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Abstract: The application of a significant additional load induces soil deformation around the pile, generating a downward drag force, 

commonly referred to as negative skin friction. This phenomenon significantly reduces the pile's ultimate axial load capacity. Therefore, 

precise estimation of negative skin friction is crucial for pile design. To accurately calculate the negative skin friction acting on the 

pile, it is essential to determine the stress states at the pile-soil interface under varying soil deformations. However, many existing 

methodologies solely consider peak or residual stresses on the shear plane, neglecting the process of stress changes in soil deformation. 

This approach often results in an overestimation of negative skin friction. In this investigation, we propose a novel method for calculating 

negative skin friction that comprehensively accounts for the whole process of stress state alterations occurring during soil deformation 

(pre-failure zone and peak stress, post-failure zone and residual stress state) and describes the relationship between soil deformation 

and stress using a hyperbolic mechanical model. On this basis, soil deformation behavior is classified into three distinct forms. The 

spatial distribution characteristics for negative skin friction were then explored individually for each form. Additionally, the influence of 

different soil parameters on the spatial distribution of negative skin friction was also investigated. Finally, the accuracy and applicability 

of the new negative skin friction calculation method is validated through comparison with field measurement data. It can be used as a 

reference for practical engineering. 
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1  Introduction 

A fundamental role of pile foundations is to support 
vertical loads[1]. However, when large-scale surcharge 
pressure is applied at the ground surface[2], The deformation 
of the soil will be more significant than the pile deformation, 
leading to negative skin friction (NSF) acting laterally 
on the pile. Drag loads induced by NSF diminish the 
vertical bearing capacity of pile foundations. NSF is a 
crucial factor in pile design, and the key to accurately 
predicting NSF is to obtain the state of stress on the 
pile-soil contact surface under different soil deformations.  

Predicting the NSF on the pile side is a complex 
problem. While accurate results can be obtained through 
in situ experiments in the field[3−6] and laboratory tests[7−10], 
these methods are often costly and challenging to implement. 
Therefore, numerous theoretical calculations have been 
proposed to streamline this process. For instance, Terzaghi 
et al[11] introduced the initial method to calculate NSF, 
yet this conventional approach neglects soil deformation 
around the pile from surcharge pressure. Kong et al.[12] 
proposed a simple calculation method for NSF under 
consideration of surcharge pressure but did not consider 

the change of stress state of the complete soil deformation 
process. Zhao et al.[13−14] established a method for 
calculating NSF based on the pile body’s energy balance 
and static balance equations by considering soil deformation 
under concentrated load. However, the method is 
complicated to calculate, and in practical engineering 
applications, the ground load is mainly distributed load, 
so the method is not applicable. Seed et al[15] proposed 
a load transfer method that clarifies the relationship 
between relative pile-soil displacement and soil friction. 
Numerous scholars have established NSF calculation 
methods on this basis[16−18]. Despite the mathematical 
simplicity of the load transfer method, it oversimplifies 
the mechanical behaviour of the soil[19]. This method 
does not consider the progressive failure process of the 
soil mass and fails to calculate the magnitude of 
critical deformation, thus being unable to accurately 
determine the stress variation along the pile-soil shear 
interface.  

Soil deformation is a progressive failure process[20], 
and there are significant differences in the degree of 
failure exhibited by pile periphery soil located at different 
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depths. These differences further lead to a heterogeneous 
distribution of stress states characterizing the pile-soil 
contact interface. Some regions may be in a pre-failure 
stress state, while others may have reached a peak stress 
state or be in a post-failure stress state[21−22]. In the 
existing literature, the strength criterion usually adopted 
for predicting NSF mainly focuses on considering peak 
or residual stresses on the pile-soil contact surface[23−24] 
and tends to ignore the non-linear relationship between 
shear stress and deformation. Gan et al.[21, 25−26] did a 
large number of experiments and established a hyperbolic 
mechanical model, which accurately describes the shear 
stress–strain non-linear relationship on the pile-soil 
contact surface. 

We are trying to calculate the NSF of the piles more 
accurately to provide practical help for pile design and 
avoid unnecessary waste. In this study, the Boussinesq 
stress solution stratified sum method is used to calculate 
the soil deformation caused by surcharge pressure, and 
a hyperbolic mechanical model is introduced to describe 
the stress–strain relationship between the pile-soil contact 
surface to establish a simple and effective method for 
calculating NSF. Based on this, the soil deformation 
was classified into three different forms, and the spatial 
distribution characteristics of the NSF under the three 
forms were investigated separately. Furthermore, the 
impacts of varying soil cohesion and internal friction 
angle on the spatial distribution of NSF were also 
studied. Finally, known field tests are used to verify 
the accuracy of the calculation methods in this paper. 

2  Theoretical framework  

2.1 Pile-soil system and basic assumptions 
This investigation proposes a new approach for civil 

engineers to estimate the NSF of a single pile under 
surcharge pressure. Fig. 1 shows a sketch of the pile-soil 
system. Frictional resistance in the pile body is influenced 
by the extent of relative pile-soil displacement, escalating 
as this displacement grows until it hits a maximum 
threshold. Given the pile’s significantly higher compressive 
modulus than the soil[27−28], this study exclusively considers 
soil deformation. The soil around the pile is usually 
subjected to distributed loads, and the settlement difference 
along the effective settlement radius is slight[19]. Under 
distributed loads, the stress state of the soil body changes, 
which is the leading cause of soil deformation[29]. Soils 
exhibit progressive failure, appearing as a non-linear 
relationship between shear stress and deformation at 
the contact surface. As shown in Fig. 2, where peak is 
the peak shear stress; resid is the residual shear stress; 
vcrit is the critical deformation; and vresid is the residual 
deformation. A point on the pile-soil interface will be in 
different stress states (pre-failure zone and peak stress, 
post-failure zone and residual stress state) at different 
times. The points on the pile-soil contact surface 
simultaneously are not likely to be in the same stress 
state, and all points in a peak stress state do not exist[21]. 
Based on this, the following assumptions need to be 
considered during the derivation of the NSF calculation 
method: 

 

(a) before deformation                                 (b) after deformation 

Fig. 1  Pile-soil system 

 

(1) The soil layer is an isotropic homogeneous elastic 
semi-infinite medium. 

(2) The end bearing pile body is vertical and rigid. 
Under external loading, only the deformation of the soil 
body is considered while the deformation of the pile body 

and the rock at the pile end is ignored. 
(3) The soil around the pile is subjected to surcharge 

pressure as a distributed load and only produces vertical 
deformation without lateral expansion deformation. 

(4) The additional stress at the pile foundation’s 
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center represents the value of the additional stress in 
the surrounding soil. 

(5) The stress–strain relationship of the soil around 
the pile satisfies the hyperbolic mechanics model: 

1

ne ( e) (1 e ) tanv vc v
                  (1) 

Where is the shear stress at the pile-soil interface (kPa); 
v is the shear deformation (mm); λ is a dimensionless 
coefficient related to the cohesive force and friction force; 
ζ is a parameter primarily associated with the velocity 
of change and the plasticity of the cohesive medium 
(mm−); e is the natural constant; n is the normal stress 
on the pile-soil contact surface (kPa);  is the residual 
internal friction angle of the shear surface (°);  is the 
positive pressure influence function. 

 

Fig. 2  Stress-deformation relationship curve of the pile-soil 
contact surface 

 
2.2 Establishing the NSF calculation equation 
2.2.1 Soil deformation  

There are many ways of obtaining soil deformation, 
either by fitting it to actual measurements or by calculating 
it according to the layering method of elasticity theory[30]. 
In practice, soils are usually well consolidated under 
self-weight, such that the surcharge pressure at the ground 
and the self-weight of the newly filled soils are the driving 
factors for soil deformation. Therefore, the effect of 
surcharge pressure should be considered, and the impact 
of the soil’s weight should be ignored[31−32]. Many scholars 
have used the Boussinesq stress solution hierarchical 
summation method to calculate soil deformation due 
to surcharge pressure under the bearing platform[33−34]. 
As shown in Fig. 1(a), the soil deforms under surcharge 
pressure q0, here, H is the thickness of the soil layer (m); 
L is the embedded length of the pile into the rock mass 
(m); and d is the diameter of the pile (m). Divide the 
surcharge pressure into four equal-sized zones (zone A, 
zone B, zone C and zone D). For zone A, its additional 
stress along the y-axis at the corner point O can be 
calculated from the following equation: 

c 0
2 2 2

c 2 2 2 2 2 2 2

2 2 2

( )
( 2 )

( )
2 ( )( )

arctan
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z z q
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

 


 

     (2) 

Where z is the additional stress (kPa); c ( )z  is the 
coefficient of vertical additional stress at the corners 
of the rectangle; z is the depth (m); l and b are the length 
and width (m) of the rectangle, respectively. The additional 
stresses in the soil on the side of the pile are the algebraic 
superposition of the additional stresses in the four zones 
A, B, C, and D at the corner point O. Since the four zones 
have the same area and side lengths, the additional stress 
in the soil at depth z is calculated by the following 
equation: 

2 2 2
0

2 2 2 2 2 2 2

( 2 )2
( )

( )( )
z

lbz l b zq
z

l z b z l b z


  
 

    
  

     
2 2 2

arctan
lb

z l b z




  
                 (3) 

This paper uses the layered sum method to calculate 
soil deformation[27, 35]. The layered sum method assumes 
the soil is a linear deformation body. The deformation 
generated under the action of the external load occurs 
only in the compression layer. The compression layer 
will be divided into a number of layers of soil to determine 
the stress of each layer of the soil body, according to 
the stress–strain relationship equation of the soil, and 
to calculate the amount of deformation of each layer. 
This aligns with the requirements of the Technical Code 
for Piling of Chinese Buildings (JGJ 94―2008)[36]. As 
shown in Fig. 3, the soil layer is divided into n layers 
and the deformation of each layer is calculated. Layered 
summation method equations are: 

s

1

zi i
i

i

n

i
i

h
v

E

v v





 

 


                                (4) 

Where iv  is the deformation of the i-th layer soil; Esi is 
the compression modulus of the soil in layer i-th, zi  

is the average additional stress of the soil in layer i-th, 
and hi is the thickness of the soil in layer i-th. zi hi is 
equal to the area enclosed by the additional stress curve 
of the soil in layer i-th, which the following equation 
can calculate: 

1
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                            (5) 

Where A is the area enclosed by the additional stress curve; 
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iz  and 1iz   are the depths (m) of the i-th and i-1 layer 
soil, respectively. 

Substituting Eqs. (5) into the first equation of Eq. (4) 
yields the deformation of layer i-th soil: 

1
s

1
( )di

i

z

i zz
i

v z z
E




                            (6) 

Then, the overall deformation of the soil can be 
calculated by the following equation: 

2 2 2

0 2 2 2 2 2 2 2 2 2 2
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                                 (7) 

Where h is the effective calculated depth (m) of negative 
skin friction. 

 

Fig. 3  Layered sum method calculation sketch 

 
2.2.2 Negative skin friction (NSF) 

As shown in Fig. 1(b), due to the deformation of the 
soil, a downward friction stress f is exerted on the pile 
body. Gan et al.[21, 25−26] introduced a pair of exponential 
alternating transition functions to describe the conversion 
process of friction and cohesion on the shear surface 
based on the Mohr-Coulomb strength criterion, considered 
the effect of normal stress on the bond strength, and 
established a hyperbolic mechanical model. The model 
can describe most mechanical behaviours in geotechnical 
materials, such as elastic-brittle, ideal elastoplastic, 
elastoplastic hardening, and elastoplastic softening 
characteristics. It also accurately reflects the strain softening 
in the material’s post-failure region. The hyperbolic 
mechanical model equations are as follows: 

1

ne ( e) (1 e ) tanv vc v
                  (8) 

1

( e)G c                                (9) 

n1 (1 e )                             (10) 

Where c is the cohesive force on the shear plane (kPa); 
G is the unit shear modulus of the cohesive force part 
(kPa/mm); κ is a dimensionless influence parameter 
determining the maximum degree to which normal stress 
affects cohesive force; χ is a coefficient related to the 
rate at which normal stress affects the cohesion force 

(1/kPa). 
To unify the units in Eq. (8), (9), (10), Gan et al.[21, 25−26] 

stipulate the unit of the unit tangent modulus G is kPa/mm, 
and the unit of parameter  is mm−, which makes the 
units in the formula complicated. Replace the shear 
deformation v in the formula with the dimensionless 
shear strain  to simplify the dimension of the formula. 
The improved formula is as follows: 
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Where the parameter ζ is a dimensionless coefficient, 
and its meaning is consistent with parameter ζ in Eq. (1), 
both primarily associated with the rate of change and 
the plasticity of the cohesive medium. However, unlike 
previous numerical values, it requires a new value 
assignment in this context. The method of taking the 
value of the parameters ζ, λ, κ, χ is described in the 
literature [25]. 

The improved hyperbolic mechanical model needs 
to obtain the shear strain at any point of the soil to 
calculate the friction resistance.  

The strain at point z0 can be derived from the following 
equation: 

0

s
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Substituting Eq. (12) into Eq. (11) yields the Eq. 
(13) for calculating the NSF at any point of the pile 
body: 
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     (13) 
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Where  is the unit weight (kN/m³); k0 is the static soil 
pressure coefficient, k0 = 1−sin. 
2.2.3 Drag load 

The drag load is the sum of the NSF above the neutral 
point of the pile[37−38]Based on the NSF formula in this 
paper, the formula for the drag load can be derived: 

n f
1

n

i

h
Q d

n



                              (14) 

2.2.4 Calculation process 
The flowchart of negative skin friction calculation 

is shown in Fig. 4. The calculation process includes the 
following steps: firstly, calculate the additional stress 
caused by the surcharge pressure; secondly, calculate 
the deformation of the soil and the normal stress acting 
on the pile-soil interface; thirdly, obtain the necessary 
parameters (, , , ) of the hyperbolic mechanical 
model from the straight shear test; and finally, calculate 
the NSF and the drag load of the pile. To improve the 
calculation speed and accuracy, we used Matlab 
programming for the calculation.

 

Fig. 4  Calculation flow chart 

 

3  Analyze the spatial distribution of NSF 

In order to investigate the spatial distribution of 
negative skin friction (NSF) along the pile and facilitate 
the calculation, it is assumed that the soil around the 
pile is a homogeneous, isotropic, semi-infinite body. 
We have simplified the parameters of the hyperbolic 
mechanical model describing the mechanical properties 
of the soil around the piles ( = 1 000,  = 1.0,  = 1.0, 
 = 1.0 kPa−1). As shown in Fig. 5, the depth of the pile 
L buried in the soil part is 15 m; the diameter of the 
pile is 1 m; the surcharge pressure is a homogeneous 
rectangular load of 6 m×6 m. The soil layer was divided 
into n layers, each 100 mm thick, and the deformation 
of each layer, as well as the NSF of the pile, was calculated 
using Matlab programming. 

 

Fig. 5  Computational modelling diagram 
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3.1 Influence of soil deformation 
With the development of soil deformation around 

the pile, the corresponding pile-soil contact surface 
stress changes, and the pile-soil contact surface at any 
point will experience the stress–strain characteristics 
of the whole process, that is, in the pre-failure zone, 
the peak stress, post-failure zone, the residual stress of 
the four states. This section explores the spatial distribution 
of NSF along the pile in three forms, depending on the 
degree of soil failure. The Form Ⅰ for the soil body has 
not occurred failure; the entire contact surface is in the 
pre-failure zone stress state. The Form Ⅱ is that part of 
the soil undergoes failure; the whole contact surface is 
partly under stress in the pre-failure zone, partly under 
peak stress, and partly under the post-failure zone and 
residual stress state. The Form Ⅲ is that the whole soil 
is damaged; the entire contact surface is in the post-failure 
zone and residual stress state. In this section, the critical 
deformation discussed refers specifically to the critical 
deformation values at various points in the soil around 
the pile. In order to study the spatial distribution of 
negative skin friction, the hyperbolic mechanical model 
parameters are simplified, which may lead to the 
calculated critical deformation being smaller than the 
actual value(1−3 mm)[39−40]. Therefore, the model 
parameters need to be adjusted according to the field 
data to ensure that they are consistent with the actual 

situation. 
3.1.1 Form Ⅰ 

When the surcharge pressure on the ground surface 
is 8 kPa, the soil deformation is minimal and shows a 
non-linear decrease along the pile. The maximum 
deformation of the soil occurs in soil layer a, and its 
deformation value is equal to the critical deformation 
vcrit. In contrast, the deformation of the remaining soil 
layers is less than the critical deformation (Fig. 6(a)).  

Due to the progressive failure characteristics of the 
soil, the same layer of soil will change its stress state 
on the contact surface with the pile as the deformation 
develops. Four soil layers at different depths were selected 
(a, b, c, d). Each soil layer has a different degree of 
failure, and its corresponding stress state on the pile-soil 
contact surface is also different. Fig. 6(b) shows the soil 
deformation versus stress curves for layers a, b, c, and 
d. aʹ, bʹ, cʹ, and dʹ correspond to the stress state of the 
soil in layers a, b, c, and d, respectively, at the time of 
reaching the final deformation. It can be seen that when 
the deformation of soil in layer a develops to the critical 
deformation, the stress at the pile-soil contact surface 
is in the peak stress state (aʹ), and since the deformation 
of soil in the remaining layers is ultimately more minor 
than the critical deformation, the pile-soil contact surface 
is all in the stress state before the peak stress, that is, 
the pre-failure zone stress state.  

 
Fig. 6  Form Ⅰ 
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Fig. 6(c) shows the spatial distribution of NSF along 
the pile when the entire pile-soil contact surface is in 
the pre-failure zone. The aʹʹ, bʹʹ, cʹʹ, and dʹʹ correspond 
to the negative skin friction (NSF) of the pile at the time 
of reaching the final deformation of the soil in layers a, 
b, c, and d, respectively. NSF shows a non-linear distribution 
along the pile, which increases first and then decreases. 
NSF is affected by normal stress and soil deformation 
together. In the 0−2 m interval, the soil deformation is 
significant, but the normal stress is low, and the NSF 
increases mainly with the increase of normal stress. 
While in the interval 2−15 m, the normal stresses are 
high enough to mobilize the resistance on the contact 
surface, the NSF shows a decreasing trend due to the 
reduction of soil deformation. 
3.1.2 Form Ⅱ 

The surcharge pressure is raised to 90 kPa, and Fig. 
7(a) shows the distribution curve of soil deformation 
along the pile. The curve indicates that the soil deformation 
in the range of 0−10 m has exceeded the critical deformation, 
the cementing material of this part of the soil has been 
damaged, and the pile-soil contact surface is in the 
post-failure zone and residual stress state. The soil 
deformation at 10 m is at critical deformation, and this 
part of the pile-soil contact surface is at peak stress. The 

soil deformation in the 10−15 m range is less than the 
critical deformation, the soil is not damaged, and the 
pile-soil contact surface is in the pre-failure stress state. 

Four soil layers at different depths were selected (a, 
b, c, d). Each soil layer has different degrees of failure, 
and its corresponding stress state on the pile-soil contact 
surface is also different. Fig. 7(b) shows the deformation 
versus stress curves for layers a, b, c, and d of the soil. 
With the development of soil deformation, the stress at 
the pile-soil contact surface shows a change characteristic 
of first increasing and then decreasing, and finally tends 
to a constant value. The aʹ, bʹ, cʹ, and dʹ correspond to 
the state of stress in the a, b, c, and d layers of the soil 
as it reaches final deformation, respectively. The soil 
deformation in layer a eventually developed to 10.5 mm, 
which is in the state of residual stress; the soil deformation 
in layer b eventually developed to 3.5 mm, which is in 
the state of post-failure zone stress; the soil deformation 
in layer c eventually developed to 1.5 mm, which is in 
the state of peak stress; and the soil deformation in layer 
d eventually developed to 0.9 mm which is in the state 
of pre-failure zone stress. 

Fig. 7(c) shows the spatial distribution curve of NSF 
along the pile. The aʹʹ, bʹʹ, cʹʹ, and dʹʹ correspond to the 
NSF of the pile at the time of reaching the final  
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deformation of the soil in layers a, b, c, and d, respectively. 
NSF shows a characteristic change of increasing and 
then decreasing. In the 0−4 m interval, the soil deformation 
is significant, so the soil cementing material has been 
damaged, and the contact surface is in a residual stress 
state. At this point, the NSF is mainly determined by 
the normal stress and rises gradually with the growth 
of the normal stress. The soil deformation was reduced 
in the 4−10 m range, and the cementing material was 
not destroyed. The contact surface is in the post-failure 
zone stress state, and the NSF is affected by the combined 
effect of soil deformation and normal stress, showing 
a rapid increase in the change characteristics. In the 
10−15 m range, the soil deformation is below the critical 
value, and the contact surface is in the pre-failure zone 
stress state. At this time, the NSF is mainly affected by 
the soil deformation; with the reduction of deformation, 
the NSF increases slowly and then decreases gradually. 
3.1.3 Form Ⅲ 

Raise the surcharge pressure to 180 kPa. The soil 
deformation shows a non-linear decrease along the pile. 
The minimum deformation of soil is the deformation 
value of soil layer d, equal to the critical deformation 
(vcrit), and the deformation of the rest of the soil layers 
is more significant than the critical deformation. The 

soil around the pile was damaged, and the entire pile- 
soil contact surface was in the post-failure zone and 
residual stress state (Fig. 8(a)). 

Four soil layers at different depths were selected (a, 
b, c, d). Each soil layer has a different degree of failure, 
and its corresponding stress state on the pile-soil contact 
surface is also different. Fig. 8(b) shows the deformation 
versus stress curves for layers a, b, c, and d of the soil. 
The deformation of the soil in layer d eventually develops 
into critical deformation. The stress on the contact 
surface is eventually in the peak stress state, while the 
final deformation of the rest of the soil layers is larger 
than the critical deformation. The contact surfaces are 
all in the post-failure zone and the residual stress state. 
It is worth noting that the normal stresses in the a-layer 
soil are greater than those in the b-layer soil, which is 
caused by the more significant surcharge pressure. In 
the initial stage, the normal stress increases slowly 
because the decrease in additional stress is smaller than 
the increase in soil gravity stress. When the reduction 
in additional stress exceeds the rise in soil gravity stress, 
the normal stress begins to decrease slowly. At deeper 
locations, the normal stresses increase mainly with the 
rise in soil self-gravitational stresses due to a significant 
reduction in additional stresses. 
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Fig. 8(c) shows the spatial distribution curve of NSF 
along the pile, and the NSF shows the change characteristics 
of slight decrease and then rapid increase. In the range 
of 0−6 m, the soil deformation is too large, the soil 
cementing material is destroyed, the contact surface is 
in the stage of residual stress, and the NSF is entirely 
affected by the normal stress, which shows a trend of 
slight decrease followed by a slow increase. In the 
6−15 m range, the soil deformation is small, the soil 
cementing material is not destroyed, and the NSF is 
affected by the soil deformation and normal stress 
together, showing a nearly linear growth trend. 
3.2 Influence of soil parameters 

The amount of cohesion and internal friction angle 
of the soil will directly affect the distribution of NSF. In 
this section, the cohesion is varied from 0 to 30 kPa, 
and the internal friction angle is varied from 10º to 40º 
to investigate the effect of cohesion and internal friction 
angle on NSF, respectively. In monopile mode, the pile 
length is 15 m, and the pile diameter is 1 m. Soil parameters: 
Es = 8 MPa,  = 19 kN/m3. Surcharge pressure parameters: 

b = l = 6 m, q0 = 60 kPa. 
Fig. 9(a) and Fig. 9(b) show that increasing the soil 

cohesion causes the critical deformations to preat depth 
meaning the soil layers at the pile-soil interface 
experiencing peak stress state (aʹ, bʹ, cʹ, dʹ) are now 
situated at deeper situation. Near the ground surface 
(depth<3 m), the effect of soil cohesion on the distribution 
of NSF is insignificant. Still, at deeper locations 
(depth>3 m), increasing soil cohesion, the NSF of the 
pile body rises exponentially. It should be noted that for 
soils with zero cohesion, tiny deformations can put the 
pile-soil contact surface stresses in a residual stress state.  

Fig. 9(c) and Fig. 9(d) show that increasing the soil 
internal friction angle results in a shallower location 
of critical deformation (as shown in aʹ, bʹ, cʹ, and dʹ), 
i.e., the extent to which the pile-soil contact surface is 
in the post-failure zone and the residual stress state is 
reduced. Meanwhile, increasing the soil internal friction 
angle will not change the distribution characteristics of 
NSF along the pile, but it will increase NSF. Specifically, 
the rise in NSF is positively correlated with the increase  

 

Fig. 9  The influence of different soil parameters on the spatial distribution of negative skin friction 
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in the internal friction angle. 

4  Example verification 

4.1 Project profile 
The field test[41−42] is based on a converter station 

project in southwest Yunnan Province, which is located 
in a hilly and low mountain landform area. The test piles 
are bored piles with a borehole diameter of 800 mm and 
a length of 31 m. No external force on top of the pile, 
and the bedrock-embedded section of the piles ranges  
 

from 27 to 31 m. The test piles were designed with a 
diameter of 800 mm. The experiment monitored the soil 
settlement on the side of the pile and the axial force of 
the pile body and obtained the neutral point at 10 m of 
the pile body. The experiment monitored the soil settlement 
at the pile side and the axial force of the pile body and 
concluded that the neutral point was at 10 m of the pile 
body. The basic physico-mechanical parameters of the 
soil at the pile side and pile end are shown in Table 1. 
The layered settlement of the soil around the pile is shown 
in Fig. 10. 

Table 1  The basic physical-mechanical parameters of soils 

Soil name Thicknesses /m 
Weight 

/(kN·m−3) 
Void 
ratio

Moisture content 
/% 

Compression 
modulus /MPa

Cohesion 
/kPa 

Frictional 
angle /(º) 

Standard penetration test 
blow count N63.5 

Artificially filled soil 10.0 21.6 1.123 33.4 4.75 9.5 14 — 

Quaternary clay layer 0.8−9.2 17.9 1.002 32.5 4.40 19.4 42 12.8 

Silty clay 0.5−21.3 18.5 0.832 26.1 10.50 20.9 45 16.4 

Limestone — 27.2 — — — — — — 

 

 

Fig. 10  Layered settlement of soil around piles 

 
4.2 Calculation and Comparison 

(1) Based on the relationship curve between pile 
side resistance and soil layer settlement, the values of 
, ,  and  of four parameters were determined 
according to the hyperbolic mechanical model. Specific 
values of the parameters (, , , ) were obtained and 
are shown in Table 2. 

 
Table 2  Hyperbolic Mechanics Model Parameters 

Soil c /kPa  /(º)     

Artificially filled soil 9.5 14 1.1 −1.0 1 000.7 0.8 

 
(2) Based on the field measurement of soil deformation 

around the pile, the soil is divided into n layers, each 
layer thickness is 100 mm. The strain of each soil layer 
is then calculated according to the method present in 
this paper. 

(3) Based on the obtained hyperbolic mechanical 
model parameters and soil strains, the NSF of the pile 
body is derived according to the calculation method in 

this paper, see Fig. 11. 

 

(a) Soil deformation and shear stress relationship curve at different depths 

 

(b) NSF distribution curve 

Fig. 11  NSF calculation result graphs 
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the Chinese Technical Code for Building Pile Foundations 
(JGJ 94—2008)[36], which has the following formula 
for NSF calculation: 

f v                                     (15) 

Where  is the negative skin friction coefficient and v   
is the vertical effective stress.  was 0.4 and 0.5, respectively, 
to calculate the NSF. The resulting curves are shown in 
Fig. 12. 

 
Fig. 12  Negative skin friction contrast curves 

 

As shown from Fig. 11(a), the entire pile-soil contact 
surface is in the post-failure zone stress state, and the 
peak stress is close to the residual stress. This is consistent 
with the measured shear stress-deformation relationship 
in the field. Fig. 11(b) shows the distribution curve of 
NSF calculated by the method of this study.  

Fig. 12 shows that the NSF calculated by the method 
in this paper is consistent with the measured values of 
#545 pile and #538 pile. The NSF calculated by Eq. (16) 
is similar to the measured NSF from 2 m to 4 m. Still, 
the difference between 4 m and the estimated value 
gradually increases, and the difference is three times at 
10 m. 

The drag loads obtained by the above methods are 
compared as shown in Table 3. It can be seen that the 
calculated value in this paper increases by 3.40% relative 
to the measured value of #538 and 7.75% relative to the 
measured value of #545 pile. This shows that the calculated 
values are close to the measured values and are safe and 
reliable. However, the computed values when  is taken 
as 0.4 and 0.5 in the code increased by 44.46% and 50.53% 
compared with the measured values of #538 and increased 
by 80.57% and 88.16% compared with the measured 
values of #545 pile, respectively. This indicates that the 
design of pile foundations according to the method in 
code will cause more significant economic loss. In contrast, 
the design of pile foundations with NSF obtained by the 
calculation method in this paper can be more economical. 
The difference between the calculated NSF in this study 
and the measured NSF is slight and straightforward, 
which can provide a reference for calculating NSF of 
pile foundations on engineering.  

Table 3  The calculation result of drag load Qn 

Calculation Method Qn /kN 1

1

nQ Q

Q


/% 2

2

nQ Q

Q


/%

Measured value of pile #538 Q1 716.15 0 ― 

Measured value of pile #545 Q2 687.28 ― 0 

Result from code ( = 0.4) Q3 1 034.54 44.46 50.53 

Result from code ( = 0.5) Q4 1 293.18 80.57 88.16 

Calculated values in this study Q5 740.53 3.40 7.75 

5  Conclusions  

A new method is proposed to calculate the negative 
skin friction (NSF) of piles under axially uniformly 
distributed loads by considering the complete stress state 
change during soil deformation and using a hyperbolic 
mechanical model to describe the stress-deformation 
relationship on the pile-soil contact surface. The effects 
of the degree of soil failure and changes in soil parameters 
on the spatial distribution of NSF were investigated, and 
the following conclusions were drawn: 

(1) The stress state at the pile-soil contact surface 
during soil deformation can be divided into four stages: 
pre-failure zone, peak stress, post-failure zone, and residual 
stress. When the entire contact surface is in the pre-failure 
zone, the NSF increases slowly and then decreases 
rapidly along the pile. If the whole contact surface is 
partly in the pre-failure zone, partly in the peak stress, 
and partly in the post-failure zone and residual stress 
state, the NSF along the pile will increase slowly, then 
rapidly, and finally decrease slowly. If the entire contact 
surface is in the post-failure zone and residual stress 
state, the NSF increases slowly, decreases gradually, 
and increases rapidly along the pile. 

(2) Increasing the soil cohesion will increase the extent 
of the contact surface in the post-failure zone stress state, 
and increasing the internal friction angle of the soil will 
reduce the extent of the contact surface in the post-failure 
zone stress state. Increasing soil cohesion changes the 
distribution characteristics of NSF, i.e., it increases the 
rate of change of NSF. However, increasing the angle of 
internal friction of the soil does not change the distribution 
characteristics of NSF; it will only increase the NSF in 
a linear relationship. 

(3) All parameters involved in the calculation methods 
in this paper can be obtained directly from field or 
laboratory tests, which provides a higher degree of 
confidence than the normative methods. By comparing 
it with the field test results, the method of this paper is 
close to the measured values, which can provide a 
theoretical basis for the prediction of NSF during the 
design of pile foundations. 
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