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In recent years, levees have been collapsing and residents have been being robbed of their
lives and properties almost every year in Japan. For soil levees, the fluctuation of the pore water
pressure in the ground is a dominant parameter of their weakening. The multipoint monitoring
of the pore water pressure in a levee allows us to grasp the risk of levee collapse directly. In this
study, we developed a new ultrasmall-pore water pressure gauge (UPWP gauge) whose
production cost and power consumption are lower and whose installation is easier than those of
commercially available pore pressure gauges. We performed basic laboratory experiments for
this UPWP gauge and pooling experiments for a full-scale-model levee and assessed their
performance. Our results revealed that the errors of the values measured using the UPWP gauge
in the laboratory test were within £15 mm for the set water levels. Furthermore, in the
verification of the full-scale test levee, the elevation process, and the maximum pore water
pressures of the UPWP and the existing pore pressure gauges were in good agreement.

1. Introduction

Several lives were lost by levee collapses caused by floods during heavy rain disasters in
Tohoku and Kanto in 2014,) Hokkaido in 2016,® West Japan in 2018, and North Kyushu in
2020.™ Scenes of residents in muddy streams being rescued by helicopters and boats with great
risks to life are seen every year in Japan. Under such a background, the Ministry of Land,
Infrastructure and Transport, in 2018, started to promote the installation of low-cost river water
gauges, mainly on small- and medium-sized rivers from which sufficient water-level information
has not been obtained. A system to quickly identify community residents with a smartphone
through a web portal site using the information obtained from the river water gauge has been
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established. However, during the heavy rain caused by Typhoon 19, which hit the Kanto,
Koushinetsu, and Tohoku districts in 2019, flood damage due to simultaneous levee collapses
at 140 locations along 71 rivers in seven prefectures again caused suffering to many people. This
fact suggests that river levels alone are insufficient as evacuation information in the event of a
levee collapse.

The fluctuation of the pore water pressure in the ground is a major parameter of the
weakening of a levee made of soil.7) Although the importance of such pore water pressure
observation was recognized, only a few examples of the pore water pressures of actual levees
and their utilization as evacuation information have been found.® This is because of the cost of
installing plural pore water pressure observation systems in a levee, which is a long structure.
However, the multipoint monitoring of the pore water pressure in a levee allows us to grasp the
risk of levee collapse directly. It is expected that the combination of pore water pressure data,
which directly reflects the weakness of a levee, and the conventional river water level
information will allow a more rational provision of the timing of evacuation. Taking such a
background into consideration, in this study, we aim to observe the pore water pressure of a
levee at multiple points using an all-weather pore pressure gauge that is smaller and whose
production cost and power consumption are lower than those of conventional devices, to build an
observation network that transmits data to a river manager automatically from a distant place
and to establish a system for visualizing of the risk of levee collapse using this observation
network.

As a basic study, we have developed a new ultrasmall pore water pressure gauge (UPWP
gauge) whose production cost and power consumption are lower and installation is easier than
those of commercially available pore pressure gauges. In this paper, we report the results of a
laboratory verification test to confirm the basic performance of our UPWP gauge and the results
of the verification of the full-scale-model levee conducted with actual installation of the gauge in
real levees in mind.

2. Prototype of UPWP Gauge and Verification Basic Experiment

Figure 1 shows the two prototype UPWP gauges that we produced for verification by
laboratory experiments. Figure 2 shows the schematic circuit diagram of Type 1, including the

Fig. 1. (Color online) Prototype UPWP gauges used in laboratory validation.
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Fig. 2. Schematic of electric circuit of Type 1.

data recorder and display for the basic verification test. In Type 1, the sensing part of the pressure
gauge of around 3.3 mm diameter is attached to the side around the tip of a stainless-steel rod of
about 8 mm diameter. Type 1 was produced under the assumption that the whole stainless-steel
rod is inserted into the ground structure already built. The basic configuration of Type 2, such as
the electric circuit, is the same as that of Type 1. However, the sensing part is attached further
downward, on the lower part of a stainless-steel capsule of 20 mm length, and the surrounding of
the pressure gauge is coated with silicon gum. Type 2 is a prototype produced under the
assumption that the UPWP gauges are installed during the construction of the ground structure.
Figure 3 shows the pressure sensors attached to Types 1 and 2. Table 1 shows the main
specifications of the pressure sensor. In this study, an ultracompact pressure sensor of around 2
mm diameter was adopted. Water entry into the stainless-steel rod and capsule was prevented by
attaching an O-ring to this pressure sensor. Moreover, since energy-saving pressure sensors
were used for this study, the power consumption of the UPWP gauge produced experimentally
was 0.09 mW. Since the power consumption of the existing pore pressure gauge verified in the
full-scale test levee (to be discussed later) is 144 mW, the power consumption of the UPWP
gauge is one-1600th, which is superlow, that of commercially available gauges. Figure 4 shows
an outline of the verification experiment conducted in the laboratory. In this experiment, the
Type 1 and Type 2 UPWP gauges were installed and fixed in a tank in which the amount of
degassed water can be varied. Then, an arbitrary water level in the tank was set and water
pressure was measured with the UPWP gauges. The power source of the UPWP gauges was a
mobile battery, and measurement was performed with a small logger that records voltage values.
In this verification experiment, we compared pressure values measured using the UPWP gauges
at various water levels between 50 and 900 mm in the tank with the set water levels. Figure 5
shows the set water levels in the tank and the water levels calculated from the water pressure
measured with the UPWP gauges. For the water levels measured in the tank and those calculated
from the water pressure measured with the UPWP gauges, the error is around +2% regardless of
the increase or decrease in the water level of the tank. Figure 6 shows the difference between the
set water levels and the water levels measured in the tank. This result shows that the measured
values are smaller than the set water levels when ushing Type 1, on which the sensing face of the
pressure gauge was attached to the side. However, the difference between the measured values
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Fig. 3. (Color online) Pressure sensor and O-ring.

Specifications of digital pressure sensor module.

Product type and features

Board level pressure sensor type: digital pressure and altimeter sensor modules
Board level pressure sensor style: absolute

Electrical characteristics

Board level pressure sensor supply voltage: 1.5-3.6 V

Dimensions

3.3 % 3.3 %275 mm’

Usage conditions

Pressure: 200 kPa
Operating temperature range: —20—85 °C

Operation/application

Output interface: 12C, IC or SPI

Proof pressure range: 10 kPa

Output/span: 24 bit ADC

Board level pressure sensor accuracy: £0.05

Packaging features

Board level pressure sensor package: surface mountable
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Fig. 4.  (Color online) Setup of laboratory equipment.

and the set water levels is within £0.015 m for both Types 1 and 2. Here, the heights of levees
that collapsed in recent floods in Japan were approximately 4000,() 7000,® and 5000 mm.® In
these examples, the difference between the measured values for the levee heights examined in
this study was around 0.38% at maximum (=15/4000 x 100%); therefore, the error of the
measured values for the levee heights is small. Although the pressure sensor can resist pressures
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of 200 kPa (approximately 20 m depth), it is necessary to evaluate the performance of the UPWP
gauge at greater depths in the future.

The presence of air around the water pressure sensor part is one of the origins of the error
when measuring pore water pressure in the ground.®) When the air volume around the pressure-
sensing part is large, water pressure changes in the ground are offset by air compression, which
causes errors in the measured values. The local air drift caused by air around the pressure-
sensing part may be of concern depending on the shape of the water pressure gauge. Therefore,
in this study, the authors attempted to observe the vicinity of the pressure-sensing part of the
UPWP gauges through the observation of the inner structure of the ground by X-ray CT
scanning. Figure 7 shows a schematic illustration of the test apparatus and a photograph of the
testing system. The Type 2 UPWP gauge was set in the measuring cylinder with gravel soil
(maximum grain size D,,,, = 4.75 mm) and silica sand No. 4 (D,,,,x =2 mm) [Fig. 7(a)]. Then, the
inside was observed by X-ray CT scanning with water supplied into the measuring cylinder via a
water pipe [Fig. 7(b)]. The X-ray CT scanner used in this experiment was inspeXio
SMX-225CT.(10:1D) Figure 8(a) shows an X-ray CT scanning image obtained from the vicinity of
the center part of the UPWP gauge. The black parts in this CT scanning image indicate regions
with high material density and the white parts indicate those with low material density. This CT
scanning image shows that the ground material is uniformly distributed around the UPWP
gauge. Furthermore, the UPWP gauge developed for this study is simple and consists of few
parts; therefore, we believe that the risk of failure is low. Next, Fig. 8(b) shows the void part with
the lowest density in the image obtained by the three-dimensional reconstruction of the image
shown in Fig. 8(a) followed by image processing. Since CT scan images are digital, the cavity
part can be detected by image processing. The black region in Fig. 8(b) is the cavity part.(10:1D) A
cavity is detected around the pressure-sensing part in Fig. 8(b), although its volume is small.
From this, we infer that water pressure in soil is measured with the pressure-sensing part. On the
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Fig. 7. (Color online) (a) Schematic illustration of test apparatus. (b) Photograph of testing system.
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Fig. 8. (Color online) Results of X-ray CT scanning. (a) Vertical cross section of CT image. (b) Reconstructed 3D
image around UPWP gauge.

basis of the above result, it is judged that the prototype UPWP gauge has sufficient accuracy for
practical application, which was verified under conditions close to those of an actual levee using
the full-scale test levee.
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3. Verification Experiment of UPWP Gauge Using Full-scale Test Levee
3.1 Outline of full-scale test levee

The performance of the UPWP gauge for only water and an extremely small ground model
was confirmed by basic verification experiment. The result revealed that the UPWP gauge is
capable of measuring pore water pressure in soil with acceptable accuracy for practical use.
Next, we built a full-scale test levee and observed pore water pressure behaviors in the levee
using the UPWP gauge in a pooling experiment, assuming the installation of the UPWP gauge
in a real levee. Figure 9 shows the test levee used in this study: (a) overview of the test levee and
(b) positions of the measurement devices. Furthermore, Fig. 10 shows the grain size distribution
of the geomaterials used to construct of the test levee. “Percentage finer” on the Y-axis in Fig. 10
is the ratio of the amount of particles above a certain size to the total amount of particles. The
test levee in this study is 2 m in height, 13 m in width, and 2 m in depth with a slope gradient of
1:2. The dimensions of the levee body and the ground material used this test levee are based on
the construction manual for levees in Japan.(1?

(T

i

=
| {

@

@ :UPWPgauge @ : Existing pore pressure gauge _ASPhalt paving

Unit: mm

2000

| Flanting treatment
Wireless Cloud service Hosze for

@ O T [omm ]
the riverside hose
: Data logger &
T Digital wde% LPW A transmitter
camera o

Laptop PC -

1250

Data loggerg— 1

Gravel layer

(b)

Fig. 9. (Color online) Photograph and schematic illustration of full-scale test levee. (a) Overview of test levee. (b)
Cross section of test levee and PWP gauge locations.
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Fig. 10. Grain size distribution of test levee and foundation ground.

Here, backward erosion piping (BEP) is one of the failure forms of a levee at the time of a
flood. Figure 11 shows a conceptual diagram of the occurrence mechanism of BEP.!®) Water
pressure acts on the foundation ground of the levee when the river level rises during a flood,
resulting in the internal erosion of the foundation ground. When the river water level is
maintained high, the extent of internal erosion expands and the levee, losing foundation ground,
finally collapses. In levee collapse due to BEP, the risk of collapse may reach a critical level
before the visually identifiable overflow of the levee. Therefore, the evacuation of residents
living near the levee may be critically delayed in some cases. In recent years, this phenomenon
has been seen often in Japan where floods frequently occur. On the other hand, sand boiling
often occurs on the land side as a precursory phenomenon of BEP. Figure 12 shows sand boiling
during an actual flood.® In the event of sand boiling, it is expected that great pore water
pressure, which is a driving force behind spouting of the soil in the foundation ground out to the
ground, will act upward. Therefore, in this experiment, we observed the pore water pressure on
the land side at the time of sand boiling using the UPWP gauge. It has been reported that BEP
and sand boiling easily occur when the foundation ground of the levee consists of sand and
gravel. Therefore, in this study, we set the soil configuration of the foundation ground shown in
Fig. 9 on the basis of data of levee soil from a disaster area in a previous flood. Increases and
decreases in river water levels in the experiment were reproduced by drawing water from a pond
created near the land side and pouring it into the river side with a pump. The hourly variation of
the river water levels was set by referring to the water-level fluctuations during floods that
caused BEP and sand boiling in the past. Figure 9 shows installation locations of the UPWP
gauges. The UPWP gauges were set in the central part of the land side and the foundation ground
on the lower side of the levee toe. Moreover, existing commercially available pore pressure
gauges were set at different locations to enable the comparison of observed data. The soil of the
test levee is less uniform than the soil layer used in the laboratory experiment and large stones
may exist locally. Therefore, we improved the Type 1 gauge to prevent breakage and called it
Type 3 [Fig. 13(a)]. Type 3 has internal wiring of higher total rigidity and strength as a
measurement instrumentation; hence, its diameter is 10 mm. For the installation of a UPWP
gauge to the full-scale test levee, a hole of approximately 10 mm diameter was prepared
beforehand and a UPWP gauge was inserted into it [Fig. 13(b)]. The capacity of the existing pore
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Fig. 12. (Color online) Sand boiling at Tokoro river, Hokkaido, Japan.

pressure gauge (B-Ch.1, B-Ch.2) is 200 kP, and its diameter is 30 mm [Fig. 13(c)]. Filters
consisting of porous metal are attached to the water pressure-sensing part. For this pore pressure
gauge, a laptop PC was connected to a data logger that was connected to a 100 V power supply,
and data were acquired at the measurement interval of 1 s. Cordless handsets of low-power-
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Fig. 13. (Color online) PWP gauge used in full-scale model levee experiment. (a) UPWP gauge Type 3. (b)
Installation of Type 3. (c) Existing PWP gauge.

wide-area (LPWA) communication!® were attached to A-CH.1 and A-CH.2 of the UPWP
gauges to ensure low power consumption, and observation was performed with lithium batteries
as the electric source.(!>) In other words, the commercial power supply of 100 V is not needed for
the UPWP gauge. Furthermore, since there was a limit of the daily channel capacity in the
LPWA communication used in this experiment, the measurement interval was set to 15 min in
the experiment. The measurement results of the UPWP gauges are seen in real time from a
distant location through a web portal site.

3.2 Results and discussion

Figure 14 shows the change in pore water pressure u,, at the center of the land side ground
and the toe of the slope on the land side. u,, of the toe of the slope on the levee side increased
with the river water level, followed by an increase in u,, at the levee ground, regardless of the
pore pressure gauge classification. This tendency was seen in both the first and second river
water level elevations. The timing at which u,, of the UPWP gauge began to increase is earlier
than that in this case of the existing pore pressure gauge at the first river water level elevation.
On the other hand, at the second river water level elevation, the difference in the timing of the
increase in u,, is smaller. Since a filter made of porous metal is attached to the pressure-sensing
part of the existing pore pressure gauge, the filter needs to be filled with water to allow the
pressure to be measured as water pressure: this causes a time delay. On the other hand, since the
pressure-sensing part of the UPWP gauge is exposed, its response to water pressure is faster
than that of the existing pore pressure gauge. The comparison of the maximum values of u,, at
the time of the first elevation of the river water level revealed that the UPWP gauge detected u,,
larger than that detected with the existing pore pressure gauge by around 1 kN/m? in the levee
ground. We infer that this was because the filter of the existing pore pressure gauge was not
filled with water in the initial stage of the experiment and included air, which reduced u,,
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Fig. 14. Measured pore water pressure and river water level.

measured with the existing pore pressure gauge. Furthermore, the difference in the measurement
result of around 1 kN/m? corresponds to around 0.1 m, which we presume to not affect the
estimation of water levels in high levees.

At the time of the second elevation of river water levels, the elevation processes and
maximum values of u,, of the UPWP and existing pore pressure gauges are in good agreement
regardless of the observation points. This is because the adhesion of soil to both types of pore
pressure gauges was improved by the first elevation of u,, and the filter of the existing pore water
pressure gauge was filled with water. From the results of this experiment, we judged that the
UPWP gauge has performance equal to that of the existing pore pressure gauge. In addition, it
was revealed that for the UPWP gauges, which do not have filters of porous metal, it is not
necessary to consider the effects of water in the filter, and hence, the interpretation of its
measured data is easier than that in the case of the existing pore pressure gauge.

Figure 15 shows an enlarged view of the levee ground at the time when sand boiling was
observed in the experiment. A large amount of air gushed out at around 12:10. A small sand hill
was formed at the location of gushing air. There was a hollow in the central part of the sand hill,
and sand gushing out of the hollow part was eventually clearly observed (at around 12:20). After
that, at 13:45 on Oct. 8 when the maximal Hy was continuously observed, a sand hill formed by
the sand boiling first identified at around 12:20 was combined with a new sand hill formed in its
vicinity, resulting in even greater sand boiling and a larger sand hill. u,, at the time of occurrence
of such sand boiling greatly exceeded the hydrostatic pressure shown in Fig. 14, reflecting the
state that the soil of the foundation ground gushed out to the surface. In this study, we
demonstrated that a system in which a UPWP gauge and LPWA are combined is effective for
observing the increase in pore water pressure in the ground to a value higher than the hydrostatic
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Fig. 15. (Color online) Process of sand boil occurrence in test levee.

pressure. On the basis of the results above, the authors aim to build up multipoint observation
networks for pore water pressure by installing plural UPWP gauges in river levees that are
currently in service.

In recent years, the installation of river water gauges has rapidly progressed in river levees in
Japan in response to the increase in flood damage. Since the levees consist of soil, their material
properties vary greatly. Therefore, it is necessary to install more pore pressure gauges than the
number of existing water gauges in order to monitor water levels and measure river water levels
that act as external force. We believe that the construction of such a system and the combination
of early detection of local hazardous points on river levees that are long and straight with
conventional river water level monitoring will enable us to more rationally inform residents of
the risk of levee collapse. Currently, data of the durability of actual levees under various weather
conditions are insufficient. Therefore, we have installed UPWP gauges in actual river levees in
Hokkaido, Japan, to advance observation for the verification of pore water pressure data,
focusing on cold environments with snow.

4. Conclusions

In this study, we developed a new UPWP gauge that is low in cost and power consumption. It
will enable us to measure the pore water pressure in a levee. We performed indoor verification
tests to determine the basic performance of the new UPWP gauge and experiments with a full-
scale test levee in consideration of its installation on real levees and obtained the following
findings.

1) We developed the UPWP gauge of 8 mm diameter with low power consumption. In the
indoor verification experiment, the error between the preset and observed values of water

levels in the water container was £0.015 m.
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2)
3)

4

We observed a cavity in the ground around the UPWP gauge by X-ray CT scanning, but did
not identify any local dead air space caused by the shape of the water pressure gauge.

In the full-scale test levee experiment, we successfully measured pore water pressure in the
ground when sand boiling occurred on the land side, using the UPWP gauge.

The pore water pressure measured with the UPWP gauge at the time of the first elevation of
the river water level in the full-scale test levee experiment was greater than that obtained with
the existing pore pressure gauge by around 1 kN/m? (corresponding to a water level of around
0.1 m). However, at the time of the second elevation of the river water level, the increase
processes and maximum values of u,, of the UPWP and existing pore pressure gauge were in
good agreement.
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