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Abstract: Investigations were conducted at the test site of Adam Mickiewicz University in Poznan.
The test site is located in the northern part of Poznan, within the marginal zone of the Poznaf Phase
of the Weichselian (Vistulian) glaciation. The subsoil consists of glacial till from the Vistulian
glaciation, separated by fluvioglacial sandy sediments, and is covered with fine and medium sands
with single grains of gravel. The quality of the geotechnical parameters of the tested subsoil was
assessed for the constrained modulus and undrained shear strength. To determine these parameters,
static penetrometers from two different manufacturers were used. The tests and the result analysis
were performed in three stages. In the first stage, each penetrometer was used to investigate the
homogeneity and diversification of the subsoil structure in the test sites. The subsoil structure
diversification was examined by grouping statistically similar Ry coefficient values along the profile.
In the second stage, the level of accuracy and precision in the assessment of the corrected cone
resistance (g;), friction on the friction sleeve (f;), and pore pressure (u2) were determined for
individual penetrometers. In the final stage, differences between the constrained modulus and
undrained shear strength were determined for both penetrometers. This analysis took into account
the level of precision of the corrected cone resistance.
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1. Introduction

CPTU (Cone Penetration Test) static soundings are a widely used method for in situ determination
of geotechnical parameters of soil. Their popularity stems largely from the favorable relationship
between the survey cost and the results obtained, i.e., the possibility of determining the values of a
wide range of geotechnical parameters. Leaving aside the issues of interpreting the direct results of
static soundings [that is, cone resistance (q.), sleeve friction (f;), and excess pore pressure (u2)], it is
critical to ensure the appropriate quality of the tests carried out. These issues are regulated by ISO-
22476-1 (2023) [1], and studies on the reliability and repeatability of CPTU measurements have been
conducted by several authors.

One of the most complex and earliest studies on the repeatability of CPTU measurements was
conducted by Mtynarek et al. [2], who examined the results of tests performed with 9 new
penetrometers from different manufacturers in an almost homogeneous soil. Conducting three tests
with each penetrometer in a random square grid of the Onsoy test site ensured relatively high
comparability of results. The results indicated particularly significant differences in f; measurements,
and statistical analysis allowed the penetrometers to be grouped in terms of measurement consistency.
Powell and Lunne [3], on the other hand, presented the results of comparative tests performed with
penetrometers with a cross-sectional area of 10 and 15 cm? in various fine-grained soils. In their work,
they stated that while the cone resistance values (qt) were similar for both penetrometer sizes, the
sleeve friction (fs) was slightly higher for the larger penetrometer. Research on the Onsgy clay test site
was continued in a comprehensive study by Lunne et al. [4]. The study again involved different
penetrometers with different cell capacities and pore pressure measuring systems. A total of seven
penetrometers were tested, with each undergoing two to four tests. The results confirmed significant
differences in measurements between different devices, particularly in the case of f; but also g..
Importantly, results also differed when subsequent tests were performed with the same penetrometer.
However, as the authors noted, this may have been influenced by inaccuracies in zero readings and, in
particular, different ambient temperatures during the zeroing of the penetrometers (as tests were
performed under different atmospheric conditions). After taking this variable into account, the cone
resistance values were much more consistent in individual tests. Wierzbicki et al. [5] came to similar
conclusions, this time comparing two penetrometers of different sizes from different manufacturers.
These authors also observed that the differences between the results were not constant but depended
on the measurement depth and the type of soil being tested. Similar observations lead to the obvious
conclusion that observed differences result in differences in geotechnical properties interpreted on the
basis of CPTU results. A very clear example of this was presented by Paniagua and L’Heureux [6],
who showed how different soil type assessments are obtained depending on the penetrometer used and
the classification diagram used. Interestingly, when studying differences in various soils, the authors
noticed that they depend on the type of soil and are most pronounced in silts.

The comparative studies cited above, which are valuable and undoubtedly influence the
development of CPTU technology, focused mainly on examining the differences between
penetrometers from different manufacturers and of different sizes. Against this background, Powell et
al. [7] proposed a slightly different, yet valuable approach. They examined the effect of the ratio of the
cone diameter to the sleeve part of the same device on fs values, thus simulating the effect of the wear
degree of the penetrometer's friction elements. Based on these results, it can be easily concluded that
even small differences in the ratio of the two elements can significantly affect the results obtained.
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Regardless of the high-quality standards currently imposed by ISO, it seems that a broader view
of CPTU measurements is also necessary, including in the context of natural penetrometer wear
unrelated to changes in cone and sleeve geometry. This points to a need for systematic replacement of
penetrometers in their entirety (and not just their wear components) and to the probable cause of worse
repeatability of friction measurements on the sleeve than of cone resistance.

The reason for undertaking the present study was the observation made by a commercial static
sounding contractor regarding uncertainties in the measurement of ¢. and, especially, f; during tests
conducted with an already worn-out device. Despite calibration and ongoing replacement of the
penetrometer's friction elements to meet ISO standards, unexpectedly large variations in penetration
parameter readings in relatively homogeneous sediments were observed. Similar differences were
not noted in cones that were newer and twice as short in use. Hence, it was hypothesized that the
quality of the device’s measurement is affected not only by standard-controlled characteristics but
also, for example, the aging of penetrometer components subject to deformation measured by the
strain gauge system.

o N I

Figure 1. Two cones, with which more than 1000 m of soundings were performed. On top,
a cone that suffered typical damage during sounding after one year of use.

In order to verify that hypothesis, at least in part, a program of comparative tests performed with
three penetrometers from the same manufacturer and with the same technical specifications was
proposed. All penetrometers had a calibration certificate and met the geometric requirements of ISO-
22476-1 (2023) [1] (i.e., all three used new friction elements). However, they differed in the degree
of wear of the strain gauge measuring system (this did not apply to the cone and sidewall geometry
itself): one of the penetrometers was brand new, the second had approximately a year of use and
1500 m of probing, and the third had been in service for more than 2 years and had been used for
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more than 2500 m. It is worth noting that in the case of the aforementioned CPTU sounding
contractor, the situation of using a penetrometer older than 1 or 1.5 years is extremely rare—earlier
equipment simply succumbs to mechanical damage that prevents its reuse (Figure 1).

For comparative penetrometer studies, the AMU-Morasko test site plot was selected, which is
characterized by the presence of glacial sediments with high homogeneity over a large area and
significant thickness, typical of extensive areas of the Central European lowlands [8,9]. Differences
were analyzed using noise analysis and statistical significance tests for differences in data from
individual static soundings.

2. Materials and methods
2.1. Test site and the study program
The research was carried out in the southern part of the AMU Morasko test site. The test site is

located within the Adam Mickiewicz University campus next to the northern border of Poznan, close
to Morasko Meteorite Nature Reserve [9] (Figure 2).

Legend:

- Leszno phase of glaciation
- Poznan phase of glaciation
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Grl.2 a- cone penetration test with a new cone
I
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Figure 2. Location of CPTU on the AMU-Morasko test site (yellow line: southeastern part;
red line: northwestern part).

The morphology of the test site was formed by glacial and fluvioglacial processes from the
Vistulian glaciation [10]. The Quaternary sediment thickness in the test site area reaches c. 40 m. These
deposits represent the thick glacial till of the Riss glaciation (Oder and Warta) and the glacial till of the
Weichselian glaciation (Vistula). The complex of glacial sediments is covered by fine and medium
sands with single grains of gravel of the so-called first sandur level from the youngest Poznan
glaciation. A generalized geological profile of the test site and an example of CPTU results are
presented in Figure 3.
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Figure 3. Generalized soil profile of the AMU Morasko test site [soil type and consistency
as liquidity index (L/)] and results of 6 performed CPTUs.

In previous years, CPTU static soundings were performed in the southern part of the experimental
field (Figure 1). The tests were conducted using two different measurement systems, and the results
have been presented and discussed [6,9]. Currently, a student dormitory named Meteor has been
constructed on the site where the earlier investigations took place. Consequently, the present study was
conducted in the northwestern part of the AMU Morasko test site (Figure 2). For the purposes of the
current analysis, tests were carried out using three cones exhibiting different levels of wear: (a) new,
(b) partially worn (Figure 4), and (c) worn. The same penetrometer model with a cross-sectional area
of 10 cm? and a measuring range of g up to 100 MPa, f; up to 1 MPa, and u> up to 2 MPa was used
for the tests. The resolution of the penetrometer varied depending on the device: g. in the range of
0.865-0.901 kPa, f; in the range of 0.0091-0.0102 kPa, and u, in the range of 0.0210-0.0214. The
penetrometer was inserted into the ground using a GEOTECH device (Figure 5). All tests were carried
out on a single day in October, at an air temperature of approximately 15 °C, at which the cone was
also zeroed. The temperature range for correct operation of the penetrometer was 5—40 °C, and the
maximum error due to the temperature effect did not exceed 27 kPa. The investigations were performed
at two test points to a depth of approximately 9.8 m. Each test point consisted of three CPTUs placed
at the corners of a triangle, 2 m apart from each other (Figure 5).
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Figure 4. Used, partially worn penetrometer (b) prepared for testing.

4

Figure 5. Research node 1 with indicated CPTU test locations.

Based on the preliminary analysis of the sediment profile and the geological structure of the test
site, the geological series occurred at a depth of 4-14 m, with sandy interlayers at a depth of
approximately 10 m and a noticeable decrease in the sand fraction content below [8,9]. Detailed
information on the physical properties of soil, such as granulometric composition and Atterberg limits,
was presented by Radaszewski and Wierzbicki [9]. The current studies were carried out to a depth of
10 m in the potentially most homogeneous fragment of the profile. The final selection of the depth
range of 5.4-9.8 m was based on the observation of the most pronounced monotonicity of penetration
parameters in this fragment (Figure 3). This interval consists of a mixture of silty clayey sands and
silty sandy clays, showing minor lithological variability in the form of interbedded sandy layers (Figure
3). The analyzed soils are characterized by a calcium carbonate content of approximately 4% and
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exhibit a plastic or soft-plastic consistency (according to ISO standard [11]). According to [8], this is
a result of the high soil porosity and the shallow groundwater table (Table 1) (Figure 3). Due to the
low clay fraction content, the tested soils are characterized by a low plasticity index.

Table 1. Basic physical parameters of the analyzed soils (after [6]).

Natural moisture  Plastic limit Liquid limit Plasticity index Liquidity index CaCOj;

(o) (%) (%) (%) © (%)
Interval 13.25-17.35 9.07-12.67 15.39-23.90  4.44-10.96 0.35-0.75 3-5
Average  16.67 10.88 17.01 6.13 0.66 -

2.2. Analysis of differences
2.2.1. Model

The adopted comparative model analyzed two parameters, corrected cone resistance (g;) and
sleeve friction (f;), and three penetrometers, Gr_a, Gr_b, and Gr_c, used at two locations (1 and 2).
Data from the depth interval of 5.4-9.8 m observed every 2 cm were selected for analysis. The
following model was adopted:

Ek(z) = fk(Z) + Ek(Z), k = 1,...,K, (1)

where ¢i(z) is the observed value of the parameter (g, f5) at depth z for location £, fi(z) is the trend [true
value of the parameter (g, f5)] at depth z for location £, &i(z) is the noise (random value with zero
expected value) at depth z for location £, and K is the number of locations.

The moving average method was used to estimate the trend. For the i-th observation at z; depth,
the smoothed trend value is calculated from the formula:

fulz) = —=SHM" & (), i=m+1,..,n—m, )
where 7 is the number of observations.

In further calculations, we assumed m = 3. The value of m was chosen as a reasonable compromise
between the degree of fitting between measured and predicted values. Higher m values result in
smoother predicted values, greater noise reduction, but also greater deviation from the measurement
data. In addition, n = 221.

2.2.2. Noise

For the i-th observation at depth z;, we determined the noise value &,(z;) as the difference
between the observed value of the analyzed parameter &, (z;) and the smoothed value of the trend
fezD), i=m+1,..,n—m.

Deviations from the trend are characterized by the standard deviation of the noise ¢ and by a
spatial correlation, which can be analyzed by examining the coefficient of autocorrelation p. The noise
level is determined according to formula 3:
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noise = /1 — p? -4, 3)

~ 1 ~ 1
where ¢ = \/m lemi1(&(z) — &)? and p = n—zm-135 = 1:1n+11((8k(zl) — &) (e (z141) —

e'k)) are the estimators of standard deviation and coefficient of autocorrelation, respectively.

2.2.3. Statistical tests

Let &ui(z) be a value of a parameter (g;, fs) for the s-th penetrometer (s = 1, 2) on depth z for
location k. The index s identifies the compared penetrometers; for example, s = 1 denotes penetrometer
Gr_a, and s = 2 denotes penetrometers Gr_b. We verify the null hypothesis that there are no significant
differences in the parameter values for both penetrometers, while under the alternative hypothesis that
significant differences exist. For this purpose, we use the test statistic, which is a measure of
dissimilarity between the series corresponding to the values of parameters £ix(z) and £x(z). In the case
of small values of this dissimilarity measure, we will not reject the null hypothesis, and when its values
are large, we will reject the null hypothesis in favor of the alternative hypothesis. We have chosen
Dynamic Time Warping (DTW) as a measure of dissimilarity between series. Its description was taken
from the paper by Gorecki and Luczak [12].

DTW is a method for comparing two series by aligning them in a way that minimizes the distance

between corresponding points, even if the depth axes are not perfectly synchronized. The calculation
of DTW is as follows:
Letx=(xs,...,xs)and y=(y1, ..., ym) be two series. First, we construct a matrix with the (i, j)th
element corresponding to d(x; y;) = (xi — y; Y,i=1,...,n,andj=1,..., m. Second, we find a path
through this matrix with minimal cumulative distance between series. DTW corresponds to the path
with minimal warping cost:

DTW (x,y) = min VE wy, 4)

where w; is the matrix element that also belongs to the /th element of a warping path W.
The warping path is subject to three constraints:
* boundary conditions: w; = (1, 1) and wz = (n, m),
* continuity: for w; = (a, b) and w1 = (@', b'),a—a'<land b—-b'<1,
* monotonicity: for w;=(a, b) and w1 =(a', b"),a—a'>0and b —b'> 0.
To find this warping path, one can use dynamic programming by applying the following recurrence:

7/(i,j) = d(xl. .Y, ) + min{)/(l‘ -1,j - 1), 7/(1’ - l,j), 7(1‘,]' - 1)} (%)

Here, y(i, j) is the cumulative distance of d(x; y; ) and the minimum cumulative distances from the
three adjacent cells.

To approximate the null distribution of the test statistic (i.e., DTW) and calculate the p-value, the
nonparametric bootstrap was used. These are well-known nonparametric methods that allow for efficient
testing of statistical hypotheses, even with small samples. Example papers on this topic are [13] and [14].

AIMS Geosciences Volume 11, Issue 4, 1007-1022.
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In the considered problem, the bootstrap test proceeds according to the following steps for a fixed
location £:

1. Compute DTW for original data &u(zi), s = 1, 2, where z; denotes the i-th depth, andi=1, .. .,
221.

2. Create a bootstrap sample from the given data in the following way: From all observations
Eiz1), . . ., Eilzon), Eanlz1), . . ., Exx(z221), select randomly with replacement 221 observations for the
first new sample, and from the remaining ones, create the second new sample.

3. Repeat step 2 a large number of times, e.g., B = 1,000, and obtain B-independent bootstrap
samples & %" (z),s =1, 2,i =1 ...,221, andb=1,...,B.

4. For each bootstrap sample, compute the value of the test statistic DTW. Denote them by
DTWb p=1,...,B.

5. The final p-value of the bootstrap test is defined by %22:11 (DTWPooth > DTW),

where 1 (DTW?°? > DTW) = 1 if DTW?°"> > DTW, and I (DTW?®*°"** > DTW) = 0 if DTW?"> <
DTW.

We have chosen DTW in our analysis as it is known as an efficient similarity measure for time
series. One of the most significant advantages of DTW over traditional dissimilarity measures, such as
cross-correlation, is its ability to handle nonlinear distortions along the time axis. While cross-
correlation is an excellent tool for identifying a fixed, linear time lag between two signals, it fails when
the same patterns occur at different speeds or with varying durations. DTW excels in these scenarios
by finding the optimal, nonlinear alignment between two time series. Instead of looking for a single,
static shift, it calculates a path that allows for “warping” of the time axis to match similar points,
providing a more robust and accurate measure of similarity for signals that vary in pace. This flexibility
makes DTW a superior choice for a wide range of applications where patterns are shape-based rather
than time-locked. For example, Ding et al. [15] demonstrated that the DTW distance is one of the most
effective time series classification techniques. Moreover, in Tsinaslanidis et al. [16], it is demonstrated
that DTW, as a similarity measure, shows better properties than Pearson’s and Spearman’s correlations,
indicating its unique capability to analyze time series, especially during varying volatility periods and
across different months. On the other hand, Imamura and Nakamura [17] showed that DTW is superior
to other similarity measures, like Euclidean distance, for time series analysis, particularly in motif
discovery, due to its ability to handle warping and manage lags between dimensions effectively in two-
dimensional time series.

3. Results

As noted in Section 2, soundings were performed in a system of two triangular test nodes (1 and
2). At each corner of the node, CPTU soundings were performed with a new (a), used (b), and worn
(c) cone (Figures 3 and 6).

The results of the soundings are shown in Figure 3. Measured ¢g. values were corrected to g;
according to formula 6. In order to avoid removing disturbances, all measurements were filtered using
a moving median from a 14 cm range. Additionally, the f; values were correlated with the penetration
depth corresponding to the middle of the sleeve part.

AIMS Geosciences Volume 11, Issue 4, 1007-1022.
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gt =qc.+ (1 —a)u,

(6)

where u; is the excess pore pressure measured behind the tip, and a is the cone area factor.
Soil Behavior Type Index (/.) values were determined according to formula 7 using the soil bulk
density values determined by Radaszewski and Wierzbicki [9].

I = [(3,47 — log Qtn)z + (1,22 + log E)Z]O’S

(7)

where Oy is the normalized cone resistance, and F is the normalized friction ratio.

Following the observations on the homogeneity of the subsoil [8], only its fragment between 5.4
and 9.8 m depth was used for further analysis (Figure 6). The results of the preliminary work made it
possible to classify the results of the CPTU soundings on the Soil Behavior Type Chart [18] (Figure 7).
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Figure 6. CPTU results for the analyzed part of the test site profile.
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The values of cone resistance and sleeve friction from this interval were then smoothed using a
moving average in accordance with the adopted methodology. The effect of the applied smoothing
procedure can be seen in the example of the results obtained with the brand-new penetrometer
(Figure 8).

Based on the adopted analysis methodology, the measurement noise of the two basic parameters
(cone resistance and sleeve friction) was determined through the strain gauge system (Table 2).

Table 2. Results of noise calculation of g; and f;.

Penetrometer Location Noise of ¢;(MPa) Noise of f; (MPa)
Gr a 1 0.02341 0.00022
2 0.00746 0.00015
Gr b 1 0.00930 0.00044
2 0.00973 0.00048
Gr ¢ 1 0.04151 0.00038
2 0.01700 0.00017

Analysis of the sounding data treated as a series allowed us to determine the statistical
significance of the differences between the different penetrometers in each location (Tables 3 and 4).
The significance of differences is established for a p-value < 0.05.

Table 3. Significance of differences (calculated as a distance in the DTW method) between
penetrometers due to ¢, and the location of the test.

Penetrometer Location 1 — ¢, Location 2 — ¢,
Difference p-value Bootstrap method Difference p-value Bootstrap method
Gra-Grb 38.005 0.008 41.666 0.000
Gr b-Gr ¢ 65.560 0.000 25.709 0.000
Gr a—Gr ¢ 20.134 1.000 9.797 1.000

Table 4. Significance of differences (calculated as a distance in the DTW method) between
penetrometers due to f; and the location of the test.

Penetrometer Location 1 — f; Location 2 — f;
Difference p-value Bootstrap method Difference p-value Bootstrap method
Gr a—-Gr b 0.672 0.000 0.775 0.000
Gr b—Gr c 0.398 1.000 0.187 1.000
Gr a—Gr ¢ 0.163 1.000 0.301 0.880

4. Discussion

The noise value, as described in Section 2.2.2, can be interpreted as a fluctuation in the value of
the parameter, resulting from the natural variability of the characteristics of the soil in the analyzed
depth range. In the case of cone resistance, this fluctuation ranged from 1% to 4% of the average value
of the measured cone resistance (Table 5). The brand-new cone, which can be considered a reference,

AIMS Geosciences Volume 11, Issue 4, 1007-1022.
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had a noise under 1.5%. It can be noted that higher degrees of penetrometer wear (still within ISO
criteria) increased the noise up to 3.8%. Among the used penetrometers, a markedly higher variation
in noise values was also observed (e.g., from 0.9% to 3.5%), while the measurement noise of a new
penetrometer almost did not change depending on the location.

Table 5. Noise as a percentage of g mean value.

Penetrometer Location Noise (MPa) Mean (MPa) % of mean
Gr a 1 0.00930 0.963 1.0%
2 0.00973 0.641 1.5%
Gr b 1 0.04151 1.089 3.8%
2 0.01700 0.695 2.0%
Gr ¢ 1 0.02341 0.673 3.5%
2 0.00746 0.838 0.9%

Slightly different conclusions can be drawn from the analysis of the noise around the sleeve
friction measurement. In this case, it was the new penetrometer that showed the greatest variation in
the center, and the noise value decreased with wear (Table 6). At the same time, the noise level for a
new penetrometer was the most stable relative to the location.

Table 6. Noise as a percentage of f; mean value.

Penetrometer Location Noise (MPa) Mean (MPa) % of mean
Gr_ a 1 0.00044 0.0124 3.6%
2 0.00048 0.0125 3.9%
Gr b 1 0.00038 0.0134 2.8%
2 0.00017 0.0102 1.7%
Gr ¢ 1 0.00022 0.0159 1.4%
2 0.00015 0.0082 1.8%

Such results may suggest that the investigated soil was relatively homogeneous considering the
measurement through an element of about 3.5 cm in length (i.e., almost two readings of the parameter
are taken over the distance of the cone’s passage through a given point in the soil), while the
measurement through an element of about 13.5 cm in length (almost 7 readings of the parameter are
taken over this distance) showed greater variability of the medium. This interpretation, nevertheless,
seems illegitimate (a reading at 13.5 cm is a more averaged reading than at 3.5 cm). However, in a
medium with relatively constant strength characteristics, such as the tested sediments, the f;
measurement will indicate changes in the lithology of the sediment, which is somewhat confirmed by
the geological description of the AMU test site soils and the results of the u> measurement. Making
such an assumption indicates that the sleeve friction measurement loses its ability to identify changes
in soil properties with the degree of penetrometer wear. This conclusion is confirmed by the
observation of differences in f; values recorded with different penetrometers (Figure 6). The sleeve
friction measured by the worn cone (c) showed by far the greatest variation between locations. This
indicates a lower precision in the measurement of this parameter than with the other devices. These

AIMS Geosciences Volume 11, Issue 4, 1007-1022.
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differences can be seen very clearly in the SBT chart (Figure 7), where the results of penetrometer “c”
are located in two distinct areas depending on the location. The results of the other penetrometers
clearly form more uniform clusters.

For both the first and second test nodes, statistically significant differences in ¢g; measurement
were found between the most worn penetrometer and the other two (Table 3). This means that excessive
penetrometer wear can affect the cone resistance measurement significantly enough to generate
statistically noticeable differences. This occurs despite the current calibration of the device and the
comparable precision of the different devices. Significantly, the significant differences apply only to a
heavily used penetrometer, in which doubts regarding measured values had already been reported by
the device operator based on the mere observation of the results during earlier tests. The low level of
use of the penetrometer does not lead to statistically significant differences when compared with a
brand-new one.

In the case of sleeve friction, statistically significant differences were found only between new
and heavily worn penetrometers (c) (Table 4). Comparison of new and used cones (b) and used and
worn cones did not indicate significant differences in the measurements of this parameter. When
evaluating the distances obtained from the bootstrap method, a more uniform increase in differences
was noted as a result of the degree of wear of the penetrometer than when measuring the resistance of
the cone. Such observation and the lack of statistically significant differences between the worn and
partially used cones may mean that the f; measurement system is subject to faster and more uniform
wear than the ¢;. As a result, there were no statistically significant differences between the new and
used penetrometer, and the used penetrometer was also non-significantly different from the worn one.

5. Conclusions

The conducted research allowed for the identification of statistically significant differences
between the measurements in cone resistance and friction on the sleeve, conducted using different
penetrometers from the same manufacturer. The differences between the penetrometers used were
solely related to the degree of wear, excluding variations in the geometry of the cone and the sleeve. It
can therefore be assumed that these differences resulted from the number of tests conducted with each
penetrometer, which, to some extent, affects the repeatability and reliability of the measurements. The
preliminary observation of the commercial CPTU contractor was confirmed by the statistical test of
the significance of the differences. It indicated that a device with over 2500 m of use and more than
two years of operation, despite having current calibration certificates and geometric compliance with
the ISO standard, produces results that differ from those of less frequently used penetrometers.

A more detailed analysis also points to an increase in differences compared to a brand-new device
as the penetrometer is used. In everyday practice, this effect may often go unnoticed due to the earlier
degradation of the penetrometer; however, in certain cases, using worn-out equipment for CPTU
testing may lead to erroneous results. As observed during the present study, this increasing error mainly
concerns the measurement of friction on the sleeve, which may indirectly explain the problematic
reliability of this parameter raised by many researchers.

Although this research was not comprehensive enough to definitively determine the causes of the
observed differences, it seems that, regardless of monitoring the wear of the penetrometer’s friction
elements, other factors may also affect the results of static sounding, such as the aging of deformable
components in the measurement system.
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