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Abstract—Stiffened Deep Cement Mixing (SDCM) piles
possess superior bearing capacity compared with
conventional pile foundations and thus are often employed
as the foundation of transportation engineering in coastal
soft-soil. This study aims to clarify and gain an insight into
the vertical settlement of SDCM piles under vertical cyclic
loads by developing a finite element analysis. Specifically,
the reducing effects of Deep Cement Mixing (DCM) pile
reinforcement on PHC pipe pile settlement under vertical
cyclic loads are discussed through several parametric study.
The results reveal that the effective reinforcement depth of
the DCM pile is about 2/3 of the length of the PHC pipe pile.
The cumulative settlement at the pile top is reduced by
about 2% for every 1 m increase in the reinforcement depth
of the DCM pile. The cumulative settlement at the pile top
decreases by about 15% for every 10 cm increase in the
radius of the DCM pile.

Keywords—DCM pile, PHC pipe pile, vertical cyclic load,
cumulative settlement, reducing effect

I. INTRODUCTION

In recent years, a new type of pile foundation called
Stiffened deep cement mixing (SDCM) pile has been
widely adopted in engineering applications. The SDCM
pile is to compound two or more pile types of flexible
pile, semi-rigid and rigid piles into the same pile body,
forming a composite pile with complementary
reinforcement of core and outer piles, with high strength,
stiffness, density and uniformity of the pile body and
great coordination with the soil around the pile.

Since the SDCM piles were applied in engineering,
many researchers have studied their bearing performance
from several angles. Voottipruex et al. [1, 2] explored the
vertical mechanical response of SDCM piles by field tests
and finite element (FE) analysis. Wonglert and
Jongpradist [3] investigated the mechanical behaviors of
SDCM npiles subjected to axial loads with numerical
modeling and model test. Ye et al [4] studied the
mechanical behaviors of SDCM pile-reinforced ground
supporting embankment with a number of numerical
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simulations. Wang et al. [5, 6] developed theoretical
methods to estimate the axial load capacity of the SDCM
pile. Wonglert et al. [7] described the relationship
between internal pile length and external pile strength and
the vertical bearing capacity, settlement and failure mode
of SDCM piles. Zhang et al. [8] proposed an analytical
method to characterize the vertical mechanical behavior
of SDCM piles based on some mechanical assumptions.
Zhou et al. [9] discussed the variation law of axial
mechanical behaviors of SDCM piles through several
model tests. Zhang et al. [10] conducted several
centrifugal modeling tests, 1g model tests and analytical
solutions to explore the mechanical behavior of SDCM
piles-supporting embankment. Yu et al. [11] investigated
the frictional bearing capacity of the interface between
the PHC pipe pile and the deep cement mixing (DCM)
pile by conducting a series of interfacial shear tests. Zhou
et al. [12-15] implemented a series of field tests,
modeling tests and interfacial shear tests for SDCM piles
to investigate their drawdown, compressive and
interfacial resistive properties. Most recently, some
researchers implemented experimental and theoretical
studies on SDCM piles from different perspectives [16—
19], further supplementing the shortcomings of previous
studies.

In general, most of the above studies focus on the static
properties of the SDCM pile. However, SDCM piles are
mostly used for bridge foundations, and thus the vertical
cyclic loads generated by train loads are unavoidable.
Therefore, it is of great application value to conduct
relevant studies to analyze the mechanical response of the
SDCM pile under vertical cyclic loads. Based on the
above summary, this study aims to explore the vertical
settlement behavior of SDCM piles under vertical cyclic
loads by developing a Three-Dimension Finite Element
(3D FE) analysis. Specifically, the reducing effects of
Deep Cement Mixing (DCM) pile reinforcement on PHC
pipe pile settlement under vertical cyclic loads are
discussed through several parametric study.

II. EXPERIMENTAL BACKGROUND

The vertical static load test on the full-scale Stiffened
Deep Cement Mixing (SDCM) pile was conducted at
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Rudong County, Nantong City, China. Several bore holes
were made in the field, and soil samples were collected.
The depth of exploration below ground level was 60 m. It
was found that the standing water table position was at
1.0 m below the ground level. Based on the laboratory
observations, the site soil was divided into four different
layers. The SDCM piles were constructed at site using
specialist technology. In the SDCM pile, the deep cement
mixing (DCM) pile, i.e. external pile, was constructed
using specialized machinery through wet and dry
methods. The PHC pile, i.e. internal pile, was pressed
into DCM pile before the initial setting of cement soil.
The outer radius, inner radius and length of the PHC pile
were 0.3 m, 0.17 m and 30 m, respectively. The radius
and length of the DCM pile were 0.5 m and 20 m,
respectively. The above SDCM pile is employed as the
bridge foundation for high-speed railways, mainly
subjected to vertical cyclic loads transmitted downwards
by train loads. A static load test was conducted on the
SDCM pile in vertical direction. The complete
photograph of the static load test in the field is shown in
Fig. 1. In the vertical static load test, the maximum
vertical load on the top of the SDCM pile is 8000 kN,
corresponding to a maximum displacement of 14.9 mm.

Fig.1.

III. FINITE ELEMENT MODEL AND VALIDATION

Based on the dimensions of the SDCM pile tested on
site, a three-dimensional finite element (3D FE) model
was developed to study the nonlinear SDCM pile-soil
interaction using the finite element software, PLAXIS3D.
The soil layer and SDCM pile models established in
PLAXIS3D are shown in Fig. 2a and Fig. 2b, respectively.
In the established 3D FE model, the hardening soil model
with small-strain stiffness (HS-small model) is used to
simulate the stress-strain behavior of the soil around the
SDCM pile, the Mohr-Coulomb model is used to simulate
the stress-strain behavior of the DCM pile, and the linear
elastic model is used to simulate the stress-strain behavior
of the PHC pipe pile. In the 3D FE model, the distance
between the axis of the PHC pipe pile and the left and
right boundaries is 35 m, and the distance from the front
and rear boundaries is 13 m. According to the laboratory
test data of in-situ soil, the soil around the SDCM pile is
divided into four layers, and the total thickness for the
four layers of soil is 60 m. In the established 3D FE
model, viscous boundaries are used at the front, back, left,
and bottom of the soil to absorb the disturbance of cyclic
loads. The calculation parameters for the soil and SDCM
pile are listed in Tables I and II, respectively. The FE
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discretization of the geometry model using 15-nodded
triangular element, as shown in Fig. 2c.

To verify the correctness of the 3D FE model
mentioned above, a FE analysis was conducted based on
the field static load test of the SDCM pile, and the FE
analysis result was compared with the field static load test
result. The comparison of the field static load test result
with the FE analysis result is depicted in Fig. 3. The
predicted vertical displacement obtained from FE
analysis is approximately 15.8 mm and observed vertical
displacement is 15 mm at calculated load (8000 kN).
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(a) Soil layer

(b) SDCM pile

(c) FE discretization
Fig.2. The interaction model between the SDCM pile and soil
established in PLAXIS®P.
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Fig.3. Comparison curve of load-vertical displacement obtained

from FE analysis and field static load test.
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TABLEI. CALCULATION PARAMETERS OF SOIL LAYERS
Parameter Layer 1 Layer 2 Layer 3 Layer 4
. . Silt Silty sand Fine sand
Soil type Mucky silty clay (slightly dense) (Mediuym dense) (Medium dense)
Layer thickness / m 5 8 17 30
Constitutive model HS-small HS-small HS-small HS-small
Drainage type Undrained Undrained Undrained Undrained
Unit wt. above phreatic line /(kN/m®) 17.8 15 16 15.4
Unit wt. below phreatic line /(kN/m?®) 18.6 19.5 20 19
Reference modulus £S5 /(kN/mz) 3220 12430 25000 20000
Reference modulus %, /(kN/m?) 3210 18650 25000 20000
Reference modulus £y /(kN/m?) 16400 45400 250000 200000
Coefficient related to stress 0.95 0.85 0.75 0.75
Cohesive force /(kN/m?) 10 12.8 29 67
Internal friction angle / © 19.3 28.7 35 12
TABLEII. CALCULATION PARAMETERS OF THE SDCM PILE
s . Unit wt. above Unit wt. below Young’s . N
. . Constitutive Drainage . e I Poisson’s
Pile type Material model type phreatic line phreatic line modulus ratio
/(kN/m®) /(kN/m®) /(GPa)
DCM pile Cement soil Mohr-Coulomb Nonporous 18 / 3 0.2
PHC pipe pile Concrete Linear elastic Nonporous 25 / 38 0.15

IV. RESULT AND DISCUSSION

A. Vertical Cyclic Load Calculation

For the convenience of research, this article only
considers the influence of load amplitude and load
frequency, ignoring the influence of waveform, and
selects sine wave as the dynamic load waveform, which
can be expressed as:

P(t)=P, +

P, sin

(a)t) €8

where P(f) is the dynamic load applied to the top of the
SDCM pile; Py, is the static load, characterized by the
ratio of the average value of cyclic load to the ultimate
bearing capacity of the SDCM pile; Py is the cyclic load
amplitude, characterized by the ratio of half of the cyclic
load amplitude to the ultimate bearing capacity of the
SDCM pile; w=2nf"is the angular frequency in rad/s with
f the frequency in Hz; ¢ is the time.

Fig. 4 is a schematic diagram of the typical cyclic load.
It can be found that the vertical cyclic load consists of
two parts: the static load (Pn) and the cyclic load
amplitude (Pcy). For the convenience of discussion,
cyclic load ratio (CLR) and static load ratio (SLR) are
defined to characterize the magnitude of cyclic loads. The
CLR and SLR are expressed as:

CLR=P

cyc

/P, SLR=P, [P, )
where P, is the ultimate bearing capacity of the SDCM
pile. According to the field static load test results, the P,
value of the SDCM pile is 8000 kN. In the FE analysis,
CLR and SLR employ the five test conditions listed in
Table III.

This article takes the ratio of high-speed train speed to
the wheelbase of a single train as the frequency of the
vertical cyclic load. Based on this, the vertical cyclic load
frequency is 3 Hz, and the corresponding high-speed train
speed is 350 km/h. According to the general length and

speed of high-speed trains, the number of cycles of
vertical cyclic load in FE analysis is set to 60.

Pt
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CLR=0.45
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CLR=0.25 4
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CLR=0.05
/\/\/ Pﬂ]
0 t
Fig.4. Schematic diagram of the typical cyclic load.

TABLE III. CALCULATION PARAMETERS OF THE SDCM PILE.

Test condition CLR (Pcyo) SLR (Pm)

Test 1 0.05 (400 kN) 0.15 (1200 kN)
Test 2 0.15 (1200 kN) 0.25 (2000 kN)
Test 3 0.25 (2000 kN) 0.35 (2800 kN)
Test 4 0.35 (2800 kN) 0.45 (3600 kN)
Test 5 0.45 (3600 kN) 0.55 (4400 kN)
B.  FE Analysis

In this section, FE analysis will be performed on the
mechanical response of the SDCM pile under vertical
cyclic load at different reinforcement depths (0 m, 10 m,
20 m, and 30 m) and reinforcement thickness (0.15 m,
0.30 m, and 0.45 m) of the DCM pile respectively.
Meanwhile, the enhancement mechanism of DCM piles
on the mechanical response of conventional PHC pipe
piles will be explored.

Fig. 5 illustrates the cumulative settlement curve at the
top of the PHC pipe pile when the reinforcement depth of
the DCM pile is 0 m (i.e., only the conventional PHC
pipe pile exists), where N, O, S, and S;, represent the cycle
number of vertical cyclic loads, vertical cyclic load at the
top of the PHC pipe pile, settlement at the top of the PHC
pipe pile, and peak settlement at the top of the PHC pipe
pile, respectively.
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Fig.5. Cumulative settlement at the pile top when the reinforcement

depth of the DCM pile is 0 m.

From the results shown in Fig. 5, it can be seen that the
development of cumulative settlement at the pile top
under vertical cyclic loads is not only influenced by the
cycle number of loads, and mainly depends on the
magnitude of the CLR and SLR. Specifically, the larger
the CLR, the greater the cumulative settlement at the pile
top, while the larger the SLR, the faster the cumulative
rate of pile top settlement. By observing the variation of
the peak displacement at the pile top with the cycle
number of loads, the cumulative settlement at the pile top
can be divided into two categories. The first category is
that the cumulative settlement at the pile top is slight
when SLR=0.15 and CLR=0.05, which is about 5% of the
diameter of PHC pipe pile. In this case, the settlement
increment at the pile top with the increase in the cycle
number of loads is small and basically remains constant,
and the whole pile-soil system presents an elastic state.
The second category is that when CLR and SLR are large,
a significant increase in the cumulative settlement at the
pile top occurs as the cycle number of loads increases. In
this case, the cumulative settlement at the pile top
develops continuously with the increase in the cycle
number of loads, but there is no abrupt increase in the
cumulative settlement at the pile top. It is important to
mention that there is also a disruptive development type
for the cumulative settlement at the pile top, which is not
covered in this study. In the destructive development type,
vertical cyclic loads cause serious damage to the pile-soil
system, and the pile enters a plastic deformation state
completely, with a sharp increase in cumulative
settlement at the pile top. Therefore, the destructive
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development type of the cumulative settlement is not
allowed in engineering and should be avoided.
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Fig.6. Cumulative settlement at the pile top when the reinforcement
depth of the DCM pile is 10 m.
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Fig.7. Cumulative settlement at the pile top when the reinforcement

depth of the DCM pile is 20 m.
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Figs. 6, 7 and 8 present the curves of cumulative  0.45 m, 0.60 m and 0.75 m, respectively. The PHC pipe
settlement at the pile top for DCM piles with  pile of the SDCM pile in Figs. 10 ~ 12 have a pile length
reinforcement depths of 10 m, 20 m and 30 m, of 30 m with inner and outer radii of 0.13 m and 0.3 m,
respectively. The PHC pipe pile of the SDCM pile in Figs.  respectively, and the reinforcement depth of the DCM
6 ~ 8 have a pile length of 30 m with inner and outer radii ~ pile is 20 m.
of 0.13 m and 0.3 m, respectively, and the reinforcement
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Fig. 13 demonstrates the comparison of the peak
settlement at the pile top for Test 5 (SLR = 0.55, CLR =
0.45) at different DCM pile radii. The analysis shows that
increasing the radius of the DCM pile has a significant
enhancement effect on resisting the pile top settlement
generated by vertical cyclic loads. Quantitatively, for
every 10 cm increase in the radius of the DCM pile, the
cumulative settlement at the pile top decreases by about
15%. However, it should be noted that as the radius of the
DCM npile increases, its ability to reduce the pile top
settlement gradually diminishes.

Based on the above analysis, the sizing of the SDCM
pile should be designed in such a way that the
reinforcement depth of the DCM pile should be within
1/3 ~ 2/3 of the length of the PHC pipe pile. When the
reinforcement depth of the DCM pile reaches 2/3 of the
length of the PHC pipe pile, and the pile top settlement
still does not meet the requirements, the pile top
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settlement can be further reduced by increasing the radius
of the DCM pile.

V. CONCLUSION

In this study, a 3D FE analysis is conducted by
employing software PLAXIS® to explore the
reinforcement effect of the DCM pile on the conventional
PHC pipe pile subjected to vertical cyclic loads. Different
reinforcement depth and radius are set for the DCM pile
to determine the optimal geometry of the DCM pile for
resisting the pile top settlement of the PHC pipe pile. The
main conclusions of this study are as follows:

(1) The effective reinforcement depth of the DCM pile
is about 2/3 of the length of the PHC pipe pile. When the
reinforcement depth exceeds the effective reinforcement
depth, the weakening effect of the DCM pile on the
settlement at the top of the PHC pipe pile is significantly
reduced.

(2) The cumulative settlement at the top of the PHC
pipe pile is reduced by about 2% for every 1 m increase
in the reinforcement depth of the DCM pile.

(3) Increasing the radius of the DCM pile will reduce
the pile top settlement of the PHC pipe pile, and the
cumulative settlement at the top of the PHC pipe pile
decreases by about 15% for every 10 cm increase in the
radius of the DCM pile.

(4) The ability to reduce the pile top settlement of the
PHC pipe pile gradually diminishes as the radius of the
DCM pile increases.
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