the separating o f the area 
on the diagram were analysed and all the results were compared 
to the initial system.

[MPa]
kqT-<*v

2 -
s i l t ;

SILTY CLAY
I I I 1,1 1, -L-L

0,2 0,4 Bq

Figure 3. Ancillary diagram o f classification system for cohesive type o f 

tailings.

20 40 60 f [kPa]
-The variability area
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Tentative tailings classification chart basedFigure 2.
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Ui(x) = max[u,(x),u2(x),...,uk(x)]

where:

(4)

(5)

“/W  = - ^ ( * - * J 1S7 '(-x _ *<)- ^ lnN  + ln,7< i= l,2 ,...,k (8)

which we use in the classification rule (4).
Particularly linear forms o f the discriminant functions are 

obtained when it is possible to assume additionally that 
covariance matrices X, are equal: E |=L2=...=£ic=£.

This assumption leads to the linear discriminant functions in 
the form of:

e,(x) = - i ( x - | i i) T ‘l( x - n i) + lnqi i= l,2 ,...,k

d isc rim in a n t fu n c tio n s  in the  fo rm  of:

(9)

Figure 4. Relationship between cone resistance and sleeve friction for 

tailings.

or equivalent:

e i ( x )  =  ( x - i n i ) ' r ' n i +  l n q ,  i = l , 2 , . . . , k  ( 1 0 )

The pooled estimate of the parameter £  has the form of:

S = (N -k ) - 'W  (ii)

where:

w  = i i > » - * . X x s - x J  ( 12 )
i=i j=i

is the within-populations matrix and N =N 1+N2+ ...+ N k.
Following the procedure as in the case o f quadratic 

discriminant functions we obtain estimates o f linear discriminant 
functions ( 10 ) in the form of:

Figure 5. Relationship between cone resistance and friction ratio for 

tailings.

4 BASIS OF STATISTICAL CRITERIA FOR 
CONSTRUCTION OF THE CLASSIFICATION SYSTEM

The basis for construction o f the classification system was the 
assumption that we have training samples xM, x i2, . . . ,  x iN 

(observations o f qci, fsi, Rf,) from p-dimensional normal 
populations Np(m, Ij) , i=l,2,...,k. On basis o f this information we 
should classify the observation x = (x |, x2,..., x p)' as coming from 
one o f k populations n u 7tk. If  q Is q2,..., qk are a priori 
probabilities o f the fact that the observation x coming from the 
population 7i|,
i= l,2,...k, where qi > 0 and , than we can apply a Bayes
rule according to which the observation x  should be classified 
into the population o f the highest a posteriori probability. Using 
the assumptions o f normality leads to classification of the 
observation x  into the population when:

e,(.x) = ( x - ^ x i yS~ ' x l +\nq, (13)

(where i = 1,2 ,..., k) is a known quadratic discriminant function.
The best estimates o f the parameters (j.j and L; are (Fukunaga 

1990, McLachlan 1992):

* i = N ~ ' I X  W
j=i

s . ^ N . - i r ' i ^ - X i X x ^ - i j  (?)
j=i

respectively.
Replacing unknown parameters in the function (5) with their 
estimates (6&7) we obtain estimates o f the quadratic

and the assumed method leads to classification o f the 
observation x into the population nK when:

!,.(*) = m ax[e,(*).e2(*),...,e*(*)] (14)

where ¿¡(x) is given from the formula (13).

5 RESULT ANALYSIS

Tables 2 & 3 presents the results o f correct and incorrect 
attribution o f observations for two analysed classification 
systems basing on different penetration parameters. The first 
system uses qc vs. fs parameters while the other qc vs. Rr, 
taking into account linear and non-linear functions separating 
each group o f sediments in classification diagrams. The result 
analysis univocally indicated that higher probability o f correct 
attributions is achieved with non-linear description o f the 
functions separating areas o f each sediment group. From the 
point o f view o f statistical criteria, the choice o f the other, 
besides the cone resistance, characteristics applied in 
constructing classification system, is less significant. For the 
analysed systems similar results were obtained (Tables 2 & 3). 
The choice o f the system can be decided by the criterion of 
usefulness for the grain size distribution predominating in the 
sediment. Better discrimination power o f a system is obtained 
for non-cohesive soils when the classification is based on 
penetration parameters qc and fs (Figure 6 ), while for cohesive 
sediments when sleeve friction is replaced by friction coefficient 
Rr (Figure 7). From Tables 2 & 3 results that incorrect 
observations are always attributed to directly adjacent area 
which may indicate absence of, so called, heavy errors. It is also 
worthwhile noticing that in the analysed classification systems 
similar shapes o f functions separating selected groups of 
sediments in diagrams were obtained, independent o f the 
statistical method used.
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Table 2. Confusion matrix for tailings groups determined on basis o f  qc 
and Rr [quadratic and (linear) discriminant function].

Tailings

groups

I II 111 IV V %correct

1 88(48) 28(68) 0(0) 0(0) 0(0) 75,86(41,38)

11 27(21) 90(100) 11(7) 0(0) 0(0) 70,31(78,13)

III 0(0) 17(34) 38(24) 3(0) 0(0) 65,52(41,38)

IV 0(0) 0(0) 3(6) 36(35) 3(1) 85,71(83,33)

V 0(0) 0(0) 0(0) 5(9) 32(28) 86,49(75,68)

Total 74,54(61,68)

Table 3. Confusion matrix for tailings groups determined on basis o f  qc 
and fs [quadratic and (linear) discriminant function].

Tailings

groups
I II III IV V %correct

I 90(76) 26(40) 0(0) 0(0) 0(0) 77,59(65,52)

II 31(14) 80(110) 16(3) KD 0(0) 62,50(85,94)

III 1(0) 8(32) 41(21) 8(5) 0(0) 70,69(36,21)

IV 0(0) 0(0) 1( 11) 29(26) 12(5) 69,05(61,91)

V 0(0) 0(0) 0(0) 2(27) 35(10) 94,60(27,03)

Total 72,18(63,78)

Figure 6. Classification system Figure 7. Classification system
for tailings based on qc & fs. for tailings based on. qc & Rr.

6 CONCLUSIONS

Application o f more or less sophisticated statistical methods for 
construction o f classification systems o f the sediments has 
proven that the CPTU method meets statistical criteria enabling 
the cone penetration test parameters to constitute the basis of 
these systems. This fact is o f particular practical importance 
since it facilitates accurate identification o f the kind o f sediments 
in every point o f a dam. An additional, extremely favourable 
element is the fact that the cone penetration test, on the basis o f 
the type o f the sediment grain size distribution, enables 
assessment o f the physical and strength parameters o f the post
flotation sediments together with their identification mentioned 
earlier.
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