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Abstract. The paper presents stability evaluation of the banks of the 
Wilga River on a chosen stretch in Koźmice Wielkie, Małopolska 
Province. The examined stretch included the river bed upstream from the 
culvert on a district road. The culvert construction, built over four decades 
ago, was disassembled in 2014. The former construction, two pipes that 
were 1.4 m in diameter, was entirely removed. The investor decided to 
build a new construction in the form of insitu poured reinforced concrete 
with a 4 x 2 m cross section. Change of geometry and different location in 
relation to the river current caused increase in the flow velocity and, as a 
consequence, erosion of both protected and natural banks. Groundwater 
conditions were determined based on the geotechnical tests that were 
carried out on soil samples taken from the banks and the river bed. 
Stability calculations of natural slopes of the Wilga River and the ones 
protected with riprap indicate mistakes in the design project concerning 
construction of the river banks. The purpose of the study was to determine 
the stability of the Wilga River banks on a selected section adjacent to the 
rebuilt culvert. Stability of a chosen cross section was analysed in the 
paper. Presented conclusions are based on the results of geotechnical tests 
and numerical calculations.  

Introduction 
 
Road culverts built in the last century often did not have any design projects. 

Lightweight traffic was assumed depending on the local economic, ground and technical 
conditions. It mainly concerned district and local roads where traffic was low at that time. 
Over the years traffic density increased, often the type of the road also changed. 
Modernization and rebuilding of the road infrastructure were necessary.  

Nowadays it is required to fulfil the conditions set out in appropriate legal acts [1], 
detailed regulations of the Minister of Transport [2] and standards. Some of the 
constructions built several decades ago do not fulfil the current standards. The managers are 
trying as far as possible to make the necessary changes or rebuild aging constructions.  
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1. Purpose 

The paper presents stability evaluation of the banks of the Wilga River on a chosen stretch 
in Koźmice Wielkie, Małopolska Province. The examined stretch included the river bed 
upstream from the culvert on a district road. The culvert construction, built over four 
decades ago, was disassembled in 2014. The former construction, two pipes that were 1.4 m 
in diameter, was entirely removed (Fig. 2b). The investor decided to build a new 
construction in the form of insitu poured reinforced concrete with a 4 x 2 m cross section 
(Fig. 3). Change of geometry and different location in relation to the river current caused 
increase in the flow velocity and, as a consequence, erosion of both protected and natural 
banks (Fig 4a,b). Groundwater conditions were determined based on the geotechnical tests 
that were carried out on soil samples taken from the banks and the river bed. Stability 
calculations of natural slopes of the Wilga River and the ones protected with riprap indicate 
mistakes in the design project concerning construction of the river banks. The purpose of 
the study was to determine the stability of the Wilga River banks on a selected section 
adjacent to the rebuilt culvert. Change of geometry and different location in relation to the 
river current caused increase in the flow velocity which lead to erosion of the banks. 
Stability of a chosen cross section was analysed in the paper. Presented conclusions are 
based on the results of geotechnical tests and numerical calculations. 

 

2. Characterization of the watercourse 

The source of the Wilga River is located in Pawlikowice (Wielicki Foothills). The river 
starts at the altitude of 370 m above sea level and after about 21 km it flows into the Vistula 
River at the altitude of 200 m above sea level. The beginning of the river meanders through 
stone formations and after that it flows only through finegrained cohesive soils (Fig. 1a). 
The outlet stretch was regulated and embankments were built so the urban area is protected 
against the backwater from the Vistula River. The Wilga River has an irregular flow. 
During floods it rises, the flow velocity increases and the river intensely erodes its bed 
creating often vertical slops that are 3 m high (Fig. 1b). When the water levels are low they 
do not exceed a few centimetres. 

 
Fig. 1. Natural bed of the Wilga River a) upstream and b) downstream from the culvert. 
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3. Characterization of the road culvert  

3.1 Condition of the construction before rebuilding 

The culvert was built in 1970s for lightweight horse and vehicle traffic. At that time the 
road was rather quiet and unpaved. In the following years the road was paved using 
metallurgical slag, later an asphalt surface was placed (Fig. 2a). Two reinforced concrete 
pipes with an internal diameter of 1.4 m were used as elements carrying water. The length 
of each pipeline was 10.3 m (Fig. 2b). The culvert was built without any design project 
since it was not necessary at the abovementioned economic conditions. 
 

 
Fig. 2. a) Localization of the culvert b) condition of the construction before rebuilding 

 

3.2 Current condition of the construction 

 
Former culvert pipe was entirely disassembled. On the ground level where geotechnical 
parameters were appropriate the base of a new culvert was built. It is a reinforced concrete 
culvert poured on site; it is a closed frame based directly on solid clayey soils. The front 
walls are situated parallel to the road axis. The total length of the construction is 11.74 m. 
The horizontal diameter is 4.00 m, the vertical 2.00 m (Fig. 3) and the total carriageway is 
10.34 m wide. 
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Fig. 3. Culvert on the upstream side and the view of damages 

 

3.3 Bank protection failure 

 

In the first year (2015) after the construction was finished the bank protection on the right 
side formed from riprap slid along with the soil from the slope fig. below. 
 

 
Fig. 4. The view of damages that occurred after the first year of exploitation a) from the downstream 
side and b) upstream side 
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In the following year (2016) the improved protection was also gradually destroyed. 
Progressive failure of the bank is presented in fig. below. 
 

   
 

Fig. 5 The view of damages that occurred after the second year of exploitation from the upstream side 

 
 
 

4. Stability evaluation 
 
Slope stability evaluation can be performed using different methods [3, 4, 5, 6, 7]. Bishop’s 
method, where the failure surface is circular-cylindrical, was used in the presented 
calculations. An attempt was made to determine whether the change of water conditions 
would influence the values of the factor of safety of a slope with a relatively dangerous 
inclination of 1.5:1. Two calculation models were assumed, starting with the one when the 
water level is low and then the one during the flood season in July. Surface load on the top 
of the road from traffic was also taken into account. 
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Fig. 6 Calculation scheme for the first model – at low water level a) without any load, b) vertical load 
of 1000 kN. Calculation scheme for the second model – at high water level c) without any load, d) 
vertical load of 1000 kN 

 
Scheme presented in Fig. 6a shows the results of calculations at low water level – 
parameters of the soil (Tab. 1) and geometry of the slope resulted in the value of the global 
stability factor of safety at 0.50. 
 
Table 1. Geotechnical parameters of the ground and slope soils 
No Name IL ρ [Mg/m3] c [kPa] Ø [o] Water 
1 soil of the slope - plastic clay 0.50 2.00 26.00 16.00 yes 
2 consolidated clayey ground 0.00 2.10 40.00 10.00 yes 
3 riprap      
 
Apart from total saturation of the slope, the scheme in Fig. 6b assumes that there is a heavy 
transport vehicle on the top of the road, which was presented on the scheme as vertical load 
of 1000 kN. The factor of safety is 0.42. Failure surface goes deeply into the road. 
When the water level is high (Fig. 6 c,d) the values of the factor of safety do not differ 
significantly from the first model. Adequately it was 0.48 for the road without any load and 
0.46 when there is a surface load of 1000 kN. 
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Table 2. Results of the stability calculations 

Vertical load on the top of 
the slope 

1st model 
low water level 

2nd model 
high water level 

Value of the factor of safety 

No load 0.50 0.48 

1000 kN 0.42 0.46 

 
 
All obtained results of the factor of safety are below the limit value of 1.0 (Tab. 2). When 
the water level is low it undermines the base of the slope and at the same time the water 
filtrates through the ground from the opposite side of the road embankment. During the low 
and medium flow, in the hole scour, the average values of velocity at measurement points 
were in range from V = 0,210 m/s to V = 0,333 m/s. The maximum values at vertical 
measurements points were equal from V = 0,223 m/s to V = 0,370 m/s. Then, the values 
measured above the river bed were in range from V = 0,060 m/s to V = 0,32 m/s. The river 
bed is a natural drainage element for the adjacent area, so water supply to the river banks 
has to be taken into consideration [8, 9, 10]. When the water level is high the hydraulic 
pressure is compensated by the water pressure. Although another unfavourable 
phenomenon connected with water uplift pressure occurs (decrease in the value of density 
in the calculation scheme) [11, 12, 13]. It should also be noticed that high current velocity 
washes out and lifts the soil material. 
 

Summary 
The carried out tests and calculations gave consistent results concerning stability of the 
protected banks. With unfavourable geometry of the slope and groundwater conditions the 
calculated values of the factor of safety are below 1. Observations and tests were carried 
out during both low and high water levels. An important piece of information was the 
behaviour of the protected banks during drawdown – the hydraulic pressure contributed to 
the stability failure [14, 15].   
Such results are influenced by the values of mechanical properties of the saturated soil in 
the protected banks [16, 17]. The tests carried out in a shear box apparatus showed that the 
angle of internal friction is the same when the moisture content was close to the highplastic 
consistency. Uplift pressure of the filtrating water also has a negative influence in the tested 
crosssections. Although primarily it was the force connected with filtrating water that 
caused the bank protection to slide toward the flow cross-section.   
The presented test object gives us the possibility to observe filtration phenomena – the 
critical ones – that result in reduction of the useful crosssection of the river. When the water 
level is high it infiltrates to the slope and it saturates the soil, reducing strength parameters 
in the saturated zone [18]. The main reason for the unfavourable values of the factor of 
safety is the infiltrating ground water as well as the velocity and uplift pressure of the 
flowing water. 
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