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Abstract: Tampere University (TAU) has implemented an extensive research program for soil testing in Finland. This 

research project aims firstly to collect data from high quality in-situ and laboratory tests to form a large database on soft 

Finnish clays. Secondly, the focus has been to derive CPTu correlations for the strength and deformation properties specific 

to Finnish clays. The collected database is used in this study to investigate the variability in CPTu borings made into soft 

Finnish clays, in order to evaluate the measurement uncertainty in CPTu tests. Four different clay sites, each containing three 

CPTu borings, were chosen from the database. The variability in measured cone tip resistance and pore pressure have been 

analyzed for each CPTu boring.  The results show that the repeatability of the CPTu is very good and the obtained coefficient 

of variations (COV) for separate borings as well as each site are moderately low. This indicates low measurement uncertainty 

in measured CPTu data, when the tests are done with care. 
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1 Introduction 

 
Tampere University (TAU), previously Tampere University of Technology, (TUT) has implemented an 

extensive research program for soil testing in Finland. Firstly, this research project aims to collect data from high 

quality in-situ and laboratory tests to form a large database on soft Finnish clays. Secondly, the focus has been to 

derive CPTu (cone penetration test) transformation models for the strength and deformation properties specific 

to Finnish clays. Thirdly, the collected database can further be used in developing other transformation models, 

studying variation in soil parameters, evaluating uncertainties related to soil parameters and how they are 

obtained etc. This study focuses on the variation in measured CPTu data, and especially to the evaluation of 

measurement uncertainty of the tests. The other sources of uncertainties are also briefly discussed. The measured 

cone tip resistance and pore pressure are both evaluated statistically and the bias factors and COV�s (coefficient 

of variation) are calculated. In total, four of the eight clay sites from the database, each containing three CPTu 

profiles, were evaluated in this study. Moreover, the transformation uncertainties related to the same clay sites 

are investigated in a companion paper of Knuuti and Länsivaara (2019). 

  

2    Uncertainty in Soil Property 

 

Estimation of design soil properties includes always some uncertainties arising from different sources. The types 

of uncertainty can be divided in to two main categories: aleatory uncertainty and epistemic uncertainty. Aleatory 

uncertainty is randomness of a parameter or quantity, such as soil strength, varying from point to point within a 

soil volume. It has been developed over the time through multiple physical processes and it cannot be reduced. 

Epistemic uncertainty, however, is due to lack of knowledge of certain soil property. It can be reduced by using 

more precise testing methods or increasing the number of the tests. The epistemic uncertainty consists of 

measurement uncertainty, statistical uncertainty, transformation uncertainty and model uncertainty.  

    The uncertainties are usually represented as the values of the coefficient of variation (COV). The COV is 

dimensionless ratio between the standard deviation  and mean value � of the parameter, i.e.; 

COV
s

m
=              (1) 

The magnitude of the COV-value represents the amount of uncertainty a certain parameter has. Usually a large 

COV- value indicates large uncertainties, but these are not entirely comparable. The uncertainties arising from 

different sources can be combined as the sum of different uncertainty components to a single value using Eq. (2) 

(variance or autocorrelation functions are not included).  

2 2 2 2 2 2
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where COVspat,X is for spatial variability; COVerr,X is for measurement uncertainty; COVtrans,X is for 

transformation uncertainty;  COVstat,X is for statistical uncertainty; COVmod is for model uncertainty; COVX is for 

the total uncertainty related to parameter X.  

    Although each type of uncertainty can be accounted, the exact calculation of each of these is challenging in 

every day design, as the designer usually have limited resources e.g. time, money and data/information.  Usually 

it is beneficial to try to estimate the values of uncertainties by searching literature values or by using empirical 

information. Some literature values can be found (e.g., Phoon 1995; Phoon et al 1999; Baecher and Christian 

2003). However, it is common for the literature values that those can be a combination of multiple different sites 

and datasets with little more precise information, and therefore these values should be used with caution.  

 

2.1    Measurement uncertainty 

Measurement error or measurement uncertainty can be divided into three subcategories: imperfections with the 

used instruments (COVerr,equip), sample disturbance and operator based error when conducting certain tests 

(COVerr,oper) and a random error (COVerr,rand). Imperfections in the used instruments are caused by lack of proper 

calibration, usage of amaged instruments or the instruments brake during the tests or the testing method is not 

suitable for present conditions (e.g., soil conditions). However, these sources of imperfections are usually 

excluded from measurement uncertainty, because the operator responsible for the testing should make sure that 

the instruments are in good condition and they are used in proper manner. Nevertheless, this is not self-evident 

as shown in paper of Kardan (2015). More operator based uncertainties come from operators different 

procedures in doing certain tests, which might be due to lack of guidance and/or standards or these are open to 

interpretation. With respect to soil sampling sample disturbance during uplift, packing, transportation and storing 

are also examples of operator based uncertainties. 

    The measurement uncertainty includes both, a bias and a random error. The bias is a systematic error e.g. due 

to sample disturbance, and it can be reduced by taking the samples and doing the tests with more care. The 

random error, however, is caused by the measurement tolerances of the equipment and if the testing equipment 

works deficiently at times during the test. This cannot be reduced. The calculation of measurement uncertainty is 

given in Eq. (3). 

2 2 2 2

, , , ,err X err equip err oper err rand
COV COV COV COV= + +              (3) 

The measurement uncertainty includes the inherent uncertainty of the soil, which must be subtracted in order to 

evaluate the actual measurement error.  This can be done with Eq. (1). 

 

2.2    Performance based errors in CPTu tests 

The systematic error in CPTu�s can be caused by multiple factors. The most common performance related 

sources of uncertainty in the CPTu tests are pre-drilling, calibration of cone penetrometers, saturation of pore 

pressure system, control of inclination, reference measurements, reading the zero values and rate of penetration 

(SGF 1993; Sandven 2010).  The experience has shown, e.g. Kardan (2015), that these factors have a large 

impact on the results and these are not necessarily taken into account in the field by operators, as they should be. 

 

3 Soil Statistics 

 

Statistical analyses are commonly used to investigate the variability in the measured data or a single parameter. 

What makes it challenging in the field of geotechnical engineering is that the sample size is usually very limited 

and the quality of the data may vary a lot. The creation of full probability distribution or even the calculation of 

population statistics can be impossible. However, this can be bypassed by using sample statistics, which are 

estimators of the actual population statistics. These biased estimates are not fully representative of the real data 

distribution, but they are usually more useful for standard design applications than more complicated probability 

distributions. Moreover, the calculation of first two statistical moments, sample mean and standard deviation, are 

sufficient for most geotechnical design cases as the complexity and error increases for the higher moments. 

 

3.1    Estimation of sample mean and standard deviation 

Let X be a soil variable with existing observations x1…xn. If observations are assumed independent (e.g. no 

trend), the mean  X and standard deviation σX of variable X can be estimated from sample statistics. The sample 

mean x and sample standard deviation s are calculated with Eq.(4) and Eq.(5) and those are the central estimates 

of  X and σX for the variable X. 

    The sample mean is estimated from Eq. (4) where n is the number of observations: 

1

1 n

i

i

x x
n =

= å              (4) 
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The sample standard deviation is estimated from Eq.(5): 

( )
2

1

1

1

n

i

i

s x x
n =

= -
-
å                                                  (5) 

 

3.2    Estimation of the measurement uncertainty 

The measurement uncertainty is estimated similarly as the transformation/model uncertainty in Ching and Phoon 

(2014), without regression analyses. The difference between measured soil property values and actual soil 

property values and the measurement uncertainty related to this ratio can be presented by Eq. (6):  

actual value

b measured value
e =

×
                                                 (6) 

where b is the bias factor between measured and actual value. The product of constant b and the measured value 

leads to unbiased estimation on the average. The random variable ε has a mean of 1 by definition, and the 

estimate for measurement uncertainty corresponds the COV of the random variable ε. 

 

4 Evaluated Clay Sites from the Database 

 

4.1    Test sites 

Four clay test sites were considered in this study: Lempäälä, Masku, Murro, and Perniö. The maximum 

penetration depths for CPTu borings at each site were 9 m at Lempäälä and Perniö, 16 m at Masku and 20 m at 

Murro. The index parameters for the clay layer on each site are presented in Table 1. All of the investigated clay 

layers were slightly overconsolidated (OCR<3) with different water contents (w=66-127%) and sensitivities 

(St=16-98). Some of the sites have been discussed more closely in Di Buó et al. (2016) and Selänpää et al. 

(2017).  

 
Table 1.  Index properties from the four clay test sites. 

 

Site OCR (-) w (%) wL (%) Ip (%) St (-) 

Lempäälä 1.1-1.4 68-127 42-69 16-26 24-54 

Masku 1.4-1.8 80-117 66-95 39-59 18-21 

Murro 1.2-1.9 66-95 58-97 28-53 20-23 

Perniö 1.2-2.5 70-110 44-75 19-47 37-72 

where OCR = overconsolidation ratio from oedemeter test with constant rate of strain (CRS) of 0.001-0.0025mm/min 

depending on clay type; w = water content; wL = liquid limit; Ip = plasticity index and St = sensitivity from the fallcone test. 

 

4.2    CPTu tests  

At each test site, total of three to five CPTu borings were conducted within 2 meters of each other. The CPTu 

tests were done with a low-capacity (0.75t) and high-sensitivity probe, which is expected to provide high 

accuracy in soft and homogenous soils (Sandven 2010). During the testing, the excess pore pressure was 

measured above the cone tip. Also seismic and resistivity measurements were done, but these results are not 

discussed in this study. The tests were conducted following the requirements of application class 1 stated in ISO 

(2012). Three of the CPTu�s from each site were selected for statistical analyses. Only the assumed soft clay 

layers from the CPTu profiles (Fig.1) were taken into the calculations. The dry crust layer on top of the soft clay 

(0-2m depth) and the denser layer at the bottom of the clay (stiff clay/silt/sand) were excluded based on the 

information got from the operator. The approximated thicknesses of the generally soft clay layers taken into 

account were 2.0-8.0 m at Lempäälä and Perniö, 2.0-10.5 m at Masku and 2.0-13.0 m at Murro.  

 

5 Evaluation of Measured CPTu Data 

 

The statistical mean values (further referred as �mean�) (Eq. 4) for corrected cone tip resistance (Fig. 1) and pore 

pressure (Fig. 3) were calculated at each site. Generally, there are three data points/depth for each site. This is a 

very low value to make comparisons of the measured values at a specific depth. However, there are neither no 

known correct value against to compare the measured data. As measurements are taken each 2cm, the number of 

data points is very large for an analysis of general variability of the measurements. For example for Lempäälä, 

there are three soundings each consisting 300 data points available as shown in table 2. The statistical analysis is 

performed in the following way. For each boring, the COV and bias b are calculated with Eq.(6). The calculated 

statistical mean value corresponds the �actual value� to which the measured CPTu data is compared to. The 
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COV is also calculated for the combination of these three borings. In addition, COV is calculated at each depth 

for the measured data. The distribution of COV is presented together with the mean and median values for 

Lempäälä site.  

 

5.1    Corrected cone tip resistance qT 

Examples of CPTu results from Lempäälä and Murro are presented in Figure 1 together with the calculated 

statistical mean value. The calculated bias factors and COV�s for corrected cone tip resistances at each site are 

presented in Table 2. A comparison of measured versus mean values is given in Fig. 2.  

 

 

 
Figure 1.  The measurement results of the corrected cone tip resistance (qT) at Lempäälä and Murro. 

 

 
 

Figure 2.  Comparison between measured and mean corrected cone tip resistances (qT) at Lempäälä and Murro. 

 

 
 

Figure 3.  Distribution of ratio of measured/mean qT (left) and distribution of COV qT as COV is calculated at each depth 

from the three CPTu profiles. The results are from Lempäälä site.  

 
Table 2.  Number of data points (n), bias (b) and coefficient of variation (COV) of corrected cone tip resistances at each site. 

Lempäälä Masku Murro Perniö 

point n b COV point n b COV point n b COV point n b COV 

T1 300 0.982 0.050 T2 450 0.995 0.033 T4 650 0.844 0.222 T2 300 0.985 0.027 

T2 300 0.988 0.054 T3 450 1.013 0.040 T2 650 1.002 0.028 T7 300 1.033 0.036 

T3 300 1.030 0.050 T5 450 0.992 0.047 T3 650 0.998 0.028 T9 300 0.982 0.035 

All 900 1.000 0.056 All 1350 1.000 0.042 All 1950 1.000 0.028 All 900 1.000 0.041 

 

In Fig.3 two histogram plots are shown, illustrating firstly the ratio between measured versus mean corrected tip 

resistance for Lempäälä site, and secondly the distribution of COV values calculated for each depth for 

Lempäälä site. The measured values are within the range mean±11% with a 95% confidence level for Lempäälä 

site. For the other sites, the range is narrower, being less than ±6% for Murro site. 
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    Generally, the results (Fig. 2 and Table 2) show that the variation of cone tip resistance between investigation 

points and different sites is very low. The repeatability of CPTu seems to be very good. The obtained COV- 

values varies between 0.027 and 0.056, which indicate little uncertainty within the measurements. The narrow 

scatter in measurements can be also observed from Fig. 2. Also the bias factors indicate that the measured values 

from each point are close to each other (bias=0.982-1.033). The only deviating results is received from Murro 

point T4. However, at this test point during the penetration, the CPTu suffered from electrical problems, which 

caused the rather large �spikes� seen in Fig. 1. This led to bias value of 0.844 together with COV of 0.222. 

Because of the obvious equipment failure, this point was excluded from the calculation of bias and COV for 

�All� at Murro. 

 

5.2    Pore pressure u 

The results for the pore pressure measurements are presented in similar manner. The results from statistical 

analyses are given in Table 3, and the example data set from CPTu borings at Lempäälä and Murro together with 

the statistical mean value is shown in Figure 4. In figure 5, the comparison between measured and mean value is 

presented for the same sites. 

 

    
 

Figure 4.  The measurement results of the pore pressure (u2) at Lempäälä and Murro. 

 

 
 

Figure 5.  Comparison between measured and mean pore pressures (u2) at Lempäälä and Murro. 

 

 
 

Figure 6.  Distribution of COV u at Lempäälä as COV is calculated at each depth from the three CPTu profiles. 
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Table 3.  Number of data points (n), bias (b) and coefficient of variation (COV) of pore pressure at each site. 

 

Lempäälä Masku Murro Perniö 

point n b COV point n b COV point n b COV point n b COV 

T1 300 0.977 0.067 T2 450 1.045 0.026 T4 650 0.986 0.033 T2 300 1.034 0.075 

T2 300 1.030 0.078 T3 450 0.988 0.033 T2 650 0.988 0.026 T7 300 0.923 0.136 

T3 300 0.993 0.042 T5 450 0.967 0.029 T3 650 1.012 0.025 T9 300 1.043 0.051 

All 900 1.000 0.068 All 1350 1.000 0.044 All 1950 1.000 0.028 All 900 1.000 0.106 

 

The histogram plots in Fig. 6 shows again the ratio between measured versus mean pore pressure for 

Lempäälä site, and secondly the distribution of COV values calculated for each depth for Lempäälä site. The 

measured values are within mean±14% with a 95% confidence level.  

    The results (Fig. 5 and Table 3) show again very little variation in the measured data. The COV- values range 

between 0.026 and 0.136 from point to point. Slightly higher COV- values are observed at Lempäälä and Perniö, 

when compared to cone tip resistance results in table 2. The most notable difference is at Murro point T4 as the 

result from this point is aligned with the other results. This is valuable information considering the possible use 

of this data to further derivations of undrained shear strength, that if measurement of cone tip resistance fails, the 

measurement of pore pressure can still succeed. This improves the reliability of the test method.  

 

6 Discussion and Conclusions 

 

As seen from the results, the uncertainties related to CPTu measurements were very low for the evaluated four 

Finnish soft clay sites. The COV- values for both, the cone tip resistance and the pore pressure were between 

0.026-0.136. Some differences were observed between sites, but generally, the repeatability of the CPTu was 

very good.  The COV- values were also low in a sense that the obtained values included the soil�s inherent 

variability, which should be subtracted from the results in order to get the actual measurement uncertainty.  

    However, it must be noted that these tests were done for research purposes taking extra care on the testing 

equipment and testing procedure. The same operator was using the same equipment at each site. In addition, the 

tests were done very close to each other. All these factors together minimize the measurement uncertainty. For 

example according to Sandven (2010) even though the accuracy of the CPTu probes has been improved a lot 

nowadays, there still can be a great variation in accuracy between different manufacturers.  

    In statistical analyses it should be accounted that typically for CPTU data, there are discontinuities generally 

in the measurement at 1 m intervals in relation to stopping of the penetration when rods have been added. This 

can well be seen in figures 1 and 3. Such irregularities are generally not used in the interpretation of the data. 

However, herein all data is kept in the analysis. The values presented for COV and bias are thus a bit on the high 

side. As these irregularities composes of maximum 1/50 of the data points, the significance is considered minor. 
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