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Abstract

The characteristics of the consolidation facilitated by prefabricated horizontal drains (PHDs) combined with vacuum
loading, and the evolution of the soil column surrounding the PHDs, which significantly affects the acceleration efficiency,
remain insufficiently understood. This study conducts experimental investigations into PHD-assisted consolidation,
employing an enhanced digital image correlation (DIC) technique. A novel texture seeding method for slurry, essential for
DIC measurements, was developed and applied to consolidation model tests with varying PHD pave rates. Data on
vacuum-discharged water reveal that the consolidation rate increases with the pave rate, albeit non-linearly. The DIC-
observed plane strain fields exhibit distinct non-uniform features, with zones closer to the PHD consolidating significantly
faster than other regions. The shape of the soil column observed through the DIC method is approximately elliptical, and its
dimensions are characterized using empirical equations, highlighting the feasibility of optimizing PHD spacing in engi-
neering design. The void ratio distribution was derived from strain information, validating the findings related to the soil
column. Additionally, excess pore pressure distributions suggest that the effective range of vacuum transfer lies between 20
and 30 cm. Water content and undrained shear strength distributions provide key insights into the non-uniformity of PHD-
improved consolidation. Further studies are recommended to quantify the optimal pave rate and the effective transfer
distances of vacuum pressure and incorporate the observed soil column information into PHD-assisted consolidation
analysis.

Keywords Clay slurry consolidation - Digital image correlations - Prefabricated horizontal drain - Vacuum loading

1 Introduction

Prefabricated horizontal drains (PHD) have been proposed
and successfully applied in engineering to treat dredged
slurry [4, 10, 15, 19, 23, 43]. The approach offers several
advantages. It integrates blow filling and vacuum rein-
forcement, improving processing efficiency. The self-
sealing property of high-water-content soil eliminates the
need for additional sealing measures, thereby reducing
costs. Moreover, this method can avoid installation chal-
lenges in low-strength slurry and prevent bending issues.
Additionally, the consolidation rate is enhanced by reduc-
ing the soil layer thickness between PHDs, which shortens
the drainage path.

Different numerical methods have been developed to
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analyze the PHD-assisted consolidation. Nogami and Li
[20] performed the consolidation modeling of layered clay
with horizontal and vertical drains, providing a design
method for an optimum drainage system. Nagahara et al.
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[19] conducted a finite element analysis and validated the
simulations with field test data of a fill treated by PHDs in
Noto Airport. Chai et al. [5] proposed a unit cell-based
method for analyzing PHD-improved soil consolidation.
Menon and Bhasi [18] analyzed the influence of the PHD-
assisted method on various soil types. Song et al. [24, 25]
developed a large strain consolidation model using a piece-
wise approach for soft soils with PHDs. Zhang et al. [44]
and Sun et al. [32] derived plane strain consolidation
solutions using the finite difference method, validating
their models with laboratory and field tests. Chai et al. [6]
introduced a method with explicit equations considering
nonlinear mechanical and geometrical characteristics in
PHD-accelerated consolidation. Pan and Li [21] further
introduced the influence of the stacking process on the
PHD-assisted consolidation. A new simple method [9] and
analytical solution [26] for PHD-assisted consolidation
modeling were also developed. These studies demonstrate
the effectiveness of treating very soft soils using PHD.
However, most validation data report only soil surface
settlement (vertical strain), which inadequately represents
the inherently two-dimensional (2D) nature of PHD-im-
proved consolidation. Moreover, soil column formation
near the drain board often limits the acceleration effect in
zones further away [36, 37, 41, 48]. The soil column is a
dense zone with low water content and low hydraulic
conductivity [11]. Understanding the 2D displacement
profile is crucial for studying the formation mechanism of
soil columns. Several tests have been conducted to inves-
tigate the PHD-assisted consolidation behavior of clayey
soils. Khachan and Bhatia [14] applied a small centrifuge
to observe the dewatering process. Song et al. [25] per-
formed PHD-assisted model tests with stage filling, simu-
lating engineering practices. Zhang et al. [45] reported
laboratory tests with different PHD pave rates and height-
to-width ratios to analyze the factors affecting the PHD-
improved efficiency. Wu et al. [39] conducted four indoor
model tests with PHDs to analyze the influence of sur-
charge loading rate on the consolidation process. Zhou
et al. [50] investigated the membrane-free horizontal vac-
uum method for accelerating consolidation. Experimental
investigations on dewatering dredged slurry treated by
PHDs-PVDs were also carried out recently [17, 42].
Among these tests, only Wu et al. [39] measured the hor-
izontal displacement after soil excavation at the end of the
test. However, detailed data on 2D displacement profiles
throughout the PHD-assisted consolidation process remain
unavailable.

The digital image correlation (DIC) technique has
recently been applied in geotechnical engineering to
observe the displacement field. This advancement is
enabled by advancements in image-capturing technology
and analysis methods. Unlike traditional methods, such as
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using a dial gauge or linear variable differential trans-
former (LVDT) which measures displacement only at fixed
points, the DIC method allows non-contact measurement of
the entire displacement profile in the observed area. White
et al. [38] pioneered a deformation measurement system
using image analysis. This method effectively captured the
2D displacement field of sand and low-water-content
clayey soils [7, 27-29, 33, 34, 47]. Clayey soils lack the
natural textures necessary for image analysis, so artificial
textures are required. Stainer and White [27] emphasized
the importance of texture and detailed methods to create
and optimize it. The seeding method is to put the dyed sand
on the observed zone, producing distinct textures due to
color contrast between the test soil and dyed sand. Many
researchers [7, 28, 47] have since adopted this method in
model tests to study clayey soils with low water content.
Most applications have focused on sand with natural tex-
tures [1, 38] or clayey soils with low water content
[7, 22, 28, 47], where artificial textures are easier to create.

Many researchers [3, 12, 30, 31, 49] have applied the
DIC technique to observe the PVD-assisted consolidation
of soils with water content above the liquid limit. Cai [3]
and Zhou et al. [49] analyzed the displacement profiles
around PVDs under vacuum loading to study soil column
formation. Sun et al. [32] adopted the DIC technique to
investigate the soil column characteristics and proposed
two methods to estimate the evolution of soil column
dimensions. He et al. [12] performed model tests to
examine the effect of initial water content on soil column
formation. However, these studies only reported the evo-
lution of soil column in one direction and did not reveal its
full shape. The artificial texture creation methods used in
these studies relied on traditional seeding techniques, such
as sprinkling dry quartz or carbon powder on the obser-
vation window, which are better suited for clayey soils with
low water content. For very soft soils, these methods have
limitations, including detachment due to soil shrinkage,
uneven powder distribution, and disturbances due to
model installation. Thus, an improved artificial seeding
method is needed for conducting image analysis on very
soft soils.

This study aims to explore the non-uniform deformation
behavior of the PHD-assisted consolidation process with
vacuum loading using an enhanced image analysis method.
The novelty of the research lies in the development of an
enhanced artificial seeding method for clayey soil with
high water content. The proposed seeding method is
introduced to capture the 2D displacement field, offering
new insights into soil column formation and non-uniform
deformation characteristics under different pave rates. Key
parameters, including discharged water mass, discharge
rate, excess pore water pressure, water content, and
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undrained
discussed.

shear strength, were also monitored and

2 Experimental programs
2.1 Test material

The Hong Kong Marine Deposit (HKMD) collected from
Lantau Island in Hong Kong was used in the PHD-im-
proved consolidation model tests. The physical properties
are listed in Table 1. An oedometer test starting from a
very small stress of 0.025 kPa was conducted on HKMD
with an initial water content of 197.7%. The oedometer test
is conducted using a novel apparatus, capable of applying
minimum stress of 0.025 kPa to clay slurry with a water
content exceeding 8 LL suitable for clay slurry [16]. The
consolidation parameters are provided in the supplemen-
tary file. Figure 1 illustrates the particle size distribution of
the HKMD. Detailed information on the test soils is pro-
vided to facilitate potential numerical modeling or com-
parative analysis with similar experiments by other
researchers. The PHD used in the test features a filter fixed
on the core, creating an individual drainage channel for
each core. It is a novel anti-clogging drain board, with a
thickness of 4 mm and a width of 100 mm. The PHD has a
discharge capacity exceeding 50 cm?/s.

2.2 Model setup

The presented model system, as illustrated in Fig. 2, con-
sists of a cuboid plexiglass model tank with inner dimen-
sions of 500 mm x 150 mm x 600 mm
(length x width x height). A prefabricated drain board is
positioned in the center of the model tank bottom. An air—
water separation bottle with an electronic scale measures
the mass of the drained water resulting from vacuum
loading. An image-capturing system includes a 16-million-
pixel industrial camera (4912 x 3684 pixels), a fixed
camera bracket, LED studio lighting, and a computer for
image storage. The size of the model tank was chosen
according to the general horizontal and vertical spacings

Table 1 Basic physical properties of HKMD

Properties Value
Specific gravity, G, 2.62
Liquid limit, LL (%) 49
Plastic limit, PL (%) 31
Plastic index, PI (%) 18

100

Percentage smaller (%)

gl Silt Sand Gravel

& | Fine [Medium| Coarse| Fine [Medium|Coarse

T T I
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Particle size (mm)

Fig. 1 Particle size distribution of HKMD

(e.g., 0.5-0.8 m) between the PHDs in engineering practice
[23, 43]. The principle is that the practical spacing between
the PHDs can be realized by adjusting the width of the
PHD since the size of the model tank is not convenient to
change. The industrial camera, positioned in front of the
observation window, is connected to a platform for setting
image resolution and acquisition intervals. With a frame
rate of 12 fps, the camera captures up to 12 photographs
per second. Stable lighting is ensured using LED lights in a
professional studio surrounding the tank. The surroundings
and bottom of the model tank were coated with petroleum
jelly to reduce friction.

Pore water pressure sensors, with a measurement range
from — 100 kPa to 100 kPa and a precision of 0.1 kPa,
were fixed on the back of the model tank through threads,
as shown in Fig. 2b. A denser distribution of pore water
pressure transducers (PPTs) was intentionally positioned in
the region closer to the PHD, where more significant
changes in pore water pressure were expected compared to
the area farther from the PHD. Hand-held vane testers were
used to measure the undrained shear strength (S,,) of treated
HKMD after the tests. The procedure involved slowly
pressing the cross plate head vertically into the soil to be
tested. The torque meter handle was then rotated clockwise
at a uniform rate until the soil sheared and broke. The
undrained shear strength was determined by reading the
torque meter scale at this point. The water content was
measured by drying method on the soil samples taken from
the model test after the test.

2.3 Test procedures

Generating the artificial texture is necessary for image
analysis of clayey soils without obvious texture. As
employed by the previous studies, the conventional
approach for making texture is sprinkling quartz or carbon
powder on a petroleum jelly-coated observation window
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Fig. 2 Physical model setup: a schematic drawing and b sensor arrangement behind the model tank and PHD position at the bottom
directly. Nonetheless, this approach faces challenges when  on the observation window by sprinkling is difficult, par-

applied to high-water-content clayey soil model tests. Pri-  ticularly in larger model tanks. Additionally, the weak
marily, achieving a uniform distribution of quartz powder  bond between dry quartz or carbon powder and the viewing
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window via petroleum jelly is easy to cause tracers to fall off
during the model tank installation process. Wu et al. [40]
also observed quartz detachment from the soil due to volume
shrinkage due to vacuum loading. Collectively, these fac-
tors—uneven quartz powder distribution, loss of quartz
powder because of installation interference, and detachment
due to volume shrinkage—compromise image analysis
accuracy. Consequently, an improved texture seeding
methodology is required for the investigation of displace-
ment fields for clayey soils with high water content.

To overcome the shortcomings of the traditional seeding
method, this study proposes an optimized artificial seeding
method suitable for clayey soils with high water content.
With the detailed seeding procedure, the model test steps
are as follows:

(@) Made a thin and porous plate.

A thin, rigid plate (e.g., acrylic or silicone grease) less
than 5 mm thick was used based on the size of the target
viewing area. The plate was processed using laser cutting
or mechanical methods, such as engraving, to create holes.
The distribution patterns of holes can be uniform, quin-
cunx, or random (Fig. 3). The quincunx pattern was pre-
ferred for consolidation model tests due to its optimized
seeding ratio, which minimizes image analysis errors [27].
This pattern also prevents tracer overlap, a common issue
with random distributions as tracers settle with the soil.
(b) Prepared suitable material for seeding texture.

The color and size of the texture material are crucial for
making a suitable texture for slurry. A greater color contrast
between the texture material and the test soil improves
accuracy [27]. Black materials like carbon powder or black-
dyed quartz powder are suitable for white soils such as
Kaolin clay. Sun et al. [32] and Zhou et al. [49] have used
white quartz powder and black carbon powder for this
purpose. White quartz powder is preferred because it can be

dyed to match the soil color, enhancing image analysis
accuracy. The size of the texture material can be determined
based on the Dsq of the test soil as proposed by Cai [3], to
minimize interference with the test soil and reduce dis-
placement difference. In this study, a slightly flowable state
mixture (Fig. 4b) of white dry quartz powder and water
instead of dry quartz powder was adopted in the proposed
new texture-making method. The slightly flowable combi-
nation of dry quartz powder and water represents an optimal
state, facilitating smooth and uniform spreading across the
observation window using a brush. The water content in the
slightly flowable mixture must be carefully controlled to
avoid forming droplet-like balls when brushed onto the
observation window. Such droplet-like formations tend to
shrink significantly upon water loss, leading to lower-quality
textures that adversely affect the accuracy of image analysis.
(¢) Scribbled a thin layer of petroleum jelly on the
viewing window (Fig. 4c).

The petroleum jelly was used to reduce the friction
between the model tank and soil/tracers.
(d) Brushed the flowable mixture on the observing
window using a soft brush (Fig. 4d).

In this step, every hole of the porous plate was ensured
full of the mixture. Once there was no apparent free water,
the porous plate can be carefully removed. Then, the
mixture on the observation window was left to dry for
1-2 h. This process allowed the quartz to adhere firmly to
the observation window (see Fig. 4e). This method
enhanced the bond between the model tank and the soil,
minimizing interference due to model installation and
allowing the tracer to function optimally.

(e) Stirred the slurry to the target water content and
poured it into the model tank (Fig. 4f).

To prevent slurry splashes from contaminating the
quartz on the observation window, a thin plastic tremie
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Fig. 3 Hole distribution patterns: a uniform distribution, b quincunx distribution, and ¢ random distribution
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Fig. 4 Setup steps of physical model: a prepared a porous acrylic plate, b mixed the quart powder with water, ¢ coated with a thin layer of
petroleum jelly, d brushed wet quartz powder, e air-dried the quartz, and f poured the slurry into the model box
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pipe with a diameter of about 100 mm and a wall thickness
of 3 mm was used for pouring the slurry. Larger pipe
diameters facilitated faster pouring and reduced clogging.
The thin wall minimized disturbance during pipe extraction
after pouring. When the slurry was poured into the model
tank, the dry mixture on the observing window would be
soaked and blended with the slurry so that it could settle
together with the slurry. This ensured a clear and
stable texture on the window, as shown in Fig. 4f, with no
quartz shedding after the process.

This approach enables the customization of the texture
to meet specific requirements, such as model size, while
ensuring its long-term stability and clarity and effectively
minimizing potential disturbances caused by model
installation. Achieving these characteristics is challenging
when using the traditional seeding method in clay slurry.

2.4 Test scheme design

To explore the PHD-assisted plane strain consolidation
characteristics of clayey soils with high water contents, three
physical model tests with different pave rates, the ratio of
drain plate area over total surface area (e.g., bottom area of
the model tank in this study) [8, 32], were conducted. Pave
rate is a significant factor affecting the performance of PHD.
Appropriate pave rate can maintain a good accelerated effect
while reducing the use of drain boards and thereby reducing
soil treatment costs. The pave rates of three physical model
tests were 20% (100 mm/500 mm) for Physical Model 1
(PM1), 15% (75 mm/500 mm) for Physical Model 2 (PM2),
and 10% (50 mm/500 mm) for Physical Model 3 (PM3),
respectively, achieved by changing the width of PHD due to
fixed tank dimensions. The PHD was centrally positioned at
the tank bottom, as shown in Fig. 2b. The initial water
content of the three model tests is set at 200%, about 4 times
the liquid limit of the HKMD. The initial height of the slurry
in each test is 600 mm, consistent with typical vertical PHD
spacing in engineering practice. In each test, a one-day self-
weight consolidation occurred, and then, a vacuum pressure
of — 80 kPa in PHD was set to discharge the pore water in
the soil. It should be noted that the period of self-weight
consolidation has no unified criteria and can be less or
longer than one day.

3 Results and discussions

3.1 Discharged water and the drainage rate
under different pave rates

Figure 5 shows the mass of the discharged water and the
drainage rate of three PM tests. Discharged water mass and
drainage rate are intuitive variables reflecting the

accelerated consolidation effect of PHD with vacuum
pressure. Drainage rate is determined by the slope of dis-
charge water mass with time over smaller time intervals.
The experimental results indicate that the mass of dis-
charged water increases with the pave rate. PM1, with the
largest pave rate, has the most noticeable effect on dis-
charging the pore water. However, the mass difference of
discharged water between PM2 and PM3 is small. The
discharged water mass of PM2 is only 100 g higher than
that of PM3 after 30 days of vacuum pressure loading. The
phenomenon can be explained by the drainage rate as
shown in Fig. 5c. The water discharge rate is very high at
the beginning of the vacuum application (e.g., 520 g/h for
PM1, 440 g/h for PM2, and 370 g/h for PM3). However, a
large drainage rate can only be maintained for a short
period of only a few hours, followed by a rapid decline
before eventually stabilizing. The drainage velocities sta-
bilized at 10 g/h for PM1, 9 g/h for PM2, and 9 g/h for
PM3. The drainage rate of PM1 is larger than PM2 and
PM3 during the whole test. However, the drainage rates of
PM2 and PM3 after stabilization show little difference,
leading to minimal variation between the discharge water
mass of PM2 and PM3. This phenomenon was also
observed by Zhang and Hu [46]. The discharged water
development feature may be attributed to the form and
development of the soil column around the PHD. The soil
column surrounding the PHD is a densely consolidated
zone, which is formed due to vacuum pressure causing the
void ratio to decrease rapidly. The small void ratio means a
low permeability reducing the efficiency of drain plate.
Furthermore, the discharged water mass under unit pave
rate demonstrates the effect of pave rate on consolidation
rate. Figure 5b indicates that the drainage rate does not
increase linearly with the pave rate. This is because, as
consolidation proceeds, the permeability of the treated soil
decreases, causing the pave rate of PHD to no longer play a
dominant role in the drainage efficiency. Therefore,
although PM1 has a higher pavement rate compared to
PM2 and PM3, the difference in drainage efficiency among
the three tests gradually becomes smaller. Therefore, the
higher supply drainage capacity cannot be fully utilized,
meaning that a high pave rate is not always optimal.

3.2 Vertical/horizontal displacement (D,/D;,)
distribution

The displacement fields of clay slurry were obtained using
the commercial software VIC-2D based on the DIC prin-
ciple. This method involves tracking the positions of the
same pixel points in two images before and after the
deformation of a specimen surface to obtain the displace-
ment vector of these pixel points, thus enabling the deter-
mination of the full-field displacement. By analyzing the
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Fig. 5 Discharged water mass and water discharged rate of three PM tests: a mass of discharged water, b ratio of discharged water mass and pave

rate, and c¢ discharged water rate

images recorded at different moments of the consolidation
test using a commercial non-contacting DIC system, the
strain and displacement can be obtained. For demonstrating
the reliability of the proposed new seeding method, the
measured surface vertical displacements using the scale
were compared with the calculated values from DIC
analysis, as shown in Fig. 6. During the consolidation
period of over one month, the settlement difference
between scale measurement and image analysis was within
2%, indicating the enhanced DIC method was suitable for
clay slurry.

Deformation information is crucial for understanding
the  consolidation  process. Since  PHD-assisted
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consolidation is a typical plane strain problem, vertical and
horizontal displacements are equally significant. Fig-
ures. 7, 8, 9 show the displacement field distribution of the
three PM tests on the 7th, 14th, and 28th day, including
both vertical and horizontal directions. Analysis of dis-
placement profiles obtained via the DIC technique reveals
that the rate of vertical displacement development increa-
ses with the pave rate. Horizontal displacement in all tests
with varying pave rates exhibited rapid development fol-
lowing the application of vacuum pressure, subsequently
stabilizing. Horizontal displacement on the 7th day in the
three physical model tests closely approximates that
observed on the 14th and 28th days. The maximum
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horizontal displacement of the three tests is 13 mm (PM1),
12 mm (PM2), and 10 mm (PM3), which increases with
the pave rate, but the difference is not large. The ratio of
the maximum horizontal displacement to the maximum
vertical displacement on the 28th day of the whole model
tank is small, e.g., 1/17 for PM1, 1/16 for PM2, and 1/18
for PM3. Conversely, within the zone extending 10 cm
from the PHD, the ratio of maximum horizontal displace-
ment to maximum vertical displacement ranges between
1/5 and 1/4. Both the vertical and horizontal displacements
close to the PHD may have a significant effect on the soil
column development, a key factor in the consolidation
process. Therefore, although the horizontal displacement is
relatively smaller than the total displacement, its influence
on the consolidation process cannot be ignored. It is
noteworthy that the non-uniform surface settlement was
observed according to the vertical displacement contour.
After the three tests, the surface settlement showed the
characteristics of being slightly larger in the middle and
slightly smaller on both sides. The maximum difference in
settlement amounts to approximately 10-20 mm. This
phenomenon might easily be attributed solely to the
boundary friction effect of the model tank. Nonetheless,
observations from other model tests revealed that during
the initial stage of vacuum consolidation, the trace points
formed by quartz sand near the boundary remained sta-
tionary because the influence range of the drainage board
did not reach both sides. Over time, the diminishment of
this phenomenon occurs gradually owing to the expanding
scope of influence of drainage boards. Consequently, a
reasonable inference can be drawn that this phenomenon
stems from non-uniform consolidation induced by PHD, as
opposed to the boundary friction effect of the model tank.

In addition, the settlement difference due to the non-uni-
form consolidation is small compared to the total settle-
ment values. Therefore, the settlement difference has little
impact on the phenomena and conclusions of the tests.

3.3 Development of soil column around PHD

To more clearly describe the directions of the soil column
evolution, the drain board is divided into a permeable
surface with geotextiles wrapped and cross section along
the drain length. Compared with the PVD-assisted con-
solidation, which only provides information on the evolu-
tion of the soil column in the direction perpendicular to the
permeable surface of the drain board (radial direction), the
PHD-assisted consolidation model test can obtain more
information on the soil column in two directions: the
direction perpendicular to and parallel to the permeable
surface of the drain board. The vertical displacement can
be used to calculate the soil column range in the direction
perpendicular to the drain board. The horizontal displace-
ment indicates the soil column development in the direc-
tion parallel to the permeable surface of the drain board.

Displacement is a variable that accumulates over time
and cannot reflect the deformation rate of the soil at specific
moments. Therefore, the vertical and horizontal displace-
ment velocities at different times were selected to analyze
the soil column evolution, as displayed in Fig. 10. Observ-
ing the displacement velocity field distribution, it can be
found that the dense soil column formed shortly after the
application of vacuum pressure. The shape of the column is
close to an ellipse which aligns with the calculated results
reported by Abuel et al. [2], Huang et al. [13], and Tian et al.
[35]. This ellipse soil column phenomenon is referred to as
the shape effect of the band-shaped drain board. In addition,
the soil column gradually became larger with time.

To determine the vertical boundary of the soil column
quantitatively, Sun et al. [30] proposed defining the posi-
tion with a critical displacement velocity of 0.1 mm/h
(3 x 107 mm/s) as the soil column boundary perpendic-
ular to the drain board based on findings from PVD-con-
solidation study. This method is used to determine the
boundaries of vertical soil columns due to its practicality.
Determining the soil column boundary parallel to the drain
board is also necessary to reveal the real shape of the soil
column. It has been observed that the location of maximum
horizontal displacement velocity gradually shifts away
from the central point of the PHD. The distance between
this point and the center of the PHD approximates the
major axis length of the observed soil column (as indicated
in Fig. 10). Therefore, evaluating the horizontal extent of
the soil column is recommended by measuring the distance
from the center of the PHD to the point of maximum
horizontal displacement velocity.
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Fig. 7 Displacement field distribution 168 h after applying vacuum: a PM1, b PM2, and ¢ PM3

To further verify the rationality of the findings related to
the soil column evolution, the void ratio distribution was
calculated based on the strain information obtained by the
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DIC technique. Specifically, DIC analysis provided the
comprehensive plane strain data for each test, such as the
vertical strain ¢, and horizontal strain &, The strain
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Fig. 8 Displacement field distribution 336 h after applying vacuum:
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Fig. 9 Displacement field distribution 672 h after applying vacuum: a PM1, b PM2, and ¢ PM3
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Fig. 10 Soil column development process: at=12h,br=24h,cr=48h,dr=96h,er =168 h, and fr =336 h
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information can be subsequently utilized to derive the
volume strain &y of test soil by the equation ey = & + &,.
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Then by applying the relationship between void ratio e and
volume strain ¢y, one can obtain the void ratio by:
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Fig. 11 Calculated void ratio distribution (PM3 test): atr=12h,br=24h,ct=48h,dt=96h,e =168 h, and f r =336 h

@ Springer



3920

Acta Geotechnica (2025) 20:3905-3927

e=e¢y— (1 +ep)ey (1)

where ¢ is the initial void ratio which can be calculated by
its relationship with initial water content: eq = wG;.

Figure 11 illustrates the distribution of void ratios from
the PM3 test and the corresponding soil column determined
through displacement velocity. Figure 11 suggests that the
soil column closely aligns with the contour exhibiting a
void ratio of 4. Additionally, the distribution of void ratio
reveals an elliptical shape in the void ratio contour of the
soil surrounding the PHD. Although the determined shape
of the soil column exhibits a slight deviation from the
isoline corresponding to the void ratio of 4 at 336 h, the
proposed approach for determining the dimensions and
configuration of soil columns is acceptable.

In summary, the vertical thickness of the observed soil
column was found to conform to the equation proposed by
Sun et al. [30]. Furthermore, for the horizontal thickness of
soil column defining by half of the major axis of the ellipse,
a fitting equation related to the width of the drain board
width can be determined as follows:

Ty=m(l—e ™) +W/2 (2)

where T means the thickness, H represents the horizontal
direction, m, n are fitting constants, e is the natural con-
stant, ¢ is the elapsed time since the vacuum preloading was
applied, and W is the width of PHD. An assumption in
Eq. (2) is that the initial soil column width is half of PHD
width W/2. This assumption relies on the fact that the
horizontal boundary of the observed soil column approxi-
mates the edge of the PHD in the early stages of soil col-
umn development, as shown in Figs. 10 and 11. m denotes
the maximum distance from the boundary of the PHD to
the horizontal boundary of the soil column.

Figure 12 displays the vertical and horizontal thickness
of the soil column in three physical tests as per the previ-
ously described calculation method. Figure 12 shows that
the development of the soil column progressed rapidly in
both vertical and horizontal directions upon the application
of vacuum loading. However, after about 100 h, the growth
rate of soil column thickness began to slow down. This
phenomenon is consistent with the evolution of the drai-
nage rate. The soil column of the tests with a higher pave
rate was observed to be slightly larger.

3.4 Variation in excess pore water pressure

The excess pore water pressures monitored at various
positions (shown in Fig. 2) are presented in Fig. 13. Fig-
ure 13 illustrates the evolution characteristics of excess
pore water pressures in the PHD-assisted consolidation
tests with various pave rates. Positive excess pore pressures
exist due to the self-weight stress of clay slurry at the
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beginning of the consolidation. The dissipation rate of
excess pore water pressure increases with the PHD pave
rate. The results of excess pore water pressure exhibit
similarities in the three PM tests, wherein the positions
closest to the PHD experience rapid and large dissipation
of excess pore water pressure. Small negative pressures
(e.g., approximately — 1 kPa) are recorded at position PP5
in PM1 and PM2. PP5 in PM3 exhibits almost no negative
pressure due to the lowest pave rate among these three
tests. Negative pressure was not found in any of the three
tests at locations beyond PP5. Therefore, the effective
transfer distances ranged from approximately 20 to 30 cm
away from the drain board in the test duration. The excess
pore water pressure distribution also suggests that the PHD
can rapidly speed up the consolidation close to the PHD,
while it necessitates more time for consolidation farther
away from the PHD. Furthermore, the measured value at
PPT 2 is similar to that at PPT 3 due to symmetrical
positioning. However, variations in excess pore water
pressure at PPT 1 and PPT 4 indicate potential soil non-
uniformity. It should be noted that Fig. 13 demonstrates
that the measured pore pressure did not converge to the
applied vacuum pressure. This discrepancy is attributed to
the prolonged duration required for vacuum pressure
transfer, particularly due to the slow rate of transfer
observed in the later stages of the test. Given that the
evolution of the soil column and the characteristics of the
PHD-assisted consolidation have been observed, no addi-
tional time was allocated for further vacuum transfer,
thereby conserving the overall duration of the test.

3.5 Distribution of water content and undrained
shear strength

The practical engineering variables of greatest concern,
water content and undrained shear strength of treated soils,
were also measured (as shown in Figs. 14 and 15). To
avoid disturbing the soil sample, only the water content and
undrained shear strength at the end of the tests were
recorded. The water content was measured by slicing the
soil samples into layers after the test and then using the
oven-drying method. The distribution of water content in
the soil revealed two distinct zones, which differed in their
non-uniform characteristics along different directions. The
water content of soil decreased significantly during the
consolidation of the three PM tests in the zone close to the
PHD, where the water content was recorded at 70% (PM1),
80% (PM2), and 80% (PM3), respectively. Similarly, the
undrained shear strength was also strengthened to 12 kPa
(PM1), 10 kPa (PM2), and 10 kPa (PM3) from its initial
slurry state the slurry state with no strength. As such, the
zone near the PHD is called the strengthened zone. The
distribution of water content and undrained shear strength
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Fig. 12 Thickness of soil column obtained using DIC technique: a PM1; b PM2; and ¢ PM3

in the strengthened zone appeared to the non-uniformity in
both the vertical and horizontal directions. Conversely, the
zone away from the PHD only displayed vertical non-
uniformity. The water content and undrained shear strength
have slight differences along the horizontal direction in the
zone away from PHD.

Figure 16 presents a comparison between the void ratio
measured in the PM3 test on the 35th day using the drying
method and that obtained via the DIC technique as an
example. Although a small deviation exists between the
data predicted indirectly by DIC and the results obtained
using the drying method, the void ratio can be generally
predicted through back-calculation with DIC, both in terms
of magnitude and trend. This further validates the

reliability of the method for determining the void ratio
based on the DIC technique. In addition, the relationship
between the water content and the undrained shear strength
collected from the three model tests is shown in Fig. 17.
This relationship follows an exponential function
S, = 781.72¢709%  with undrained shear strength
decreasing as the water content increases.

3.6 Discussions
The test results demonstrate that the novel seeding method
is effective in generating displacement and void ratio data

for clay slurry. Compared with the existing seeding
methods, the novel approach significantly enhances the

@ Springer



3922

Acta Geotechnica (2025) 20:3905-3927

—o— PP1 ——PP5
—0—PP2 —<1—PP6

Excess pore water pressure (kPa)

12k ——PP3—>—PP7 ]
—v— PP4 —0—PP§
- 4 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800
Time (h)

(2)

8 PM2 1
—o— PP1 —O— PP5
—o— PP2 —— PP6
—A— PP3 —>— PP7 1

—v— PP4 —0—PP8

-14 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800

Time (h)

(b)

Excess pore water pressure (kPa)

Excess pore water pressure (kPa)

—O0— PP2 —<—PP6 T

-8t PM3
—o— PPl —0— PP5
-10}

—v— PP4 —0—PPS§

4 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800
Time (h)

Fig. 13 Excess pore water pressure distributions at different positions: a PM1, b PM2, and ¢ PM3

applicability of the DIC technique for observing the 2D
strain fields in very soft soils. The discharged water data
obtained from the model tests under varying pave rates
experimentally suggest the existence of an optimal pave
rate, a phenomenon previously only postulated in related
numerical analyses. This suggests that it is unscientific to
enhance the effect of accelerated consolidation merely by
increasing the PHD pave rate in engineering applications. It
is better to determine the optimum pave rate in engineering
design. The optimal pave rate not only ensures the effi-
ciency of PHD-accelerated consolidation but also prevents
the excessive use of drain board which could lead to
increased construction costs. The previous soil column
studies that relied on PVD-assisted consolidation tests
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failed to capture the complete shape and size of the soil
column. This study effectively captures the comprehensive
characteristics of the soil column around the PHD through
the advanced DIC technique. The test data play a critical
role in deriving empirical equations that govern the
determination of soil column size. The methodology for
determining soil column shape provides a valuable refer-
ence for a more profound understanding of soil column
formation and evolution. The empirical equations indicate
the dimensions of the soil column in both the vertical and
horizontal directions tend toward stable values. These
values serve as valuable references for determining the
optimal PHD spacing in engineering applications. How-
ever, due to the limited test data, several shortcomings
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Fig. 14 Water content distributions: a PM1; b PM2; and ¢ PM3

remain in this study. The methods for determining the
optimal pave rate and the effective transfer distances of
vacuum pressure in PHD-assisted consolidation were not
provided. Although the shape and empirical equations for
the evolution of soil column size were provided, its specific
application method in consolidation analysis or engineer-
ing design remains unclear. Therefore, several recom-
mendations for future work are proposed here. On the one
hand, the optimal pave rate and the effective transfer dis-
tances of vacuum pressure may be influenced by numerous
factors. Further investigations are recommended to quan-
tify the optimal pave rate and the effective transfer dis-
tances of vacuum pressure in PHD-assisted consolidation,
considering factors such as soil types, stress and strain
states, and the duration of vacuum pressure application to
the PHD. Based on the current findings and limitations of
this study, future research is recommended to incorporate
the observed soil column characteristics, such as shape and

(©)

size, into PHD-assisted consolidation analysis to improve
computational efficiency.

4 Conclusions

In summary, this study carried out several PHD-assisted
consolidation model tests. The soil column evolution was
observed by an enhanced DIC method, while non-uniform
consolidation characteristics were systematically analyzed
based on water discharge, displacement fields, pore water
pressure, water content distribution, and undrained shear
strength. Based on the experimental results, the following
conclusions were drawn:

(a) The novel artificial seeding method can create a clear
and stable texture for clay slurry, which is simple and
can reduce interference from model tank installation.

The DIC method based on the proposed seeding
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Fig. 15 Undrained shear strength distributions: a PM1; b PM2; and ¢ PM3

method successfully obtained the 2D displacement
field of the slurry. The displacement results, derived
using both the scale and DIC methods, show

more rapidly. Horizontal displacement was concen-
trated near the PHD, quickly reaching its maximum
and stabilizing.

excellent consistency. (d) The shape of the soil column due to the PHD is close
(b) Higher pave rates increase discharged water mass to an ellipse. Initially, the soil column expands
and discharge rate, but the relationship is nonlinear. rapidly when vacuum pressure is applied, but the
At the early stage of vacuum application, higher pave development rate slows down later. A method to
rates lead to faster water discharge. As consolidation determine the soil column size using displacement
progresses, the difference in discharge rates between velocity fields is proposed, providing insights for
tests with varying pave rates decreases. Simply consolidation analysis and PHD spacing. The void
increasing the pave rate is not an optimum method to ratio distribution, derived from the strain field,
enhance the PHD-accelerated effect. verifies the reliability of the findings on soil column
(c) The plane strain displacement fields in the PHD- evolution.
assisted consolidation process showed significant (e) In the PHD-assisted tests, vacuum loading effec-

non-uniform characteristics. Vertical displacement
developed more uniformly than horizontal displace-
ment. Displacement near the PHD zone increased

@ Springer

tively transfers 20-30 cm from the drain board. The
pave rate significantly affects vacuum transfer effi-
ciency. Two distinct zones are observed combining
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the analysis of water content and undrained shear
strength distribution: the strengthened zone near the
PHD, with low excess pore water pressure, low water
content, and high shear strength, and a farther zone
that is less affected by PHD treatment.
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