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Abstract

An effective soil improvement method is essential in soft soil due to the poor bearing capacity for construction loads. To
address the challenge, the use of the staged air pressure method with Suction Assisted Vacuum Preloading (SAVP) has
shown significant potential when applied through Geosystem Air Booster Vacuum Preloading (GAVP), specifically
designed with a sensor system as a real-time measuring tool for soil parameter changes. Therefore, this research aims to
examine the effectiveness of the SAVP method in relation to the discharge of drained water from prefabricated vertical
drains (PVD) on changes in soil parameters due to air pressure and vacuum using the GAVP tool. The method used five
PVDs in large-diameter soil sample tubes, applying air pressure and vacuum simultaneously and selectively. This
experimental setup was designed to examine the fundamental aspects of soil parameter changes, namely permeability,
consolidation, and volume compression coefficient. The results showed that soil parameters during testing interacted with
each other, where air pressure balanced with vacuum caused changes and optimized settlement and consolidation
efficiency. Decreasing air pressure enhanced vacuum performance, causing a corresponding rise in soil settlement and
consolidation degree. However, increasing air pressure decreased soil settlement and the degree of consolidation.

Keywords: Consolidation; Soft Soil Parameters; Vacuum Preloading; Air Pressure.

1. Introduction

The Conventional Vacuum Preloading (CVP) method is widely used for soft soil improvement. This method is
effective [1] and provides good soil results [2]. However, there are several shortcomings associated with CVP, namely
a large loss of vacuum strength, additional loads, drainage blockage from prefabricated vertical drains (PVD), soil
improvement only in shallow layers [3], and inaccurate groundwater level monitoring [4]. To address these challenges,
numerous methods have been developed, such as vacuum preloading [4—13], surcharge preloading [14], and Air Booster
Vacuum Preloading (AVP) [12, 15-26]. The vacuum preloading method is a combination of vacuum and PVD used in
the field for soft soil improvement [2, 6, 11, 27]. However, the effect of vacuum transfer causes unevenness in soil
surface settlement [28]. Previous research has shown that using vacuum preloading without sand, combined with short
and long PVD (VPSL), is more effective than the CVP method in improving the top layer of soft soil to achieve uniform
strength [29]. Vacuum preloading can also reduce consolidation time [30] and obtain information about soft soil
deformation [31]. The main disadvantage of this method is the blockage of PVD drainage, which causes a decrease in
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vacuum and drainage capacity [32, 33]. To address this disadvantage, the Step Vacuum Preloading (SVP) method has
proven effective [13, 34-37], but still causes lateral soil displacement inward [13].

Surcharge preloading is another widely used method, which combines PVD with an additional load for soft soil
improvement [38]. However, this method causes lateral soil displacement outward, which can be minimized by
combining vacuum and surcharge preloading. The combination of air pressure and vacuum preloading (AVP) is also
used due to a faster effect [15]. The air pipe in the AVP method is placed under the soft soil layer, creating a pressure
difference that causes cracks in the soil, thereby accelerating drainage from the PVD and contributing to
consolidation [12]. Previous research has compared AVP and CVP in the laboratory using an electron microscope
and mercury intrusion porosimetry to obtain the difference between both methods in accelerating consolidation [18].
The AVP method, which includes laboratory testing of the position and type of air pipe for very soft soil samples,
was used to examine the vertical pressure effect at the middle and bottom of the soil layer [16]. Further analysis
investigated how the duration of air pressure influenced pore water pressure and vacuum. The results showed
extremely short duration caused insufficient pore water pressure dissipation to achieve the desired effect. However,
a longer duration led to excessive air entrapment in soil, causing a decrease in vacuum [17]. Research was also
conducted on the effect of air pressure duration on soil permeability due to pressure between PVD at the injection
point. The results showed that longer duration caused small cracks, increasing permeability and decreasing vacuum
[19].

Testing the consolidation behavior of homogeneous multilayers using the AVP method found that the consolidation
theory is not yet perfect and only focuses on the reinforcement mechanism of one layer of soil [20]. Conventional
vacuum preloading is prone to clogging in PVD filters and requires additional loading in the form of large sand deposits,
whereas the AVP method has been developed to overcome this clogging but still requires more data to verify its
performance [21]. Laboratory tests of air-boosted vacuum consolidation on dredged soil slurry found that compressed
air induces cracks in the soil, accelerating the drainage consolidation of dredged soil slurry [22]. Air boosters provided
in an alternating pattern alongside PVD can increase pore pressure and open blocked soil pores [23]. Analytical
consolidation using the AVP method combining vacuum attenuation and air pressure, the results of parametric sensitivity
analysis revealed a significant correlation between consolidation efficiency when compared with the conventional
model, where an increase in the consolidation rate was observed with a higher vacuum load coefficient and an increased
Poisson's ratio [24]. The vacuum preloading and hot air pressure method by injecting hot gas—the test results showed
that the pore water pressure increased and the soil gradually rebounded so that the soil crack gap was reduced during
the heating process [25]. The AVP method with the addition of polyacrylamide to the dredged mud increase can improve
consolidation efficiency by increasing the hydraulic gradient and inducing fractures in the soil, encouraging the
aggregation of fine soil particles, reducing drainage channel blockage through adsorption, and increasing vacuum
transmission, but excessive addition of polyacrylamide and high air pressure can interfere with the effectiveness of
vacuum preloading performance [26].

The AVP method uses vacuum and air pressure as preloading by applying the duration and magnitude of air pressure
in a single testing period. In this method, PVD serves as the primary channel for water drainage, while air pressure is
applied through flexible pipes. However, a significant limitation of flexible pipes is their unsuitability for large-scale
soil improvement in the field, even after modifications. Laboratory testing of the AVP method includes a soil sample
tube, often equipped with an electron microscope and mercury intrusion porosimetry. Some setups also use sensors as
monitoring tools connected to a monitor. During testing, several variables are monitored, including vacuum pressure,
soil settlement, water discharge, and pore water pressure. This is followed by measurements of water content and shear
strength of the soil.

According to Lei et al. [18], the AVP method offers several benefits, including the ability to reduce PVD
drainage blockage, effectiveness, and a relatively short construction period. This method has disadvantages, such
as the use of conventional flexible air pipes limiting insertion depth; air pipe insertion is limited, which prevents
application for improving deeper layers of soft soil [18]. Although factors like soil settlement, PVD drainage rate,
water content, pore water pressure, and soil shear strength affect each other during preloading, their correlation with
changes in various soft soil properties has not been fully analyzed [37]. This shows the need for further investigation
focusing on the combination of air pressure with vacuum preloading, specifically using the SAVP method.
Therefore, this research aimed to examine the impact of air pressure on PVD water discharge, changes in soft soil
parameters, soil settlement, and consolidation using the SAVP method. The problems addressed in this research
included the effect of air booster pressure on the discharge of drained water from PVD, changes in the characteristics
of very soft soil, and the relationship between parameters during preloading work, as well as soil settlement and
consolidation.

The novelty of this research is the real-time measurement of changes in air pressure, vacuum preloading, pore water
pressure, preloading combination pressure, soil settlement, groundwater subsidence, and drained water discharge from
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PVD. Analysis is also carried out to examine the effect of water discharge on changes in soft soil parameters such as
soil permeability, consolidation coefficient, and volume compression coefficient. Additionally, the relationships
between these parameters are evaluated to derive equations for soil parameters related to water discharge. The results
are expected to provide benefits for geotechnical science, soft soil improvement construction service operators, and the
government, which serves as both a regulator and employer of infrastructure, such as toll roads, very soft soil dredging,
and others.

2. Method

The SAVP method used vacuum and air booster pressure as preloading by gradually applying the active period,
allowing for real-time observation of air pressure on changes in soft soil parameters. In this research, a laboratory model
test was conducted. The model consisted of soil tank (see Figure 1) which was equipped with electronic sensors for
measuring pore water pressure, settlement, water level, and air pressure. All sensors connected to computer as recording
system. The research object was soft soil prepared in the laboratory by simulating soil consistency conditions found in
the field.

2.1. Testing Materials

Research materials for SAVP were obtained from disturbed and undisturbed soil samples collected around
Gelora Bandung Lautan Api (GBLA) football stadium in Gedebage, Bandung, Indonesia. The parameters of the
undisturbed soil sample at a depth of 2.5 m served as comparative data for SAVP results. Based on laboratory
testing in soil mechanics, an undisturbed soil sample was found to be a silty clay with very soft soil parameters, as
shown in Table 1.

Table 1. Parameters of undisturbed soil sample

Soil weight units (kN/ m®) Consolidation parameters
Soil type
Ym Ya C. C,(m%sec) m, (m*KkN) [
Silty clay (MH) 13 5.58 0.93 0.0013 0.067 1.83

2.2. Testing Tools

GAVP was the result of collaboration among several engineering disciplines, including civil, geotechnical, electrical,
and informatics, as shown in Figure 1. As a testing tool, GAVP was used to measure changes in soft soil parameters
using sensors in the SAVP method, as shown in Table 1.

Figure 1. GAVP equipment in SAVP method test: (a) is soil sample tube, (b) is water circulation tank, (c) is reservoir for
drained water from the PVD, (d) is vacuum pump, (e) is compressor, and (f) is monitor
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Vacuum pump used was a submersible water pump, which functioned by converting kinetic energy into potential
energy, pushing water from the ground to the surface. This pump had a submersible motor, which allowed complete
submersion in the water tank for cooling while operating continuously for 24 hours. However, stopping the vacuum
process directly affected the pore water pressure in soil.

2.3. Monitoring Position Scheme

In SAVP method, the spacing (s) between PVD was determined based on previous research. This showed that PVD
had a cylindrical field of effect with an equivalent length [39]. The distance between PVD had to be less than the soft
soil layer thickness [40]. The lateral permeability of the soil within the smear zone—disturbed by the use of a mandrel
during PVD installation in the field—was found to range from 61% to 92% of the lateral permeability in undisturbed
areas. Changes in soft soil parameters were monitored during the SAVP method testing, as shown in Figure 2-a, while
the GAVP design model illustrates the field application of PVD installation [41, 42]. The tube dimensions, such as the
base size of soil sample tube, were based on the diameter radius of vertical drainage (r.) effect, considering the smear
zone in Figure 2-b.

Cap of the soil sample
'
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Explanation of the symbols in Figure 2: L PVD is length of PVD
D 1. Water level pressure, a sensor for pore water pressure
. 2. Ultrasonic sensor, a sensor for ground subsidence and groundwater level reduction
. 3. Water flow sensor, a sensor for drained water discharge from PVD

. 4. Pressure transducer sensor, a sensor for air booster pressure, vacuum, and preloading combination pressure sensors

Figure 2. Sketch of (a) GAVP apparatus and (b) top view of monitoring position

The research by Barron [43] showed that the smear zone was approximately 3-4 times. Based on this, the effective
diameter of vertical drainage (d.) was calculated to be 3-4 times larger than the hole caused by the mandrel (= PVD
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width in the Laboratory). Using PVD width to be 10 cm, d. =4 x 10 cm = 40 cm, and the distance between PVD or s =
d./ 1.128 = 35.5 cm. The distance between PVD was 30 cm, and the diagonal distance from the center between PVD
was 21.2 cm [18].

The base size of GAVP soil sample tube was carefully selected to prevent disturbance of the smear zone, thereby
preserving the lateral soil permeability, during the installation of PVD as a replacement for air pipe. The distance
between PVD and s was taken as 40 cm, which was greater than 35.5 cm. The effective diameter was calculated as d, =
1.128s = 45.12 cm, and the length of PVD was set at 2d, = 90.24 cm, which was approximately 90 cm but taken as 100
cm for SAVP method. The design size of SAVP method testing tool in laboratory used a distance between of 40 cm and
a PVD length (L PVD) of 100 cm. Subsequently, pore water pressure measurements were carried out at three depths,
namely % L PVD (25 cm), 2 LPVD (50 cm), and L PVD (100 cm). The preloading combination pressure was monitored
at soil surface, with depths of 4L PVD (25 cm), 2L PVD (50 cm), and L PVD (100 cm). PVD length and equivalent
diameter used in previous research included 100 cm and d, = 49.5 cm [41], 110 cm and d. = 56 cm [16], as well as 45
cm and d, = 33.8 cm [18]. The distance between PVD in SAVP method was 40 cm, considering the smear zone to
prevent disturbance by the monitoring instrument, as shown in Figure 3.

T
e sl Te o 220. 56 ‘
20 20 20 20

d.=45.12

40 D=125.12

62. 6 62. 6
D=125.12

All are measured in cm

Figure 3. Base of SAVP method soil sample tube: o : Pressure transducer, © : Water level pressure, e : Ultrasonic, == : PVD

2.4. Testing Procedure

The SAVP method testing used GAVP that consisted of a soil sample tube with a diameter of 125 cm and a height
of 135 cm. This tool was equipped with various sensors, including a soil sample settlement and a groundwater level
subsidence monitoring system, both of which used ultrasonic sensors. Additionally, a monitor and a computer
application program were used alongside a water circulation tank and a discharge monitoring system equipped with
water flow sensors. A vacuum pump and an air compressor, both outfitted with pressure transducers, were also part of
the experimental setup. The pore water pressure monitoring system included a water level pressure sensor, while the
combined preloading used a pressure sensor. There was a wastewater reservoir and testing procedure simulated in-field
soft soil improvement work, as shown in Figure 4-a. The water circulation tank acted as a storage unit for water from
the vacuum pump and housing. Meanwhile, water from the tank served as both a coolant and a power source. The
discharge system from the water circulation tank was integrated with a flow sensor to monitor the drained water
discharge from PVD, as shown in Figure 4-b.

Ultrasonic sensor

Water flow sensor

Water out of the water
circulation tube pipe

@ (b)

Figure 4. Monitoring exercise (a) water withdrawn from soil sample tube and (b) water discharge drained from the PVDs
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PVD was attached to a steel frame anchor integrated into the tube base to maintain position changes during testing.
A total of four drainage PVD, each 100 cm long and spaced 40 cm apart, were installed in a rectangular configuration.
Meanwhile, one air pressure distribution PVD was placed in the center of the configuration.

Preloading combination pressure was monitored using pressure sensors placed at four depths, namely on the surface,
25 cm, 50 cm, and 100 cm. These sensors were able to monitor pressure ranging from -100 kPa to +100 kPa, as shown
in Table 2. The ranging values were because preloading combination pressure was a combination of sucking vacuum
(negative) and air pressure that was pushing (positive). Furthermore, pore water pressure was monitored using a water
level pressure sensor placed at three depths, namely 25 cm, 50 cm, and 100 cm. Air booster pressure was monitored
with a transmitter sensor, and vacuum preloading used a vacuum pressure transmitter sensor placed outside soil sample
tube.

Table 2. Sensor specifications of the GAVP Tool

Sensor specification

- Parameter Sensing method Sensor Resolution  Range Unit
1 Discharge of water drained from PVD Water flow Water flow sensor 0.833 0.833-16.6 ml/s
2 Soil settlement Ultrasonic Level sensor 0.1 0-140 cm
3 Groundwater level decline Ultrasonic Level sensor 0.1 0-140 cm
4 Pore water pressure Water pressure Water level pressure sensor 1 0-500 kPa
5 Air booster pressure, vacuum, and preloading combination pressure  Pressure transducer ~ Vacuum pressure transmitter 1 -100-100 kPa

A perforated casing pipe was installed inside soil sample tube, connected to external water level measuring pipe
equipped with an ultrasonic sensor stored on the inside. For soil-level settlement monitoring, sensor was placed on the
cover of the inner soil sample tube above the settlement plate. This sensor faced a thin settlement plate on soil surface.
As the soil surface dropped, there was a corresponding decrease in monitored plate.

The testing material consisted of very soft soil sample from sub-chapter 2.1 that was made into soil slurry by soaking
for 24 hours. This process was essential to prevent slurry from damaging internal instrument when poured into 1.5 m?
tube. Subsequently, soil slurry was allowed to settle for 2 to 3 days, where excess water was removed through a
perforated blanket pipe containing palm fiber as a filter. The blanket pipe had the same height as soil sample installed
vertically in the tube and connected to a water drain pipe. This was followed by pouring of soil slurry, as shown in
Figure 5. After filling below PHD installation and allowing settlement, the tube was tightly closed and prepared for
testing.

Figure 5. Pouring soil slurry into soil sample tubes

The capacity of the field area that can be worked by one vacuum pump is 600 m?, with PVD installation depth
exceeding 20 m, based on the work experience of Teknindo Geosistem Unggul company. Before implementation,
preliminary testing was required in the laboratory to obtain initial information that water from the 1.5 m? soil sample
could be sucked out in less than 2 hours. Continuous testing beyond this point would cause the vacuum pump to overheat.
Consequently, the testing duration was set, and the activation time of air pressure and vacuum preloading was adjusted
based on the required capacity.

Air pressure and activation duration in SAVP method testing were based on the type of vacuum pump used and
references from Lei et al. (2019) [18], Ke et al. (2019) [17], and Anda et al. (2020) [19]. An excessively long air booster
activation duration caused a large amount of air to remain in soil, which led to small cracks, decreased vacuum [17],
and high permeability [19]. Lei et al. (2019) [18] conducted AVP method testing using air pressure of 150 kPa and
vacuum of 80 kPa, showing a significant gap in air booster pressure that should be determined before testing. However,
vacuum preloading could not be established due to the type of pump, as the strength was generated by the pump's
operation during testing. The specific preloading and duration of activating pressure in the SAVP method are shown in
Table 3.
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Table 3. The amount of pressure and activation monitored on the GAVP monitor

Pressure Time (minutes)
Preloading kP
(kPa) 50 10 49
Vacuum -95 active active active
Air booster +57 active inactive active

3. Theoretical Basis

The rectangular PVD installation configuration was based on the vertical drainage diameter (d.) [42, 43]. The d,
value for the rectangular vertical drain configuration, as shown in Equation 1-a, was greater than triangular configuration
in Equation 1-b. However, the distance between PVD for the rectangular configuration was smaller compared to the
triangular configuration.

d.=1128s (1-a)
d. = 1.050s (1-b)
in which, s is distance between PVD and d_ is diameter of vertical drainage.

Vertical drains were based on radial consolidation theory [42, 44], where PVD settings, such as length and spacing,
affected consolidation degree [45]. The equivalent drainage diameter of a ribbon-shaped PVD (d,,) [12] was defined as
shown in Equation 2.

d,= b +t)
2

in which, b is PVD width and ¢ is PVD thickness.

2

The water discharge drained from PVD was closely related to soil permeability. The decrease in water discharge or
the slowing down of the water discharge drained from PVD was defined as shown in Equation 3.

a,= 1= 3)
in which, a, is the deceleration of the drained water discharge from the PVD, g; is the drained water discharge from
PVD at time #;, and g is the drained water discharge from the PVD at time #..

Soil permeability coefficient (k) = AT, S,y., H,t,05:) was a function of time, soil surface settlement, unit weight of
water, soil thickness, time, and combined preloading pressure. The vertical permeability of soil (k,) under these
conditions was equal to the horizontal permeability (), or k, = k;. Specifically, soil permeability coefficient can be
defined as shown in Equation 4.

ISy H

t Opc

k= “)
in which, k is vertical permeability coefficient, 7 is time factor, g, is combined preloading pressure, j,, is unit weight of
water, S is soil surface settlement, H is soil thickness, and ¢ is time.

Generally, time factor (7) affects soil permeability coefficient. This parameter serves as a function of the volume of
water drained from PVD, the combined preloading pressure, the unit weight of water, the soil surface settlement, and
the total volume of water. The time factor can be expressed as a mathematical function, namely, T =f(V, gpc, yu, S, 2V5),
which is defined as shown in Equation 5.

re tio_ )

in which, 7 is time factor, V; is water volume at time i, g, is combined preloading pressure, y,, is unit weight of water,
S is soil surface settlement, and 2V; is total water volume at time 1.

Consolidation coefficient, mathematically expressed as C.. = f{k, H,0,c, S,y), was a function of soil permeability,
soil thickness, combined preloading pressure, soil surface settlement, and unit weight of water. This parameter is defined
as shown in Equation 6.

_ kHoy,
C, o ©)

in which, C,, is radial soil consolidation coefficient, o, is combined preloading pressure, y,, is unit weight of water, S is
soil surface settlement, £, is vertical soil permeability coefficient, and H is soil thickness.
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Soil volume compression coefficient was a function of soil surface settlement, soil thickness, and combined
preloading pressure. Expressed as m, = f{S, H, o,), soil volume compression coefficient was defined as shown in
Equation 7-a. Meanwhile, soil settlement was the product of soil volume compression coefficient, thickness, and
combined preloading pressure, or S; = f(m,;, H;, o (t)), defined as shown in Equation 7-b.

_ s

= H oy (7_a)

S =myH o (7-b)

in which, m, is soil volume compression coefficient, o). is preloading combination pressure, S is soil surface settlement,
and H is soil thickness.

The total soil settlement was calculated by combining the subsidence during PVD installation [S]. Meanwhile, final
land subsidence (Sy) was determined using the method by Chu et al. [5], defined as shown in Equation 8.

S = S3(S-81) = Sx(S5-8) (8)
(S2=81) = (53— 82)
in which, S; is soil surface settlement at time ¢;, S is soil surface settlement at time ¢,, dan S; is soil surface settlement
at time 73.

Soil surface settlement was measured at time ¢, which continued to increase until the end of the testing at time ¢;.
Consolidation (U) is the ratio of soil surface settlement at time ¢ (S;) to the final soil surface settlement [3], defined as
shown in Equation 9.

-5 ©)

in which, U is consolidation degree

4. Results

The 109-minute testing showed an average air pressure of +57 kPa (positive) when activated. However, air pressure
did not return to zero kPa when deactivated, and a vacuum preloading of -95 kPa (negative) was recorded on the monitor,
as presented in Figures 6-a and 6-b, respectively. Air holes on the surface of the soil sample were found when the test
was completed as can be seen in Figure 7. These air holes became a medium for the flow of air pressure from the bottom
of the soil sample to the surface due to the air pressure coming out of the tip of the PVD, even though the air pressure
given was relatively small compared to previous researchers.

60 01
w0l i o |
: |
& 40 =
Z l l £ 0]
2 30 ot
g £
3 = 601
= 20 s
< ‘ ‘ >
10 -80 -
0 T T T T T T T T T T T 1 -100 T T T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100 110 120 0 10 20 30 40 50 60 70 80 90 100 110 120
(a) Time (minutes) (b) Time (minutes)

Figure 6. Preloading of (a) air booster pressure (b) vacuums

Figure 7. Physical changes to the soil surface
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The combined preloading pressures from four depths, the average combined pressure on the soil sample, the effect
of air pressure and vacuum, and the effect of air pressure and time as can be seen in Figures 8-a to 8-d, respectively.

——— ocp on the soil surface ——<— ocp at a depth of 25 cm 0 4
—=— ocp at adepth of 50 cm  —— ocp at a depth of 100 cm
0 4 -10 4
-20 4
E 30
z 2
@
< 5 40
@ 2
2 £
?.m' A&~ _50 4
= Lo
- lf‘“ mWVWWMMM |
270 A
-100 1 1 1 1 ¥ 1 1 1 1 ¥ I | -80 T T T T T T T T T T T d
0 10 20 30 40 50 60 70 80 90 100 110 120 0 10 20 30 40 50 60 70 80 90 100 110 120
(a) Time (minutes) (b) Time (minutes)

Contour Plot of Comb. Pressure (Vacuum vs Air pressure) Surface Plot of Comb. Pressure vs. Air pressure, Time

(c) ()

Figure 8. Combined preloading pressures (a) four soil sample depths, (b) average of soil samples, (¢c) vacuum and air
pressure effect, and (d) air pressure and time effect

The average preloading combination pressure on the surface of the soil sample was recorded at -79.41 kPa (negative).
The average preloading combination pressure at a depth of 25 cm is -63.04 kPa (negative), which depicts a fluctuating
graph; this is the effect of air trapped on the surface of the soil sample. At a depth of 50 cm, the average preloading
combination pressure was -75.60 kPa (negative), showing a stable condition graph due to the balance of vacuum and air
pressure. However, at a depth of 100 cm, a value of -32.77 kPa (negative) was obtained, indicating very strong pressure
at the air outlet zone. The average preloading combination pressure on the soil sample was -62.7 kPa (negative) overall
over time, tending to increase towards the air pressure influence zone; this indicates that the air pressure on the soil
sample remains due to the large and long activation of the air pressure even though the vacuum pump remains active.

4.1. Drained Water Flow from PVD

The increase in drained water flow from PVD showed permeability of soil, which was affected by the presence of
air channels connecting the bottom of the soil sample to the surface, resulting from air pressure. Changes in drained
water flow from PVD from the 13th to the 24th minute showed fluctuating water flow, while monitoring of vacuum and
air booster pressure indicated a constant condition. Furthermore, the total volume of water drained from PVD during the
109-minute testing was 719.3 liters. The fluctuating water flow was caused by the placement of the water flow sensor
on the outlet pipe from the circulation tank. The drained water flow from PVD stabilized from the 25th minute until the
end of the testing. This was because water stored in the circulation tank was sufficient to pass back through the flow
sensor, although there was a slight decrease in some areas. There was a slight decrease in drained water flow from the
50th to the 60th minute when the air compressor was inactive.

The drained water discharge from PVD and the decrease in groundwater level are shown in Figures 9-a and 9-b,
respectively. The final decrease in groundwater level was 13.04 cm during the testing. Statistical tests using Minitab 19
software on the regression equation of groundwater level decline (GWL) against water discharge (¢g) and time (7)
obtained: GWL = -0.06804 - 0.3391(q (liters/sec) - 0.000419t (minutes), p-value for water discharge of 0.000 and p-value
for time of 0.003, p-value < 0.05 means that water discharge and time are very significant to groundwater level decline;
The regression equation of air pressure, vacuum, and time against water discharge obtained: q (liters/sec) = 0.0001 -
0.000774vacuum (kPa) - 0.000481air pressure (kPa) + 0.001105t (minutes). The P-Value of vacuum, air pressure, and
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time are 0.018, 0.007, and 0.000, respectively. P-value < 0.05 means that the influence of vacuum, air pressure, and time
is very significant on water discharge. The effect of preloading on water discharge can be seen in Figure 9-c. The
relationship between permeability and time on water discharge can be seen in Figure 9-d.
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Figure 9. Changes in (a) discharge of water drained from the PVD, (b) decrease in groundwater level, (c) water discharge
due to vacuum and air pressure, and (d) water discharge due to the influence of permeability

Changes in discharge affected the decrease in groundwater level and increase in pore water pressure during the
time interval from the 50th to the 60th minute, as shown in Figure 10-a. The pore water pressure at preloading
equilibrium of 4.29 kPa is at a depth of 50 cm (in the middle of the soil sample depth). The average pore water
pressure of the soil sample is 2.17 kPa as a result of the GAVP tool. The statistical results of Minitab 19 software
from the relationship between vacuum and air pressure to the average pore water pressure of the soil sample can be
seen in Figure 10-b.

6 - Contour Plot of pore water pressure (Vacuum vs. Air pressure)
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Figure 10. Changes in average pore water pressure of (a) soil and (b) the effects of vacuum and air pressure
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The results obtained an average air pressure when actively monitored at +57 kPa (positive) and not truly zero
kPa when not activated. This was because air pressure remained in soil sample from the previous air pressure
application. The average pore water pressure of the soil sample, from the 50th to 60th minute, showed an increase
due to the inactivity of air compressor. However, pressurized air remained in sample from the previous air pressure,
which was indicated by a decrease in water level and the combined preloading pressure, showing the effect of air
pressure.

During the testing, the drained water discharge from PVD at the 55th minute (¢;) was measured at 134.33
ml/sec, while at the 109th minute (g.) it was 139.60 ml/sec. Consequently, the slowdown in water discharge from
PVD (a,) was recorded at 0.001 ml/sec? or 4.06 ml/min® The drained water discharge had slowed down over time
due to the reduction in water content and air trapped in soil sample. A significant issue occurred between the 13th
and 24th minute, in line with air booster pressure and vacuum preloading, causing water in the circulation tank to
be pushed. Therefore, water level was slightly reduced, making it difficult for flow sensor to monitor discharge
accurately (This situation also led to abnormal changes in soil parameters).

4.2. Soft Soil Parameters

Soft soil showed poor characteristics, including low bearing capacity, significant deformation, reduced consistency,
decreased permeability, a very low consolidation coefficient, a high volumetric compression coefficient, and a tendency
to deform easily under load. Therefore, this research examined the combined effects of preloading pressure, drained
water discharge from PVD, soil settlement, groundwater table, and changes in soft soil parameters such as permeability
coefficient (k), consolidation coefficient (C,.), and volumetric compression coefficient (m,), as well as the relationships
between these parameters.

4.2.1. Soil Permeability Coefficient

Soft soil parameter data included permeability coefficient, consolidation coefficient, and volumetric compression
coefficient. Since soft soil parameters were very small, the values were multiplied by 107 or E+07 using a logarithmic
scale to visualize the graph. The units were also multiplied by 107 or E-07 as shown in Figures 11 to 15. The average
soil parameter values, recorded at 10-minute intervals, are presented in Table 4.

Table 4. Soft soil parameters of SAVP method test results per five minutes of testing

Time Soil permeability Consolidation coefficient  Soil volume compression
(min) coefficient (mm/sec) (m?/sec) coefficient (m%/sec)

0 0.00 0.00 0.00

10 3.00E-03 8.63E-05 2.75E-03

20 1.07E-05 2.96E-07 2.66E-03

30 7.68E-04 2.08E-05 2.78E-03

40 3.21E-04 7.17E-06 3.11E-03

50 1.95E-04 4.03E-06 3.34E-03

60 1.20E-04 2.86E-06 3.07E-03

70 8.17E-05 1.63E-06 3.16E-03

80 5.96E-05 1.29E-06 3.56E-03

90 4.79E-05 8.71E-07 4.70E-03

100 3.68E-05 6.83E-07 4.20E-03

109 2.97E-05 5.87E-07 4.70E-03

The average soil parameter values recorded during testing for soil permeability coefficient, consolidation, and
volumetric compression were 4.60E-03 mm/s, 1.93E-04 m?s, and 3.26E-03 m%kN, respectively. Permeability
coefficient observed at each depth was related to the distance from the examined position to air pressure source outlet,
combined preloading pressure, water discharge from PVD, time, and the performance of vacuum pump, as shown in
Figure 11.
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Figure 11. Permeability coefficients of soil samples from three monitoring depths

Permeability coefficient of soil sample remained constant in the testing at 0.0046 mm/s, with an average value of
3.2E-05 mm/s. Table 5 shows the average permeability coefficient in the testing from the 100th to the 109th minute.

Table 5. Average permeability coefficient of the soil sample

Depth Soil permeability coefficient (mm/sec)

Soil sample (m)

During the test

At the end of testing

25 cm
50 cm
100 cm

Average of the soil samples

1.2E-03
2.3E-03
4.6E-03
4.6E-03

8.0E-06
1.6E-05
3.2E-05
3.2E-05

4.2.2. Consolidation Parameters

In this research, radial consolidation coefficient (C,,) was the same as consolidation coefficient (C,) because vacuum
effectively drew groundwater through PVD. Observation showed that consolidation coefficient at the three depths
decreased over time, as shown in Figure 12. This corresponded to a decrease in the combined preloading pressure of
soil samples, as further shown by soil volume compression coefficients at the three depths in Figure 13.
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Figure 12. Consolidation coefficients of three depths of soil samples
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Figure 13. Volume compression coefficient of soil samples from three monitoring depths

The coefficients of consolidation and compression of the natural soil volume of soil sample were 0.0013 m?/sec and
0.067 m¥kN, respectively, as shown in Table 1. During the first five minutes of preloading, coefficient of consolidation
and compression of soil volume were 0.012 m?/s and 0.00092 m?kN, respectively. At the end of the test, these values
were reflected in Tables 6 and 7.

Table 6. Average consolidation coefficient of soil sample

Depth soil sample Consolidation coefficients (m?/sec)

(m) During the test At the end of testing
25 cm 4.0E-05 9.5E-08
50 cm 1.7E-04 6.8E-07
100 cm 3.8E-04 1.2E-06
Average of the soil samples 5.8E-04 2.0E-06

Table 7. Average soil volume compression coefficient of soil sample

Depth Soil sample Coefficient of compression of soil volume (m?/kN)

(m) During the test At the end of testing
25 cm 5.2E-03 8.6E-03
50 cm 2.1E-03 2.4E-03
100 cm 2.5E-03 2.8E-03
Average of the soil samples 1.3E-03 1.6E-03

Consolidation coefficient at a depth of 25 cm was smaller due to the effect of strong air booster pressure and
vacuum. At a depth of 50 cm, the value became more stable because of a balanced preloading combination
pressure. Consolidation coefficient at air pressure outlet zone is compared to others due to the large air pressure.
At the end of the testing, consolidation coefficient was 2.0E-06 m?/second, in line with the decreasing value of soil
permeability coefficient. Soil volume compression coefficient at a depth of 25 c¢m fluctuated and was greater
compared to values at 50 cm and 100 cm. At a depth of 50 c¢m, stability was observed due to the combination of
preloading and pressure. Soil volume compression coefficient at a depth of 100 cm was small and fluctuated
because of the high air pressure.

4.3. Relationship Between Soil Parameters

Figure 14-a shows the relationship between soil permeability coefficient and consolidation coefficient. Meanwhile,
the relationship between consolidation coefficient and soil volume compression coefficient is presented in Figure 14-b.
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4.4. Abnormalities in Testing Results

Changes in soil parameters, as observed in the testing results, were shown in three parts of the time series of soil
sample parameters due to drained water discharge from PVD. The first time change occurred from the start until
the 12th minute. The second time change spanned from the 13th minute to the 24th minute, and the third was from
the 25th minute until the end of the testing, as shown in Table 8. The pattern of changes in soil parameters from the
13th minute to the 24th minute was shown in Figures 15-a and 15-b for soil permeability and consolidation
coefficient, respectively.

Table 8. Average soil parameters from three changeover times

Time Soil permeability coefficient  Consolidation coefficient ~ Consolidation coefficient
(min) (mm/sec) (m?/sec) (m?/sec)
0-12 4.01E-02 1.71E-03 2.60E-03
13-24 2.57E-04 6.96E-06 2.75E-03
25-109 2.12E-04 5.34E-06 3.43E-03
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Figure 15. Pattern of change in coefficients of (a) consolidation and (b) soil volume compression

During the crucial 13th to 24th minute of the soil parameter testing, both permeability and consolidation coefficient
showed minimal change. However, soil volume compression coefficient remained unexpectedly low. This was unusual
as volume compression was supposed to show a larger value or inversely proportional to consolidation coefficient. The
abnormality was attributed to unstable drained water discharge from PVD, a situation predicted based on the sensor's
placement on water discharge pipe from the circulation tank. At the beginning of the testing, water level in the tank
decreased as it was strongly pushed by vacuum pump, which initially supplied water to refill the circulation tank.
Therefore, water flow sensor was unable to read discharge until it started flowing back out of the discharge pipe from
the tank. Since one of the factors affecting soil parameters was water discharge drained from PVD, the sensor's improper
readings significantly affected the results of soil parameter research.
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4.5. Relationship between Soil Volume Compression, Soil Settlement, and Consolidation

Soil settlement showed continuity in the same soil type, despite the different depths examined, as presented in Table
9. For instance, the magnitude of soil settlement at three depths at the 109th minute was calculated using Equation 7-b
as follows: Depth (H) = 25 cm, combined preloading pressure (cc,) = -41.47 kPa, soil volume compression coefficient
(m,) 0.00881 m?kN, therefore S = 9.14 cm; H = 50 ¢cm, o, = -74.73 kPa, m, = 0.00245 m?kN, S = 0.09137 m = 9.14
cm; H =100 cm, o, = -32 kPa, m,= 0.00286 m?kN, S =0.09137 m = 9.14 cm. The final surface settlement of soil Sy
was calculated using Equation 8, based on the monitoring data, showing S; = 7.02 cm at the 25th minute, S> = 8.08 cm
at the 55th minute, and S; = 8.45 cm at the 85th minute. The calculation results obtained an S¢ of 8.64 cm, while the
monitoring values were 9.14 cm.

Table 9. Soil settlement monitored from several depths

Pre-loading combination pressure (kPa) at depth (cm)  Soil volume compression coefficient (m2/kN)

Time Soil settlement
(min) 25 50 100 25 50 100 (em)
0 0.00 0.00 0.00 0.00 0.00 0,00 0.00
10 62.70 76.03 36.65 4.48E-03 1.85E-03 1.92E-03 7.03
20 6737 7670 3287 4.10E-03 1.80E-03 2.10E-03 6.90
30 6767 76.40 23495 433E-03 1.92E-03 2.09E-03 732
40 7007 76.00 2862 4.51E-03 2.08E-03 2.76E-03 7.89
50 6757 7673 2540 4.76E-03 2.09E-03 3.16E-03 8.04
60 6753 7637 3218 4.68E-03 2.07E-03 2.45E-03 7.90
70 8397 7473 2375 3.88E-03 2.18E-03 3.43E-03 8.14
80 -58.80 7453 3173 5.75E-03 2.27E-03 2.66E-03 8.45
90 4117 7477 2465 8.33E-03 2.29E-03 3.48E-03 8.57
100 5117 7457 2640 6.89E-03 2.36E-03 3.34E-03 8.82
109 4147 7473 32,00 8.81E-03 2.45E-03 2.86E-03 9.14

The final soil settlement (Sy) and consolidation degree (U) based on the applied preloading were calculated using
Equations 8 and 9, respectively. The values obtained were gs9, Sy=9.14 cm, U = 57.1%; o059 + 10 kPa air pressure, Sy=
7.91 cm, U = 57.6%; asp + 20 kPa air pressure, Sy= 6.69 cm, U = 58.3%; as59 + 10 kPa vacuum, Sy= 10.36 cm, U =
56.6%; os0 + 20 kPa vacuum, Sy= 11.58 cm, U = 56.3%. Consolidation degree under several preloading conditions was
determined by dividing soil settlement at time t by the final soil settlement under condition as9. The final soil settlement
and consolidation degree for several preloading conditions are presented in Table 10 and Figure 16-a. The relationship
between vacuum and air pressure on soil settlement can be seen in Figure 16-b.

Table 10. Soil settlement under different conditions from the effect of air pressure and vacuum

Time Combined preloading pressure (kPa) Muso Settlement of soil surface (cm)

(minutes) 050:10 05120 0510 05-20  MKN) g GG 110)  S(05t20)  S(os0-10)  S(6sy-20)
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 -76.0 -66.0 -56.0 -86.0 -96.0 1.9E-03 -7.0 -6.1 -52 -8.0 -8.9
20 -76.7 -66.7 -56.7 -86.7 -96.7 1.8E-03 -6.9 -6.0 -5.1 -7.8 -8.7
30 -76 4 -66.4 -56.4 -86.4 -96.4 1.9E-03 213 -6.4 -5.4 -8.3 92
40 -76.0 -66.0 -56.0 -86.0 -96.0 2.1E-03 =19 -6.9 -5.8 -8.9 -10.0
50 -76.7 -66.7 -56.7 -86.7 -96.7 2.1E-03 -8.0 -7.0 -59 -9.1 -10.1
60 -76 4 -66.4 -56.4 -86.4 -96.4 2.1E-03 <19 -6.9 -5.8 -8.9 -10.0
70 -74.7 -64.7 -54.7 -84.7 -94.7 2.2E-03 -8.1 271 -6.0 9.2 -103
80 <745 -64.5 -545 -84.5 -945 2.3E-03 -8.5 7,32 -6,18 -9.6 -10.7
80 <745 -64.5 -545 -84.5 -945 2.3E-03 -8.5 7,32 -6,18 -9.6 -10.7
90 -74.8 -64.8 -54.8 -84.8 -94.8 2.3E-03 -8.6 <14 -6.3 -9.7 -109

100 -74.6 -64.6 -54.6 -84.6 -94.6 2.4E-03 -8.8 -7.6 -6.5 -10.0 -112
109 -74.7 -64.7 -54.7 -84.7 -94.7 2.5E-03 9.1 -7.9 -6.7 -104 -11.6

Degree of consolidation (U, %) 571 49.6 421 64.5 72.0
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Figure 16. Soil surface settlement at (a) multiple preloading and (b) the effects of vacuum and air pressure

5. Discussion

The laboratory SAVP method uses GAVP for testing soil samples from the field to obtain vacuum size and air
booster pressure. In this method, PVD is used as drainage and conduit for channeling air booster pressure into soil. A
major advantage is the use of air-conducting PVD without removal after construction, thereby preventing buckling in
PVD that can affect the behavior of soft soil. Furthermore, SAVP method has been proven effective as a solution to
blockages in PVD drainage. The long-term performance and durability of this method are possible, particularly when
air-conducting PVD can be produced at the factory level. GAVP becomes a measuring tool for soil settlement and
groundwater level decline in real time. Regardless, changes are needed, specifically in the instruments’ installation and
in the sensors’ placement. The success of SAVP method depends significantly on the ability to reliably extrapolate
experimental results to real-world scenarios.

PVD drainage functions as a permeable medium, facilitating water removal from soft soil during consolidation [46].
In numerical modeling, PVD drainage and the improved soil are commonly treated as identical in a plane strain
framework [47]. The effectiveness of PVD drainage is directly linked to increases in soil shear strength [48]. However,
its drainage capacity can be compromised by clogging, which occurs when very fine soil particles infiltrate PVD core
during consolidation [7, 49]. To address this issue, SAVP method has been proposed, which gradually applies air
pressure to temporarily block drainage without diminishing vacuum strength.

Experimental observations show that the average permeability coefficient of soil samples at a depth of 100 cm is
higher than 25 cm and 50 cm. This suggests increased permeability in air outlet zone, likely due to elevated air pressure
and the influence of drainage openings located at the bottom end of air-conducting PVD. During the initial five minutes
of preloading, the average soil permeability coefficient reached 0.091 mm/s, while silty clay shows permeability
coefficients in the range of 10° mm/s. These results indicate that air pressure substantially enhances soft soil
permeability, as well as consolidation and volume compression coefficients.

In this research, permeability coefficients at all three monitored depths were influenced by the volume of water
discharged through PVD. After testing period, permeability coefficient significantly decreased due to reduced water
content and the presence of residual air in soil matrix. As water content diminishes, soil volume compression coefficient
tends to increase. This suggested a gradual reduction in soil compressibility, caused by rising air pressure and declining
vacuum pump efficiency due to air accumulation in the sample. Since consolidation coefficient is a function of soil
permeability, it shows a direct proportionality to permeability coefficient. The graphical representation of this
relationship is often in a parabolic form, which is attributed to differential soil settlement during consolidation process.

Soil settlement is the product of soil volume compression coefficient, thickness, and combined preloading pressure,
which serves as a function of time. In this research, soil settlement was analyzed using soil volume compression
coefficient at a thickness of 50 cm, combined preloading pressure at a depth of 50 cm (o50) as the independent variable.
The results in Table 10 showed that air pressure was reduced by 20 kPa to produce optimal settlement of 11.58 cm and
consolidation degree of 72.0%. However, when air pressure increased by 20 kPa, the soil settlement was 6.69 cm and
consolidation degree was 42.1%. This indicated that air pressure affected soil settlement and consolidation degree.

The SAVP method is basically an effort to remove water from the pore space in water-saturated soil which can be
applied to soil with different clay minerals or organic content, this is because this method is physical in nature in the
form of energy distribution from vacuum preloading and measured air pressure. The sensors used in the GAVP tool
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before the experiment were calibrated according to their function, for example, the pore water pressure sensor was
initially checked on static pore water pressure, the ultrasonic sensor was based on distance, the pressure sensor for
vacuum and air pressure from the compressor was compared to a manometer or non-digital dial to ensure measurement
accuracy, while the results of the experiment were compared with the results of standard tools commonly used in soil
laboratories. The distance between PVDs in laboratory research is set at 40 cm (considering the smear zone) according
to the literature review in sub-chapter 2.3. If the distance between PVDs is smaller for deeper layers, the results will be
according to the PVD installation configuration and the diameter of the vertical drainage influence (d,).

Wang et al. [15] reported that applying vacuum and air pressure accelerates the improvement of soft soils. However,
the influence of air-pressure magnitude had not been examined in the study by Lei et al. [18]. Ke et al. [17] investigated
the effect of air-pressure duration and showed that the length of air-pressure application influences both pore-water
pressure and vacuum levels. Accordingly, the SAVP method regulates air pressure and application time to achieve a
balanced preloading pressure combination, as illustrated in Figure 8(a), thereby enhancing the degree of consolidation.
Permeability affects consolidation, where in the air pressure outlet zone, namely at a depth of 100 cm, the permeability
increases, so that it can cause uneven consolidation, so a special factory-made air distribution PVD is needed to be able
to distribute the same amount of air pressure at several depths to avoid uneven consolidation.

The abnormality observed between the 13" and 24™ minutes is caused by the position of the water-discharge sensor,
which is located on the circulation -tank pipe and is not directly passed by water. This issue would not occur if the sensor
were installed in a location unaffected by the water pressure generated by the vacuum pump, even though field conditions
often involve unstable water flow and fluctuating groundwater levels. Adjusting the air-pressure input can control
excessive vacuum loss caused by the formation of air channels by balancing the combined preload pressure. If only
vacuum is applied (vacuum loading method), previous studies have shown that clogging may occur in the PVD filter.
Therefore, laboratory testing is essential before field implementation to ensure optimal performance, as each soil type
has distinct characteristics. The SAVP method is a modified version of the AVP technique and differs from the gradual
air-pressure approach. Its effectiveness lies in the use of sensors capable of monitoring real -time changes in soil
parameters at multiple depths. In contrast, the SVP method, when applied with gradual vacuum adjustment, can help
reduce the risk of PVD filter clogging [13].

6. Conclusions

In conclusion, this research shows that soil parameters and the correlation between soil properties can be
comprehensively examined. The results obtained are as follows:

e High air pressure and prolonged active time affect soil permeability and the drained water discharge from PVD;
Air pressure causes an increase in the drained water discharge from PVD, which includes changes in soft soil
parameters, and air pressure can increase soil permeability.

e Consolidation coefficient is small due to the same air pressure and vacuum strength; Furthermore, soil
permeability and consolidation coefficients decrease at the end of the testing because of long active time of air
pressure; Consolidation coefficient is high due to air pressure performance, although it does not affect
consolidation; and The large soil volume compression coefficient is due to the same air pressure and vacuum
strength.

e The parabolic graph pattern of the relationship between consolidation and soil permeability is caused by the soil
settlement that occurs; Consolidation coefficient is inversely proportional to soil volume compression coefficient;
However, variations in the results occur when the drained water discharge from PVD presented by the monitor is
unstable.

e The balance of preloading combination pressure affects soil volume compression, soil settlement, and
consolidation. Based on the relationship analysis, soil settlement is continuous for the same soil type and is a
function of time. The results also show that air pressure affects soil settlement and consolidation degree.

Based on the analysis, further research is required to improve very soft soil using the combined pressure method,
integrating both air pressure and vacuum in SAVP, to obtain a standard formula for preloading combination pressure
balance.

6.1. Derivation of Soil Parameter Equations or Equation 4 to Equation 7

Notation used in which: 4 is cross-sectional area, a, is pressure index, C, is coefficient of consolida-tion, C,, is radial
consolidation coefficient, ¢y is initial void ratio, His soil layer thickness, i is hydraulic gradient, &; is soil horizontal
permeability coefficient, &, is soil vertical permeability coefficient, m, is soil volume compression coefficient, g is water
discharge, r, is vertical drainage radius, S is surface settlement of soil, ¢ is time, T'is time factor, T} is horizontal time
factor, v is water velocity, V;is volume of water at time i, y,, is water weight unit, 4H,, is changes in the water table, AV,
is change in water volume, o). 1is preloading combination pressure, o,1s vertical pressure, 2V;is total volume of water at
time 1
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Derivation of the soil permeability equation as follows:
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. AHw Hs H
and 7=, then ky =T~ = 1=
H AAHw AVw
KAV gH
=——or kv=-—
q H T
. . Twré TH Th
The basic equation: = —,and = — , then Cir = — C,
Cor G TH
t Cy tCo tCy TH
Th = — then Cv =— h =lort=—
h = the Cor =7 Cv,sothat — or 1= —
kn(1 + e ko ko
Cor =202 and av=mu(I + e0), Cor= —=, or mypw = =
Pway Pulty Cu
. . s
The basic equation: S= H gvmy or my= o
g \
oy = 0pc SO m, =
Ho,.
H
tC ky tky tZT tqg
T'=—,and (v=——,then T= = =
H Yoy ywmyH2  yumeHZ  yumyHAV
tq tq tqo.

YomHAVy — y> HAV,  YuS AVw

_ tqwoy Vio
ywS AVw Yw S Vi

ki Ho, VwCor
Cyr= " ,0r av:l'l_kh
Ty 12 Thr?  k Log g Gk
hIe T Ie g Tz g tGr 9
G,,- = e —_— =
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tov tov my AV oy
s N
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Derivation of the consolidation coefficient equation as follows:

THywS
Cr =K g _THS _ THS _TH#
e VwiTly - Vwily " toum, to—— t
Hoaoy
kv kv kyHoy, __ kvHope

CV: = 5 =
ity S S Swe
Yollle  yite ) Z
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Summary:
qHs
k=
T
THywS
Joy = 222
t Ope
kTHAV.
Tfl =0
qri
= S
v Hope
. k/THAV,
if kn ~ kvthen Cyr= B
q
kot o
T =
HyS
_ Viope
T o Szv
kv H 0pc
Cor= -
Syw

6.2. Dimensional Analysis for Equation 4 to Equation 7

1.

Units of the time factor (T)

kN
Vi ope m'— mkN  mkN . .
T= = m = =——=1, or without units
Rz Nom N mkN
m m

Then the dimensionless time factor.

. Unit of the soil permeability coefficient (k)

(without units) mmm L L
k= ISy H_ (WIOWTH e w - w L m
kN kN kN 1 d
t Ope (Sec)—~ (Sec)=  (Secy—— = sec
m m m'm m

Then the soil permeability coefficient has unit length per unit time.

. Unit of the coefficient of consolidation (Cy)

m kN kN 5
o e KN m? om?

Sy mk_N k_N sec kN sec

Then the consolidation coefficient has units of length squared per unit time.

. Unit of the coefficient of volume compression (my)

N m 1 m?
mV == _ —_— = T =
Hope N7 KTy

m n-

Then the units of the coefficient of soil volume compression are length squared per unit force or cross-sectional area

per unit force.
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