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Identification of density of earth-fill dam using muography
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ABSTRACT

In recent years, the high probability of large-scale earthquakes occurring in Japan has become a major social concern;
and thus, it is urgent that countermeasures and maintenance be implemented for the protection of large-scale societal
infrastructures from damage due to these earthquakes. When large-scale societal infrastructures are inspected, an internal
diagnosis is required to evaluate the damage condition of the structures in order to see what countermeasures should be
planned ahead of the occurrence of any earthquakes. However, conventional methods of diagnosis, such as ground-
penetrating radar, have their limitations. Namely, they provide high-precision results in shallow areas, but results with
reduced resolution in deeper regions. To overcome the shortcomings associated with these conventional methods of
exploring depths out of the investigation range, one approach is to use muographyl). This paper investigates the
applicability of muon exploration techniques, using cosmic-ray muons, to probe the density of structures inside earth-fill

dames.
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1. Introduction

In the near future, it is anticipated that a large-scale
earthquake will occur in Japan, such as a Nankai trough
earthquake, making seismic countermeasures for large-
scale societal infrastructures extremely crucial. Therefore,
an appropriate inspection and internal diagnosis, and
repair planning based on them, are particularly necessary.
However, conventional methods of diagnosis, such as
ground-penetrating radar and electric and seismic
prospecting, have their limitations. Namely, ground-
penetrating radar has high resolution, but a shallow
probing depth, as seen in Fig. 1, while electric and
seismic prospecting are susceptible to the effects of
vibrations and electrical noises, which are notable
drawbacks. Investigations using cosmic ray muons,
namely, muography, comprise a method with fewer
drawbacks like the probing depth and noise interference.
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Figure 1. Relationship between resolution and depth
(modified from Suzuki 2019)

Cosmic ray muons are secondary particles produced
by the interaction of interstellar protons with the
atmosphere, and nearly a constant amount of them
consistently reaches the surface of the earth. The muons
have a good penetration ability due to their extremely
small size. However, as the density of the material they
penetrate or the distance they traverse increases, they lose
energy and are more likely to decompose into electrons
and neutrinos. Therefore, as the product of the mean
density and the vertical distance increases, muons
passing through a material lose more energy, resulting in
a decrease in the number of muons penetrating the
material. The mean density of the material is deduced by
the number of detected muons.

In the broader field, muography has been applied to a
wide variety of problems. The history of muon research
is long and, as early as 1955, attempts were made by
George to estimate the density of rock in mines. Alvarez
et al. (1970) performed muon measurements on a
pyramid, and later Morishima et al. (2017) discovered a
large void in Khufu’s Pyramid by muon exploration
techniques. In 1979, Malmqvist et al. presented
theoretical calculations for the mean density of the rock
traversed by the muons. Minato (1986) proposed using
cosmic ray muons for non-destructive inspections of tall
buildings, and Minato (1987) measured the platforms of
subway stations in Nagoya City with them. Tanaka et al.
(2014) investigated the magma dynamics in the Satsuma-
Iwojima volcano, while Tanaka et al. (2022) expanded
the application of muography to atmospheric phenomena
and successfully captured tropical cyclones. Yamazaki et
al. (2022) developed a slim cylindrical muon detector
using a plastic scintillator and used it to perform a study
on a borehole through the fault zone. Baccani et al.
(2021) probed the possibility of exploiting the Muon



Transmission Radiography technique for verifying the
internal conservation status of levees visibly damaged by
animal activities.

This paper investigates the applicability of muon
exploration techniques to probe the densities of large-
scale structures inside zoned earth-fill dams. The
densities of a dam obtained from a muon exploration are
compared with those obtained from previous tests to
assess its applicability.

2. Detector

Muons are obtained by detectors composed of a
scintillator and a photomultiplier tube, as seen in Fig. 2.
The end part of each detector consists of the scintillator
and the photomultiplier tube is incorporated into the
cylindrical section connected to it. The transmission of
muons through the scintillator is extracted as faint light,
converted into electrical signals in the photomultiplier,
and then recorded as counts. Two detectors are installed
back-to-back into the frame, each with a scintillator
diameter of 17.5 cm and spaced at a distance of 100 cm.
The arrival direction of the muons can be determined by
measuring the muons that have passed through both
scintillators. The detectors are connected to a computer
via the measurement unit, where the counts of electrical
signals are saved as a digital file. Fig. 3 shows the muon
measurement system composed of the detectors,
measurement unit, and computer. Zenith angle @ in Fig.
4 is changed by the rotation of the frame of the detectors.
Additionally, it is commonly known that muons arrive in
a range of directions from close to vertical to nearly
horizontal, and that the number of muons reaching the
Earth’s surface decreases as they approach horizontally.

Figure 2. Detectors

The flux, i.e., the muon counts per unit time, unit area,
and unit solid angle, that simultaneously pass through
two detectors, is measured, and the mean density,
multiplied by the vertical distance obtained by Miyake’s
formula (Miyake, 1973), is determined by Eq. (1).

I =ﬁ(hsec€+a)_“ exp(—phsect) (1)

where | is the flux, h is the mean density multiplied bythe
vertical distance, @is the zenith angle, and A, H, a, ¢, and
S are the parameters with A=174 (/cm?/s/sr), H=400

(hg/cm?), a=11 (hg/cm?), a=1.53, and $=8x10"* (cm?/hg).
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Figure 4. Zenith angle

The unit sr represents the unit solid angle. Eqg. (1)
indicates that the number of muons decreases as zenith
angle & increases, that is, the detectors approach
horizontally. The vertical distance included in parameter
hin Eq. (1) is determined from Fig. 4, as will be presented
in the next chapter.

The necessary number of muon measurements is
herein described. When the number of measured muons
is given by a detector, the relationship between the
number of muon N and the standard deviation o is
represented by Eq. (2).
oot @
N
The coefficient of variation ¢ (%) to the number N is

N

N

N

Eq. (3) is used to define the error in estimating the density.
For example, if only 10 muons are measured, the
coefficient of variation will be approximately 30%.
When measuring 100 particles, this value becomes 10%;
when measuring 1,000 particles, it becomes 3%. If the
mean density multiplied by vertical distance h increases,
the number of measurements decreases exponentially,
resulting in an increase in measurement time. This paper
sets the standard required number of muon measurements
at 1,000.
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3. Outline of earth-fill dam

Fig. 5 presents a cross-sectional view of the target
earth-fill dam with a height of 49.7 m, crest length of 250
m, embankment volume of 535,000 m?, total storage



capacity of 1,308,000 m?, effective storage capacity of
1,186,000 m?®, drainage area of 8.1 km?, and reservoir
area of 10 ha. The earth-fill dam is composed of five
zones, namely, impervious zones #1 and #2, a filter zone,
and pervious zones #1 and #2. The inspection gallery is
located at the foot of the dam under impervious zone #1.
In Fig. 5, the seven angles, namely, 0°, 10°, 20°, 30°, 40°,
50°, and 60° represent the zenith angles of the muon
detectors.

Figure 5. Cross-sectional view of earth-fill dam

Table 1. Density of each zone

. Density
Zone Type Material (glemd)
- M Impervious Decomposed 207
zone granite
4 Impervious Decomposed 208
zone granite
#3 Filter zone Graded crushed 1.97
stone
44 Pervious Weath_ered 211
zone granite

- #5 Pervious Granite 2.14
zone

Table 1 summarizes the density of each zone obtained
by density tests previously conducted, and the density is
conventionally called the “pre-test density”. The colors
in the first column correspond to the zone colors in Fig.
5. The muon measurement system is installed in the
inspection gallery, while the zenith angle of the detectors
is varied at intervals of 10°.

4. Results

Table 2 shows the relationship between the densities
computed from the number of measured muons and the
zenith angles. The computed density is conventionally
called the “identified density”. When more muons are
being measured, the measurement time becomes longer.
Although the measurement count of the muons at the
zenith angle of 20° is less than 1,000, the coefficient of
variation ¢ in Eq. (3) is 3.34%. Since there is little
difference in the coefficient of variation, compared to
when there is a count of 1,000, the result at the zenith
angle of 20° is used. The measured muons in the zenith
angle of 0° are passing through only impervious zone #1,
while the muons in the other angles are penetrating
through multiple zones. The identified density of 2.045
in zone #1 in Table 2 matches the pre-test density of 2.07
in Table 1 well, because the muons in the zenith angle of
0° only penetrate zone #1.

Subsequently, the density of each zone is determined.
Eq. (4) represents the mean density multiplied by the

Table 2. Results of measurement of muons and

densities
. Measurement .
Zenith Measurement  Density
angle count of time (hour) (g/cmd)
muons

0° 2386 504 2.045

10° 4338 888 2.033

20° 894 167 2.004

30° 1978 383 2.073

40° 1628 337 2.119

50° 1239 288 2.175

60° 1151 336 2.316

vertical distance at each zenith angle.
5

pmilmi = ijlij (4)
j=1

where pmi is the identified density in Table 2 at the i-th
zenith angle, Ini indicates the vertical distance at the i-th
zenith angle, where i=0, 1, 2, 3, 4, 5 represents the zenith
angles of 0°, 10°, 20°, 30°, 40°, and 50°, g is the density
in the j-th zone, and l;j is the vertical distance at the i-th
zenith angle and the j-th zone. For example, the 1st zone,
namely j=1, is impervious zone #1. pmilmi in EqQ. (4) is
equal to h corresponding to the zenith angle. The least
squares method is adopted to identify the five densities in
the j-th zone using the identified densities at each zenith
angle in Table 2, while vertical distances lij and Iy are
determined from Fig. 5.

Table 3 presents a comparison between the identified
densities from the number of measured muons and the
pre-test densities. Although the identified density in zone
#1 is close to the pre-test density, there is a difference
between them in the other zones. The results suggest that
the slight error occurring during the muon measurements
affects the identified density, since the pre-test density of
each zone is almost the same.

Table 3. Comparison between identified densities
and pre-test densities in five zones

Zone Identified density Pre-test density
(g/cmd) (g/cmd)
#1 2.363 2.07
#2 0.925 2.08
#3 -2.072 1.97
#4 5.043 211
#5 3.479 2.14

Next, the five zones are grouped into two main zones,
namely, the impervious zone and the pervious zone. The
impervious zone consists of zones #1, #2, and filter zone
#3, while the pervious zone consists of zones #4 and #5.
Table 4 compares the identified densities divided into the
two zones with the mean pre-test densities of the two
zones, where the pre-test densities are the mean values.
The identified density of the impervious zone is slightly



smaller than the pre-test density, whereas the identified
density of the pervious zone is slightly larger. When
divided into two zones, it is closer to the pre-test density
compared to when it is divided into five zones.

This study investigates only the density on the
downstream side of the dam using muography. If muon
measurements are carried out on the upstream side of the
dam, it seems that it would be possible to estimate the
water level of the dam using the results of the density on
the downstream side of the dam.

Although the difficulty of identifying the density of
each zone is shown, the applicability of muon exploration
techniques to earth-fill dams is presented in this paper.

Table 4. Comparison between identified densities
and pre-test densities in two zones

Identified density Pre-test density
(g/cm?) (g/cm?)
Impervious 1.790 2075
zone
Pervious 2933 2073
zone

5. Conclusions

This paper presented the applicability of muon
exploration techniques for probing the densities of
structures inside earth-fill dams. Muon measurements
were performed while changing the zenith angle of the
detectors, and the densities were identified by the number
of measured muons. The identified density in zone #1
was found to be very close to the pre-test density, because
the muons in the zenith angle of 0° only pass through
zone #1.

It seems that by applying the density obtained from
muon measurements taken downstream, along with the
density obtained from muon measurements taken
upstream, it would be possible to estimate the water level
of the dam.

Although the difficulty of identifying the density of
each zone was exhibited, this study confirmed the
applicability of muon exploration techniques to earth-fill
dams.
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