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The presented 
results contribute to the progressive elucIdation of the effects of. 

strength and deformability of soils, a phenomenon 
that constantly puzzles 

ccordance with the standards, strength-defomabily properties are tested at saturated 

are valid below the filtration line, but are also applied above it: thus, designin

si 

5 CONCLUSION 

effects of partial saturation on 
Tmnact of unsaturated strength-deformability properties on 
deformation condition and stability of tailing dams engineers. Namely, 

that for pessimistic aVANOV Zoran', STRASESKI A- , PAPIC Br. J2, LJUBENKOV I1, SUSINOV B 
scenario. They will undoubtedly occur in untavouradie conditions, but until then. the. pessimis 

dam will 

than the standard. Surely, this also requires increased efforts from the emplovee antly high 

not 

Ciu Eng.: MAJO Group, blvd.AVNOJ No.22/36, Skopje, R. Macedonia; jovanov@majogroup.mk M. ot Eng.: GEING, blvd.Boris Trajkovski No.111, Skopje, R. Macedonia; strasheski.a@geing.com.mk 

be 

function according to parameters in conditions or partial saturation, which can 

es 

3 Ph.D., Civ.Eng., Facuy o Pugcerg DIvaPartizanski odredi No.24, Skopje, R. Macedonia; exclude the need for traditional tests to cary out the typical analyses. 

papic@gt.ukim.edu.mk 

Ph.D, Civ.Eng.: Water Development, Kvalemikova 1, Split, Croatia; iljubenkov@gmail.com 

It can be noted that the parameters tested for ditferent levels of saturation allow 

modelling of the problems and indicate a solid reserve in the reliability of the tailinoc d. realistic 

last for most of the duration of exploitation, as desCribed in another paper Duhiic will 

Proceedings. It is exactly what needs to be applied and used when there is a n n this 

interventions in the downstream slope etc, Wnere COmnoniy present 1s also the vegetation u: 

for a 

Ahstract. Tailing dams are large srucures wnose downstream slope is made from wet fine sand without 
appl compaction energy. They are always designed with parameters determined in saturated condition, but 
since the drainingreduces tne saruiraon degree, t avourably influences the behaviour of the dan. Having in 
fd the dedicated laboratory tests conducted in unsaturated condition, those determined strength and 
deformability parameters were applied n numerical analysis tor the calculation of stress and strain condition and 

the stability of tailing dam. The results ot these calculanons are commented below since they contribute to the 

clarification of the role and intuence of partial saturation on the slope stability and deformability of tailing sand 

which 
stimulates the partial saturation. 

Although the results presented abOve are in the range OI comparative, the experienced also ndicates

that there is room and need for more precise correlating of results from different laboratory tests which 
will allow furthering of the knowledge on unsaturated soils, which will also emphasize the need f 
more precise definition of the parameters of unsaturated soil that sometimes provides for safety, but it 

can also be a limiting element in analyses and criteria fulfilment. Unt+l 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 presented 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 thee properties of unsaturated soils. 

Keywords: Tailing dam, unsaturated condition, stress-strai malyses, sBope stability or 

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 
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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 wbere it is possible to apply these laboratory parameters.

2 SLOPE STABILITY OF UNSATURATED SOIL 

ne analysis of natural or artificial slopes determines the safety factor. This requires the use of some 

Or tne numerous limit equilibrium methods with which two-dimensional stability calculations are 
ed 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 

mposium Sure above the water level is usually overlooked. This is due to difficulties in measuring the values

ave pore pressure and its introduction in the stability calculation. However, if the groundwater
on the 11at a greater depth or if shallow sliding surfaces are involved, the stability calculations should

de the impact of negative pore pressure when shear strength parameters for effective stress 
are 

O De determined, as well as the total cohesion c. In order to determine the total cohesion it is 

TaTy to determine the magnitude of the angle p* and the magnitude of the matric suction on site.

roduction of matric suction and its contribution to the increase in strength is shown in the 

PSS1Ons of the general limit equilibrium methods suggested by Fredlund et al. (1981). 676 
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The clements 
desenibod 

above are applied to an active tailing dam using 

laboratory tests given in the literature (Jovanov 2017). The objective is to contre 

downstream slope of the tailing dam including changes in the degree of saturation 

the cross-section. 
Sinee the tailing dam is 

monitored regularly by a network 

inclinometers the position of the first flow ine 1S Know), and between it and the doun 

the tailing dam two more lines are interpolated arbitranly, thus foming domains 

mechanical parameters can be added in function of the degree of saturation. 

3 
NUMERICAL 

ANALYSIS
OF SLOPE

STABILITY 

ling dam using results Irom dedicated is to control the stability of the 
along the depth 

Pvo 

of piezometers
which physical

S. 

By zoning the cros-section of the tailing dam, the stability analysis is carried out in th. 

1.With saturation of 100% of the whole cross-secthon (eltective parameters of shear strenotki 

2. By vanying of the degree of saturaton in the zones irom the top to dowm (25/50/75/1002

he 
3. B including the impact of the matne suction, whicn nas a maximum value of 180 kPa s 

first flow 
surface of the downstream slope, while with the increase in tne aegree of saturation up to ther 

line, where the matric suction would be 0 kPa (linear distribution is assumed). 

This In the analyses, the impact of the matnc suction is taken into account with the total cohesior 

mains
means that for the manner of zoning of the crosS-section given in the third variant, for the don 

inputabove the fiow line, the total cohesion for each domain 1s calculated and entered into the inr 

parameters. The analyses are carmied out in SLIDE and PLAXIS softwares.

Figure 3.1. Shear surface with the lowest satety coeticient Fs =I.969 (Variant 2, linear failure envelope) 

3.1 Limit equilibrium method

The results obiained from the direct shear ests are applied in SLDE, n which general limit

equilibrium method is selected and where, in the first case, the shear 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 

Although the matric suction is taken with a linear distrnbution 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,-4,)g° 
the non-linear behaviour. 

Table 3.3 Calculated total cohesion for a specified matric suction 
Table 3.1 Inpurt data for variant

Zone 4 Zone 5 Zone 6 
Model YkN/m'] c[kPa e) 

ZLone Mohr-Coulomb 22.00 1.0 37 Matric suction [kPa] 45 112.5 57.5 

Zone 2 Mohr-Coulomb 20.00 5.0 Total cohesion [kPa] 15.40 16.30 16.52 15 

3 Mohr-Coulomb 19.18 11.0 30 Table 3.4 Input data for variant 3 

Table 3.2 Input data for variant 2 Mode Y [kN/m] c[kPa ol 

Zone Mohr-Coulomb 22.00 I.0 37 
Model r [kN/m) c[kPa]9P Zone 2 Mohr-Coulomb 20.00 15 .0 Zone Mohr-Coulomb 22.00 1.0 37 

Zone 2 Mohr-Coulomb Zone 3 Mohr-Coulomb 19.18 11.0 30 
20.00 5.0 15 

Zone 3 Mohr-Coulomb Zone 4 Mohr-Coulomb 19.18 15.40 30 
19.18 11.0 30 

Zone 4 Mohr-Coulomb Zone 5 Mohr-Coulomb 19 .18 16.30 30 
18.90 22.8 32.1 

Zone5 Mohr-Coulomb Zone 6 Mohr-Coulomb 19.18 16.52 30 
17.71 13.0 31.6 

Zone 6 Mohr-Coulomb 16.92 17.5 31.3 
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Table 3.4 Slope failure safety cocfficients obtained forthe three variants of analysis 

Table 3.5 Slope failure safety
coeficicnts 

obtained for the analyZcd three variants

Variant 1 Vanant 2 Variant 3 

The slope failure safety
coefficients are given in Table 3.5. 

Variant 1 Variant 2 Model Variant 3 
1.805Mohr-Coulomb I.330 1.858
1.813Hardening Soil model 1.838Cross-section analysisS 2.015 T360 1.969 

1.937

arved. in the particular analyzed case there is no significant difference between the 
As can ne stability safety coeticients in the three considered variants. However, it is noticeable 
obtaine icients under conditions or total saturation are lower than those calculated with the profile
that the rials zoned according to different level of saturation are applied or than the third variant,tric suction is involved. It can also be seen that by using the Hardening Soil model closeses are obtained than the ones where the Mohr-Coulomb model is used. The smallarobably due to the input data and the supposition that the described dependencies of the 

difiere l for this type of soil as well. Other calculations (Jovanov, 2017) indicate that the values
rigidiue ients obtained with residual parameters of shear strength follow the same trend as the 

Linear envelope used 
2047 

2.042

Nonlinear envelope used 1.941 

As can be seen, in the particular analyzed case or an incination of a downstream 

tailing sand, there is no significant 
difference between the obtain 

when linear or nonlinear envelope is used under conditions of total saturation of 

these coeficients are lower than the ones calculated 
with the profile in which 

according to different levels of saturation are applied. These numeric 

differences, more deeply elaborated in Jovanov et al. (2017). One of them depends 

strength parameters 
detemmined by linear or nonlinear failure

are applied. As can be expected, the use of nonlinear envelope and matric suction para 

slope and type 
of 

between the obtained slope stabil safety coefficiens ofile. However, 
materials zoned 

cal analyses also show 

the 
whic 

otherthem depends on whether shear 
nonlinear failure envelope or parameters of matric ction

values obtained by peak parameters 

an objective increase in safety, as well as notably deeper critical slide surface that is co ESults
I to the 

in 

from stability control, a comparison or the stress-strain condition for all three variants in the sections A-A and B-B is made, where A-A passes through the top (cTown) of the tailing dam, rea B-B is set through the middle ot the downstream slope. The use of more advanced modelsand data points to a more real simulanon ot 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: shen the cross-section is considered as completely sahurated. In that case the stresses are greater than those calculated by analysis including matnc suction for around 5%, which corresponds to previousfindings. Undoubtedly, the small difference iS due to the fact that, objectively, most of the cross-

level of first flow line i.e. material with a saturation of 100%! 

3.2 Finite elements method

In the analysis using the PLAXIS software, two material models were used: the Mohr-Coulomh 

(MC), and the Hardening Soil model (HS), by means of phi/c reduction. In addition, when definin the 

input parameters, it is necessary to predict the thickness of the considered zone, whose lavers a above

the first flow line are approximately 15 m thick.

model

section is saturated. 

The output results are presented in the next figure, followed by the tabular overview of obtained slone 

failure safety coefficients. 

slope 
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. 

2300 0 20050.00350200.00220039.00202.00209.0022500 2350002575.00 2600.00 2825 00 

2100 

4 ANALYSIS OF THE OBTANED RESULTS1175.30 

The presented results of the analyses performed in different software based on he 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 vanants, and it is notable that the 
largest diference occurs between the variants in which the cross-section is considered as completely 

11030

1125.9

110050 

1075.50

Saurated, and the ones that include matric suction in the analysis, in which case it amounts around 5. 

Uo (for slope stability and for displacements, accordingly), for all cases of numerical analyses and 

ear strength parameters. At the same time it can be noticed that there is practically no difference

een the results obtained through zoning of materials with different saturation, i.e. assignment of 
ters from a direct shear test and an oedometer test conducted under conditions of partial 

ation, and those obtained with the use of matric suction. Additionally, as an absolute amount, the 
rence between the obtained slope safety factors for the considered modeling variants is around 

0, Which can be crucial, above all in mining projects and analyses, in determining whether 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! 

1025.00 

Figure3.2. Shear surface with lowestsafety coefficient YM., =1.805 (variant 1, MS moue 
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It is also 
considered 

that there are 
several 

fnclors on the side of safat.

contribute to the 
increuse in the 

difference in the 

duringanalysis
with partial

saturation 
and matric suction,

data input for numerical analysis, as well as the material ilsclf through the 

the substantial water pemeability, porosuy 
ana Oner malerial aspects mentio 

context, it should be emphasized 
that 

Saturation provide a more 
realistic modeling of the problem, whether with the s lferen 

i.c. factors
ope stability or stress/de 

matric suction, such as certain assumptions 

hat positlvey 

ldcformationswmade during anulometric composition 
aterial aspects mentioned in the paper, narison of determination of oedometric modulus based on CPT and ahoratory testing in case of pleistocene sand layers erent levcls of 1at the sheur strength parameters determinedfor 

of nonlinear failure
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5 CONCLUSION 

The results presented contribute to the gradual 
clarification of the role of nas 

constantly puzzles ineers. Namely saturate 

partial saturat in the 
in strength and deformability of soils, a phenomenon that 

Ahstract. The reliability of geotechnical design results s direct implication of input soil parameters. Hence one 
the most crucial parts of geotechnical design is to define strength and deformation paramcters. According to accordance with the standards, strength-defornmabie 

characteristics are tested at 

structures presents a pessimistic sCenario. ney wil undouotealy occur in certain d 

conditions, but until then, the tailing dam will function according to parameters in con 
saturation, which can be significantly higher than the standard. As for the partioulopartial nd 

of 
Eurocode 7, the statistical analysS of the available data is necessary. Unfortunately, in many cases there is no 
nossibility to fulfill the analysis due to tne low number of measurements. In case of major projects there are 

merous measurements which provide a sutficient set of data to determine characteristic values bused on 
statistical methods. Oedometric modulus as a deformation parameter has a role in estimation of settlements. 

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

derive Eed from CPT tip resistance values. The comparison and cvaluation of these different methods are 
descrbed in the paper. Based on the results a best-fit curve is offerred in case of Pleistocene sand laycrs.

that are valid below the filtration line, but are also applied above it, and thus the Conditione the 

unfavorable 

geometry of the tailing dam tested, based on a comparison of the absolute amounts of 

values, the misconception may arise that the Contriduton or tne parameters obtained in tncat

conditions is not at the expected high level, but taking into account that for some anald

difference in the results reaches over 50%, and is usually S-10%, it is clear that such exneri ne 

also needed. To be sure, this requires increased commiment irom the staft, which does not exchude 
the need for traditional testing in order to carty out the typlcal analyses. The experiences deserihed 
above can be used in designing, optimization or temporary activities of the tailings damsin
Republic of Macedonia. 

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

he 

1 INTRODUCTION

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 the 
downstream slope, and it is also stimulated by the presence of vegetation, that is regularly found at the 
downstream slopes of tailing dams.

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 suflicient 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 estinmate 
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. 

11 Test area, soil samples and in-situ testing
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