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Abstract. The modern recognition of subsoil with the use of CPTu static 
probes allows to obtain detailed information necessary for the designing. 
Registered basic two quantities, i.e. cone resistance qc and friction on the 
sleeve fs, often become direct data, which allow to estimate bearing 
capacity of the base and the side surface of the pile. Direct methods use 
similarity of the pile work and piezo-cone work during the examination. 
An important design stage is the appropriate development of measurement 
data prior to the commencement of the procedure of determining the pile 
bearing capacity. Algorithms generated on the basis of empirical 
experiments are often applied with the simultaneous use of test loads. The 
probabilistic approach is also significant, because it enables objective 
assessment of the reliability level of performed design calculations. This 
work contains an analysis of the impact on the estimated bearing capacity 
and reliability of a pile of variable random depth of the pile base. It also 
includes the determination of probabilities of obtaining the assumed safety 
index for the designed solution at random foundation depth.  

1 Introduction 
The CPT test specified in standard [1] refers to mechanical and electrical cone penetration 
tests. The assessment of pile capacity employing the results of CPT surveys provides the 
most satisfactory results for the following reasons: 
 the shape of the penetrometer reproduces the shape of the pile  
 the state of soil during the test is comparable to that in which the pile will be executed, 
 the process of the CPT test is quasi-static, 
 during penetration, the probe generates  a limit state in the surrounding soil, both under 

the cone and along the friction sleeve. 
The majority of pile design methods using the results of CPT test are based on 

employing a static formula for ultimate bearing capacity of a pile. In compliance with 
Eurocode 7 [2] recommendations, pile foundation design is based on static load test results, 
and additionally also on other empirical and analytical methods. 

During the design of piles, a safety index is usually assumed as a safety measure, which 
describes the ratio between the pile bearing capacity and the load that has an impact on it. 
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𝐹𝐹 =  𝑅𝑅
𝑁𝑁                                     (1) 

where:  
𝑅𝑅 − limit bearing capacity of the pile;  
 
𝑁𝑁 − acting design load; 
F – safety index (partial coefficient for bearing capacity 𝛾𝛾𝑡𝑡 according to Eurocode 7 [2, 3]).  
However, the provided index measure is not always sufficient. Due to the high uncertainty 
of geotechnical recognition, which results among others from the long-term nature and 
complexity of geological processes, as well as the limited quantitative possibilities of 
subsoil examination, the ground should be treated as a random centre. While also taking 
into account the fact associated with performance errors, which are also random, the safety 
assessment on the basis of a single parameter may not be sufficient and it should be 
supplemented by a probabilistic measure. This measure may be the probability of a failure 
occurrence that takes into account the randomness of occurrence of individual factors 
[4,5,6] 7, 8]. Assuming that the safe safety index amounts to 1.4, while the lack of its 
achievement means a failure, this probability may be described with the  formula (2): 

𝑝𝑝𝑓𝑓 = 𝑃𝑃[𝐹𝐹 ≤ 1.4] = ∫ 𝑓𝑓(𝐹𝐹)𝑑𝑑𝐹𝐹1.4
−∞                                 (2) 

where: 
pf  - probability of failure 
P[F ≤ 1.4] – probability of such event that the safety index is lower than 1.4 ; 
f(F) – density function of the probability of failure. 
Safety index value for the pile was adopted at the lvel of 1.4 in accordance with the 
recommendations of Eurocode 7. 

2 Pile Bearing Capacity Estimation 
In the scope of vast majority of methods that allow  to estimate the pile bearing capacity on  
the basis of results static probing results, the bearing capacity of a pile can be calculated 
from formula (3): 

  𝑅𝑅𝑐𝑐𝑐𝑐 = 𝑅𝑅𝑏𝑏,𝑐𝑐 + 𝑅𝑅𝑠𝑠,𝑐𝑐 = 𝐴𝐴𝑏𝑏 ∙ 𝑞𝑞𝑏𝑏,𝑐𝑐 + ∑ 𝐴𝐴𝑠𝑠𝑠𝑠 ∙ 𝑞𝑞𝑠𝑠,𝑐𝑐,𝑠𝑠𝑠𝑠        (3) 

Rb,k – ultimate soil resistance under pile base [kN],  
Rs,k – ultimate soil resistance on pile side [kN], 
Ab – surface area of the pile base [m2] 
Asi - surface area of pile side within the ith layer of soil [m2],  
qb,k – unit ultimate resistance under pile base [kPa], 
qs,k,i – unit ultimate resistance on pile side within the ith layer of soil [kPa]. 

The values  𝑞𝑞𝑏𝑏,𝑐𝑐 and 𝑞𝑞𝑠𝑠,𝑐𝑐,𝑠𝑠 are calculated from the following formulas: 

 𝑞𝑞𝑏𝑏,𝑐𝑐 = 𝜓𝜓1 ∙ 𝑞𝑞𝑐𝑐                   (4) 

 𝑞𝑞𝑠𝑠,𝑐𝑐,𝑠𝑠 = 𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐
𝜓𝜓2

     𝑜𝑜𝑜𝑜  𝑞𝑞𝑠𝑠,𝑐𝑐,𝑠𝑠 = 𝑓𝑓𝑐𝑐𝑐𝑐
𝜓𝜓3

                         (5) 

where:  
𝑞𝑞𝑐𝑐 – averaged unit soil resistance under probe cone near the pile base [kPa], 
𝑞𝑞𝑐𝑐𝑠𝑠𝑠𝑠  – averaged unit soil resistance under probe cone within the ith  layer [kPa], 



3

MATEC Web of Conferences 196, 01058 (2018) https://doi.org/10.1051/matecconf/201819601058
XXVII R-S-P Seminar 2018, Theoretical Foundation of Civil Engineering

𝐹𝐹 =  𝑅𝑅
𝑁𝑁                                     (1) 

where:  
𝑅𝑅 − limit bearing capacity of the pile;  
 
𝑁𝑁 − acting design load; 
F – safety index (partial coefficient for bearing capacity 𝛾𝛾𝑡𝑡 according to Eurocode 7 [2, 3]).  
However, the provided index measure is not always sufficient. Due to the high uncertainty 
of geotechnical recognition, which results among others from the long-term nature and 
complexity of geological processes, as well as the limited quantitative possibilities of 
subsoil examination, the ground should be treated as a random centre. While also taking 
into account the fact associated with performance errors, which are also random, the safety 
assessment on the basis of a single parameter may not be sufficient and it should be 
supplemented by a probabilistic measure. This measure may be the probability of a failure 
occurrence that takes into account the randomness of occurrence of individual factors 
[4,5,6] 7, 8]. Assuming that the safe safety index amounts to 1.4, while the lack of its 
achievement means a failure, this probability may be described with the  formula (2): 

𝑝𝑝𝑓𝑓 = 𝑃𝑃[𝐹𝐹 ≤ 1.4] = ∫ 𝑓𝑓(𝐹𝐹)𝑑𝑑𝐹𝐹1.4
−∞                                 (2) 

where: 
pf  - probability of failure 
P[F ≤ 1.4] – probability of such event that the safety index is lower than 1.4 ; 
f(F) – density function of the probability of failure. 
Safety index value for the pile was adopted at the lvel of 1.4 in accordance with the 
recommendations of Eurocode 7. 

2 Pile Bearing Capacity Estimation 
In the scope of vast majority of methods that allow  to estimate the pile bearing capacity on  
the basis of results static probing results, the bearing capacity of a pile can be calculated 
from formula (3): 

  𝑅𝑅𝑐𝑐𝑐𝑐 = 𝑅𝑅𝑏𝑏,𝑐𝑐 + 𝑅𝑅𝑠𝑠,𝑐𝑐 = 𝐴𝐴𝑏𝑏 ∙ 𝑞𝑞𝑏𝑏,𝑐𝑐 + ∑ 𝐴𝐴𝑠𝑠𝑠𝑠 ∙ 𝑞𝑞𝑠𝑠,𝑐𝑐,𝑠𝑠𝑠𝑠        (3) 

Rb,k – ultimate soil resistance under pile base [kN],  
Rs,k – ultimate soil resistance on pile side [kN], 
Ab – surface area of the pile base [m2] 
Asi - surface area of pile side within the ith layer of soil [m2],  
qb,k – unit ultimate resistance under pile base [kPa], 
qs,k,i – unit ultimate resistance on pile side within the ith layer of soil [kPa]. 

The values  𝑞𝑞𝑏𝑏,𝑐𝑐 and 𝑞𝑞𝑠𝑠,𝑐𝑐,𝑠𝑠 are calculated from the following formulas: 

 𝑞𝑞𝑏𝑏,𝑐𝑐 = 𝜓𝜓1 ∙ 𝑞𝑞𝑐𝑐                   (4) 

 𝑞𝑞𝑠𝑠,𝑐𝑐,𝑠𝑠 = 𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐
𝜓𝜓2

     𝑜𝑜𝑜𝑜  𝑞𝑞𝑠𝑠,𝑐𝑐,𝑠𝑠 = 𝑓𝑓𝑐𝑐𝑐𝑐
𝜓𝜓3

                         (5) 

where:  
𝑞𝑞𝑐𝑐 – averaged unit soil resistance under probe cone near the pile base [kPa], 
𝑞𝑞𝑐𝑐𝑠𝑠𝑠𝑠  – averaged unit soil resistance under probe cone within the ith  layer [kPa], 

𝑓𝑓𝑠𝑠𝑠𝑠 – averaged unit soil resistance on the side of the probe sleeve within the ith 
computational layer [kPa], 
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Fig. 1. Scheme of calculating pile bearing capacity. 

Computational methods vary according to the method of determining the values  𝑞𝑞𝑐𝑐, 𝑞𝑞𝑐𝑐𝑠𝑠𝑠𝑠 , 
𝑓𝑓𝑠𝑠𝑠𝑠 and adopting the values of coefficients  𝜓𝜓𝑠𝑠 , which depend on the technology of pile 
execution and the type and state of the soil in the immediate vicinity of the pile. 
Determining the values 𝑞𝑞𝑐𝑐, 𝑞𝑞𝑐𝑐𝑠𝑠𝑠𝑠   and  𝑓𝑓𝑠𝑠𝑠𝑠  can be described by these general formulas: 

              𝑞𝑞𝑐𝑐 =
1

𝑙𝑙1+𝑙𝑙2
∫ 𝑞𝑞𝑐𝑐(ℎ)𝑑𝑑ℎ
ℎ+𝑙𝑙2
ℎ−𝑙𝑙1

 (6) 

𝑞𝑞𝑐𝑐𝑠𝑠𝑠𝑠 =
1
∆ℎ ∫ 𝑞𝑞𝑐𝑐(ℎ)𝑑𝑑ℎ

ℎ𝑖𝑖
ℎ𝑖𝑖−1

                                        (7) 
𝑓𝑓𝑠𝑠𝑠𝑠 =

1
∆ℎ ∫ 𝑓𝑓𝑠𝑠(ℎ)𝑑𝑑ℎ

ℎ𝑖𝑖
ℎ𝑖𝑖−1

                                            (8) 

l1, l2 – the range of averaging computational layers above and below the level of the 
designed pile base, 
Δh – thickness of the computational layer of soil adopted for calculations. 
Fundamentally, all methods for estimating the pile bearing capacity on the basis of CPTu 
results are based on equation (3). The differences consists of assuming in the calculations 
different empirical values of the following coefficients: 𝜓𝜓1, 𝜓𝜓2 and 𝜓𝜓3, which depend 
among others on the type of ground and technology of pile manufacture. Moreover, the big 
difference is the selection of different thicknesses of the 𝑙𝑙1 and 𝑙𝑙2 areas, which have a direct 
impact on the obtained averaged unit ground resistance for the base and the side surface of 
the pile from the measured values qc and fs (6, 7, 8). 

3  Estimation of the pile bearing capacity according to EC7 
The calculation method is broadly consistent with formula (3). The parameters necessary 
for calculations are shown in the Figure 4. In the case of this method, there’s are no 
deterministically given range guidelines 𝑙𝑙1 and 𝑙𝑙2. These areas are only suggested as 
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𝑙𝑙1=8𝐷𝐷𝑒𝑒𝑞𝑞, where 𝐷𝐷𝑒𝑒𝑞𝑞 is the pile replacement diameter and 𝑙𝑙2=𝑑𝑑𝑐𝑐𝑟𝑟𝑖𝑖𝑡𝑡, where 𝑑𝑑𝑐𝑐𝑟𝑟𝑖𝑖𝑡𝑡 is the depth 
in area below the pile base, in the range between 0,8𝐷𝐷𝑒𝑒𝑞𝑞 and 4𝐷𝐷𝑒𝑒𝑞𝑞, where 𝑝𝑝𝑐𝑐𝐼𝐼𝑚𝑚𝑒𝑒𝑎𝑎𝑛𝑛(𝑞𝑞𝑐𝑐) 
achieves the minimum value. 

4  Estimation of the pile bearing capacity 

4.1 Geotechnical Site Conditions 

Geotechnical investigation was conducted in the area of Wrocław/Poland by CPTu probe 
drillings and laboratory tests. Uncontrolled embankment was located in the subsoil to a 
depth of approx. 3.5 m. Then, there’s a layer of cohesive soils (silty clays) with a thickness 
of 1m. Below the clays, only the non-cohesive soils occur until the very end of registration, 
in which the largest thickness constitute silty sands in the medium-compacted and 
compacted state. The ground water table is tight and it is located just below the layer of 
clays. The course and arrangement of layers are well illustrated by cited measurement data 
from the CPTu probing, which are presented in Figure 2.  
 
 

   

Fig. 2. The measurement data of CPTu. 

 
Due to the existing ground conditions and load value, an intermediate foundation of the 
building was planned through CFA reinforced concrete columns carried out with the 
diameter of 430mm. Registrations of the cone resistance qc and resistance on the friction 
sleeve fs were directly implemented to algorithms allowing to estimate the pile bearing 
capacity with the cited methods.  
    

Characteristic bearing capacity required for the design for pressing of a single reinforced 
concrete column amounted to 1216 kN, while the calculated one by 40% more, i.e. 
1702.4kN. The end of the column was planned at a depth of 9.2 m. below ground level, i.e. 
in the layer of silty sand, in a very compacted state with ID ≥ 0.80.  After performance of 
the foundation, the pile that was the closest to the previously conducted CPT probing was 
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subjected to a test load. The obtained results became the basis for verification of the 
performed calculations and analysis of the obtained results. 

4.2 Deterministic assessment of the pile bearing capacity 

It was assumed that the geotechnical recognition provides data for the design of 
deterministic nature. This analysis was conducted by comparing the limit bearing capacity 
value obtained from the static load test and the pile bearing capacity, determined with the 
use of  [3] method.  
Principles of carrying out load test and estimating the bearing capacity of the pile base are 
described in detail in [6, 7, 8]. 
According to the detailed design, it was assumed that depth of the pile foundation amounted 
to 9.2 m. below ground level, while the pile diameter amounted to 430mm.  
 

 
Fig. 3. Comparative graph of obtained pile bearing  capacity. 

The bearing capacity calculated in accordance with the guidelines of EN7 amounts to 
1792.4kN, while the estimation accuracy is lower than 2.5%. The pile bearing capacity for 
deterministic calculations is shown in the Figure 3. 

4.3 Probabilistic assessment of the pile bearing capacity 

In the presented task, the random variable is the difference of pile base ordinate in relation 
to the designed ordinate.  Reliability problems were defined in many previous studies, i.e., 
[9], Therefore, the probabilistic measure will be the probability of a failure occurrence, in 
the form of insufficient pile bearing capacity due to the random depth of its foundation. 
Failure is defined as a situation, in which the pile foundation on other depth than the 
designed depth will result in achieving a safety index lower than 1.4 [2].  
Based on the contractors' experience, it was assumed that the probability of foundation 
performance at the given depth has a normal distribution (9), while the expected value of 
foundation depth will be greater than the planned foundation depth by 0.2 m and it will 
amount to 9.4 m. The standard deviation was assumed as 0.2m (Figure 4). 

𝑓𝑓𝐻𝐻(𝐻𝐻) =  1
𝜎𝜎𝐻𝐻√2𝜋𝜋 𝑒𝑒−1

2(𝐻𝐻−𝑚𝑚𝐻𝐻
𝜎𝜎𝐻𝐻

)
2

             (9) 

where: 
𝑚𝑚𝐻𝐻 − expected value [m];     𝜎𝜎𝐻𝐻 −  standard deviation [m]. 
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Fig. 4.  Density function of the probability of variable random foundation depth according to eq. 9. 

In order to determine the probability of a failure, it’s necessary to determine the relation 
between the bearing capacity and the depth of pile foundation. In the considered case, the 
estimated pile bearing capacity increases along with the foundation depth. In the method 
based on the guidelines of EN7, this increase is linear. 
 

a) 
 

b) 
Fig. 5. a) Safety index in the function of pile base ordinate  b) Density function of the probability of 
safety index. 
 
Considering the fact that the depth of pile performance is a random function, the function 
describing the variability of safety index depending on the foundation depth also becomes 
random.Using the transformational formula (10), it’s possible do determine the density 
function of the probability of safety index on the basis of density function of the probability 
of variable random foundation depth and function describing relation between the safety 
index and the foundation depth. In the considered case, the relation (10) is important, 
because it was assumed that only one factor in the form of pile foundation depth has impact 
on the value of variable safety index [13]. 

𝑓𝑓𝐹𝐹(𝐹𝐹) = ⌈𝑑𝑑𝑑𝑑
−1(𝐹𝐹)
𝑑𝑑𝐹𝐹 ⌉ 𝑓𝑓ℎ[𝑔𝑔−1(𝐹𝐹)]      (10) 

where : 
𝑓𝑓𝐹𝐹 (𝐹𝐹) − density function of the probability of safety index;  
𝑓𝑓h (𝐻𝐻) − density function of the probability of pile foundation depth;  
𝐻𝐻 = 𝑔𝑔−1(𝐹𝐹) − reverse function recording the relation between safety index and pile 

foundation depth. 

Similarly as the variability of pile bearing capacity was presented in the function of 
foundation depth, it is also possible to show the variability of safety index value F, along 
with the pile foundation depth, Figure 5a. 
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foundation depth. 

Similarly as the variability of pile bearing capacity was presented in the function of 
foundation depth, it is also possible to show the variability of safety index value F, along 
with the pile foundation depth, Figure 5a. 

Fig. 5b shows the curve of density functions of the probability of safety indexes for the 
analyzed method of bearing capacity estimation, with the assumed distribution of 
foundation depth variability. Shape of the density function is similar to the assumed normal 
distribution of random variability of foundation depth (Figure 4), but it gains individual 
character of the curve due to the used transformation (10). In the considered depth range, 
the relation between the safety index and the foundation depth is similar to the nature of 
growth with depth.  

In accordance with the guidelines of the EN0 standard [10], the designed object is 
classified as RC2 reliability class and CC2 consequence class. Such objects are 
characterized by an average threat to human life and significant consequences of a possible 
failure. In order for the structure to meet requirements of the standard, it is necessary to 
ensure design safety at the level of 𝑝𝑝𝑓𝑓~1∙10-4. For the assessment of design safety level, it’s 
necessary to determine the probability of failure occurrence, which may be directly 
determined by using the graph of distribution function of the safety index. For the selected 
method of bearing capacity estimation, it’s the point at which the distribution function 
intersects with the vertical axis, placed at the point with the value for which the probability 
of failure occurrence is checked. In our case, it’s according to the guidelines [2] - the value 
of safety index equal to 1.4 (Figure 6). 

 

 
Fig. 6.  Distribution function of the safety index 

 
For the method based on the guidelines of Eurocode 7 𝑝𝑝𝑓𝑓=[𝐹𝐹≤1,4] =1∙10-4, it is the 
probability level acceptable as safe for the RC2 reliability class and the CC2 consequence 
class.  

5 Summary  
The method based on the guidelines of [2], after taking into account the random depth of 
the pile foundation, ensures appropriate level of pile reliability. It meets the requirements 
for probabilistic measure, as well as deterministic measure.  
It’s necessary to emphasize that the obtained conclusions are binding only for the analyzed 
design situation and other geotechnical cases must be considered individually. This work 
verified the calculations of pile bearing capacity, determined on the basis of CPTu probing, 
with the results of test loads. The impact of foundation depth on the estimated bearing 
capacities of the pressed pile was also analyzed. The attention was drawn to the reliability 
of obtaining the assumed safety index for the performed estimations of bearing capacity, in 
the case of finishing the pile at a different depth than the designed depth. 
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