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Abstract: This work presents an analysis of the relationship between strength parameters determined
in the laboratory and the results of a cone penetration test with pore water pressure measurement
(CPTU) of waste soils in the “White Seas” area in Cracow. Anthropogenic soil is an alkaline waste
formed during the production of soda ash and deposited in the area of the former Solvay Sodium
Plant factory in Cracow, Poland. Due to the large area of the land and numerous investment plans
and completed buildings, there was a need to identify reliable functional relationships enabling the
determination of the strength parameters of these soils based on the results of the CPTU. Statistical
analysis showed that the best correlation with the test results was provided by two logarithmic
functions in which the dependent variables were the effective friction angle and effective cohesion.
The dependent variable for both cases was the corrected cone resistance qt. The functional relation-
ship combined data from labour-intensive, long-lasting and costly laboratory measurements with
quick and less expensive measurements, i.e., in situ CPTUs. The obtained relationships enable the
determination of the strength properties of the subsoil of these anthropogenic soils.

Keywords: waste soil; strength parameters; correlation function

1. Introduction

This article contains an analysis of the correlation of selected geotechnical parameters
of waste soils determined in the laboratory and “in situ” in the “White Seas” area in
Cracow. The correlations of the strength parameters obtained from laboratory tests and
in situ CPTUs have been widely studied and reported by many researchers for various
soils. Correlation formulas were created from scientific research for various soils in order
to quickly assess their properties for construction purposes. This saves on the time and
costs that are needed to perform laboratory tests. Correlation formulas usually concern
natural soils. It is rare to find waste in such a large area where there are large construction
investments (buildings, roads, tunnels, bridges). The novelty of this article is to obtain
such a correlation for the tested waste. There is no such relationship reported so far, and it
is important from the point of view of construction investments on these anthropogenic
soils. There are many correlation formulas and relationships in the literature which have
been established for a specific soil, but these can also be applied to soils with the same
parameters and mineral composition. It may be in a different location, but the soil must be
the same in terms of geotechnical parameters.

The premise for choosing the research topic of the work was due to the number of
construction investments in the area of the “White Seas” in Cracow in recent years and
the difficulties that have been encountered with regard to determining the geotechnical
parameters of this soil [1,2]. The research was conducted on anthropogenic soil in the
“White Seas” area, which is located in the southern part of Cracow, Poland (Figure 1).

Anthropogenic soil landfill is an alkaline calcareous sludge flotation waste disposal
product that was formed during the production of industrial soda in the Solvay Sodium
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Plant in Cracow. The soil is an alkaline waste residue and primarily consists of suspended
particles such as CaCO3, CaSO4, and soluble chloride salts (CaCl2, NaCl) [3–5]. Flotation
waste is a white-coloured, fine-grained material commonly stored in landfills or settling
ponds [6,7]. The unusual soil condition and lack of correlation between the geotechnical
parameters and the results of the cone penetration test with pore water pressure measure-
ment (CPTU) have been problems for engineers in the structural design process of future
buildings [3].
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One of the most popular in situ soil testing methods is the cone penetration test
with pore water pressure measurement (CPTU). Advantages such as speed, accuracy and
the repeatability of test results are the reasons why the CPTU is the most widely used
in geotechnical investigation. CPTUs provide information about soil condition in the
tested profile of the subsoil at a relatively low cost. Soil testing and obtaining material
strength parameters in the tested soil are important elements in the correct assessment of
subsoil for planned investments. There are many publications in both the international and
Polish literature on the possibility of using the results from the CPTU method to assess the
properties of subsoil [8–11].

Using in situ soil investigations, it is possible to survey a significantly larger area in a
short amount of time. All investigations are conducted on the site of the future investment
in natural conditions in situ, meaning within the current state of stress, saturation level,
and temperature. These probes are minimally invasive and are sometimes the only method
for determining soil parameters when terrain conditions do not enable the collection
of samples.

Despite their benefits, in situ investigations also have certain limitations [12]. The
most significant limitations include the inability to determine parameters under different
stress conditions, high rates of soil deformation during the investigation, and the inability
to control drainage conditions. For these reasons, most field studies do not directly enable
the measurement of basic geotechnical parameters.

The results of the CPTU are the following values in relation to the probing depth:
qc—cone resistance, fs—sleeve friction, u—pore pressure. None of these parameters,
however, directly determine the material parameters of the tested soil, which consequently
necessitates the adoption of reliable correlations to determine soil parameters each time.
Based on the aforementioned quantities of qc, fs, and u, it is possible to estimate soil
parameters; yet, estimating the correlation between the results of static CPTU probing and
soil parameters remains both a challenging task and an open problem [9,13–15]. This is
mainly due to regional factors, i.e., specific geological conditions of the soil foundation
within a given region of the country. Determining parameters based on the CPTU is
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possible using strength parameters estimated from reliable correlations. An example
of such a correlation is the assessment of the effective internal friction angle based on
parameters obtained from CPTUs [10]. The correlation function (Equation (1)) between the
effective internal friction angle φ′ and the normalised cone resistance Qtn [10] is

φ′[deg] = 17.6 + 11log(Qtn) (1)

Over the past few years, experimental studies have been conducted aimed at assessing
the potential use of various functional relationships in Polish conditions [9,16–18]. These
studies have also identified the need to modify formulas to achieve a higher value of
the Pearson correlation coefficient R2. New proprietary formulas often rely on the same
leading parameters and deviate slightly from the original formulas [16]. Generally, the
transformation of function forms for local soils is presented in a simpler form.

Due to the high costs and extensive time required for laboratory tests, the scientific
literature often lacks information and research on the characteristics of various types
of soils [19]. The current Polish standard Eurokod 7 1997 [20] provides assumptions
for determining the strength parameters based on the CPTU for natural soils, without
considering anthropogenic soils. Therefore, obtaining reliable functional dependencies for
anthropogenic soils is only possible after conducting laboratory and field studies.

Several construction projects have already been implemented in the area where these
anthropogenic soils occur, with more planned for the future. The first investment was
the construction of a complex of buildings comprising the John Paul II Center, which was
carried out in stages between 2010 and 2013. Another investment in the area was the
construction of a footbridge between the Sanctuary of Divine Mercy and the John Paul II
Center in 2016. The next investment was a road-tram tunnel section of the Łagiewnicka
route, which was completed between 2019 and 2022 (Figure 2).
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2. Laboratory and CPTU

Research was conducted on anthropogenic waste in the area known as the “White Seas”
in Cracow. The “White Seas” area in Cracow is an approximately eighty-hectare site in
which post-production waste from the Solvay Soda Works Plant was stored in the twentieth
century. During the peak production period of the Krakow Soda Works Plant, up to
600 [Mg/day] of raw soda were produced, resulting in approximately 6000 [m3/day] cubic
metres per day of post-production sludge (approximately 9–10 m3 per ton of product) [21].
The decision to close the Krakow Soda Plant in 1989 marked the end of waste storage.
Currently, most of the surface of the four soil pounds is covered with vegetation, except for
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the northern pounds where the research was conducted. The locations where soil samples
were taken for laboratory testing and the CPTU are shown in Figure 3 below.
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Laboratory tests were conducted on samples of anthropogenic soil collected at various
depths in boreholes in order to determine the effective parameters. Typically, the determina-
tion of these strength parameters is conducted using triaxial compression apparatus [23,24].

The first stage of the study involves saturating the soil sample. Saturation of the soil
sample is necessary due to the measurement of pore pressure and changes in the volume
of the soil sample. Only when fully saturated can the results of the study be reliably
interpreted [23]. The second stage of the triaxial test is soil consolidation. This stage aims
to achieve the desired level of effective stress in the test sample. The final stage of the
study involves uniaxial compression of the sample in a triaxial state in the testing cell. By
applying the loading scheme, it is possible to study the relationship between soil stress and
strain. The tests were conducted on samples that were fully saturated, consolidated, and
sheared under conditions allowing water drainage from the sample (Figure 4).
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The primary objective of the study is to determine the stress–strain characteristics.
Based on the determined relationship, it is possible to determine the maximum shear stress
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in the tested sample (shear strength). The most commonly used criterion for shearing a
sample is the criterion of the maximum value of shear stress according to the Coulomb–
Mohr condition. Under effective stress conditions, this criterion is presented as follows:

τf = σ′·tan φ′ + c′ (2)

where
τf —shear stress [kPa].
φ′, c′—shear strength parameters, respective angle of friction [deg], and cohesion [kPa].
σ′—effective stress [kPa], σ′ = σ − u.
σ—total stress [kPa].
u—pore water pressure [kPa].
The criterion for sample failure is described by strength parameters relating to the

effective internal friction angle φ′ [deg] and effective cohesion c′ [kPa]. The determination
of these strength parameters is performed by fitting a tangent to the Mohr circles. Based on
the tangent’s inclination, the friction angle can be determined, while the intersection point
with the vertical axis allows for the determination of the cohesion value (Figure 5).
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Figure 5. Selected Mohr circle research results from [22].

In engineering practice, procedures enabling the determination of soil parameters
based on CPTU results are commonly used [8–10,25]. Example CPTU results from the
tested anthropogenic soils are presented in Figure 6.

To determine functional relationships with the laboratory parameters of the soils,
normalised parameters from CPTUs are commonly used. This means that parameters di-
rectly determined during the CPTU, qc, fs, and u2, require normalisation because this also
facilitates interpretation of the emerging classes by reference to Soil Behaviour Type charts
(SBT) [11,26]. Based on the measured sounding parameters, derivative parameters are deter-
mined [8], which will ultimately be considered when searching for functional relationships.

Cone penetration, especially in cohesive soils, causes an increase in pore water pres-
sure. To eliminate the influence of this pressure increase, the corrected cone resistance is
determined according to the formula expressed by Equation (2) [8].

qt = qc+(1 − a)·u2 (3)

where
qt—corrected cone resistance.
qc—cone resistance [MPa].
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a—the net area ratio determined from laboratory calibration (the value is provided by
the manufacturer as a standard and approximates the ratio of the cross-sectional area of the
cone tip shank to the total cross-sectional area of the cone tip for the cone used a = 0.8).

u2 –pore water pressure obtained in CPTU [kPa].
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The normalisation of sleeve friction resistance is based on the results of the friction
values measured in the fs test and the cone resistance. The formula used for normalisation
conforms to Equation (3) [8].

Fr =
fs

qt − σvo
·100% (4)

where
fs—sleeve friction [kPa].
σvo—total overburden stress [kPa].
The undisturbed soil samples were collected from a depth between 0.5 and 18.0 mbgs

(metres below ground surface). The natural water content of the tested soil samples varied
from 35% to 200%. Bulk density (ρ) ranged from 1.15 to 1.70 g/cm3. The pycnomet-
ric method indicated that the density of the soil skeleton ranged from 2.58 to 2.62 (on
average 2.60).

The soil grain size analysis was performed in accordance with the applicable stan-
dard [27]. A total of 17 analyses were performed. The results showed that the number of
particles smaller than 0.063 mm in the soil was between 94 and 98%. Therefore, an areomet-
ric analysis was performed. The results of the analyses, due to the high homogeneity of the
tested soil, are presented in the form of a range in Figure 7.

In order to determine the chemical composition of the analysed soil samples, the
X-ray powder diffraction method (XRD) was used. The tests were carried out for selected
representative samples at the Faculty of Chemical Engineering and Technology of the
Krakow University of Technology. The SmartLab SE diffractometer from Rigaku was used
for the above analysis.

Based on the XRD analysis, and in particular the diffraction images of the analysed
samples, it was found that one component, calcite (CaCO3), was present in the analysed
sample (Figure 8).
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Figure 8. Diffraction image of the analysed soil sample [22].

To examine the relationships between the field CPTU results and the laboratory
test results, statistical analysis methods using the Statistica ver 13.3 programme were
applied. The analysis started with examining the distribution of variables, namely the
results of the field and laboratory tests. The results of the distribution analysis allowed
for the determination of the appropriate correlation method, based on which the degree
of correlation dependence and the correlation coefficient (using Pearson’s or Spearman’s
method) were estimated. The normality of the distribution of the analysed variable was
assessed using the Shapiro–Wilk test. The analysis was conducted on a sample of seventy
soils. When the value of the W statistic in the test is less than the critical value equal to 0.957,
it means that the null hypothesis H0 should be rejected, which is equivalent to accepting
the alternative hypothesis H1, where the variable distribution is different from normal. In
all statistical analyses conducted in the study, a significance level of 0.05 was adopted.

3. Results of Statistical Analyses and Discussion

The total number of triaxial compression tests used in the analysis is 70. For all selected
soil parameters, a Shapiro–Wilk analysis of distribution was conducted. The dependent
variables, namely the internal friction angle (ϕ′) and cohesion (c′), obtained a “W statistic
value” for the Shapiro–Wilk test greater than the critical value of 0.957 (for 70 samples).
This indicates that the data distribution is normal (Figure 9).
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Figure 9. Histogram of the analysed data: (a) effective friction angle and (b) effective cohesion [22].

The histograms of the CPTU parameter, i.e., the corrected cone resistance qt [MPa] and
normalised friction ratio Fr [%], results are presented in Figure 10. The 70 CPTU sounding
results obtained correspond to the average value from the depth at which the sample was
taken for analysis.
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Figure 10. Histogram of the analysed data: (a) corrected cone resistance qt and (b) normalised friction
ratio Fr [22].

As indicated by the Shapiro–Wilk test, the independent variables, namely the corrected
cone resistance (qt) and the normalised friction coefficient (Fr), do not follow a normal
distribution (Figure 8).

To determine if the variables are dependent, the Spearman correlation coefficient
was calculated for two sets of data separately: the corrected cone resistance (qt) and the
laboratory-determined internal friction angle (ϕ′) (Table 1). Table 2 shows the Spearman
correlation coefficient values for the normalised friction coefficient (Fr)—a variable derived
from field studies—and the laboratory-determined internal friction angle (ϕ′). The sig-
nificance level was set at 0.05, indicating a 95% probability of dependence between the
variables. The calculations reveal that, at the specified significance level of 0.05, both qt
and Fr are dependent on the variable ϕ′. The significance of the correlation coefficient
was tested using hypothesis testing, yielding positive results. However, the Spearman
correlation coefficient for qt and ϕ′ is higher, at 0.91, indicating that the internal friction
angle ϕ′ is more dependent on qt than on Fr.
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Table 1. Correlation results for corrected cone resistance (qt) and the friction angle (ϕ′).

Variable φ′ qt

φ′ 1 0.91
qt 0.91 1

Table 2. Correlation results for normalised friction coefficient (Fr) and the friction angle (ϕ′).

Variable φ′ Fr

φ′ 1 −0.45
Fr −0.45 1

The next stage in the statistical analysis was to determine the functional relationship
between the variables using regression analysis. The dependent variable was set as the
friction angle φ′. Various functional relationships were considered: linear, polynomial,
logarithmic, and exponential. The best fit to the data was shown by the logarithmic function.
Below are the results of the functional relationships, which demonstrated a coefficient of
determination R2 in the regression analysis, as shown in Figures 11–14.
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Figure 11. The linear relationship between the effective friction angle (ϕ′) and corrected cone
resistance (qt).
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resistance (qt).
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Figure 13. The logarithmic relationship between the effective friction angle (ϕ′) and corrected cone
resistance (qt).
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Figure 14. The exponential relationship between the effective friction angle (ϕ′) and corrected cone
resistance (qt).

Utilising the corrected qt parameter from the CPTUs, which incorporates the pore
water pressure value, enabled the establishment of a relationship as depicted in Figure 13
with a high degree of agreement and a coefficient of determination R2 = 0.81.

Finally, based on linear regression analysis, the functional relationship result can be
represented by Equation (5):

φ′ = 3.49·log10(qt) + 30.61
(

R2 = 0.81
)

(5)

Furthermore, the calculation of the effective friction angle, due to small differences
in the R2 parameter, can be determined for simplicity using the linear formula shown in
Figure 11 (Equation (6)).

φ′ = 0.84 (qt) + 29.83
(

R2 = 0.79
)

(6)

Prediction of the effective friction angle (ϕ′) based on the normalised friction coefficient
Fr will be inaccurate due to the low degree of agreement with the data. Below are the
functional relationship results, which demonstrated the coefficient of determination R2 in
the regression analysis, as shown in Figures 15–18.
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Figure 15. The linear relationship between the effective friction angle (ϕ′) and the normalised friction
coefficient Fr.
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Figure 17. The logarithmic relationship between the effective friction angle (ϕ′) and the normalised
friction coefficient Fr.
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Figure 18. The exponential relationship between the effective friction angle (ϕ′) and the normalised
friction coefficient Fr.

In the case of the relationship utilising the normalised friction coefficient Fr, it takes
the form:

φ′ = −2.26·log10(Fr) + 32.45
(

R2 = 0.21
)

(7)

In this case, the coefficient of determination, compared to results based on the cor-
rected cone resistance qt, is lower and statistically unacceptable, with R2 = 0.21 [27]. The
remaining analysed functions have the same coefficient of determination. The authors
do not recommend using these relationships. A better relationship was applied to deter-
mine the effective friction angle, where the independent variable was the corrected cone
resistance qt (Equations (5) or (6)).

To determine if the variables are dependent, the Spearman correlation coefficient was
calculated for two sets of field data. The first was the correlation between the corrected
cone resistance qt and the laboratory-determined cohesion c′ (Table 3). Table 4 shows
the Spearman correlation coefficient values for the normalised friction coefficient Fr—a
variable derived from field studies—and the laboratory-determined effective cohesion c′.
The significance level was set at 0.05, indicating a 95% probability of dependence between
the variables. The calculations reveal that, at the specified significance level of 0.05, both
qt and Fr are dependent on the variable c′. The significance of the correlation coefficient
was tested using hypothesis testing, yielding positive results. However, the Spearman
correlation coefficient for qt and c′ is better, at −0.89, indicating that the friction angle ϕ′ is
more dependent on qt than on Fr.

Table 3. Correlation results of corrected cone resistance qt and cohesion c′.

Variable c′ qt

c′ 1 −0.89
qt −0.89 1

Table 4. Correlation results of normalised friction coefficient Fr and cohesion c′.

Variable c′ Fr

c′ 1 0.54
Fr 0.54 1

In the case of regression analysis for the effective cohesion c′ [kPa] and corrected cone
resistance qt [MPa], a relationship was obtained, as shown in Figures 19–22.
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Figure 19. The linear relationship between the effective cohesion c′ and corrected cone resistance (qt).
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Figure 20. The polynomial relationship between the effective cohesion c′ and corrected cone
resistance (qt).
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Figure 21. The logarithmic relationship between the effective cohesion c′ and corrected cone
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Figure 22. The exponential relationship between the effective cohesion c′ and corrected cone
resistance (qt).

The logarithmic relationship between the effective cohesion c′ [kPa] and the corrected
cone resistance qt [MPa] is shown in Figure 21. The regression analysis result, based on
seventy cases [22], achieved a high coefficient of determination R2 = 0.82, for which the
functional relationship can be represented by Equation (7).

c′ = −16.03·log10(qt) + 18.14
(

R2 = 0.82
)

(8)

Furthermore, the calculation of the effective friction angle, due to small differences
in the R2 parameter, can be determined for simplicity using the linear formula shown in
Figure 19 (Equation (9)).

c′ = −3.89 (qt) + 21.76 (R2 = 0.81) (9)

The functional relationship between the effective cohesion c′ [kPa] and the normalised
friction coefficient Fr [%] is presented in Figures 23–26.
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The graph depicting the logarithmic relationship between the effective cohesion c′

[kPa] and the normalised friction coefficient Fr [%] is shown in Figure 25. In this case, the
coefficient of determination, compared to results based on the corrected cone resistance qt
[MPa], is lower and statistically unacceptable R2 = 0.25 [28].

c′ = 11.51·log10(Fr) + 9.14
(

R2 = 0.25
)

(10)

In this case, the coefficient of determination, compared to results based on the corrected
cone resistance qt, is lower and statistically unacceptable, with R2 = 0.25 [27]. The remaining
analysed functions have small different values of coefficient of determination. The authors
do not recommend using these relationships.

The result of predicting effective cohesion based on the normalised friction ratio is
a less precise method which should not be used in calculations for the discussed waste
soil. The recommended method for predicting effective cohesion c′ [kPa] is to utilise the
corrected cone resistance qt [MPa] from the CPTU along with Equations (8) or (9).

4. Conclusions

Despite many proposals for determining the shear strength parameters of soils based
on the results of static CPTU probing, this problem has not been sufficiently solved. There
exists extensive literature on this subject [9,29–31], but all of the proposed methods seem to
not be sufficiently tested by authors on anthropogenic soil from Cracow (Poland).

The failure envelope in non-cohesive soils with a small amount of fine fractions (silt or
clay) generally passes through the origin in the τ-σ′ plane for most normally consolidated
soils, suggesting c′ = 0 [kPa]. In the authors’ opinion, the high cohesion value obtained in
the tests indicates a case of cemented soil. A cementation process occurred in the tested soil,
because the soil consisted of suspended particles of carbonate calcium CaCO3. Moreover,
the shear strength parameters were significantly better correlated with the corrected cone
resistance qt than with the normalised friction ratio Fr tested soil (Tables 1 and 3). This
has also been confirmed by numerous studies, presenting relationships more frequently
utilising the cone resistance value [9].

Correlation for effective friction angle φ′ [deg] (Equation (5))

φ′ = 3.49·log10(qt) + 30.61
(

R2 = 0.81
)

(11)

Correlation for effective cohesion c′ [kPa] (Equation (8))

c′ = −15.98·log10(qt) + 18.01
(

R2 = 0.82
)

(12)

Due to small differences in the value of the determination coefficient R2, the authors do
not exclude the possibility of using the simplest linear dependence correlation for effective
friction angle φ′ [deg] (Equation (6))

φ′ = 0.84 (qt) + 29.83
(

R2 = 0.79
)

(13)

and linear dependence correlation for effective cohesion c′ [kPa] (Equation (9))

c′ = −3.89 (qt) + 21.76 (R2 = 0.81) (14)

The presented equations are original functions depicting the relationship between the
results of static CPTU probing and the geotechnical parameters of anthropogenic ground
substrates deposited in the “White Seas” settling tanks in Krakow.

The statistical relationships presented in the article may serve as a basis for estimating,
based on established equations, the strength parameters for the examined anthropogenic
subsoil. The obtained functional relationships will enhance the process of subsoil recogni-
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tion on these waste soils. They can be utilised in conceptual and design work for future
construction investments on the approximately eighty hectares of the “White Sea” area in
Cracow. They may also allow for the specification of more detailed criteria regarding the
protection of existing structures during the exploitation phase.

The derived correlation relationships are based on local data. These are waste soils.
The scope of application of correlation relationships is limited to anthropogenic soils of the
same chemical composition.

As shown in Figures 7 and 8, the tested soil consists of only one mineral calcite (CaCO3)
and has a specific grain size range. The correlation formulas that were obtained can only
be applied to such soils. They will not give positive results for other soils.

The proposed correlations give cautious values of the drained strength parameters,
which can be used as a first approximation for use in preliminary design of geotechnical
structures. Furthermore, the proposed correlations should only be used in cases where
time and cost constraints do not allow for actual effective strength tests to be carried out.
In most other cases, the use of effective strength tests will provide a much more reliable
and cost-effective estimate of the strength properties of the soil in question.
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