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ABSTRACT

Collapse of cavities caused by coastal internal erosion has occurred at the back sides of
seawalls and quay walls all over the world. As a countermeasure against the coastal internal
erosion, a method using a two-layer filter has been developed by the authors. In this study, the
applicability of rock debris as the two-layer filter was comprehensively examined through a
series of sand filtration tests and prototype-scale experiments under various dynamic external
forces acting at the waterfront. As a result, in cases where sea sands with low grain sphericity
are used as backfilling sands, the two-layer filter composed of granulated rock debris showed
a sufficient deterrent effect under various external forces involving tides, waves, seepage flows,
rainfalls, overtopping waves, and earthquakes, when the uniformity coefficient of the filter
(Ucr) was higher than or equal to 2.5, and the median particle diameter ratio (Drso/Dsso0) was
less than or equal to 25.

INTRODUCTION

Abrupt ground subsidence has occurred frequently in artificial beaches and at the back sides
of seawalls and quaywalls all over the world (Kudai et al., 2021a). This subsidence was caused
by the collapse of cavities that gradually developed underneath the ground by coastal internal
erosion of backfilling sand. The coastal internal erosion occurs when sand is continuously
washed out by the water level fluctuations due to waves and tides from a broken part of the
wall or the geotextile of the port facilities.

As a countermeasure against the coastal internal erosion, a method using a two-layer filter
composed of the upper filter layer to prevent coastal internal erosion of backfilling sands and
the lower filter layer with relatively large grain size to keep stability on backfilling stones
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(Figure 1), has been developed by the authors (Kudai et al., 2021a). Since the filter is crushed
stone, it is able to follow deformation under various dynamic external forces such as
earthquakes, waves, and currents acting on the waterfront area and can stably and continuously
deter coastal internal erosion. Therefore, the filter is considered to be effective for a sustainable
prevention method of the internal erosion.

Crushed stone used as a filter material has been adjusted for its particle size in accordance
with JIS and other standards. On the other hand, Rock debris is a byproduct of rock mining and
civil engineering work. It is a natural material with unadjusted grain size and contains large
rocks, sands and fine contents. If rock debris could be applied to two-layer filters, it would be
possible to deter coastal internal erosion more economically.

The aim of this study is to systematically investigate the applicability of rock debris as a
filter material and the performance of the two-layer filter using rock debris as a countermeasure
against coastal internal erosion. First, we investigated the physical properties of rock debris.
Then the deterrent effect against coastal internal erosion of the two-layer filter using rock debris
was comprehensively examined through a series of sand filtration tests and prototype-scale
experiments under various dynamic external forces acting at the waterfront.
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Figure 1. Outline of the two-layer filter as countermeasure against internal erosion.

PHYSICAL PROPERTIES OF ROCK DEBRIS

Figure 2 shows the particle size distributions and bulk specific gravities of the two kinds of
rock debris used in this study and also shows the values of Krumbein’s intercept sphericity
calculated from the longest axis length (a), intermediate axis length (b), and shortest axis length
(c) of 15 particles of each rock debris. For comparison, the bulk specific gravity and intercept
sphericity of the crushed stone used as the two layer filter in the previous study (Yang et al.,
2022) are also shown. The values of the bulk specific gravity of both rock debris (Figure 2(a))
are almost the same as that of the crushed stone, and exceed 2.5, which is the standard value
for hard stone specified in “JIS A5006 Crushed stone”. This means that each rock debris has a
sufficient specific gravity to be used as a filter material. The Krumbein’s intercept sphericity
of both rock debris are almost equal to that of the crushed stone (Figure 2(b)), and thus, it can
be judged that the difference in the particle shape is not large enough to affect the deterrent
effect of the filter against coastal internal erosion. On the other hand, the particle size
distributions shown in Figure 2(a) indicate that both rock debris include particles of various



sizes from less than 0.1 mm to more than 100 mm in diameter. Therefore, in order to apply the
rock debris to the two-layer filter, it is necessary to properly adjust the range of particle size of
the rock debris to be used as each filter layer.
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Figure 2. Physical property of the two kinds of rock debris : (a) Particle size distributions
and bulk specific gravity (G), (b) Krumbein’s intercept sphericity.

SAND FILTRATION TEST

The purpose of sand filtration tests is to systematically investigate and clarify the deterrent
effect of filters using rock debris against sea sand’s passage under seismic forcing. This stems
from the fact that seismically induced internal erosion occurs when underlying stones are
shaken and allow sand passage between the individual stones.

Figure 3 shows the particle size distributions of 6 kinds of sea sand used for the sand filtration
tests. Table 1 shows the physical properties of the sea sands. Figure 3 also shows a micrograph
of Sate sand as an example. From this micrograph, the Sate sand is found to contain fragments
of shells and coral. The roundness of these sea sands is 0.2-0.3, which is about half the value
of Iide silica sand (Yang et al., 2022). In this study, sea sands with particles larger than 2 mm
removed were used as backfill sands in the sand filtration tests. It has been clarified that filters
using crushed stone have a sufficient deterrent effect against the internal erosion of sea sands
containing fragments of shells and coral under Ucr=2.5, Drso/Dsso =25 by Yang et al. (2022).
Taking the particle size distribution of the upper layer filter used in the previous study into
consideration, both rock debris were used as the filter materials with the range of particle sizes
adjusted as shown in Figure 4 and Table 2.

Figure 5 (a) shows the outline of the sand filtration tests. The device was composed of a
cylindrical container, mesh (Mesh size is 2 mm), a saucer and a vibrating table (SSV-115, San-
Esu Co, Ltd., Japan). The diameter and height of the cylindrical container were 15.5 cm and
30 cm, respectively. The vibrating table could reproduce horizontal sinusoidal vibrations with
a given frequency and acceleration. The filter and sand were set in the cylindrical container as
shown in Figure 5(a).The thickness of the filter layer was set to 13 cm, which corresponded to



less than half the minimum thickness of the actual filter layer to clarify the deterrent effect of
internal erosion at the uppermost filter layer. The mass of the sand was set at 2500 g to make
the height of the sand layer essentially equal to that of the filter layer. The frequency and
acceleration of the vibration were adjusted to 3 Hz and 0.15G, respectively. The level of the
vibration was equivalent to earthquakes with a seismic intensity of 5 Lower as defined by the
Japan Meteorological Agency (JMAa). This intensity of seismic motion is commonly observed
and is relatively large among earthquakes frequently occurring worldwide. The duration of the
vibration was adjusted to 10 min, which was sufficiently long considering the typical duration
of earthquakes. The ratio of the mass of sand passing through the filter layer and falling into
the saucer to the total mass of the sand (R;) was calculated to examine the deterrent effect of
the filter against sand passage. The test was conducted three times for each case of the
combination of rock debris and sea sand, and the average and standard error of R, were
determined.

Figure 5(b) shows a summary of the results of the sand filtration tests in the form of the
relationships between Drso/Dsso and Rp. Under 25 < Drso/Dsso < 30, Rp is found to increase in
the case of Rock debris I (2-26.5mm)-1 whose U.r is about 2.5. On the other hand, in all cases
where Drso/Dsso < 25, R, was essentially equal to zero. A comparison between Figure 5(b) and
5(c) shows that rock debris with the range of the particle size being properly adjusted to satisfy
Ucr=> 2.5, Drso/Dsso < 25 can prevent the passage of sea sand under such vibration in the same
way with the filters using crushed stone.
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Figure 3. Particle size distributions of sea sands used for sand filtration tests.

Table 1. Summary of sea sands used for sand filtration tests.
Sea Sand Dssp (mm) Uss Sea Sand Dssp (mm) Uss
Sate 0.424 (0.391) 4.442 (4.542) ltoman 0.212 1.910
Arakawa 0.378 (0.353) 4172 (3.459) | Maejima2016 | 0.676 (0.562) | 3.205 (3.195)
Ozaki 0.542 (0.412) 4.905 (4.748) | Maejima 2021 | 0.800 (0.691) [ 3.325 (2.685)

* Dgsp and U, of each sea sand with the range of particle size being adjusted to be under 2 mm are noted in parenthesis.
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Figure 4. Particle size distributions of filter used for sand filtration tests.
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Table 2. Summary of rock debris with adjusted ranges of particle size.

Filter DF50 (mm) UcF Filter DF50 (mm) UcF
Rock debris T (2-19 mm) 12.481 3.401 Rock debris T (2-37.5 mm) 14.802 4.547
Rock debris T (2-26.5 mm-1) 20.009 2.565 Rock debris II (2-26.5 mm) 14.795 4,548
Rock debris T (2-26.5 mm-2) 11.805 4.012 Rock debris IT (2-37.5 mm) 19.581 4,923
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Figure 5. Outline and results of sand filtration tests: (a) Outline of the sand
filtration test, (b) Results of the sand filtration tests using rock debris, (c) Results of the
sand filtration tests using crushed stones with U.r equal to or greater than 2.5 as adopted
from the results of the previous study (Yang et al., 2022).
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PROTOTYPE-SCALE VERIFICATION EXPERIMENT

Experimental set-up.

Figure 6 shows a summary of Prototype-scale Visualizing System (PVS). The outer
dimensions were 3.5 m (length) X 2.8 m (height) X 0.4 m (width). The PVS made it possible to
simultaneously observe the processes of internal erosion, cavity formation and collapse through
the front glass. Internal erosion can be generated at any width or point using the three slits,
which were located in the partition at the bottom of the soil layer and can be opened up to 8
cm. Various hydraulic external forces can be applied to the soil layer by controlling the two
elevators installed at both sides of the PVS. Rainfall close to natural rainfall can be reproduced
at a rainfall intensity of 10-80mm/h using the rainfall machine (DIK-6000-S70, Daiki Rika
Kogyo Co., Ltd., Japan) installed on the upper side of the PVS.
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Figure 6. Summary of the PVS.

Summary of the prototype-scale verification experiments.

Table 3 shows a summary of prototype-scale verification experiments for examining the
deterrent effect of filters against coastal internal erosion. The layout of the experiments was set
as layout A or layout B as shown in Figure 7, depending on the types of hydraulic external
forces applied. In the layout A, the two-layer filter was placed at the center of the soil layer.
On the other hand, in the layout B, the crushed stone (0.5-6.0 kg) simulating the backfill stone
on a mound and the two-layer filter were placed on the left side of the soil layer. In both layouts,
the thickness of the upper filter layer was set to 30 cm, which was equivalent to the minimum
thickness of an actual filter layer used in the field. The soil layer was made by water pluviation,
and the height was set to 1.5 m.

Figure 8 shows the particle size distributions of the backfill sand and filters used in each
case. In order to verify that internal erosion could be deterred under Drso/Dsso < 25 on the safe
side, the value of Drso/Dsso was set to be greater than 25 (Table 1). Therefore, each rock debris
in the range of 0.85-37.5 mm was used as the upper layer filter. These upper filters satisfy the
condition Ucr > 2.5 (Table 3). The range of the lower filter’s particle size needs to be set above
the maximum diameter of the upper filter and below the minimum diameter of the backfill
stone to maintain the stability of the two-layer filter. The crushed stones with diameters ranging
from 100 to 1000 mm are practically used for the mound and backfill stones of actual seawalls
(Kikuchi et al., 2011). Thus, each rock debris in the range of 37.5-106 mm was used for the
lower filter.

As shown in Table 3, four types of hydraulic external forces were applied in Case 1 and Case
2, and two types in Case 3 and Case 4. A summary of all six hydraulic external forces is shown
in Table 4. The intensity of the rainfall (Type 4) was set to be 80 mm/h, which corresponded
to the category of torrential rain as defined by Japan Meteorological Agency (JMAD). The
overtopping rate of the overtopping wave (Type 6) was adjusted to be 0.001 m*/m/s. This value
is greater than 3x10° m*s/m, which denotes the allowable overtopping rate set by The Japan
Port and Harbour Association from the perspective of preventing structural damage to buildings



in the hinterland (JPHA, 2018). The reproduction method of six types of hydraulic external
forces is the same as that used in the previous studies of the authors (Kudai et al., 2021a, 2021b,
Yang et al., 2022).

Table 3. Summary of the prototype-scale verification experiments.

Case Dsso ) Drso ) Drso Hydrodynamic
No. Layout|Sand (mm) Uss Upper filter (mm) U | Lower filter (mm) Uce | Drso/Dsso foroes
Rock debris 1 Rock debris 1
1 A Sate |0.440( 6.800 (0.85-37.5 mm) 13.711 [ 7.396 (37.5-106 mm) 70.066 | 1.549 | 31.174 | Type 1,2,3,4
Rock debris I Rock debris II
2 A Sate |0.440( 6.800 (0.85-37.5 mm) 11.792 (7.708 (37.5-106 mm) 69.692( 1.730 | 26.771 Type 1,2,3,4
Rock debris 1 Rock debris 1
3 B Sate |0.440( 6.800 (0.85-37.5 mm) 13.711 [7.396 (37.5-106 mm) 70.066 | 1.549 | 31.174 Type 5,6
Rock debris II Rock debris I
4 B Sate |0.440( 6.800 (0.85-37.5 mm) 11.792 (7.708 (37.5-106 mm) 69.692( 1.730 | 26.771 Type 5,6
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Figure 8. Particle size distributions of materials used for the verification experiments.

Table 4. Summary of the hydrodynamic forces applied.

Type Hydrodynamic forcing Outline of each type of hydrodynamic forces
1 One-dimensional water One-dimensional water level fluctuation simulating a relatively long-period sea level variation, such as tide waves and long-|
level fluctuation period waves with periods of several minutes

= |nitial goundwater level : 67.5 cm, Wave height : 105 cm, Wave period : 263 sec, Number of cycles : 10

2 Rapid drawdown Rapid drawdown caused by gravity flow =Groundwater level : 120 cm, Magnitude of water level drawdown: 105 cm,
Number of repetitions: 10

3 Incident wave Incident wave from the left side of the sand layer=Groundwater level: 67.5 cm, Wave height in the left side water tank:
105 cm, Wave period: About 13 sec, Number of cycles: 100

4 | Rainfall Random rainfall close to natural rainfall reproduced by the rainfall machine installed on the upper side of the PVS.
= Groundwater level: 67.5 cm, Rainfall intensity: 80 mm/h, Rainfall duration: 1 hour

5 | Mound transmitted wave Mound transmitted wave from the left side of the sand layer Wave 1=Groundwater level: 82.5 cm, Wave height in the left
side water tank: 60 cm, Wave period: about 6 sec, Number of cycles: 100 Wave 2=Groundwater level: 82.5 cm, Wave
height in the left side water tank: 100 cm, Wave period: About 10 sec, Number of cycles: 100
Wave 3=Groundwater level: 82.5 cm, Wave height in the left side water tank: 135 cm, Wave period: About 16 sec,
Number of cycles: 100

6 | Overtopping wave Overtopping wave simulating water flowing oversthe crest of a coastal structure from the left side water tank=Groundwater
level: 82.5 cm, Wave overtopping rate: 0.001 m"/m/s, Wave period: About 18 sec, Number of cycles: 100




Results of the prototype-scale verification experiments.

Figure 9(a) shows the variations of pore water pressures under each type of hydrodynamic
forces for Case 2 and Case 4. Figure 9 (b) shows the variations of suctions during the rainfall
(Type 4) in Case 2. The regular pore water pressure fluctuations can be confirmed under the
five types of hydraulic external forces except for the rainfall (Type 4). In contrast, under the
rapid drawdown (Type 2), all the pore water pressures (WP2-6) decreased at a high-speed equal
to 4.5 kPa/s. This pore water pressure fluctuation velocity was faster than 1 kPa/s, which
corresponded to the maximum speed of the variation of pore water pressure observed behind a
caisson during a past storm of significant wave height equal to 6.78 m in Fukui port, Japan
(Kudai et al., 2021a). The rainfall (Type 4) was reproduced under drainage condition, and thus,
the pore water pressure remained constant showing no fluctuation (Figure 9(a)). On the other
hand, suctions measured above the groundwater level (S.2, S.5, and S.6, The result of S.1 is
not shown due to a missing record) first decreased at S.5, which was closer to the ground
surface, and then decreased at S.2 and S.6, finally converging to a constant value (Figure 9(b)).
The fact indicates that rainwater permeated well to the groundwater surface.

Figure 10 shows the flow velocities of sand particles and filters under each type of
hydrodynamic forces. The results were obtained from the image analyses of video images taken
by a high-resolution video camera (FDR-AX100, SONY Co., Ltd., Japan) using Digital Image
Correlation (DIC). Velocity vectors of 0.02 - 0.03 mm/s manifested under the rapid drawdown
(Type 2) in Case 1 and the overtopping wave (Type 6) in Case 3. On the other hand, the velocity
in the direction toward the slit was practically zero near the boundary between the backfill sand
and the upper filter layer as well as inside the two-layer filter in all cases. Also, there were no
cavities observed around the two-layer filter (Figure 10). These results indicate that the filter
using an appropriately granulated rock debris maintained a sufficient deterrent effect under the
six types of strong external forces that could manifest in the field.
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Figure 9. Variations of (a) pore water pressure and (b) suction in the six types of the
prototype-scale verification experiments

*The results of Type 2-hydrodynamic force show the time average flow velocity I:l Analysis range Velocity (mmy/s) [ |
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Figure 10. Results of the prototype-scale verification experiments with the velocity vectors
shown at the vicinity of the filter layers.

CONCLUSION

This study was conducted to investigate the applicability of rock debris as the two layer filter
to deter coastal internal erosion. The principal findings and conclusions obtained from this
study can be summarized as follows.



+ The upper filter using rock debris maintained a sufficient deterrent effect against the internal
erosion of sea sand with low grain sphericity under the condition that the uniformity coefficient
of the filter (Uc.r) was greater than or equal to 2.5, and the median particle diameter ratio
(DrsolDsso) was less than or equal to 25.

+ The stability of the two-layer filter can be maintained even under relatively strong hydraulic
external forces by applying the rock debris in the particle size range above the maximum
particle size of the upper filter and below the minimum particle size of the backfill stone to the
lower filter under various hydrodynamic forcing.
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LIST OF SYMBOLS

Dsso Particle size corresponding to 50% finer for sand (median particle size of sand) [mm]

Drso Particle size corresponding to 50% finer for upper filter (median particle size of upper
filter) [mm]

Drs50 Particle size corresponding to 50% finer for lower filter (median particle size of lower
filter) [mm]

U:s Uniformity coefficient of sand

Ucr  Uniformity coefficient of upper filter

U.r» Uniformity coefficient of lower filter

G  Bulk specific gravity
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