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Although the results presented above are in the range of comparative, t.he experienced also indicates
that there is room and need for more precise correlating of _results'from ‘d1fferent laboraAtory tests which
will allow furthering of the knowledge on unsaturated sm!s, which w1¥1 also em_phaslze the need for
more precise definition of the parameters of unsaturated soil that sometimes provides for safety, byt i
can also be a limiting element in analyses and criteria fulfilment. Until then, the experiences described
can be used in the design, optimization, or temporary activities of tailings dams in the R. Macedonia,
The simple approach and obtained results p d throughout should encourage the engineers to put
the unsaturated soil theories to practice, as well as to stimulate further investigations for proposing
simple techniques for interpreting the properties of unsaturated soils.
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Abstract. Tailing dams are large structures whose downstream slope is made from wet fine sand without

applying compaction energy. They are always de§i.;ﬂ1€d with determined in condition, but
sg’ce the draining reduces the saturation degree, it favourably influences the behaviour of the dam, Having in
saind the dedi d lat y tests d d in condition, those determined strength and

deformability parameters were applied in numerical analysis for the calculation of stress and strain condition and
the stability of tailing dam. The results of tl_lese calcu»latious are commented below since they contribute to the
clarification of the role and influence of partial saturation on the slope stability and deformability of tailing sand.

s

Keywords: Tailing dam, unsaturated

stress-strain lyses, slope stability

1 INTRODUCTION

Tailing dams are objects of capital importance where the downstream slope is made of fine sand in
wet condition without compaction. The draining reduces the saturation degree, which favourably
influences the behaviour of the dam. However, these aspects are routinely calculated in saturated
condition, so there always remains the dilemma of “reserves” and arises the interest to study the
properties of tailing sand in different conditions of saturation and their further application. Such
dedicated tests for determination of shearing strength and deformability parameters under different
saturation degree and in large load span were carried out during 2016 in two laboratories at the
University “Ss. Cyril and Methodius” (these are described in other paper submitted for publication at
this conference), and applied in numerical analyses for calculation of stress-strain condition and
stability. In light of such defined characteristics, it is possible to execute optimization of the tailing
dams, thanks to numerical modelling where it is possible to apply these laboratory parameters.

2 SLOPE STABILITY OF UNSATURATED SOIL

The analysis of natural or artificial slopes determines the safety factor. This requires the use of some
of the numerous limit equilibrium methods with which two-dimensional stability calculations are
carried out. When analyses are performed in saturated soil, the calculations use effective parameters of
shear strength, while the increase in shear strength that results from the existence of negative pore
Pressure above the water level is usually overlooked. This is due to difficulties in measuring the values
of negative pore pressure and its introduction in the stability calculation. However, if the groundwater
level is at a greater depth or if shallow sliding surfaces are involved, the stability calculations should
also include the impact of negative pore pressure when shear strength parameters for effecu\fe srfes_s
are to be determined, as well as the total cohesion c. In order to determine the total coheston u_ is
necessary to determine the magnitude of the angle ¢® and the magnitude of the matric suction on site.

€ introduction of matric suction and its contribution to the increase in strength is shown in the
€Xpressions of the general limit equilibrium methods suggested by Fredlund et al. (1981).
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3.1 Limit equilibrium method

The results obiained from the direct shear tests are applied in SLIDE, in which general limi
equilibrium method is selected and where, in the first case, th.e shga: strength parameters are entered
directly. as interpreted from linear failure envelope and as given in the table below for each of the
variants. while in the second case the coordinates of the failure envelope are entered, thus simulating
the non-linear behaviour.
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Figure 3.1. Shear surface with the lowest safety coefficient £ =1.969 (Variant 2, lincar failure envelope)
Although the matric suction is taken with a linear distribution along the depth. the calculations are
carried out with its mean value in the specified zone. Furthermore, first the total cobesion for each
layer is determined, for which the following expression is used:

c=c'+(u, —u,)ge’

Table 3.3 Calculated total cohesion for a specified matric suction

Table 3.1 Input dats for variant 1
Model TNW)  clkPa] @[]
Zonel  Mohr-Coulomb  22.00 1.0 37
Zone2  Mohr-Coulomb  20.00 5.0 15 T
Zone3  Mohr-Coulomb  19.18 11.0 30
Table 3.2 Input data for varian 2
Model YN/m')  clkPa] [
Zonel  Mohr-Coulomb 2200 10 37
Zone2  Mohr-Coulomb 20,00 5.0 15
Zone3  MohrCoulomb 19,18 11.0 30 =D
Zone4  Mohr-Coulomb 1899 238 321 —
ZoneS  MohrCoulomb  17.7) 13.0 316
Zone6  Mohr-Coulomb 16,92 175 313
678

Zone 4 Zone 3 Zone 6
Matric suction [kPa] 45 1123 157.5
Total cohesion [kPa] 1540 16.30 16.52
Table 3.4 Input data for variant 3

Model ykN/m']  c[kPa] @[]
Zone | Mohr-Coulomb 22.00 1.0 37
Zone 2 Mohr-Coulomb 20.00 5.0 13
Zone 3 Mohr-Coulomb 19.18 11.0 30
Zone 4 Mohr-Coulomb 19.18 1540 30
Zone § Mohr-Coulomb 19.18 16.30 30
Zone 6 Mohr-Coulomb 19.18 16.52 30
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'by means of phi/c reduction. In addition, when defining the

the thickness of the considered zone, whose layers above

In the analysis using the PLmS soﬂws
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lts are presented in the next figure, followed by the tabular overview of obtained slope

The output results are

failure safety coefficients.
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0 | 2

Figure 3.2, Shear surface with lowest safety coefficient 2 M, =1805 (variant1, MS model)

680

Table3 4 Slope failure safety cocfficients obtained for the three yariants of
able 3

; analysis
= Variant | Variant 2 Variant 3
e Covlomb 1.805 1.830 1.858
W niaine Soil model 1.813 1.838 1.860
e observed, in the particular analyzed case there is po ;

@iﬁcanl difference between the
anants. However, it s noticeable
n those calculated with the profile

obtained slope .stability safety gqefﬁciems in the three considered v.
that the coefﬁc!e:lts und;r;c;r;?:_::;sl og }?Ftal sat]uraxion are lower thy
in which materials zoned according to different level of saryrgyig, ; ; ;
;:: ::‘ich matric suction is involved. It can also be seen yhy by :;,:; Tﬂ:)l::r;;hu:l ;f;eillhll(':‘ v]an:mL
but higher values afe obiained than the ones where the Mohr-Coulomp g s The s
difference is probabl'y duci the'mput data and the supposition that the described dependenci . srrn;ll
rigidities hold fqr this type o so!l = W'ell, Other calculations (Jovanov, 2017) indicate that theesvoal "
of safety coefficients obtained with residual parameters of shear strength follow the pin 5e? t:;s
values obtained by peak parameters. as the

Apart from stability control, a comparison of the stress-g
cross-sections A-A and B-B is made, where A-A passes
whereas B-B is set through tht? middle of the downstrea;
and data points to a more real simulation of the problem considering that the Stresses are reduced, with
a relatively small difference in the values, but precisely those routinely used in design practice deviate:
when the cross-section is considered as completely saturated. In that case the stresses are greater lhar;
those calculated by analysis including matric suction for around 5%, which Corresponds to previous
findings. Undoubtedly, the small difference is due to the fact that, objectively, most of the cross-
section is saturated.

train condition for all three variants in the
through the top (cTown) of the tailing dam,
m slope. The use of more advanced models

Further, the differences between maximum displacements calculated for the three variants are

generally higher than 10%, and can even amount to more than 50%! As can be expected, highest
displacements are calculated at the variant with saturated cross-section.

4 ANALYSIS OF THE OBTAINED RESULTS

The presented results of the analyses performed in different software based on the limit equilibrium
method and the finite element method, albeit different in nature, point to a similarity both from a
graphic aspect, as when the critical slide surfaces have a similar shape and depth, and in terms of the
amount, because the obtained values and their differences are comparable and close, which confirms
the validity of the calculations. However, from all that was presented previously regarding the
analyzed material and geometry of the tailing dam, it seems that there is a relatively small difference
in the values obtained for safety coefficients between the three variants, and it is notable that the
largest difference occurs between the variants in which the cross-section is considered as completely
saturated, and the ones that include matric suction in the analysis, in which case it amounts around 5-
50% (for slope stability and for displacements, accordingly), for all cases of numerical analyses and
shear strength parameters. At the same time it can be noticed that there is practically no difference
between the results obtained through zoning of materials with different saturation, i.e. assignment of
Parameters from a direct shear test and an oedometer test conducted under conditions of partial
Saturation, and those obtained with the use of matric suction. Additionally, as an absolute amount, the
difference between the obtained slope safety factors for the considered modehpg variants is around
0.10, which can be crucial, above all in mining projects and analyses, m determining \vhgmer a slope
Or an object is to be classified as stable or not, and especially in situations when remedial measures
and an evaluation of their effectiveness are required!
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5 CONCLUSION

¢ to the gradual clarification of the role of partial gq

i Uratiop
d contribut n iy
The results presente s. Name ")e

i i henomenon that constantly puzzles engineer:
strength and gelemul‘);l[lg’mgi Ss‘rlesl-lg?h?deformable chargcteristics are tested at saturateq Coﬂdit" in
accordance _qull 3ihe ﬁ]\ml’ion Jine, but are also applied above it, and thl?s the deSigning oruz?&
that are valid bet‘;‘ a pessimistic scenario. They will undoubtedly oceur in certain unfaVOra{;e
structures presen! " Lhel:’ \he tailing dam will function according to parameters in conditiong of parl,le
condmpns, bU]:‘“: g b,e significantly higher than the standard. As for the particylar sand 1\al
saturation, }vthl: tailing dam tested, based on a comparison of the absolute amounts of {pe Obtai;:;i
%:E::Ué: misconception may arise that the contribution of the parameters obtained in e —
conditi,ons is not at the expected high level, })ut taking mt(: account that for some analyses (},
difference in the results reaches over 50%, and is usual.Iy 5-10%, it is clear that §uch experiments g,
also needed. To be sure, this requires increased commmnen.t from the staff, which Qoes not exclude
the need for traditional testing in order to carry out the typical apzl'l}fses. The exp_e.nences describeg
above can be used in designing, optimization or temporary activities of the tailings dams iy the
Republic of Macedonia.

Hence, it can be observed that the use of nonlinear failure envelope, parameters tested at different
levels of saturation and matric suction parameters provide a more realistic modeling of the problem
and point to a solid reserve in the form of safety of the tailing dam that will remain for most of the
exploitation period. Having in mind that the results obtained with partial saturation and matric suction
lead do similar findings, in the absence of laboratory data acquired for the “moisture-matric suction”
dependence, the approach of zoning of the material and assignment of parameters according to the
expected degree of saturation can be used as a solid alternative method in engineering practice of
tailing dams design. It is precisely the one to be used in case of remediation, interventions in (he

downstream slope, and it is also stimulated by the presence of vegetation, that is regularly found at the
downstream slopes of tailing dams.
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Abstract. The reliability of geotechnical design results is direct implication of input soil parameters. Hence one

of the most crucial plur.ts of gcolef:hnical design is to define strength and deformation parameters. According to
Eurocode 7, the statistical analysis of the available data is necessary. Unfortunately, in many cas

s there is no

possibility to fulfill the nnalygs due to the low number of measurements. In case of major projects there are

numerous measurements which provide a sufficient set of data to determine characteristic values based on
3 hod

e Oedometric modulus as a deformation parameter has a role in estimation of settlements.
Based on oedometer tests the oed ic modul

of deformation can be calculated as a secant modulus linked
to a certain stress interval selected on the stress-strain diagram. There are also several recommendations to

derive Eoea from CPT tip resistance values. The comparison and evaluation of these different methods are
described in the paper. Based on the results a best-fit curve is offerred in case of Pleistocene sand layers.

Keywords: Oedometric modulus; CPT; Tip resistance; Coefficient of variation; Correlation

1 INTRODUCTION

The mechanical behaviour of soils can be modelled at various degrees of accuracy (Brinkgreve, 2005).
From the simplest isotropic, linear elastic models to the latest, more sophisticated ones there is a wide
range of choice. The model’s degree of accuracy depends on the scale of the project and on the
amount of field investigations and laboratory testing from which the sufficient parameters can be
derived. Settlement calculation methods use different stiffness moduli of soils which can be obtained
primarily from laboratory testing. Cone penetration test (CPT) data also can be used to estimate
modulus in soils for subsequent use in elastic or semi-empirical settlement prediction methods.
However, correlations between tip resistance and different stiffness moduli (E) are sensitive to stress
and strain history, aging and soil mineralogy (Robertson 2015). The comparison and evaluation of
these different methods (oedometer tests and estimation based on CPT) are described in the paper.

L1 Test area, soil samples and in-situ testing

The set of data analysed in current work is ensured by a major project in South-Central Hungary
(Geotechnical Report 2016). Numerous in-situ and laboratory tests were carried out in order (o get a
comprehensive view about the subsoil conditions. Present research focuses on the relation between
CPT tip resistance (qc) and oedometric modulus (Eoe) values.

Therefore 25 field investigation points were chosen where both boreholes (with oedometer tests) and
CPT data are available. The average distance between the test spots is approximately l.OOm and the
total exploration area is 100 hectares. The typical soil layers with the average lnycrv thicknesses are
landfill (5.2m), organic topsoil (0.7m), grey clay (0.9m), colian sand (5‘.0111). ﬁu.vu\l sand (5.4m),
gravel terrace (10.0m) and then Pannonian layers. The two sand layers are involved in current rescarch

work and described in 2.1 section in details. The boreholes und CPTu measurements were carried out
in 2015,
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