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Double drainage consolidation of
annular soil pile considering
radial deformation
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Wei Wu?, Xintong Mao?, Yunfei Liu?, Zhiwei Liu®! and Bin Bai*

!State Grid Jiangsu Electric Power Co., Ltd. Construction Company, Nanjing, China, *School of Civil
Engineering, Wuhan University, Wuhan, China

The resource utilization of silt with high water content is a major problem in the
process of ecological dredging and engineering construction in recent years. It
is a feasible way to realize the resource utilization of silt into hollow pile section
by means of central pressure. The preparation of central pressurized annular
soil pile is mainly based on the principle of soil drainage and consolidation, but
the deformation direction and external force loading mode are different from
the classical consolidation theory. Based on the connotation of this technique,
the calculation model considering radial deformation is derived. Combining the
control equation and solution conditions, the finite element solution of soil pile
with the radial deformation is obtained. Based on this solution, the influence of
the related factors in the preparation process of annular soil pile, including the
initial water content, external load size, internal and external diameter size and
nonlinear compression index, on the development of consolidation degree and
the growth of internal diameter in the preparation process is studied.
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1 Introduction

With the vigorous promotion of the strategy of transportation power and the
construction of ecological civilization, the problem of waste mud disposal generated
in the process of water ecological environment management and engineering
construction has become increasingly prominent (Zhang et al., 2014; Zhu et al., 2012).
Drainage and consolidation method is a common soft soil reinforcement method
(Nguyen et al, 2020). Common drainage consolidation method, such as: stacking
preloading method (Chu et al., 2006), vacuum prepressing method (Indraratna et al,
2005), through the soil along the wvertical into the drainage plate, at

Abbreviations: H, Length of prepared soil pile(m); r, Epansion direction of soil pile; z, Length direction of
hollow soil pile(m); r,, Hollow inner radius before extrusion begins(m); r,, Outer radius of prepared soil
pile(m); ry, Internal radius of extrusion molding(m); a,, Stress in expansion direction of soil pile (kPa); e,
Porosity ratio; o', Effective stress (kPa); dV, Deformation of the element; dg,, Radial seepage increment;
u, Pore pressure (kPa); K, Nonlinear variation of the permeability coefficient; p, External pressure (kPa);
Up, Average pore water pressure consolidation degree; w, Initial water content (%); C., Compression
index; o, Initial effective stress; y,, Unit weight of water; o, . Stress at the radius of r,,; vy, Velocity of
radial drainage; d6, Angle of the unit; dz, Thickness of the unit; dr, Length of the unit in radial direction;
k.. Permeability coefficient in the radial direction.
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FIGURE 1
Construction method of annular soil piles.

the same time above the stacking load pressure or vacuum negative
pressure, form a pressure difference in the soil and discharge the
water in the soil. The stacking preloading method and vacuum
prepressing method are often applicable to the local reinforcement
treatment of large area silt site, and the cost is relatively low.

In addition to the two in situ treatment methods mentioned
above, reinforcing sludge to use as backfill or foundation
reinforcement components is also an efficient treatment approach.
For instance, using mechanical dewatering methods combined
with flocculation and solidification principles to prepare high-
quality backfill materials (Han et al., 2023). Besides, after squeezing
the sludge, it can be directly formed into foundation treatment
components, which can greatly improve the utilization efficiency of
the sludge. Preparing hollow soil piles from high water content
slurry, Zhang (Zhang et al., 2022) proposed a ring-shaped soil
pile preparation technology that involves applying pressure in
a circumferential direction to dehydrate the surrounding fixed
boundary soil. In this technology, the external load is achieved
by inflating a bag placed in the center of the cylinder with water or
gas under a certain pressure as shown in Figure 1.

For conventional surcharge or vacuum preloading drainage
consolidation methods, the corresponding consolidation calculation
theories have undergone a considerable period of development.
In general, for soft ground surcharge preloading and vacuum
preloading calculations, the computational area is equated to a
cylindrical body surrounding the drainage plate or sand well to
establish the corresponding consolidation model, and analytical
or numerical methods are used for the solution (Geng et al,
2012). From the initial ideal sand well solutions, consolidation
models have gradually developed that can consider nonlinear
compressibility and permeability (Lekha et al., 1998), consolidation
models that can consider well resistance effects (Deng et al,
2013), and consolidation models for high water content mud that
consider clogging effects (Liu et al., 2021). In recent years, the
computational models for consolidation problems have become
increasingly close to actual conditions, such as using the equivalent
method of annular drainage plates instead of the previously used
area and perimeter equivalent methods (Lu et al, 2022), and
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using continuous boundary conditions to consider the actual
drainage capacity of the interface, replacing the consolidation
calculation models that previously assumed completely permeable
or completely impermeable boundary conditions (Zong et al., 2019).

It is noteworthy that in the aforementioned model, the
direction of deformation is assumed to be vertical, which means
settlement occurs (Indraratna et al,, 2005). External loads and
surcharge are considered in the same direction as the deformation
or in the form of negative pressure boundary conditions. However,
during the preparation of prefabricated annular soil pile foundations
using the drainage consolidation method, the external force is the
central thrust of the soil pile, applied radially to the soil, and the
deformation of the soil is mainly the change in radius. Therefore,
the aforementioned existing models cannot accurately describe the
drainage consolidation process of preparing annular soil piles.

In response to the lack of consolidation theory in the current
preparation process of annular soil piles, this paper establishes a
consolidation calculation model for annular soil piles considering
central radial pressure based on the preparation principle of annular
soil piles. It fully considers the nonlinearity of soil compression and
permeability to establish the corresponding consolidation control
equations, and uses the finite element method for precise solutions.
Based on this model, a series of computational analyses have been
carried out on the influence of related parameters, including initial
radius, load size, and nonlinearity ratio.

2 Introduction of the preparation
technology of ring soil pile

The preparation process of high water content mud is divided
into the following steps. First place the prepaid gas or liquid loading
pocket into the space in the ring pocket. Subsequently, the mud bag
was filled with sufficient mud. After the mud is filled, fill the gas or
liquid into the central loading sac, and control the pressure to the
specified size. The inner diameter of the bag in the surrounding mud
filling sac increases under the action of the central pressure. In order
to ensure the stable shape of the soil pile, the outer wall of the mud-
filling bag remains fixed. At the radius of the mud column in contact
with the annular pocket, the external load is equal. In this technique,
in order to make the water in the mud bag can be discharged
quickly, the mud bag is wrapped in the geotextile, so the inner and
outer walls of the soil pile can be regarded as permeable surface
during the reinforcement Aprocess. The consolidation deformation
of conventional soft land base mostly occurs in the vertical direction,
but in the process of internal compression preparation of annular
soil pile, the deformation occurs in the radial direction, consistent
with the seepage direction, so it needs to be modeling and analyzed.

3 Establishment of the consolidation
model

3.1 Model building

According to the technical points in Section 2, the actual
compressed drainage consolidation of soil pile can be simplified
to the consolidation model as shown in Figure 2, P represents the
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FIGURE 2
Schematic diagram of the consolidation model.

central plus load, H represents the length of prepared soil pile,
r represents the expansion direction of soil pile, z is the length
direction of hollow soil pile, r, indicates the hollow inner radius
before extrusion begins, r,, represents the outer radius of prepared
soil pile, r¢ represents the internal radius of extrusion molding.

3.2 Basic assumptions

The consolidation model has the following basic assumptions:

(1) The soil is saturated, and the soil particles and water are
incompressible, and the soil deformation volume is equal to the
discharge volume of pore water;

(2) Soil deformation only occurs in the radial direction, and no
deformation occurs along the height direction of the soil pile;

(3) Soil seepage follows Darcy’s law;

(4) The external load is applied from the inside of the annular soil
pile and remains unchanged during the consolidation process;

(5) The radial strain is assumed to satisfy the small strain
assumption.

3.3 Governing equation

3.3.1 Equilibrium equation
For a microelement, Equation 1 is held.

ordz = (0 +do)(r+dr)dz (1)

Equation 2 could be derived that,

do(r,z,t) o,
— -1 2
or r @
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3.3.2 Compressibility and permeability equations
The compressiblity can be expressed as Equation 3,

O.I
e=¢ey—C.log,| - 3)
%

The permeability can be described by Darcys law as
Equations 4, 5,

. 10
u:7§ )

v, =vY=—ki (5)

3.3.3 Continuity equation

Assuming a microelement at the radial coordinate of x,
according to the principle of continuous seepage deformation, the
unit deformation is equal to its seepage increment as shown in
Equation 6,

dV=dgq, (6)

where dV represents the deformation of the element, dg, represents
the radial seepage increment. The radial seepage increment is in the
Equations 7-9,

q, = v,'rdzd6 (7)
W a W
g, +dq. = {vr + 2 ]dr}(r+ dr)d6dz ®)
dg, =v}'d6drdé + ai[v,w]rdedrdz 9)
T

Replacing deformation into Equation 6, the continuity equation
can be expressed as

w
vr

1o
1+e, ot

9w _
+E)—r(vr)_ (10)

-
According to the relationship between pore pressure and
hydraulic gradient, it can be obtained that,
k
We=-— Ju (11)
Yy OF
Substituting Equation 11 into Equation 10, it can be derived as
Equations 12, 13,

ki1ou of ke ou 1 Ode
[ S [ ke P S 4 (12)
Yyt Or or\ y, or 1+e, ot
That is,
1 a( au) 1 Ode
— = — = = 13
ry,, or " 1+e, ot (13)

The nonlinear variation of the permeability coefficient can be
expressed as Equations 14, 15,

k, = ko x 10(e=¢0)/Cir (14)

dd’ __a(’)xln 101

o(eo*e)/Q% (15)

or C

c
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The equilibrium equation for combining the horizontal
direction as Equation 16 shows,

o) x1n 10
U

¢-¢)/C. 9€ + du (16)
C

Jr or

c

When the external pressure p is applied in the middle, the stress
can be expressed as Equation 17,

o, =p (17)

Therefore, by integrating Equation 2 and combining it with
Equation 17, it can be obtained that,

Tn
Ur:p7 (18)

By Substituting it into Equation 16, the following equation
is available

/ o) x1In 10

ou _ _Pra_do'de _ Pru + O—IO(e(,—e)/CC% (19)

or 7 de or 7 C, Jar
Therefore, the governing equation can be derived as Equation 20,

1 0 pr, do 86)) 1 Oe
— 2k (-2 -2 ) )= —Z 20
Yy ar<r r< 2 de or 1+e, ot (20)
d_‘T, = — M (eg=e)/C.
where © " -—10

c

3.3.4 Initial conditions and the boundary
conditions

Initially, the increment of effective stress is 0, so the initial void
ratio is still homogeneous as Equation 21 shows,

el,.g =€ (21)

Combined with the previous model description, in this model,
the inner boundary and the outer boundary are permeable
boundary, the excess pore water pressure is 0. Therefore, the effective
stress has the following expression as Equation 22 shows,

d|_, =ay+p

' r (22)
=) +p—
w

U’|r:rw
Correspondingly, the void ratio at the boundary has the
following expression as Equation 23 shows,

el = €~ C.log((0g +p)/ay)
. T (23)
el =e—C, log((ao +pr—>/0(’)>

w

3.3.5 Calculation of consolidation and
deformation

Based on the above controlling equation and boundary
conditions, the development of consolidation and deformation over
time can be calculated to provide reference for the parameter
determination in the preparation of hollow mud column.

According to the effective stress principle, the pore pressure has
the following expression as Equation 24 shows,

’
u=0, +p7ﬂ — g)10(/Ce (24)
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The average pore water pressure consolidation degree can be
expressed as Equation 25,

Hr, Hr,
J J 2mrudrdz J J rudrdz
0Jr, 0Jr,
UP:1_ H(r, =1- H(r, (25)
J J (pr,/r)2mrdrdz J J pr,drdz
0Jr, 0Jr,

The total deformation has the following form as Equation 26
shows,

AV = JHJrWan(eO —e)/(1+ey)drdz (26)
0Jr,

n

It is known that the amount of deformation at any time and the
inner radius are related as Equation 27,

AV= JHJrWan(eO —e)/(1+e)drdz=(rP~r2)nH  (27)
0Jr,

n

Then the radius changes over time can be expressed as
Equation 28,

JHJrW2nr(eo —e)/(1+ey)drdz
r= | — +1 (28)

The relationship between the final radius and the external
loading can be expressed as Equation 29,

JHJrWZRr(eO —e)/(1+¢y)drdz
= \— 7 (29)
nH

where ¢; = ¢, — Ccloglo((a(’) +pr7”)/a(’)).

4 Parametric analysis

4.1 Solution method

Nonlinearity of the governing equation and the consolidation
model is mainly considered by the compressibility and permeability
variation through the consolidation process. when the consolidation
is proceeding, the void ratio decreases, and the compressibility and
permeability would be reduced accordingly. To fully consider the
nonlinearity of compression and permeability characteristics in the
equation, this paper adopts the finite element method to solve the
problem, which is carried out in the finite element solving software
Flexpde, and the mesh division for this problem is shown in Figure 3.
In the finite element model, the compressibility and permeability
coeflicient is updated in every time step according to the void ratio
calculated by the last step, so more accurate results can be obtained.

4.2 Verification of the solution

Considering there is seldom existed consolidation solution for
the model in this work, here one-dimensional consolidation with
double pervious boundary is applied for the verification. In the
verification, the inner radius is assumed close to the outer radius to
make the model similar to one-dimensional situation. Meanwhile,
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Finite element mesh division.

nonlinearity is tried to be ignored by assuming the value of C./Cy
to be 1. The consolidation coefficient used in Terzaghi’s solution
is calculated by the average permeable coefficient and compression
coefficient. The comparison results are shown in Figure 4 below. It
can be seen that the reduced solution of this work fits well with
Terzaghi’s solution. Therefore, the proposed solution in this work
is reliable. To be mentioned, because the average consolidation
coefficient used in Terzaghi’s solution is first larger then smaller
than that used in the nonlinear solution, the consolidation degree
of the Terzaghi’s solution is first larger and then smaller than the
proposed solution.

4.3 Parametric analysis

To explore the initial hollow inner diameter, fixed outer
diameter, compression index value, external load size and the initial
water content of the consolidation process development and the
influence of deformation, the reasonable range of different values,
and calculated into the control equation, specific calculation of
selected parameters as shown in the table below:

4.3.1 Analysis of the influence of initial water
content

The initial water content factor is one of the control factors in the
soil pile compression molding process, and its initial water content
can be controlled by adjusting the mud sampled on-site. According
to the nonlinear compression and permeability characteristics of the
calculation model in this paper, it is known that the initial values of
compressibility and permeability of mud with different initial water
contents are also different. Therefore, in the analysis example of the
influence of initial water content, the corresponding initial void ratio
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Comparison between the reduced solution and existed solution.

is calculated based on different initial water contents. Subsequently,
the initial void ratio is substituted into the compression curve and
the permeability curve to calculate the corresponding initial effective
stress and permeability coefficient values. Finally, different initial
void ratios, initial permeability coefficients, and initial effective
stresses are substituted into the model control equations to calculate
their consolidation processes. Figure 5 shows the consolidation
degree versus time curves under different initial water contents.
From the figure, it can be seen that the development of consolidation
degree for all water contents follows a pattern of initially fast, and
slow then. The higher the initial water content, the shorter time
required for the entire consolidation to be completed. Figure 6
shows the average pore pressure dissipation curves under different
initial water contents. From the figure, it can be seen that, similar
to the change in consolidation degree, the rate of pore pressure
dissipation is relatively faster in cases with higher initial water
content. At the same compression time, the effective stress increment
corresponding to the larger initial water content is higher. Figure 7
shows the development of the inner diameter over time under
different initial water contents. The deformation being influenced
by both the initial water content and the change in pore pressure.
Because the consolidation speed in the three cases are close to
each other, the variation of inner radius is mainly determined by
the initial water content. The initial water content with the highest
value corresponds to the largest increment in the change of the
inner diameter.

4.3.2 The effect of initial inner radius

From the analysis of the modeling part, it is known that the
size of the inner diameter in reality affects the distribution of initial
excess pore pressure, which in turn affects the consolidation process.
Furthermore, revealing the relationship between the initial and final
inner diameters has an important impact on the design of process
parameters for controlling the size of hollow soil piles. In this
section, under the premise of a fixed outer diameter, pressure, and
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initial water content, the consolidation behavior under the influence
of different initial inner diameters was explored.

Figure 8 shows the development and change curve of
consolidation degree under different initial inner diameters. From
the figure, it can be seen that the smaller the initial inner diameter,
the faster the consolidation speed. This phenomenon is mainly due
to the fact that with a fixed outer diameter, the larger the inner
diameter of the mud column, the shorter the corresponding path
for the discharge of pore water in the soil. Figure 9 shows the average
dissipation of excess pore water pressure under different inner
diameters. From the figure, it can be seen that the initial average
excess pore pressure value corresponding to the larger initial inner
diameter of the soil pile is also greater. At the same time, due to the
influence of consolidation speed, a crossover phenomenon occurs
during the dissipation of pore pressure. In the initial stage, the
average excess pore pressure value is also greater in the example with
alarger inner diameter. As consolidation progresses, the excess pore
pressure value in the example with a larger initial inner diameter
dissipates faster, leading to the value gradually becoming less than
that in the example with a smaller inner diameter. Figure 10 shows
the change in inner diameter over time during the consolidation
process under different initial inner diameters. From the figure,
it can be seen that the final inner diameter value corresponding
to the larger initial inner diameter condition is also greater, but
the corresponding increase in inner diameter is smaller, and the
growth rate of the inner diameter is slower, similar to the change in
consolidation degree.

4.3.3 The effect of outer diameter on the
consolidation process

Preparing hollow soil piles by central compaction involves
another key geometric parameter, the outer diameter, which is
the focus of this section’s study. In this part of the calculation,
other parameters are kept constant, with specific values shown in
Table 1. Figure 11 shows the variation of pore pressure consolidation
over time for different outer diameters. From the figure, it can
be seen that consolidation is slower with a larger outer diameter,
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Variation of inner radius for cases with different initial inner radius.

and as the outer diameter increases, the linear difference in outer
diameter becomes smaller, corresponding to the pattern observed
when the inner diameter changes. Figure 12 shows the average
excess pore pressure variation for different outer diameters. From
the figure, it can be seen that with a constant inner diameter, a
smaller outer diameter corresponds to a larger average excess pore
pressure. However, because the consolidation speed is faster with a
smaller outer diameter, the dissipation rate of the average excess pore
pressure is also faster. Therefore, during the dissipation of excess
pore pressure, the results shown in Figure 12 indicate that with a
smaller outer diameter, the excess pore pressure is initially greater
than that of the larger outer diameter cases, but later becomes less
than that of the larger outer diameter cases. Figure 13 shows the
calculation results for the increase in inner diameter under different
outer diameters. From the calculation results, it can be seen that with
alarger outer diameter, the deformation of the inner diameter is also
greater, but the rate of increase in the inner diameter is similar in the
early stages for different outer diameters.

Frontiers in Built Environment

07

10.3389/fbuil.2025.1542216

TABLE 1 Basic calculation parameters used for the calculation
case analysis.
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Development of consolidation degree for cases with different
outer radius.
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FIGURE 12
Pore water pressure dissipation for cases with different outer radius.

4.3.4 The effect of the magnitude of external
loads

The size of the external load is an important factor influencing
the final outcome and is also a significant controllable technical
parameter in the process of hollow cylinder compression precasting.
Therefore, this section investigates the impact of varying external
load sizes. In the calculations, apart from the size of the external
load, all other factors are consistent with those in Table 1. Figure 14
shows the variation of pore pressure consolidation with time
under different external loads. From the figure, it can be seen that,
compared with the aforementioned three factors, the impact of
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Variation of inner radius for cases with different preloading.
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FIGURE 17
Development of consolidation degree for cases with
compression index.

external load size on the change in consolidation is not significant.
The development of pore pressure consolidation under different
external loads is basically the same, with the consolidation
development under lower pressure being slightly slower than that
under higher pressure. In the classical consolidation solution, there
is a conclusion that external load does not affect the development
of consolidation, but this is not the case in reality, as shown in
Figure 14, where the differences under different loads are mainly
due to the effect of the load on the growth process of effective
stress, which in turn affects its compressibility and permeability,
thus affecting the development of consolidation. Figure 15 shows
the average dissipation of excess pore pressure under different loads.
From the figure, it can be seen that the larger the external load, the
greater the dissipation of the excess pore pressure value. Figure 16
shows the change in internal diameter under different external loads.
It can be seen that the larger the external load, the larger the final
internal diameter, which means that controlling the size of different
external loads can control the shape of the final formed hollow mud
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Pore water pressure dissipation for cases with compression index.
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Variation of inner radius for cases with different compression index.

column. Considering that the initial void ratio and water content are
consistent, different internal diameter sizes imply differences in the
final water content. Therefore, in practical applications, to ensure
that the prepared hollow soil piles meet strength requirements,
it is necessary to comprehensively consider their strength
and shape.

4.3.5 The effect of the compression index
Compression index is an important index to measure the
compressibility, which can reflect the influence of soil itself
characteristics on the consolidation process and consolidation
results. This section studies the effect of the compression index
on consolidation without determining other parameters including
the percolation index. Development curves of pore pressure
consolidation under different compression indices are shown in
Figure 17. It can be seen from the figure, when the compression
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index of soil is small, the development speed of consolidation is
fast in the whole process, so it can be seen that the consolidation
coeflicient is relatively large in the corresponding situation. The
hyperstatic pore water pressure dissipation curves corresponding to
the different compression indices are shown in Figure 18. As can be
seen from the figure, because the compression index factor does not
affect the average pore water pressure distribution, the dissipation
law of pore pressure is basically consistent with the change of pore
pressure consolidation. In the case where a small compression index
is corresponding, the pore water pressure dissipates faster. Figure 19
shows the curve of time change of internal diameter under different
compression exponents, because the size of average pore water
pressure dissipation during consolidation is basically the same, but
the difference in compressibility will lead to different deformation.
As can be seen from the figure, when the compression index is small
and the compressibility is poor, the inner diameter changes less, and
the final inner diameter formed is also smaller.

5 Conclusion

Based on the axisymmetric model, through the reasonable
assumption of load and boundary conditions, establish the annular
soil pile considering radial loading and deformation, and analyze
the influence of annular soil pile consolidation, which can provide
reference for the process parameters of annular soil pile preparation.
The specific conclusions are drawn as follows:

(1) The main differences between the middle pressurized
consolidation model and the traditional vertical drainage
consolidation problem are the radial stress state, deformation
state and initial pore water pressure distribution. Based
on these assumptions, the governing equation for the
consolidation of the soil piles can be derived.

(2) The consolidation speed of soil pile is related to the initial
water content, inner and outer diameter, and loading pressure.
When the initial water content is higher, the inner diameter
is larger, the smaller the outer diameter is smaller, the greater
the external load is larger, and the smaller the compression
index is, the faster the consolidation speed is, and the
shorter the time required to complete the consolidation
will be.
The effect of different initial water content factors and the
compression index on the dissipation of the mean super-
pore water pressure is consistent with the influence of the
consolidation development process. Because the influence of
the inner and outer diameter factors on the dissipation of the
excess pore water pressure is not only in the initial size of
the excess pore water pressure, but also in the consolidation
velocity, so the dissipation curve of the excess pore water
pressure is crossed.
(4) The deformation of hollow soil pile is mainly reflected in
the change of its internal diameter. The calculation results
show that when the initial water content is larger, the initial
internal diameter is smaller, the initial outer diameter is larger,
the larger the external load is larger and the compression
index is larger, the inner diameter of the consolidation process
changes larger.
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