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Abstract

Achieving full saturation in consolidated triaxial testing is challenging, especially for compacted and residual soils with
low water content and complex microstructures. Conventional back-pressure saturation can cause disturbance and leaching,
leading to unreliable results. This study evaluates the double-vacuum (DV) method to reduce sample disturbance and better
preserve microstructure during testing of compacted kaolin clay. Two methods—back pressure (NV) and double-vacuum
(DV)—were compared using the consolidated undrained triaxial test and micro-CT imaging. The DV method reached a
Skempton B-value > 0.95 at lower pressure (150-200 kPa) in 8 hours, while NV needed up to 450 kPa and 50 hours. The
DV approach halved axial and radial deformation and resulted in lower changes in void ratio (Ae/eo = 0.055), indicating
improved sample integrity. Micro-CT showed a more uniform pore distribution and lower residual porosity (0.43%) versus
NV (1.04%). These results suggest the DV method is a more reliable, less intrusive way to prepare fine-grained soils for
triaxial testing, with significant implications for geotechnical labs, especially where high-pressure systems are limited.
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1. Introduction

Achieving full saturation in Triaxial Consolidated Undrained testing is challenging. Certain soils, such as compacted
or remolded samples, those at optimum moisture content (OMC), and residual soils, often have low natural water
content. This challenge arises because residual soils are generally unsaturated and typically sit above the water table.
Consequently, achieving a high degree of saturation requires increased time and higher pressure [1-5]. In soils whose
mechanical behavior depends on structure and mineralogy (such as residual soils and stiff clay) saturation and
reconsolidation can modify the microstructure. This leads to sample disturbance and affects the mechanical behavior
observed in consolidated undrained triaxial tests [6-8]. The degree of sample disturbance and quality control is generally
measured by the pore number ratio (Ae/eo) during reconsolidation, as identified by Lunne et al. [9]. However, void ratio
(eo) only represents the relationship between void volume (V) and solid volume (Vs), and does not directly reflect the
total actual void volume. Technological advances, such as micro-computed tomography (micro-CT), now enable more
accurate visualization of pore distribution and particle interactions. This technique provides enhanced microstructural
insights into the mechanisms of saturation and reconsolidation, and their impact on the mechanical characteristics
observed in consolidated undrained triaxial tests.
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In conventional triaxial testing, the saturation method applies back pressure to compress air voids and dissolve air
pores into water, while maintaining a higher cell pressure to prevent specimen bulging. However, repeated use of back-
pressure during consolidated undrained triaxial testing may damage structural integrity [10] and cause leaching
processes [11]. Mineral leaching lowers the shear strength of the natural clay [8, 12—14]. If saturation damages the soil
structure, reconsolidation cannot restore the in-situ effective stress; this method is only effective if there is no structural
damage [15]. Besides, the small-strain stiffness (Go) in clays and sands is also known to depend on mean effective stress
through a power-law relationship, with parameters that reflect soil structure [8]. Therefore, analyzing the mechanical
behavior and key parameters of structured soils, such as residual soils and stiff clays, helps clarify how their structures
evolve. The double-vacuuming saturation method was first described by Donaghe & Townsend [1] and later introduced
by Rad & Wayne Clough [16]. It is common in Japan and is included in the Japanese Geotechnical Society Standard
[17], as cited in ASTM D4767-11 [18]. This process, also called the dry-saturation method, is used to saturate sandy
soils under low back pressure. The method achieves high saturation using lower back pressure (100-200 kPa), while
conventional methods require 400-800 kPa for soils with low initial saturation. High back pressure limits the practical
application of stress during consolidation and shear loading, and industrial pneumatic systems and triaxial cells are
usually limited to 7-8 bars (700-800 kPa).

Numerous studies have employed the double-vacuum saturation method to analyze the mechanical behavior of sand
[16,19-22], clay [5, 17, 19, 23], and residual soil [11, 22, 24-29]. All researchers have shown that the vacuum saturation
method is more effective than the conventional back-pressure technique. It achieves faster saturation, produces a lower
final back pressure, and reaches a degree of saturation at least a B-skempton value of 0.95. However, only a few studies
[5, 17, 23] have examined the impact of the double-vacuum saturation method on sample disturbance, which in turn
affects soil mechanical behavior. Yilmaz et al. [5] performed unconsolidated undrained triaxial tests on a 35 mm-
diameter compacted clay sample, saturated by single vacuum (-70 kPa) and gravity (falling head) for 1 to 4 weeks. The
saturation system was independent of the testing apparatus, so the Skempton B-value could not be controlled. Their
results showed that one week of vacuum saturation produced lower strength than four weeks of gravity saturation, likely
because free air prevented complete saturation and increased cohesion. Teng & Ou [23] used a suction control system
with venturi vacuum generators in triaxial tests on 50 mm-diameter samples. They performed Ko-consolidated undrained
axial compression (CKoUAC) tests and a bender element test on reconstituted Taipei silty clay, with and without suction
control. Results showed that suction control produced higher-quality specimens with lower Ae/e, values. Specimens
saturated with suction control were classified as good to fair, while those without were fair to poor. Young's modulus
and shear modulus were underestimated by 20% and 14%, respectively, in conventional saturation, indicating that stress-
strain behavior at small strains is influenced by soil structure changes induced by the saturation method. This study
focused on stiffness and undrained shear strength parameters, rather than stress-strain curve features or stress path
behavior under different saturation methods.

Ampadu & Tatsuoka [17] studied reconstituted kaolin and in-situ stiff clay using dry saturation with a double-
vacuum, and the conventional wet-setting method in consolidated undrained triaxial tests. At low stress, a wet setting
produces softer specimens, which can lead to inaccurate pre-consolidation stress measurements. The setting procedure
generally does not affect undrained strength beyond pre-consolidation pressure, unless effects are severe. Higher stress
consolidation can erase setting impacts. However, this study does not address microstructural changes and their effects
on shear strength using saturation methods. It should be noted that all studies measured disturbance using the pore ratio
Aeleo, as described by Lunne et al. [9, 30], but they did not explore how the double-vacuum method influences
disturbance at the microstructural level. This issue is critical in soils with complex structure and mineralogy, such as
residual soils and stiff clays. Their disturbance criteria [9,30] were developed for marine clay or sedimentary soils, while
research based on microstructural analysis using double-vacuum saturation in triaxial testing of volcanic residual soils
remains very limited.

Recent research on microstructure changes caused by saturation or infiltration generally uses scanning electron
microscopy (SEM) [31], mercury intrusion porosimetry (MIP) [32] and micro-computed tomography (micro-CT) [33,
34]. Zhuang et al. [34] investigated microstructural changes in loess soil after water-saturation infiltration using micro-
CT, finding that porosity increased by about 20%. The pore-area ratio of the mesopores and macropores increased more
than that of the micropores. Additionally, the number of small pores grew to more than 5 times that in the undisturbed
loess. An et al. [33] simulated seepage in granite residual soil by dry-wet cycling based on micro-CT. The results showed
mesopore structural changes that increased permeability. Small pores in the original sample expanded and connected
after drying and wetting. Cracks and macropore volumes increased, while micropore volume decreased. Under dry-wet
cycles, many small pores gradually transformed into large, highly connected cracks. This seepage simulation using
micro-CT results can estimate the permeability characteristics of granite residual soil.

Optical microscopes and SEM capture only two-dimensional images. Outcomes depend on the observation direction
[34-37]. The MIP technique may damage samples, and pore-size data may not reflect the actual size distribution [32,34].
In contrast, Micro-CT imaging can accurately display geometric features of particles and pores. It offers three-
dimensional reconstruction and visualization. This technique provides non-destructive, quantitative, reproducible, and
high-resolution analysis [32, 34, 38, 39]. However, only a few studies have used micro-CT to analyze microstructural
changes from the double-vacuum saturation process during triaxial testing of volcanic residual soils.
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In Indonesia, this method is used infrequently. The primary challenges impeding its development include limitations
in equipment availability, capacity, and familiarity with the technique. Consequently, this study aims to adapt the double-
vacuum method to these existing constraints while ensuring its applicability to achieve optimal results and promote
further development in Indonesia. To address this gap, it is necessary to investigate the impact of the double-vacuum
saturation method on the mechanical behavior of volcanic residual soil during consolidated undrained triaxial testing,
using microstructure analysis derived from micro-CT results. The key research questions were as follows: (i). What is
the effect of the double vacuum saturation method on the disturbance level of soil samples in general, and specifically
from a microstructural perspective? (ii). How does the double vacuum saturation method influence the outcomes of
consolidated undrained triaxial tests, particularly for soils whose mechanical behavior is affected by structure and
mineralogy? This study is a preliminary study to answer the first research question. Therefore, to reduce the influence
of the sample variation factors, consolidated undrained triaxial tests were performed on compacted kaolin clay soil
samples with and without vacuum control. The research questions related to volcanic residual soil will be discussed in
future studies. The porosity distribution, time required, level of disturbance, magnitude of the final pressure during
saturation, consolidation characteristics, and stress-strain characteristics of kaolin clay were compared to examine the
influence of the double-vacuum saturation process on changes in soil characteristics. The difference in the hydraulic
gradient height during saturation is also discussed to determine the effect of the vacuum system on changes in soil
characteristics.

This paper is divided into four sections. Section 1 covers background, the theoretical framework, literature review,
gap analysis, novelty, and the research objective. Section 2 describes the materials, sample preparation, and experimental
procedures, including the double-vacuum (DV) and back-pressure (NV) saturation systems, triaxial CU testing, and
micro-CT analysis. Section 3 discusses results, focusing on the DV method’s effect on saturation efficiency,
deformation, disturbance, microstructure, hydraulic gradient, and the influence of saturation method on stress-strain
behavior. Section 4 summarizes key findings and suggests future research directions for residual or reconstituted soils
with high compressibility and sensitive material.

This study is expected to provide an overview of the double-vacuum method, specifically from a microstructural
perspective, as an alternative to accelerate saturation, reduce the final pressure, and minimize sample disturbance during
subsequent saturation studies.

2. Material & Testing Methods

Figure 1 shows the workflow diagram of the research methodology used in this study. In general, there are five
stages to achieve the goal of this research, as detailed below:

o Material preparation

¢ Double-vacuum and back-pressure saturation Process
e Triaxial consolidation undrained test

¢ Micro-computed tomography (Micro-CT)

e Data Analysis

Determined the properties of
kaolin
Prepared 2000 gr of kaolin Micro-computed
tomography (Micro- ——
l Back-pressure/Non- | CT)
> vacuum saturation
Add water to reach the OMC ™V)
o | Triaxial Consolidated | |
! Undrained
L. . > Con;pacted klaolu:l ™ > Data Analyzes
Put the kaolin in plastic bag (L7 EReliss
and cured during 24 h Micro-computed
tomography (Micro-
CT
l N Double-vacuum | )
. . saturation (DV)
Put the kaolin into the split
cylinder | Triaxial Consolidated ||
Undrained
Compacted the material layer
by layer up to 3 layers by
dynamic compaction

Figure 1. Research methodology
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2.1. Kaolin Clay

To maintain a high level of homogeneity and mitigate uncertainties associated with the test material, this study
utilized processed kaolin clay produced explicitly by PT. Yudian Kawan Mineral, Belitung, Indonesia, as shown in
Figure 2. Table 1 shows the index properties, Atterberg limits, and grain size distribution of the kaolin clay material,
providing the following results:

o R s

KAOLIN POWDER
325 MESH

NETTO : 40 KOS
. ~ BELITUNG
INDONESIA

—_—

Figure 2. Kaolin clay, a product of PT. Yudian kawan mineral, Belitung, Indonesia

Table 1. Properties of kaolin clay

Item Unit Value
Material Kaolin
Distributor PT. Yudian Kawan Mineral
Specific gravity, Gs - 2.58
Liquid Limit, LL % 68.48
Plastic Limit, PL % 37.88
Plasticity Index, PI % 30.6
Clay % 57.61
Silt % 42.39
Sand % 0
Gravel % 0
Dio mm -
D3o mm 0.0015
Dso mm 0.003
Cy - -
C, - -
Soil Classification, USCS - MH

2.2. Sample Preparation

Kaolin clay weighing 2,000 g was mixed with 600 mL of de-aired water (30%). The mixture was then cured for 24
h to ensure an even distribution of water content throughout the kaolin clay and to attain equilibrium moisture conditions.
Using the standard Proctor method, the kaolin material was compacted and shaped in a stainless steel split compaction
mold. The mold, measuring 70 mm in diameter and 140 mm in height, was designed for placement within the triaxial
cell. A split compaction mold was used to minimize sample disturbance and reduce water content during trimming when
forming the triaxial specimen. To prevent compression during sample extraction, a split-compaction mold was designed
as a split tube, as illustrated in Figure 3.

-er-

Prepared 2000 gr of Add water to reach the OMC Put the Kaolin in Plastic bag and
Kaolin values Cured during 24 hour

Make kerfs on each layer
surface so that each layer is
perfectly connected Compact the material Put the Kaolin into the split
The specimen is ready to be tested layer by layer up to 3 layers cylinder (d=70mm; h =
by Dynamic compaction 140 mm)

method

Figure 3. Sample preparation process
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2.3. Compaction Method

The prepared kaolin clay material was weighed and placed in a split mold in three layers, with each layer compacted
by 29 blows using a hammer weighing 1.83 kg, with a diameter of 70 mm and a drop height of 200 mm, equivalent to
the standard Proctor energy of 597 kN-m/m®as shown in Figure 4 . Before applying each new layer, a kerf was created
in the previous layer to ensure continuity of interlayer connections. As previously mentioned, a split-compaction mold
was used to minimize sample disturbance and water content reduction during triaxial specimen formation. Furthermore,
to prevent compression during sample extraction, a split compaction mold was designed as a split tube. This method
follows ASTM D4767-11 [18] for preparing samples for triaxial testing, and has been utilized by several researchers for
both dynamic and static compaction [40-44] on residual soil and other sensitive soils.

e
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Figure 4. Schematic diagram of split tube compaction mold 70 mm diam. and 140 mm height

2.4. Double Vacuum Saturation Method System

In this study, two saturation methods were examined: (1) the back-pressure (NV) method and (2) the double-vacuum
(DV) method. The commonly used back-pressure method was not further elaborated upon in this study. The double-
vacuum method was implemented using a suction generator (convum), as illustrated in Figure 5, because standard
vacuum machines were unable to maintain a continuous vacuum. The double-vacuum method used in this study is based
on the work of Ampadu & Tatsuoka [17]. However, the maximum applied vacuum pressure was -80 kPa. This
adjustment was made to accommodate the maximum capacity of compressor machines commonly used in Indonesia.
The schematic diagram of a double-vacuum saturation system is shown in Figure 6. The saturation process using the
double-vacuum method was conducted according to the following procedure and summarized in Table 2:

e Stage I: The vacuum pressure within the specimen was increased to -20 kPa, maintaining a constant vacuum
pressure differential of 20 kPa between the outside and inside of the specimen. Open valve A until air bubbles stop
rising in water tank A.

¢ Valve B was gradually opened to maintain the equilibrium of the vacuum pressure distribution across the specimen.
At this stage, air bubbles appear in water tank A.

¢ Once the air bubbles disappeared, the vacuum pressure was increased to the subsequent stage (Stage 11 to Stage
1) while maintaining a constant vacuum pressure differential of 20 kPa. This process was repeated incrementally
until the maximum achievable vacuum pressure was achieved. Compressors with a maximum capacity of 8 bar,
commonly employed in soil mechanics laboratories in Indonesia, generate a suction pressure of -80 kPa. A higher
maximum suction value can be achieved in this final process, thereby accelerating saturation and achieving a B-
value > 0.95.

e At maximum vacuum pressure (Stage V), the vacuum process was continued until stable conditions were
achieved ( no air bubbles were detected).

e Upon achieving stable conditions, with the vacuum pressure maintaining its maximum level at a constant
differential (20 kPa), the valve was closed in water tank B, elevating it 70 cm above water tank A. In this
configuration, the valve at the bottom of water tank B was opened, allowing water from water tank B to flush
towards the sample. This process was continued until water began to flow from the upper sample. During this
process, the water flowing within the specimen filled the voids and displaced the remaining air bubbles in the soil
because the maximum vacuum pressure (-80 kPa) did not approach the atmospheric pressure (1 atm). This entire
phase requires approximately 4.5 hours, or until water flows from the upper specimen flow path.

¢ In the subsequent phase (Stage V to Stage VI), the vacuum pressure was gradually reduced while maintaining a
constant differential pressure of -20 kPa between the outside and inside of the specimen, until it returned to its
initial condition.
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e The final condition (Stage VII) was reached when the pressure outside the sample was 0 kPa and the pressure
inside the sample remained at -20 kPa. At this point, the double-vacuum process was considered complete (the
vacuum system was deactivated), and the procedure progressed to saturation using the back-pressure method

Diffusion
Nozzle Chamber  Diffuser

Inlet
Pressure

mmm) Exhaust

-8
2%

Vacuum
Flow

Figure 5. Suction generator/convuum
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Figure 6. Schematic diagram of the double vacuum system method

Table 2. Scheme for applying vacuum pressure in the double vacuum method

Stage-n Outside pressure Inside pressure Duratioq approx.
(kPa) (kPa) (min.)
| 0 -20 +10
1] -20 -40 +10
1 -40 -60 +10
\% -60 -80 +10

Elevate water tank B and maintain constant vacuum pressure for a total duration of +4.5 hours
or until water flows out of the drainage line of water tank A

\Y -40 -60 +10
Vi -20 -40 +10
VI 0 -20 +10

The influence of the double-vacuum system on the initial saturation process provided an initial pore pressure and a
high B-value at the beginning of saturation, thereby accelerating the subsequent saturation process with the back-
pressure system to achieve a B-value > 95%.

Regarding the flushing duration, the results indicated that for short flushing times, the water flow entered the
specimen/drainage system when the initial back pressure increased from 0 to +20 kPa. However, during prolonged
flushing, the water flow was more likely to exit the specimen. Nevertheless, the initial flow direction does not always
determine the degree of saturation, as in conventional saturation methods (such as the back-pressure method), in which
water consistently flows out of the specimen. Regardless of the clay soil type, this outflow did not achieve complete
saturation within a short time frame at low pressure. This phenomenon suggests that the specimens saturated using the
back-pressure method had access to unlimited free water and may have undergone uncontrolled expansion.
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Furthermore, this was confirmed through observations of deformation during the saturation and reconsolidation
processes. The change in the height of the clean specimen during the back-pressure process was greater and more
compressive than that in the double-vacuum method. Consequently, the volumetric change during saturation obtained
using the back-pressure method was significantly larger than that obtained with the double-vacuum method. This
indicated that the specimens saturated using the back-pressure method were predicted to have undergone a high degree
of disturbance.

2.5. Triaxial Consolidated Undrained (TRXCU)

Triaxial consolidated undrained (TRXCU) testing was conducted in accordance with ASTM D4767-11 [18] using a
triaxial stress path apparatus from GDS Instrument, Ltd. The United Kingdom integrated with a double-vacuum system,
as shown in Figure 7. The load applied to the sample was recorded using a submersible load cell (5 kN capacity) situated
within the triaxial chamber positioned above the top cap of the specimen. Consequently, the recorded data were not
influenced by the frictional forces between the piston and chamber. This load cell exhibited an accuracy of 0.1% of its
total capacity, which is equivalent to £5N. Thus, for a sample with a diameter of 70 mm, the accuracy is within 1 kPa.
The piston was maintained in a docked position to measure deformation from the onset of saturation. This configuration
enables the piston to move in response to deformation during saturation, consolidation, and shear processes.

=== i 1 13 B —v— = 2.4
Double Vacuum . : \ a F ~ o
: X ) ~ ' 1 i SwoHzEom ], e /[/‘r . “
, ~ ] faim!
\ : Controlling software

1

and Computer
Z

Negative
Press. Dial
Gauge

o
Pneumatic Pressure
controller

ALY

Figure 7. Schematic diagram of the triaxial apparatus integrated with a double vacuum system

Internal back pressure was applied using de-aired water, controlled by a GDS Digital Pressure Volume Controller.
This controller is a microprocessor-controlled linear actuator designed to regulate and measure fluid pressure and
volume changes precisely. The device was connected to a computer for automated control by using a general-purpose
interface bus (GPIB). Pore water pressure was measured separately using a pore pressure transducer mounted on the
specimen's base plate. The cell pressure was applied using the air pressure from a compressor regulated by a pneumatic
controller.

Radial deformation was calculated based on the volume change recorded by the GDS digital pressure—volume
controller. The magnitude of the radial deformation was analyzed from the radial strain value e, which is expressed as:

g, = 22 x 100% ®

where: AD = Average diameter change; Do= Initial diameter.

The average change in the diameter was calculated as follows:

E:(\/“;’lxz)—Do (2

where: A, = Current area; In the current area, A is given by:

2
_ (mxx(Dp/2)2xHp)+AV (3)

A
n Ho—AH

where: H, = Initial height of sample; DV= volume change; DH = Height change.
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2.5.1. Consolidation Stage

After determining B > 0.95 at the final back pressure, isotropic consolidation was automatically performed on the
specimen with a 70 mm diameter and a 140 mm height, using filter paper side drains around the perimeter. The
specimens were isotropically consolidated under different pressures, and the isotropic consolidation process was
continued for 24 h or until at least 98% of the excess pore water pressure dissipated. The consolidation stage was
considered complete when the pore water drainage rate was less than 1 mm3/min [25].

2.5.2. Undrained Shear

After automatic reconsolidation, undrained triaxial compression was conducted at an axial strain rate of 0.06
mm/min. The data were automatically recorded every 10 seconds. Once the test was completed, reaching a maximum
axial strain of approximately 25%, the specimens were removed from the triaxial cell, and their water content was
subsequently measured.

2.6. Micro-computed Tomography (micro-CT)

Micro-CT scanning of the four soil samples was performed using a Bruker Micro-CT SkyScan 1173 High Energy
Micro-CT (see Figure 8), which was meticulously configured to capture high-resolution volumetric data. This device
was suitable for scanning high-density samples. A total of 1800 projection images were acquired over 3 h, 30 min, and
10 s. The X-ray source was operated at 130 kV and 61 pA, with a 0.25 mm brass filter to optimize the beam quality.
The camera was set to a 1 x 1 binning and captured images with a pixel size of 35 um. To ensure data integrity, frame
averaging (four frames) and random movement (10 steps) were performed. A complete 360-degree rotation was
employed with a 0.200-degree rotation step in a step-and-shoot trajectory, ensuring comprehensive angular sampling.

Figure 8. X-Ray micro-computed tomography (micro-CT) Bruker Skyscan 1173

Following the data acquisition, the raw projection images were reconstructed into 3D volumes using the NRecon
program, version 1.7.4.6, powered by the GPU ReconServer engine (version 1.7.4) for accelerated processing. The
reconstruction process, which took approximately 40 minutes for 1800 slices, produced output images with a resolution
of 2160 x 2160 pixels and a pixel size matching that of the acquisition at 35 pm. A post-alignment correction of -0.50
was applied to refine the reconstruction accuracy.

To mitigate common CT artifacts, specific correction parameters were employed: a ring artifact correction level of
7 was applied, and the beam hardening correction was set at 25%. The conversion from CT numbers to image intensity
was carefully calibrated to the minimum and maximum values of 0.001600 and 0.015000, respectively, to ensure
accurate representation of material densities in the soil samples. The final reconstructed images were saved in BMP
format, providing a robust dataset for subsequent analysis of the soil’s internal structure.

3. Results and Discussion
3.1. Effect of the Double-vacuum Method on the Saturation Process

To investigate the influence of the double-vacuum method on the saturation process, saturation was performed on
compacted kaolin samples using the back-pressure method (NV) and the double-vacuum method (DV). As shown in
Figure 9, the results indicated that to achieve a Skempton B value > 0.95, the NV method required a maximum pressure
of 450 kPa. Figure 10 illustrates that the NV method requires approximately 50 h (more than 2 days, but no more than
3 days). In contrast, with the DV method, a Skempton B-value > 0.95 could be achieved at a maximum pressure of 150-
200 kPa within an average of 8 h. This aligns with the findings of Yin et al. [11, 28] , indicating that granite residual
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soil requires 6 hours for vacuum saturation at a maximum back-pressure of 300 kPa (B-value > 0.97). The variation in
duration and maximum back-pressure is attributed to differences in sample diameter, Skempton B-Value target, volume
void, and specimen microstructure. Meanwhile, the results differ between the NV and DV methods because of the
vacuum process that removes soil pore air. Flushing with de-aired water from the bottom fills voids and forces air
bubbles out of the top of the specimen. This process speeds up saturation in the DV method compared to the NV method.

1.0 - "
P — * o - A
0.9 + T S s
@ DV04-S1R
0.8 e DV06-SIR
@ DVO7-S1R
3071 DV08-S1R
g DV14-S1R
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¢ NV10-S1R
0.5 1 & NV13-S1R
v +- NV15-S1R
0.4 1 NV16-S1R
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0 100 200 300 400 500
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Figure 9. Skempton B-value and maximum saturation pressure in the NV and DV methods
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Figure 10. The time required to achieve B-value > 0.95 for the NV and DV methods

To determine the real-time axial deformation during saturation and reconsolidation, the axial control function in the
GDS triaxial program is set to a constant load cell value of zero. Under these conditions, the load frame maintained the
internal load cell reading at zero. Thus, if the sample was enlarged, the internal load cell was compressed to 0 kN,
prompting the load frame to automatically retract the piston until the internal load cell reading returned to 0 kN. By
contrast, if the sample shrinks, the internal load cell is pulled and measures less than 0 kN, causing the load frame to
automatically advance its piston until the internal load cell reading returns to 0 kN. This process occurs in real time with
precision using the Proportional-Integrative- Derivative (PID) algorithm in the GDS triaxial program.

Figure 11 illustrates that the axial deformation of the kaolin clay samples resulting from the saturation process
through the reconsolidation process, with an effective stress of 50 kPa using the DV method, generated a smaller net
axial deformation (ey: = £0.9%) than the NV method (ev: = £1.8%). In other words, the axial deformation obtained using
the NV method is nearly twice that obtained using the DV method. This discrepancy is attributed to the saturation
process in the NV method, which requires a longer and repeated water-flushing time to achieve a B-value > 0.95.
Additionally, it necessitates repeated increases in back pressure and cell pressure to compress the air within the soil and
facilitate its diffusion into water. Excessive water access using this method can lead to uncontrolled soil expansion. In
contrast, the DV method uses a vacuum process to extract air from soil pores. Consequently, during flushing, the water
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flowing from the bottom of the specimen fills the air voids. It pushed out the remaining air bubbles (caused by a vacuum
pressure still significantly lower than atmospheric pressure) from the top of the specimen. Therefore, when applying the
back pressure, repeated pressure increases were not needed to reach a B value of 0.95 or greater.
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Figure 11. Axial deformation of kaolin clay due to saturation and reconsolidation process (¢’v = 50 kPa) based on NV and

DV methods

Applying a vacuum pressure close to atmospheric pressure (-90 kPa) will result in a faster saturation time and a
lower final pressure than observed in this study. However, using high-capacity compressors (>12 bar) requires a
significant financial investment and is not commonly used in Indonesian soil-mechanics laboratories.

Figure 12 shows that the radial deformation of kaolin clay samples caused by saturation during reconsolidation at an
effective stress of 50 kPa using the DV method resulted in a smaller net radial deformation (en: = £1 - 1.3%) than the
NV method (en: = £2.4%). In other words, the radial deformation measured with the NV method was approximately
twice that measured with the DV method. Generally, radial deformation caused by the saturation process through
reconsolidation is greater than the axial deformation. It should be noted that in this study, the specimens were compacted
to a water content of 30%, resulting in relatively low compressibility and void ratio. Undisturbed or reconstituted
samples with high void ratios, high water content, and high compressibility are expected to cause greater axial

deformation.
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Figure 12. Radial deformation of kaolin clay due to saturation and reconsolidation process (o’v = 50 kPa) based on NV and

DV methods
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However, Liu et al. [45] stated that calculating radial deformation using the volume-change approach is inaccurate.
Radial local measurements, such as LDT, LVDT, and Hall Effect, are recommended for better results. The limitations
and availability of equipment were the main reasons for choosing the volume-change approach to calculate radial
deformation in this study.

3.2. Effect of the Double-vacuum Method on Sample Disturbance

To determine the level of sample disturbance, Lunne et al. [9] proposed using the parameter Aele,, where Ae
represents the change in void ratio during the reconsolidation process towards the effective stress, and e is the initial
void ratio, as shown in Table 3. It should be noted that in their study, Ae/e, was measured using the oedometer test,
which can lead to inaccurate De measurements when a gap exists between the specimen and the oedometer ring [46].
To account for these inaccuracies, the Ae/e, in this study was measured using a triaxial compression technique. The
recompression technique can be applied if Ae/e, is less than 0.07. Therefore, it is impossible to overestimate the strength
caused by poor sample quality in the recompression test, as long as the strength is not measured at very high strains. If
only the residual effective stress is lost, the sample can be recovered using the recompression technique; however, if the
soil structure is damaged, this technique cannot replicate the undisturbed soil behavior [15].

Table 3. Classification of sample quality based on void ratio changes during recompression [9]

Sample Quality and Process VVolume Change (Ae/eo)
Very Good <0.04
Good to Fair 0.04-0.07
Fair to Poor 0.07-0.14
Very Poor >0.14

As shown in Figure 13, the consolidation pressure test results at 50 kPa for all samples indicated that the NV Method
produced a maximum Ae/e, value of £0.09, which, according to Lunne et al. [9], indicates fair-to-poor sample quality.
In contrast, the DV method produced a maximum Ae/e, value of £0.055, which falls within the good-to-fair sample
quality range. Teng & Ou [23] reported similar findings for reconstituted Taipei Silty clay soil, in which specimens
saturated under suction are classified as “good to fair”. In contrast, the quality of the specimens saturated without suction
is classified as “fair to poor”. This also indicates that, even without using localized measurement devices such as LDTSs,
LVDTs, or Hall-effect sensors, assessing changes in void ratio (Ae/ey) during recompression still provides reasonably
accurate results. It is predicted because the change in void ratio is determined by the variation in vertical strain, assuming
the specimen maintains its cylindrical shape throughout the consolidation process (volumetric strain remains constant).
Therefore, these findings suggest that specimens saturated with the NV method showed greater sample disturbance than
those saturated with the DV method. During the saturation process, the NV method requires a specified humber of
incremental steps in cell pressure to achieve a B-value > 0.95. This process results in the decomposition of particle bonds
in soil, increasing the void volume. Consequently, during consolidation, the specimens saturated using the NV method
exhibited greater compression than those saturated using the DV method.

0.000
0.010 —— DV04-S1R (50)
——— DV06-S1R (50)
0.020
————— NV15-S1R (50)
00307 N NV18-S1R (50)
0.040
o
§ 0.050
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0.070
0001 N T — Fair to Poor
o eI

0.100 Falrlto Poor |
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Figure 13. Effect of kaolin clay sample saturation process on sample disturbance (o’v = 50 kPa)
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Furthermore, the suction pressure difference (-20 kPa) maintained during flushing in the double-vacuum method
prevents significant expansion or compression of the specimen during increases in cell stress (Figures 10 and 11). The
vacuum condition in the voids and the 70 cm hydraulic gradient in the DV method facilitated easier upward water flow
through the specimen without requiring high diffusion pressures, as compared to the NV method. Based on these
observations, it can be concluded that the saturation process has a greater impact on restoring the specimen to its original
field condition than does the reconsolidation process. This result is consistent with observations made by Cho et al. [10].

3.2.1. Disturbance Based on Micro-computer Tomography (Micro-CT)

Following the scanning process, which generated a 16-bit TIFF image dataset, the reconstructed 8-bit grayscale BMP
image datasets were analyzed. As shown in Figure 14, visualization using DataViewer (Bruker 3D Suite) reveals that
both soil samples from the pre-saturation process exhibit striking visual structural similarities. They are characterized
by aggregates of comparable size, homogeneously distributed throughout the entire volume of each sample. This
suggested a consistent, granular, or clustered arrangement within the soil matrix, indicating a similar physical
architecture between the two samples at the microscopic level, as resolved by the scan.

Vacuum V. 3 Non-Vacuum

Figure 14. Qualitative analysis of the pre-saturation samples visualized using data viewer with pseudo-coloring features
(Bruker 3D suite)

When subjected to pseudo-coloring based on the relative density, both samples predominantly displayed orange to
yellow hues. This color range indicates that both samples fall within the low-to-medium density range. The dominance
of these lighter colors suggests a less compact structure with potentially homogeneously distributed submicron pores or
a lower concentration of high-density materials. This consistent density profile across the samples further reinforces
their visual similarity in terms of overall material packing.

For scans of the post-saturation process, Figures 15 and 16 qualitatively show the difference in density. Following
the saturation process, both soil samples exhibited an increase in density, as indicated by the shift to lighter, more yellow
hues in the pseudo-colored scans. This color change suggests that the saturation treatment successfully introduced water
into the pore spaces, thereby increasing the overall density of the materials within the samples.

Bravnten

Figure 15. Qualitative analysis of the post-saturation samples vacuum sample as visualized using data viewer with pseudo-
coloring features (Bruker 3D suite)

1748



Civil Engineering Journal Vol. 12, No. 05, May, 2026

Figure 16. Qualitative analysis of the post-saturation non-vacuum samples as visualized using the data viewer with pseudo-
coloring features (Bruker 3D suite)

The pseudo-coloring applied to the micro-CT images (Figures 14 to 16) depicts differences in sample density. The
differences in pseudo-colour density maps are accurately presented because the sample sizes are the same and the
acquisition and reconstruction parameters are kept constant across the samples, thereby maintaining consistency for
further analysis and interpretation. The artifacts have been carefully compensated and reduced during preprocessing in
the reconstruction process. Therefore, the color map can accurately depict density differences.

A notable difference in the structural homogeneity was observed between the two saturation methods. The non-
vacuum-saturated (NV) sample exhibited a more heterogeneous structure than its double-vacuum-saturated (DV)
counterpart. In the NV sample, pores were scattered with a tendency to concentrate towards the central and outer edges
of the sample. In contrast, the DV sample showed a more even distribution of pores and fewer overall pores. This
indicates that vacuum saturation achieved a more thorough and uniform filling of the pore network, resulting in a denser,
more consistent internal structure, whereas non-vacuum saturation left pore spaces more unevenly filled.

Further quantitative analysis of the binarized micro-CT images provided a more precise understanding of the pore
structures in both post-saturated samples. At a resolution of 35 um per pixel, the detected pore volume fraction relative
to the total cylindrical sample volume was significantly different: the NV sample exhibited a pore volume fraction of
1.04%, whereas the DV sample showed a considerably lower pore volume fraction of 0.43%. This directly confirms that
the vacuum saturation process resulted in a substantially smaller detectable pore volume compared with the non-vacuum
method, indicating a more effective filling of the pore network.

Previous qualitative analyses, as well as the calculation of 3D bulk porosity, are consistently supported by the 2D
pore fraction analysis from Orthogonal Cross-Sections of the binarized images presented in Figures 17 and 18. Figure
17 illustrates the pore fraction observed across the horizontal cross sections (i.e., horizontal x-y slicing planes). The
graph clearly demonstrates that across all vertical positions, the overall pore fraction of the vacuum-saturated sample
remained consistently smaller than that of the non-vacuum-saturated sample. This consistent pattern along the vertical
axis underlines the thoroughness and uniformity of the pore filling achieved by vacuum saturation, highlighting its
superior ability to reduce residual air voids within the soil matrix compared with the non-vacuum approach.

Vacuum

0 1 2

(b) i : (c) =

Figure 17. Binarized image of the Vacuum (a) and Non-Vacuum (b) samples utilized in a further analysis of the porosity.
The 2D porosity plot of vertically sliced images (horizontal plane) for both samples
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Figure 18. The 2D porosity analysis of the horizontally sliced images (vertical planes) from both samples, sliced in X-Z
planes and Y-Z planes

As illustrated in Figure 18, the 2D pore fraction was further analyzed using graphs derived from two distinct slicing
orientations. This provided a comprehensive view of pore distribution beyond the previously discussed horizontal (x-y)
planes, i.e., the 2D XZ porosity was calculated from slices along the XZ plane, which are parallel to the green line
(representing the front-to-back direction, or the y-axis); the 2D YZ Porosity was calculated from slices along the YZ
plane, which are parallel to the blue line (representing the left-to-right direction or the x-axis).

From these analyses, it is evident that the pore space distribution is notably more homogeneous in the DV sample
across both vertical slicing planes. This indicates that the vacuum saturation process not only reduced the total pore
volume but also more evenly distributed the remaining pores throughout the sample, thereby avoiding the localized
concentrations observed in the non-vacuum sample. Furthermore, these findings are consistent with the earlier analysis
of the horizontal cross sections, confirming that the overall porosity of the DV remains smaller than that of the NV,
irrespective of the slicing orientation. This reinforces the conclusion that vacuum saturation is a more effective method
for minimizing and uniformly distributing residual porosity within soil samples

3.3. Effect of Water Tank Elevation

Based on double-vacuum testing conducted by Ampadu & Tatsuoka [17] on clay soil, the height difference between
water tanks A and B during flushing was 70 cm. Lim et al. [24] applied hydraulic gradient pressures of 1-2 m during
flushing, whereas Yilmaz et al. [5] utilized 4 m. Consequently, a study was conducted to investigate the effects of the
hydraulic gradient height resulting from differences in water tank height on specimen deformation, disturbance, damage
levels, and stress—strain characteristics. Water tank heights of 70 cm, 100 cm, and 150 cm were tested to assess their
impact on the sample’s disturbance levels. As shown in Figures 19 and 20, the results indicated that water tank height
differences of 70 cm, 100 cm, and 150 cm produced axial deformations of 0.75%, 1.25%, and 2.25-3.9%, respectively,
and a Ae/ep ratio of 0.055, 0.063, and 0.08, respectively. Figure 21 illustrates that the maximum deviatoric stresses were
35 kPa, 37 kPa, and 43 kPa, respectively. These findings suggest that higher hydraulic gradient pressures between water
tanks A and B resulted in a more rapid flow of water into the specimen. This phenomenon increases the total axial
deformation during saturation, thereby increasing the disturbance to the specimen, as evidenced by the increasing Ae/ey
ratio. The Ae/ep ratio at the end of the reconsolidation process indicates greater specimen compression and greater
dissipation of excess pore-water pressure during consolidation under equivalent effective pressure. This causes the
deviatoric stress to increase as the hydraulic gradient height increases.
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Figure 19. The influence of water tank elevation on axial deformation of kaolin clay in the DV method
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Figure 20. The influence of water tank elevation on the level of disturbance of the kaolin clay in the DV method
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Figure 21. The influence of water tank height on the stress-strain curve of the kaolin clay in the DV method
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3.4. Effect of Double-VVacuum Method on Stress-Strain Characteristics

The effect of saturation processes, using either the double-vacuum (DV) or back-pressure (NV) method, on the
stress-strain characteristics was determined from triaxial consolidated undrained test results. As shown in Figure 22, the
shearing results with a consolidation pressure of 50 kPa indicated that the saturation process using the back-pressure
(NV) method generated a higher maximum deviatoric stress than the double vacuum (DV) method. This outcome is
attributed to the repeated compression experienced by the sample in the back-pressure (NV) method, in contrast to that
in the double vacuum (DV) method. Consequently, upon application of the reconsolidation pressure, the non-vacuum
sample (NV) (using only the back-pressure method) underwent greater compression, resulting in a higher shear strength
compared to the double vacuum saturation process, as shown in Figure 23.

Furthermore, Double Vacuum (DV) saturation results in a stress-path pattern that is more to the left relative to the
non-vacuum (NV) method. This indicates a greater buildup of pore pressure, which reduces the effective stress more
significantly than the non-vacuum (NV) method, as shown in Figure 24. This phenomenon occurs because the double-
vacuum (DV) saturation process tends to maintain a more uniform pore-structure distribution than the non-vacuum (NV)
method. As a result, drainage is more impeded, leading to a greater increase in pore pressure during shear than the non-
vacuum (NV) method. The implication is that triaxial consolidated undrained test results obtained using the back-
pressure method might overestimate results compared to those obtained with the double-vacuum method. However,
because this study applied to compacted kaolin clay specimens with low initial void ratios, the differences in saturation
methods did not significantly affect the effective shear strength values. Therefore, it is necessary to test undisturbed or
reconstituted samples with high void ratios, water contents, and compressibility.
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gure 22. Influence of DV method vs. NV method on stress—strain relationship of kaolin clay sample
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Figure 23. Influence of the DV method vs. the NV method on TRXCU test results for kaolin clay samples
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Figure 24. Stress path DV method vs. NV method for kaolin clay samples

4. Conclusions

Based on a study about sample disturbance on the application of the double vacuum saturation method in the triaxial
consolidated undrained kaolin clay that has been carried out, it can be concluded as follows:

e The Double vacuum (DV) method reaches saturation of compacted Kaolin clay specimens faster, in about 9 hours,
and at lower final pressure (150-200 kPa) compared to the back pressure (NV) method, which takes approximately
50 hours and requires higher pressure (450-700 kPa)

e The double-vacuum (DV) method results in significantly less axial and radial deformation in compacted kaolin
clay specimens compared to the back-pressure (NV) method, with axial deformation nearly half as much and radial
deformation also lower. However, the radial deformation measurement used in this study may be less accurate,
and more reliable techniques such as LDT, LVDT, or Hall Effect sensors are recommended for future tests.

e The double vacuum (DV) saturation method causes less sample disturbance, ranging from good to moderate,
compared to the back-pressure (NV) method, which results in moderate to poor disturbances. Overall, the DV
method causes less sample damage during the saturation process.

e Based on micro-CT analysis, the overall porosity of the Double Vacuum (DV) method remained lower than that
of the back-pressure (NV) method, regardless of the slicing orientation. This confirms that double vacuum (DV)
saturation is a more effective way to reduce and evenly distribute residual porosity within soil samples.

o Applying a hydraulic gradient pressure exceeding 70 cm to compacted kaolin clay during the saturation process
with the double-vacuum method caused significant axial deformation, increased sample disturbance, and higher
deviatoric stress.

e Triaxial consolidated undrained testing showed that the Double Vacuum (DV) method produces lower deviatoric
stress and shear strength compared to the back-pressure method, resulting in overestimated outcomes due to
increased compression during reconsolidation. However, for compacted kaolin clay with low initial void ratios,
the difference between the two methods did not significantly impact effective shear strength. Further testing of
samples with higher void ratios and greater compressibility is recommended to understand this effect better.

4.1. Limitations

A limitation of this study is the use of compacted kaolin clay specimens with low initial void ratios and
compressibility. Therefore, different saturation methods did not significantly impact the effective shear strength.
Additionally, the high density and low void ratio lead to saturation-induced structural changes that are not easily visible.
As a result, it is necessary to test undisturbed or reconstituted natural samples with higher void ratios, water contents,
and compressibility. For soils sensitive to mineralogical changes, X-ray Diffraction (XRD) testing after saturation should
be performed to identify mineralogical changes and subsequent cementation conditions. Local measurements of
horizontal deformation were not conducted in this study. Future research should consider using local measurement
techniques such as LDT or the Hall effect to observe changes in lateral deformation caused by the saturation process.
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