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Abstract: This article shows the mathematical method to 
determine the lateral stress on the shaft and toe resistance 
of pile using the new approach. The method was originally 
invented by Meyer and Kowalow for the static load test. 
The approximation curve was used for the estimation of 
both settlement curve and toe resistance curve of the pile. 
The load applied at the head of the pile is balanced by the 
sum of two components: the resistance under the toe of 
the pile and the skin friction. Therefore, the settlement 
curve is compilation of two factors: the skin friction curve 
and the resistance under toe curve. The analysis was 
based on the verification of the methods using laboratory 
experiments, that is, static load tests. The results of the 
research allowed to determine the relationship between 
parameters of the Meyer–Kowalow curve. On the basis of 
the relationships, it was possible to determine the skin 
friction and the toe resistance of the pile. Mathematical 
analysis of curve parameters allowed to determine the 
influence of the toe resistance on the settlement.

Keywords: Pile; static load test; skin friction; toe resistance.

1  Introduction
Static load test is a method that most accurately describes 
the operating conditions of the pile. During the test, 
settlement of pile head corresponding to the degree of 
load was measured. It gives a set of points {Ni,si} that 
can be plotted on a graph as the settlement curve. The 
force applied at the head of the pile is transferred to the 
ground by the sum of two components: the resistance 
under the toe of the pile and the skin friction. Therefore, 
the settlement curve is compilation of two curves: the 

skin friction curve and the resistance under toe curve. 
Settlement curve depends on the process of mobilisation 
of skin friction and toe resistance because of settlement 
progress. Likewise, the settlement curve contains 
information about the process of load distribution in soil. 
For further analysis, the results of pile load tests need to be 
described by mathematical equation. There are a number 
of methods for interpreting static load tests [1], [2]. One of 
them is the approximating curve proposed by Meyer and 
Kowalow, which allows us to describe the settlement curve 
using three parameters: C, Ngr and k. The parameters of 
the Meyer–Kowalow methods establish the relationship 
between the geometry of the pile, the parameters of soil 
and the way of load distribution. Further on, the method 
is denote as M-K. More about this method is presented by 
Meyer [4] Szmechel [9] and Żarkiewicz [6].

The formation of the skin friction and the resistance 
under the toe of the pile is very important, because this 
information is essential for pile design. It turns out that 
the rate of skin friction mobilisation and resistance under 
the toe of the pile are completely different. Moreover, the 
maximum values of skin friction and toe resistance are 
mobilised at different settlement value. The resistance 
distribution in an ultimate limit state, which is the basis of 
the design method, may be completely different from the 
resistance distribution in the real conditions of pile–soil 
interaction. Conclusions similar to that were also received 
by Krasiński, Gwizdała [3], Salgado and Prezzi [7].

Axially loaded pile transmits forces by the skin 
friction and the soil resistance under the toe of the 
pile. It is absolutely obvious. The question is: what is 
the participation of skin friction and toe resistance in 
distribution load? Can we interpret these two values 
independently? To find the answer to these questions, a 
series of laboratory experiments have been conducted. 
The research have included static load tests of model 
concrete pile with a diameter of 7 cm, and length of 20 
cm with appropriate measurement instrumentation to 
record the resistance under the toe of the pile. Pile was 
embedded in non-cohesive, homogeneous soil.
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2  Research Model Description
The study was conducted on laboratory model of pile in 
reduced scale. The relationship between the diameter and 
length of the pile is not directly proportional, but the soil 
behaviour because of ultimate strength is similar to real 
pile–soil behaviour. The laboratory test stand consisted 
of steel chamber, which was  48.5 cm in diameter and 60 
cm in height. The chamber was filled with non-cohesive 
soil (medium sand). Pile model with a diameter of 7 cm 
and height of 30 cm was made of concrete. The toe and 
the head of the pile were specially constructed. Force 
sensors that measured the load distribution during static 
load test were installed (Fig. 1). The settlement of the head 
of the pile, within a range of 0–15 mm, was measured by 
linear potentiometer installed on independent base. The 
load was applied using elevating cylinder. The results 
were read out by data logger connected to a computer. 
The instrumented pile was calibrated in testing machine 
under vertical compression load.

3  Test Procedure
The soil was placed layer by layer in a chamber and 
dynamically compacted using 15-kg steel plate. Water 
content in the soil is about 2–3%. During filling, the 
density of the sand was measured. In this way, the density 
was determined in 3 places in the chamber. In addition, 
after filling the chamber, the relative density of the sand 
was determined. Next the hole in the soil was made using 
tube and the pile was inserted. The soil in the 1–2 mm 
slot surrounding the shaft of the pile was compacted. 
Afterwards, the sensors and elevating cylinder were set. 
Finally, we obtained a pile embedded in the soil without 
influence on the soil structure so we cannot compare this 
pile to displacement pile, rather to the boring pile.

The research enabled static pile load test. During 
loading, the settlement and forces of the head and at 
the toe were measured. The constant load lasted until 
the stabilisation of the settlement of the pile head. The 
study was conducted until the 15-mm settlement was 
achieved. After the test, the stress of soil under the pile 
base had exceeded the ultimate values. More details 
about it can be found in a book about non-cohesive 
soil mechanics by Sawicki [8]. To carry out next test, it 
was necessary to empty the chamber and fill it again 
because the destroyed structure of the soil could have a 
significant impact on the results. In the laboratory of the 
Department of Geotechnical Engineering, 8 static pile 
load tests were conducted. Instrumented pile prepared for 

testing is presented in Figures 2 and 3. In the appropriate 
mathematical description term appears H/D, which is a 
scale parameter. The laboratory tests were made for 2.5<H/
D<9; however, in the presented article, the description is 
given only for chosen H/D = 2.86.

4  Test Results
The results of this study are the settlement of the pile, the 
force applied in the head of the pile and the force mobilised 
under the toe of the pile. The findings are presented in 

Figure 1: Components of instrumentation pile model.

 
Figure 2: Simplified scheme of the laboratory instrumented pile.

                                (a)                                                           (b)

Figure 3: (a) Calibration of the model instrumented pile. (b) Pile 
prepared to static load test.
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Figure 4. Each load step gives two pair of points ),( 2 sN  
and ),( 1 sN . The completed findings were presented as 

)( 2Nfs =  and )( 1Nfs = . In the next step, the measured 
data were approximated following the M-K curve (1) [9].
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where 

C  is the settlement curve parameter (mm/kN), 

grN  is the bearing capacity of the pile, when the uncontrolled settlements are observed (kN), 

  is the dimensionless parameter of settlement curve (–) 

measiN ,  is the applied load at i stage (kN), 

measis .  is the measured settlement of the head of the pile at i stage of load (mm) 

The approximation consisted of numerical searching for  parameter when equation (2) was 

complied. More information about the procedure of approximation has been described in [4]. 
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Fig. 4. The results of static load tests of two model piles.  

For a set of },{ ,2 ii sN , we obtained 3 parameters, 2C , 2,grN  and 2 , and for a collection of 

},{ ,1 ii sN , we obtained 3 parameters, 1C , 1,grN  and 1 . Comparison of these parameters is 

presented in Table 1. During the M-K approximation, we received the relationship between  

(1)

where
C  is the settlement curve parameter (mm/kN),

grNgr is the bearing capacity of the pile, when the 
uncontrolled settlements are observed (kN),
κ  is the dimensionless parameter of settlement curve (–)

measiN ,  is the applied load at i stage (kN),
measis .  is the measured settlement of the head of the pile 

at i stage of load (mm)
The approximation consisted of numerical searching 
forκ  parameter when equation (2) was complied. More 
information about the procedure of approximation has 
been described in [4].
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For a set of },{ ,2 ii sN

,
 we obtained 3 parameters,  

2C , grNgr 2,grN  and 2κ , and for a collection of },{ ,1 ii sN
,
 we 

obtained 3 parameters, 1C , grNgr 1,grN  and 1κ . Comparison of 
these parameters is presented in Table 1. During the M-K 
approximation, we received the relationship between k 
parameters and the other parameters of the M-K curve C  
and grNgr. The relationships are presented in Figures 5 and 
6.

In the further analysis, we concluded the relationship 
between parameters 2C , grNgr 2,grN  and 2κ ; parameters  

1C , grNgr 1,grN  and 1κ ; and geometry of the pile H, D, in the 
following form (3–5).

),,,,( 2221 DHCNgrfC κ= (3)

),,,,( 2221 DHCNgrfNgr κ= (4)

),,,,( 2221 DHCNgrf κκ = (5)
Formulas (3–5) allow us to calculate the parameters of 
resistance under the toe curve based on the parameters 
obtained from static load test.

Good approximation on C1 parameter was obtained 
from formula (6) as follows:

Figure 4: The results of static load tests of two model piles.

Figure 5: Relationship obtained during the M-K approximation for 
pile 1.

Figure 6: Relationship obtained during the M-K approximation for 
pile 8.

Table 1: Comparison of the M-K approximation of piles 1 and 8.

No Diameter 
 D (m)

Depth 
H (m)

M-K approximation parameters

C2 (mm/kN) Ngr,2 (kN) κ2 (–) C1 (mm/kN) Ngr,1 (kN) κ1 (–)

1 0.07 0.20 0.4317 6.66 0.332 0.5362 6.28 0.288

8 0.07 0.25 0.2079 14.69 0.348 0.28335 14.33 0.238
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To determine the components of formula 6, we presented 
it as equation (7).
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The set of equation (8) was solved based on data: 2C , 2,grN , 2 , 1C , 1,grN , 1 , H , D from 8 

laboratory test. We obtained the following relationship (9): 
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The parameter 1κ  for presented laboratory tests was 
described using formula (11).

21 828,0 κκ = (11)

5  Practical Application of This 
Approach
Static load test of pile in field tests usually consist of 
8 steps of load from force 0 kN to force equals 150% of 
designed bearing capacity of the pile. The settlement 
that is stabilised in each step of test and the applied 
load are recorded. At the end, we have the relationship 
between settlement and applied load, which is called as 
a settlement curve. Following the M-K method, we receive 
3 parameters: 2C , grNgr 2,grN  and 2κ . Those parameters 
are characteristic of the pile, especially its behaviour 
in specific soil. On the basis of the laboratory test, the 
equations allow us to calculate 1C , grNgr 1,grN  and 1κ . In 
this way, we can define the toe resistance mobilisation 
following the settlement.

On the basis of the parameters 1C , grNgr 1,grN  and 1κ  
calculated from equations (9), (11) and (12) and parameters 
received from approximation static load test data 2C ,  

grNgr 2,grN  and 2κ , it is possible to define the resistance on the 
shaft using the following equation (13).
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Table 2. Comparison of the M-K approximation of piles 1 and 8 in experiments. 

(13)

Interpreting Figures 7 and 8, we can notice the extremum 
point of skin resistance and settlement. According to EC7, 
ultimate settlement equals 10% of diameter of the pile. 
In laboratory case, it equals 7 mm. During the laboratory 
tests, the maximum of skin resistance was mobilised 
in barely 3 mm of settlement. It should be stressed that 
the bearing capacities are not the ultimate values. The 
laboratory test verified the relations. The knowledge of 
skin and toe resistance mobilisation can be used for the 
improvement at design procedure of pile capacity.

6  Conclusions
The presented laboratory test verified the possibility of 
drawing the relationship between the M-K parameters 
from static load test and skin resistance mobilisation 
following the settlement.
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The figure of skin resistance mobilization indicated 
the maximum resistance reached at defined settlement. 
Further increase in settlement resulted in decrease of the 
skin resistance. It is the aim of further analysis.

In practice, the presented method allows to not only 
determine the ultimate resistances but also extract the 
proper value of skin and toe resistance corresponding 
to the settlement. It may be more rational way in pile 
capacity designing.
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Table 2: Comparison of the M-K approximation of piles 1 and 8 in experiments.

No. Diameter D (m) Length H (m) Approximation M-K Calculation
C2 (mm/kN) Ngr,2 (kN) κ2 (–) C1 (mm/kN) Ngr,1 (kN) κ1 (–)

1 0.07 0.20 0.4317 6.66 0.332 0.54848 6.59 0.275

8 0.07 0.25 0.2079 14.69 0.348 0.27192 14.48 0.288

Figure 7: Calculated skin and toe resistance mobilisation following 
the settlement – pile 1.

Figure 8: Calculated skin and toe resistance mobilisation following 
the settlement – pile 8


