Observation of suffusion in pumice sand with non-plastic fines by X-ray CT
scanner
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ABSTRACT

In this study, the internal erosion of fine particles (suffusion) in a compacted pumice sand with a
large amount of non-plastic fines was visualized using X-ray CT scanning, and the
microstructural changes that support the tendency of clogging of pores and increasing in shear
strength associated with suffusion were successfully captured. The following conclusions were
obtained: (1) suffusion occurs around large localized pore spaces, and (2) when suffusion
progresses due to water permeation, the fine particles migrated and trapped at the bottleneck of
the pore network, resulting in decrease of hydraulic conductivity due to clogging and increase of
shear strength resistance angle by reinforcement of the soil skeletal structure. These observations
are consistent with the test results obtained in previous studies on shear strength characteristics
of the pumice sand with/without suffusion experience.

INTRODUCTION

The 2018 Hokkaido Eastern Iburi Earthquake caused extensive liquefaction damage in the
Satozuka district of Kiyota, Sapporo, Japan, resulting in the subsidence of roads and houses
(Watabe and Nishimura 2020). This area is located almost at the northern limit of the pyroclastic
flow deposits Spfl caused by the Shikotsu volcano eruption 30,000 to 40,000 years ago. Housing
was developed in the 1970s by filling the valley with excavated soil from the hill side. The fill
was up to 10 m thick, and it may have occurred internal erosion due to a high hydraulic gradient
toward the drainage facility when the groundwater level rose after heavy rain or snow melting.

The soil particles of Spfl (pumice sand or volcanic ash sand) are glassy and platy with
extremely high angularity but are characterized by the fine contents F'C of 45%. Because of the
high fine content, when the sand contains a certain amount of water content, it is prone to



forming aggregates, especially when the water content is slightly drier than the optimum. When

the soil is compacted in this state, the aggregates form a skeletal structure, creating a network of
large pores known as macroporosity, which tends to result in a loosely packed state. This is one

of the causes of liquefaction damage and is also linked to concerns about internal erosion.

Fukushima and Watabe (2023) conducted triaxial CU tests with and without internal
erosion on two types of samples made by adjusting fine contents of Spfl. The two samples are
named FC45 and FC70 with fine content F'C of 45% (base material Spfl at Satozuka District as
is) and 70% (fine particles added), respectively. Test conditions were set focusing on the
compaction water content w, degree of compaction Dc, and fine content F'C, and the effects of
fine content and compaction conditions on the formation of the soil skeletal structure
(microfabric) and shear strength properties were investigated. The water content at compaction
was set to three types: optimum water content, 5% drier than the optimum water content, and 5%
wetter than the optimum, and the degree of compaction was set to De = 90% for all the three. The
results obtained are rearranged and summarized here as the value of the shear resistance angle ¢,
as shown in Figure 1. When suffusion, fine particle’s internal migration remaining soil skeletal
structure, occurs in the soil specimen with fine contents of 45-70%, the shear resistance angle ¢
increases, and in particular, the tendency for the shear resistance angle ¢ to increase is stronger in
specimens compacted at a slightly (5% in this test condition) drier than the optimum water
content.

The objective of this study is to obtain clues for understanding the mechanism by which
suffusion affects mechanical behavior from the perspective of microscopic structure.
Permeability tests involving suffusion were conducted on samples prepared at conditions with
parameters of compaction water content and fine content, which govern the formation of soil
skeletal structure, and X-ray CT images taken of the soil internal structure before and after
suffusion were analyzed to obtain a microscopic understanding of the fine particle migration.
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Figure 1. Influence of suffusion on the shear resistance angle corresponding to with and
without suffusion



SOIL SAMPLE

The soil sample used in this study were taken from a depth of approximately 3 m (that was above
the groundwater level) of the ground damaged by liquefaction in Satozuka Chuo Popura Park in
Satozuka District, Kiyota, Sapporo, Japan. Large gravel was removed using a 9.5 mm sieve
before using it in the tests. In the following, this sample will be referred to as FC45, as it has a
high fine content of approximately 45%. This soil sample is almost the same as that used in
Fukushima and Watabe (2023). As mentioned above, the soil is characterized by being
composed of glassy and platy sand particles with high angularity (spiky surface). The soil
particle density ps was 2.391 Mg/m>.

In order to prepare a sample with an even higher fine content, the original sample FC45
was mixed with a fine particles that had passed a 0.075 mm sieve (fine content), resulting in a
sample with a fine particle content of 66.7%. This sample will be referred to as FC70. The
samples FC45 and FC70 here are almost the same samples used in Fukushima and Watabe
(2023) to obtain the results shown in Figure 1.
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Figure 2. Grain size distribution curves for FC45 and FC70.
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The grain size distribution curves for each sample are shown in Figure 2. The compaction
curves obtained from the Proctor’s normal compaction test using the A-c method are also shown
in Figure 3.

TEST CONDITIONS AND TEST PROCEDURE

As with the triaxial test series by Fukushima and Watabe (2023), soil samples were prepared
with three types of compaction water: the optimum water content, 5% drier than the optimum,
and 5% wetter than the optimum. Hereafter, the sample with the optimum moisture content will
be referred to as “opt”, the sample on the 5% drier as “dry”, and the sample on the 5% wetter as
“wet”. The setting of £5% from the optimum water content wopt assumes the range of water
content expected when the degree of compaction is set to De = 90% in construction management.
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Figure 4. Illustration of the permeability test apparatus.

In this study, in order to reproduce the suffusion and to observe the internal skeletal
structure before and after suffusion using an X-ray CT scanner, a one-dimensional permeability
test was carried out as follows. A schematic illustration of the test apparatus is shown in Figure
4. The soil sample prepared was divided into four layers and poured and compacted into an
aluminum pipe with an inner diameter of 10 mm and a height of 200 mm to achieve a
compaction degree of 90%, creating a 50 mm high specimen. A syringe pump was connected to
the upper end of the pipe, and the lower end was open to atmospheric pressure. During the
saturation and suffusion processes, water was allowed to permeate the specimen at a constant
flow rate using the syringe pump in flow rate control. The water pressure at the injection side of
the soil specimen was measured, and the hydraulic gradient within the specimen was calculated.



The size of the outflowing particles was controlled by fixing a metal mesh and a fiber mesh with
a mesh size of 1 mm placed on the bottom of the soil specimen. The outflowing soil particles
were collected to measure the outflowed soil volume and erosion rate. Test conditions are listed
in Table 1. Here, Q is water infiltration rate (water flow) and 7 is the duration of the
permeability test.

Table 1. Test conditions.

Test ID w (%) pa Mg/m*) | D. (%) | Q(mL/sec)| T (sec)
45dry 37.5 0.9419 88.2

450pt 48.1 0.9551 89.4 0.022 900
45wet 47.4 0.9288 87.0

70dry 28.7 1.0540 89.7

700pt 34.9 1.0557 89.8 0.0083 900
70wet 39.7 1.0708 91.1

After the specimen was saturated, the internal skeletal structure before suffusion was
taken using an X-ray CT scanner. Next, a one-dimensional permeability test to induce suffusion
was conducted by supplying water flow from the top of the specimen using a syringe pump.
Outflowed water with some fine particles eroded from the inside of the specimen was collected,
dried, and then, the dry mass of the soil particles flowed out was measured. After the
permeability test, the internal skeletal structure after suffusion was taken using an X-ray CT
scanner. Two types of X-ray CT scanners were used, with resolutions of 15.9 pm and 8.3 pum.

The test conditions in Table 1 show parameters that indicate the compaction condition of
each specimen, as well as the flow rate Q of water injected into the specimen and the duration of
permeability test. The test code (test name) is written using the sample name (indicating the fine
particle content) and water content condition (dry/opt/wet). The flow rate and duration of
permeability test were set based on the results of preliminary experiments conducted in advance,
within a range in which suffusion would occur but would not result in suffosion in which soil
skeletal structure collapses and flows out.

TEST RESULTS AND DISCUSSION

Permeability test results. Temporal variations of the upstream water pressure under a set
constant flow rate and that of the hydraulic conductivity calculated from the measured upstream
water pressure are shown in Figure 5. The maximum hydraulic gradient imax (the value obtained
almost at the end of the experiment) calculated from the upstream water pressure (here, the
downstream water pressure was the atmospheric pressure), the dry mass of eroded soil particle y,
and the erosion ratio ER are summarized in Table 2. The erosion ratio ER was calculated by
dividing the dry mass y of the flowed out fine particles by the total dry mass of fine particles
contained in the specimen before the permeability test.
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Figure 5. Temporal variation of the upstream water pressure and that of hydraulic

conductivity.

Table 2. Permeability (suffusion) test results

Test ID D¢ (%) y(g2) ER (%)
45dry 88.2 0.0108 0.64
450pt 89.4 0.0686 4.01
45wet 87.0 0.0250 1.50
70dry 89.7 0.0065 0.24
700pt 89.8 0.0105 0.38
70wet 91.1 0.1901 6.78

As a result of the permeability test for FC45, temporal variation of the upstream water
pressure and that of the hydraulic conductivity are shown in Figure 5a. In the test results of 45dry
and 45wet, the upstream water pressure increased slowly by 5-10 kPa from 100 to 900 seconds,
and the hydraulic conductivity decreased gradually. However, in the test results of 450pt, the



upstream water pressure increased by approximately 80 kPa during the same period, and the
hydraulic conductivity decreased significantly. This decrease in hydraulic conductivity suggests
that the progression of suffusion causes clogging in all three cases of FC45. The reason why
450pt had a larger increase in upstream water pressure and a smaller hydraulic conductivity than
the other two cases (45dry and 45wet) is thought to be a slightly higher dry density than the other
two cases of FC45.

As a result of the permeability test for FC70, temporal variation of the upstream water
pressure and that of the hydraulic conductivity are shown in Figure 5b. In the test result of 70dry,
the upstream water pressure increased slowly by only about 20 kPa from 100 to 900 seconds,
whereas in the other two cases (70opt and 70wet), the upstream water pressure increased by
more than 100 kPa during the same period. In particular, the upstream water pressure increased
more rapidly for 70wet. The hydraulic conductivity decreased from the start of the permeability
test, suggesting that migrated fine particles due to suffusion clogged the water path, and that
clogging progressed rapidly especially immediately after the permeability test began.

When the above test results are compared in a cross-sectional manner based on Table 2
for the two samples with different fine particle content, there is a strong tendency for the wet side
condition to have a higher erosion ratio than the dry side condition, particularly in sample FC70,
which has a much higher fine content. Normally, the dry side condition is more likely to have
water paths formed due to the development of macroporosity, resulting in a higher erosion ratio;
however, the results of the suffusion in this study showed the opposite trend. It is important to be
noted about this point. This is because permeability tests are normally conducted with a constant
hydraulic gradient, but the test in this study was conducted with a constant flow rate, then in case
of a small hydraulic conductivity, the upstream water pressure increased, causing a higher
hydraulic gradient, resulting in a higher erosion ratio.

Fine particle migration due to suffusion. The main goal of this study is to capture the internal
soil structure changes that occur due to suffusion in X-ray CT images and visualize and quantify
them through image analysis. Previously, it was thought that suffusion occurs homogeneously
inside the soil, but Kido and Higo (2023) captured suffusion that occurred in a soil of gap-grade
silica sand in X-ray CT images and visualized that suffusion is not a homogeneous phenomenon,
but rather a phenomenon in which water paths develop due to internal erosion.

The pumice sand or volcanic ash sand used in this study (Spfl) has wide grain size
distribution and contains a large amount of fine particles. Therefore, it is impossible to identify
each fine particle (clay particle or silt particle) even with a high-resolution X-ray CT scanner.
Because of this technical limitation, image processing focusing on the pore structure (not each
particle) was applied to a CT-image. The following three areas were extracted: the areas that
remained as pores before and after suffusion (hereinafter, area A: pores = pores), the areas that
pores before suffusion turned into soil after suffusion, i.e., areas where clogging occurred
(hereinafter, area B: pores = soil particles), and the areas where soil before suffusion turned into
pores after suffusion, i.e., areas where soil particles moved away (hereinafter, area C: soil



particles = pores). In the images shown below, area A is colored light blue, area B is colored
orange, and area C is colored red.

Areas A, B, and C extracted in this way were colored and then combined to create an
image that captured the changes in pore structure due to suffusion. Vertical cross-sectional
images of each sample before and after the permeability test and the results of image processing
are shown in Figures 6 and 7 for FC45 and FC70, respectively. From the left to the right, the
images are before suffusion, after suffusion, and the results of the image processing described
above (areas A, B, and C colored).

(a) 45dry (b) 450pt (c) 45wet
Figure 6. Pore structure change for FC45 (Left: before suffusion; Center: after suffusion;
Right: extracted pores).

(a) 70dry (b) 700pt (c) 70wet
Figure 7. Pore structure change for FC70 (Left: before suffusion; Center: after suffusion;
Right: extracted pores).

A common feature of each test result is that changes in the pore structure occurred around
relatively large pores. In particular, the results for 70opt shown in Figure 7b show that relatively
large pores are concentrated at the joints of each compaction layer when the specimen was
prepared. Fine particles flowed into this area from upstream, causing local suffusion, but there



was almost no change in the skeletal and pore structure above this area, and from a macroscopic
perspective, suffusion occurred in a manner that fine particles flow out without significant
change in the soil skeletal structure.

An enlarged view of the change in the pore structure of the area in 450pt where fine
particles moved by suffusion and were clogged in the pores (framed area in in Figure 6b) is
shown in Figure 8. There are two types of clogging: one is clogged area that still has some gaps
above the area, as indicated as SAF in the figure, and another one is clogged area that are
completely filled with soil particles continuously from the upper skeletal structure indicated as
AF in the figure. The former (SAF) is semi-active fines in the classification by Mehdizadeh et al.
(2020) that restrict the horizontal movement of soil particles in the skeletal structure and provide
secondary support that contributes to the transmission of stress when shear deformation is
applied. The latter (AF) is active fines that directly contribute to the stress transmission of the
soil skeleton.

Figure 8. An enlarged view of the change in the pore structure of an area observed in 450pt
CONCLUSIONS

In this study, for pumice sand (or volcanic ash sand) with a wide grain size distribution, a series
of small scale permeability tests was conducted, and visualized the behavior of fine particle
migration using X-ray CT scanner. The findings obtained in this study are summarized below:

1) In most suffusion does not occur homogeneously within the soil skeletal structure, but occurs
around large localized pores, where fine particles that have moved from upstream side trapped
in bottlenecks in the pores downstream and cause clogging. As a result, the hydraulic
conductivity decreases over time.

2) In some cases, pores still remained upstream of the clogged region, and in other cases, no gaps
remained and the region is filled with fine particles. The former act as semi-active fines, which
have the effect of constraining and reinforcing the skeletal structure when deformation is applied,
while the latter act as active fines that are incorporated into the main elements of the soil skeletal
structure and contribute to stress transmission.

3) In the case of suffusion that occurs during permeability tests, the outflow of soil particles
observed from the outside represents only a small portion of the fine particle migration. The
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most important phenomenon in suffusion is not the flow out fine particles, but rather the local
change in the internal skeletal structure that occurs when the moved fine particles are trapped.
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