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Considering that the pile foundation is widely used in soft soil, in order to improve the prediction accuracy of the vertical
ultimate compressive bearing capacity of a single pile, this paper puts forward a calculation model of the pile side friction
resistance in homogeneous soil based on the previous research and further deduces the calculation method of pile body
internal force in layered soil under the influence of gravity field. In this research, the transmission of load along the pile
body is related to the previous research on the ultimate end resistance, and an analytical calculation for the vertical
ultimate compressive capacity of a single pile is proposed. The novelty of the method is that the ultimate bearing capacity
is solved from the perspective of force transfer while considering its own gravity, making the results more accurate. In
order to verify the reliability of the method, four engineering test piles in the soft soil area of Suzhou, China, were
selected, and it is indicated that the results of the static load test and finite element simulation are consistent with the
proposed method, proving that the method proposed in this paper for predicting the vertical ultimate compressive bearing

capacity of single pile in soft soil area has an excellent effect.

1. Introduction

As a bearing structure, the pile is widely used in foundation
reinforcement, and predicting pile bearing capacity is essen-
tial to work. Predecessors have done much research on this
[1-4]. Conte et al. [5] proposed a simple method to evaluate
the bearing capacity of piles under oblique loads. Liu et al.
[6] deduced the calculation method of bearing capacity of
Single Squeezed Branch Pile based on the load transfer
method. Guo et al. proposed a method for calculating the
ultimate vertical bearing capacity of SDRN piles considering
two damage modes [7]. Pu et al. proposed a method for cal-
culating the ultimate bearing capacity of uplifted piles in
geotechnical bodies [8]. The above methods promote the
progress of the prediction level of ultimate bearing capacity
of monopiles, but do not sufficiently consider the influence
of the pile’s gravity. In addition, some researchers have also
used artificial intelligence techniques to establish the ulti-

mate bearing capacity prediction models [9-14], and these
methods do not require specific formulas and thus have con-
venient features. However, the establishment and develop-
ment of prediction models require the collection of a
sufficient number of valid test data.

Numerical simulations are also an important way to study
the load-carrying capacity of piles [15-17]. Kong et al. used
FLAC 3D numerical modeling technique to gain insight into
the load carrying capacity of wedge piles [18], and the results
showed that the expanded bottom wedge pile is a cost-
effective pile that can improve the vertical load carrying capac-
ity under compressive and pullout loads. Elsherbiny and Nag-
gar evaluated the compressive capacity and load transfer
mechanism of helical piles in sand and clay using a validated
finite element model [19]. Saggu and Chakraborty investigated
the interaction between energy piles and soil in sandy soils
using the finite element software Abaqus to explore the factors
influencing the bearing capacity [20]. Nowkandeh and


https://orcid.org/0000-0002-3190-8180
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/1661379

Choobbasti used finite element (FE) models to study the axial
compressive performance of helical piles in sandy and cohe-
sive soils, obtained the failure mechanism of pile groups, and
provided recommendations for the design of helical pile
groups using analytical equations [21]. Although the numeri-
cal simulation approach can provide more comprehensive
data on the piles when they are subjected to loads, the model-
ing is generally complex and requires a reasonable intrinsic
model to be assigned to each entity [22-25].

A static load test is common and effective for predicting
bearing capacity at construction sites [26, 27]. Mishra [28]
summarized and compared the results of load settlement
curves in static load tests in the Bombay area with methods
for predicting the ultimate bearing capacity of rock-inlaid
piles such as De Beer’s method (1967) [29], Chin-Kondner
Extrapolation method (1970) [30], Decourt’s method
(1999) [31]. Alielahi and Adampira [32] compared the
results of static load test load settlement curves based on
the Shahid Rajaee Port Complex Development Project in
the south of Iran case study between the API [33] method
and AASHTO [34] method for predicting the bearing capac-
ity of monopiles. In general, the static load test is a costly
and has a delayed prediction method. The prediction of
the ultimate bearing capacity of monopiles based on the load
tests of CPT and CPTU is a simple and fast prediction
method [35-38]. Two parameters, cone tip resistance and
sidewall resistance, are obtained from the CPT tests, which
can be used to classify the soil layers and estimate the
strength and deformation characteristics of the soil at differ-
ent depths to provide data support for the ultimate load
capacity prediction. However, the final ultimate bearing
capacity prediction results are derived from empirically gen-
erated equations, and empirical values are often a major
source of error.

Soft soil is an inevitable form of soil. The poor bearing
capacity of foundation in soft soil areas is an important rea-
son for some engineering accidents. Whether some of the
above methods can meet the accuracy requirements for pre-
dicting the monopile bearing capacity in soft soil areas needs
to be further verified. The purpose of this paper is to propose
a method for predicting the ultimate bearing capacity of
monopiles suitable for the prediction accuracy in soft soil
areas from the perspective of force transfer and considering
the influence of the pile’s own gravity.

The research line of this paper starts from the character-
istics of load transfer mode and pile end damage. The
method of Randolph [39] can well express the transfer law
of pile top load along the pile body. Based on this, the author
considered the limit pile lateral friction resistance limit, con-
sidered the effect of gravity, and proposed a pile lateral fric-
tion resistance calculation model for pile sections in
homogeneous soil. In this paper, this calculation model is
introduced into the laminated soil, thus further revealing
the transfer law of pile top load along the pile body in the
laminated soil. When piles in soft soil areas are subjected
to ultimate loads, the soil at the pile end undergoes a severe
squeezing tendency, and Janbu [40] proposed pile end defor-
mation characteristics that match this. Its ultimate end resis-
tance calculation method can be well coupled with the force
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characteristics of the pile in the upper soft soil region when
the overall shear deformation occurs. The author establishes
a unified connection between the above-mentioned transfer
law of pile top load and the study of ultimate end resistance
and proposes an analytical equation to calculate the vertical
ultimate compressive bearing capacity of monopiles in soft
soil areas.

The advantage of the analytical equation proposed in
this paper for calculating the vertical ultimate compressive
bearing capacity of the monopile in soft soil area is that it
can start from the perspective of transferring the load at
the top of the pile along the pile body, consider the limita-
tion of the ultimate pile lateral friction resistance, consider
the influence of the pile’s own gravity, coupled with the ulti-
mate end resistance calculation method proposed by previ-
ous authors according to the deformation characteristics of
the pile end, which makes the final monopile vertical ulti-
mate bearing capacity prediction results more accurate.

As shown in Figure 1, in order to test the reliability of the
prediction method in this paper, four engineering test piles in
Suzhou, China, were chosen to carry out static load tests on-
site. As a reliable bearing capacity detection method, the static
load test can get the bearing capacity of single piles according
to the characteristics of the load settlement curve, and the
result is consistent with the predicted value. Finally, based on
the field engineering situation, the finite element method sim-
ulates the loading process of four test piles, and the result is
further compared with the data output by this prediction
method from the aspects of deformation characteristics and
structural stress. It is found that the deformation characteris-
tics of the soil around the pile and the variation trend of the
axial force along the pile shaft obtained by the simulation are
consistent with the corresponding predicted results. In gen-
eral, two research methods, static load test and numerical sim-
ulation, are chosen to corroborate the reliability of the newly
proposed analytical equations for calculating the vertical ulti-
mate compressive load capacity of monopiles in soft soil areas.
The corroboration shows that the method proposed in this
paper is a simple, economical, and accurate method for pre-
dicting the vertical ultimate compressive load capacity of
monopiles in soft soil areas, which provides valuable experi-
ence for similar projects.

2. Calculation of Vertical Ultimate Compressive
Bearing Capacity of Single Pile in Soft
Soil Area

The approximate derivation line of the method is given as
shown in Figure 2. The vertical ultimate compressive load
capacity prediction method for monopiles proposed in this
paper consists of two parts, one of which is the further der-
ivation of the load transfer law in morphogenic soils based
on Randolph’s study on the internal forces of pile bodies in
homogeneous soils, and the other part is Janbu’s study on
the ultimate end resistance of pile ends. In this paper, the
two parts were linked and the analytical equations for the
vertical ultimate compressive load capacity of a single pile
were constructed.
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Prediction method of vertical ultimate compressive
load capacity of monopile in soft soil area

Project case
four test piles in the
Suzhou, China area

Pt

v

In situ test: static load test

Finite element simulation

Compare and verify the reliability
of the method in this paper

F1GURE 1: Proof route of the method in this paper.

2.1. Calculation of Pile Side Friction Resistance and Pile End
Resistance in Layered Soils. In homogeneous soils, Randolph
[41] proposed a method for calculating pile end resistance.

p=p. (4n/((1 = v,)§))(1cosh (L)) W
PR (n/((1=v)8)) + p(2n/C) (tanh (uL)/uL)(Liro)
Here,
n= LO’
Ty

_ Y9
P G 2)
_GL
E_@’
E
G =5,
2(1+v5)

where p, is the load on the pile top, L is the pile length, r,, is the
influence radius of the pile, r,, is the radius of the pile, r,, is the
radius of the pile end, v, is the Poisson’s ratio of the soil layer,
p is the soil inhomogeneity coefficient around the pile, G, is
the average shear modulus within the pile length, G; is the
shear modulus of the soil at depth L, E_ is Young’s modulus
of the soil layer, G, is the shear modulus of the soil at the pile
end, and E, is the elastic modulus of the pile.

For cylindrical piles, =1, p=1, and £ = 1. In this paper,
considering the influence of the pile gravity G, Equation (1)
can be further transformed into

(4n/1 = v)(1/cosh (uL))
(4n/(1 =v,)) + (2m/¢)(tanh (uL)/uL)(L/r,)
(3)

py=(p:+G)-

Thus, the pile side frictional resistance is calculated as
follows.

p=p+G=p,=(p,+G)
(4n/1 = v )[1 = (1/cosh (uL))] + (2m/¢)(tanh (uL)/uL)(L/r,)
(4n/1 —v) + (2n/¢) (tanh (uL)/puL)(L/r,) '

(4)



Randolph once proposed an algorithm
for pile end forces in pile sections.
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pp=py.—L=v) & cosh (ul)
4n 2n tanh (uL) L

U-we 77w

Based on the calculation model of pile lateral friction
resistance of pile section, the calculation method of
pile end resistance in homogeneous soil is derived.

The calculation method of pile lateral friction
resistance ratio and pile end resistance ratio is derived.

[(1-K)(@p,+G)

Pt < Pr
P Pt
br P+ G-py Pt> P
bt

Introduced into the stratified soil, the calculation
of pile end resistance is derived.

n
Pon=peA1 i
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Based on the Randolph study, the effect of the influence of
the gravity of the pile material was considered and the
calculation methods for the pile end resistance and pile lateral
friction resistance of column piles were derived.

A model for calculating the pile-side frictional resistance of a
pile section is proposed, which takes into account the ultimate
pile-side frictional resistance of the pile section.

DPs

psf ............... :

Janbu once proposed a method to calculate
the unit ultimate pile end resistance.

7
Tpu =N+ 0 nqu

Combining the two parts, the analytical equation of
ultimate compressive bearing capacity of single
pile in stratified soil is established

n —_—
P ,11 lbi =nr2 (N, + o' wNy)

F1GURE 2: Derivation route of the calculation method.

The pile side frictional resistance increases with the load
on the pile top but is limited by the ultimate pile side frictional
resistance. In Equation (4), the limit of pile side ultimate fric-
tional resistance is not taken into account, which will be con-
sidered and corrected in the next part of this paper.

In this paper, the calculation model of the ideal elasto-
plastic double fold line is selected to describe the relation-
ship between the unit pile lateral frictional resistance and
the relative displacement of the pile and soil, as shown
below.

CsS S<S§,,
T= (5)
T $>S,,

N

where 7 is the pile side friction resistance per unit length
at the relative displacement, C, is the body shear deforma-
tion parameter, S is the pile-soil relative displacement, S,
is the ultimate elastic displacement of the soil around the
pile, 7, is the ultimate pile side friction resistance. The
calculation model is shown in Figure 3.

S, S
F1GURE 3: Calculation model of the ideal elastoplastic double fold
line.

According to the previous research [31], the unit limit
pile lateral friction resistance can be calculated using the fol-
lowing equation.
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TaABLE 1: The recommended value of §.

Engineering status ) Derived from
Smooth concrete piles (0.8~1.0)p Kulhawy [42]
Concrete pile, clay, and silt 21.30~31.60 Liu and Zhu [44]
Smooth H-piles steel or pipe piles (0.5~0.7)¢ Kulhawy [42]
Pipe pile, dense sand 29.40 O’Neill and Raines [45]

Driven pile, sand

N

Py

280~300 Jardine [46]
7A
% T —._
¢ /-
S, S
A
(271 RS _.—
¢/
S, S
A
Tyl
CS
S, S

FiGURre 4: Ultimate pile side friction resistance per unit length at each point in the pile section.

where K is the lateral pressure coefficient; K, is the in situ
earth pressure coeflicient, and it can be estimated through
the equation K, =1-sin¢; & is the friction angle at the
pile-soil interface; ¢ is the effective internal friction angle
of the soil on the pile side; &, is the effective overburden
weight at a given depth; y is the soil capacity. As for the
value of K, Kulhawy [42] suggested that the value of K/K|
should be in the range of 0.7 to 1.2 for smooth H-shaped
piles, steel pipe piles, and small displacement concrete piles.
For smooth H-shaped piles, steel pipe piles, and large dis-
placement concrete piles, the value of K/K, should be in
the range of 1 to 2.

Some researchers have summarized the suggested values
of § [43], as shown in Table 1.

s

Poffovoi .

Pt P

F1GURE 5: Calculation model of pile side friction resistance of pile
section.
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> Ps2
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4’ Psu

F1GURE 6: Load transfer schematic.

Regarding §, another calculation method is given by  in Figure 4, the pile side frictional resistance per unit length

researchers as follows [47]: of the pile segment has also reached the ultimate value.
Therefore, for a pile segment, the ultimate pile side fric-
: tion resistance is
6 = arctan [M] 7)
1 +sin“g
I, (&) o= [o(3) s
o =2mry | Tg,d(h)=2nr K,( — ) tan — J s
Py of (h) o®olx, ¢ p hlV

In homogeneous soils, when the pile segment is sub-
jected to the ultimate pile side frictional resistance, as shown (8)
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FIGURE 7: Pile end damage pattern.
TABLE 2: Soil layer parameters of 4 test piles.

Number Name of soil layer TS1 Tr};lzcknessl%r;) TS3 v, c, @(°) y(kN/m?) E,(kpa)
1 Plain fill 1 2.63 3.82 2.55 0 0.18 18 12.3 18.7 54600
2 Plain fill 2 0 0 0 2.61 0.375 12 10 18.92 36360
3 Silty clay 1 1 2.2 2.2 0 0.37 31 13.7 19 68850
4 Muddy silty clay 1 2.6 2.2 2.3 0 0.42 10 8.6 17.7 34950
5 Muddy silty clay 2 0 0 0 4 0.394 10 16.1 19.06 23100
6 Silty clay 2 4.6 4.6 4.2 0 0.31 25 15.4 18.8 73050
7 Silty clay 3 0 3 0.310 24.3 16 19.14 39780
8 Silt mixed with silt 1 0 4.6 0.281 7 23.8 19.21 46260
9 Silt mixed with silt 2 0 7.9 0.254 4 30.9 19.62 52500
10 Silty sand, mixed with silt 53 53 6.48 0 0.28 4 29.6 19.2 149700
11 Muddy silty clay 3 0 0 0 6.89 0.329 24.9 14.9 18.4 28200
12 Clay 7.07 6.98 7.62 0 0.25 59 13.2 20.1 130200
13 Silty clay, intercalated clay 0 0 4.65 0 0.28 423 14 19.7 113550
where h, is the starting height of the pile section; h, is the K\(p;+G) p,<pus

ending height of the pile section. Let Ps= { » p>p (10)

sf t 7 P

K = (4n/(1 = v,))[1 = (1/cosh (uL))] + (27/¢)(tanh (uL)/uL)(L/ry) A

! (4n/(1 = v,)) + (2m/C) (tanh (uL)/uL)(L/ry)

©)

After considering the limit pile side friction resistance
limit in the pile section, then the modified pile side friction

of this paper is calculated as follows.

where p,, is the load on the pile top corresponding to the
limit of pile side friction resistance, and its value can be
back-calculated from Equation (4), ie: p,, = (py/K;) - G.
The model for calculating the pile side friction resistance
of the pile section is shown in Figure 5.
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TaBLE 3: Pile end parameters.

Pile number Soil at the end of the pile Pile length (m) ¢ y(o) N, o, N, Dpu(kN)

TS1 Clay 23.2 59 70 7.775 376.873 2.834 430.575

TS2 Clay 25 59 70 7.775 406.031 2.824 453.854

TS3 Muddy silty clay 3 29 249 70 8.426 458.354 3.242 479.492

TS4 Silty clay, intercalated clay 30 423 70 8.073 485.063 3.013 509.743

Ultimate pile side friction resistance (kN)

0 100 200 300 400
0 I , I , I , I

500 600 700 800 900 1000

J 1
1 L

12

15

Depth (m)

18
21—-
24—-
27—-

30 +

—— TS1 (Pile length = 23.2 m)
—— TS2 (Pile length = 25 m)

—— TS3 (Pile length = 29 m)
TS4 (Pile length = 31 m)

FiGure 8: Ultimate pile side friction resistance of pile section.

Therefore, the pile side friction resistance ratio of this
pile section is

ptgptu
pt>ptu

(11)

Ps _ (Kl(Pt + G)/pz)
P

a: —
psf/pt

The pile end resistance of the pile section after correction
in this paper is

(1 _Kl)(Pt + G) P <P
py=pi+G-p;= (12)
pt+G_psf b > P

Thus, the pile end resistance ratio of this pile section is

b [(1=K)(p,+ Glp)
p=1b -
o | (pe+Gpylp.)

ptgptu
pt>ptu

(13)

In this paper, the method is introduced to the layered
soil, and the pile in each layer of soil is regarded as a new pile
segment, so the pile end resistance of the pile segment in the

previous layer is regarded as the axial force there and also
the load on the pile top of the next layer. The load transfer
schematic is shown in Figure 6.

As shown in Figure 6, p,; is the load on pile section i; p;
is the pile side friction of pile section i; p,; is the pile end
force of pile section i. Assuming that the pile corresponds
to a soil layer with » layers, after n transfers of the pile top
load along the pile body, the pile end resistance obtained is

Pon =Py Hbz (14)
i=1

where b; is the pile end resistance ratio of pile section i.

2.2. Ultimate Pile End Resistance. Janbu [40] proposed a cal-
culation method for unit ultimate end resistance based on
the ball hole expansion theory.

Ty =chC+0;qu (15)

where c_ is the cohesion force of the soil at the pile end; o/, is
the average effective pressure on the lateral side at the pile
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TaBLE 4: Load transfer data from top to bottom along the pile.

Name of soil layer

TS1

Undamaged test piles

TS2

TS4

Damaged test pile
TS3

Pile top load (kN)

Axial force (b;)
Axial force (b,)
Axial force (b;)
Axial force (b,)
Axial force (bs)
Axial force (bg)

1856.337
1853.493 (0.998)
1839.057 (0.992)
1792.943 (0.974)
1540.321 (0.859)
1186.001 (0.770)
430.576 (0.363)

2179.249
2160.054 (0.991)
2100.448 (0.972)
2039.467 (0.971)
1720.680 (0.844)
1290.531 (0.750)
453.854 (0.352)

3102.119
3100.038 (0.999)
3060.083 (0.987)
3007.357 (0.983)
2756.288 (0.917)
2254.137 (0.818)
1316.916 (0.584)

2362212
2367.140 (1.002)
2291.510 (0.968)
2174.308 (0.949)
1873.606 (0.862)
1287.498 (0.687)
479.491 (0.372)

Axial force (b;)

Ultimate pile end resistance (kN) 430.576

509.741 (0.387)

453.854 509.741 479.491

Secondary beam

Percentage meter

Counterweighting

Main beam
Support

abutment

Test pile

FIGURE 9: Field static load test device schematic diagram.

end plane. As described by researchers [48], N, and N, are
the dimensionless bearing capacity coeflicients that reflect
the cohesive force of the soil and the effect of lateral earth
pressure at the pile end plane, respectively. They can be cal-
culated by the following method.

N.= (N, -1) cot g,

c

2
N,= (tan e++/1+ tan2<p) e e, (16)

— 1+2K, ,

Oup = 3 Oyp>

where o/, is the effective vertical stress at the pile end; v is
the angle between the pile end compaction core boundary

TaBLE 5: Graded loading value of pile top load for each test pile.

Number of levels Pile top load (kN)

TS1 TS2 TS3 TS4
1 350 420 480 540
2 525 630 720 810
3 700 840 960 1080
4 875 1050 1200 1350
5 1050 1260 1440 1620
6 1225 1470 1680 1890
7 1400 1680 1920 2160
8 1575 1890 2160 2430
9 1750 2100 2400 2700
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Settlement (mm)

Settlement (mm)

Pile top load (kN)

0 200 400 600 800 1000 1200 1400 1600 1800 2000
) J R I N IR IO RO TS HEU R B

—_
(=]
|

12

14

—a— TS1
()
Pile top load (kN)

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
) J N P NN NN RN E MU SR N R B

—a— TS2
(b)

FiGure 10: Continued.

Geofluids
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Pile top load (kN)

300 600 900
0 P I R

1200

1500 1800 2100 2400
[ S R R

10

20

30

40 —

Settlement (mm)

50

60 —

70

—a— TS3

(0

Pile top load (kN)

0 300 600 900
0 L | L | L | L

1200
|

1500 1800 2100 2400 2700
L | L | L | L | L |

Settlement (mm)

—=— TS4

(d)

FiGURE 10: Static load test results. (a) TS1; (b) TS2; (c) TS3; (d) TS4.

and the horizontal plane in the failure mode of pile end soil.
The compressibility of soil can be determined by in situ test-
ing methods such as penetration tests. Generally, it is about
60° for soft clay and about 105° for dense sandy soil [48].

Combined with the above discussion, the ultimate pile
end resistance calculation method derived in this paper is
as follows:

(17)

_ 2 _ 2 N
Py =TTy Ty, =TT (Cch + Unqu) :

2.3. Analytical Equation of Vertical Ultimate Compressive
Load Capacity of Single Pile. The load on the top of the
pile is transmitted downward from the pile body to the
pile end. When the pile end resistance reaches the ulti-
mate value, the pile end will occur sliding shear failure,
and its shape is shown in Figure 7. At this time, the load
on the pile top is the ultimate bearing capacity of a single
pile.

Combining Equation (14) and Equation (17), the analyti-
cal equation for the vertical ultimate compressive bearing
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TaBLE 6: Comparison of vertical ultimate compressive load bearing capacity results.

Pile number =~ Whether to damage  Last load value (kN)

Vertical ultimate compressive load capacity

TS1 No 1575
TS2 No 1890
TS3 Yes 2160
TS4 No 2430

Maximum load value (kN) (kN)
Static load test result  Calculation results
1750 1750 1856.337
2100 2100 2179.249
2400 2160 2362.212
2700 2700 3102.119

capacity of a single pile in a layered soil is established as fol-
lows.

n _
P, Hbi=m’02 (chc+a;th). (18)
i=1

For load p,, if there is a corresponding pile end resistance
ratio by, ..., b, of each pile section, making Equation (18) ten-
able, the solution of the equation is the vertical ultimate com-
pressive bearing capacity of a single pile.

3. Application of Engineering Cases

In this paper, four engineering test piles with different
lengths, TS1, TS2, TS3, and TS4, were selected for the appli-
cation of the method in the soft soil area of Suzhou, China;
among them, TS1, TS2, and TS4 were nondestructible test
piles,while TS3 was a destructible test pile. The type of pile
is the bored pile. The design strength grade of concrete is
submerged C30. the diameter of all four test piles is 0.6 m.
As shown in Table 2, the calculated parameters of each soil
layer in this paper are extracted from the engineering geo-
logical survey report and summarized as follows: among
them, Poisson’s ratio v,, cohesion ¢, and internal friction
angle ¢ of the soil can be measured by triaxial tests; the den-
sity y and elastic modulus E of the soil can be measured by
indoor geotechnical tests.

The calculated parameters of the pile end for the four
test piles are summarized in Table 3. Among them, the value
of y, since the soil at the pile end consists mainly of clay, as
suggested by Zhang [48], is 70 degrees as taken in this paper.

The data in the table were substituted into the proposed
method to predict the bearing capacity of four engineering
test piles. Among them, the ultimate pile side friction resis-
tance p,, of each pile section is shown in Figure 8. The mag-

nitude of the vertical line represents the limit of frictional
resistance that can be achieved for each pile segment at each
depth. From the trend of the graph line, it is indicated that
the ultimate pile side friction resistance will increase with
the increase of depth, and the changing trend is the same
for each test pile.

The final bearing capacities of test piles TS1, TS2, TS3,
and TS4 calculated by this method are 1856.337kN,
2179.249kN, 2362.212kN, and 3102.119kN, respectively.
When the test piles are subjected to ultimate compressive
bearing capacity, the bottom axial force and pile end resis-

tance of each soil layer from top to bottom are shown in
Table 4.

4. Single Pile Static Load Test

In order to test the reliability of the method in this paper,
static load tests were conducted in the field on the four engi-
neering test piles mentioned above. The installation of the
field static load test is shown in Figure 9.

4.1. Testing Method. The test method of the vertical ultimate
compressive bearing capacity of the test piles in this project
adopts the slow maintenance load method. Testing was
based on the technical code for testing of building founda-
tion piles [49]. The reaction force of the load adopted the
reaction force device of the deadweight platform, and the
stack load required to be applied to the deadweight platform
is not less than 1.2 times the maximum load value of the pile
top load. The graded loading value of the pile top load of
each test pile is shown in Table 5.

4.1.1. Reading Method. After each level of load was applied to
the pile top, readings of pile top settlement were taken at the
5th, 15th, 30th, 45th, and 60th minutes. Thereafter, pile top
settlement readings were taken at 30-minute intervals.

4.1.2. Judgment Criteria for Settlement Stability. The settle-
ment stability is judged by the following criterion: under
each level of load, the settlement of the pile top is found to
be no more than 0.1 mm per hour in two consecutive tests.
When the settlement rate of the pile top reaches the relative
stability criterion, then the next level of load is applied.

4.1.3. Conditions for Termination of Loading. The technical
code for testing of building foundation piles stipulates the
following five conditions for termination of loading [49]:

(1) Under a certain level of loading, if the settlement at
the top of the pile is greater than 5 times the settle-
ment under the previous level of loading and the
total settlement at the top of the pile exceeds
40 mm, the loading should be terminated

(2) Under a certain level of loading, if the settlement at
the top of the pile is greater than two times the settle-
ment under the previous level of loading, and the
standard of settlement stability has not been reached
after 24 hours, the loading should be terminated
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FIGURE 11: Vertical ultimate compressive load capacity of each test pile.

(3) If the pile top load loading value has reached the
maximum loading value required by design and the
pile top settlement has reached the standard of set-
tlement stability

(4) If the anchor pile is used as an anchor pile, the load-
ing should be terminated if the anchor pile has
reached the permitted value

(5) When the load-settlement curve is slowly changing,
it can be loaded until the total settlement at the top
of the pile is 60 mm~80 mm; when the resistance at
the end of the pile is not fully developed, it can be
loaded until the cumulative settlement at the top of
the pile is more than 80 mm

4.2. Analysis of Results. The load-settlement curves obtained
from the static load test are shown in Figure 10. It can be
seen that the curves corresponding to TSI, TS2, and TS4
belong to slow deformation, while that of TS3 belongs to
steep settlement type. According to the technical code for
testing of building foundation piles [49], the loading load
on TSI, TS2, and TS4 test piles should be terminated when
the designed maximum loading is reached and the settle-
ment of the pile top meets the standard of relative stability.
For TS3, when the load reaches the maximum loading value
of 2400kN, the load-settlement curve shows obvious steep
drop characteristics, which means that the test pile has been
damaged. Therefore, the vertical ultimate compressive bear-
ing capacity of the TS3 test pile should be taken as the load-
ing value of the previous test pile without damage, i.e., the
load value corresponding to the starting point of an obvious
steep drop, which is 2160 kN.

FiGURE 12: Finite element model diagram.

Table 6 summarizes the vertical ultimate compressive
load bearing capacity obtained from the static load test and
the prediction method of this paper. From the comparison
of the results, the predicted ultimate bearing capacity of
the static load test is conservative, while the pile actually
does not reach the ultimate bearing state at this time. There-
fore, in theory, the results calculated by the method in this
paper should be greater than the results of the static load
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F1GURE 13: Load-settlement curve. (a) TS1; (b) TS2; (c) TS3; (d) TS4.

test, which is also fully reflected in the table. Further analysis
of the data shows that the difference between the vertical
ultimate compressive load capacity obtained from the static
load test and the method in this paper is not much, which
fully demonstrates the high accuracy of the calculation
method. In addition, it is also obtained that the longer the
length of the pile, the stronger the law of its vertical ultimate
compressive load capacity. Therefore, the results of the field

static load tests of TS1, TS2, TS3, and TS4 can coincide with
the results of the method in this paper.

As shown in Figure 11, this paper also incorporated the
comparison of the results of the method without considering
the effect of the pile’s own gravity. It can be clearly observed
from the Figure 11 that the vertical ultimate compressive
load bearing capacity results obtained by the method with-
out considering the effect of the pile’s self-gravity are
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FIGURE 14: Settlement deformation diagram in the z-direction. (a) TS1, pile top load of 1750 kN; (b) TS2, pile top load of 2100 kN; (c) TS3,

pile top load of 2160 kN; (d) TS4, pile top load of 2700 kN.

generally larger than considering its self-gravity, which is
more obvious compared with the results of static load test
detection, which greatly increases the error of prediction
results. Therefore, it is a necessity to consider the pile’s
self-gravity to calculate the vertical ultimate compressive
load-bearing capacity.

In addition, the static load test results contain both the
damaged engineering test piles, including undamaged test
piles, which are more valuable for comparison. If the results
of the damaged test piles are used to evaluate the accuracy of
the calculation results in the static load test, the loading
value of the TS3 test pile is 2400 kN, and the vertical ultimate
compressive bearing capacity calculated by the proposed is
2362.212KkN, the error rate between them is very small,
roughly estimated to be only 1.57%. Therefore, the predic-
tion method of the vertical ultimate compressive load capac-
ity for single pile in soft soil area proposed in this paper is an
excellent method.

5. Finite Element Simulation of Test Pile
Loading Process

In order to further test the reliability of the prediction
method, the finite element simulation of the loading process
was carried out for four test piles with the same dimensions
of 20 m in length, 20 m in width, and 50 m in height. The pile
material ontology model adopts the elastic model, consider-
ing the pile concrete material is submerged C30, its elastic
modulus is taken as 30 Gpa, its capacitance is 27 kN/m’
and Poisson’s ratio is 0.16. The soil ontology relationship
adopts the Mohr-Coulomb model. The soil material param-
eters defined by the model include soil thickness, soil Pois-
son’s ratio, soil cohesion, angle of internal friction, soil
gravity, and soil modulus of elasticity from Table 2. The
model should be empirically set up for the contact interface
between pile and soil, and the interface can well simulate the
relationship between pile lateral resistance and relative
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FIGURE 15: Axial force distribution of each test pile under the given conditions.

displacement through the embedded displacement-friction
function. The model has fixed X-directional constraints on
the left and right, fixed Y-directional constraints on the front
and back, and three fixed XYZ constraints on the bottom.
The finite element simulation considered the effect of the
gravity field, and the simulation process was divided into
three stages, including the initial stress stage, piling stage,
and loading stage. In order to fit the loading process of the
static load test to the greatest extent, the displacements of

the first two stages are cleared to zero. The finite element
model is shown in Figure 12.

As can be seen from Figure 13, the settlements of TSI,
TS2, TS3, and TS4 obtained from the finite element simula-
tion under all levels of pile top loading do not differ much
from the settlements obtained from the static load test. On
the whole, the results of the finite element simulation are
slightly larger. This indicates that the finite element simula-
tion is a reliable and safe method for settlement prediction.
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In addition, the fact that the load settlement curves obtained
from the static load test and the finite element simulation
can be fitted also indicates that the finite element simulation
of these four test piles is a valid simulation, which can pro-
vide more comprehensive information on the internal force
and pile end deformation as a reference to verify the reliabil-
ity of the method in this paper.

The settlement deformation in Z-direction obtained for
each engineering test pile under the corresponding load is
shown in Figure 14. The results show that the settlement of
the soil near the pile perimeter is the largest, and a new com-
pacted dense core area will be formed at the pile end, and a
part of the soil will be settled below the compacted dense core
area is relatively small. Combined with Figure 7, the soil settle-
ment deformation trend near each pile end is consistent with
that revealed by Janbu. Therefore, the ultimate pile end resis-
tance calculation method referenced by the analytical equa-
tions proposed in this paper is appropriate.

Figure 15 shows the variation of axial force along the pile
body at loading values of 1750 kN, 2100kN, 2160kN, and
2700 kN for test piles TS1, TS2, TS3, and TS4 extracted from
the finite element model, respectively, and also shows the
variation of axial force along the pile body at the vertical ulti-
mate compressive load capacity for each test pile obtained by
the calculation method in this paper. From a single test pile,
the axial force of each part of the pile calculated by the
method in this paper is generally larger compared with the
results of finite element simulation, which is consistent with
the actual situation, because the top load of the pile corre-
sponding to the finite element simulation at this time does
not reach the ultimate bearing capacity state that the pile
can withstand. However, the trend of the axial force along
the pile body is the same, and the axial force decreases grad-
ually along the pile body. The reason is that the pile side fric-
tional resistance of the shallow soil to the pile body is
smaller, and a larger axial force is required to keep the pile
body in a state of force equilibrium. The trend of the axial
force along the pile body further illustrates that the vertical
ultimate compressive load capacity calculation method pro-
posed in this paper is a practical method in soft soil areas
from the structural force characteristics.

6. Limitations and Future Works

The reliability of the analytical equations proposed in this
paper for calculating the vertical ultimate compressive load
capacity of monopiles in soft soil areas is verified from both
numerical simulations and finite elements. The results show
that the method in this paper is a simple and accurate
method. This means that the method can be widely used
for the prediction of ultimate bearing capacity of monopiles
in soft soil areas, thus making it possible to reduce the num-
ber of static load tests, which can reduce certain costs for the
project. However, the method also has some limitations.

(1) From the basic principle of the equation, the method
can be extended to other types of soil areas. How-
ever, it is also necessary to consider whether the
damage deformation characteristics of pile ends in

Geofluids

other types of soil areas are similar to those in soft
soil areas, and sufficient test data are needed to verify
the reliability of the method

(2) In this paper, the ideal elastoplastic bifold model was
chosen to describe the relationship between unit pile
lateral friction resistance and pile-soil relative dis-
placement, which is a basic and common model,
but the model does not consider the softening effect
between pile and soil. In future research, we can try
to express the relationship between unit pile lateral
frictional resistance and pile-soil relative displace-
ment with a model that considers more influencing
factors

Therefore, the new analytical equation proposed in this
paper is used to calculate the vertical ultimate compressive
bearing capacity of monopiles in soft soil areas with certain
engineering value, but there is a need to do further research
to make it produce more application value.

7. Conclusion

Based on all the research contents and results obtained in
this study, the following conclusions can be drawn:

(1) Based on Randolph’s study on the internal force of
piles, a model for calculating the frictional resistance
of pile segments in homogeneous soils considering
the effect of self-gravity is proposed in this paper,
and a method for calculating the internal force of
piles in laminated soils is further derived. Combined
with Janbu’s research on ultimate end resistance, an
analytical equation is proposed for calculating the
vertical ultimate compressive bearing capacity of
monopiles in soft soil areas. In order to verify the
reliability of the method, static load tests and finite
element simulations were carried out on four engi-
neering test piles in the soft soil area of Suzhou,
China

(2) The results show that the results of TS1, TS2, TS3, and
TS4 for predicting the ultimate bearing capacity of
monopiles in soft soil areas are in good agreement
with the static load test results, and the error rate is
only 1.57% if the results of the damaged test pile TS3
are taken to measure the deviation of the results. Finite
element simulation was revealed from the two per-
spectives of pile end deformation characteristics and
load transfer. the ultimate bearing capacity prediction
method proposed in this paper based on Randolp’s
study of pile internal forces and Janbu’s study of ulti-
mate end resistance fits the actual situation and is an
accurate and reliable method, which has important
reference significance for other similar projects
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