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Abstract.  Field testing is the most relevant method for  verifying pile foundation design calculations. The ultimate static load
test allows the pile load to reach the maximum bearing capacity; however, the high cost of this method limits its use. The theory
presented in this paper is based on static load test results performed in a specifically designed chamber that closely resembles
natural soil conditions and pile dimensions. This study utilizes the Meyer–Kowalow theory and past works of the author on this
topic to streamline the design process and reduce costs without compromising safety and reliability. It was concluded that the
relationship between the toe and skin of the pile remained constant, and this was depicted using graphs showing the results under
field conditions. This conclusion will be verified in  future research by the author using more static load test results. The primary
focus  of  this  study  was  to  develop  a  method  for  estimating  pile-toe  bearing  capacities,  which  represents  the  most  complex
measurement method to solve. The previous works of the  author focused on developing the calculus required to estimate the
pile-skin bearing capacity, which was the first step in describing the pile–soil interaction. This study focused on verifying a
mathematical model describing pile-toe behavior and calculations based on this model. This study provides practical equations
for estimating pile-toe and skin resistance, which can improve the design process when using the proposed method.

Key words:  static load test; pile base resistance; load-settlement curve; pile-bearing capacity 

1. INTRODUCTION 
This study covered a broad range of practical engineering 
applications. An essential aspect of a deep foundation is the 
mechanism of skin-resistance formation, that is, the resistance 
between the soil and the foundation surface. For example, this 
occurs in various pile technologies, such as retaining walls, 
sheet piles, and other underground constructions. Therefore, 
this study aimed to accurately define the formation of skin 
resistance between the soil and the foundation. In practical 
cases, the skin resistance can be defined as the difference 
between the loads at the top and bottom of the foundation. The 
primary aim was to define the dependence of the bottom 
resistance and load at the top of the pile. Typically, the static 
load test method is applied to estimate toe and skin resistance. 
These test results are often depicted using a Q-s curve, which 
represents the relationship between the load placed on the head 
of the pile and the resulting settlement measured as the 
downward movement of the pile from the level of its initial head 
position. This curve type was proposed using the Brinch–
Hansen 80% [1], Chin–Kondner [2], and Decourt [3] methods. 
Recently, a new method termed the Meyer–Kowalow (M–K) 
curve has been included. Examples of this approach are shown 
in Figs. 1, 2, 3, and 4.  

Comparatively, for the previously proposed methods, the M–
K curve [4, 5] satisfies the physical boundary conditions of the 
Bousinessq description. For a small load value, the dependence 

between load and resistance is linear. When the settlement is 
uncontrolled, the critical load value is described using a vertical 
asymptote. Experimental research was conducted on the M–K 
model to validate the proposed mechanisms of toe formation 
and skin resistance in pile foundations.  
The aforementioned methods have been previously developed 
and serve as a basis for pile-bearing capacity analysis. The 
Brinch–Hansen 80% method assumes that the ultimate 
settlement, su, is greater than four times the settlement value at 
80% of the ultimate bearing capacity. By drawing a linear 
dependence between settlement and load as √𝑠 𝑄⁄  and 
approximating √𝑠 𝑄⁄ = 𝐴 ∙ 𝑠 + 𝐵, a graph can be created, and 
the ultimate capacity can be calculated. A sample graph is 
shown in Fig. 1, where 𝑄 = 𝑁! − load in the head of the 
pile,	√𝑠	– squared root of settlement value, 𝐴, 𝐵 – values of 
approximated linear relationship between  𝑠, 𝑄. 
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Fig. 1. Brinch–Hansen 80% method N-s graph compared to 
measured values. 
The ultimate capacity 𝑄" is calculated using the following 
equation, where 𝐴, 𝐵 – values of approximated linear 
relationship between  𝑠, 𝑄. 

𝑄" =
1

2√𝐴 ∙ 𝐵
	[𝑘𝑁]. (1) 

The method presented by Chin and Kondner is based on the 
linear equation 𝑓(𝑠) = 𝑠 𝑄⁄ . By approximation, the 
relationship can be calculated as 𝑠 𝑄⁄ = 𝐴 ∙ 𝑠 + 𝐵, , 𝐵 – values 
of approximated linear relationship between  𝑠, 𝑄. Using this 
equation, the load–settlement curve was derived in Fig. 2: 

 
Fig. 2. Chin–Kondner method N-s graph, compared to measured 
values. 
 

The ultimate bearing capacity is calculated using the 
following equation: 

𝑄 = #
$
	[𝑘𝑁].  (2) 

The Decourt method uses the function 𝑓(𝑠) = 𝑄 𝑠⁄ , and a 
linear relationship is obtained using the approximation 𝑄 𝑠⁄ =
𝐴 ∙ 𝑄 + 𝐵. The load–settlement curve was derived based on this 
function in Fig. 3:  

 
Fig. 3. Decourt method N-s graph compared to measured values. 
 

The ultimate bearing capacity is calculated using the 
following equation: 

𝑄" = − %
$
	[𝑘𝑁]. (3) 

All graphs were constructed using the data presented in Table 1. 
 

TABLE 1. STATIC LOAD TEST DATA AND VALUES CALCULATED USING 
DIFFERENT METHODS. 

s [mm] N [kN] NBrinch–Hansen NChin–Kondner NDecourt 
0 0.00 0 0 0 
1.06 20.00 21.66 18.75 18.90 
1.41 25.00 25.57 24.17 24.3 
1.81 30.00 29.77 29.96 30.0 
2.19 35.00 33.62 35.10 35.21 
2,68 40.00 38.52 41.27 41.33 
3.12 45.00 42.94 46.41 46.41 
3.62 50.00 48.07 51.84 51.76 
4.11 55.00 53.26 56.78 56.62 
4.66 60.00 59.38 61.94 61.67 
5.13 65.00 64.90 66.04 65.68 
5.6 70.00 70.76 69.89 69.44 
6.07 75.00 77.03 73.51 72.96 
6.52 80.00 83.47 76.79 76.14 

 
s [mm]: Pile settlement measured at head. 
N [kN]: Load measured under the pile base using a specific 
measurement mat. 
NBrinch–Hansen [kN]: Pile load calculated using the Brinch–Hansen 
method. 
NChin–Kondner [kN]: Pile load calculated using the Chin–Kondner 
method. 
NDecourt [kN]: Pile load calculated using the Decourt method. 

2. MEYER–KOWALOW CURVE AND PILE-BEARING 
CAPACITY 

The MK method was introduced in 2010 [5] as a solution for 
drawing a continuous load-settlement curve that represents the 
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boundary bearing capacity of a pile, and is based on the 
obtained {𝑁&; 𝑠&} values during a static load test. The literature 
includes numerous methods for drawing load–settlement 
curves [6, 7, 8, 9] that do not consider the physical aspects of 
loading. The MK method was developed using Kirchhoff’s 
principle and the physical assumption that the representative 
curve has two asymptotes. 

1. The loading limit of a pile causing uncontrolled 
settlement is represented by a vertical asymptote. 

2. The diagonal asymptote, which crosses the origin and 
marks the linear load–settlement relationship for 
lower loading values, follows Boussinesq’s theory. 

 
Kirchhoff’s principle and the assumption of two physical 

asymptotes allow us to consider the pile–soil interaction at full 
scale with a mathematical description. This approach combines 
the experience obtained in the field of pile testing with research 
conducted on this topic. Load–settlement curves were drawn 
based on the results obtained from testing, and calculations 
were performed to fit the obtained results. Combining the 
mathematical model with the pile static load test results 
represented as a load–settlement curve provides the possibility 
of designing piles with better geometry optimization and 
optimal bearing capacity. 

Considering these assumptions, the M–K method can be 
used to draw a curve for the given {𝑁&; 𝑠&} values as input data. 
The parameters 𝑁'( , 𝜅!, 𝐶! are obtained through approximation 
and are used to describe the M–K curve using Eq. (4): 
 

𝑠 = 𝐶!𝑁'(,!
<1 − 𝑁!

𝑁'(,!
=
*+!

− 1

𝜅!
, (4) 

in which: 
C2: Reversed aggregated Winklers modulus [ ,

-.
] parameter. 

Ngr,2: Axial force; M–K curve vertical asymptote [MN]. 
k2: Parameters showing the proportions of base and shaft 
resistances. 
 

An example of an M–K curve is shown in the Fig. 4. 

 
Fig. 4. M–K curve showing vertical asymptote and differentiation of 
forces that contribute to the pile-bearing capacity. 
 
T(s) [kN]: Skin resistance of pile graph. 

Tmax [kN]: Boundary value of the pile-skin resistance. After 
exceeding this value, the soil slips on the surface of the pile, 
which causes the settlement to rise uncontrollably. 
Ngr,1 [kN]: Boundary value of pile-toe resistance. 
N2(s): Pile-bearing capacity. 
N1(s) [kN]: Pile-toe bearing capacity. 
 

It can be demonstrated that the Chin–Kondner curve is an M–
K curve for 𝜅! = 1 [10, 11]. In practical cases, 𝜅! varies from 
0 to 2. Previous studies based on static sounding—that is, CPTu 
investigations—suggest that the M–K curve parameters can be 
based on CPTu results with sufficient accuracy. It is possible 
that, if optimization is required to change the geometry and soil 
in certain cases, the CPTu test is sufficient to estimate the M–K 
curve parameters. Examples of this estimation, based on soil 
sounding, are provided in Eqs. (18)–(21). The skin resistance of 
a pile can be estimated using the M–K theorem [11, 12]. When 
the skin resistance of a pile is known, the complete solution for 
a single pile–soil interaction can be described.  

The pile-bearing capacity continues to be widely analyzed 
and discussed to provide the best possible solutions for 
engineering design and execution. In recent years, discussions 
have focused on analyzing past failures [13], CPTu-based 
estimations of pile capacity [14, 15, 16, 17] and improving the 
relationships formed over many years [18]. 

Currently, there are approaches that appear to be more 
accurate for field measurements of static load tests, using 
gauges or fiber-optic sensors as tools for estimating pile-skin 
resistance [19, 20, 21]. This method allows the measurement of 
skin-resistance formation as a function of pile loading and 
increased settlement, which is crucial for determining a 
mathematical description of the phenomena. It is important to 
emphasize that soil profiles vary from country to country and 
that the local environment must be considered when presenting 
the results. Many authors acknowledge this fact and have 
attempted to verify whether the approaches from earlier 
publications can be updated. For example, the method of 
estimating pile-skin resistance can be compared by analyzing 
the CPTu soil investigation results along with the pile-bearing 
capacity [3, 18, 22]. There are still publications that compare 
SPT investigation results as a tool for estimating pile-skin 
resistance based on past approaches [23], using strain gauges to 
measure axial changes along the pile shaft. The CPTu soil 
investigation method is most relevant to the pile-skin resistance 
behavior. Cones pressed into the soil under the load surpassed 
the static friction between the cone surface and the soil. 
However, most piles are not loaded to surpass the static friction 
between the pile surface and soil; therefore, they should not 
exhibit identical behavior. 

For practical engineering calculations, the description of the 
pile-skin resistance as a change in the axial pile force provides 
satisfactory results and is included in the description. The pile-
skin resistance is the difference between the head load and the 
resistance of the soil against the pile, which is tangential to the 
pile skin with the vertical direction pointing toward the head of 
the pile. Studies on skin resistance, including the M–K curve 

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.



4 

theorem, were initially conducted using laboratory model cases 
[11, 24].  

Combining the proposed load–settlement curve estimation 
theory for predicting the ultimate bearing capacity with a 
sufficient number of static load test results allows for a better 
understanding of pile behavior, leading to more economical and 
reliable design outcomes. Despite the many scientific works 
and comprehensive descriptions presented over the years 
[25, 26, 27], as well as recent papers attempting to describe 
pile–soil phenomena and improve the design process, there 
remains a need to enhance the understanding of the processes 
involved in determining the ultimate bearing capacity of piles 
[12, 28]. 

In this study, a field experimental analysis was conducted to 
verify whether the vertical distribution could be described as a 
linear relationship between N2 (load at the head of the pile) and 
N1 (skin resistance). This suggests that the resistance of the pile 
toe is linear in the upward direction toward the head of the pile. 
Three static load tests reflecting the natural conditions of the 
pile were conducted on a full-scale platform at a construction 
site. 
 

3. FIELD EXPERIMENTS IN NATURAL SCALE 
The main purpose of constructing the platform was to create a 
pile environment that closely resembled the natural conditions. 
The constructed platform measures 2.2 m in width, 2.4 m in 
length, and 6.0 m in height. It was built on a 300 cm × 300 cm 
× 50 cm reinforced concrete foundation, which included a steel 
beam to facilitate the static load test in accordance with the 
Polish Code PN-83/B-02482 [29]. The platform is illustrated in 
Fig. 5. 
 

a)

 

 

 
 
 
 
 
 
 
 
 

 

b) 
 

 
Fig. 5. Field research stands for pile load testing. Dimensions of the 
chamber: a) Top view and cross-section; b) 3D model of the chamber 
[30]. 
 

Inside the constructed chamber, a non-cohesive soil profile 
was formed with densified layers 10–15 cm in thickness. The 
piles were installed as displacement piles and were placed on 
an experimental platform using a crane. Additional layers were 
added to fill the chamber and complete the experimental field 
stand. An axial load was applied to the head in stages, with each 
stage maintained until the settlement value stabilized. For each 
settlement value, the load at the head, settlement value, and 
stress under the pile base were measured. 

a) 

 

b) 

 
  

Fig. 6. Photographs of field research stand for pile load test: a) 
Transparent chamber filled with soil; b) pile used in the investigations 
[30]. 
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To obtain the stress values under the pile base, a flexible 
sensor consisting of polymer layers covering a stress-sensitive 
semiconductor on both sides was used. The sensor measured 
425 mm × 425 mm with a thickness of 0.381 mm is shown in 
Fig. 7. The values obtained were precise because the sensor 
contained 1936 measuring points. The flexibility of the sensor 
helps avoid the influence of changing soil properties.  

Fig. 7. Photograph of the sensor used in experiment. 
 
The sensor enabled measurement of the base resistance 

within its area, which was subsequently calculated. This value 
is denoted as 𝑁#. The obtained values are shown in the 
following graphs on Fig. 8. 

4. RESULTS OF FIELD EXPERIMENTS 
Using the obtained data, the parameters 𝑁'( , 𝜅!,	and 𝐶! were 
estimated and organized in tables, followed by graphs 
presenting the relationship between 𝑁! and (𝑁#)	for piles PT1, 
PT2, and PT3. 

 
Fig. 8. N2(N1) relationship of measured values for PT1, PT2, PT3. 

A linear relationship 𝑁!(𝑁#) was observed in the results. To 
verify this, a mathematical approach was used to analyze the 
graphs. 

5. MATHEMATICAL DESCRIPTION 
A set of data {𝑁&; 𝑠&} was provided from the static load test, 
including both {𝑁!; 𝑠&} and {𝑁#; 𝑠&}, where Indices 2 and 1 
corresponded to the loads measured at the head and base of the 
pile, respectively. 

Analysis of the static load test data demonstrates that the 
correspondence between the toe resistance and pile-bearing 
capacity 𝑁# = 𝑓(𝑁!), as suggested in a previous study [19], 
appears to be linear for loads 𝑁! < 80	𝑘𝑁. 

𝑁# = 𝑓(𝑁!) = 𝑎 + 𝑏 ∙ 𝑁!	(5) 

To verify whether a linear distribution best fits the obtained 
results, least-squares analysis was conducted using four types 
of distributions.  

1.		𝑦 = 𝑎 + 𝑏𝑥	(6) 

2.		𝑦 = 𝑎 ∙ 𝑥/	(7) 

3. 	𝑦 = 𝑎 + 𝑏 ∙ ln 𝑥 	(8) 

4.		𝑦 = 𝑎 ∙ 𝑏0	(9) 

For a given set of data {𝑁!; 𝑠&; 𝑁#}, the following correlations 
were obtained from the above graphs: 

1.		𝑁# = −1.145 + 0.3893𝑁!; 𝑟 = 0.993, (10) 

2.		𝑁# = 0.504 ∙ 𝑁!1.3145; 𝑟 = 0.974, (11) 

3.  𝑁# = −21.08 + 10.5513 ∙ ln𝑁! ; 𝑟 = 0.892, (12) 

4.  𝑁# = 3.398 ∙ 1.0308.!; 𝑟 = 0.985. (13) 

It is shown that for every type of analyzed graph, a satisfactory 
correlation was obtained, as measured by the parameter  
𝑟 ∈< 0; 1 >. 

From the results presented in the table, it can be concluded 
that different graphs exhibit a better correlation for different 
segments of 𝑁! values. For practical applications, it is essential 
to verify the correlation for larger values of load 𝑁# = 𝑓(𝑁!) in 
a linear form.  

From the results presented in the table, it can be concluded 
that, for practical calculations, the following linear dependence 
is sufficient when considering the load at the head and toe 
resistance: 

𝑁# = −1.145 + 0.3893𝑁!. (14) 

The graphs of the values obtained during the experiment are 
compared with the calculated values in Figs. 9–11. 
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Fig. 9. Linear approximation compared to PT1 experimental values. 

 
Fig. 10. Linear approximation compared to PT2 experimental values. 

 
Fig. 11. Linear approximation compared to PT3 experimental values. 
 

However, a more detailed analysis revealed that the 
relationship between the load at the head and toe resistance was 
a function of 𝜅!. To further consider the relationship between 
N1(N2), we proceed with Eq. (15). 

The next step is to analyze the relationship 𝑁# = 𝑓(𝑁!) using 
the following equation: 

𝑁# =
𝑁!

(1 + k!)6
. (15) 

Using linear Eq. (12), the following correlation is possible: 

(1 + k!)6 =
𝑁!

−1.145 + 0.3893 ∙ 𝑁!
. (16) 

 

 

This allows us to present the value of “n” as: 

𝑛 =
ln Q 𝑁!

−1.145 + 0.3893 ∙ 𝑁!
R

ln(1 + k!)
. (17) 

The value of “n” calculated using Eq. (17) depends on the 
values of N2 and k!. 
 

TABLE 2. VALUES OF “N” CALCULACTED USING EQ. (17) 
k2 [-] 0.2 0.4 0.6 0.8 1.0 1.5 2.0 3.0 
N2[kN]         
5.00 10.04 5.44 3.89 3.11 2.64 2.00 1.66 1.30 
10.00 7.08 3.83 2.74 2.20 1.86 1.41 1.17 0.93 
15.00 6.37 3.45 2.47 2.00 1.67 1.26 1.05 0.83 
20.00 6.04 3.27 2.34 1.80 1.59 1.20 1.00 0.79 
25.00 5.86 3.17 2.27 1.81 1.54 1.16 0.97 0.77 
30.00 5.74 3.11 2.22 1.78 1.51 1.14 0.95 0.75 
35.00 5.65 3.06 2.20 1.75 1.48 1.12 0.93 0.74 
40.00 5.59 3.03 2.17 1.73 1.47 1.13 0.92 0.73 
45.00 5.54 3.00 2.15 1.72 1.46 1.10 0.92 0.73 
50.00 5.50 2.98 2.13 1.70 1.44 1.10 0.91 0.72 
55.00 5.47 2.96 2.12 1.69 1.44 1.10 0.91 0.72 
60.00 5.45 2.95 2.11 1.69 1.43 1.08 0.90 0.71 
65.00 5.42 2.94 2.10 1.68 1.42 1.08 0.90 0.71 
70.00 5.40 2.93 2.09 1.67 1.42 1.07 0.89 0.71 
75.00 5.39 2.92 2.09 1.67 1.41 1.07 0.89 0.71 
80.00 5.38 2.91 2.09 1.66 1.41 1.07 0.89 0.71 

 
Based on Table 2, for larger 𝑁! values (𝑁! >

#
!
𝑁!789), 

which are the most meaningful values for practical calculations, 
the value of “n” may be presented as 𝑛 = 𝑛(𝜅!), as shown in 
Table 3. 
 

TABLE 3.  K2 VALUES FOR LARGER HEAD LOADS N2>0.5N2MAX SHOWN ON 
FIG. 12 

 
k2= 0.20 0.40 0.60 0.80 1.00 1.50 2.00 3.00 

ref. n 5.50 3.00 2.00 1.75 1.50 1.10 0.90 0.70 
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The values presented in the table can be expressed as 
nonlinear relationships. The best correlation was obtained using 
the equation Eq. (18): 

𝑛 = 𝑛(𝜅!) = 1.51 ∙ Q #
+!
R
#,5

, (18) 

for which the correlation coefficient 𝑟 = 0,993. 
This allowed us to estimate an equation that best fit the curve 

from Table 2, expressed as Eq. (15) where it is assumed that 
𝜅! > 0,2. 
 

Fig. 12. Graph showing “n” and 𝜿𝟐 dependencies as in Table 3. 
 

According to a previous study [31], if the 𝑞:(𝑧) values from 
the CPTu investigation are available, the M–K curve 
parameters can be obtained from the equations (19) – (21). For 
practical calculations, the method was used: 

𝐶# =
#

;<="∙(#@+!)
#
$∙B#@%$="

%
#C
, (19) 

𝑁'(# =
#
!;
∙ 𝑞/ ∙ 𝐷! ∙ Q

D
<
R
%
#,		(20) 

where 𝑞/ denotes the static-sounding CPTu 𝑞: test cone 
resistance at the toe depth of the pile. 
Examples of the results obtained using this calculation method 
for the static load tests are shown in Figs. 13, 14 and 15. 
 

 
Fig. 13. Graph presenting the distribution of components of pile 
resistance and M–K curve approximation for PT1 [30]. 
 

 
Fig. 14. Graph presenting the distribution of components of pile 
resistance and M–K curve approximation for PT2 [30]. 

Fig. 15. Graph presenting the distribution of components of pile 
resistance and M–K curve approximation for PT3. 
 

Based on the obtained results, the following equation was 
formulated, which included the M–K theory assumptions and 
static load test results: 

𝐶! =
E%

(#@+!)&
,											(21) 

6. CONCLUSIONS 
1. This paper presents the experimental results of pile-

based resistance in chamber which allowed to closesly 
resemble natural soil conditions. These results verified 
the mechanism of toe-resistance formation during 
static load testing. During these tests, a measuring unit 
with 1936 measurement points was spread 
consistently across the pile base surface, allowing the 
total toe resistance and distribution of the vertical 
component of the resistance to be obtained.  

2. The experiments demonstrated that, for practical 
engineering calculation purposes, the base resistance 
of the pile is a constant value relative to the skin 
resistance during the loading procedure. The obtained 
results allowed for the formulation of equations that 
enabled the determination of this ratio. From the 
obtained results, it was observed that the agreement 
between the measured and calculated static load test 
results was sufficient for practical engineering 
calculations.  

3. Equations (18)–(21) allow us to obtain the M–K 
parameters based on the sounding soil using CPTu 
technology. This provides a tool for the initial 
estimation of pile-bearing capacity using the soil 
profile during the early design process. 

4. For the field experiments presented in this paper, it 
was observed that the toe resistance is a fraction of the 
head load, and that this fraction does not change with 
settlement during the static load test. This is an 
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important finding because it renders the full solution 
to the pile-resistance problem more practical. 

5. The M–K curve equation includes the ratio between 
the load at the head of pile 𝑁!, and the boundary 
bearing capacity of pile 𝑁'(. 𝑁'( denotes the value of 
the load that causes the settlement of the pile to 
increase out of control. The ratio 𝑁! 𝑁'(⁄  may be 
considered a safety factor, which could be used to 
improve the design process and the application of soil 
mechanics to the pile bearing capacity. 

6. The proposed approximation method for the M–K 
curve parameters allows for a more precise estimation 
of the skin resistance when the settlement is changed. 
This method enables the safe design of piles while 
incorporating proper soil–pile mechanics.  

7. Improvements in measurement tools have led to a 
better description of pile–soil interactions. The 
evolution of the M–K method may lead to a complete 
mathematical description of pile–soil interactions. 
Future research will aim to conduct more static load 
tests equipped with strain gauges or fiber-optic 
sensors to gather skin-resistance data using various 
technologies. 
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