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Fig. 4. WST probing results between counterforts P1 and P2 

a) WST-1, b) WST-2 
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Fig. 5. WST probing results between counterforts P2 and P3 

a) WST-3, b) WST-4 
 

Figure 5: WST probing results between counterforts P2 and P3: a) WST-3 and b) WST-4.
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Fig. 6. WST probing results between counterforts P3 and P4 

a) WST-5, b) WST-6 
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Fig. 7. WST probing results between counterforts P4 and P5 

a) WST-7, b) WST-8 

 

 

 

Figure 6: WST probing results between counterforts P3 and P4: a) WST-5 and b) WST-6.
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The results of the laboratory tests confirm the 
improvement of retaining embankment soil consistency. 
Stabilisation of the water content and liquidity index is 
visible as early as in 2011.

5  Landfill stability analysis
The effectiveness of the temporary retaining embankment 
protection was also proved using the landfill stability 
analysis, taking into account the change in soil properties 
over time.

The SLOPE/W software was used to perform the 
calculations. The software allows for a stability analysis 
with the limit equilibrium method. The grid and radius 
method [23] was applied to determine the minimum 
factor of safety. The adequate safety over a long-term use 
requires that the factors of safety are ≥ 1.5 [24].

The retaining embankment soil parameters, 
depending on the varying liquidity index IL, are 
presented in Table 2. Based on the WST probing results, 
it was assumed that up to 2011, the soils in the retaining 
embankment were non-consolidated (curve C, [25]). 
Stabilisation of the WST probing results has been visible 
since 2013. As no consolidometer measurements were 
performed, it is not possible to determine unambiguously 
whether the consolidation process is complete. Therefore, 
mean values determined from curves C and B for a given 
liquidity index were used in the calculations [25].
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Fig. 6. WST probing results between counterforts P3 and P4 

a) WST-5, b) WST-6 
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Fig. 7. WST probing results between counterforts P4 and P5 

a) WST-7, b) WST-8 

 

 

 

Figure 7: WST probing results between counterforts P4 and P5: a) WST-7 and b) WST-8.
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Table 1. Laboratory tests results in successive years (mean values from three boreholes) 

Properties Depth 
[m] 

Years 
2004 2007 2009 2011 2013 2015 2017 

Water content 
w [%] 

0.5 m 38.13 33.81 30.74 29.64 29.01 30.17 28.13 
2.0 m 34.14 31.41 30.78 30.06 29.42 30.20 28.46 

Plastic limit 
wP [%] 

0.5 m 24.74 24.05 24.17 24.06 24.63 24.24 24.24 
2.0 m 24.87 24.15 24.12 23.98 23.98 25.04 24.26 

Liquid limit 
wL [%] 

0.5 m 51.15 51.02 50.44 50.57 49.65 51.07 51.11 
2.0 m 50.60 50.84 50.65 51.21 49.85 48.96 50.05 
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Fig. 8. Changes of the retaining embankment soil liquidity index (mean values from three 

boreholes) 
 

 

 

Table 2. Retaining embankment soil parameters by liquidity index IL used in the stability 
calculations 

Properties 
Years 

2004 2007 2009 2011 2013 2015 2017 
Liquidity index 

0BIL 
0.36 

C 
0.27 

C 
0.25 

C 
0.22 

C 
0.21 
C/B 

0.22 
C/B 

0.16 
C/B 

Unit weight 
γ [kN/m3] 20.0 20.0 20.0 21.0 21.0 21.0 21.0 

Cohesion 
cu [kPa] 12.0 14.0 15.0 17.0 24.0 23.0 26.0 

Angle of internal friction 
φu [°] 

12.0 13.5 14.0 14.5 16.5 16.3 17.5 

C – non-consolidated soils, B – consolidated soils, C/B – the arithmetic mean of values from 
B and C curves 
 

 

Table 3. Parameters of the geotechnical layers used in the stability calculations [6, 21] 

Figure 8: Changes in the retaining embankment soil liquidity index 
(mean values from three boreholes).
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It is generally believed that soil properties presented 
in standard [25] are underestimated and the design based 
on them (method B) is safe.

Table 3 presents the parameters of the other soil layers 
used in the stability calculations. For municipal waste (V) 
and organic layer (VI), the properties were taken from 
the literature [26]. However, for natural layers (II, III and 
IV), the soil properties were taken from the geological 
documentation prepared for the landfill construction [27].

The total values of the angle of internal friction fu and 
cohesion cu were used in the calculations. Only the total 
values of fu and cu were available for the natural layer (II, 
III and IV) [27], the municipal waste layer (VI) and organic 
layer (VI) [26]. Thus, such values were consistently used for 
the retaining embankment (I). Using the total parameters 

Table 1: Laboratory test results in successive years (mean values from three boreholes).

Properties Depth [m] Years

2004 2007 2009 2011 2013 2015 2017

Water content, w [%] 0.5 38.13 33.81 30.74 29.64 29.01 30.17 28.13

2.0 34.14 31.41 30.78 30.06 29.42 30.20 28.46

Plastic limit, wP [%] 0.5 24.74 24.05 24.17 24.06 24.63 24.24 24.24

2.0 24.87 24.15 24.12 23.98 23.98 25.04 24.26

Liquid limit, wL [%] 0.5 51.15 51.02 50.44 50.57 49.65 51.07 51.11

2.0 50.60 50.84 50.65 51.21 49.85 48.96 50.05

Table 2: Retaining embankment soil parameters by liquidity index IL used in the stability calculations.

Properties Years
2004 2007 2009 2011 2013 2015 2017

Liquidity index, IL 0.36, C 0.27, C 0.25, C 0.22, C 0.21, C/B 0.22, C/B 0.16, C/B

Unit weight, g [kN/m3] 20.0 20.0 20.0 21.0 21.0 21.0 21.0

Cohesion, cu [kPa] 12.0 14.0 15.0 17.0 24.0 23.0 26.0

Angle of internal friction, fu [°] 12.0 13.5 14.0 14.5 16.5 16.3 17.5

C – non-consolidated soils, B – consolidated soils, C/B – the arithmetic mean values from B and C curves

Table 3: Parameters of the geotechnical layers used in the stability calculations [26, 27].

Geotechnical layer Volumetric weight, g [kN/m3] Cohesion, cu [kPa] Angle of internal friction, fu [°]

II (sasiCl/Cl, IL = 0.15) 20.8 45.0 9.9

III (Co and sasiCl/Cl, IL = 0.05) 20.6 46.8 10.8

IV (Carpathian flysch) 22.0 63.0 36.0

V (municipal waste) 11.0 10.8 19.8

VI (organic soil) 16.0 13.0 3.2

sasiCl – silty clay, Cl – clay, Co – cobble

 5 

Geotechnical layer Volumetric weight 
γ [kN/m3] 

Cohesion 
cu [kPa] 

Angle of internal friction 
φu [°] 

II (sasiCl/Cl, IL = 0.15) 20.8 45.0 9.9 
III (Co and sasiCl/Cl, IL = 

0.05) 20.6 46.8 10.8 

IV (Carpathian flysch) 22.0 63.0 36.0 
V (municipal waste) 11.0 10.8 19.8 

VI (organic soil) 16.0 13.0 3.2 
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Fig. 9. Stability analysis results (Bishop’s method) 
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Figure 9: Stability analysis results (Bishop’s method)
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of fu and cu and omitting the pore pressure u are accepted 
in the stability analysis [28].

The effective parameters have greater values of the 
angle of internal friction and lower cohesion values 
than the total values. It is noted in particular for high-
liquidity index soils, IL > 0.25 [28]. No piezometers were 
installed in the retaining embankment and its vicinity. 
An unambiguous determination of the ground water level 
was not possible. In such a case, if the effective parameters 
were used without accounting for pore pressure, the 
resulting factor of safeties would be much higher.

The calculations for each time variant were performed 
for the situation when the landfill was full of waste and 
covered with the organic layer. The stability analysis 
results are given in Fig. 9.

The empty landfill stability analysis was performed 
for the situation in July 2004 (Fig. 10a). The factor of safety 
(FS = 0.920) confirms the stability loss of the retaining 
embankment.

Analysis of the values from the performed stability 
calculations indicates that in the case when the retaining 
embankment soil is firm consistency, the factors of safety 
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Fig. 9. Stability analysis results (Bishop’s method) 
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Fig. 10. Selected stability analysis results (Bishop’s method) 
a) only the retaining embankment 2004, b) 2009, c) 2011, d) 2013, 2015, 2017 (identical 

results) 
 

Figure 10: Selected stability analysis results (Bishop’s method): a) only the retaining embankment 2004, b) 2009, c) 2011 and d) 2013, 2015 
and 2017 (identical results).
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(FS < 1.3) are unsatisfactory from the point of view of 
landfill stability. The corresponding failure planes run 
through the retaining embankment (Fig. 10b). From 2011 
onwards, when the retaining embankment soil is of a stiff 
consistency (FS > 1.3), the results are satisfactory and the 
landslide processes are unlikely (Fig. 10c). The analysis of 
the last three cases (FS > 1.5) indicates that the results are 
very satisfactory, and the corresponding failure planes are 
located in the slope part with the municipal waste (Fig. 
10d). 

6  Conclusions
The construction of counterfort drains stabilised the water 
conditions in the retaining embankment and accelerated 
the soil consolidation process. From 2007 onwards, the 
field tests did not indicate any groundwater seepage 
or leakage and cracks or landslides. The construction 
of counterfort drains improved the consistency of the 
retaining embankment soil. In 2010, when the landfill was 
closed, a horizontal drain was made in the top landfill part 
that additionally improved the soil and water conditions 
in the retaining embankment.

From 2011 onwards, when the retaining embankment 
soil has been of a stiff consistency (FS = 1.331), the results 
are satisfactory and the landslide processes are unlikely. 
Further consolidation and soil consistency changes 
improved the factor of safety in successive years (FS = 
1.566).

A massive and dense counterfort structure also 
contributed to the improved retaining embankment 
stability.
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