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Upper bound analysis of uplift piles in saturated clay and soil plug effect

Abstract

A new mechanism is established and applied to the upper bound analysis of uplift piles in saturated clay.
Upper bound solutions of uplift capacities of closed and open-ended piles are analyzed. The new
mechanism is verified by comparing with elastoplastic finiteelement, existing lower bound and API
solutions. Its reliability is assessed through case studies including one centrifuge test and two field tests.
The effects of the pile length-diameter ratio, pile surface roughness, non uniformity of undrained soil
strength and length of soil plug on the uplift bearing capacity are considered. A formulation predicting the
net bearing capacity of closed-ended uplift piles in clay is proposed. The results show that an
approximately linear relationship can be established between the normalized net bearing capacity
coefficient and the pile length-diameter ratio for closed-ended piles. As for open-ended pipe piles, the
ratio of the net bearing capacity coefficient of open ended pipe piles to that of closed-end piles tends to
increase with the increase of the pile length-diameter ratio. The increase in the length of soil plug leads to
an increase in the net bearing capacity coefficient of open-ended pipe piles. Therefore, the effect of soil
plug should not be ignored.
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Abstract: A new mechanism is established and applied to the upper bound analysis of uplift piles in saturated clay. Upper bound solutions
of uplift capacities of closed and open-ended piles are analyzed. The new mechanism is verified by comparing with elastoplastic finite-
element, existing lower bound and API solutions. Its reliability is assessed through case studies including one centrifuge test and two
field tests. The effects of the pile length-diameter ratio, pile surface roughness, non-uniformity of undrained soil strength and length of
soil plug on the uplift bearing capacity are considered. A formulation predicting the net bearing capacity of closed-ended uplift piles in
clay is proposed. The results show that an approximately linear relationship can be established between the normalized net bearing capacity
coefficient and the pile length-diameter ratio for closed-ended piles. As for open-ended pipe piles, the ratio of the net bearing capacity
coefficient of open-ended pipe piles to that of closed-end piles tends to increase with the increase of the pile length-diameter ratio. The
increase in the length of soil plug leads to an increase in the net bearing capacity coefficient of open-ended pipe piles. Therefore, the

effect of soil plug should not be ignored.

Keywords: uplift pile; limit analysis method; nonhomogeneous clay; soil plug

1 Introduction

Uplift piles are widely used in geotechnical underground
engineering. For example, anti-floating piles in large
basements and some pile foundations of multi-pile jackets
are subjected to large uplift loads. The calculation of uplift
bearing capacity is of great significance to engineering
safety. Therefore, it is necessary to investigate the calculation
method of the bearing capacity of uplift piles. At present,
the calculation methods of bearing capacity of vertically
loaded piles proposed by the international mainstream
API specification!!! and China’s offshore oil and gas
industry standard (SY/T 10030—2000)?! are based on
the limit equilibrium method. The pile side resistance and
tip resistance are calculated separately and superimposed
directly. Obviously, the pile shaft resistance and tip resistance
do not necessarily reach their limits simultaneously, and
these methods cannot consider the interaction between the
pile shaft resistance and tip resistance. For the calculation
of the bearing capacity of uplift piles, it is conservative
to ignore the contribution of the pile bottom to the bearing
capacity (especially for single piles of offshore wind turbine
with large diameters). It may underestimate the bearing
capacity of the pile foundation. In addition, in practical
engineering, a large number of uplift piles are open-ended
piles. They are different from the traditional closed-ended
piles. The soil around the pile end will continue to pour
into the pipe pile to form a soil-core during the sinking
process of the open-ended pipe pile. When the height of
the soil-core stops increasing, the soil-plug is formed.
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At present, the research mainly focuses on the working
mechanism of pipe piles containing soil-cores in sandy
foundations® ). There are few studies on the soil-plug
effect of open-ended piles in common clay in coastal areas.
How to calculate the bearing capacity of pipe piles containing
soil-plugs in such grounds is still a problem to be explored.
The API specification does not explicitly address how
to consider the effect of soil-plug on the bearing capacity
of pipe piles. Therefore, the calculation method given
by API is empirical with great limitations.

The upper bound limit analysis method has a rigorous
theoretical basis. The upper bound of the bearing capacity
of any hypothetical failure mechanism can be obtained
by constructing an admissible velocity field. It is of greatly
practical value for stability analysis of geotechnical engi-
neering. The upper bound method has been widely used
in the calculation of the bearing capacity of the shallow
circular foundation. Kusakabe et al.'! derived the upper
bound solution of the bearing capacity of a circular footing
with a smooth bottom and rough bottom on heterogeneous
clay by using Hill and Prandtl failure modes, respectively.
Hu et al.'!), Yun and, Bransby!'? and Wang et al.'*! carried
out the upper bound analysis of the bearing capacity of
the skirted foundation with the embedment ratio less than
5, and the results were compared with the finite element
results. In recent years, Zhang et al.['* used the Prandtl
failure mode to solve the upper bound bearing capacity
of the circular foundation on sand. Zhu et al.'>"'%! derived
the upper bound solution for the uplift bearing capacity
of the suction caisson foundation based on the idea of the
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reverse bearing capacity. However, this method simplifies
the energy calculation of the foundation sidewall to the
overload of the soil on the same horizontal line at the
bottom of the foundation, and the upper and lower bounds
of the solution cannot be clearly judged. Therefore, the
current upper bound analysis mainly focuses on shallow
circular foundations, and there is still a lack of an admissible
upper bound velocity field with a clear failure surface
for pile foundations.

In view of the above problems, the upper-bound analysis
mechanism and admissible velocity field of closed-ended
and open-ended piles are first constructed in this paper.
Then, the rationality of the proposed method is verified
by comparison with the API calculation method, finite
element solution and lower bound solution, as well as
engineering case analysis. Subsequently, the parameter
analysis is carried out, and the uplift bearing characteristics
of the closed-ended pile are summarized. Then, the bearing
capacity prediction formula of the closed-ended pile is
fitted. Finally, the bearing capacity coefficient of the
open-ended pile is linked to that of the closed-ended pile
through their ratio relationship. The influences of the
height of the soil plug, the inhomogeneity of soil strength
and the friction coefficients of the inner and outer walls
of the pipe pile on the uplift bearing capacity of the pipe
pile are further discussed.

2 Problem description and upper bound
admissible velocity field

2.1 Problem definition

In this paper, the uplift capacity of circular cross-section
piles in saturated clay is analyzed. The problem is defined
as shown in Fig. 1. Among them, L is the buried depth
of the pile (pile length), and B is the diameter of the pile.
Saturated clay can be approximately regarded as Trecsa
material. Assuming that the unit weight of soil is % the
undrained shear strength s,.., changes linearly with the
depth z:

Sy =Se0 T PZ Q)

u(z)

where s, is the undrained shear strength of clay at the
ground surface; p is the slope of the undrained shear
strength-depth curve. The nonuniformity of the soil strength
is expressed by a normalized coefficient 7:

_ Sw )

n:SLO:
Sy St PL

where s, is the undrained shear strength of clay at the
depth of the pile bottom. When 77 is 1, it corresponds to
homogeneous soil.

Similar to the definition of the ground bearing capacity
coefficient, the normalized uplift bearing capacity coefficient
N, is defined as the ratio of the uplift bearing capacity
per unit sectional area of the pile to the strength of soil
at the bottom of the pile:

https://rocksoilmech.researchcommons.org/journal/vol44/iss7/3
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where Q is the ultimate uplift bearing capacity; and b is
the radius of the pile.
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Fig.1 Schematic graph of uplift piles in nonhomogeneous clay

2.2 Upper-bound mechanism of axisymmetric
streamline velocity field

Huang et al.'” '8! derived the general solution of the
streamline velocity field of limit analysis in undrained
clay under the plane strain condition. The characteristics
of the velocity field are as follows. The velocity field con-
structed based on the concept of streamline based velocity!'*)
is transmitted along a cluster of “streamlines” inside the
deformation mechanism, and the deformation distribution
of soil does not change in the direction perpendicular to
the “streamline”. The streamline cluster is obtained by
geometric transformation (translation, scaling, etc.) through
the characteristic streamline. The boundary shape is deter-
mined by characteristic streamline, and the external soil
is rigid. Based on this, the streamline velocity field under
the axisymmetric condition as shown in Fig. 2 can be
derived, and the general solution is

re(z) r—R| dz

B 1 | (@) (4)
vz_r(r—R) f[r—R}
V9:0

where v,., v, and v, are the radial, vertical and circum-
ferential velocities of soil, respectively; 7 is the cylindrical
coordinate and » =c(z) is an arbitrary characteristic
streamline equation; dc(z) is the differential of ¢(z);
function f{x) mainly controls the vertical component of
the streamline velocity field; and R is the distance between
the streamline domain and z-axis, which can be used to
consider the width of the structure under the axisymmetric
condition. It should be noted that for the non-uniform
flow field, the streamline clusters will converge at the
velocity singularity g’, which should be excluded from
the deformation zone to avoid singularity.

Figure 3 is the upper bound mechanism constructed
in this paper. In the cylindrical coordinate system, the
failure mechanism is composed of a triangular rigid block
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Fig.2 Illustration of axisymmetric streamline velocity fields
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Fig.3 Illustration of upper-bound mechanisms

aoh (Zone 1) and three streamline velocity based plastic
zones ahi (Zone 1), aij (Zone 11I) and ajpg (Zone 1V).
As shown in Fig. 3(a), the failure mechanism below the
pile bottom is similar to “Prandtl mechanism” in the ground
bearing capacity problem. The geometry of the mechanism
is determined by two angle optimization parameters 3
and ¢. The soil (rigid block aoh) at the pile bottom of the
mechanism moves upward at the same speed as the pile,
and no detachment occurs. There are two reasons for this
phenomenon: (1) Tang et al.l*”) showed that there was
a certain suction between the pile bottom and the soil
under the pile bottom during the pullout of the uplift pile.
Such suction will lead to the upward movement of soil
at the pile bottom. (2) The soil considered in this paper
is undrained clay. There is no volume change when the
plastic deformation occurs. The soil on the pile side (Zone
IV) in the mechanism flows downward. Due to the volume
change being 0, the soil under the pile bottom will be
squeezed upward. Therefore, the mechanism can ensure
that the calculated result is the upper bound of the uplift
capacity considering the suction effect from the perspective
of the upper bound method. In order to ensure that the
velocity directions of the streamline velocity based plastic
zone III and the streamline velocity based plastic zone
IV are consistent on the interface a-j, it can be assumed
that the characteristic streamline equation of the streamline
velocity field on the pile side (Zone IV) in r-z plane is

— t.
s-z arctan (z/t)

) 2
z t

(5
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where s and ¢ are the shape optimization parameters of
the characteristic streamline. By controlling the coordinates
of the maximum width point e on the streamline, the failure
profile p-j on the pile side is optimized, in which parameter
s is the vertical coordinate of point e, and parameter ¢ is
used to adjust the horizontal coordinates of point e. In
the optimization process of solving the upper bound,
controlling the position of point e (continuous optimization
of parameters s and ¢) can provide a sufficient range of
variation for the shape of Zone IV. It makes the optimization
results of the upper bound calculation more accurate and
reliable.
2.3 Construction of admissible velocity field of uplift
pile

Let v, be the virtual velocity of the upward movement
of the pile. Then, the radial and vertical velocities of Zone
I can be derived from the velocity compatibility condition
and the general solution of the “streamline” velocity field
assumed in this paper:

Y =0 } (6)
Vi =V
The radial and vertical velocities of Zone II are
_ vysingcos B(btan S+ rtanp—z)
e rsin(@+ f)tan ¢ (tan ¢ + tan )
v, singcos f(btan f+ rtang—z)
AT rsin(@+ f)(tan @ + tan J3)

where fand @ are angle optimization parameters of the
mechanism.
The radial and vertical velocities of Zone III are

7

Vi =

Vo cosﬁ{bm;(of;ﬂ)—.l(b—r)z +22}z

r(tan(p+tan,8)\/(b—;f)2 +2° cosgsin(p+ )

Vi =

Vo Cosﬂ{bsm((o;ﬂ)— (b—r)2 +22}(b—r)

r(tan g+ tan,B)\/(b—r)2 +2° cosgsin(@+ f)

(8

On interface a-j between Zone III and Zone 1V, since
the condition of the consistent velocity direction is already
satisfied in the construction of the characteristic streamline
Eq. (5), it is only necessary to ensure that the vertical
component of the velocity is equal on the interface.
That is, the velocity compatibility can be ensured when

Va |, :VZIHL: 0" Therefore, the specific expression of

function f(x) in velocity field Eq. (4) in this paper is deter-
mined to be

f(x)=(x-1)p*/x* (9

Therefore, the radial and vertical velocities of Zone
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IV are the strain rate components in each direction are
{ b 2bt secﬂsm((o+ﬁ) } ’ _
_ 2% " 2s + Tt ) Jr
Vy =b B br? - 2 &, i
{ t secﬂsm(go+ﬂ)c(z)} i (14)
2s + Tt - %
r—>bde(z) (10) 79z
oz) dz PR
{ 5 2bt* sec Bsin (@ + J) } " 0z  or
) roT 2s + Tt c(z) where i =2, 3, 4 correspond to Zones II, 111, IV, respectively.
a r 2bt* sec Bsin (¢) + ,B) The maximum shear strain rate in the streamline
{ Y c(z )} velocity based plastic zone is

According to the Egs. (6)—(10), the velocity discontinuity
only occurs on a-/ and a-g interfaces. The velocity diff-
erence at a-h interface is

cos @

s1n((o+,3)

The velocity difference on pile-soil interface a-g is

Avi= (1)

(25 +mt)

Ava=|1-— - Vo
2% sec Bsin(@+ f)c(z)

(12

3 External power and internal energy
consumption rate

The upper bound theorem of limit analysis shows
that in any hypothetical upper bound mechanism that
satisfies the velocity compatibility condition, the internal
energy consumption rate must be no less than the power
done by the external force (external load and gravity). In

the Tresca material, the upper bound theorem is expressed
[21]
as

[ Tvds+] fvd

v+ s,Avda (13)

where S is the boundary where the actual damage load
T; acts; V' is the action zone of the body force f;; &
is the maximum principal strain rate; 4 is the area of the
velocity discontinuity surface; and Av, is the velocity
on the discontinuity surface.

In the theoretical derivation process of this paper, the
internal energy consumption rate includes the energy
consumption rate on the velocity discontinuity surface and
the energy consumption rate in the streamline velocity
based plastic zone. The external power is the virtual
power done by the ultimate load and gravity.

3.1 Calculation of internal energy consumption rate

By examining the velocity fields of the streamline
velocity based plastic zones 11, Il and IV, it can be seen
that there is no friction energy consumption on the outer
boundary p-j-i-h of the streamline velocity based plastic
zones, and the work done by the internal force only occurs
inside the zones. In the cylindrical coordinate system,

https://rocksoilmech.researchcommons.org/journal/vol44/iss7/3
DOI: 10.16285/j.rsm.2022.6185

|é

1/, . 5
max i = E(g'gi + \/86’1'2 + 47721 4grtgzt ) ( 15)

According to the geometric relationship of the mec-
hanism in Fig. 3(a), the energy consumption rate £ of
the streamline velocity based plastic Zone II is

21 pbcos@cos(f+@)secf priang+btan f .
=[] [ 2l¢|  rdrd@dz +
(b-r)tan B max 2
2w pb (b—r)cote .
[ [ 20¢|  rdrd6dz (16)
0 Jbcosgcos(f+p)secfJ(b—r)tan max 2

The energy consumption rate £3 of the streamline
velocity based plastic Zone I1I is

E =

2n bsecﬂsm ﬂ+(p
LT J "o,
beos pcos(f+@)sec B (b—r)cotp

J-zn J~b+bsccﬂsin(ﬁ+¢) J-\/(bsccﬁsm(pw))z—(r—b)2

0

,rdrd@dz +

2|¢|, . rdrd6dz

a7
The energy consumption rate £ of the streamline
velocity based plastic Zone IV is

E = [ o) [(72l4],,. ,rdrd6dz (18)

The friction energy consumption rate Es on velocity
discontinuity interface a-h is

E, = Jjn I: LUH) wh Avs rdrd8dz =

21 ¢b p(b-r)tan
I ‘[ I Avs
0 0J0

" sin(g+ f)
The friction energy consumption rate Es on pile-soil
interface a-q is

21 ¢b oL 21 b oL
E, =j0 jo jo a5, Av,rdrd6dz = jo jo jo @,
. (25 +mr)
s [1-
! 2t% sec fsin(@+ f)c(z)

where ¢ is the roughness coefficient of the outer wall
of the pile.
3.2 External power calculation

The external power to be calculated in this paper is

OS¢ __, rdrd@dz (19

v,rdrd@dz (20
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the power of gravity:

Power of pile weight ~ Power of soil weight

E,= yvmb’L +ZIV yv.dV, =

}/pvonsz + KZ_[V v, dV,

where ¥, and 7, are the effective unit weight of soil and
the average equivalent unit weight of pile, respectively.

According to the upper bound theorem, the problem
of determining the ultimate bearing capacity of the uplift
pile using the upper bound method can be transformed
into the following mathematical optimization problem,
in which the parameters to be optimized are the shape
control parameters  and @ of the pile bottom failure
mechanism and the shape optimization parameters s and
t of the pile side failure mechanism.

Q2D

Plastic strain energy ~ Firction energy

. consumption rate consumption rate Gravity power
mn| ————— —— i
v O _ |E+E+Ex E+E + &
¢ mhs, V'S,
Gravity item
Nfo+[(7p—7s)L/Sub] (22)

C

where N, is the bearing capacity coefficient; N, is the
net bearing capacity coefficient of the closed-ended pile.

In Egs. (6)—(22), the upper bound solution of the uplift
bearing capacity of the closed-ended pile (see Fig. 3(a))
is derived. The upper bound calculation of the open-ended
pipe pile (see Fig. 3(b)) is similar to that of the closed-ended
pile. The difference is that there is a soil plug with a height
of &L (0<<£<C1, where £ is the soil-plug height factor)
in the pipe pile mechanism. Accordingly, the upper bound
optimization parameter, i.e., virtual velocity Av, of soil
plug motion (0<<A<:1, where A is the multiple) is introduced.
At the same time, considering that the roughness of the
inner and outer walls of the pipe pile may be different,
it is necessary to distinguish the roughness coefficient
o, of the outer wall of the pipe pile and the roughness
coefficient ¢, of the inner wall of the pipe pile when
calculating the upper bound of the open-ended pipe pile.
Obviously, in the optimization process of the upper bound
solution, when A4 = 0, the soil plug does not move, and
the soil around the pile does not flow. The mechanism
failure occurs on interface a-q of the pile side wall in a
“local” failure form. When A = 1, the soil plug and the
pile are pulled out at the same speed, and the mechanism
failure occurs on p-j-i-h failure line in a “whole” failure
form. The specific calculation process is not repeated
here. It just needs to rewrite v, in Eqgs. (6) to (10) as
Av, . It should be noted that the calculation of the friction
energy consumption £7 between the inner wall of the pipe
pile and the soil plug is

E ="' as, (1= 2) vyrdrd6dz

It should be noted that many scholars (such as Randolph
et al.’], Nicola et al.[*?), etc.) pointed out that during the

(23)
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formation of soil plugs in pipe piles, the soil at a certain
depth in the pipe wall will be compressed. It may lead to
the increase of the soil density (unit weight) at this depth.
However, this mechanism is too complicated to be quan-
titatively described in the current study. In order to simplify
the calculation, this section does not consider the change
in the weight of the soil plug in the pipe pile caused by
the penetration of the pipe pile, and assumes that the
average strength of the soil inside the pipe pile is the
same as that outside the pipe pile. Therefore, the bearing
capacity coefficient of the uplift pile considering the soil
plug is

Plastic strain energy Firction energy

.| consumption rate consumptionrate  Gravity power
min —~
Ne @ _  |BAEAEAEESE +
c 2 2
mb’s,, VTS,
Gravity item
/—_/\—ﬁ

2

Ny +[ G, [(bs,,) ] (24)

where G, is the effective weight of the pipe pile (N);
Ng is the net bearing capacity coefficient of the open-
ended pipe pile. From Egs. (22) and (24), one can see
that the gravity term does not affect the optimization results
of the bearing capacity coefficient N, . Therefore, only

the net bearing capacity coefficients Ng and N are
discussed in following sections.

4 Comparative verification

To verify the rationality of the upper bound mechanism
in this paper, firstly, the calculation results are compared
with the results of the API method and the finite element
method, as well as the lower bound results in the existing
literature. Then, the calculation results of this paper are
compared with the measured data by combining some
experimental data. It is noted that the roughness coefficient
of the pile wall in the case analysis is taken according
to the method recommended by literature [23].

4.1 Comparison with API method, finite element
method and lower bound solution

In this paper, the elastoplastic finite element analysis
is carried out by using the axisymmetric module of Plaxis
software, and the results of the lower bound method in
literature [24] are sorted out. The results of the upper bound
analysis in this paper are compared with the results of
the API method, elastoplastic finite element method and
lower bound method. The finite element calculation is
performed using the Plaxis software (version CE v20),
which is widely used in the field of geotechnical engineering.
The typical mesh division of the model is shown in Fig. 4.
To eliminate the influence of the model boundary, the
horizontal width of the model is 105 and the vertical height
is 3L. The model adopts the 15-node axisymmetric mesh.
The model is divided into 1 315 elements and 4 956 nodes.
The linear elastic constitutive model is adopted for modelling
pile with the elastic modulus of 1x10° kN /m? and Poisson’s
ratio of 0.3. The pile can be approximated as a rigid body
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in the calculation. The Tresca constitutive model with
elastic-perfectly-plastic is used for soil. The undrained
strength of soil is s, = 20 kPa; and the elastic modulus
is E = 200sy; and the Poisson’s ratio is set as 0.499 to
simulate the undrained condition. In this model, the pile-
soil contact surface is set as the interface characteristics
provided by the Plaxis software, which is consistent with
the definition of the pile side roughness coefficient. Fig. 5
shows the comparison of the calculation results of the
bearing capacity of closed-ended uplift piles in homo-
geneous clay. It can be seen that the results of this paper
have the same trend with the results of the API method,
finite element method and lower bound method. The average
error of the results of this paper is about 10% compared
with the finite element results, and the average error compared
with the lower bound method is about 15%. It verifies the
rationality of the present calculation method. The figure
also displays that under the same roughness coefficient
of the outer wall, the uplift bearing capacity calculated
by the API method is lower than the results of the upper
bound method, the elastic-plastic finite element method
and the lower bound method. It is worth noting that the
calculation results of the API method are about 7% lower
than the results of the lower bound method on average.
It confirms the conservative trend of the API calculation
method. Fig. 6 shows the velocity field nephogram of
closed-ended uplift piles with different length—diameter
ratios (L/B =5, 10 and 15) in homogeneous clay. The
failure mechanism presents a form of “outward expansion”.
The horizontal failure area increases obviously as the
length—diameter ratio increases, which is similar to that
reported in literature [22].
b, 106

2L

Fig.4 Typical finite element mesh

4.2 Comparison with centrifugal tests

Jirasak!® carried out centrifugal model tests on uplift
piles at National University of Singapore. The test was
performed under a gravity of 100g, and the Malaysian
kaolin with a saturated unit weight of 16 kN /m* was used.
The distribution of soil strength along the depth after con-
solidation measured by T-bar penetrometers was s,, =
19+z (z is the depth (m)). The test pile was an aluminum
closed-ended pile with a diameter of 1.2 cm, corresponding
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Fig.6 Failure mechanisms of uplift piles in homogeneous clay

to the prototype diameter of 1.2 m. The test measured the
bearing capacity of uplift piles with different length—diameter
ratios. The measured bearing capacity was normalized
and compared with that of this paper, as shown in Table 1.
It shows that the calculation results of this paper are in
good agreement with the measured results of centrifugal
tests. The calculation results of this paper are slightly larger
than the measured values. The average error is 10.4% and
the minimum error is 4.0%. It proves that the method
proposed in this paper has good reliability.

Table 1 Comparison of N. among the present upper-bound
solutions and centrifuge test results>’!

o e Lot SO AU Ny
) /m /kPa  /MN ¢ N,
TIB 1.2 13.3 19+z 1.30 33.0 37.0
T1C 1.2 14.0 19+z 1.19 32.0 35.0
TI1D 1.2 5.5 19+z 0.73 25.0 26.0
T2D 1.2 8.0 19+z 0.84 26.0 32.0
T3D 1.2 14.2 19+z 1.50 36.9 41.3
TI1E 1.2 13.2 19+z 1.28 32.5 41.2
T2E 1.2 12.3 19+z 1.21 31.6 39.7
T3E 1.2 11.7 19+z 1.20 32.0 36.0
TIF 1.2 13.3 19+z 1.25 31.6 33.6
T2F 1.2 129 19+z 1.34 343 40.5
T3F 1.2 12.3 19+z 1.27 333 345

4.3 Comparison with actual project (Case 1)

Case 1 is the uplift tests of offshore platform cast-in-
place piles carried out by Clarke et al.l*) in the “West
Sole field” site in the North Sea, Europe. According to
the geological survey report, the site soil is dominated
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by silty clay. The average unit weight of soil is 18 kN /m?,
and the diameter of test piles is 0.76 m. The length—diameter
ratio of test piles and the distribution of soil strength in
different sites are summarized in Table 2. From the com-
parison between the measured bearing capacity and the
calculated bearing capacity of the present method in
Table 2, it can be seen that the maximum error between
the two is 11.3%, and the minimum error is 2.7%. The
error range is relatively small, which verifies the rationality
of the calculation method proposed in this paper.

Table 2 Comparison of N. among the present upper-bound
solutions and filed test results of Case 1

Test .Plle Length—diameter Soil — Actual Measurement This
No diameter ratio L/B strength  load N paper
: /m /kPa /kN ¢ N,
A6T  0.76 7.9 200+6z 2371 222 23.7
A12T  0.76 15.8 200+6z 4349 37.8 38.0
A15T 0.76 19.7 200+6z 5100 38.8 432
AI8T 0.76 23.7 200+6z 6 568 47.0 48.9

4.4 Comparison with actual project (Case 2)

Case 2 is the in-situ uplift tests conducted by Almeida
et al.*"! at four clay test sites. The geometric dimensions
of the test piles and the strength distribution of soil in each
site are shown in Table 3. It shows that the average error
between the results of this paper and the measured results
is 12.6%, and the minimum error is 6.4%. The present
calculation method overestimates the actual bearing capacity
but the error is still in a small range.

Table 3 Comparison of Nc among the present upper-bound
solutions and filed test results of Case 2

Test No. diaPanZter Length'—diameter stri(r)lgth Alg;udal Measurement p—{a;k}])l:r
m ratio L/B /kPa AN N, N,
LISDB2  0.812 12.3 8.5+0.7z 377 471 50.0
HAGA-B6 0.153 32.7 40.0 60 833 85.1
HAGA-A15 0.153 32.7 40.0 54 754 85.1
HAGA-A16 0.153 327 40.0 56 77.7 85.1
CWDNC  0.305 29.5 64.0+4.0z 400 54.8 59.6
CWDNE  0.305 29.5 64.0+4.0z 380 52.1 59.6

5 Parametric study and result analysis

To explore the influence of the length—diameter ratio,
soil strength, soil—plug height, and roughness of inner and
outer walls of the pipe pile on the upper bound uplift bearing
capacity, detailed parametric analysis is carried out in this
section.

5.1 Calculation results of upper bound net bearing
capacity for closed-ended piles

Figure 7 shows the relationship between the normalized
net bearing capacity coefficient of the closed-ended pile
and the length—diameter ratio, the roughness coefficient
of the outer wall and the non-uniformity coefficient of
soil strength. One can see that there exists an approximate
linear relationship between the normalized net uplift bearing
capacity coefficient of the closed-ended pile and the
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length—diameter ratio (L/B) of the pile. The normalized
net uplift bearing capacity coefficient increases with an
increase in the roughness coefficient of the outer wall of
the closed-ended pile and the non-uniformity coefficient
of soil strength on the pile side. However, the roughness
coefficient of the pile wall has a greater influence on the
net bearing capacity than the non-uniformity coefficient
of soil strength. To provide a convenient prediction formula
for the bearing capacity of the closed-ended pile, nonlinear
regression analysis is carried out based on the calculation
results of parametric analysis in Fig. 7. The final prediction
formula for the net bearing capacity coefficient is expressed
as follows:

oL L
NS, (E’ o, nj =[ (204 +0.25)77+ 204 + 0.5]E +

(0250, +1.2)17 + (e, +8.25) (25)

The final goodness of fit (the ratio of the sum of squares
in regression analysis to the total sum of squares) is R*> =
0.991. It suggests that the objective function can well
reflect the upper bound calculation results.

agl20p =10 gh00 =10 es120r o7=1.0

Z | -op=05 e =20 =05
E100f Z100k 07705 =100k T

k5 a-1=0 5100 =0 B0 Ap=0

g S 5

80 E 80k = 80F

[ (5] (3

3 3 3

> 60 > 60 > 60F

2 40 2 40 3 40f

e 20fz en 2057 on 20

g g g

§ ol 1+ 1 11 3 § bt § 0

f 246 810121416% 2468 10121416f 246 810121416
Z  Length—diameter 2 Length-diameter 2  Length—diameter

ratio L/B ratio L/B ratio L/B
(@) og =1 (b) =05 (c)an=0

Fig.7 Variation of Ng with L/B for closed-ended piles

5.2 Calculation results of upper bound net bearing
capacity for open-ended piles

Figures 8, 9 and 10 show the variation of the ratio
(Ng / Ng ) of the net uplift bearing capacity coefficient
of the open-ended pipe pile to that of the closed-ended
pile with the length—diameter ratio L/B when the non-
uniformity coefficient 77 of soil strength on the pile side
is 1.0, 0.5 and 0, respectively. It can be seen from Fig. 8
that when the soil plug is full of the pipe pile and the inner
wall is completely rough (i.e., £=1(1 e, =1), the net
uplift bearing capacity coefficient of the open-ended pipe
pile is the same as that of the closed-ended pile ( N / o=
1). It indicates that in this case the bearing behavior of
the open-ended pipe pile is the same as that of the closed-
ended pile. It should be noted that the net uplift bearing
capacity coefficient of the pipe pile is always 0 when the
inner and outer walls of the open-ended pipe pile are
completely smooth.

Apart from the above two extreme cases, one can see
from Figs. 8, 9 and 10 that the ratio of the net uplift bearing
capacity coefficient of the open-ended pipe pile to that
of the closed-ended pile increases with the increase of
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the length—diameter ratio L/B. When the roughness
coefficient ¢, of the outer wall of the pipe pile and the
roughness coefficient «, of the inner wall are fixed,
the net uplift bearing capacity of the pipe pile increases
with the increase of the height coefficient & of the soil
plug. It proves that the soil plug has a non-negligible
influence on the uplift bearing capacity of the pipe pile.
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Figures 8, 9 and 10 show the relationship between
the net uplift bearing capacity coefficient of pipe pile and
the pile length—diameter ratio, and the height of soil plug.
Further studies are carried out on the influencing factors
such as the soil non-uniformity coefficient and roughness
of the pile inner and outer walls combining Figs. 8, 9 and
10 as well as Eq. (25). As shown in Fig. 11, when the inner
and outer walls of the pile are completely rough and the
soil plug height is 0.5 times the pile length (£=0.5), the
net uplift bearing capacity coefficient of the pipe pile
increases with the increase of the soil non-uniformity
coefficient. Fig. 11 illustrates the relationship between
the net uplift bearing capacity coefficient of the pipe pile
and the roughness coefficient of the outer wall when the
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inner wall of the pipe pile is completely rough and the
height of the soil plug is 0.5 times the pile length (=
0.5). Fig. 12 shows that the net uplift bearing capacity
increases with the increase of the roughness coefficient
of the outer wall. However, when the length—diameter
ratio is small, the increase is not obvious. When the
length—diameter ratio is large, the roughness coefficient
of the outer wall of the pipe pile has a more significant
effect on the net uplift bearing capacity coefficient.
Figure 13 shows the relationship between the net uplift
bearing capacity coefficient and the roughness coefficient
of the inner wall when the outer wall of the pipe pile is
completely rough and the pipe pile is filled with the soil
plug (¢ =1 & =1). It can be seen from the calculation
results that the roughness coefficient ¢, of the inner wall
of the pipe pile affects the net uplift bearing capacity
coefficient, and the influence is more significant for pipe
piles with small length—diameter ratios. For pipe piles
with different length—diameter ratios, when the roughness
coefficient o, of the inner wall of the pipe pile is small,
the net bearing capacity coefficient Ng increases linearly
with ¢, , and finally no longer increases after reaching
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Fig. 11 Variation of Vg with 77 for open-ended pipe piles

the maximum bearing capacity. This is mainly attributed
to the fact that when the roughness coefficient of the inner
wall of the pipe pile is small, the mechanism failure occurs
on the pile wall, and the bearing capacity increases with

the increase of the roughness coefficient of the inner wall.

When the roughness coefficient reaches the critical value,
the mechanism failure exhibits an overall failure. In this
case, the failure mode of the open-ended pipe pile is the
same as that of the closed-ended pile.
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6 Conclusions

In this paper, the upper bound analysis mechanism
and the kinematically admissible velocity field of the
uplift pile in saturated clay are constructed. Then, the
upper bound solution of the uplift bearing capacity is
derived. Finally, the proposed method is extended to the
calculation of the uplift bearing capacity of the pipe pile
considering soil plug. Specific conclusions are drawn as
follows:

(1) This paper makes up for the conservative deficiency
of the existing API calculation method. Through the example
analysis and engineering case comparison, it shows that
the calculation results of this paper are in good agreement
with the test results, which verifies the feasibility and
rationality of the theoretical analysis. Through parameter
analysis, this paper gives the prediction formula of the
upper bound uplift bearing capacity of the closed-ended
pile and the ratio of the net bearing capacity of the open-
ended pipe pile to that of the closed-ended pile. The results
can provide significant references for future research.

(2) For the closed-ended pile, the normalized net uplift
bearing capacity coefficient is approximately linear with
the length—diameter ratio of the single pile, and increases
with the increase of the roughness coefficient of the outer
wall and the non-uniformity coefficient of soil strength
on the pile side. However, the roughness coefficient of
the pile side has a greater influence on the net bearing
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capacity coefficient than the non-uniformity coefficient
of soil strength.

(3) For the open-ended pipe pile, the net uplift bearing
capacity of the pipe pile increases with the increase of
the height of the soil plug. The soil plug has a non-negligible
influence on the uplift bearing capacity of the pipe pile.
The ratio of the net uplift bearing capacity coefficient of
the open-ended pipe pile to that of the closed-ended pile
increases with the increase of the length—diameter ratio
L/B. When the soil is full of the pipe pile and the inner
wall is completely rough, the net uplift bearing capacity
coefficient of the open-ended pipe pile is the same as that
of the closed-ended pile. The possible mechanism is that
when the roughness coefficient of the inner wall of the
pipe pile is small, soil failure occurs on the wall of the
pipe pile, and the bearing capacity will increase with the
increase of the roughness coefficient of the inner wall.
When the roughness coefficient reaches a certain value,
the mechanism failure exhibits an overall failure. In this
case, the failure mode of the open-ended pipe pile is the
same as that of the closed-ended pile.
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