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Abstract: One approach to enabling construction, engineering, and mining activities in subsoil with 
insufficient geo-mechanical properties is to employ innovative methods and technologies. These can 
effectively modify the physical and mechanical characteristics of the subsoil. The article explores 
engineering techniques that can enhance the geotechnical properties of soils in locations where they 
exhibit dysfunctions, such as reduced stability and bearing capacity. Additionally, the paper emphasi-
zes the importance of conducting specific geo-engineering tests to accurately assess the geotechnical 
conditions. The research directly evaluates the stability of a railway section within the Western Car-
pathians and presents findings from both field and laboratory tests. Given the instability observed 
in this section, there is a pressing need for geo-engineering reinforcement measures. These efforts 
aim to enhance the geotechnical properties and safeguard the railway embankment from potential 
landslides. Detailed accounts of these remedial works will be the focus of a subsequent study.
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1. Introduction

The bearing capacity and stability of subsoil are pro-
foundly influenced by factors such as the degree of con-
solidation, stress values, and water saturation. To address 
the challenge of constructing structures in subsoil with 
subpar geomechanical properties, it’s essential to modi-
fy the subsoil’s physical and mechanical attributes to the 
desired specifications [1] using innovative techniques.

The design, construction, and subsequent mainte-
nance of engineering structures, transportation infra-
structure, hydro-engineering facilities, and the like, 
invariably present challenges. These challenges necessi-
tate solutions that either enhance the ground’s physical 
and mechanical properties, where necessary, or alter 
them sufficiently. Such alterations ensure the establish-
ment and sustenance of favorable geo-engineering and 
geotechnical conditions in susceptible areas.

The issues encountered often stem from intricate 
geological, hydrogeological, or geomechanical factors, as 
well as oversights in prior engineering endeavors. A thor-
ough assessment of the geological milieu and the techni-
cal constraints specific to the construction site facilitates 
adjustments to the subsoil’s physical and mechanical 
characteristics beneath engineering structures [1–3].

2. Geoengineering methods

The scope of geoengineering activities feasible in 
a region is inherently tied to the geological conditions 
and the physical and mechanical attributes of soils 
and rocks [1]. These factors significantly influence the 
design, construction, and utilization of technical infra-
structure within the specified area. Figure 1 illustrates 
the various applications of geoengineering techniques.
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Soil reinforcement plays a crucial role in the con-
struction of various structures, especially when the natu-
ral bearing capacity of the soil is insufficient. Approaches 
to modifying soil properties typically fall into three cat-
egories: mechanical, chemical, and physical-chemical 
methods. Additionally, methods for slope stabilization 
and protection can be categorized into natural, structur-
al, and synthetic protection, as outlined by Kowacki [4]. 
Ensuring the stability of slopes, embankments, and exca-
vations remains a paramount concern in the design and 
execution of civil engineering projects.

Landslides present a  significant challenge during 
the construction, revitalization, and renovation of trans-
port routes. This issue arises not only when attempting to 
circumvent potential or active landslides but also during 
the restoration of existing infrastructure facilities [5, 6]. 
Consequently, accurate forecasting of potential hazards 
becomes imperative [7]. Addressing the stabilization of 
escarpments and landslides remains a pressing concern, 
both in understanding their occurrence and assessing 
the risks they entail, as well as in advancing scientific 
methodologies to counteract them [8]. The stabilization 
of transport-related landslides through structural means 
has been explored [9], while natural methods and geo-
synthetics have been discussed [10, 11]. 

According to the application classification of geo-
engineering methods, the works were carried out for 
soil reinforcement to stabilize the landslide along the 
side of the railway cut surface (Fig. 1 – green color).

Prior to undertaking construction works, it’s essen-
tial to analyze the existing conditions to determine the 
most suitable method for modifying the physical and 
mechanical parameters of the ground. A widely recog-
nized method for such ground investigation is the static 
CPTU (Cone Penetration Test with Pore Pressure Meas-
urement) sounding [12, 13]. The genesis of this sounding 
technique can be traced back to the early 1990s [14]. The 
insights derived from these soundings offer diverse data 
interpretation avenues, catering to various applications 
such as landslide investigations [15] or foundational 
design, including the assessment of pile bearing capac-
ity [13, 16, 17]. Additionally, ground assessment can be 
enhanced using the SCPTU (static CPTU probe integrat-
ed with a seismic module) as discussed by authors [18].

This study offers an analysis conducted using CPTU 
soundings (Tab. 1) conducted along the railway cut slope 
(Fig. 2) at designated points Ai, Bi, and Ti. These specific 
locations were chosen because ground masses exhibited 
displacement along the slip surface, indicative of the soil 
medium surpassing its shear strength. The depth and rate 
of such displacements can vary, resulting in distinct mor-
phological features. The observed landslide formations 
are attributed to the process of sufosis [19]. This process 
involves the leaching of soil particles by groundwater in 
a  soil medium characterized by low plasticity, such as 
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silty sands and sandy dust. In the context of this analysis, 
the formation of these landslides is intrinsically linked 
to the morphological and geological structures. Their 
potential occurrence on slopes and inclines is primarily 
driven by gravitational forces. These formations manifest 
when the equilibrium between the shear stress compo-
nents and the soil’s resistance is disrupted.

3.	 Stability analysis as 
a basis for the design of 
geoengineering works for 
slope protection

A comprehensive analysis was conducted to evaluate the 
stability of the railway cut slopes, particularly in areas 
where they exhibit instability. To devise an effective solu-
tion for ensuring slope stability, it’s crucial to pinpoint the 
factors that contribute to destabilization. A loss of stabil-
ity typically occurs when shear stresses surpass the shear 
strength of the soil. Such destabilization can be attribut-
ed to various factors, including additional sliding forces, 
alterations in soil and water conditions, or erosion that 
diminishes the soil’s strength. Often, it’s a combination of 
these factors, making the design of protective measures 
a multifaceted and intricate process.

In geotechnical endeavors, it is paramount to ini-
tially consider the site’s morphology and hydrography. 
A meticulous analysis of the study area lays the ground-
work for designing geotechnical interventions, ensuring 
an accurate assessment of slope stability, embankments, 
cuts, and other features. Geographically, the area under 
study is situated in the Western Carpathians. From a geo-
logical perspective, it falls within the bounds of the Sile-
sian Plateau, serving as the watershed between the Vistula 
and Oder river basins. A close examination of the railway 
line’s trajectory on the geological map of Poland, specifi-
cally the Cieszyn sheet, reveals that it rests on a bedrock 
primarily composed of resilient Cretaceous shales inter-
spersed with limestone and thinly-layered marls of the 
Silesian Mantle. However, certain segments are overlain 
by Holocene clays, loams, and Pleistocene loess and silts, 
which offer less-than-ideal support for the railway sub-
grade’s foundation. Despite this fact, an assessment of 
landslide occurrences sourced from the State Geological 
Institute’s register units (SOPO PIG-PIB 2022) did not 
indicate any such events in the region under scrutiny. 
The study commenced with an on-site evaluation, facili-
tating an in-depth assessment of the geotechnical condi-
tions, encompassing morphology, hydrography, geologi-
cal structures, and potential site-specific challenges that 
could influence both design and implementation phases.

In the examined railway cut slopes, a  significant 
issue arises from the presence of a  plasticized lay-
er comprised of silty soil. Due to shearing forces, this 
layer has given rise to a slip plane. The steep gradient 
of these slopes inherently lacks adequate stabiliza-
tion, thereby promoting the occurrence of surface soil 
slides. In alignment with the standards outlined in 
(PN-EN 1997-1:2008/Ap2, 2010), stability index val-
ues were derived  from calculated parameters. Nota-
bly, these derived parameters were approximately 25% 
lower than those ascertained through field or laborato-
ry tests, indicating a  potential underestimation of the 
results. The stability analysis was conducted at intervals 
of 50  m across the evaluated slope section (Fig. 2) in 
accordance with the following framework:

	– Cross-section at km 33+250,
	– Cross-section at km 33+300,
	– Cross-section at km 33+350,
	– Cross-section at km 33+400.

In the article authors were shown cross-section 
data at km 33+250, km 33+300 and km 33+400 with 
stability calculations for the slope, both before and after 
geotechnical works.

In the tables below, the characteristic parameters 
for mentioned cross-sections are marked (Tabs. 2–4).  

Table 1. Depths of CPTU static soundings and boreholes 
for the case under consideration made from the right – Ai, 

left – Bi and in the axis of the railway surface Ti of  
the analyzed slope of the railway cross-section

No. Measurement point Probe CPTU 
[m b.s.l.]

Borehole 
[m b.s.l.]

1 33+200_T1 4.1 3.5
2 33+200_A 4.1 –
3 33+200_B 6.1 –
4 33+250_T1 4.1 3.5
5 33+250_A 5.2 –
6 33+250_B 7.1 –
7 33+300_T1 4.1 3.5
8 33+300_A 6.6 –
9 33+300_B 6.9 –

10 33+350_T1 4.1 3.5
11 33+350_A 4.8 –
12 33+350_B 6.3 –
13 33+400_T1 4.1 3.5
14 33+400_A 4.1 –
15 33+400_B 4.1 –
16 33+450_T1 3.6 3.5
17 33+450_A 4.1 –
18 33+450_B 4.8 –
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During the CPTU examination, various parame-
ters were meticulously recorded at 1 cm depth intervals, 
including:

	– resistance under the probe cone qc​ [MPa]: this 
parameter was recorded within the range of 
0–100 MPa with a resolution of 0.01 MPa,

	– friction at the friction sleeve fs​ [kPa]: the values 
were captured between 0–3000 kPa with a resolu-
tion of 0.71 kPa,

	– pore pressure at u2​ [kPa]: this was measured 
directly behind the cone, beneath the friction 
sleeve, with values ranging from 0–3000 kPa and 
a resolution of 0.27 kPa,

	– inclination of the cone in both x and y  direc-
tions [°]: the inclinations were recorded within 
a ±30° range with a resolution of 0.1°,

	– cone penetration velocity v [cm/s]: the velocity 
was gauged with a resolution of 0.08 cm/s.

3.1. Results

The soil type was identified using a Robertson diagram tai-
lored for Polish soils, as specified in (PN-B-04452 2002). 
To employ this diagram effectively, values for the stand-
ardized cone resistance qt​ (accounting for pore pressure 
u2​) and the friction coefficient Rf​ were determined in 
line with the guidelines (ISO 22476-1 2013). The defin-
itive identification of the soil type is manually executed 
by the interpreter, who considers data from concurrent 
investigations, notably geotechnical borings. Param-
eters reflecting the soil condition were ascertained by 
following the protocols (PN-B-02480:1998). The com-
paction degree for non-cohesive soils was deduced 
using equation:

	 ID = 0.709 log qc – 0.165 	 (1)

The degree of plasticity Il of cohesive soils (or alter-
natively the corresponding values of the consistency 
index Ic), depending on the content of the clay fraction 
in the layer under consideration c:

	 Il = 0.242 – 0.427 log qc, for fi > 30%	 (2)

	 Il = 0.518 – 0.653 log qc, for fi = 10–30%	 (3)

	 Il = 0.729 – 0.736 log qc, for fi < 10%	 (4)

The assignment of the soils in the investigated 
soil profile to the appropriate group was made on the 
basis of a  previous interpretation of the soil type and 
the resulting clay fraction content, according to the 
classification diagram, the so-called Ferret’s triangle  
(PN-B-02480:1998).

The angle of internal friction φ’ of non-cohesive 
soils was determined based on equation (5) in the 
standard (DIN 4094:1990-12, 2013), i.e.:

	 φ’ = 23 + 13.5 log qc	   (5)

It is assumed that the above relationship is appli-
cable to non-cohesive soils containing at most a small 
admixture of fine facies (e.g., silty sands).

For cohesive soils (fine-grained soils) the shear 
strength under no-drain conditions is determined below:

	
s

q

Nu
c v

k
�

��
0

	
(6)

where are: σv0​ represents the vertical total geostat-
ic stress, Nk​ is an empirical coefficient, the value of 
which is contingent upon the soil’s plasticity index. 
This index is estimated based on the recommenda-
tion from the Swedish Geotechnical Institute, given 
by the formula Nk​ = 13.4 + 6.65 × wl. Here, wl denotes 
the liquid limit value, as determined by the table of 
properties for typical Polish soils, as referenced in [20].

Edometric moduli of soil compressibility for the 
study area were determined from the standard PN-EN 
1997-1:2008, Eurokod 7.

Following the investigations, horizontal layers were 
identified. The top 1 m below the ground surface con-
sists of silty clays, which also serve as agricultural topsoil. 
From there, extending to approximately 3.5 m below the 
surface, brown and grey silty clays exist in a hard plas-
tic state, frequently interspersed with dust layers. This 
geotechnical assessment pertains to the evaluation of 
groundwater conditions along railway line no. 190, spe-
cifically from km 33+200 to km 33+500, and from km 
34+500 to km 34+650 on the Goleszów-Cieszyn route.

In the investigated subsoil, a  stratified structure 
with a  horizontal course can be distinguished. In the 
floor up to a depth of approx. 0.4–1.0 m, there are brown 
siltstones, which at the same time form an agriculturally 
cultivated surface.  Below, to a  depth of approximately 
2.5–3.5 m, there is a layer of brown and grey-brown silty 
clays and hard-plastic silty clays. The above silty clays 
often contain interbedding of dust. In the bottom of the 
silty clay, in the section from km 33+250 to km 33+550 
(Figs. 3, 5, 7) there is a layer of silty clay of small thick-
ness of approx. 0.5–1.0 m, with a considerable admixture 
of fine gravel and sand interbeds in plastic and soft plas-
tic state. Below this, grey silty clays with an admixture 
of gravel were drilled throughout the section, which are 
generally in a  hard-plastic state, with only plastic and 
soft-plastic in the ceiling. A high concentration of grav-
el is noticeable in the roof of the above-mentioned silty 
clays, which is undoubtedly the result of erosional scour 
and the formation of a “cobble” layer prior to the devel-
opment of subsequent sedimentary processes.
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Fig. 2. Characteristic cross-sections across the analyzed slope with an indication of CPTU sounding points

At a depth of approximately 2.5 m from the crown 
and about 1.5 m from the base of the slope, there is 
a stratification of degraded, water-softened, soft-plastic 
dust with a mixture of gravel. This layer is a probable 
slip plane. The adjacent area to the slope is inclined in 
its direction. The drainage system directs water to the 
ditch at the foot of the slope through outlets located at 
intervals of 30 m at a height of about 1.5 m from the 
crown of the excavation. 

A  total of six geotechnical layers were identified 
within the analyzed cross-section. The layering pattern 
was established using averaged data from Cone Pene-
tration Test (CPT) with pore pressure measurements 
(CPTU) and geotechnical boreholes located proximate-
ly to the examined cross-section. These geotechnical 
layers comprised soils of consistent type and origin, 
displaying analogous values for compaction (in granu-
lar soils) or plasticity (in cohesive soils). For these soils, 
uniform characteristic physical and mechanical param-
eters were adopted, derived from both CPTU readings 
and subsequent laboratory tests.

Stability assessments were conducted using design 
parameters. These parameters were obtained by divid-
ing the characteristic values by a safety factor of 1.25, 
as raised in standards (PN-EN 1997-1:2008/Ap2:2010, 
2010). Mechanical properties (φ’, c’) of the uppermost 
slope layers, especially where the outlets of adjacent 
drainage areas are present, were adjusted using a reduc-
tion factor of γred = 1.4. Details of the geotechnical layers 
utilized in the analytical model for selected points are 
provided in Tables 2–4. It’s essential to note that the pre-

sented parameters are specific to the examined kilome-
ter of the cross-section and should not be extrapolated 
universally.

Stability assessments employed the Bishop’s meth-
od, focusing on a  circular slip surface post-optimi-
zation, aiming to identify the most plausible path for 
potential displacements. In the Bishop’s method, the 
interaction forces between the blocks are unknown, and 
their value is determined by the method of successive 
trials using general equilibrium equations internal and 
the stability index is determined from the equilibrium 
equation of moments of forces relative to the center of 
the potential slip surface. Figures 4, 6 and 8 illustrates 
the geological cross-sections with calculations for the 
designated kilometer at 33+250, 33+300 and 33+400 of 
the railway line, derived from the comprehensive geo-
technical survey.

The presence of these cohesive, plastic soils poses 
challenges, endangering the stability of slopes and near-
by soils along the railway alignment. The inclusion of 
loose material and sandy layers facilitates water reten-
tion across the considered depth, intensifying the plas-
ticization process. Notably, the dust layers are highly 
vulnerable to plasticization, as even minimal moisture 
prompts rapid state changes. This vulnerability has led 
to the formation of a slip edge in this layer (Fig. 5). The 
geological cross-sections for the designated kilometer 
at km 33+400 of the railway line, derived from the com-
prehensive geotechnical survey is shown in Figure 6. 
Figure 7 presents the cross section with calculations for 
the mentioned above kilometer point.
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Table 2. Characteristic parameters for the selected point 33+250

Geotechnical 
layer number 

 in 33+400 
kilometre range 

Type of soil 
in the layer

Average 
compaction 

degree

Degree of 
plasticity

Reduction 
coefficient

� �
�

�
�
�red
red

� �
�

c c
red

red�

Average parameters
Volume 
density

Lithology 
symbols 

regarding 
to PN-EN 

1997-1:2008/
Ap2:2010

ID Il γred

Angle of  
internal friction Cohesion

Reduced value Reduced value
φ′ c′ ρ

[–] [–] [–] [°] [kPa] [Mg/m3]

Layer I Gπz – 0.28–0.37 1.,4
19 8

21
14 6

Layer II Gπz – 0.14–0.17 1.4
22 12

20.5
16 9

Layer III Gπz – 0.23–0.25 1.4
17 12

19.5
12 9

Layer IV Gπz – –0.18–0.10 1 32 11 22.0
Layer V Gπz 0.71–0.81 – 1 41 – 20.0

Layer VI
Degraded 

drainage ditch 
interior

– –0.19–0.08 1 10 10 19.0

Fig. 3. View of design cross-section with calculations for selected point 33+250 (Geotechnical project BAARS 2020)
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Fig. 4. View of design cross-section with calculations for selected point 33+250  
(Geotechnical project BAARS 2020)

Table 3. Characteristic parameters for the selected point 33+300

Geotechnical 
layer number 

in 33+400 
kilometre range 

Type of soil in 
the layer

Average 
compac-

tion degree

Degree of 
plasticity

Reduction 
coefficient

� �
�

�
�
�red
red

� �
�

c c
red

red�

Average parameters

Volume 
density

Lithology sym-
bols regarding 

to PN-EN 
1997-1:2008/

Ap2:2010

ID Il γred

Angle of internal 
friction Cohesion

Reduced value Reduced value

φ′ c′ ρ

[–] [–] [–] [°] [kPa] [Mg/m3]

Layer I Gπ – 0.15–0.22 1.4
20 10

21
14 7

Layer II Gπ – 0.27–0.31 1.4
18 21

20.5
13 15

Layer III Gπ – 0.50–0.53 1.4
13 12

19.0
9 9

Layer IV Pg + KR – –0.02 1 27 7 22.0

Layer V Ps + Ż 0.90 – 1 40 – 20.0

Layer VI
Degraded 
drainage ditch 
interior

– >0.50 1 10 10 19.0



78

Przemysław Toczek, Tomasz Kowalski, Krzysztof Skrzypaszek, Cezary Cały

Journal of Geotechnology and Energy

Fig. 5. View of design cross-section with calculations for selected point 33+300  
(Geotechnical project BAARS 2020)

Fig. 6. View of design cross-section with calculations for selected point 33+300  
(Geotechnical project BAARS, 2020)
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Table 4. Characteristic parameters for the selected point 33+400

Geotechnical 
layer number in 

33+400  
kilometre range 

Type of soil 
in the layer

Average 
compac-

tion degree

Degree of 
plasticity

Reduction 
coefficient

� �
�

�
�
�red
red

� �
�

c c
red

red�

Average parameters

Volume 
density

Lithology 
symbols 

regarding to
PN-EN 

1997-1:2008/
Ap2:2010

ID Il γred

Angle of internal 
friction Cohesion

Reduced value Reduced value

φ′ c′ ρ

[–] [–] [–] [°] [kPa] [Mg/m3]

Layer I Gπ – 0.27 1.4
21 7

20.5
15 5

Layer II Gπz/I – 0.14 1.4
14 21

21
10 15

Layer III Gπ – 0.3–0.37 1.4
14 14

19.5
10 10

Layer IV Gπz + KR – 0.02–0.11 1 27 12 22.0

Layer V KR/KRg 0.71 – 1 40 – 20.0

Layer VI
Degraded 
drainage 
ditch interior

– >0.50 1 10 10 19.0

 
Fig. 7. Geological cross-section for selected point 33+400 (Geological project BAARS, 2020)
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Fig. 8. View of design cross-section with calculations for selected point 33+400 (Geotechnical project BAARS, 2020)

The stability analysis conducted for the railway cut 
slope at kilometres marker 33+250, 33+300 and 33+400 
revealed instability, as indicated by a stability coefficient 
on the properly Figures 4, 6 and 8. 

The stability analysis conducted for the railway cut 
slope at kilometer marker 33+400 revealed instability, 
as indicated by a stability coefficient of Fs = 0.94. Giv-
en the characteristics and results of the stability assess-
ment for the underlying subsoil within this section, it is 
imperative to undertake design interventions to stabi-
lize the slope at this specific segment of the railway cut. 

4. Conclusions

The geotechnical assessment conducted to evaluate the 
ground conditions of the considered railway line seg-
ment highlights significant slope instability. Field and 
laboratory tests indicate that the instability of the rail-
way cut slope is multifaceted. It arises from a horizon-
tally layered arrangement of strata aligned parallel to 
the railway cut’s direction. This layering encompasses 
variations in geotechnical parameters, with hard clay 
layers interspersed with softer, more plasticized zones. 
The natural subsoil, characterized by its heterogeneity, 
is highly susceptible to plasticization.

A  comprehensive understanding of the soil and 
hydrological conditions within the examined slope is 
crucial for designing effective interventions. The pri-
mary objective during engineering interventions is to 
prevent water infiltration into vulnerable layers, par-
ticularly at the slip edges and areas of dysfunction.

Within the railway cut’s slope, a notable concern 
is the presence of a plasticized layer of silty soil. This 
layer has developed a slip plane due to shearing forces. 
The pronounced slope gradient exacerbates the insta-
bility, making the area prone to surface landslides. To 

mitigate these risks and safeguard against the future 
threats outlined in the study, it is imperative to devel-
op geotechnical protective measures. These measures 
should address the potential for mass soil movements 
along the slip plane within the softer, plasticized dust 
layers. Various methodologies for such protection will 
be elaborated upon, drawing parallels to similar chal-
lenges encountered in railway cut scenarios.

After all the calculations reinforcement solution 
were made and it included: 

	– installing a palisade made of interconnected steel 
sheet piles anchored with ground spikes to cut 
through the slip plane,

	– reinforcing the slope surface with a concrete anchor 
and an erosion-resistant geotextile anchored in 
place,

	– strengthening the bottom of the drainage ditch 
with openwork concrete slabs, filled with dry con-
crete to prevent soil erosion,

	– stabilizing the excavation bottom forming the 
subgrade with a  cementitious binder to prevent 
the infiltration of rainwater,

	– topping the palisade with a concrete anchor and 
installing linear French drainage behind it,

	– directing the drainage to a well at the end of the 
slope and intermittently to the drainage ditch 
under the anchor,

	– maintaining drainage in the gaps between the 
sheet piles using a concrete board,

	– extending drainage outlets from adjacent agri-
cultural lands at a height of approximately 1.5 m 
below the slope crown, directing the discharged 
water to an open ditch at the base of the railway 
track,

	– reinforcing the slope in areas where water is 
drained from the outlets by installing openwork 
concrete slabs with voids filled with dry con-
crete.
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Fig. 9. View of design cross-section with calculations for selected point 33+400 (Geotechnical project BAARS, 2020)

Fig. 10. View of design cross-section with calculations for selected point 33+400 (Geotechnical project BAARS, 2020)

The geotechnical works carried out have 
improved the stability of slopes within the analyz-
ed section of the railway cutting. In Figures 9 and 
10 the cross-section at kilometer 33+250 is shown, 
along with the applied ground reinforcement and the 
view of stability calculation results after implement-
ing the proposed solution. The implemented solution 
has thus achieved a  soil stability coefficient above 
Fs = 2.0 for the section at kilometer 33+250, indicat-
ing well-executed geotechnical works and slope rein-
forcement within the analyzed section of the railway 
cutting.
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